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Introduction


A variety of metallic nanostructures, including spherical par-
ticles, sheets, plates, rods, wires, tubes, and dendrites have
generated significant scientific and technological interest,
because of their unique optical as well as novel chemical
and catalytic properties. Here, we define nanosheets as thin
nanoplates with thickness less than about 10 nm, and nano-
rods and nanowires as materials with aspect ratios of 2–20
and >20, respectively. These nanostructures have been syn-
thesized by various techniques, including chemical reduction
of metallic ions in aqueous or organic solvents.[1–3] In gener-
al, chemical reduction has been carried out by heating re-
agent solutions at 65–200 8C in an oil bath. In the oil-bath
heating, the solvent is heated by conduction and convection,
so that there is a large temperature distribution within the
solvent.


Recently, microwave (MW) dielectric heating has been
applied to the rapid synthesis of metallic nanostructures.[4–31]


MWs are a portion of the electromagnetic spectrum with
frequencies in the range of 300 MHz to 300 GHz. The com-
monly used frequency is 2.45 GHz. The principle of MW
heating of polar molecules is shown in Scheme 1 for the
case of H2O. In the microwave frequency range, polar mole-
cules such as H2O try to orientate with the electric field.
When dipolar molecules try to re-orientate with respect to
an alternating electric field, they lose energy in the form of
heat by molecular friction.


The MW power dissipation per unit volume in a material
(P) is given by Equation (1)]


P ¼ cjEj2f e00 ¼ cjEj2f e0tan d ð1Þ


Here, c is a constant, E is an electric field in the material,
f is frequency of radiation, and e’ and e’’ are the dielectric
and dielectric loss constants, respectively. e’ represents the
relative permittivity, which is a measure of the ability of a
molecule to be polarized by an electric field and tand=e’’/e’
is the energy dissipation factor or loss tangent. Equation (1)
indicates that e’’ is the most important physical parameter
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Abstract: Microwave (MW) rapid heating has received
considerable attention as a new promising method for
the one-pot synthesis of metallic nanostructures in solu-
tions. In this concept, advantageous application of this
method has been demonstrated by using some typical
examples for the preparation of Ag, Au, Pt, and AuPd
nanostructures. Not only spherical nanoparticles, but
also single crystalline polygonal plates, sheets, rods,
wires, tubes, and dendrites were prepared within a few
minutes under MW heating. Morphologies and sizes of
nanostructures could be controlled by changing various
experimental parameters, such as the concentration of
metallic salt and surfactant polymer, the chain length of
the surfactant polymer, the solvent, and the reaction
temperature. In general, nanostructures with smaller
sizes, narrower size distributions, and a higher degree of
crystallization were obtained under MW heating than
those in conventional oil-bath heating. The origin of
these characteristic features under MW irradiation is
discussed in terms of thermal and non-thermal effects
under MW irradiation.


Keywords: electron diffraction · microwave heating ·
nanostructures · scanning probe microscopy · thermal
effects
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that describes the ability of a material to heat in the MW
field. The physical parameters of typical solvents used in
MW heating for synthesis of metallic nanostructures are
listed in Table 1.


Water, alcohols, DMF, and ethyleneglycol (EG) have high
dielectric losses and a high reduction ability. Therefore, they
are ideal solvents for MW rapid heating. The MW heating
in these solvents in the presence of surfactants has been
used to synthesize nanoparticles of various metals (Ni, Ru,
Rh, Pd, Ag, Ir, Pt, Au,),[4–23] metallic compounds (PtRu,
TiO2, CdS, CdSe, MoSe2, PbS, HgS, CuInTe2, CuInSe2), and
Au/Pd core-shell structures.[24–31] Herein, we focus on recent
developments in the areas of MW-assisted synthesis of met-
allic nanostructures in solutions.


Microwave-Heating Apparatus


A typical experimental apparatus used for the MW heating
is shown in Figure 1. A commercial MW oven is modified by
installing a condenser and thermocouple through holes in
the top and a magnetic stirrer plate coated with Teflon in
the bottom of the oven. A thermocouple made of an optical
fiber, which is not damaged under MW irradiation, is used.
A glass flask is placed in the MW oven with a power of 300–
1100 W and connected to a condenser, into which a mixture
of metallic salt, surfactant, and, if necessary, a small amount
of nucleation reagent is added. A surfactant such as polyvi-
nylpyrrolidone (PVP) acts as a stabilizer for the product
nanostructures. The reagent solution is irradiated by MW in
a continuous wave (CW) mode or a pulse mode. The pulse
mode is more useful for the temperature control of the heat-
ing media. Products particles are generally characterized by


using transmission electron microscopy (TEM), scanning
electron microscopy (SEM), selected area electron diffrac-
tion (SAED) pattern, X-ray diffraction (XRD), and UV-
visible absorption spectroscopy. Before measuring the TEM
photographs, surfactants were often separated from nano-
structures by centrifugation.


Possible Effects of MW Heating


There are two kinds of effects of MW dielectric heating:
thermal and non-thermal.[33] Thermal effects arise from dif-
ferent temperature regimes under MW heating, whereas
non-thermal effects result from effects inherent to the MWs.
These effects lead to different morphologies and sizes of
metallic nanostructures under MW heating from those in
the conventional oil-bath heating.


Thermal effects (effects of rapid and uniform heating): MW
provides rapid and uniform heating of reagents, solvents, in-
termediates, and products. Fast heating accelerates the re-
duction of metal precursors and the nucleation of the metal
cluster, resulting in monodispersed small nanostructures.
When MWs are incident perpendicular to the surface of a
solvent, their intensity is attenuated in the direction of inci-
dence. However, for the most materials, the distance in the
direction of penetration at which the incident power is re-
duced to half of its initial value is quite long. Therefore, the
power dissipation is fairly uniform throughout the solvent.


Scheme 1. Heating mechanism of H2O by microwave irradiation.


Table 1. Physical parameters of typical solvents used for microwave heat-
ing.[32]


B.p. [8C] e’ e’’ tan d


water 100 78.3 12.3 0.157
methanol 65 32.7 20.9 0.639
ethanol 78 24.3 6.08 0.200
N,N-dimethyl formamide (DMF) 153 36.71 – –
ethylene glycol (EG) 198 41.0 41.0 1.00
N-methyl pyrrolidone (NMP) 202 32.0 8.855 0.277 Figure 1. Apparatus used for the microwave-assisted synthesis of metallic


nanostructures.
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This homogeneous MW heating also provides uniform
nucleation and growth conditions, leading to uniform nano-
materials with small sizes. Due to rapid and homogeneous
MW heating, a better crystallinity can be obtained. There-
fore, such single-crystalline nanostructures as polygonal
plates, rods, and wires could be synthesized efficiently in
many cases.


Effects of hot spots and hot surfaces: When some solids
heated by MW are involved in the reaction system, hot
spots are created on the solid–liquid surfaces. Hot surfaces
on solid metals are also created by adsorption of surfactant
with a large dielectric loss constant. For example, an aprotic
polar molecule N-methylpyrrolidone (NMP) has a large di-
electric loss constant as shown in Table 1. MW irradiation
accelerates the coherent heating of poly(vinyl pyrrolidone)
(PVP) as a polymer of NMP and PVP-stabilized metal sur-
faces. Thus, hot spots will be created on the surfaces stabi-
lized by a surfactant. The uniform formation of hot spots
and hot surfaces also accelerate the reduction of metal pre-
cursors and the nucleation of the metal cluster, leading to
uniform nanostructures with small sizes.


Superheating: Superheating of solvents over boiling points
of solvent often occurs as a consequence of the MW dissipa-
tion over the whole liquid volume.[32] This effect is especially
significant in the presence of a large amount of ions.


Non-thermal effects: In this concept, we define non-thermal
effects as those that occur under the same temperature pro-
files of solvent between MW and oil-bath heating during the
reaction. Formation of hot spots and hot surfaces are typical
non-thermal effects for the preparation of metallic nano-
structures.


MW heating induces various thermal and non-thermal ef-
fects described above. In the next section we would like to
show some examples of advantageous application of MW
heating to the synthesis of metallic nanostructures in so-
lution.


Synthesis of Gold Nanostructures


Preparation of Au spherical nanoparticles: Au nanoparticles
have been synthesized by reduction of Au salts in various
solvents under oil-bath heating for many hours. When
HAuCl4 was reduced in methanol,[5] ethanol,[6] or DMF[8] for
0.5–5 min in the presence of PVP under MW heating (480–
1100 W), monodispersed, small spherical nanoparticles, with
diameters below 11 nm, were synthesized within a few min-
utes. Recently, Liu et al.[12] prepared spherical Au particles
by using a closed chamber of an MW system with precise
temperature control function. When HAuCl4 was reduced in
an aqueous solution containing citrate as a stabilizer for 15–
30 min, Au particles sizes could be reduced from 85 to
13 nm with increasing reaction temperature, heating time,
and rate of temperature increase.


Preparation of Au polygonal plates: We have succeeded in
preparation of triangular, truncated-triangular, square, pen-
tagonal, and hexagonal nanoplates by reducing HAuCl4 in
EG in the presence of PVP at 198 8C within a few min-
utes.[13,22] To examine whether the formation of these
polygonal nanoplates arises from thermal or non-thermal ef-
fects, Au nanostructures obtained under MW heating and
oil-bath heating have been compared. Figure 2 shows tem-


perature profiles of the HAuCl4/PVP/EG solution for differ-
ent heating times with continuous wave (CW) or pulse
mode MW irradiation and in an oil-bath. For the solution ir-
radiated by CW MW (400 W), the temperature increases
linearly with a fast heating rate and reached 196 8C after
1 min. For the same solution heated in the oil bath (500 W),
the temperature increases more slowly. The solution needed
18 min heating in the oil-bath to reach 196 8C. Then, it was
kept at the same temperature for 1 min. Thus, the total heat-
ing times in MW and oil-bath heating were 2 and 19 min, re-
spectively. A pulse mode of MW was also used, as shown in
Figure 2, in order to obtain a similar slow heating rate to
that in oil bath.


The TEM photographs of Au nanoparticles obtained by
CW MW and oil-bath heating as well as histograms of prod-
uct distributions are compared in Figure 3a and b. It should
be noted that besides a small amount of spherical nanoparti-
cles, triangular, square, pentagonal, and hexagonal nano-
plates with diameters or edge lengths of 30–90 nm are pro-
duced under CW MW irradiation. The uniform contrast of
polygonal structures in TEM images clearly demonstrates
that these structures are thin plates. In the oil-bath heating,
the fraction of large spherical particles (100–190 nm) in-
creases and a small amount of rodlike particles are also
formed. Polygonal nanoplates obtained in the oil-bath heat-


Figure 2. Dependence of temperature on the reaction time for HAuCl4·4-
H2O/PVP(40K)/EG heated by CW or pulse MW and in an oil bath. MW
pulses used are also shown. Reprinted from reference [13] copyright
(2004), with permission from Chemical Society of Japan.
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ing have less sharp edges than those formed under CW MW
heating due to a lower degree of crystallization.


SAED patterns of triangular and hexagonal nanoplates
gave the hexagonal symmetry, as shown in Figure 3a. It is
therefore rationalized that polygonal nanoplates are single
crystals and the incident electron beams are perpendicular
to the {111} facets of these nanoplates. The surface free-
energy of cubic crystal is in the order of g{110}>g{100}>


g{111}.
[34] Thus, anisotropic growth occurs by uniform heating


under MW irradiation, giving the most stable {111} face on
the top surface of the nanostructures.


Figure 3c shows the TEM photograph of products formed
under pulse MW heating and the product histogram. When
the product distribution in pulse MW heating for 19 min was
compared with that for the short CW MW heating, the frac-
tion of small spherical particles below 70 nm decreases,
while that of large spherical particles in the 120–160 nm
region increases. Moreover, the fractions of triangular nano-
plates and nanorods increase. These facts indicate that mor-
phologies and sizes of Au nanostructures change by the var-
iation of irradiation conditions such as a CW or pulse mode,
heating rate, and heating time.


There are marked differences
in the product histograms be-
tween pulse MW and oil-bath
heating for 19 min. In the case
of pulse MW heating, the frac-
tion of triangular nanoplates in
the 60–100 nm region is larger,
while that of large spherical
particles in the 100–200 nm
region is smaller than those in
the oil-bath heating. The prefer-
ential formation of nanoplates
under MW heating even at a
slow heating rate suggests that
non-thermal effects play a sig-
nificant role. One reason for a
higher degree of crystallization
leading to single-crystalline Au
nanoplates under MW heating
must be bursting nucleation due
to rapid and homogeneous die-
lectric heating, which cannot be
achieved by oil-bath heating.
The other reason will be the
formation of hot surface by ad-
sorption of surfancant PVP
with a large dielectric loss con-
stant.


Experimental parameters for
the control of morphologies
and sizes of Au nanoplates: An
outstanding feature of MW
heating for the preparation of
Au nanostructures is the prefer-


ential formation of polygonal nanoplates. To control mor-
phologies and sizes of Au nanoplates prepared by MW heat-
ing, effects of some selected experimental parameters have
been examined.


Effects of the concentrations of HAuCl4 and PVP : Figure 4
shows TEM photographs of Au nanostructures obtained at
four typical HAuCl4 and PVP concentrations. It should be
noted that morphologies and sizes of Au nanostructures
strongly depend on the concentrations of HAuCl4 and PVP.
Without addition of PVP, only large spherical gold particles
with diameters of 100–300 nm are produced due to fast
growth of particles (Figure 4a). This implies that PVP is nec-
essary for the formation of anisotropic polygonal plates,
rods, and wires. A mixture of triangular, square, and hexago-
nal polygonal nanoplates is mainly produced at low HAuCl4


and PVP concentrations (Figure 4b). Small square nanopar-
ticles are preferentially produced at a low concentration of
HAuCl4 and a high PVP concentration (Figure 4c), while
large triangular and hexagonal plates are preferentially
formed at high HAuCl4 and PVP concentrations (Figure 4d).
These results indicate that the sizes of particles and plates


Figure 3. TEM photographs of Au nanostructures obtained by a) CW MW heating for 2 min, b) oil-bath heat-
ing for 19 min, and c) pulse MW heating for 19 min, and histograms of product distributions for experiment.
Concentrations of HAuCl4·4 H2O and PVP (40 K) were 2.4mm and 0.25 m, respectively.
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generally increase with decreasing the PVP/HAuCl4 molar
ratio.


Effects of the chain length of PVP : In Figure 5 TEM photo-
graphs of Au nanostructures, the color of their solutions,
and the UV-visible absorption spectra obtained from
HAuCl4 by using PVP with molecular weights of 10, 40, and
360 K, respectively, are compared. There are significant
changes in the shape, size, and color of the product materi-
als. When a short chain PVP (10 K) is used, small spherical
nanoparticles with average diameters of 8 nm are produced.
On the other hand, triangular and hexagonal nanoplates


with average edge lengths of 65 and 80 nm are formed by
using PVP (40 K) and PVP (360K), respectively. The color
of the solution changes from wine red to blue on going from
PVP with a molecular weight of 10 K to PVP with a molecu-
lar weight of 40 or 360 K. This color change is reflected by
the shifts observed in the UV-visible absorption spectra. The
visible absorption spectrum obtained with 10 K PVP exhibits
a typical surface-plasmon band due to spherical nanoparti-
cles in the 500–600 nm region with a sharp peak at about
520 nm.[8,35] On the other hand, broader surface-plasmon
bands of Au appear in the 500–800 nm region with a peak at
about 580 nm in the presence of 40 and 360 K PVP. A com-
parison between the UV-visible absorption spectra and
TEM suggests that the longer wavelength component in the
550–800 nm region arises from surface-plasmon bands of
polygonal Au nanoplates. As shown in the case of Ag nano-
structures, UV-visible absorption spectra are useful to char-
acterize product structures from the analysis of surface-plas-
mon resonance bands.[36]


Effects of solvent : Water has a large dielectric loss factor,
though it has little reduction ability with respect to metallic
salts. Au nanostructures were prepared by using water as a
solvent. Although no reduction occurred without adding
PVP, Au nanostructures could be synthesized by premixing
PVP with HAuCl4. This suggests that PVP can reduce metal-
lic salts in water. Figure 6 shows TEM photographs of Au
nanostructures obtained from HAuCl4/PVP/H2O solutions
by using PVP (10, 40, and 360 K), respectively. Small spheri-
cal nanoparticles, and square and triangular nanoplates with
diameters or edge lengths of 2–20 nm were produced by
using a short chain PVP (10 K). SAED patterns of small
spherical nanoparticles gave ring structure, as shown in the
inset of Figure 6a, indicating that these nanoparticles are
polycrystalline. When longer chain PVPs (40, 360 K,) were
used, besides small spherical nanoparticles with diameters of
100–400 nm, large triangular, truncated triangular, and hex-
agonal plates with edge lengths of 0.3–1.5 mm were preferen-
tially formed. SAED patterns of these polygonal plates ex-
hibited similar hexagonal patterns to that shown in Fig-
ure 3a. It was therefore concluded that large triangular,
truncated triangular, and hexagonal nanoplates are single-
crystalline Au nanoplates. Based on the above results, a
combination of slow reduction at a low temperature and a
long-chain PVP is effective for the preparation of large Au
triangular and hexagonal plates by the MW–polyol method.
As shown above, the concentration of reagent and surfac-
tant, the chain length of surfactant polymer, and the solvent
are useful experimental parameters for the control of mor-
phologies and sizes of Au nanostructures.


Preparation of Au nanorods and nanowires: In addition to
spherical nanoparticles and nanoplates, small amounts of
rods and wires were produced. Figure 7 shows Au rods and
wires prepared under different HAuCl4 concentrations at a
constant PVP/HAuCl4 molar ratio of 110. It is clear that di-
ameters and lengths of rods and wires increase with increas-


Figure 4. TEM photographs of Au nanostructures obtained by CW MW
heating a) for 2 min from HAuCl4·4H2O/EG, b)–d) for 2 min from
HAuCl4·4H2O/PVP(40 K)/EG. Concentrations of HAuCl4·4 H2O and PVP
were a) 2.4 mm and 0 m, b) 1.2 mm and 0.5m, c) 2.4 mm and 3 m, and d)
19.2 mm and 2m, respectively.


Figure 5. TEM photographs of Au nanostructures, color, and UV-visible
spectra obtained from HAuCl4·4 H2O/PVP/EG by CW MW heating for
2 min with PVP molecular weights of a) 10K, b) 40 K, and c) 360 K. Con-
centrations of HAuCl4·4 H2O and PVP were the same as those in
Figure 3.
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ing the HAuCl4 concentration; this is also consistent with
the size change of polygonal plates for the HAuCl4 concen-
tration. The total distribution of nanorods and nanowires is
2–16 %, independent of HAuCl4 and PVP concentrations.
On the other hand, the average lengths of rods and wires in-
crease from 50 to 350 nm with increasing HAuCl4 concentra-


tion and decreasing PVP con-
centration. The SAED pattern
of rods and wires indicated that
Au rods and wires tend to
growth as bicrystals twined
along the {111} planes.


Zhu and Hu[14] have recently
synthesized Au nanorods and
nanowires by reducing HAuCl4


in EG in the presence of PVP/
sodium dodecyl sulfate at
160 8C. Liu et al.[19] synthesized
Au nanorods in an aqueous so-
lution in the presence of the
tetradecylammoniumbromide
(TOAB) cation as a surfactant.
They found that Au nanorods
with a higher aspect ratio could
be produced at higher TOAB
concentration and faster rising
reaction temperature. With in-
creasing TOAB concentration,
the percentage of nanorods in-
creased from 6 to 29.5 %. On
the basis of these findings, Au
nanorods and nanowires could
be synthesized under MW heat-
ing by using appropriate surfac-
tants that induce anisotropic
growth.


Formation mechanism of Au
nanostructures: Anisotropic Au
polygonal plates, rods, and


wires could be synthesized efficiently under MW heating
owing to various thermal and nonthermal effects described
above. Although the detailed mechanism for the formation
of each Au nanostructure under MW heating conditions is
still uncertain, the following general mechanism can be pro-
posed.


When EG was used, metallic particles (M) are produced
from the following reactions according to reduction mecha-
nism proposed by Fievet et al. [Eq. (2)].[1]


CH2OH�CH2OH! CH3CHOþH2O ð2aÞ


2n CH3CHOþ 2 Mnþ ! 2 Mþ 2n Hþ þ n CH3COCOCH3


ð2bÞ


PVP acts as a capping reagent. The formation of aniso-
tropic Au nanostructures is probably initiated by a reduction
process [Eq. (2b)], leading to Au atoms that assemble to
form the Au microcrystal particle. PVP that contains an
N�C=O group is easily attached to the surface of these mi-
crocrystal and slows down the growth speed of the crystal
facets. Different facets of this microcrystal have different ad-
sorption ability. The facets that have fewer attached surfac-


Figure 6. TEM photographs of Au nanostructures obtained by CW MW heating for 4 min from HAuCl4·4 H2O/
PVP/H2O with PVP molecular weights of a) 10 K, b) 40K, and c) 360 K. Concentrations of HAuCl4·4 H2O and
PVP were 2.4 mm and 1.0 m, respectively.


Figure 7. TEM photographs of Au nanorods and nanowires obtained
from HAuCl4·4H2O/PVP/EG by CW MW heating for 2 min in the pres-
ence of PVP (40 K). HAuCl4·4 H2O and PVP concentrations were a)
2.4mm and 0.264 m, b) 9.6 mm and 1.06 m, and c) 19.2 mm and 2.11 m, re-
spectively (reprinted from reference [21] copyright (2004), with permis-
sion from Elsevier).
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tant moleculess grow more rapidly than those with more. As
a result, they tend to assemble one by one to fabricate a
specific shape. In this situation, PVP tends to attach to the
lowest energy {111} facet and suppress the growth rate of
this facet. Thus, anisotropic polygonal plates covered by
{111} facets are preferentially produced.


In addition to polygonal plates, Au rods and wires are
produced. As a result of reduction process [Eq. (2b)], Au
metal, most of which is face-centered cubic (fcc), tends to
nucleate and grow into twinned and multiply twinned parti-
cles with their surfaces bound by the lowest energy nuclea-
tion {111} facets. The surface energies of large particles are
lower than those of smaller ones. It is therefore expected
that some small nanoparticles are dissolved, while larger
particles are grown to larger ones by means of an Ostwald
ripening process.[37] With the assistance of PVP, some of the
twinned particles grew into anisotropic rod-shaped and wire
structures. For the Au/PVP system, we suspect that PVP
might interact more strongly with the {100} facets (i.e., the
side surfaces of Au rod and wire) than with the {111} facets
(i.e., the ends of Au rod and wire). Once the rod-shaped
structure has been formed, it can readily grow into a longer
nanowire, because its side surfaces are tightly passivated by
PVP and its ends are largely uncovered and remain reactive
toward new Au atoms.


The PVP/HAuCl4 molar ratio plays an important role in
determining the morphologies of final products. A heavy
coverage of PVP on the surfaces of nanoplates and nanopar-
ticles results in an isotropic growth for all different faces
leading to small nanostructures. With decreasing the cover-
age of PVP on the surfaces, the chance for the formation of
anisotropic rod and wire structures increases. A decrease in
coverage not only for the fast-growing end faces, but also
for the side surfaces of each nanowire occurs at low PVP/
HAuCl4 ratios. Thus, thicker and longer nanowires are gen-
erally grown at low PVP/HAuCl4 ratios.


Although definite adsorption and desorption mechanisms
of PVP on the Au nanostructure formed under MW heating
are uncertain, a possible reason for the formation of smaller
nanoparticles with short chain PVP is a smaller adsorption
volume, as shown in Scheme 2. Nonthermal effects, such as
local heating of Au surfaces due to adsorption of long chain
PVP, probably contributes to the formation of large aniso-
tropic structures.


In the oil-bath heating, besides small amounts of short
nanorods with aspect ratios below five and nanoplates, large
spherical particles (> 100 nm) were dominantly produced.
No evidence for the formation of nanowires was observed in
the oil-bath heating. Particles and plates in the oil-bath heat-
ing had less sharp edges than those formed under CW MW
heating due to lower crystallization. Higher crystallization
leading to single-crystalline Au nanoplates, nanorods, and
nanowires under MW heating must be induced by bursting
nucleation due to rapid and homogeneous MW heating.


Liu et al.[19] reported the formation mechanism of Au
nanorods in the presence of the surfactant TOAB. In the
presence of TOAB, the surface tension of solution is re-


duced; therefore, the energy needed to form a new phase
becomes low. TOAB can also be considered to influence of
the growth process of nanoparticles by the electrostatic and
the stereochemical phenomena. TOAB is a positively charg-
ed tetrahedral compound with a long hydrophobic tail. The
growth unit of Au is negatively charged. Ion pairs between
TOA+ and AuCl4


� can form due to electrostatic interaction.
When the reduction process begins, rods start to form. In
the crystallization process, TOAB may serve as a growth
controller, as well as an agglomeration inhibitor by forming
a covering film on the newly formed Au nanorods.[38] The
above processes were enhanced under MW heating due to
thermal and nonthermal effects.


Synthesis of Silver Nanostructures


The MW heating method has been used for the syntheses of
Ag nanostructures.[8–11,16,17,20, 22,23] In addition to Ag spherical
nanoparticles, triangular plates, sheets, rods, wires, tubes,
and dendrites have been prepared under MW irradiation.


Preparation of Ag spherical nanoparticles: Although Ag
nanoparticles have been prepared by various methods, an
ideal method for chemical preparation of size-controlled Ag
nanoparticles is a chemical reduction with NaBH4, resulting
in the dodecanethiol-capped 1.8–3.5 nm diameter Ag nano-
particles. A disadvantage of this method is that size-selective
precipitation is necessary. Yamamoto et al.[16] prepared Ag
nanoparticles by alcohol reduction of fatty acid Ag salts sus-
pended in 1-hexanol under MW irradiation for 1–5 min at
140–157 8C. They succeeded in the fast preparation of size-
controlled Ag nanoparticles in the range 4.9–7.4 nm only by
changing length of the alkyl chains in the fatty acids, as
shown in Scheme 3.


Preparation of Ag triangular nanoplates (prism): He et al.[10]


studied preparation of polygonal Ag nanoplates under MW


Scheme 2. Formation scheme of Au nanostructures by using PVP with
different chain lengths.
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irradiation of AgNO3 in the presence of PVP without any
other reducing agent. They used four solvents, DMF (b.p.=
153 8C), NMP (b.p.=202 8C), pyridine (115 8C), and ethanol
(b.p.= 78 8C). They found that solvents have significant in-
fluence on the morphology of the Ag particles and on the
color of solutions under MW irradiation, and that higher
boiling point solvents were advantageous to the higher crys-
tallinity of the Ag nanopartilces. When DMF, which has a
good reducing ability and a high boiling point, was used, tri-
angular (edge length=50–100 nm) or truncated triangular
nanoprisms were preferentially formed, while nanoprisms
with lower regularity were produced in NMP. On the other
hand, monodispersed spherical particles with an average di-
ameter of 8 and 32 nm were obtained in pyridine and etha-
nol, respectively, which have low boiling points.


Yamamoto et al.[23] prepared triangular Ag nanoplates by
using MW-promoted reduction of AgNO3 in aqueous solu-
tions in the presence PVP (40 K). As shown in the upper
part of Scheme 4, only spherical Ag nanoparticles were pre-
pared at a low AgNO3 concentration of 0.01 m. When the
concentration of AgNO3 was increased to 0.1 m, spherical
Ag particles were converted to prisms with increasing the
MW irradiation time, but no small prismatic nuclei were
found, even at the initial stage of crystallization (lower part
of Scheme 4). The triangular Ag nanoplates should be
formed by a shape-transformation from a sphere to a prism


during the crystal-growth process under MW irradiation.
They concluded that MW irradiation should accelerate the
coherent heating of PVP-stabilized silver surfaces, resulting
in a shape transformation from spherical silver particles to
the large silver prism in the prolonged MW-promoted heat-
ing system, in which a reconstruction of the crystallites may
occur, for example, through Ostwald ripening.[37]


Preparation of Ag nanorods, nanowires, nanosheets, and
nanotubes: We have succeeded in the large-scale synthesis
of Ag nanorods and nanowires from AgNO3/H2PtCl6/
PVP(40 K)/EG under MW heating.[17, 22] When a mixture of
AgNO3/PVP/EG was irradiated for 3–8 min without adding
H2PtCl6, only uniform spherical Ag nanoparticles with diam-
eters of ~80 nm are observed in TEM photographs (Fig-
ure 8a). By premixing a small amount of H2PtCl6 with the
AgNO3/PVP/EG mixture as a source of Pt seeds, Ag nano-
rods and nanowires could be prepared. We found that the
morphology and aspect ratios of the Ag nanorods and nano-
wires strongly depended on the experimental parameters es-
pecially the PVP/AgNO3 molar ratio at a constant AgNO3


concentration, and AgNO3 and PVP concentrations at a
constant PVP/AgNO3 molar ratio. Ag nanostructures were
synthesized at PVP/AgNO3 ratios from 0.5 to 24. In addition
to spherical nanoparticles, anisotropic nanorods and nano-
wires are produced at all PVP/AgNO3 molar ratios investi-


Scheme 3. Microwave–alcohol reduction of fatty acid Ag salts for the
preparation of size-controlled Ag nanoparticles.


Scheme 4. Preparation of triangular Ag nanoplates under MW micro-
wave heating of AgNO3/PVP in an aqueous solution.


Figure 8. TEM photographs of Ag nanostructures prepared by MW heat-
ing for a) AgNO3/PVP(40 K)/EG and b)–d) AgNO3/H2PtCl6/PVP(40 K)/
EG. Concentrations of H2PtCl6·6 H2O and AgNO3 were kept at 5.78 mm


and 23.1 mm, respectively.
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gated, as shown in Figure 8b–d for PVP/AgNO3 molar ratios
of 1.0, 12, and 18, respectively. The diameters and lengths of
nanorods and nanowires were 30–140 nm and 0.3–10 mm, re-
spectively. In general, diameters of spherical nanoparticles
and aspect ratios of rods and wires decrease with increasing
PVP/AgNO3 molar ratio, and only short nanorods are pro-
duced at high PVP/AgNO3 molar ratio range of 18–24. The
fractions of nanonods and nanowires at a constant PVP/
AgNO3 molar ratio of 5.7 increased with increasing the
AgNO3 concentration, and their fractions were about 80 %
at a high AgNO3 concentration of 92 mm. The aspect ratios
of rods and wires increased with increasing the AgNO3 con-
centration. These findings imply that low PVP/AgNO3 ratios
and high AgNO3 and PVP concentrations are required for
the synthesis of long wires with large diameters. Although
similar nanorods and nanowires have been synthesized by
conventional oil-bath heating from similar solutions,[39] it
took more than 50 min to prepare long nanowires. The ad-
vantage of MW heating is that similar long nanowires could
be synthesized within a few minutes under the optimum
conditions.


Figure 9a–d shows TEM photographs after MW irradia-
tion for 1.5 and 3 min at PVP/AgNO3 molar ratios of 2.0
and 3.0. It should be noted that various shapes and sizes of
Ag nanosheets are synthesized at these short irradiation
times. These nanosheets disappeared under MW irradiation
above 5 min. The fraction of anisotropic nanosheets in the
products was large at low PVP/AgNO3 molar ratio range of


0.5–3.0, as in the cases of rods and wires. To the best of our
knowledge, no Ag nanosheets have been prepared in oil-
bath heating.


SAED patterns of wires and sheets were measured. Typi-
cal results obtained for a wire and a sheet are shown in
Figure 10 (left and right, respectively). These SAED pat-


terns indicate that the Pt seeds are fully enveloped in Ag
nanostructures. Based on SAED patterns, Ag rod and wires
tend to growth as bicrystals twined along the {111} planes
for fcc Ag crystals. Hexagonal patterns and the interval of
each array of the sheets led us to conclude that Ag sheets
are composed of single-crystalline Ag and the incident elec-
tron beams are perpendicular to {111} facets of the nano-
sheets.


The formation of anisotropic Ag nanostructures is initiat-
ed by reducing H2PtCl6 in EG [Eq. (3)].


4 CH3CHO þ Pt4þ ! Ptþ 4 Hþ þ 2 CH3COCOCH3 ð3Þ


As a result of the above reduction process, very small Pt
nanoparticles are initially formed as seeds. A similar reduc-
tion process occurs for AgNO3 as a competitive process
[Eq. (4)].


2 CH3CHO þ 2 Agþ ! 2 Agþ 2 Hþ þ CH3COCOCH3 ð4Þ


We found that nanorods and nanowires were not pro-
duced without adding H2PtCl6. This indicates that Pt seeds
play an important role in determining the morphologies of
the final products. The exact mechanism for the formation
of the different morphologies of the Ag particles in the pres-
ence of H2PtCl6 under MW irradiation is still unclear. The
following two reasons are proposed by El-Sayed et al.[40] for
the formation of anisotropic rodlike particles: 1) the growth
rates vary at different planes of the particles and 2) particle
growth competes with the coordinating action of stabilizers.
When AgNO3 was reduced by EG with the assistance of Pt
seeds and PVP, the initial product was a mixture of Ag
nanoparticles and small quantity of nanorods.[22] The forma-
tion mechanism is probably due to fact that PVP kinetically
controls the growth rates of various faces by the different
rates of reduction of coordinated and uncoordinated Ag+


ions at sites on the Pt seeds and their different rates of diffu-


Figure 9. TEM photographs of Ag nanosheets obtained from AgNO3/
H2PtCl6·6 H2O/PVP(40K)/EG by CW MW heating for a,b) 1.5 min and
c,d) 3 min.


Figure 10. SAED patterns of an Ag nanowire (left) and an Ag nanosheet
(right).
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sion at these sites on the seeds. Under reduction of Ag+ by
MW heating, some Ag nanostructures started to dissolve
into the solution and grow into Ag nanoparticles and nano-
rods through an Ostwald ripening process.[37] A heavy cover-
age of PVP on the surfaces of nanoparticles results in small
spherical nanoparticles. With decreasing the coverage of
PVP on the surfaces, the fraction of anisotropic rod and
wire structures increases. In general, thicker and longer Ag
nanorods and nanowires are grown at low PVP/AgNO3


ratios at a constant AgNO3 concentration, and high AgNO3


and PVP concentrations at a constant PVP/AgNO3 ratio.
Zhu and Hu[20] reported that the MW-assisted polythiol


reduction (MPTR) method, with 1,2-ethanedithiol (EDT) as
both a reducing reagent and a solvent, is useful for fast
preparation of Ag nanowires from Ag2O solid by means of
a solid–liquid reaction mechanism at temperatures between
80 and 140 8C. In addition to single-crystalline Ag nanowires
(Figure 11a and b), tubelike structures with a diameter of
290 nm and a length of 3 mm were observed in a few cases
(Figure 11c and d). The tube was partially filled with nano-
particles in the case of Figure 11d. The diameter of tubelike
structures was uniform and the structures were amorphous,


as indicated by the ED pattern shown in the inset of Fig-
ure 11d. It should be noted that twinned rods were also ob-
served as a minor product (Figure 11e). Each twinned rod
consisted of two parallel rods that grew together, one rod
with a diameter of 110 nm and the other 160 nm, both with
a length of 2.2 mm. Other twinned rods with various diame-
ters and lengths were also observed.


They also prepared Ag nanostructures by the MW-assist-
ed polyol method for comparison. Their experiments
showed that Ag products prepared by heating Ag2O in EG
by MW irradiation at temperatures between 80 and 190 8C
consisted of only spherical particles. No Ag nanowires or
nanorods were observed in all these samples. Therefore, the
MPTR method is favorable for production of Ag nanowires.
Although the detailed mechanism for the formation of Ag
nanowires by using a dithiol solvent under MW heating is
unclear, the solvent and reducing reagent greatly influence
the morphology of Ag nanostructures prepared from solid–
liquid reactions. An outstanding feature of the MPTR
method is that surfactant is unnecessary for the preparation
of Ag nanowires or nanorods from solid–liquid reactions.


Preparation of Ag dendrites: He et al.[11] prepared well-de-
fined Ag dendrites by reduction of AgNO3 in DMF in the
presence of PVP (40 K) under MW irradiation, as shown in
Figure 12. Morphology similar to that of the diffusion-limit-
ed aggregation model with fractal dimensions around 1.7
has been observed. MW power and the existence of PVP
play important roles in the formation of well-defined Ag
dendrites.


According to their proposed mechanism for the formation
of Ag dendrites, Ag ions were reduced by DMF and PVP
under MW irradiation and some metallic Ag nanoparticles
were formed at the beginning of the reaction. As the reac-
tion progressed, the interaction between Ag particles and
MW energy may lead to a rise in temperature in surround-
ing regions and may stimulate new nuclei to appear at its
boundary for further diffusion-limited growth. Therefore,
the rate of the nucleation and growth of the crystal control-
led the formation of the dendrites. PVP can kinetically con-


Figure 11. TEM micrographs of Ag nanostructures prepared by the
MPTR method (a,b). The inset of b) shows the ED pattern of a single
nanowire. c,d,e) Ag nanotubes (reprinted from reference [20] copyright
(2004), with permission from Elsevier).


Figure 12. TEM images of the Ag dendrites prepared under MW heating.
Large and bright fractals were formed. Reprinted from reference [11]
copyright (2004), with permission from Elsevier.
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trol the growth rates of various faces of Ag crystals by inter-
acting with these faces through adsorption and desorption.
The faceted growth of Ag crystal under MW irradiation in-
duced the formation of the anisotropic silver nanoparticles
capped by PVP. The formation of the dendritic fractal struc-
ture associated with the anisotropic morphology of the Ag
particles under MW irradiation. They reported that the den-
drites were genuine structures obtained under MW irradia-
tion.


Preparation of Bimetallic Nanoparticles


Bimetallic particles have received considerable attention,
because of their superior catalytic properties to those of
monometallic nanoparticles and the change in their surface-
plasmon band energy relative to that of the separate metals.
Recently the MW–polyol method has been applied to the
preparation of bimetallic nanopartilces. In general, the so-
lution reactions for the formation of binary chalcogenides
are relatively slow and are conducted under hydro-or solvo-
thermal conditions in special high-temperature and high-
pressure equipment in order to accelerate their rate. Even
under these conditions the reaction takes many hours or
even days. Recently, Harpness and Gedanken[31] succeeded
in the preparation of binary chalcogenides (selenides and
tellurides) and core-shell gold/palladium bimetallic nanopar-
ticles by the simultaneous reduction of the Au3+ and Pd2+


ions in EG under MW heating. In most experiments, the
MW reaction was completed within a few minutes, the maxi-
mum duration being 1 h.


Figure 13 shows a high-resolution TEM image of Au/Pd
core-shell structure. Thermodynamically, it is easier to
reduce the Au ions, because the reduction potential of Au is


more positive than that of Pd. However, it was not known
from early studies whether the reduction of the AuCl4


� ions
was faster than that of the PdCl4


2� ions. Their results gave
the answer to this dilemma and indicated that Au is reduced
first forming the particle�s core followed by the reduction of
palladium. The Au0 acts as a nucleic center for the growth
of the Pd layer, which covers Au and grows to its final size.


Preparation of Nanoparticles on Carbon
Nanomaterials


Pt nanoparticles supported on Vulcan XC-72 carbon black
(CB), carbon nanotubes (CNT), and carbon nanofibers
(CNF) were prepared by a MW-assisted polyol pro-
cess.[29,30,41] Figure 14a and b shows Pt nanoparticles pre-


pared on carbon black and on herringbone-type carbon
nanofibers in EG.[41] It is seen that well-dispersed Pt nano-
particles with 2–10 nm in diameter are prepared on these
carbon nanomaterials. Similar well-dispersed PtRu nanopar-
ticles with diameters in the range 2–6 nm on CB and CNT
have been prepared by Liu et al.[30] They found that both
PtRu/C catalysts had high and more durable electrocatalytic
activities for methanol oxidation than a comparable Pt/C
catalyst. These data indicate that the MW–polyol method is
a promising way to synthesize nanoparticles supported on
carbon materials for fuel cells. One reason for the synthesis
of well-dispersed nanoparticles on carbon under MW heat-
ing is that carbon is a good MW absorber. Therefore, hot
spots, which accelerate reduction and nucleation of metals,
are created on the surfaces of carbon supports.


Conclusion


The advantages of MW dielectric heating for the synthesis
of metallic nanostructures have been demonstrated by using
some selected examples. The main advantages of MW irradi-
ation are 1) uniform heating of the solution, so that a more
homogeneous nucleation is obtained as well as a shorter
crystallization time; 2) very short thermal induction period,
which can lead to energy savings; 3) generation of localized
high temperatures at the reaction sites which results in en-
hancement of reduction rates of metallic ions; 4) selective
formation of specific morphology; and 5) superheating of
solvents over the boiling points of solvent as a consequence
of the microwave dissipation over the whole liquid volume.


Figure 13. High-resolution TEM image of core-shell Au/Pd prepared by
MW heating for 1 h under N2 (reprinted from reference [31] copyright
(2004), with permission from the American Chemical Society).


Figure 14. TEM photographs of Pt deposited on a) carbon black and b)
herringbone-type carbon nanofibers prepared by MW heating in EG for
2 min.
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Further advantages are absence of convection processes,
easy control, and low cost. Due to these advantages, mono-
dispersed and better crystalline metallic nanostructures
could be synthesized in a one-pot reaction within a few min-
utes. Since MW heating is a promising heating method, a
further wide application to preparation and control of vari-
ous kinds of metallic nanostructures, which are key materi-
als in nanotechnology, is expected. Unfortunately, detailed
mechanism for the preparation of metallic nanostructures
under MW irradiation has not been clarified. In order to
clarify thermal and nonthermal effects of MW irradiation in
each reaction system, further detailed experimental studies
and model calculations will be necessary.
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Shape-Controlled Synthesis of Metal Nanostructures: The Case of Silver


Benjamin Wiley+, Yugang Sun+, Brian Mayers, and Younan Xia*[a]


Introduction


Synthesis of metal nanostructures has been an active re-
search area for many decades, because of the importance of
these materials to catalysis, photography, electronics, pho-
tonics, information storage, optoelectronics, biological label-
ing, imaging, and sensing.[1] Like their semiconductor cous-
ins (e.g., quantum dots), the intrinsic properties of metal
nanostructures can be tailored by controlling their size,


shape, composition, crystallinity, and structure (e.g., solid
versus hollow).[2] Particular emphasis has recently been
placed on the control of shape, because in many cases it
allows one to fine tune the properties with a greater versatil-
ity than can be achieved otherwise. For example, computa-
tional work has predicted that, for silver or gold nanoparti-
cles, the number and position of surface plasmon resonance
(SPR) peaks, as well as the effective spectral range for sur-
face-enhanced Raman scattering (SERS), are strongly de-
pendent on the particle shape.[3] Experimentally, the longitu-
dinal SPR modes of silver and gold nanorods have been
shown to greatly red-shift with increasing aspect ratio.[4] In
addition, arrayed triangular nanoparticles of silver have
been demonstrated as effective substrates for SERS in the
spectral range from 700 to 800 nm, while spherical nanopar-
ticles of silver are most suitable in the range of 530 to
570 nm.[5] With regard to catalysis, cubic nanoparticles of
platinum with surfaces enclosed by the {100} facets catalyze
reactions involving hydrogen, while the reactivity of carbon
monoxide is enhanced by the {210} facets of buckyball-
shaped nanoparticles.[6] In spite of its fundamental and tech-
nological importance (as well as a long history of study), the
challenge to synthetically and systematically control the
shape of metal nanostructures has been met with limited
success. Design of a generic method for the preparation of
metal nanostructures with a broad range of well-defined and
controllable morphologies is still needed in order to fully ex-
ploit their peculiar properties and unique applications.


Recent studies have established that solution-phase meth-
ods have the potential to grow metal nanostructures in bulk
quantities with a variety of well-defined morphologies. For
silver and gold, nanorods and nanowires with controllable
diameters and aspect ratios could be synthesized with soft
templates, such as rod-shaped micelles self-assembled from
cetyltrimethylammonium bromide (CTAB)[7] or liquid crys-
talline phases made of sodium bis(2-ethylhexyl) sulfosucci-
nate (AOT), p-xylene, and water.[8] Several types of planar,
thin nanoplates of silver have been synthesized and studied
since small silver nanospheres were first reported to be
transformed into prismatic plates when subjected to irradia-
tion by visible light.[9] For example, a seed-mediated proto-


[a] B. Wiley, Dr. Y. Sun, Dr. B. Mayers, Prof. Y. Xia
Department of Chemistry
Department of Chemical Engineering
University of Washington, Seattle, Washington 98195 (USA)
Fax: (+1) 206-685-8665
E-mail : xia@chem.washington.edu


[+] These two authors contributed equally to this article.


Abstract: The concept of shape-controlled synthesis is
discussed by investigating the growth mechanisms for
silver nanocubes, nanowires, and nanospheres produced
through a polymer-mediated polyol process. Experimen-
tal parameters, such as the concentration of AgNO3


(the precursor to silver), the molar ratio between poly-
(vinylpyrrolidone) (PVP, the capping agent) and AgNO3,
and the strength of chemical interaction between PVP
and various crystallographic planes of silver, were found
to determine the crystallinity of seeds (e.g., single crys-
tal versus decahedral multiply twinned particles). In
turn, the crystallinity of a seed and the extent of the
PVP coverage on the seed were both instrumental in
controlling the morphology of final product. The ability
to generate silver nanostructures with well-defined mor-
phologies provides a great opportunity to experimental-
ly and systematically study the relationship between
their properties and geometric shapes.


Keywords: nanostructures · polymers · shape-controlled
synthesis · silver
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col has been developed to generate truncated, triangular
nanoplates and circular nanodisks of silver in the presence
of CTAB micelles.[10] Silver nanodisks have also been syn-
thesized by sonicating AgNO3 and hydrazine in the presence
of reverse micelles self-assembled from an AOT/isooctane/
water system.[11] The octylamine/water bilayer system has
been demonstrated as another soft template capable of pro-
ducing silver nanoplates.[12] In addition to surfactants, it was
reported that the synthesis of silver nanoplates could be ach-
ieved by refluxing a solution of AgNO3 in N,N-dimethyl
formamide in the presence of a polymer, such as poly(vinyl
pyrrolidone) (PVP).[13] It is worth noting that polymer-medi-
ated morphological evolution was also applicable to the syn-
thesis of cubic and tetrahedral nanoparticles of platinum by
reducing K2PtCl4 with H2 gas in the presence of sodium
polyacrylate.[14] In general, each one of these approaches
can generate only one or two shapes when the experimental
parameters are changed. Here we focus on a polymer-medi-
ated polyol process that allows for the preparation of silver
nanostructures with a number of different well-controlled
morphologies (e.g., cubes, rods, wires, and spheres) in large
quantities by simply tuning the ratio between the capping
agent (PVP) and the precursor salt (AgNO3). It is also pos-
sible to generate thin nanoplates and nanobelts of silver by
replacing PVP with another capping agent such as sodium
citrate.


Polyol Synthesis: Past and Present


Polyol synthesis was originally developed by Fi�vet and co-
workers as a simple and versatile route to colloidal particles
made of metals and alloys, with typical examples including
Ag, Au, Cu, Co, Ir, Ni, Pd, Pt, Ru, CoNi, and FeNi.[15] The
primary reaction of this process involves the reduction of an
inorganic salt (the precursor) by polyol at an elevated tem-
perature. PVP is commonly added as a stabilizer to prevent
agglomeration of the colloidal particles. Reasons for the
popularity and versatility of this synthesis include the ability
for polyols to dissolve (and solvate) many precursor salts
(and ions), their highly temperature-dependent reducing
power, and their relatively high boiling points (for ethylene
glycol, it is about 196 8C).[16] In particular, the temperature-
dependent reducing power of polyols makes them ideal for
the synthesis of colloidal particles (usually quasi-spherical in
shape) over a broad range of sizes, as it gives one the ability
to control the nucleation and growth processes through
careful regulation of reaction temperature. Furthermore, the
use of solvents with high boiling points allows for the pro-
duction of colloidal particles from some more reactive (and
hence less reducible) metals such as Co, Ni, Cd, Bi, and Pb
by thermally decomposing appropriate precursors.[17]


The polyol process we have used for the silver work is
mainly based on ethylene glycol, which serves as a good sol-
vent for both AgNO3 and PVP, because of its relatively high
dielectric constant.[18] At elevated temperatures, ethylene
glycol can reduce Ag+ ions into Ag atoms, and thereby


induce the nucleation and growth of silver nanostructures in
the solution phase. Our recent results suggest that PVP
plays a critical role in producing silver nanostructures with
good stability and size/shape uniformity.[19] As revealed by
infrared (IR) and X-ray photoelectron spectroscopy (XPS)
studies, both the oxygen and nitrogen atoms of the pyrroli-
done unit can promote the adsorption of PVP chains onto
the surface of silver.[20] This may explain why PVP has been
successful as a capping agent (in addition to its role as a sta-
bilizer), while many other polymers such as poly(ethylene
oxide) and poly(vinyl alcohol) failed. Furthermore, it has
been suggested that the interaction strengths between PVP
and different crystallographic facets of a silver lattice were
substantially different, and could therefore induce anisotrop-
ic growth for silver (a solid of highly isotropic in structure).
Our recent experiments, in which small gold nanoparticles
were attached as markers to the surfaces of silver nanowires
through the dithiol linkage, verified that PVP interacted
more strongly with silver atoms on the {100} facets than
those on the {111} facets.[21] This binding specificity can be
attributed to the difference in surface atom density, 1.20 �
1019 versus 1.38 � 1019 m�2 for the {100} and {111} planes.


The experimental setup commonly employed in our work
is shown in Figure 1. We have made a number of modifica-
tions to the conventional protocol developed by Fi�vet et al.


to achieve better control over the nucleation and growth
steps. In a typical synthesis, anhydrous ethylene glycol
(5 mL, 99.8 %, Aldrich) was heated at 160 8C for 1 h; then
separate solutions of AgNO3 (99+ %, Aldrich) and PVP
(Mw�55,000, Aldrich) in ethylene glycol (each 3 mL) were
simultaneously injected into the reaction flask by using a
two-channel syringe pump at a rate of 375 mL min�1. The re-


Figure 1. Setup for the synthesis of silver nanostructures via a polymer-
mediated polyol process.
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duction of AgNO3 by ethylene glycol at 160 8C led to the
formation of elemental silver (step I in Figure 2) at a moder-
ate rate, because of the strong dependence of the reducing
power of ethylene glycol on the reaction temperature.[16]


Clusters[22] of a critical size (or nuclei) appeared (i.e. , nuclea-
tion, steps II and III in Figure 2) once the concentration of
zero-valent silver reached a critical value. This depiction is
built upon LaMer�s model for the nucleation of monodis-
persed sols in a homogeneous system.[23] The hot solution
consistently turned yellow as the AgNO3 and PVP solutions
were introduced, indicating the formation of silver nanopar-
ticles with a roughly rounded profile, since such particles
display a distinctive SPR peak around 400 nm.[24] In the sub-
sequent growth process (step IV in Figure 2), silver atoms
generated from the reduction of AgNO3 diffused to the sur-
face of nuclei and positioned themselves at active surface
sites, forming metallic bonds with their neighbors. By adjust-
ing the molar ratio between PVP and AgNO3, the thickness
of PVP coating and the location of PVP chains on the sur-
face of a seed could both be modified. This modification, in
turn, altered the resistance of each facet to growth (addition
of silver atoms), and led to the formation of silver nano-
structures with distinct shapes. The drawings on the right
side of Figure 2 summarize three types of silver nanostruc-
tures that have been successfully synthesized by means of
this PVP-mediated polyol process. Their growth mechanisms
are discussed in the following sections.


Silver Nanocubes: Kinetically Controlled Growth


Perhaps the most intriguing morphology yet synthesized by
this polyol process is the nanocube. To produce this type of
nanostructure, the concentration of AgNO3 in the final so-
lution must be relatively high (0.125–0.25 m), and the molar
ratio between PVP and AgNO3 must be low (at ~1.5).[19a]


These conditions result in fast nucleation and growth of the
silver seeds, and may therefore have reduced the time avail-


able for twin defects to form.[25] In addition, since twinning
is only favorable when the surface energy of the {100} facets
is greater than that of the {111} facets,[26] the presence of
PVP can serve to reduce the driving force for twin forma-
tion through its selective interaction with the {100} planes.
Once a large proportion of single-crystal seeds form, selec-
tive adsorption of PVP on the {100} facets will lead to pref-
erential addition of silver atoms to the {111} facets. As the
growth rate in the h111i direction is greater than that in the
h100i direction, the {100} sides of the cube will become en-
larged at the expense of the {111} corners.[27] After the cubic
shape is formed, each face of the silver nanocube will have
the same growth rate, and further growth will mainly in-
crease the size with no significant morphological variation.


Figure 3 shows a combination of scanning electron micros-
copy (SEM) and transmission electron microscopy (TEM)
images taken from silver nanocubes that were synthesized
with the polyol method.[19a] Figure 3A and B are SEM
images of the product obtained at 45 min when the concen-
tration of AgNO3 was 0.25 m, indicating that this method
could produce uniform silver nanocubes in high yields. The
surfaces of these silver nanocubes are smooth, and their
average edge length is 175 nm. Figure 3B also indicates that
all corners and edges of these nanocubes are slightly trun-
cated; the drawing in Figure 3C clearly delineates these
truncations and their corresponding crystallographic planes.
Figure 3C shows the X-ray diffraction (XRD) pattern re-
corded from the same batch of silver nanocubes, with all
peaks assigned to diffraction from the (111), (200), and
(220) planes of silver, respectively. It is worth noting that
the ratio between the intensities of the (200) and (111) dif-
fraction peaks in this XRD pattern is 0.67, which is 68 %
greater than the value obtained from a conventional powder
sample (Joint Committee on Powder Diffraction Standards
file no. 04–0783). This result indicates that, because the
sides of the cubes are bound by enlarged {100} facets, the
{100} planes of silver are preferentially oriented parallel to
the substrate, as is confirmed by the TEM and SEM images.


Figure 2. Schematic illustrating the reduction of silver ions by ethylene glycol (I); the formation of silver clusters (II); the nucleation of seeds (III); and
the growth of seeds into nanocubes, nanorods or nanowires, and nanospheres (IV). The formation of metal clusters and seeds with different cystallinities
depicted in the boxes is currently being studied. This article focuses on the growth of silver nanostructures with well-defined and controllable shapes.
The surfaces marked in light and dark gray represent the {111} and {100} facets, respectively. The light gray lines and dark grey interior planes represent
the twinned boundaries and twinned planes, respectively.
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The ratio between the intensities of the (220) and (111)
peaks is also slightly higher than usual (0.33 versus 0.25), be-
cause of the relative abundance of {110} facets on the trun-
cated edges of the silver nanocubes.


The size of the silver nanocubes can be varied by chang-
ing the concentration of AgNO3. Figure 3D shows a TEM
image of silver nanocubes that were synthesized by decreas-
ing the AgNO3 concentration from 0.25 to 0.125 m and short-
ening the growth time from 45 to 30 min. These adjustments
reduced their average edge length from 175 to 80 nm. The
inset is a typical electron diffraction pattern recorded by di-
recting the electron beam perpendicular to one of the
square faces of an individual cube. The exactly square sym-
metry of this pattern confirms that each silver nanocube was
a single crystal bound primarily by {100} facets.


Silver Nanowires: Twin-Induced Growth


To alter the polyol process so that silver nanowires (rather
than nanocubes) are produced in high yields, one only needs
to reduce the concentration of AgNO3 while keeping the
ratio between PVP and AgNO3 unchanged. It is known that,
by lowering precursor concentration, one reduces the chemi-
cal potential (i.e. , driving force) for crystallization.[28] It has


also been theoretically demonstrated that the multiply twin-
ned decahedra is the most thermodynamically stable seed,
as it is bound almost entirely by the lower energy {111}
facets.[25] Thus, by lowering precursor concentration, it is
possible to decrease the chemical potential to a sufficiently
low level so that multiple-twined particles (MTPs, thermo-
dynamically more stable, often in the decahedral shape),
rather than single-crystal seeds (kinetically stable) will be
formed. Since the twin defect represents the highest energy
site on the surface of an MTP, silver atoms will preferential-
ly crystallize on those sites, leading to uniaxial elongation of
the decahedra into a pentagonal rod, whose sides are bound
by {100} facets (see Figure 2). Once the pentagonal rod has
formed, PVP will interact more strongly with the {100} sides
than with the {111} ends. Therefore, the nanorod can readily
grow into a longer wire, because its side surfaces are tightly
passivated by PVP, while its ends remain reactive toward
the arriving silver atoms. As a result, the pentagonal cross
section, the straightness of the five side edges, and the flat-
ness of the side surfaces can all be retained as the nanorods
grow into nanowires as long as hundreds of micrometers.


Figure 4A shows a typical SEM image of silver nanowires
that were prepared with an AgNO3 concentration of 0.085 m.


Figure 3. A,B) SEM images of silver nanocubes that were synthesized by
heating the mixture of AgNO3 and PVP in ethylene glycol for 45 min.
The sample stage was tilted at 20o in B, showing that all the corners and
edges of each cube were slightly truncated. C) XRD pattern obtained
from the same batch of nanocubes deposited on a glass substrate. The
drawing of one cube is shown as the inset. In this synthesis, the concen-
tration of AgNO3 solution was 0.25 m and the molar ratio between PVP
and AgNO3 was 1.5. D) A TEM image of the product obtained under the
same conditions as in A, except that the concentration of AgNO3 was re-
duced to 0.125 m and the growth time was shortened to 30 min. The inset
shows a typical electron diffraction pattern taken from any individual
nanocube by directing the electron beam perpendicular to one of its
square faces.


Figure 4. A) SEM image of silver nanowires, demonstrating their uni-
formity in diameter (~50 nm) along the entire nanowire length. The inset
is an SEM image taken from the cross section of a broken nanowire.
B) TEM image taken from the end of an individual nanowire, showing
the existence of a twin plane along its longitudinal axis (as indicated by
the arrow). The inset in the lower right shows a HRTEM image taken
from the side of a nanowire. C) TEM image of a microtomed sample of
nanowires shown in A, indicating the pentagonal symmetry of their cross
sections. The inset in C is a TEM image with slightly higher magnifica-
tion that was taken from an individual Ag nanowire, confirming that
each wire had a fivefold twinned structure characterized by five single-
crystal subunits. D) SAED pattern taken from an individual nanowire by
aligning the electron beam perpendicular to one of the five side surfaces
(e.g., the side surface of subunit T1). In this synthesis, the molar ratio be-
tween PVP and AgNO3 was 1.5 and the concentration of AgNO3 was
0.085 m.
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The inset gives an image of a nanowire intentionally broken
by sonication for 1 h, clearly showing its pentagonal cross
section and flat edges. Figure 4B shows a TEM image taken
from an individual nanowire, making evident the existence
of a twin plane along the longitudinal axis. Note that no
matter which side of the nanowire lay against the surface of
the TEM grid, the geometry of the wire guarantees that a
twin boundary will always appear to be in the middle of the
wire. The inset at the bottom-right corner is a high-resolu-
tion TEM (HRTEM) image taken from the side of a nano-
wire, providing evidence for the single crystallinity in each
of its five domains. This inset also demonstrates that growth
of this wire occurred in the [011̄] direction.


To further study the crystallographic nature of the silver
nanowires, a sample of nanowires was microtomed and ex-
amined under TEM (Figure 4C). As expected, most of the
cross sections shown in this image are pentagonal in shape.
The nonpentagonal cross sections can be attributed to two
causes: 1) random orientations of the wires relative to the
edge of the microtome knife, and 2) co-existence of a small
amount of silver particles in this sample. The inset gives the
TEM image of a pentagonal cross section (at a slightly
higher magnification), clearly disclosing the fivefold contrast
resulting from the differences in crystal orientation induced
by the twin defects. The stark contrast across each twin
plane implies that each silver nanowire contained five
single-crystal subunits, which are marked as T1, T2, T3, T4,
and T5.


Since each silver nanowire is an assembly of five subunits
separated by {111} twin planes, its electron diffraction pat-
tern is more complex than a single-crystal silver nanostruc-
ture. Figure 4D gives the typical selected-area electron dif-
fraction (SAED) pattern recorded from an individual nano-
wire by aligning the electron beam perpendicular to one of
the five sides (e.g., the electron beam was perpendicular to
the side surface of subunit T1 in the inset of Figure 4C). The
indexed results indicate that this pattern contained an inter-
penetrated set of two different diffraction patterns. The one
with square symmetry (marked with solid lines) corresponds
to the [001] zone axis of T1; the one with rectangular sym-
metry (marked with dashed lines) corresponds to the [11̄2̄]
and [1̄12̄] zone axes of T3 and T4, respectively. The mutual
orientation of these two zones causes double diffraction, re-
sulting in the generation of the remaining spots. Subunits T2
and T5 did not contribute to the diffraction pattern as they
were not in an observable Bragg diffraction orientation.
These assignments are consistent with the results obtained
for multiply twinned nanorods of gold and copper with the
same pentagonal symmetry and {100} side surfaces.[29] While
nanorods of these coinage metals were synthesized under
quite different conditions, the fact that all of them follow a
similar growth mechanism leads us to believe that a poly-
mer-mediated polyol process should be extendable to the
synthesis of nanowires for metals other than silver.


Silver Nanospheres: Isotropic Growth


Nanoparticles with quasi-spherical shapes have convention-
ally been obtained when the molar ratio between PVP and
AgNO3 was relatively high (>5).[30] In this case, any surface
specific adsorption is overwhelmed and the entire surface of
the initially formed seeds is covered with a thick coating of
PVP (as indicated in the inset of Figure 5). As the resistance


to surface addition by the silver atoms is now nearly isotrop-
ic, growth of the seeds proceeds in an isotropic manner as
well. Figure 5 shows the TEM image of a typical product
that was prepared when the ratio between PVP and AgNO3


was 15 in the reaction mixture. These particles are essential-
ly spherical in shape although a few slightly anisotropic par-
ticles can be observed. The formation of anisotropic colloids
might be ascribed to preferential addition of silver atoms at
the high-energy twin sites, resulting in the formation of rela-
tively short rods, or to the geometric limitations imposed by
the faceted nature of the silver crystal. It is not clear wheth-
er the surfaces of the anisotropic nanoparticles were bound
by {111} facets, {100} facets, or a combination of them.


Silver Nanoplates and Nanobelts: Citrate versus
PVP


To produce nanostructures bound primarily by {111} facets,
it is evident that a capping agent other than PVP must be
employed. Recently we and other groups have found that
sodium citrate can promote the formation of triangular
nanoplates and nanobelts of silver bound mainly by the
{111} planes.[31] In a typical procedure, small silver nano-
spheres were first synthesized in an aqueous solution by re-
ducing AgNO3 with NaBH4 in the presence of PVP and
sodium citrate at room temperature. A TEM image of these
initial nanoparticles is shown in Figure 6A. The average di-
ameter of these nanoparticles is ~3.5 nm. When this disper-


Figure 5. TEM images of silver nanoparticles formed when the molar
ratio between PVP and AgNO3 was 15 and the concentration of AgNO3


was 0.25 m. The inset illustrates the thick, isotropic coating of PVP that
might be present on the surface of silver particles involved in this synthe-
sis.
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sion was refluxed under ambient conditions for 10 h, the
silver nanospheres were transformed into a mixture of trian-
gular nanoplates (95%) and nanobelts (5 %) through a pro-
cess such as Ostwald ripening. An SEM image of this mix-
ture is shown in Figure 6B. Note that the triangular nano-
plates have sharp corners, and, as can be seen by observing
those plates whose triangular faces were oriented perpendic-
ular to the substrate, they are thin and flat. Due to their flat
surfaces, sharp corners, smooth edges, and shape regularity,
these silver nanoplates tend to assemble into a monolayer
on the surface of a carbon-coated TEM grid (as shown in
Figure 6C). The inset shows the electron microdiffraction
pattern obtained when the electron beam was directed per-
pendicular to the triangular face of an individual plate, sug-
gesting that each plate was a single crystal. The strongest in-
tensity spot (see the square) corresponds to Bragg diffrac-
tion from the {220} lattice planes of silver, proving that the
triangular faces of the nanoplates are composed of {111}
planes. The outer spots (see the triangle) correspond to re-
flection from the {422} planes, while the inner spots (circle)
could be ascribed to the (1/3){422} reflection. It is worth
pointing out that this last reflection is only observable from
atomically flat surfaces of silver (or gold).[32]


The silver nanobelts could be separated from the mixture
by centrifugation. TEM images (Figure 6D) of these nano-
structures reveal that they are uniform in both lateral di-


mension (~9 nm) and surface smoothness, with lengths up
to 25 mm. A selected area electron diffraction (SAED) pat-
tern taken from a single nanobelt (see inset) displays the
same (1/3){422} reflection as that seen for a nanoplate, sug-
gesting that these nanostructures are also composed of
atomically smooth and flat facets. The {220} reflection con-
firms that the wider side surfaces of the belts are composed
of {111} planes. The lower left inset is a typical HRTEM
image of a nanobelt, indicating that growth of this single-
crystal nanobelt occurrs along the [101] axis.


In a related study, we also found that visible light alone
could induce the morphological transformation of silver
nanospheres into triangular nanoplates in the presence of
PVP and citrate at room temperature.[33] To separate the
roles of PVP and citrate, these two chemicals were added at
different stages of the synthetic process. First, silver nano-
spheres with a mean diameter of 4.3 nm were obtained by
using only PVP as the stabilizer during the reduction by
NaBH4. When this dispersion was subjected to irradiation
with visible light, no morphological change was observed.
However, if citrate was added to the PVP-stabilized disper-
sion before irradiation, the spherical particles were trans-
formed into triangular nanoplates. These experiments estab-
lished that citrate was the key component in this morpho-
logical transformation from spheres into thin plates bounded
by {111} facets. If the initial reduction by NaBH4 was per-
formed in the presence of sodium citrate only, relatively
large particles (10–20 nm) were obtained due to agglomera-
tion. Such nanoparticles could not be transformed into other
shapes. Therefore, it seems to be that the primary role of
PVP in this process is to stabilize silver nanospheres with di-
ameters (<10 nm) less than the critical size required for
morphological transformation.


Optical Properties of Silver Nanostructures


The sensitive dependence of SPR peak position on the exact
morphology of metal nanostructures has been theoretically
predicted for some time.[34] However, their relationship has
not been rigorously investigated experimentally due to the
difficulties in obtaining particles with well-defined shapes in
bulk quantities. The silver nanostructures synthesized by
means of the PVP-mediated polyol process provide an
avenue to systematically study the correlation between the
SPR feature and the particle morphology. Figure 7 shows
the UV-visible extinction spectra of three aqueous disper-
sions that contained silver spheres, cubes, and triangular
thin plates with roughly the same lateral dimensions
(~80 nm). The silver nanospheres exhibited one symmetric
extinction peak centered at 430 nm. However, cubic nano-
particles displayed three SPR peaks located at 350, 400, and
470 nm, respectively. In general, the number of SPR peaks
increased as the symmetry of particles decreased: spherical
particles (with Cs symmetry) have only one peak, whereas
three peaks are often observed for cubic ones (with Oh sym-
metry).[35]


Figure 6. A) TEM image of the initial silver nanoparticles with diameter
of ~3.5 nm. B) SEM image of the product that was obtained by refluxing
these small silver nanospheres in the presence of PVP and sodium citrate,
showing the formation of a mixture of triangular nanoplates (with sharp
corners) and nanobelts of silver. Some nanoplates were oriented with
their triangular faces perpendicular to the supporting substrate. C) A
TEM image of triangular nanoplates self-assembled into a stripe of mon-
olayer, clearly indicating the bimodal sizes of nanoplates. The inset gives
a typical electron microdiffraction pattern taken from an individual nano-
plate supported on the TEM grid against one of its triangular faces. D) A
TEM image of silver nanobelts whose flat faces were oriented parallel to
the surface of the supporting substrate. The inset in the lower left demon-
strates the nanobelts were single crystals, and grew along the [101] direc-
tion. The other inset shows a typical SAED pattern taken from an indi-
vidual nanobelt.
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The extinction spectra of the triangular nanoplates dis-
played three peaks at 335, 470, and 690 nm. Theoretical cal-
culations by Schatz and co-workers attribute these peaks to
the out-of-plane quadrupole, in-plane quadrupole, and in-
plane dipole plasmon resonance modes, respectively.[36] The
triangular silver nanoplates with slightly truncated corners
produced by the photoinduced process displayed a blue-shift
for the peak around 690 nm.[33] This observation agreed with
Schatz�s theoretical prediction that the in-plane dipole reso-
nance mode was highly sensitive to the sharpness of the cor-
ners. The unique SPR features of these silver nanoparticles
should make them particularly useful in applications such as
sensing, plasmonics, and biological imaging.[37]


In addition to their interesting far-field optical properties,
silver nanoparticles exhibit very large local electromagnetic
fields when illuminated by light with wavelengths corre-
sponding to their SPR peaks. These enhanced near fields
play a key role in SERS, in which the Raman spectrum of a
molecule near the surface of a nanoparticle can be enhanced
by several orders of magnitude.[38] Nanoparticles with sharp
corners or edges (e.g., pentagonal nanowires, cubes, triangu-
lar plates) are especially active SERS substrates, as local
values of jE j 2 can be more than 500 times that of the ap-
plied field.[36] This corresponds to a Raman enhancement of
105 at a distance 1 nm from the particle surface. Since near
field plasmon peaks can also be tuned by changing the
shape of a nanostructure, the polyol synthesis described in
this article may provide a powerful route to ideal SERS sub-
strates. By fine-tuning the properties of silver nanostruc-
tures, it might be feasible to make single-molecule detection
the new standard for the Raman spectroscopic technique.[39]


Metal Nanostructures with Hollow Interiors


The ability to control the SPR features of silver nanostruc-
tures can be further extended through their transformation
into hollow nanostructures by using a template-engaged
process.[40] To this end, we have demonstrated the use of the
galvanic replacement reaction between silver and HAuCl4 as
a simple and versatile route to nanostructures of gold and


Au/Ag alloys with hollow interiors and highly crystalline
walls.[19a] In this synthesis, the silver nanostructure serves as
both a source of electrons and physical template, around
which gold atoms are generated through a redox process.
The resultant structure has a morphology complementary to
that of the silver template, with the interior void mainly de-
termined by the size of the template. Such a template-en-
gaged process has been successfully applied to a number of
noble metals such as Au, Pd, and Pt. The details of the mor-
phological, compositional, structural, and spectral changes
involved in the entire process have been elucidated to some
extent.[41] Our most recent study of the Ag/HAuCl4 system
implies that the templating process proceeds through at
least two distinct steps:[42] 1) the formation of pinhole-free
shells with homogeneous, uniform walls consisting of Au/Ag
alloy through a combination of galvanic replacement reac-
tion, alloying, and possibly Ostwald ripening; and 2) the de-
velopment of pores in the shells (to form cages) through
dealloying, in which silver atoms are selectively extracted
from the alloyed walls. As alloying and dealloying proceed,
the SPR peaks of resultant hollow and/or porous nanostruc-
tures can be conveniently tuned in the spectral region from
visible to near infrared. Taking silver nanocubes as an exam-
ple (see Figure 8), titration with increasing amounts of


HAuCl4 resulted in the formation of gold hollow nanostruc-
tures (without and with porous walls) whose SPR peaks
could be continuously swept from 495 nm to 1180 nm.


Perspective Conclusion


Shape-controlled synthesis of metal nanostructures has the
potential to provide us with an unprecedented level of con-
trol over both nanoscale and bulk material properties. We


Figure 7. UV-visible/near-infrared spectra recorded from aqueous disper-
sions containing quasi-spheres, cubes, and triangular thin plates of silver
with roughly the same lateral dimensions. Note that both the number of
SPR modes and their positions change as the shape varies. The spectra
have been normalized against the intensities of their strongest peaks.


Figure 8. UV-visible/near-infrared spectra of an aqueous dispersion of
silver nanocubes before and after different volumes of an aqueous
HAuCl4 solution (1 m


�3) were added: 0.00, 1.00, and 2.25 mL. The spectra
have been normalized against the intensities of their strongest peaks.
Note that the major extinction peak was continuously shifted towards the
near infrared region as more HAuCl4 was used to titrate the silver nano-
cubes. The insets are the SEM images of nanoparticles contained in the
corresponding samples (from left to right): nanocubes of silver (~111 nm
in edge length), nanoboxes of a silver/gold alloy, and nanocages (porous
nanoboxes) of gold.
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have demonstrated that the PVP-mediated polyol process is
capable of producing silver nanostructures with a number of
well-defined shapes that include cube, rod/wire, and sphere.
In each case, the formation of a distinct morphology is de-
termined by the crystallinity or twin structure of the initial
seeds, the selective interaction between the capping agent
(in this case, PVP) and different crystallographic planes of
silver, and the level of surface coverage provided by PVP.
These parameters could be controlled, to some extent, by
varying the concentration of AgNO3 (a precursor to elemen-
tal silver), as well as the molar ratio between PVP and
AgNO3. Through incorporation of other capping agents
(e.g., sodium citrate), it was shown that enlargement of the
{111} rather than {100} planes of silver could also be promot-
ed, resulting in the formation of triangular nanoplates and
nanobelts enclosed mainly by {111} facets.


While the growth mechanism for each nanostructure has
been explained in detail, we can still only hypothesize on
what factors control the crystallinity or twin structure of
seeds involved in the nucleation stage. Understanding the
process of seed formation is critical, as it seems the number
of twin planes in the initial seed is the key factor for deter-
mining the shape exhibited by the final product (e.g., single-
crystal seeds form cubes, multiply-twinned decahedral seeds
form wires, etc). A systematic study of the nucleation and
seed formation steps is currently underway in our group.
Achieving greater control over these stages of nanostructure
formation may open avenues to new shapes and higher
yields.


As the polyol synthesis has already been developed to
produce colloidal particles from a large number of metals,
there is no reason why nanostructures with well-defined
shapes cannot be obtained from these metals as well.
Copper, gold, palladium, and platinum are some particularly
good candidates, as they all crystallize in a face-centered
cubic structure similar to that of silver, and hence the selec-
tivity in interaction between the capping agent and various
crystallographic planes may share the same mechanism.
Indeed, polyol synthesis of gold nanostructures with well-de-
fined shapes has recently been demonstrated by Yang and
his co-workers.[43] Single-crystal nanowires of platinum have
been synthesized by our group by using a polyol process,
with PVP as the capping agent.[44] Although different cap-
ping agents may be required, it is believed that the level of
shape-control that has been realized for silver should be
achievable for other metals as well.
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Expeditious Asymmetric Synthesis of a Stereoheptad Corresponding to the
C(19)–C(27)-Ansa Chain of Rifamycins: Formal Total Synthesis of
Rifamycin S


Māris Turks, Xiaogen Huang, and Pierre Vogel*[a]


Introduction


Rifamycins[1] are antibiotics belonging to the group of naph-
thalenic ansamycines[2] characterized by an aliphatic bridge
(polypropionate chain) linking two non-adjacent centers of
an aromatic moiety. They are produced from Streptomyces
mediterranei[3] and are active against a large variety of or-
ganisms, including bacteria, eukaryotes, and viruses.[4] Rifa-
mycins have shown also antitumour[5] and anti-inflammatory
activity,[6] but at present are mainly used for the treatment
of tuberculosis. Their antimicrobial activity is due to the in-
hibition of bacterial DNA-dependent RNA polymerase.[7]


Several derivatives of Ryfamicin S (1) have been prepared
and many of them have shown promising activities. For in-
stance, Rifabutin is active against mycobacteria including
atypical organisms such as Mycobacterium avium and M. in-
tracellulare (MAC complex).[8]


The first total synthesis of Rifamycin S was reported by
Kishi and co-workers in 1980.[9] The stereoheptad (�)-2 was
a key-intermediate for the construction of the ansa chain. It
was obtained in 26 steps and 5.2 % overall yield from (2S)-3-
benzyloxy-2-methylpropanal ((+)-3 a) (Figure 1). Since then,


several total asymmetrical synthesis of 1 have been pro-
posed[10] and the construction of the C(19)–C(27) fragment
((�)-2 and analogues) of this antibiotic has become a chal-
lenging target for the testing of asymmetric synthetic meth-
ods and strategies.[11]


We have shown recently that enantiomerically enriched
1,3-dioxy-1,3-dienes of type 5 can be condensed with
carbon-centered nucleophiles of type 6 in the presence of an
excess of SO2 and a catalytical amount of an acid promot-
er.[12,13] This generates b,g-unsaturated silyl sulfinates 7 that,
after acidic workup, undergo quick desilylation and desulfa-
tion by means of a stereoselective retro-ene elimination of


[a] M. Turks, Dr. X. Huang, Prof. Dr. P. Vogel
Laboratory of Glycochemistry and Asymmetric Synthesis
Swiss Federal Institute of Technology (EPFL)
BCH 1015, Lausanne-Dorigny (Switzerland)
Fax: (+41) 21-693-93-75
E-mail : pierre.vogel@epfl.ch.


Abstract: In the presence of sulfur di-
oxide and an acid promoter, (�)-
(1E,3Z)-2-methyl-1-((1S)-1-phenyleth-
oxy)penta-1,3-dien-3-yl isobutyrate
reacts with (Z)-3-(trimethylsilyloxy)-
pent-2-ene giving a silyl sulfinate inter-
mediate that undergoes, in the pres-
ence of palladium catalyst, a desilyla-
tion and retro-ene elimination of SO2


with formation of (�)-(1Z,2S,3R,4S)-1-
ethylidene-2,4-dimethyl-5-oxo-3-((1S)-
1-phenylethoxy)-heptyl isobutyrate as


major product. This ethyl ketone un-
dergoes cross-aldol reaction with (2S)-
2-methyl-3-[(tert-butyldimethylsilyl)-
oxy]propanal giving an aldol that is re-
duced into a stereoheptad correspond-
ing to the C(19)-C(27)-segment of Ri-
famycins with high diastereoselectivity
and enantiomeric excess.


Keywords: aldol reaction ·
asymmetric synthesis · Diels–Alder
reaction · dienes · polypropionates ·
sulfur dioxide


Figure 1. Kishi�s retro-synthesis of Rifamycin S.
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SO2 from 8, giving products 9 in good yield and diastereose-
lectivity (Scheme 1).


We thus embarked on the quest to develop this C�C
bond-forming reaction[14] and to show its application in natu-
ral product synthesis. In this paper, we disclose 1) our find-
ings about reactivity of 1,3-dioxy-1,3-dienes towards SO2


and 2) a very short synthesis of the C(19)–C(27) segment
(�)-4 which has been converted into (�)-2, thus realizing a
formal total synthesis of Rifamycin S.


Results and Discussion


Retro-synthetic analysis : Our retro-synthetic plan for the
preparation of Kishi�s intermediate (�)-2 is shown in
Figure 2. Precursors of (�)-2 could be ketones of type 10
arising from the cross-aldol reaction (disconnection A) of
ethyl ketones 11 and readily available aldehydes (+)-3 a[15]


or (+)-3 b ((2S)-2-methyl-3-[(tert-butyldimethylsilyl)oxy]pro-
panal).[16]


Ethyl ketones 11 can be obtained by applying our C�C
bond-forming reaction to the condensation reaction of enan-
tiomerically enriched dienes of type 5 with (Z)-enoxysilane
12 derived from pentan-3-one.


Synthesis and reactivity of 1,3-dioxy-1,3-dienes : In prelimi-
nary studies we focused our attention on widely known and
readily available 1-alkoxy-3-trialkylsilyloxy-1,3-dienes 5 a–c
(Danishefsky�s dienes).[17] To our surprise they did not lead
to the products expected from our oxyallylation–retro-ene
desulfation cascades. Instead, a new type of reactivity of
dienes toward SO2 was discovered. It was observed that
such electron-rich dienes undergo an ene reaction path-
way[18] and form diastereomeric silylsulfinates 15
(Scheme 2). More careful studies showed that at low tem-


perature (�80 8C) and without a Lewis acid, sulfolenes 13
are formed. Their presence was proved spectroscopically
and, in the case 13 a by ozonolysis followed by isolation of
product 14 as a methyl ester. This cheletropic addition of
SO2 is reversible and at higher temperature (>+50 8C) sul-
folenes 13 are in equilibrium with their corresponding
dienes 5 a–c, which now undergo ene-type reaction with
sulfur dioxide. The same result can be achieved by catalyz-
ing the reaction with a Lewis acid. In such a case, formation
of silylsulfinates is observe at low temperatured. It was also
possible to show that 3-silyloxysulfolene 13 a gives silylsulfi-
nate 15 a when treated with Lewis acid at low temperature.
The presence of ene products 15 was observed by 1H and
13C NMR spectroscopy and, in the case of 15 c proved by
isolation of product 16. This is the first report of the ene-re-
activity of Danishefsky�s dienes towards SO2.


Abstract in French: Une synth�se asym�trique tr�s courte
d�un st�r�oheptade correspondant au segment C(19)-C(27) de
la cha�ne ansa des Rifamycines est propos�e. La methode uti-
lise une nouvelle r�action de formation de liaison C�C qui
exploite la cascade r�actionelle suivante: addition h�t�ro-
Diels–Alder du SO2 sur le 1,3-dioxy-1,3-di�ne, isobutyrate de
(1Z,3Z)-2-m�thyl-1-((1S)-1-ph�nyl�thoxy)penta-1,3-di�n-3-
yle, suivie d�une ionisation promue par un acide fournissant
un interm�diaire zwitterionique qui est pi�g� par le (Z)-3-(tri-
methylsilyloxy)pent-2-�ne (�ther d��nol d�riv� de la di�thyl
c�tone). Il se forme un sulfinate de trim�thylsilyle b,g-insatur�
qui, en pr�sence d�un catalyseur au palladium, est d�silyl� et
d�sulfit� par �limination r�tro-�ne en une �thyl c�tone, isobu-
tyrate de (1Z,2S,3R,4S)-1-�thylid�ne-2,4-dim�thyl-5-oxo-3-
((1S)-1-ph�nyl�thoxy)heptyle), produit majoritaire de la r�ac-
tion. Cette c�tone r�agit en aldolisation crois�e avec le (2S)-2-
m�thyl-3-[(tert-butyldim�thylsilyl)oxy]propanal fournissant
un aldol qui est r�duit en st�r�oheptade.


Scheme 1. C�C bond forming reaction between 1,3-dioxy-1,3-dienes and
carbon-centered nucleophiles through Umpolung with sulfur dioxide.


Figure 2. Retro-synthesis of Kishi�s intermediate.


Scheme 2. Formation of diastereomeric silylsulfinates 15.
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As the 3-silyloxy substituent causes the dienes to undergo
fast ene-reactions that compete with other pericyclic reac-
tions, it was decided to change it for other, less electron-re-
leasing and nonmigrating groups. 3-Acyloxy dienes were
found to be good candidates.[12,19] As we had observed that
the reactivity of the dienes and diastereoselectivity of the
oxyallylation reaction fluctuate depending on small changes
in the structure of diene, we decided to investigate this
matter in more details. The synthesis should be designed so
that it allows fast access to differently substituted C(1) and
C(3) carbon atoms. Homochiral dienes were synthesized by
employing Danishefsky�s approach (17!(�)-5 c)[17] and
completing the sequence by a silyl–acyl exchange.[20] More-
over, an efficient and practical method was developed to de-
termine the enantiomeric excess of the final dienes and of
their precursor 19 (Scheme 3). The necessity to develop


such protocol arose from fact that these compounds do not
contain easily functionalizable groups and, enantiomers are
difficult to resolve by chiral HPLC. Additionally, we some-
times observed partial racemization of phenylethanol under
acidic conditions (e.g., pyridinium para-tosyl sulfonate); this
racemization is not acceptable for the development of asym-
metric synthesis using our chemistry. The method involves
mild cleavage of the double bond and isolation of a corre-
sponding alcohol, the enantiomeric excess of which can be
determined by a plethora of methods, including HPLC or
GC on chiral stationary phase. Such an approach can be ap-


plied for all chiral vinyl ethers, if necessary. Three different
dienes (5 d–f) bearing a phenylethyl chiral auxiliary were
prepared in good yield and without loss of optical purity (no
racemization of phenylethanol 18).


Reactivity of 1-alkoxy-3-acyloxy-1,3-dienes : Recently we re-
ported that 1,3-dioxydiene (�)-5 e can be condensed with 12
and provided 22 a and 22 b in 67 and 13 % yield, respectively.
Compound 22 a was converted into the 3,5-dihydroxycyclo-
hexanone unit of Baconipyrone A and B (23). By using
(1S)-phenylethanol with 97 % ee, compound 23 was obtained
without racemization also with 97 % ee (Scheme 4).[13]


We have tested all three dienes 5 d–f under various condi-
tions, and only 5 d and 5 e gave good yields. Bistrifluoro-
methane sulfonimide was found to be the best catalyst. For
retro-ene desulfation of intermediates 20, recently devel-
oped conditions were applied successfully.[21] The use of pre-
viously described Et3NH+TfO� caused degradation, most
probably because of b-elimination of the alkoxy group. 3-
Acetoxydiene 5 f was slow to react and only 40 % of isomer-
ic mixture was isolated together with unreacted starting ma-
terial. Diene 5 d provided an inseparable mixture of 21 a and
21 b. The ratio of diastereoisomers (21 a/b) was the same for
reactions in CH2Cl2 and toluene. In the case of 3-isobutyr-
yloxydiene 5 e we were pleased to find that diastereomeric
ratio (d.r.) can be enhanced by changing solvent. Thus aro-
matic solvents with electron-donating groups increased the
ratio in favor of isomer 22 a. Moreover, in this case both dia-
stereoisomers were obtained in pure form by flash chroma-
tography on silica gel.


The diastereoselectivity for the reaction of 1-alkoxy-3-
acyloxypenta-1,3-dienes 5 with enoxysilanes 12 and SO2


(Scheme 4) is better than that observed for the reactions of
related 1-alkoxy-1,3-dienes with the same enoxysilanes.[14]


We can interpret this fact in terms of a highly diastereose-
lective hetero-Diels–Alder addition of SO2 to dienes 5 d,e in
which the C�H bond of the phenylethyl ether resides in the
p-plane of the cis-butadiene moiety (Scheme 5). Thus, the
SO2 molecule coordinated to the Lewis acid promoter at-
tacks the syn face of the diene with respect to the methyl
group of the phenylethyl ether moiety, giving a sultine 24


Scheme 4. Preparation of compounds 21a,b and 22a,b under various different reaction conditions.


Scheme 3. Preparation of dienes 5d–f and determination of their ee.
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that is ionized irreversibly into zwitterion 25. There are two
possible orientations 26 a and 26 b for the enoxysilane that
lead to the a,b-relative configuration in silylsulfinate 27.
Electrostatic interaction between the cationic and anionic
part of the zwitterion 25 prohibits rotation about C�C
bonds in these species, thus forcing the enoxysilane to
attack 25 onto the face anti with respect to the sulfinate
moiety. As 21 a/22 a are the major products, orientation 26 a
must be favored. The high degree of chirality transfer from
the e-center of 27/28 to the g-center of 21 a/22 a can be ex-
plained by invoking chairlike transitions states 28 a and 28 b.
For steric reasons (allylic strain) 28 a is more stable than
28 b and the former controls the stereoselectivity of the re-
action.


Preparation of advanced intermediate type 10 and comple-
tion of the synthesis : In a first attempt to generate a ketone
of type 10 (Scheme 6) through a cross-aldol reaction, a 5:1
mixture of 21 a and 21 b was treated with 3-benzyloxy alde-
hyde (+)-3 a. Treatment of 21 a,b in CH2Cl2 with TiCl4 and
H�nig�s base ((iPr)2NEt) at �78 8C[22] followed by addition


of (+)-3 a gave a mixture of aldols from which (+)-29 and
(+)-30 were isolated in 37 and 20 % yield, respectively, by
column chromatography on silica gel.


Stereoselective anti reduction of ketone (+)-30 under
Evans� conditions[23] furnished a diol that was not isolated,
but converted directly into acetonide (�)-31 (74%, overall
yield). The anti relationship of the 1,3-dioxacyclohexane
moiety of (�)-31 was confirmed by the 13C NMR spectrum
(dC(Me)=23.5, 25.4 ppm, dC(Cquat)= 100.1 ppm).[24] Alterna-
tively, Evans� reduction of aldol (+)-30 followed by treat-
ment with anhydrous FeCl3 (CH2Cl2, 0 8C)[25] and
Me2C(OMe)2/pTsOH provided the bis-acetonide (+)-32
(62 %, overall), the NMR data of which confirmed its struc-
ture and has the same configuration as stereoheptad (�)-2.
Ozonolysis of (+)-32 ; subsequent reductive workup gave
(�)-2 in 80 % yield (Scheme 6). Its spectral data were identi-
cal to those reported[9] for this compound. Mosher�s ester[26]


of (�)-2 showed (19F NMR spectroscopy) a 94 % ee, thus in-
dicating partial loss of optical purity (the starting diene (�)-
5 d had an ee of 97 %), most probably because of high race-
mization tendency of aldehyde (+)-3 a.


Because the route shown in Scheme 6 led to partial cleav-
age of the phenylethyl ether and to partial racemized (�)-2,
we examined another route for the cross-aldol condensation
that employs ethyl ketone (�)-22 a, which can be obtained
readily as a single diastereomer (Scheme 7). Compound
(�)-22 a was converted into Z-enoxysilane 33 quantitively.
An exchange reaction with 9-bromo-9-borabicyclo[3.3.1]no-
nane (Br-BBN) in CH2Cl2 generated the corresponding Z-
enoxyborane,[27] which was treated with aldehyde (+)-3 b[16] ,
a compound more stable that benzyl ether (+)-3 a. This pro-
duced a 12.5:1 mixture of diastereomeric aldols (+)-34 a and
34 b (81 %), which were separated by flash column chroma-
tography. The major aldol (+)-34 a underwent reduction
under Evans� conditions to give diol (�)-35, which was pro-


Scheme 5. Hetero-Diels–Alder addition of SO2 to dienes 5d,e.


Scheme 6. Cross-aldol reaction of a 5:1 mixture of 21a and 21b.
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tected as its acetonide (�)-36 under standard conditions
(dC(Me)=23.6, 25.6 ppm, dC(Cquat)= 100.1 ppm). Its ozonol-
ysis and subsequent reduction gave (�)-37 in 76 % yield
(60 % based on (+)-34 a). Diol (�)-35 is a stereoheptad
equivalent to Kishi�s intermediate (�)-2. Its structure was
confirmed by converting it into the spiroketal 40
(Scheme 7). The isobutyryl group of (�)-35 was cleaved on
treatment with MeLi. Then, b-elimination and desilylation
with AcOH and esterification of the primary alcohol with
3,5-dinitrobenzoyl chloride gave 40. Spectral data of 40, es-
pecially NOE�s in its 2D 1H NMR spectrum and vicinal cou-
pling constants, confirmed the structure (6,7-anti and 7,8-
anti relationship). The Mosher�s ester of (�)-37 indicated a
99 % ee. Therefore the optical purity has increased from
97 % ee for the starting diene (�)-5 e thanks to the aldol re-
action with (+)-3 b (with >99 % ee). Finally the diol (�)-35
was converted into Kishi�s fragment (�)-2, which unambigu-
ously proved its absolute configuration. Thus, desilylation
with AcOH and selective hydrogenation under mild condi-
tions (H2, Pd(OH)2/C, 1 bar, 1 h) followed by bis-acetonide
formation provided product (+)-38. In the last step, ozonol-
ysis of (+)-38 with subsequent reductive workup gave (�)-2
in 79 % yield. In summary, Kishi�s advanced intermediate
(�)-2 has been synthesized with 25 % yield in eight steps
(four isolated intermediates) starting from inexpensive and
readily available chiral diene (�)-5 e. Similarly, our own ad-
vanced stereoheptad (�)-37, which bears orthogonal pro-
tecting groups and corresponds to the ansa chain of Rifamy-
cin S, was prepared with 30 % yield in six steps (four isolat-
ed intermediates) from diene (�)-5 e.


Conclusion


A very short synthesis of stereoheptads corresponding to the
C(19)–C(27) segment of Rifamycins has been developed by
applying our C�C bond-forming methodology based on the
reaction cascade that condenses enantiomerically enriched
(1E,3Z)-2-methyl-1-(1-phenylethoxy)penta-1,3-dien-3-yl iso-
butyrate to the (Z)-trimethylsilyl enol ether of pentan-3-one
in the presence of an excess of SO2 and an acid promoter,
followed by a retro-ene desulfation . The ethyl ketones so-
obtained undergo highly diastereoselective aldol condensa-
tions with (S)-2-methyl-3-[(tert-butyldimethylsilyl)oxy]pro-
panal giving aldols that are transformed into stereoheptads.


Experimental Section


General : Commercial reagents (Fluka, Aldrich) were used without purifi-
cation. Solvents were distilled prior to use: THF from Na and benzophe-
none; MeOH from Mg and I2; CH2Cl2 from CaH2. Liquid/solid flash
chromatography (FC): columns of silica gel (0.040–0.63 mm, Merck No.
9385 silica gel 60, 240–400 mesh). Eluent: mixture of light petroleum
ether (PE) and ethyl acetate (EtOAc), if not stated otherwise. TLC for
reaction monitoring: Merck silica gel 60 F254 plates; detection by UV
light, Pancaldi reagent, or KMnO4. IR spectra: Perkin–Elmer-1420 spec-
trometer. 1H NMR spectra: Bruker-ARX-400 spectrometer (400 MHz);
d(H) in ppm relative to the solvent�s residual 1H signal (CHCl3, d(H)=


7.27 ppm; CD2Cl2, d(H)=5.30 ppm) as internal reference; all 1H assign-
ments were confirmed by 2D-COSY spectra. 13C NMR spectra: same in-
strument as above (100.6 MHz); d(C) in ppm relative to solvent�s C
signal (CDCl3, d(C)=77.1 ppm; CD2Cl2, d(H)=53.5 ppm) as internal ref-
erence; 19F NMR spectra: same instrument as above (396 MHz); d(F) in


Scheme 7. Cross-aldol condensation of ethyl ketone (�)-22 a.
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ppm relative to F signal of CFCl3 (CFCl3, d(F)=0 ppm) as internal refer-
ence; coupling constants J in Hz. MS: Nermag R-10–10C, chemical ioni-
zation (NH3) mode m/z (amu) (% relative base peak (100 %)), HRMS:
Jeol AX-505. Elemental analyses: Ilse Beetz, D-96301 Kronach (Ger-
many).


Methyl 2-((1-methoxy-2-oxopropyl)sulfonyl)propanoate (14): SO2 (2 mL)
was condensed at �196 8C into a degassed solution of 5a[17] (0.506 g,
2.53 mmol) in CD2Cl2 (3 mL). The mixture was stirred at �78 8C for 2 h.
An aliquot (~0.1 mL) was cannulated into an NMR tube at �78 8C and
diluted by an additional amount of CD2Cl2 (0.5 mL). 1H and 13C NMR
spectra of 2-(methoxy)-3,5-dimethyl-4-(trimethylsilyloxy)dihydrothio-
phene-1,1-dioxyde (13a) were registered at �78 8C. 1H NMR (CD2Cl2,
400 MHz, �78 8C): d =4.67 (s, 1 H; H-C(2)), 3.49 (s, 3H; H-C(1’)), 3.34
(q, J=6.8 Hz, 1 H; H-C(5)), 1.59 (s, 3 H; CH3-C(3)), 1.28 (d, J =7.4 Hz,
3H; CH3-C(5)), 0.17 ppm (s, 9 H; TMSO-C(4)); 13C NMR (CD2Cl2,
100.6 MHz, �78 8C): d =146.6, 111.6, 97.2, 58.7, 58.5, 13.3, 9.9, �0.6 ppm.
Ozone was bubbled through the reaction mixture until a greenish-blue
color was observed. The ozone generator was switched off and oxygen
flow was continued until decoloration of the solution occurred. The mix-
ture was degassed at �20 8C (0.01 mbar) with partial evaporation of
CH2Cl2. Diethyl ether (6 mL) was added, followed by a saturated aque-
ous solution of NH4Cl (1 mL). The mixture was stirred for 30 min at 0 8C,
and extracted with Et2O (4 � 15 mL). The combined organic layers were
treated with a solution of CH2N2 (~10 equiv) in Et2O at 0 8C; the mixture
was stirred for 1 h at the same temperature, after which it was evaporated
and the residue was purified by FC (PE/EtOAC 1:1). Yield 0.19 g (31 %);
oily solid, Rf =0.38 (PE/EtOAc 1:1); 1H NMR (CDCl3, 400 MHz): d=


5.24 (s, 1 H; H-C(3)), 4.38 (q, J =7.5 Hz, 1H; H-C(4)), 3.82, 3.81 (2 s, 6 H;
H-C(1’), H-C(1’’)), 2.35 (s, 3 H; H-C(1)), 1.60 ppm (d, J =7.5 Hz, 3H; H-
C(4’)); 13C NMR (CDCl3, 100.6 MHz): d =202.0, 166.6, 98.1, 62.3, 61.1,
53.3, 27.5, 8.8 ppm; IR (film): ñ= 2955, 2850, 1745, 1450, 1320, 1206,
1140, 1105 cm�1; CI-MS (NH3): m/z (%): 256 (100) [M+18], 234 (3), 203
(1), 174 (2), 129 (5), 103 (1), 86 (3); elemental analysis calcd (%) for
C8H14O6S (238.26): C 40.33, H 5.92; found: C 40.36, H 5.89.


Trimethylsilyl ester of 5-methoxy-4-methyl-3-oxopent-4-ene-2-sulfinic
acid (15 a)


Method A : Compound 5a (20 mg, 0.1 mmol) was placed in a NMR tube,
CD2Cl2 (0.4 mL) was added. The tube was degassed three times at
�196 8C and 0.01 mbar. Sulfur dioxide (0.2 mL), previously degassed
three times at �196 8C and 0.01 mbar, was condensed into the tube at
�196 8C, and the tube was sealed. When 1H and 13C NMR spectra were
run at �78 8C, compound 13a was observed. When temperature was
slowly increased to +50 8C formation of 15 a was observed. It was com-
plete at +80 8C.


Method B : Compound 5a (20 mg, 0.1 mmol, 1 equiv) was placed in a
NMR tube, and CD2Cl2 (0.4 mL) was added. The tube was degassed
three times at �196 8C and 0.01 mbar. Sulfur dioxide (0.2 mL), previously
degassed three times at �196 8C and 0.01 mbar was condensed into the
tube at �196 8C. The contents of the tube was allowed to warm to
�80 8C, after which it was removed from vacuum line under argon flow
and sealed by septum. TMSOTf (3.6 mL, 0.02 mmol, 0.2 equiv) was added
and the 1H NMR spectrum was registered after 5 h at �78 8C. 1H NMR
(CD2Cl2, 400 MHz, �78 8C): d=7.33 (s, 1H; H-C(5)), 4.23 (q, J =7.4 Hz,
1H; H-C(2)), 3.79 (s, 3H; H-C(1’)), 1.42 (s, 3H; CH3-C(4)), 1.26 (d, J =


7.4 Hz, 3H; CH3-C(1)), 0.21 ppm (s, 9H; TMSO-SO-C(2)); 13C NMR
(CD2Cl2, 100.6 MHz, + 25 8C): d=194.1, 167.9, 114.9, 70.1, 62.3, 10.9, 7.0,
1.0 ppm. (In the presence of a Lewis acid, exchange of trimethylsilyl
group within the silyl sulfinate moiety is fast on the NMR-timescale.[18])


Trimethylsilyl ester of 5-benzyloxy-4-methyl-3-oxopent-4-ene-2-sulfinic
acid (15 b): Compound 15b was prepared by method described for ob-
taining 15 a, but with 5b[14d] instead of 5 a. Compound 13 b was observed
in the temperature range �78 8C to +60 8C. 1H NMR spectra of 2-(ben-
zyloxy)-3,5-dimethyl-4-(trimethylsilyloxy)-dihydrothiophene-1,1-dioxyde
(13b) was registered at +10 8C: 1H NMR (CD2Cl2, 400 MHz, +10 8C):
d=7.35–7.25 (m, 5 H; arom), 4.96 (d, J= 11.6 Hz, 1 H; Ha-C(1’)), 4.79
(br s, 1H; H-C(2)), 4.62 (d, J =11.6 Hz, 1 H; Hb-C(1’)), 3.32 (dq, J =7.2,
1.9 Hz, 1 H; H-C(5)), 1.61 (s, 3H; CH3-C(3)), 1.38 (d, J =7.0 Hz, 3 H;
CH3-C(5)), 0.21 ppm (s, 9H; TMSO-C(4)). When temperature was slowly


increased to + 80 8C the formation of 15b as two diastereoisomers in
1.8:1 ratio was observed. The reaction was over at +80 8C. 1H NMR
(CD2Cl2, 400 MHz, +10 8C; signals of major isomer noted with *): d=


7.46, 7.44* (2 br s, 1H; H-C(5)), 7.33–7.30 (m, 5H; arom), 5.06, 5.05* (2 s,
2H; H-C(1’)), 3.93, 3.86* (q, J=6.7 Hz, 1H; H-C(2)), 1.63*, 1.56 (2 br s,
3H; CH3-C(4)), 1.32, 1.28* (2 d, J =6.7 Hz, 3H; CH3-C(1)), 0.15,
0.09* ppm (2 s, 9H; TMSO-SO-C(2)); 13C NMR (CD2Cl2, 100.6 MHz,
+ 10 8C): d=196.2*, 195.4, 163.7*, 163.5, 137.9, 137.4*, 130.4*, 130.3,
130.2*, 130.1, 129, 112.9, 112.8*, 97.1, 96.8*, 60.7, 58.8*, 13.3*, 10.8, 9.9,
9.8*, 1.5*, 1.2 ppm.


tert-Butyl ester of (4-methyl-3-oxo-5-(1-phenylethoxy)-pent-4-ene-2-sul-
fonyl)acetic acid (16): Sulfur dioxide (8 mL, ~40 equiv) was condensed
in a two-necked flask at �196 8C. It was allowed to melt at �78 8C and
CH2Cl2 (5 mL) was added followed by TMSOTf (0.16 mL, 0.90 mmol,
0.2 equiv). The mixture was stirred at �78 8C for 20 min. The solution of
diene 5c[17] (1.3 g, 4.48 mmol, 1 equiv) in CH2Cl2 (3 mL) was added
slowly and dropwise at 80 8C under vigorous stirring and Ar atmosphere.
The reaction mixture was stirred for 36 h at �70 8C. Sulfur dioxide was
evaporated at �78 8C (0.1 mbar) for 6 h, then at room temperature for
1 h. The crude mixture was diluted with CH2Cl2 (5 mL) and cooled to
�78 8C. A solution of TBAF (1 m in THF, 8.96 mL, 8.96 mmol, 2 equiv)
was added at �78 8C followed by bromo tert-butyl acetate (1.32 mL,
8.96 mmol, 2 equiv). The mixture was allowed to reach room temperature
and stirred for 16 h. The reaction mixture was poured into saturated
aqueous solution of NaHCO3 (60 mL) and extracted with EtOAc (3 �
30 mL). The combined organic layers were washed with brine (60 mL),
dried (Na2SO4), and evaporated in vacuo. The residue was purified by
FC (PE/EtOAc 8:2). Yield 0.89 g (50 %) of inseparable mixture (1.3:1) of
diastereoisomers. Both isomers can be characterized by their 1H and
13C NMR spectra. Colorless oil, Rf =0.5 (PE/EtOAc 7:3); major isomer:
1H NMR (CDCl3, 400 MHz,): d=7.45 (q, J =1.3 Hz, 1H; H-C(5)), 7.45–
7.29 (m, 10 H; arom), 5.14 (q, J=6.4 Hz, 1H; H-C(1’)), 4.56 (q, J=


7.0 Hz, 1H; H-C(2)), 4.04 (d, J=14.5 Hz, 1 H; Ha-C(1’’)), 3.95 (d, J=


14.5 Hz, 1H; Hb-C(1’’)), 1.83 (d, J= 1.3 Hz, 3 H; CH3-C(4)), 1.66 (d, J=


6.4 Hz, 3 H; H-C(2’)), 1.53 (d, J=7.0 Hz, 3 H; H-C(1)), 1.51 ppm (s, 9H;
(CH3)3COOC-(1’’)); 13C NMR (CDCl3, 100.6 MHz): d =190.9, 161.8,
161.4, 141.2, 128.9, 128.5, 125.9, 117.8, 117.5, 84.0, 83.0, 63.1, 55.8, 27.8,
23.5, 13.1, 8.7 ppm; minor isomer: 1H NMR (CDCl3, 400 MHz): d=7.58
(q, J=1.3 Hz, 1 H; H-C(5)), 7.45–7.29 (m, 5H; arom), 5.17 (q, J =6.4 Hz,
1H; H-C(1’)), 4.65 (q, J =7.0 Hz, 1 H; H-C(2)), 3.97 (d, J=14.5 Hz, 1H;
Ha-C(1’’)), 3.89 (d, J =14.5 Hz, 1 H; Hb-C(1’’)), 1.85 (br s, 3H; CH3-
C(4)), 1.68 (d, J=6.4 Hz, 3 H; H-C(2’)), 1.61 (d, J=7.0 Hz, 3 H; H-C(1)),
1.46 ppm (s, 9 H; (CH3)3COOC-(1’’)); 13C NMR (CDCl3, 100.6 MHz): d=


191.4, 161.9, 160.7, 140.9, 128.8, 128.4, 125.8, 117.5, 83.9, 83.2, 63.0, 56.1,
27.9, 23.3, 13.3, 8.9 ppm; IR (film) (mixture of isomers): ñ =2980, 1730,
1625, 1455, 1375, 1325, 1210, 1145, 1030 cm�1; HRMS (MALDI-TOF)
(mixture of isomers): m/z calcd for C20H28O6SNa+ : 419.1504; found:
419.1531; elemental analysis (mixture of isomers) calcd (%) for
C20H28O6S (396.50): C 60.58, H 7.12; found: C 60.50, H 7.18.


(�)-(1E,3Z)-2-Methyl-1-((1S)-1-phenylethoxy)penta-1,3-dien-3-ol ben-
zoate (5 d):


General procedure : Triethylamine (64 mL, 0.46 mol, 2.3 equiv) followed
by trimethylsilyl triflate (39.8 mL, 0.22 mol, 1.1 equiv) was added to a so-
lution of keto derivative 19[17] (97 % ee ; 43.7 g, 0.2 mol, 1 equiv) in Et2O
(1.2 L) cooled to �20 8C,. The reaction mixture was stirred for 3 h at
�20 8C and then 1 h at 0 8C. Cold pentane (�30 8C; 2 L) was added, and
the suspension was quickly filtered through a small pad of silica gel (sus-
pended in pentane containing 2% NEt3). The organic layer was washed
with an ice-cold aqueous solution of NaHCO3 (0.5 L), an ice-cold aque-
ous solution of citric acid solution (2 � 0.5 L), again an ice-cold aqueous
solution of NaHCO3 (2 � 0.5 L), and brine (2 � 0.5 L), dried (Na2SO4), and
evaporated. Crude product 5c (56.3 g, 97%) was sufficiently pure for the
next step. Benzoyl fluoride (15.5 mL, 0.14 mol, 1.01 equiv) followed by a
1m THF solution of TBAF (2.8 mL, 2.8 mmol, 0.02 equiv) was added to a
solution of the silyl derivative 5 c (41 g, 0.14 mol) in THF (160 mL) at
�15 8C. The mixture was stirred at this temperature for 30 min. (1H NMR
control). The solvent was evaporated and residue purified by FC
(CH2Cl2), yielding 41.9 g (92 %) of (�)-5d. Colorless oil, Rf =0.8
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(CH2Cl2); [a]25
D =�22 (c=1.0 in CHCl3); 1H NMR (CDCl3, 400 MHz):


d=8.09 (d, J= 7.4, 2H; Bz), 7.63 (t, J=7.3, 1H; Bz), 7.49 (t, J =7.7, 2H;
Bz), 7.32–7.21 (m, 5H; Ph), 6.30 (s, 1 H; H-C(1)), 5.31 (q, J =7.0, 1 H; H-
C(1’)), 4.74 (q, J=6.4, 1 H; H-C(4)), 1.88 (s, 3 H; CH3-C(2)), 1.59 (d, J=


7.0, 3 H; H-C(2’)), 1.51 ppm (d, J =6.4, 3H; H-C(5)); 13C NMR (CDCl3,
100.6 MHz): d =164.0, 147.4, 142.7, 142.6, 133.3, 130.1, 129.5, 128.6, 128.5,
127.7, 125.9, 110.0, 108.6, 80.2, 23.5, 11.3, 10.5 ppm; IR (film): ñ =3355,
3060, 2975, 1730, 1660, 1635, 1490, 1450, 1245, 1175, 1090 cm�1; HRMS
(MALDI-TOF): m/z calcd for C21H22O3Na+ : 345.1467; found: 345.1434.


(�)-(1E,3Z)-2-Methyl-1-((1S)-1-phenylethoxy)penta-1,3-dien-3-ol isobu-
tyrate (5 e): Compound 5e was prepared by the same procedure as for
5d, but with isobutyryl fluoride instead of benzoyl fluoride. Yield 87%;
colorless oil; Rf =0.8 (CH2Cl2); [a]25


D =�40 (c =2.0 in CHCl3); 1H NMR
(CDCl3, 400 MHz,): d=7.37–7.26 (m, 5 H; arom), 6.20 (s, 1 H; H-C(1)),
5.18 (q, J =7.4 Hz, 1 H; H-C(4)), 4.78 (q, J =6.8 Hz, 1 H; H-C(1’)), 2.60
(sept, J =7.4 Hz, 1H; (CH3)2CHCOO-C(3)), 1.80 (s, 3H; CH3-C(2)), 1.54
(d, J =6.2 Hz, 3 H; H-C(5)), 1.51 (d, J =6.8 Hz, 3 H; H-C(2’)), 1.16,
1.13 ppm (2 d, 6H; J =6.8 Hz, (CH3)2CHCOO-C(3)); 13C NMR (CDCl3,
100.6 MHz): d =173.5, 146.9, 142.7, 142.1, 128.5, 127.7, 126.0, 110.0, 108.1,
80.0, 34.0, 23.6, 19.0, 11.0, 10.3 ppm; IR (film): ñ=3060, 2930, 1760, 1665,
1640, 1450, 1375, 1215, 1190 cm�1; HRMS (MALDI-TOF): m/z calcd for
C18H24O3Na+ : 311.1623; found: 311.1684.


(�)-(1E,3Z)-2-Methyl-1-((1S)-1-phenylethoxy)penta-1,3-dien-3-ol ace-
tate (5 f): Compound 5 f was prepared by the same procedure as for 5 d,
but with acetyl fluoride instead of benzoyl fluoride. Yield 90%; colorless
oil; Rf =0.75 (CH2Cl2); 1H NMR (CDCl3, 400 MHz): d =7.39–7.28 (m,
5H; arom), 6.23 (s, 1H; H-C(1)), 5.21 (q, J= 7.0 Hz, 1H; H-C(4)), 4.84
(q, J=6.4 Hz, 1 H; H-C(1’)), 2.12 (s, 3H; CH3-COO-C(3)), 1.84 (d, 3 H;
J =1.3 Hz,CH3-C(2)), 1.56 (d, J=6.4 Hz, 3H; H-C(2’)), 1.55 ppm (d, J=


7.0 Hz, 3H; H-C(5)); 13C NMR (CDCl3, 100.6 MHz): d=168.2, 147.2,
142.7, 142.3, 128.5, 127.7, 125.9, 110.0, 108.3, 80.1, 23.6, 20.3, 11.2,
10.3 ppm; IR (film): ñ =3055, 2930, 1755, 1660, 1635, 1450, 1380,
1220 cm�1; HRMS (MALDI-TOF): m/z calcd for C16H20O3Na+ : 283.1310;
found: 283.1320.


General procedure for determination of enantiomeric excess of com-
pounds 19 and 5d–f : Ozone was bubbled through the solution of 19
(0.05 g, 0.23 mmol, 1 equiv) in diethyl ether (1 mL) at �78 8C until it
turned blue. The ozone generator was turned off and oxygen was pass
through the solution until the decoloration of the reaction mixture. A so-
lution of diisobutylaluminium hydride (1 m in hexane; 1.38 mL,
1.38 mmol, 6 equiv) was added slowly at �78 8C. The reaction mixture
was allowed to reach room temperature and stirred for 4 h. It was diluted
with a 10% aqueous solution of K/Na tartrate (5 mL), and stirring was
continued for 1 h. The resulting biphasic mixture was extracted with
Et2O (3 � 5 mL). The combined organic layers were washed with brine
(5 mL), dried (Na2SO4), and evaporated. The crude mixture containing
pure 18 was analyzed by chiral-phase HPLC (Daicel OD-H column, l=


267 nm, v= 1.5 mL min�1, hexane/iPrOH 99:1): (�)-(S)-18 : tR =20.66 min;
(+)-(R)-18 : tR = 16.30 min.


In the case of dienes 5 d–f of DIBAL (8 equiv) was used and the crude
product was filtered through florisil and then analyzed by HPLC.


(1Z,2S,3R,4S)-1-Ethylidene-2,4-dimethyl-5-oxo-3-((1S)-1-phenyleth-
oxy)heptyl benzoate (21 a): A two-necked 100 mL flask was flame dried
and filled with Argon. Then CH2Cl2 (18 mL) and (CF3SO2)2NH (7 mL,
0.5m in CH2Cl2, 3.50 mmol, 0.2 equiv) were added. The system was
frozen by liquid nitrogen and connected to the vacuum line. SO2 (20 mL)
was condensed into the flask, which was allowed to warm to �80 8C by
using an acetone/dry-ice cooling bath. After 30 min, the mixture of diene
(�)-5 d (5.68 g, 17.6 mmol, 1 equiv) and enoxysilane 12 (7 mL, 35.2 mmol,
2 equiv) in CH2Cl2 (16 mL) was introduced dropwise to the reaction
flask. After the addition, the stirring was continued overnight at �80 8C.
Then all the SO2 and CH2Cl2 were evaporated in vacuo. The resulting vis-
cous mixture was dissolved in anhydrous acetonitrile (40 mL). In another
flask, [Pd(OAc)2] (0.40 g, 1.76 mmol, 0.1 equiv), PPh3 (0.46 g, 1.76 mmol,
0.1 equiv) and anhydrous K2CO3 (0.48 g, 3.50 mmol, 0.2 equiv) were pre-
pared. This pre-prepared solution in acetonitrile was added, followed by
the introduction of isopropanol (10 mL). The mixture was heated to
80 8C for 30 min. A saturated aqueous solution of NaHCO3 (50 mL) was


added, and the mixture was extracted with EtOAc (3 � 70 mL). The com-
bined organic layers were washed with brine (80 mL), dried (Na2SO4),
and evaporated. The residue was purified by FC (PE/EtOAc 6:1). Yield:
5.46 g (76 %) of a 5:1 mixture of 21 a and 21 b. The two diastereomers
could not be separated. Only 21 a could be characterized by NMR spec-
tra of the mixture: Yellow oil; Rf =0.22 (PE/EtOAc 10:1); 1H NMR
(CDCl3, 400 MHz): d= 8.2–7.0 (m, 10H arom.), 5.31 (dq, J= 7.1, 1.2 Hz,
1H; H-C(1’)), 4.42 (q, J= 6.5 Hz, 1 H; H-C(1’’)), 3.84 (dd, J=6.2, 4.3 Hz,
1H; H-C(3)), 2.85 (m, 1 H; H-C(4)), 2.72 (dq, J=6.8, 6.8 Hz, 1 H; H-
C(2)), 2.29 (dq, J =18.2, 7.1 Hz, 1H; Ha-C(6)), 2.20 (dq, J= 18.2, 7.1 Hz,
1H; Hb-C(6)), 1.52 (dd, J=6.8, 1.2 Hz, 1H; H-C(2’)), 1.37 (d, J =6.5 Hz,
3H; H-C(2’’)), 1.21 (d, J= 7.1 Hz, 3 H; CH3-C(4)), 0.98 (d, J =7.1 Hz,
3H; CH3-C(2)), 0.86 ppm (d, J=7.4 Hz, 3H; H-C(7)); 13C NMR (CDCl3,
100.6 MHz): d=212.9, 164.1, 149.8, 142.5, 134.0–125.0 (m, C arom.),
112.9, 76.8, 76.7, 47.7, 40.4, 34.2, 23.4, 13.4, 12.9, 10.9, 7.6 ppm; IR (film):
ñ= 2975, 1735, 1600, 1490, 1450, 1375, 1260, 1175, 1090, 1070, 1025 cm�1;
HRMS (MALDI-TOF): m/z calcd for C26H32O4Na+ : 431.2198; found:
431.2143.


(�)-(1Z,2S,3R,4S)-1-Ethylidene-2,4-dimethyl-5-oxo-3-((1S)-1-phenyl-
ethoxy)heptyl isobutyrate (22 a) and (�)-(1Z,2S,3R,4R)-1-ethylidene-
2,4-dimethyl-5-oxo-3-((1S)-1-phenylethoxy)heptyl isobutyrate (22 b): A
solution of Tf2NH in CH2Cl2 (0.5 m, 9.3 mL, 4.65 mmol, 0.25 equiv) was
diluted with toluene (40 mL). Sulfur dioxide (40 mL) was condensed at
�196 8C. The mixture was stirred at �78 8C for 20 min. The solution of
diene (�)-5 e (5.36 g, 1.6 mmol, 1 equiv) and (z)-3-trimethylsilyloxy pent-
3-ene (12) (10.8 mL, 55.8 mmol, 3 equiv) in toluene (6 mL) were added
slowly and dropwise at �80 8C. The reaction mixture was stirred at
�80 8C for 36 h. Sulfur dioxide was evaporated at �78 8C (0.1 mbar) for
5 h, then at room temperature for 1 h. The residual solution (~30 mL)
was diluted with MeCN (50 mL) and transferred into a suspension of
[Pd(OAc)2] (0.45 g, 1.86 mmol, 0.1 equiv), Ph3P (0.49 g, 1.86 mmol,
0.1 equiv), K2CO3 (1.60 g, 11.5 mmol, 0.62 equiv) in MeCN (70 mL). Iso-
propanol (50 mL) was added, and the mixture was heated under reflux
for 20 min, cooled to room temperature and partitioned between aqeous
NaHCO3 and EtOAc. The water phase was extracted with EtOAc (3 �
50 mL). The combined organic extracts were washed successively with a
saturated aqueous NaHCO3, brine, and water, dried over MgSO4, and
evaporated. The residue was purified by FC (PE/EA 98:2). Yield of 22a :
4.66 g, 67%; 22b : 0.9 g, 13 %.


Data for 22a : Colorless oil; Rf =0.4 (PE/EtOAc 9:1); [a]25
D =�18, (c =0.5


in CHCl3); 1H NMR (CDCl3, 400 MHz): d=7.32–7.24 (m, 5 H; arom),
5.21 (q, J= 6.8 Hz, 1 H; H-C(1’)), 4.44 (q, J= 6.8 Hz, 1 H; H-C(1’’)), 3.77
(t, J =5.5 Hz, 1H; H-C(3)), 2.69 (dq, J=5.5, 6.8 Hz, 1H; H-C(2)), 2.64
(m, 2 H; H-C(4), H-C(CH(CH3)2)), 2.19 (dq, AB-syst, J =17.9, 7.4 Hz,
1H; Ha-C(6)), 2.09 (dq, AB-syst, J =17.9, 7.4 Hz, 1 H; Hb-C(6)), 1.45
(dd, J =6.8, 1.2 Hz, 3 H; H-C(2’)), 1.37 (d, J= 7.4 Hz, 3 H; H-C(2’’)), 1.22
(d, J=6.8 Hz, 6H; H-C(CH(CH3)2)), 1.10 (d, J =7.4 Hz, 3H; CH3-C(2)),
0.99 (d, J=6.8 Hz, 3 H; CH3-C(4)) 0.82 ppm (t, J=7.4 Hz, 3 H; H-C(7));
13C NMR (CDCl3, 100.6 MHz): d= 213.0, 149.6, 143.6, 128.3, 127.5, 126.8,
112.5, 76.9, 76.7, 47.8, 40.9, 34.2, 33.9, 23.6, 19.2, 19.1, 13.3, 12.5, 10.9,
7.7 ppm; IR (film): ñ =2965, 2880, 1755, 1710, 1610, 1460, 1385,
1135 cm�1; HRMS (MALDI-TOF): m/z calcd for C23H34O4Na+ : 397.2355;
found: 397.2345; elemental analysis calcd (%) for C23H34O4 (374.51): C
73.76, H 9.15; found: C 73.77, H 9.09.


Data for 22b : Colorless oil; Rf =0.45 (PE/EtOAc 9:1); [a]25
D =�46 (c =


1.7 in CHCl3); 1H NMR (CDCl3, 400 MHz): d=7.33–7.18 (m, 5H; arom),
5.21 (dq, J=6.8, 1.2 Hz, 1H; H-C(1’)), 4.40 (q, J =6.8 Hz, 1H; H-C(1’’)),
3.60 (dd, J= 8.0, 4.3 Hz, 1H; H-C(3)), 2.84–2.79 (m, 1H; H-C(2)), 2.77
(quint, J=7.4 Hz, 1 H; H-C(4)), 2.56 (sept., J=6.8 Hz, 1 H;
(CH3)2CHCOO-C(1)), 2.41 (dq, AB-syst, J= 17.8, 7.4 Hz, 1H; Ha-C(6)),
2.28 (dq, AB-syst, J= 17.8, 7.4 Hz, 1H; Hb-C(6)), 1.46 (dd, J =6.8,
1.2 Hz, 3 H; H-(C2’)), 1.34 (d, J =6.2 Hz, 3H; H-C(2’’)), 1.17 (d, J=


6.8 Hz, 6H; (CH3)2CHCOO-C(1)), 1.13 (d, J =6.8 Hz, 3H; CH3-C(2)),
0.90 (t, J =7.4 Hz, 3 H; H-C(7)), 0.88 ppm (d, J =6.8 Hz, 3 H; CH3-C(4));
13C NMR (CDCl3, 100.6 MHz): d= 213.9, 174.5, 149.9, 143.3, 128.3, 127.5,
126.6, 111.5, 79.2, 76.4, 47.8, 38.7, 36.4, 40.9, 34.2, 24.1, 19.0, 13.6, 12.3,
7.5 ppm; IR (film): ñ =2975, 2935, 2875, 1745, 1715, 1455, 1370, 1240,
1140, 1080 cm�1; HRMS (MALDI-TOF): m/z calcd for C23H34O4Na+ :
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397.2355; found: 397.2359; elemental analysis calcd (%) for C23H34O4


(374.51): C 73.76, H 9.15; found: C 73.80, H 9.05.


Aldols (+)-29 and (+)-30 : TiCl4 (0.18 mL, 1.71 mmol, 1.1 equiv) was
added dropwise to a stirred solution of the 5:1 mixture of ketones 21 a,b
(0.2 m, 0.635 g, 1.56 mmol, 1 equiv) in CH2Cl2 at �78 8C under argon,
giving a yellow slurry. After 2 min, N,N-diisopropylethylamine (DIPEA;
0.32 mL, 1.87 mmol, 1.2 equiv) was added dropwise. The resulting deep
red solution was stirred at �78 8C for 1.5 h. After the dropwise addition
of aldehyde (+)-3 a (0.33 g, 1.56 mmol, 1.2 equiv), stirring was continued
at �78 8C for 1.5 h. The reaction was terminated by adding a saturated
aqueous solution of NH4Cl at �78 8C. The resulting mixture was slowly
warmed to room temperature. The mixture was extracted with diethyl
ether (3 � 30 mL). The combined organic layers were washed with brine
(30 mL), dried (Na2SO4), and evaporated under vacuo. The residue was
purified by FC (PE/EtOAc 5:1). Yield: 0.183 g (20 %) of (+)-30 and
0.277 g (37 %) of (+)-29.


Data for (+)-30 : Colorless oil; Rf =0.22 (PE/EtOAc 5:1); [a]25
D =++1.3


(c= 1.65 in CHCl3); 1H NMR (CDCl3, 400 MHz): d =8.00–7.00 (m, 15 H;
arom), 5.32 (q, J =6.5 Hz, 1H; H-C(1’)), 4.47, 4.44 (2 d, J= 10.0 Hz, 2 H;
PhCH2O-C(9)), 4.45 (q, J =6.5 Hz, 1 H; H-C(1’’)), 3.79 (dd, J =4.2,
5.4 Hz, 1H; H-C(3)), 3.61 (dd, J =9.0, 4.5 Hz, 1H; Ha-C(9)), 3.54 (dt, J=


9.3, 1.9 Hz, 1 H; H-C(7)), 3.46 (d, J=2.0 Hz, 1H; OH), 3.43 (dd, J =9.0,
6.2 Hz, 1H; Hb-C(9)), 3.03 (dq, J =5.4, 7.0 Hz, 1 H; H-C(4)), 2.86 (ddq,
J =4.2, 1.3, 6.8 Hz, 1H; H-C(2)), 2.67 (dq, J =1.9, 7.0 Hz, 1H; H-C(6)),
1.79 (m, 1 H; H-C(8)), 1.52 (dd, J= 6.7, 1.3 Hz, 3H; H-C(2’)), 1.37 (d, J=


6.4 Hz, 3H; H-C(2’’)), 1.24 (d, J=7.1 Hz, 3H; CH3-C(2)), 1.04 (d, J=


6.8 Hz, 3H; CH3-C(6)), 1.00 (d, J=6.8 Hz, 3H; CH3-C(4)), 0.78 ppm (d,
J =6.8 Hz, 3 H; CH3-C(8)); 13C NMR (CDCl3, 100.6 MHz): d =217.4,
164.1, 149.9, 143.0, 138.4, 133.3–125.0 (m, Carom), 112.9, 76.7, 76.6, 73.6,
73.3, 72.3, 46.1, 45.8, 40.8, 35.8, 23.5, 13.6, 13.4, 11.1, 8.7 ppm; IR (film):
ñ= 3505, 2975, 2360, 1730, 1700, 1600, 1495, 1450, 1370, 1260, 1090, 1070,
1025, cm�1; HRMS (MALDI-TOF): m/z calcd for C37H46O6Na+ :
609.3192; found: 609.3132.


Data for (+)-29 : Colorless oil; Rf =0.38 (PE/EtOAc 1:1); [a]25
D =++17


(c= 1.46 in CHCl3); 1H NMR (CDCl3, 400 MHz): d =8.20–7.20 (m, 10 H;
arom), 5.42 (q, J =6.8 Hz, 1H; H-C(1’)), 4.48, 4.45 (2 d, J= 10.1 Hz, 2 H;
PhCH2O-C(9), 3.83 (dt, J =8.9, 2.5 Hz, 1 H; H-C(3)), 3.78 (dt, J =8.3,
3.1 Hz, 1 H; H-C(7)), 3.65–3.43 (m, 2H; H-C(9)), 2.93 (dq, J =7.1, 3.4 Hz,
H-C(6)), 2.82 (dq, J =6.5, 3.1 Hz, H-C(4)), 2.52 (dq, J =8.9, 7.1 Hz, H-
C(2)), 1.86 (m, 1H; H-C(7)), 1.52 (d, J=6.8 Hz, C-H(1’)), 1.12 (d, J=


6.8 Hz, CH3-C(2)), 1.10 (d, J =6.8 Hz, CH3-C(4)), 1.08 (d, J =7.1 Hz,
CH3-C(6)), 0.87 ppm (d, J=7.4 Hz, CH3-C(8)); 13C NMR (CDCl3,
100.6 MHz): d=217.3, 165.4, 148.6, 138.2, 135.0–125.0 (9C, arom), 114.9,
73.8, 73.6, 73.2, 71.3, 46.0, 44.7, 43.5, 35.7, 14.5, 14.0, 11.0, 10.1, 8.2 ppm;
IR (film): ñ =3500, 2970, 2360, 1715, 1455, 1375, 1260, 1175, 1095, 1070,
1025 cm�1; HRMS (MALDI-TOF): m/z calcd for C29H38O6Na+ : 505.2566;
found: 505.2503.


Acetonide (�)-31: Anhydrous AcOH (0.46 mL) was added to a solution
of Me4NBH(OAc)3 (0.23 g, 0.87 mmol, 8 equiv) in CH3CN (1 mL). After
30 min, the mixture was cooled to �40 8C and a solution of (+)-30
(64 mg, 0.109 mmol, 1 equiv) in CH3CN (0.35 mL) was added dropwise.
The resulting mixture was stirred at �20 8C for 16 h. The reaction was
quenched by an aqueous solution K/Na tartrate (0.5 n 1.3 mL) and ex-
tracted with diethyl ether (3 � 20 mL). The isolated diol (50 mg,
0.085 mmol, 1 equiv) was dissolved in CH2Cl2 (1.5 mL), after which di-
methoxypropane (0.08 mL) and pTsOH·H2O (1 mg) were added at 0 8C.
After 1 h, the reaction was quenched by saturated aqueous solution of
NaHCO3 (10 mL), and extracted with CH2Cl2 (3 � 10 mL). The combined
organic layers were dried (Na2SO4) and evaporated under vacuo. The res-
idue was purified by FC (PE/EtOAc 10:1) giving the corresponding prod-
uct (�)-31 (51 mg, 74% in two steps). Colorless oil ; Rf =0.22 (PE/EA
10:1); [a]25


D =�16 (c =0.52 in CHCl3); 1H NMR (CDCl3, 400 MHz): d=


8.1–7.1 (m, 15 H; arom), 5.34 (q, J=6.8 Hz, 1H; H-C(2)), 4.52 (q, J=


6.2 Hz, 1 H; H-C(1’)), 4.49, 4.45 (2 d, J =9.3 Hz, 2 H; PhCH2O-C(9)), 3.81
(dd, J =5.9, 1.3 Hz, 1H; H-C(5)), 3.55 (m, 2 H; H-C(9), Ha-C(11)), 3.41
(dd, J=8.6, 6.2 Hz, 1 H; Hb-C(11)), 2.86 (dd, J=6.8, 8.0 Hz, 1 H; H-
C(7)), 2.78 (dq, J =5.9, 6.8 Hz, 1H; H-C(4)), 1.78 (m, 1 H; H-C(10)), 1.74
(dq, J =8.0, 7.4 Hz, 1H; H-C(6)), 1.66 (m, 1H; H-C(8)), 1.55(d, J=


6.8 Hz, 3H; H-C(1)), 1.36 (d, J =6.5 Hz, 3H; H-C(2’)), 1.16 (s, 3 H; CH3-
(Cacetonide), 1.14 (d, J=6.8 Hz, 3H; CH3-C(4)), 0.97 (d, J =7.4 Hz, 3 H;
CH3-C(6)), 0.93 (s, 3H; CH3-(Cacetonide), 0.91 (d, J =6.8 Hz, 3H; CH3-
C(10)), 0.75 ppm (d, J =6.8 Hz, 3 H; CH3-C(8)); 13C NMR (CDCl3,
100.6 MHz): d= 164.3, 150.6, 145.1, 138.9, 133.2–126.0 (m, C arom),
111.98, 100.1, 76.9, 76.6, 76.5, 73.2, 72.6, 69.8, 42.1, 38.9, 35.5, 33.7, 25.4,
24.4, 23.5, 13.3, 13.0, 12.5, 10.9, 10.7 ppm; IR (film): ñ=2975, 2360, 1730,
1600, 1490, 1450, 1375, 1315, 1260, 1225, 1175, 1090, 1025, 1000 cm�1;
HRMS (MALDI-TOF): m/z calcd for C40H52O6Na+ : 651.3662; found:
651.3661; elemental analysis calcd (%) for C40H52O6 (628.48): C 76.40, H
8.33; found: C 76.47, H 8.36.


Diacetonide (+)-(32): Anhydrous AcOH (4.2 mL) was added to a so-
lution of Me4NBH(OAc)3 (1.64 g, 5.31 mmol, 12 equiv) in CH3CN
(6.5 mL). After 30 min, the mixture was cooled to �40 8C and a solution
of (+)-30 (0.39 g, 0.67 mmol, 1 equiv) in CH3CN (2.5 mL) was added
dropwise. The resulting mixture was stirred at �20 8C for 48 h. The reac-
tion was quenched by an aqueous solution of potassium sodium tartrate
(0.5 n, 10 mL) and extracted with diethyl ether (3 � 30 mL). The isolated
diol (0.31 g, 0.52 mmol, 1 equiv) and anhydrous FeCl3 (0.34 g, 2.1 mmol,
4 equiv) were mixed in CH2Cl2 (6 mL) at 0 8C. After 30 min the reaction
was quenched by a saturated aqueous solution of NH4Cl (15 mL), and ex-
tracted with CH2Cl2 (3 � 20 mL). The combined organic layers were
washed with brine (30 mL), dried (Na2SO4), and concentrated in vacuo.
The resulting mixture was dissolved in anhydrous CH2Cl2 (10 mL), after
which dimethoxypropane (1.5 mL, 11.85 mmol, 22.8 equiv) and pTsOH·
H2O (8 mg, 0.01 equiv) were added at 0 8C. After 1 h, the reaction mix-
ture was quenched by a saturated aqueous solution of NaHCO3 (15 mL)
and extracted with CH2Cl2 (3 � 20 mL). The combined organic layers
were washed with brine (30 mL), dried (Na2SO4), and evaporated in
vacuo. The residue was purified by FC (PE/EtOAc 10:1). Yield: 0.20 g,
62%, over three steps; yellow-greenish oil; Rf =0.19 (PE/EA 10:1);
[a]25


D =++18 (c=0.74 in CHCl3); 1H NMR (CDCl3, 400 MHz): d=8.2–7.4
(m, 5H; arom), 5.29 (q, J= 7.1 Hz, 1H; H-C(1’)), 3.86 (dd, J =10.9,
1.9 Hz, 1H; H-C(7)), 3.77 (dd, J =10.9, 3.8 Hz, 1 H; H-C(3)), 3.69 (dd,
J =11.5, 5.1 Hz, 1 H; Ha-C(9)), 3.51 (dd, J= 11.5, 1.5 Hz, 1H; Hb-C(9)),
3.28 (dd, J =6.4, 8.9 Hz, 1H; H-C(5)), 2.49 (dq, J =7.0, 10.9 Hz, 1 H; H-
C(2)), 1.84 (ddt, J =11.5, 6.5, 4.5 Hz, 1H; H-C(8)), 1.73 (m, 2H; H-C(6),
H-C(4)), 1.51 (d, J =6.8 Hz, 3H; H-C(2’)), 1.39, 1.37, 1.35, 1.31 (4 s, 12H;
CH3-(Cacetonide)), 1.01 (d, J =6.8 Hz, 3H; CH3-C(2)), 0.92 (d, J =6.8 Hz,
3H; CH3-C(4)), 0.87 (d, J =6.8 Hz, 3 H; CH3-C(6)), 0.69 ppm (d, J=


6.8 Hz, 3H; CH3-C(8)); 13C NMR (CDCl3, 100.6 MHz): d= 164.2, 150.0,
133.0, 130.4, 128.4, 111.6, 100.5, 98.0, 74.2, 72.8, 66.6, 39.7, 39.2, 36.4, 30.4,
29.8, 25.9, 23.5, 19.0, 14.3, 12.6, 12.1, 11.1, 7.7 ppm; IR (film): ñ=2985,
1735, 1455, 1390, 1260, 1240, 1200, 1175, 1145, 1095, 1065, 1025,
1010 cm�1; HRMS (MALDI-TOF): m/z calcd for C28H42O6Na+ : 497.2879;
found: 497.2877; elemental analysis calcd (%) for C28H42O6 (474.63): C
70.86, H 8.92; found: C 70.88, H 8.99.


C(19)–C(27) fragment of Rifamycin S (�)-2 : Compound (+)-32 (36 mg,
0.075 mmol, 1 equiv) was dissolved in anhydrous Et2O (4 mL). Ozone
was bubbled through the solution at �78 8C until it turned blue. Then O2


was passed through the solution until the color disappeared. The result-
ing mixture was quenched by BH3·Me2S (0.04 mL, 0.42 mmol, 5.6 equiv)
at �78 8C. The solution was stirred for additional 20 h at �78 8C. Then it
was quenched by methanol at �78 8C, and warmed up slowly to room
temperature. The mixture was evaporated in vacuo, and the residue was
taken up by anhydrous diethyl ether (10 mL). LiAlH4 (9 mg, 0.23 mmol,
3 equiv) was added, and the resulting mixture was heated under reflux at
50 8C for 2 h. It was quenched by a saturated aqueous solution of NH4Cl
(5 mL) and extracted with diethyl ether (3 � 10 mL). The combined or-
ganic layers were washed with brine (2 � 10 mL), dried (Na2SO4), and
evaporated. The residue was purified by FC (PE/EtOAc 3:1) providing
pure (�)-2 (21 mg, 80%). The enantiomeric excess was 94.0 %, as deter-
mined by means of the Mosher�s esters (see below). The same method
was applied to prepare (�)-2 (0.13 g, 79 %) from (+)-38 (0.21 g). The
data for (�)-2 were identical to those reported previously for this com-
pound.[9] White solid; Rf =0.21 (PE/EA 3:1); m.p. 79 8C (Lit. 80 8C);
[a]25


D =�3.7 (c= 0.75 in CHCl3), (Lit. [a]25
D =�6.25 (c =0.75 in CHCl3);


1H NMR (CDCl3, 400 MHz): d=3.72 (dd, J =1.9, 10.4 Hz, 1H), 3.53–3.20
(m, 4H), 3.23 (dd, J=6.4, 10.3 Hz, 1H), 1.81–1.67 (m, 4H), 1.31, 1.30,
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1.28, 1.24 (4 s, 12H), 0.87, 0.80, 0.71, 0.63 ppm (4d, J=7.0 Hz, 12H),
13C NMR (CDCl3, 100.6 MHz): d =100.3, 97.8, 75.8, 74.3, 72.5, 69.0, 66.4,
39.1, 36.5, 34.7, 30.2, 29.7, 25.9, 23.3, 18.9, 12.8, 12.4, 11.9, 7.6 ppm; IR
(film): ñ=3477, 2969, 1462, 1384, 1268, 1234, 1199, 1177, 1150, 1051,
1008, 881 cm�1; HRMS (MALDI-TOF): m/z calcd for C19H36O5Na+ :
367.2460; found: 367.2472.


(R)-MTPA (MTPA =a-methoxy-a-(trifluoromethyl)phenylacetic acid)
ester of (�)-2, general procedure : A catalytic amount of DMAP and
(+)-(S)-MTPA chloride (18 mg, 0.069 mmol, 1.6 equiv) was added to a
solution of (�)-2 (15 mg, 0.044 mmol, 1 equiv) in anhydrous pyridine
(1 mL). The mixture was allowed to reach +20 8C and stirred for 2 h. It
was then chilled to �20 8C and N,N-dimethylamino ethanol (5 equiv) was
added. The mixture was allowed to warm to +20 8C and stirred for 1 h.
It was diluted with Et2O (30 mL), washed successively with a saturated
aqueous solution of CuSO4 (4 � 7 mL), water (10 mL), 10 % aqueous so-
lution of citric acid (4 � 7 mL), and aqueous saturated solution of
NaHCO3 (3 � 5 mL), dried (Na2SO4), and evaporated in vacuo. Yield
24 mg, 94 %. All the NMR measurements were done on the crude
sample. 1H NMR (CDCl3, 400 MHz): d=7.7–7.3 (m, 5H; arom), 4.44 (dd,
J =3.7, 11.1 Hz, 1 H), 4.26 (dd, J =6.2, 10.5 Hz, 1H), 3.82 (dd, J =2.5,
10.5 Hz, 1H), 3.69 (dd, J =4.9, 11.1 Hz, 1H), 3.57 (s, 3 H), 3.51 (m, 2H),
3.27 (dd, J=6.8, 9.9 Hz, 1 H), 1.97 (m, 1 H), 1.84 (m, 1H), 1.73 (m, 2H),
1.38 (s, 3H), 1.34 (s, 3H), 1.26 (s, 3 H), 2.13 (s, 3 H), 0.89 (m, 9 H),
0.69 ppm (d, J= 6.8 Hz, 3 H); 19F NMR (CDCl3, 376.7 MHz): d=�71.83
(s, F3C, major, 97 % by integration), �71.91 ppm (s, F3C, minor, 3% by
integration).


(S)-MTPA ester of (�)-2 : The same procedure described above above
was used, 95 %. The 19F NMR data proved that the two trifluoromethyl
signals in both diastereomeric esters correspond to the two enantiomers
of the starting alcohols, since they had the same chemical shifts. 19F NMR
(CDCl3, 376.7 MHz): d=�71.83 (s, F3C, minor); �71.91 ppm (s, F3C,
major).


Aldol product (+)-34 a : NEt3 (2.5 mL, 20.02 mmol, 2.5 equiv) followed
by TMSOTf (1.74 mL, 9.61 mmol, 1.2 equiv) was added to a solution of
(�)-22 a (3.0 g, 8.01 mmol, 1 equiv) in CH2Cl2 (45 mL) at �20 8C. The re-
action mixture was allowed to reach +20 8C in 2 h. Cold pentane
(300 mL; �50 8C) was added, and the resulting suspension was filtered
through a small pad of silica gel (suspended in pentane containing 2 % of
NEt3). The organic phase was sequentially washed with a 15% aqueous
solution of citric acid (3 � 70 mL), saturated aqueous solution of NaHCO3


(3 � 50 mL), and brine (2 � 50 mL), dried (anhydrous Na2SO4), and evapo-
rated in vacuo. The resulting oil (33) was dried under reduced pressure
(0.06 Torr, 24 h). Yield 3.77 g (quant. with ca. 95 % purity).


Data for 33 : Colorless oil; 1H NMR (CDCl3, 400 MHz): d= 7.31–7.24 (m,
5H; arom), 5.22 (q, J=7.0 Hz, 1H; H-C(1’)), 4.50 (q, J=6.4 Hz, 1H; H-
C(1’’)), 4.39 (q, J =6.4 Hz, 1H; H-C(6)), 3.67 (dd, J =7.0, 3.8 Hz, 1 H; H-
C(3)), 2.72 (sept., J=7.0 Hz, 1 H; (CH3)2CHCOO-C(1)), 2.56 (quint, J=


7.0 Hz, 1H; H-C(2)), 2.17 (dq, J =7.0, 5.8 Hz, 1H; H-C(4)), 1.48 (d, J =


6.4 Hz, 3H; H-C(2’’)), 1.35 (dd, J= 7.0, 1.3 Hz, 3 H; H-C(2’)), 1.34 (d, J=


6.4 Hz, 3H; H-C(7)), 1.30, 1.29 (2 d, J =6.8 Hz, 6 H; (CH3)2CHCOO-
C(1)), 1.07 (d, J= 7.0 Hz, 3H; CH3-C(2)), 0.90 (d, J= 6.4 Hz, 3H; CH3-
C(4)), 0.12 ppm (s, 9 H; TMSO-C(5)); HRMS (MALDI-TOF): m/z calcd
for C26H42O5SiNa+ : 469.2750; found: 469.2761.


2,6-Di-tert-butylpyridine (0.253 mL, 1.13 mmol, 0.2 equiv), followed by
solution of 9-BBN-Br in CH2Cl2 (1 m, 5.63 mL, 5.63 mmol, 1.0 equiv)
were added to a solution of enoxysilane 33 (2.65 g, (95 % purity),
5.63 mmol, 1.0 equiv) in CH2Cl2 (60 mL) under an argon atmosphere at
room temperature. The resulting mixture was stirred for 2 h at room tem-
perature, before being cooled to �78 8C. A solution of the aldehyde (+)-
3b (2.15 g, (90 % purity), 9.58 mmol, 1.7 equiv) in CH2Cl2 (7 mL) was
added at �78 8C. After 8 h at �78 8C, the reaction mixture was quenched
by the addition of 1:1 mixture of MeOH/saturated aqueous solution
NaHCO3 (100 mL). The resulting mixture was extracted with CH2Cl2 (4 �
30 mL), EtOAc (2 � 30 mL). Each organic layer was washed seperately
with brine, then combined and evaporated. The residue was dissolved in
MeOH (50 mL), and aqueous 30 % H2O2 (25 mL) was added at 0 8C. The
mixture was allowed to reach room temperature and was stirred for 5 h.
A saturated aqueous solution of Na2S2O3 (200 mL) was added at 0 8C.


The mixture was extracted with EtOAc (4 � 30 mL). The combined or-
ganic layers were washed with saturated aqueous solution of NaCl, dried
(Na2SO4), filtered, and evaporated. The resulting oil was purified by FC
(CH2Cl2/EtOAc 99.5:1.5): 2.24 g (75 %) of (+)-34 a and 0.19 g (6 %) of
34b.


Data for (+)-34a : Colorless oil; Rf =0.25 (CH2Cl2/EtOAc 98:2); [a]25
D =


+ 7, (c =0.55 in CHCl3); 1H NMR (CDCl3, 400 MHz): d =7.33–7.23 (m,
5H; arom), 5.24 (q, J=7.0 Hz, 1H; H-C(1’)), 4.49 (q, J=6.4 Hz, 1H; H-
C(1’’)), 3.75 (t, J =4.6 Hz, 1 H; H-C(3)), 3.72 (dd, J=9.6, 4.8 Hz, 1H; Ha-
C(9)), 3.61 (br s, 1 H; HO-C(7)), 3.60 (dd, J =9.6, 5.8 Hz, 1H; Hb-C(9)),
3.47 (dt, J =9.6, 1.9 Hz, 1H; H-C(7)), 2.94 (dq, J =7.0, 4.5 Hz, 1H; H-
C(4)), 2.72 (dq, J =7.0, 5.0 Hz, 1H; H-C(2)), 2.65–2.58 (m, 2 H; H-C(6),
(CH3)2CHCOO-C(1)), 1.62 (dquint, J= 9.6, 5.6 Hz, 1H; H-C(8)), 1.47 (d,
J =7.0 Hz, 3H; H-C(2’)), 1.39 (d, J =6.4 Hz, 3H; H-C(2’’)), 1.23, 1.22
(2 d, J =7.0 Hz, 6H; (CH3)2CHCOO-C(1)), 1.14 (d, J =7.0 Hz, 3H; CH3-
C(2)), 1.02 (d, J= 7.0 Hz, 3H; CH3-C(4)), 1.00 (d, J= 7.0 Hz, 3H; CH3-
C(6)), 0.90 (s, 9H; TBSO-C(9)), 0.74 (d, J=7.0 Hz, 3H; CH3-C(8)), 0.07,
0.06 ppm (2 s, 6H; TBSO-C(9)); 13C NMR (CDCl3, 100.6 MHz): d=


217.4, 174.6, 149.8, 143.7, 128.4, 127.6, 126.7, 112.5, 76.7, 76.2, 72.8, 66.5,
45.8, 45.7, 41.4, 37.6, 34.2, 26.0, 23.7, 19.3, 19.1, 18.4, 13.5, 13.2, 12.8, 11.0,
8.9, �5.3, �5.4 ppm; IR (film): ñ=3520, 2970, 2930, 2890, 2860, 1750,
1700, 1490, 1470, 1390, 1250, 1135, 1085 cm�1; HRMS (MALDI-TOF):
m/z calcd for C33H56O6SiNa+ : 599.3744; found: 599.3754; elemental anal-
ysis calcd (%) for C33H56O6Si (576.88): C 68.71, H 9.78; found: C 68.60,
H 9.79.


Data for 34b : 1H NMR (CDCl3, 400 MHz): d=7.31–7.21 (m, 5H; arom),
5.28 (q, J=7.0 Hz, 1 H; H-C(1’)), 4.53 (q, J= 6.4 Hz, 1H; H-C(1’’)), 3.96–
3.94 (m, 2 H; H-C(9)), 3.67 (t, J=5.0 Hz, 1H; H-C(3)), 2.89 (dq, J =7.0,
3.8 Hz, 1 H; H-C(4)), 2.84 (d, J= 3.2 Hz, 1H; H-C(7)), 2.79 (dq, J =9.6,
7.0 Hz, 1H; H-C(2)), 2.71–2.61 (m, 2 H; H-C(6)), (CH3)2CHCOO-C(1)),
1.70–1.65 (m, 1H; H-C(8)), 1.47 (d, J=6.4 Hz, 3H; H-C(2’)), 1.37 (d, J =


6.4 Hz, 3 H; H-C(2’’)), 1.24, 1.23 (2 d, J =7.0 Hz, 6 H; (CH3)2CHCOO-
C(1)), 1.14 (d, J= 7.0 Hz, 3H; CH3-C(2)), 1.03 (d, J= 7.0 Hz, 3H; CH3-
C(4)), 0.89 (s, 9H; TBSO-C(9)), 0.88 (d, J=6.8 Hz, 3H; CH3-C(6)), 0.84
(d, J =7.0 Hz, 3H; CH3-C(8)), 0.06 ppm (s, 6 H; TBSO-C(9)); HRMS
(MALDI-TOF): m/z calcd for C33H56O6SiNa+ : 599.3744; found:
599.3761.


Acetonide (�)-36 : Anhydrous AcOH (10 mL) was added to a solution of
Me4NBH(OAc)3 (8.80 g, 33.3 mmol, 15 equiv) in CH3CN (5.0 mL) at
0 8C. After 10 min, a solution of (+)-34a (1.28 g, 2.22 mmol, 1 equiv) in
CH3CN (2.5 mL) was added dropwise. The resulting mixture was stirred
at �0 8C for 36 h. The reaction was quenched by an aqueous solution of
potassium sodium tartrate (0.5 n, 100 mL) and extracted with EtOAc (4 �
30 mL). The combined organic layers were washed with aqueous saturat-
ed solutions of NaHCO3 and brine, dried (Na2SO4), filtered, and evapo-
rated in vacuo. The resulting diol (�)-35 (1.25 g) was employed directly
in next the step. An analytical sample was obtained by FC of an aliquot.
(In another trial the yield of isolated (�)-35 was 83 %) Colorless oil; Rf =


0.32 (DCM/EtOAc 96:4); [a]25
D =�15, (c =0.25 in CHCl3); 1H NMR


(CDCl3, 400 MHz): d=7.37–7.28 (m, 5H; arom), 5.30 (q, J =6.9 Hz, 1 H;
H-C(1’)), 4.54 (q, J=6.5 Hz, 1H; H-C(1’’)), 4.00 (br s, 1H; HO-C(5)),
3.87 (dd, J =8.3, 1.0 Hz, 1 H; H-C(3)), 3.69 (d, J =9.4 Hz, 1H; H-C(5)),
3.64 (d, J =5.9 Hz, 2H; H-C(9)), 2.94 (ddd, J =6.5, 3.3, 2.6 Hz, 1 H; H-
C(7)), 2.73 (sept, J =6.9 Hz, 1 H; (CH3)2CHCOO-C(1)), 2.62 (quint, J =


7.5 Hz, 1 H; H-C(2)), 2.55 (d, J= 7.1 Hz, 1H; HO-C(7)), 1.74 (dq, J =7.9,
6.3 Hz, 1H; H-C(4)), 1.73–1.67 (m, 1 H; H-C(8)), 1,55 (dm, J =6.9 Hz,
1H; H-C(6)), 1.50 (d, J= 6.9 Hz, 3 H; H-C(2’)), 1.40 (d, J =6.5 Hz, 3H;
H-C(2’’)), 1.29 (d, J =6.9 Hz, 6H; (CH3)2CHCOO-C(1)), 1.01 (d, J=


7.1 Hz, 3H; CH3-C(2)), 0.88 (s, 9 H; TBSO-C(9)), 0.81 (d, J= 6.9 Hz, 3 H;
CH3-C(6)), 0.75 (d, J =6.9 Hz, 3 H; CH3-C(4)), 0.69 (d, J=6.9 Hz, 3 H;
CH3-C(8)), 0.06 ppm (s, 6H; TBSO-C(9)); 13C NMR (CDCl3,
100.6 MHz): d=174.6, 150.4, 144.7, 128.3, 127.6, 126.9, 111.9, 78.0 (2 sig-
nals), 77.8, 74.6, 68.1, 42.2, 37.9, 37.5, 34.4, 33.8, 25.9, 23.5, 19.3, 18.2,
14.6, 12.9, 11.0, 10.7, 10.5, �5.4, �5.5 ppm; IR (film): ñ=3455, 2930,
2860, 1755, 1695, 1455, 1385, 1255, 1075 cm�1; HRMS (MALDI-TOF):
m/z calcd for C33H58O6SiNa+ : 601.3900; found: 601.3918; elemental anal-
ysis calcd (%) for C33H58O6Si (578.90): C 68.47, H 10.10; found: C 68.84,
H 10.33.
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pTsOH·H2O (21 mg, 0.11 mmol, 0.05 equiv) was added to a solution of
the crude diol (�)-35 (1.25 g) in dimethoxypropane (20 mL) at room
temperature. The reaction mixture was stirred for 2 h at room tempera-
ture, neutralized with solid NaHCO3, filtered, and evaporated. The resi-
due was purified by FC (PE/EtOAc 20:1). Yield 1.09 g 79 % of (�)-36
(over 2 steps). Colorless oil; Rf =0.8(PE/EtOAc 9:1); [a]25


D =�11, (c =


0.34 in CHCl3); 1H NMR (CDCl3, 400 MHz): d=7.33–7.29, 7.24–7.19
(2 m, 5H; arom), 5.22 (q, J =7.0 Hz, 1H; H-C(2)), 4.54 (d, J =6.4 Hz,
1H; H-C(2’)), 3.72 (dd, J=5.8, 1.3 Hz, 1 H; H-C(5)), 3.56 (d, J =3.8 Hz,
2H; H-C(11)), 3.51 (dd, J =10.9, 3.8 Hz, 1H; H-C(9)), 2.82 (t, J =7.0 Hz,
1H; H-C(7)), 2.65 (sept, J =7.0 Hz, 1 H; (CH3)2CHCOO-C(1)), 2.62 (dq,
J =7.0, 6.4 Hz, 1H; H-C(4)), 1.68 (dq, J =7.0, 6.4 Hz, 1H; H-C(6)), 1.63–
1.56 (m, 2H; H-C(8), H-C(10)), 1.17 (d, J= 6.4 Hz, 3H; H-C(1)), 1.34 (d,
J =6.4 Hz, 3H; H-C(2’)), 1.27, 1.26 (2 d, J=7.0 Hz, 6 H; (CH3)2CHCOO-
C(1)), 1.18 (s, 3H; CH3-(Cacetonide)), 1.04 (d, J=7.0 Hz, 3H; CH3-C(4)),
0.93 (s+d, J =7.0, 6H; CH3-(Cacetonide), CH3-(C6)), 0.89 (s, 9 H; TBSO-
C(11)), 0.83 (d, J =7.0 Hz, 3H; CH3-C(10)), 0.70 (d, J =7.0 Hz, 3H; CH3-
C(8)), 0.02, 0.01 ppm (2 s, 6 H; TBSO-C(11)); 13C NMR (CDCl3,
100.6 MHz): d =174.7, 150.5, 145.5, 128.2, 127.1, 126.4, 111.6, 100.1, 76.7
(3 signals), 69.4, 64.4, 42.5, 38.7, 35.5, 35.3, 34.4, 26.0, 25.6, 24.5, 23.6,
19.3, 19.2, 18.4, 13.1, 12.9, 12.5, 10.9, 10.8, �5.4, �5.5 ppm; IR (film): ñ=


2970, 2930, 2855, 1750, 1695, 1470, 1375, 1250, 1220, 1135, 1085 cm�1;
HRMS (MALDI-TOF): m/z calcd for C36H62O6SiNa+ : 641.4213; found:
641.4239; elemental analysis calcd (%) for C36H62O6Si (618.96): C 69.86,
H 10.10; found: C 69.86, H 10.04.


Stereoheptad (�)-37: Ozone was bubbled through a solution of (�)-36
(0.19 g, 0.31 mmol, 1 equiv) in anhydrous Et2O (50 mL) at 78 8C until it
turned blue. Then O2 was passed through it until the disappearance of
the color. The resulting mixture was quenched by BH3·Me2S (0.23 mL,
2.45 mmol, 8 equiv) at �78 8C. The solution was stirred for 12 h at
�78 8C. The mixture diluted by additional Et2O (100 mL), washed with
brine, dried over anhydrous Na2SO4, filtered, and evaporated. The resi-
due was redissolved in anhydrous Et2O (50 mL), after which LiAlH4


(35 mg, 0.92 mmol, 3 equiv) was added at �15 8C. The resulting reaction
mixture was left to reach room temperature and then heated under
reflux for 30 min. It was carefully quenched by a saturated aqueous so-
lution of NH4Cl (20 mL), the layers were separated, and the aqueous
phase was additionally extracted with diethyl ether (3 � 20 mL). The com-
bined organic layers were washed with brine (2 � 10 mL), dried (Na2SO4),
and evaporated. FC gave 37 (0.122 g, 76 %). Colorless oil ; Rf =0.28
(CH2Cl2/EtOAc 97:3); [a]25


D =�25, (c=0.55 in CHCl3); 1H NMR (CDCl3,
400 MHz): d= 7.34–7.29, 7.26–7.21 (2 m, 5 H; arom), 4.53 (q, J =6.8 Hz,
1H; H-C(1’)), 3.64 (d, J= 5.5 Hz, 1H; H-C(3)), 3.62–3.50 (m, 5H; H-
C(9), H-C(7), H-C(1)), 3.28 (br d, J =6.2 Hz, 1H; HO-C(1)), 2.74 (dd, J=


9.7, 6.8 Hz, 1 H; H-C(5)), 2.12 (ddt, J =9.1, 7.0, 5.2 Hz, 1H; H-C(2)), 1.69
(dq, J =8.6, 7.4 Hz, 1H; H-C(4)), 1.67–1.55 (m, 2H; H-C(8), H-C(6)),
1.43 (d, J =6.2 Hz, 3 H; H-C(2’)), 1.17 (s, 3 H; CH3-(Cacetonide)), 0.96 (d,
J =6.8 Hz, 3 H; CH3-C(4)), 0.89 (d, J =6.8 Hz, 3 H; CH3-C(2)), 0.88 (s,
9H; TBSO-C(9)), 0.84 (s, 3 H; CH3-(Cacetonide)), 0.83, 0.77 (2 d, J =6.8 Hz,
6H; CH3-C(8), CH3-C(6)), 0.01, 0.00 ppm (2 s, 6 H; TBSO-C(9));
13C NMR (CDCl3, 100.6 MHz): d=145.0, 128.4, 127.5, 126.5, 100.6, 78.5,
77.9, 76.6, 69.5, 66.2, 64.3, 39.1, 38.4, 36.4, 35.2, 26.0, 25.4, 24.1, 23.4, 18.4,
12.8, 12.7, 12.3, 10.8, �5.4, �5.5 ppm; IR (film): ñ =3490, 2960, 2930,
2855, 1600, 1470, 1380, 1250, 1220, 1085, 1030 cm�1; HRMS (MALDI-
TOF): m/z calcd for C30H54O5SiNa+ : 545.3638; found: 545.3631; elemen-
tal analysis calcd (%) for C30H54O5Si (522.83): C 68.92, H 10.41; found: C
68.92, H 10.50.


(R)-MTPA ester of (�)-37: See the general procedure for preparing
MTPA esters of (�)-2. 1H NMR (CDCl3, 400 MHz): d=7.58–7.56 (m,
2H; arom), 7.43–7.41 (m, 3 H; arom), 7.31–7.21 (m, 5H; arom), 4.47 (dd,
J =10.5, 4.1 Hz, Ha-C(1)), 4.43 (q, J =6.8 Hz, H-C(1’)), 4.40 (dd, J =10.5,
6.2 Hz, Hb-C(1)), 3.70–3.68, 3.62–3.50 (2 m, 4 H; H-C(3), H-C(7), H-
C(9)), 2.77 (dd, J =9.9, 6.2 Hz, 1H; H-C(5)), 2.06 (m, 1 H; H-C(2)), 1.64
(quint, J=7.4 Hz, 1 H; H-C(4)), 1.61–1.52 (m, 2 H; H-C(8), H-C(6)), 1.31
(d, J=6.8 Hz, 3 H; H-C(2’)), 1.18 (s, 3H; CH3-(Cacetonide)), 0.99 (s, 3H;
CH3-(Cacetonide)), 0.97 (d, J=7.4 Hz, 3 H; CH3-C(4)), 0.88 (s, 9H; TBSO-
C(9)), 0.86 (d, J=6.8 Hz, 3H; CH3-C(2)), 0.82, 0.77 (2 d, J =6.8 Hz, 6 H;
CH3-C(8), CH3-C(6)), 0.02, 0.01 ppm (2 s, 6 H; TBSO-C(9)); 19F NMR


(CDCl3, 396 MHz): d=�71.87 ppm; HRMS (MALDI-TOF): m/z calcd
for C40H61F3O7SiNa+: 761.4036; found: 761.4046.


(S)-MTPA ester of (�)-37: 1H NMR (CDCl3, 400 MHz): d=7.58–7.56
(m, 2 H; arom), 7.43–7.41 (m, 3H; arom), 7.30–7.28 (m, 4 H; arom), 7.25–
7.21 (m, 51 H; arom), 4.60 (dd, J =10.1, 4.3 Hz, Ha-C(1)), 4.51 (q, J =


6.8 Hz, H-C(1’)), 4.30 (dd, J =11.1, 6.5 Hz, Hb-C(1)), 3.70–3.68, 3.61–3.49
(2 m, 4H; H-C(3), H-C(7), H-C(9)), 2.80 (dd, J =9.2, 6.2 Hz, 1H; H-
C(5)), 2.07 (dq, J= 7.7, 6.8 Hz, 1H; H-C(2)), 1.66 (quint, J=7.4 Hz, 1 H;
H-C(4)), 1.63–1.53 (m, 2H; H-C(8), H-C(6)), 1.36 (d, J=6.2 Hz, 3 H; H-
C(2’)), 1.18 (s, 3H; CH3-(Cacetonide)), 1.00 (s, 3 H; CH3-(Cacetonide)), 0.98 (d,
J =6.8 Hz, 3H; CH3-C(4)), 0.89 (s, 9H; TBSO-C(9)), 0.87 (d, J =6.8 Hz,
3H; CH3-C(2)), 0.82, 0.70 (2 d, J=6.8 Hz, 6 H; CH3-C(8), CH3-C(6)),
0.03, 0.02 ppm (2 s, 6 H; TBSO-C(9)); 19F NMR (CDCl3, 396 MHz): d=


�71.87 ppm; HRMS (MALDI-TOF): m/z calcd for C40H61F3O7SiNa+ :
761.4036; found: 761.4033. The ee was determined by comparing integral
of the dd signal of the (S)-ester at 4.60 ppm (1 H) with the total integral
from signals 4.47, 4.43, 4.40 ppm (3 H) in the (R)-ester. A signal at
4.60 ppm was not observed at all in the spectrum of the (R)-ester. Con-
clusion: ee ^99 %.


Diacetonide (+)-38 : A solution of diol (�)-35 (0.41 g, 0.71 mmol) in
AcOH (15 mL) was diluted with water (8 mL) and heated at +65 8C for
3 h. The solvent was evaporated in vacuo, and the residue redissolved in
MeOH (30 mL). Pd(OH)2 (10 % on activated charcol, 0.20 g) was added
and the resulting suspension was stirred at room temperature under H2


atmosphere (1 bar) for 1 h. The solution was saturated with N2, filtered
through Celite, and evaporated in vacuo. The resulting tetrol was dis-
solved in CH2Cl2 (10 mL) and cooled to 5 8C. Dimethoxypropane (5 mL)
was added, followed by pTsOH·H2O (7 mg, 0.037 mmol, ~5 mol % of
(+)-35)). After 2 h at 0 8C the reaction mixture was quenched by a satu-
rated aqueous solution of NaHCO3 (15 mL) and extracted with CH2Cl2


(3 � 20 mL). The combined organic layers were washed with brine
(30 mL), dried (Na2SO4), and evaporated in vacuo. The residue was puri-
fied by FC (hexane/EtOAc 9:1). Yield: 0.234 g, 75 %, over three steps.
Colorless oil; Rf =0.58 (hexane/EtOAc 8:2); [a]25


D =++ 10.5 (c=0.2 in
CHCl3); 1H NMR (CDCl3, 400 MHz): d= 5.16 (q, J=7.0 Hz, 1H; H-
C(1’)), 3.86 (dd, J =10.5, 2.2 Hz, 1 H; H-C(7)), 3.70 (dd, J =11.4, 4.9 Hz,
1H; Ha-C(9)), 3.66 (dd, J=10.5, 3.7 Hz, 1 H; H-C(3)), 3.52 (t, J =


11.4 Hz, 1H; Hb-C(9)), 3.27 (dd, J =9.6, 6.5 Hz, 1 H; H-C(5)), 2.71 (sept,
J =7.0 Hz, 1 H; (CH3)2CHCOO-C(1)), 2.34 (dq, J= 10.8, 7.0 Hz, 1H; H-
C(2)), 1.85 (ddt, J=11.1, 7.1, 4.9 Hz, 1 H; H-C(8)), 1.79–1.68 (m, 2 H; H-
C(6), H-C(4)), 1.43 (d, J= 6.8 Hz, 3 H; H-C(2’)), 1.39, 1.35, (2 s, 6 H;
CH3-(Cacetonide 7,9)), 1.28 (s, 6 H; CH3-(Cacetonide 3,5)), 1.27, 1.26 (2 d, J=


7.1 Hz, 6H; (CH3)2CHCOO-C(1)), 0.92 (d, J =7.1 Hz, 3H; CH3-C(2)),
0.89, 0.87 (2 d, J =6.8, 7.1 Hz, 6 H; CH3-C(4), CH3-C(6)), 0.71 ppm (d, J =


6.8 Hz, 3H; CH3-C(8)); 13C NMR (CDCl3, 100.6 MHz): d= 174.5, 149.7,
111.1, 100.6, 98.1, 74.3, 72.9, 70.5, 66.7, 39.6, 39.3, 36.4, 34.3, 30.5, 29.9,
25.7, 23.6, 19.4, 19.3, 19.1, 14.2, 12.7, 12.2, 11.0, 7.9 ppm; IR (film): ñ=


2970, 2925, 2855, 1755, 1695, 1465, 1455, 1385, 1230, 1180, 1145 cm�1;
HRMS (MALDI-TOF): m/z calcd for C25H44O6Na+ : 463.3036; found:
463.3031; elemetal analysis calcd (%) for C25H44O6 (440.61): C 68.15, H
10.07; found: C 68.22 , H 9.98.


(2S)-2-((1’S,3’S,4’S,5’S,6’S)-1-Ethyl-4’,6’,8’-trimethyl-2’,9’dioxabicyclo-
[3.3.1]non-7’-en-3’-yl)propyl 3,5-dinitrobenzoate (40): A solution of diol
(�)-35 (0.14 g, 0.24 mmol, 1 equiv) in Et2O (5 mL) was added dropwise
at �78 8C to a solution of MeLi·LiBr (2 m, 0.80 mL, 1.6 mmol, 6.6 equiv)
in Et2O (5 mL). After 4 h at �78 8C the reaction mixture was carefully
poured at room temperature into a saturated aqueous solution of NH4Cl
(20 mL). The layers were separated, and the aqueous phase was extracted
with EtOAc (5 � 20 mL). The combined organic layers were washed with
brine (10 mL), dried (Na2SO4), and evaporated. The residue was dis-
solved in 90% aqueous acetic acid (10 mL) and heated at 65 8C over-
night. The solvent was evaporated, and traces of acetic acid were elimi-
nated by azeotropic evaporation with toluene (2 � 10 mL) and pyridine
(10 mL). The resulting oil was dissolved in pyridine (10 mL), and 3,5-di-
nitrobenzoyl chloride (0.28 g, 1.21 mmol, 5 equiv) was added at 15 8C.
The reaction mixture was stirred for 3 h at room temperature. It was di-
luted by Et2O (100 mL), washed successively with a saturated aqueous
solution of CuSO4 (4 � 20 mL), water (1 � 20 mL), and saturated aqueous
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NaHCO3 (2 � 20 mL), dried over anhydrous Na2SO4, filtered, and evapo-
rated. The residue was purified by FC. Yield 55 mg, 51%; colorless oil;
Rf = 0.71(PE/EtOAc 8:2); 1H NMR (C6H6, 400 MHz): d= 8.70 (d, J=


2.0 Hz, 2H; H-C(2Ar)), 8.44 (t, J =2.0 Hz, 1H; H-C(4Ar)), 5.79 (dm, J=


4.7 Hz, 1 H; H-C(7’)), 4.53 (dd, J=10.8, 2.7 Hz, 1H; Ha-C(1)), 4.35 (dd,
J =10.8, 5.4 Hz, 1 H; Hb-C(1)), 3.91 (dd, J =10.7, 2.7 Hz, 1H; H-C(3’)),
3.52 (s, 1 H; H-C(5’)), 1.94 (m, 1 H; H-C(2)), 1.89 (dd, J=13.5, 7.0 Hz,
1H; Ha-(CH3CH2-C(1’))), 1.74 (dd, J=13.5, 7.0 Hz, 1H; Hb-(CH3CH2-
C(1’))),1.65 (dq, J =7.0, 4.7 Hz, 1H; H-C(6’)), 1.54 (d, J =1.4 Hz, 3 H;
CH3-C(8’)), 1.12 (t, J =7.0 Hz, 3H; H-(CH3CH2-C(1’))), 1.09 (d, J=


7.0 Hz, 3 H; CH3-C(4’)), 1.04 (d, J =7.0 Hz, 3 H; CH3-C(6’)), 1.03 (m, 1 H;
H-C(4’)), 0.69 ppm (d, J =6.7 Hz, 3 H; CH3-C(3)); 13C NMR (C6H6,
100.6 MHz): d=162.4, 148.3, 133.5, 130.9, 130.5, 128.5, 121.9, 97.7, 79.7,
69.8, 68.2, 35.0, 34.8, 34.4, 30.1, 20.7, 18.2, 12.6, 12.2, 7.2 ppm; IR (film):
ñ= 3100, 2965, 2880, 1730, 1630, 1550, 1455, 1345, 1280, 1175, 1175,
1095 cm�1; HRMS (MALDI-TOF): m/z calcd for C22H28N2O8Na+ :
471.1743; found: 471.1761; elemetal analysis calcd (%) for C22H28N2O8


(448.47): C 58.92, H 6.29; found: C 58.68, H 6.36.
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Selective Complexation of N-Alkylpyridinium Salts:
Binding of NAD+ in Water


Michael Fokkens,[a] Christian Jasper,[a] Thomas Schrader,*[a] Felix Koziol,[b]


Christian Ochsenfeld,*[b] Jolanta Polkowska,[c] Matthias Lobert,[c] Bjçrn Kahlert,[c] and
Frank-Gerrit Kl�rner*[c]


Introduction


Many enzymes use NAD+ or NADP as cofactors for stereo-
selective oxidations or reductions. Thus, dehydrogenases cat-
alyze the oxidation of secondary alcohols to carbonyl com-
pounds or the reverse process, decarboxylases facilitate CO2


extrusion from carboxylic acids, while many more related
processes in various biosynthetic pathways all rely on the
use of NAD+ .[1–4] In the enzyme protein environment the
pyridinium unit of NAD+ is usually noncovalently buried in
a cleft called the Rossman fold.[5–7] Adenine and nicotin-
amide are both immerged in cavities with at least one hy-
drophobic side, facilitated by strong hydrophobic interac-
tions and dispersive forces.[8] Additional electrostatic inter-
actions and hydrogen bonds with basic amino acids are used
to keep the phosphate anions in place. We asked ourselves
whether such a microenvironment might be imitated by arti-
ficial receptor molecules, which could in turn act as carriers
for this important cofactor. To this end we joined our efforts
and combined two powerful binding motifs into a new class
of synthetic hosts for N-alkylpyridinium ions.


State of the art : In recent years the p–cation interaction[9–12]


has been shown to be a major noncovalent force used in nu-
merous proteins.[13–19] Consequently, theoretical investiga-
tions have detailed the electrostatic, hydrophobic and dis-
persive contributions to this attraction, which works so well
in aqueous solution.[20–23] In the past decade, several groups
have designed macrocyclic receptor structures with embed-
ded electron-rich aromatic moieties, which use the p–cation
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Abstract: A new class of receptor mol-
ecules is presented that is highly selec-
tive for N-alkylpyridinium ions and
electron-poor aromatics. Its key feature
is the combination of a well-preorgan-
ized molecular clip with an electron-
rich inner cavity and strategically
placed, flanking bis-phosphonate
monoester anions. This shape and ar-
rangement of binding sites attracts pre-
dominantly flat electron-poor aromat-
ics in water, binds them mainly by p–
cation, p–p, CH–p, and hydrophobic


interactions, and leads to their highly
efficient desolvation. NAD+ and
NADP, the important cofactors of
many redox enzymes, are recognized
by the new receptor molecule, which
embraces the catalytically active
nicotinamide site and the adenine unit.
Even nucleosides such as adenosine


are likewise drawn into the clip�s
cavity. Complex formation and struc-
tures were examined by one- and two-
dimensional NMR spectroscopy, Job
plot analyses, and isothermal titration
microcalorimetric (ITC) measurements,
as well as quantum chemical calcula-
tions of 1H NMR shifts. The new recep-
tor molecule is a promising tool for
controlling enzymatic oxidation pro-
cesses and for DNA chemistry.


Keywords: cofactors · host–guest
systems · molecular clips ·
pi interactions
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interaction to bind organic cations such as quaternary am-
monium ions,[24–30] guanidinium ions,[31,32] and N-alkylpyridi-
nium ions.[33–36] However, these macrocyclic structures have
a different selectivity towards their substrates; most of them
prefer spherical over flat guests.


An alternative approach consists of designing molecular
clips that offer a high degree of preorganization and are
usually quite selective for flat electron-poor guests. Porphyr-
in clips derived from diphenylglycoluril have been shown to
accommodate N-alkylpyridinium cations (e.g., viologen cat-
ions) between their tips.[37] Unfortunately, they also bind to
electron-rich aromatics like pyridine, hydroxypyridine, and
phenols.[38] In addition, to date they have been only studied
in organic solution.[37] Three earlier reports have appeared
on molecular recognition of NAD+ by artificial hosts:
Schmidtchen[39] used a macrocyclic anion receptor to com-
plex the bis-phosphate bridge of NAD+ . Lehn et al.[40] pre-
sented mono- or bisacridinium-functionalized azacrown
ethers, which complex nucleotide anions; a little later, Bian-
chi et al.[41] studied azacrowns in their protonated form,
which also embrace the diphosphate core of NAD+ . Cyclo-
voltammetric measurements indicated significant alterations
in the electrochemical behavior of the NAD+/NADH
couple due to its complexation by the azacrown. However,
in all three cases, NAD+ complexation mainly involves the
interaction of the positively charged host with the diphos-
phate anion, and not with the catalytically active nicotina-
mide moiety. This, however, is a major prerequisite for se-
lective interference with dehydrogenases aimed at complex-
ation of their cofactor.


Design : During the past few years Kl�rner et al. have intro-
duced various molecular tweezers and clips designed for the
inclusion of electron-poor guests such as aromatics with �M
substituents, pyridinium cations, or even sulfonium cati-
ons.[42] These guests were mainly bound by p–p, CH–p, and
p–cation interactions inside their electron-rich concave
cavity.[42] However, due to the lipophilic nature of these
hosts, molecular recognition was restricted to organic sol-
vents, mainly chloroform. Introduction of hydrophilic
OCH2CO2R substituents in the central arene spacer units of
the tweezers and clips led to an unfavorable folding of these
side chains toward the receptor cavity and prevented effi-
cient binding in polar solution.[43,44] Schrader et al. have used
convergent bis-phosphonate anions extensively for recogni-
tion of ammonium alcohol and guanidinium.[31,32, 45] These
electron-poor guests are bound by the bis-phosphonate
hosts in a chelate arrangement that maximizes electrostatic
attraction and establishes at the same time a network of
ionic hydrogen bonds. In a joint effort we have now adorned
the molecular clip 1 with short phosphonate monoester
anions and obtained water-soluble host molecules 1 a,b
(Figure 1).[46] They not only have an open cavity, but they
are also flanked by two negatively charged functionalities
for additional ion pairing with cationic guests. Molecular
modeling studies (molecular mechanics calculations in
water, MacroModel 7.1, Amber*)[47,48] suggested that pri-


mary ammonium cations, including ammonium alcohols like
adrenaline or aminosugars, should fit into the clip, whereas
bulky substituents, as in tertiary and quaternary ammonium
salts such as alkaloids or acetylcholine should be rejected.


Results


Synthesis of bis-phosphonate clips 1 a,b : The synthesis of
1 a,b followed a straightforward modular strategy
(Scheme 1). The deprotonated form of hydroquinone clip 1 c


was treated with methyl- or phenylphosphonic acid dichlor-
ide, followed by hydrolysis of the remaining chloro substitu-
ents. The resulting acids 1 d,e were subsequently deprotonat-
ed with a suitable base in a precision titration providing the
desired counterion, for example, for maximum solubility.
With tetra-n-butylammonium counterions, the bis-phospho-
nate clips 1 a,b are soluble in a wide range of solvents, rang-
ing from chloroform over DMSO and methanol to water.
Clips 1 a,b were obtained in good to moderate yields and an-
alytically pure form. In addition to 1 a,b with the whole clip
scaffold, two model compounds 2 a,b were synthesized that


Figure 1. Left: Structures of clips 1a–g. Right: Schematic design of the
new hybrid receptor system as electron-rich molecular clip and bis-phos-
phonate tweezer.


Scheme 1. Synthesis of bis-phosphonate clips 1a and 1b and model com-
pounds 2a and 2b.
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lacked the naphthalene side-
walls for reasons of comparison.
Compounds 2 a,b turned out to
be valuable tools for identifica-
tion of proton-transfer process-
es and other unspecific binding
events.


Binding experiments : The pos-
sible self-association of pure
clip 1 a in D2O was investigated
by means of the concentration
dependence of its 1H NMR
spectrum (Supporting Informa-
tion: Table S1). No significant
changes in the chemical shifts
of the clip protons (ca.
0.033 ppm) were observed after
dilution of the solution of 1 a by
a factor of 32 ([1 a]= 2.70–
0.084 mm), and this indicates
negligible tendency of clip 1 a
for self-association in aqueous
solution. However, the larger
1H NMR downfield shifts found
for the NCH2CH2 protons
(Dd=0.138 and 0.112 ppm) of
the tetra-n-butylammonium cation in 1 a on dilution is initial
evidence for complexation of the cation inside the clip
cavity (vide infra).


In preliminary experiments 1:1 mixtures of methylphosph-
onate clip 1 a and representatives of various classes of or-
ganic cations 3–14 were examined for their ability to form
host–guest complexes in polar solvents (data for a selection
of cations are given in Table 1). The functional groups range


from aliphatic and aromatic primary ammonium cations
over imidazolium and guanidinium ions, to N-H, N-alkyl-,
and N-arylpyridinium or -pyrazinium compounds. In metha-
nol and water, no binding could be observed for any of the
ammonium, N-H-pyridinium, -imidazolium, or -guanidinium
cations shown in Scheme 2. The nonexistent affinity in water
or methanol for the pyridinium, imidazolium, and guanidini-
um cations is surprising in view of their flat nature. We
assume that in these cases the displacement of one of the
tetra-n-butylammonium cations (used as counterion in clip


1 a), which is positioned inside the clip cavity in water (vide
infra), by one of these cations is energetically not favored.
In methanol the phosphonate anions in 1 a are certainly
more basic than in water and may deprotonate the N-H-am-
monium or -iminium groups instead of forming a complex.
Since the cations shown in Scheme 2 are the major compo-
nents in all side chains of basic amino acids, we assume that
the new bis-phosphonate clip 1 a does not bind to solvent-


exposed amino acid residues on
protein surfaces. Control ex-
periments with histidine and ar-
ginine derivatives confirmed
this assumption: no binding
occurs even with the isolated
N/C-protected cationic amino
acids 8 and 12 in equimolar
amounts with clip 1 a
(Scheme 2). Histidine�s pro-
nounced tendency for proton
transfer renders the evaluation


of the respective binding experiments problematic. Al-
though in both histidine derivatives 10 and 12 considerable
shifts occurred in the imidazolium ring, these do not neces-
sarily indicate inclusion inside the cavity. Because of histi-
dine�s low pKa of about 6, dissociation is even observed
during dilution, and in unbuffered solution proton transfer
to the host releases the free base at the end of most titra-
tions. This even occurred in the binding experiment of 12
with 1 a in a 65-fold excess of buffer (sodium hydrogenphos-
phate, pH 7). However, since no shifts were observed for


Table 1. Binding constants Ka [m�1] for 1:1 complexes between primary ammonium salts and the methyl-
phosphonate clip 1 a or phenylphosphonate clip 1b in various solvents, determined by 1H NMR titrations at
20 8C.


Guest Ka (1a, DMSO) Ka (1b, DMSO) Ka (1a, MeOD) Ka (1a, D2O)


aniline·HCl 3 acid–base reaction – acid–base reaction –
benzylamine·HCl 5 2400 (�8 %)[a] 2100 (�9%)[a] no shifts –
propylamine·HCl 6 – 6500 (�44%)[a] no shifts no shifts


[a] The calculated errors represent standard deviations resulting from the curve-fitting procedure. –=not de-
termined.


Scheme 2. Potential cationic guest molecules: ammonium salts 3–6, guanidinium and imidazolium derivatives
9–12 (which may serve as models for basic amino acid side chains), and pyridinium chloride 13, as well as the
neutral nicotinamide 14 are not included into the cavity of clip 1a in aqueous solution within the limits of
1H NMR detection.
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the host, experimental evidence
indicates that histidine deriva-
tives are not included in the
cavity. Since p-xylylene bis-
phosphonates have been shown
to complex primary ammonium
cations in less polar solvents,
we checked the ability of clip
1 a,b to recognize these guests
in DMSO. This time, moderate
chemical shifts were produced
in the 1H NMR signals of the
host and guest protons, and
well-defined binding isotherms were obtained, which al-
lowed excellent fits for a 1:1 stoichiometry.[49–51] Job plots in
the same solvent confirmed this assumption.[52–54] The associ-
ation constants are on the order of 103


m
�1 and agree very


well with similar values found for adrenaline derivatives
with p-xylylene bis-phosphonates. However, in our complex-
ation experiments with clips 1 a,b the maximum complexa-
tion-induced shifts Ddmax remain relatively small (ca.
0.1 ppm) even for the guest protons. Together with the mod-
erate binding constants this makes a strong argument for a
purely electrostatic interaction
in a chelate binding mode, simi-
lar to that already found for xy-
lylene bis-phosphonates in
DMSO. Force-field calculations
(MacroModel 7.1, Amber*/
H2O)[47,48] suggest that in these
cases the ammonium cation is
held by both phosphonate arms
above the central benzene ring
syn to the methylene bridges of
the host molecule (Figure 2).


However, as soon as an alkyl
or aryl substituent is introduced
at the ring nitrogen atom, the
resulting permanently charged
pyridinum cation is an excellent
guest for clip 1 a. Very large
complexation-induced shifts
Ddmax of the 1H NMR guest sig-
nals are observed, which reach
maximum values of up to
+3.5 ppm at saturation. This
time, no shifts are observed
with the model compounds
2 a,b lacking the naphthalene
side walls, so the strong effect
must be explained by highly ef-
ficient inclusion of the guest
molecule in the electron-rich in-
terior of the molecular clips
leading to a shielding environ-
ment for the aromatic guest
protons. The list of representa-


tive substrate structures (Scheme 2) proves that pyridinium
cations are generally included into the electron-rich cavity
of clip 1 a, irrespective of the substitution pattern or the
electronic character of functional groups attached to the
heterocycle. But also other types of heterocycles, such as
pyrazinium or imidazolium cations 16 or 21 (Scheme 3),
form stable complexes with clip 1 a. The complexation of
the tetra-n-butylammonium cation inside the clip cavity
could be detected by the use of the lithium phosphonate
clip 1 g.


Figure 2. Left: model compound 2 a lacking the side walls (side view). Middle: proposed binding mode for al-
kylammonium ions by 1 and 2 in DMSO. Right: Monte Carlo simulation of complex 5·2 a in chloroform (Mac-
romodel 7.1, Amber*/H2O, 1000 steps).[47, 48]


Scheme 3. Structures of N-alkyl- and N-arylpyridinium, -pyrazinium, and -imidazolium substrates 15–21 and
the maximum complexation-induced 1H NMR upfield shifts Ddmax of the guest protons in their 1:1 complexes
with clip 1a in water. 15–17: simple pyridinium or pyrazinium derivatives; 18–20 : dyes with pyridinium-based
chromophores. * In the cases of 19* and 20* the complexation-induced 1H NMR upfield shifts (Ddobs) are given
which were observed in the 1H NMR spectra of a 1:1 mixture of 1 a and 19 or 20 (each 10�3


m) in aqueous solu-
tions. ** In the case of nBu4N


+Br� the 1H NMR titration was performed with the lithium salt 1 g as host.
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1H NMR titrations : The maximum complexation-induced
shifts Ddmax, binding constants Ka, and hence the Gibbs en-
thalpies of association DG, were determined by means of
1H NMR dilution titration experiments, which offer the op-
portunity to observe the complexation-induced shifts in both
components (host and guest) at the same time. They also
allow the binding curves to be determined for very stable
complexes, which is mostly not feasible by means of “con-
ventional” NMR titration experiments in which either the
guest or host concentration is varied, while the concentra-
tion of the other component is kept constant. In the initial
experiments, already reported in a communication,[46] we
calculated these data by using an iterative nonlinear regres-
sion analysis from the dependence of the complexation-in-
duced shifts of the 1H NMR signals of 1 a Ddobs on dilution
of the NMR sample containing both host and guest. To
obtain comparable results we used the same three receptor
signals for each calculation. A comparison of the 1H NMR
spectra of clip 1 a with those of the model compound 2 a and
of mixtures of 1 a with various guest molecules indicates,
however, strong interactions of the alkyl side chains of the
tetra-n-butylammonium cation with the arene units of the
clip framework in aqueous solution; these interactions are
diminished by changing the solvent from D2O over D2O/
CD3OD (1:1) to pure CD3OD (Table 2). The weak solvent


dependence of the chemical shifts of the NCH2CH2CH2CH3


protons in the spectrum of 2 a is a good indicator that these
interactions are less important in the model compound 2 a
lacking the naphthalene sidewalls.


The pronounced upfield shifts of the NCH2CH2CH2CH3


protons in the spectrum of 1 a in D2O suggest that the alkyl
side chains of the tetra-n-butylammonium cation are partial-
ly included into the clip cavity (Figures 3 and 4). This as-
sumption could be confirmed by the finding that the lithium
phosphonate clip 1 g forms a stable complex with tetra-n-bu-
tylammonium bromide in aqueous solution. The association
constant (Ka = 3800�150 m


�1) and the Ddmax values of the
guest signals (Scheme 3) were determined for the formation


of this complex in water by 1H NMR dilution titration. Ad-
dition of an equimolar amount of N-methylnicotinamide
(17) to a solution of tetra-n-butylammonium phosphonate
clip 1 a in D2O leads to a substantial downfield shift of the
signals assigned to the n-butyl protons and to an even more
substantial upfield shift of the signals assigned to the pro-
tons of 17 (relative to signals found in the spectra of pure
1 a and pure 17). This finding allows us to conclude that 17
is indeed included in the clip cavity by replacing the tetra-n-
butylammonium cation, that is, it forms the more stable
complex. Similar results were obtained when NAD+ (22)
was added to a solution of 1 a in D2O (Figures 3 and 5,
Table 2). The addition of tetra-n-butylammonium bromide


Table 2. Comparison of the 1H NMR shifts d of the tetra-n-butylammoni-
um protons of clip 1 a, model compound 2a, and mixtures of 1 a or 2 a
with N-methylnicotinamide iodide (17) or NAD+ (22).


Compound Solvent d(a-CH2) d(b-CH2) d(g-CH2) d(d-CH3)


1a D2O 2.37 0.96 0.96 0.73
D2O/CD3OD[a] 2.70 1.22 1.14 0.85
CD3OD 3.06 1.51 1.32 0.96


1a +17 D2O 2.86 1.37 1.21 0.87
D2O/CD3OD[a] 2.94 1.42 1.26 0.91
CD3OD 3.21 1.64 1.40 1.01


1a +22 D2O 2.80 1.32 1.18 0.85
D2O/CD3OD[a]


D2O 3.17 1.62 1.32 0.91
2a D2O/CD3ODa) 3.20 1.64 1.41 0.98


CD3OD 3.20–3.29 1.60–1.74 1.35–1.49 1.03
2a +17 D2O 3.21 1.67 1.38 0.96
2a +22 D2O 3.22 1.67 1.38 0.97


[a] 1:1 mixture.


Figure 3. 1H NMR spectra in the aromatic (top) and aliphatic regions
(bottom) of a) 17, b) mixture of 1 a (c=9.57 mm) and 17 (c=9.90 mm),
and c) clip 1a in D2O at 25 8C.
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(0.5 m) to an aqueous solution of the complex between clip
1 a and N-methylnicotinamide iodide ([17·1 a]= 10�4


m) leads
to a complete dissociation of this complex within the limits
of 1H NMR detection. Evidently, the tetra-n-butylammoni-
um cation in high concentration can again displace the N-
methylnicotinamide cation in the complex with 1 a, although
it binds more weakly to 1 a.


Further support for the close spatial contact between the
clip framework and the butyl groups of the ammonium cat-


ions in 1 a came from two-dimensional NOESY experiments.
In spectra of both 1 a and a 1:1 mixture of 1 a and 17 in
D2O, intense cross-peaks between the signals of the
NCH2CH2CH2CH3 protons and all of the clip protons indi-
cate close spatial contacts between these protons. In D2O/
CD3OD none of these cross-peaks can be detected any
more. Apparently, methanol solvates both species individu-
ally, and the solvent shells prevent their close spatial ap-
proach, which is necessary to observe the nuclear Overhaus-
er effect. (The NOESY spectra are shown in the Supporting
Information.)


The complexation-induced shifts Ddobs of the 1H NMR sig-
nals of the guest protons were used to determine the Ka and
Ddmax values from the binding curves, because the larger
shifts of these signals make them a more sensitive probe for
complex formation than the host signals. In addition to the
good fit of the binding isotherms, Job plots confirmed the
assumed 1:1 stoichiometry of the inclusion complexes.
Figure 6 shows the binding curves and the Job plot analysis


for complex formation between clip 1 a and N-methylnico-
tinamide (17). The complex 1 a·17 is by far the most stable
one, since many of the experimental points lie in the satura-
tion region of the curve (Figure 6). In this case the experi-
mental error is certainly larger than the standard deviation,
and the Ka value given in Table 3 is only a lower limit. The


Figure 4. Structure of 1a calculated by a Monte Carlo conformer search
(5000 structures, AMBER*/H2O, MacroModel 6.5[47, 48]).


Figure 5. 1H NMR spectra (aromatic region) of NAD+ (22) before and
after addition of clip 1 a in water. Note the strong upfield shifts of the
pyridinium protons a and b, c and f as well as the diverging behavior of
both anomeric protons g and h upon complexation. (See above Lewis
structure for the assignment of the guest protons.)


Figure 6. Top: 1H NMR dilution titration curves for complex formation
between 1a and N-methylnicotinamide (17) showing the dependence of
the complexation-induced shifts Dd of protons 2-H (*), 4-H (~), and 5-H
(&) of 17 in D2O. Bottom: Job plot for complex formation between 1 a
and 17 in CD3OD, shown for the guest protons 2-H (*) and 5-H (*); c=


mole fraction.
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results obtained for the complexation of various N-alkyl- or
N-arylpyridinium, N-alkylpyrazinium, and N-alkylimidazoli-
um cations with clip 1 a are summarized in Table 3 (Ka and
DG values) and in Schemes 3
and 4 (Ddmax values). Remarka-
bly, neutral guests like 2’-des-
oxyadenosine (24) also form
rather stable complexes with
1 a.


Mass spectrometric analysis :
The complexes of clip 1 a can
be also detected by mass spec-
trometry. Strong molecular ion
peaks for these complexes ap-
peared in the ESI-MS spectra
(negative ions). Figure 7 shows
the ESI-MS spectrum of the
complex between clip 1 a and
2’-desoxyadenosine (24) as an
example. Although the complex
of 1 a with NAD+ (22) was only
sparingly soluble in [D4]metha-
nol, the supernatant solution
produced a clean ESI spectrum,
which showed peaks for both
the free host 1 a and its 1:1
complex with the fully deuterat-
ed guest 22.


Calorimetric titrations : Isother-
mal titration microcalorimetry
(ITC) is frequently applied for
the quantification of the enthal-
py and entropy changes DH
and DS resulting from complex
formation.[55] We used ITC to
study complex formation be-


tween clip 1 a and N-methylni-
cotinamide (17) or NAD+ (22).
From the sign of the heat
pulses produced during the ti-
tration of the aqueous guest so-
lution to an aqueous clip so-
lution it is immediately appa-
rent that host–guest binding in
both systems is exothermic.
Both titration curves, however,
exhibit unusual, but reproduc-
ible, shapes (Figures 8 and 9).
In the case of 17 and 1 a, no
plateau was found at the begin-
ning of the titration, and the
curve (even after correction for
the heats of dilution) cannot be
fitted with the 1:1 complex stoi-
chiometry that was found by


Job plot analysis. Regression analysis of the experimental
data with stoichiometry factor n as an additional variable
parameter leads to a good fit for n=0.889 (Figure 8). We re-


Table 3. Association constants Ka and Gibbs enthalpies of association DG for complex formation between clip
1a and guest molecules 17–26, determined by 1H NMR dilution titration in methanol and water at 20 8C.


Substrate Ka [m�1][a,b] �DG Ka [m�1][a,b] �DG
in CD3OD [kcal mol�1] in D2O [kcal mol�1]


nicotinamide (17) 17250�1950 5.8 83 000�9400 6.7
Kosower salt (15) 4300�450 4.9 4 800�1300[c] 4.9
pyrazinium salt (16) 600�30[c] 3.8 10 000�2500 5.3
pyridinium dye (18) 2950�300 4.7 broad signals[d] –
imidazolium salt (21) – – 7 900�1700 5.2
NAD+ (22) precipitation[d] – 9 100�3450 5.4
NADP (23) – – 3 900�400 4.8
2’-desoxyadenosine (24) – – 5 300�320 5.0
AMP (25) – – 1 100�200 4.0
NMN (26) – – 6 800�1 500 5.1


[a] Determined from the complexation-induced 1H NMR shifts of the guest proton signals. [b] The given
errors are standard deviations between the Ka values from different NMR signals; the standard deviations
from the nonlinear regressions were consistently lower. [c] Determined from host signals. [d] Precipitation of
the complex after mixing 1 c and 22 and broad signals in the 1H NMR spectrum of a mixture of 1c and 18 pre-
vent the determination of Ka.


Scheme 4. Nucleosides and nucleotides (NAD+ derivatives) 22–26 bound by the clip 1a and the maximum
complexation-induced 1H NMR upfield shifts Ddmax of the guest protons in their 1:1 complexes with clip 1a in
water.
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peated the ITC measurements several times using different
starting concentrations [1 a] and [17] The stoichiometry
factor n varied in the range from 0.856 to 0.889, and the ap-
parent association constants Ka derived from the fits of
these curves are substantially smaller (1390–5340 m


�1) than
that obtained from the 1H NMR titration experiment. The
Ka values obtained from the ITC measurements are only
valid for stoichiometry factors n<1 (Supporting Informa-


tion, Table S3) and not for formation of the 1:1 complex.
The discrepancy between the NMR and ITC measurements
can be explained as follows: At the beginning of the ITC ex-
periment there is a large excess in the host concentration, so
that formation of a 2:1 host–guest complex is favored. As
the titration progresses, the guest concentration increases
and the more stable 1:1 complex is formed. The combina-
tion of these two processes taking place during the titration
explains why the stoichiometry factor is smaller than unity
(n<1). In the case of the NMR dilution experiment, we
start from a nearly 1:1 mixture of host and guest and there-
fore the formation of a 2:1 complex is highly unlikely. Frac-
tional stoichiometry factors have been also observed in
other ITC measurements on host–guest interactions.[56, 57]


The solubility of clip 1 a in water is, however, too low to
carry out a reverse ITC titration. This experiment, in which
a saturated solution of the clip ([1 a]0 =0.001 m) in water was
added to N-methylnicotinamide iodide ([17]0 =0.000012 m),
produced only heat pulses that were not significantly larger
than those obtained by dilution of a solution of 1 a in pure
water.


The heat pulses evolved at the beginning of the titration
of an aqueous solution of 1 a with an aqueous solution of


Figure 7. ESI-MS spectrum for the complex between clip 1 a and 2’-des-
oxyadenosine (24). The spectrum was recorded in the negative ion mode.
The calculated masses are: [1a+24]2� : 421; [1 a�OPOMe]� : 515;
[1a+H+]� : 593; [1+Na+]� : 615; [1a+(nBu)4N


+)]� : 834; [1a+24+Na+]� :
866; [1a+(nBu)4N


+)+24]� : 1085. No ion peaks were found beyond
m/z= 1100.


Figure 8. Top: Plot of the heat pulses measured during the titration of 1 a
with 17 in H2O ([1 a]=819 mm, [17] =5723 mm). Bottom: The fit from the
iterative regression analysis of this plot for the stoichiometry factor n=


0.889.


Figure 9. Top: Plot of the heat pulses measured during the titration of 1 a
with 22 in H2O ([1a] =832 mm, [22] =7610 mm). Bottom: Heat of dilution
of 22 ; 40 10 mL portions of a solution of 22 (7610 mm) in H2O were added
to 1 mL of H2O. * artefact of the measurement.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 477 – 494484


T. Schrader, C. Ochsenfeld, F. G. Kl�rner et al.



www.chemeurj.org





NAD+ (22) are smaller than those after the addition of sev-
eral portions of 22, and they pass through a maximum
before decreasing. At first glance, this is surprising and not
expected for a simple host–guest binding (Figure 9, top). In-
dependent measurement of the heat of dilution of 22 in
water shows, however, that 22 forms an self-aggregate in
aqueous solution which must be dissociated before the com-
plex 22·1 a can be formed. According to the heat of dilution
measured by ITC, the dissociation of the self-aggregate of
22 is an endothermic process (Figure 9, bottom), which must
be overcompensated by the exothermic complex formation
between dissociated 22 and 1 a. We evaluated the two plots
shown in Figure 9 under the assumption that the self-aggre-
gate of 22 is a dimer and dissociates prior to complex forma-
tion according to the equation in Figure 9. Neglecting the
first five heat pulses measured in the titration of the aque-
ous solution of 22 to that of 1 a leads to the thermodynamic
parameters for the formation of the 1:1 complex 22·1 a given
in Figure 10. The binding constant Ka =8800�500 m


�1 de-
rived from the ITC measurements is in good agreement
with that determined by 1H NMR titration (Table 3).


Discussion


Complex stabilities : In contrast to complexes of dimethyl-
ene-bridged clips of type 1 in aprotic organic solvents,[58] clip
1 a forms highly stable complexes with the N-alkylpyridini-
um and -imidazolinium salts 15–21, NAD+ (22), NADP
(23), 2’-desoxyadenosine (24), AMP (25), and NMN (26) in
protic solvents such as methanol and water (Table 3). For
example, Kosower salt 15 forms a substantially more stable
complex with clip 1 a in D2O (Ka = 4800�1300 m


�1, DG=


�4.9 kcal mol�1) than with the corresponding diacetoxy-sub-
stituted clip 1 f in CDCl3 (Ka =137�14 m


�1, DG=


�2.9 kcal mol�1).[44] This result and the finding that the com-
plexes of 1 a formed in water (Ka =4800–83000 m


�1) are


more stable than the corresponding ones in methanol (Ka =


600–17 250 m
�1) are good evidence for a substantial contribu-


tion of a hydrophobic effect, besides the cation–p interac-
tion and salt bridges in the receptor–substrate binding pro-
cesses observed here.[59] A computational study[9] predicts
that, especially in water, the cation–p interaction should be
even more important than the salt bridges and thus largely
responsible for the complex stabilities.


The binding of NAD+ (22) and NADP (23), which are
the most important redox coenzymes in nature, to clip 1 a is
particularly remarkable. In methanol the complex 22·1 a pre-
cipitated. In water (or methanol:water 1:1) no precipitation
occurred, and distinct upfield shifts were observed in the
1H NMR signals arising from the protons of the nicotina-
mide subunit as well as in the adenine nucleoside of NAD+


(22). These findings unambiguously indicate the complex
formation between both subunits of NAD+ (22) and clip 1 a.
Similar results were obtained for the binding of NADP 23
to clip 1 a (Table 3, Scheme 4). The binding constant (Ka =


9100�3450 m
�1) determined for complex 22·1 a is substan-


tially smaller than that of 17·1 (Ka =83 000�9400 m
�1), al-


though both guests are N-alkylnicotinamide derivatives.
There are two reasons which may explain this difference in
the complex stability:


1) The ribose unit of 22 is bound to the nicotinamide
moiety by a tertiary carbon atom in the N,O-acetal,
which may cause an additional steric hindrance in the
complex. This effect should also influence the stability of
the complex between NADP (23) and 1 a.


2) According to ITC measurements NAD+ 22 forms a
dimer in aqueous solution, and in the process of com-
plexation the equilibrium between dimeric and mono-
meric 22 must be shifted toward the monomeric form,
which leads to a smaller Ka value.


The aggregation of NAD+ 22 in water observed by ITC
measurements could not be detected by 1H NMR spectros-
copy. Dilution of a solution of 22 in D2O by a factor of 32
(from 28 to 0.9 mm, Supporting Information, Table S2) led to
a shift of the 1H NMR signals by less than 0.09 ppm. Small
shifts of the 1H NMR signals have been observed in the dilu-
tion of aqueous NADP (23) by a factor of 20 (from 2.6 to
0.13 mm), and this suggests an aggregation of 23 in water
comparable to that of 22. ITC measurements with NADP
are planned to confirm this suggestion.


Extension of the guest profile : The upfield shifts observed
in the pyrimidine ring of adenine on binding of NAD+ (22)
and NADP (23) by clip 1 a gave a first hint at the possible
inclusion of nucleosides. We checked this interesting hypoth-
esis with the naturally occurring nucleosides 2’-desoxyade-
nosine (24) and adenosine monophosphate AMP (25). A re-
markably high binding constant of Ka =5300�300 m


�1 was
determined for complex formation between the neutral
guest molecule 24 and clip 1 a from the 1H NMR titration
curve. The significantly smaller binding constant obtained


Figure 10. The fit from the iterative regression analysis evaluating the
plots shown in Figure 9 by means of the stoichiometry factor n=1.0 re-
sults in the enthalpy, entropy, and Gibbs enthalpy of association DH=


�7.3�0.1 kcal mol�1, DS =�6.7�0.5 calmol�1 K�1, DG=�5.4�
0.1 kcal mol�1, and the association constant Ka =8800�500 m


�1.
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for the complex between negatively charged 25 and clip 1 a
(Ka =1100�200 m


�1) indicates that the interaction between
the negatively charged AMP phosphate and clip phospho-
nate groups in the complex 24·1 a is repulsive and leads to
weakening of the complex. To compare the contributions of
the nicotinamide with the adenine subunit we cut the
NAD+ molecule into two halves, each carrying a ribose
monophosphate unit. Intriguingly, the binding constant for
nicotinamide mononucleotide (NMN, 26, Ka =6800�
1500 m


�1) is significantly higher than that of adenosine
monophosphate (AMP, 25, Ka =1100�200 m


�1). This obser-
vation is further good evidence that in the complexes 22·1 a
and 23·1 a both ring systems, that is, the nicotinamide and
adenine units, are included in the clip cavity. According to
the different binding constants of the complexes 25·1 a and
26·1 a, preferential inclusion of the nicotinamide ring of
NAD+ (22) or NADP (23) in the cavity of clip 1 a is expect-
ed.


Electrostatic potential surface (EPS) calculations were
used to explain why the clips of type 1, analogous to the
structurally related tweezers,[42] selectively bind electron-de-
ficient guest molecules in organic solvents such as chloro-
form. The EPS of bis-phosphonate clip 1 a is calculated by
AM1 to be more negative on the concave face than that of
the corresponding parent clip 1 or diacetoxy-substituted clip
1 f. This result can certainly provide an explanation of why
1 a is found to be such a good binder to the strongly elec-
tron-deficient cationic guest molecules investigated here.
The comparative binding study of NAD+ and truncated ver-
sions thereof (22–26) shows, however, that in aqueous so-
lution the complementary host and guest EPS, which is cal-
culated for the isolated molecules in the gas phase
(Figure 11), is less important for complex formation in aque-
ous solution. If the electrostatic host–guest interaction is
predominant for complex formation, only the nicotinamide


ring and not the adenine moiety of 22–26 should be bound
to the clip cavity according to the large difference in the
EPS of the nicotinamide and adenine units shown in
Figure 11. Therefore, besides the electrostatic interactions
other effects such as the hydrophobic effect seem to be im-
portant for the strong binding of clip 1 a to the various
guests in aqueous or methanolic solution reported here.[59–63]


Complex structures : The maximum complexation-induced
1H NMR shifts of the substrate signals Ddmax are a very sen-
sitive probe of the complex structures. The large Ddmax


values determined for the pyridinium cations 15–20
(Scheme 3) in their complexes with 1 a are a good indicator
that the guest molecules are positioned inside the clip cavity
and experience the magnetic anisotropy of the host arene
units. The comparison of the Ddmax values of the Kosower
salt 15 in the complexes with clip 1 a (Ddmax = 1.96 (Ha), 3.45
(Hb)) and with diacetoxy-substituted clip 1 f (Ddmax = 1.82
(Ha), 2.40 (Hb)) shows that the complex structures are simi-
lar and independent of the substitution pattern at the central
spacer unit of the clip. According to the single-crystal struc-
ture analysis of the 1:1 complex between N-ethyl-4-carb-
ethoxypyridinium triiodide (a derivative of 15) and 1 f
(Figure 12), the naphthalene sidewalls of the clip embrace
the guest molecule tightly by reducing the distance between
the naphthalene tips from 10 to 8 �.[58] Provided the com-
plex structures in the crystal and in solution are similar, the
observation of only one 1H NMR signal for the nonequiva-
lent guest protons Ha, Ha’, or Hb, Hb’, of 15 or 16 in the com-
plexes with clip 1 a indicates that exchange of these protons
by rotation of the guest molecule inside the clip cavity and/
or by mutual host–guest dissociation/association is fast with
respect to the NMR timescale.


The complex between the dye 18 and clip 1 a provides
some information about the selectivity of 1 a toward guest


structures. In the complex
18·1 a, the NMR signals arising
from the pyridinium ring pro-
tons exhibit large upfield shifts,
whereas the positions of the sig-
nals of the protons of the
amino-substituted benzene
moiety remains almost un-
changed, that is, only the pyridi-
nium ring is included inside the
cavity of 1 a. In all examined
pyridinium and amidinium dyes
(18–20), no change in color or
UV/Vis extinction maxima are
found, although NMR data
clearly reveal their inclusion
within the naphthalene side
walls of the cavity. Evidently,
the sandwich complex does
not lead to charge transfer be-
tween host and guest aromat-
ics.[64]


Figure 11. Structure (top) and electrostatic potential surface (EPS, bottom) of clip 1 a with (NH4
+)2 instead of


(NBu4
+)2 as counterions (left), NAD+ (22, middle), and 2’-desoxyadenosine (24, right) calculated by AM1.


The color code spans from �25 (red) to +25 kcal mol�1 (blue). The clip geometry was optimized by AM1,
whereas in the case of NAD+ a single-point AM1 calculation was performed using the NAD+ geometry ob-
tained from the Monte Carlo conformer search of the complex 22·1 a (Figure 16, bottom). Note that the EPS
of the nicotinamide subunit in 22 is highly positive compared to that of the adenine moiety.
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In the 1H NMR spectra of the complexes 22·1 a and 23·1 a,
the signals arising from the protons of both subunits (nico-
tinamide and adenine moieties) are shifted upfield. This ob-
servation already allows us to conclude that each complex
must exist in at least two conformations in which either the
nicotinamide or the adenine subunit is included inside the
cavity of 1 a. Accordingly, the two conformations must equi-
librate rapidly on the NMR timescale, so that only averaged
Ddmax values are observed. The Ddmax values determined for
the guest protons in the complexes 24·1 a, 25·1 a, and 26·1 a
are of similar magnitude to those of the NAD and NADP
complexes 22·1 a and 23·1 a. The upfield shifts of the signals
of the complexed nicotinamide protons in 22·1 a, 23·1 a, and
26·1 a are significantly smaller than in 17·1 a. This indicates
that the nicotinamide rings of 22, 23, and 26, each attached
to a ribose unit, are positioned inside the clip cavity differ-
ently to the nicotinamide moiety of 17, which is attached to
a methyl group. To gain further insight into this structural
problem we performed quantum chemical 1H NMR shift
calculations.


Quantum chemical calculations for N-methylnicotinamide
complex 17·1 a : The host–guest complex of N-methylnico-
tinamide 17·1 a (NMNA for short) was investigated with
quantum chemical methods. In a first step, possible lowest
energy structures were determined by performing a Monte
Carlo conformer search at the force-field level (Amber*/
H2O; MacroModel 6.5; Figure 13).[47 ,48] Investigation of the
influence of the tetra-n-butylammonium cations at this level


of theory indicates that although its hydrophobic alkyl
chains are calculated to aggregate with the outside of the
naphthalene sidewalls of the clip, the position of the guest
within the cavity of the clip seems to be only weakly influ-
enced. Therefore, the complex structures were calculated in
the following without the tetra-n-butylammonium cations at
the force-field level. These are used as starting points for
the quantum-chemical studies.


Starting from two lowest energy Amber*/H2O structures,
geometry optimizations were performed at the Hartree–
Fock level (HF/6-31G**), with constraints on the guest posi-
tion within the clip (Figure 14). Based on these structures
the chemical shifts were computed by using gauge-including
atomic orbitals (GIAO-HF) and SVP basis sets[65] relative to
the TMS reference computed at the same level. All quan-
tum chemical calculations were performed with the program
packages Q-Chem[66] and TURBOMOLE.[67] In the follow-
ing, we consider only guest protons. The 1H NMR complexa-
tion-induced chemical shieldings of NMNA-1 (see
Figure 14), computed with the different structural parame-
ters obtained with Amber*/H2O and HF/6-31G**, differ by
0.4 ppm at most. Basis-set influences, determined by com-
paring the SVP basis with a TZP basis[65] at the GIAO-HF
level, are 0.1 ppm at most. This is consistent with previous
studies on similar tweezer complexes, for which the accuracy
of 1H NMR chemical shifts computed at the GIAO-HF/SVP
level on HF/6-31G* structures (as compared to calculations
using electron correlation methods) was found to be in the
order of 0.2–0.5 ppm.[68–70] Complexation-induced shieldings
are obtained as the difference of the chemical shifts for the
bound and isolated guest (the structure of the isolated guest
was optimized at the same level of theory) and are listed in
Table 4. Computed and experimental relative NMR shield-
ings for the isolated nicotinamide 17 agree within 0.5 ppm.
For host–guest complex NMNA-1 the maximum difference
is 3.0 ppm, and for NMNA-2 2.1 ppm. For the complexa-
tion-induced chemical shieldings the difference between
theory and experiment is reduced to 2.7 and 1.5 ppm for
NMNA-1 and NMNA-2, respectively. Since the measure-
ments were performed in water as solvent, a strong devia-


Figure 12. Single-crystal structure of the complex between N-ethyl-4-
carbethoxypyridinium triiodide and diacetoxy-substituted clip 1 f.[58]


Figure 13. The lowest-energy structure of the complex 17·1 a including
the tetra-n-butylammonium cations calculated by force-field AMBER*/
H2O with a Monte Carlo conformer search (MacroModel 6.5, 5000 struc-
tures).[47 ,48]
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tion is not surprising. Besides structural flexibility, the influ-
ence of the water environment can be estimated to be on
the order of at least 0.7 ppm for the aromatic guest protons
of NMNA-1.[71] This data was estimated by a preliminary
simulation of the nicotinamide host–guest complex 17·1 a in
a water environment by using a snapshot of a force-field
molecular dynamics simulation with the water molecules
closest to the center of the guest ring. We used the snapshot
structure to compute the influence of the water molecules
on the NMR shieldings explicitly at the GIAO-HF/6-31G**
level for a system with up to 1003 atoms using our newly de-
veloped linear-scaling NMR chemical shift method.[71] Clear-
ly, for an accurate study of solvent effects a multitude of
snapshots must be computed. Nevertheless, our calculations
provide a first estimate. Further simulations are in progress.
This indicates that the deviation between computed and
measured complexation-induced shieldings of up to 2.7 ppm
for the NMNA-1 structure seems to be larger than experi-
mental and theoretical error bars, whereas the agreement
for NMNA-2 is within the error bars.


Clip influences on 1H NMR shifts of NMNA-2 : In addition
to the relative and complexation-induced chemical shield-
ings of 17·1 a, we studied the influence of different parts of
clip 1 a on the 1H NMR chemical shifts in the NMNA-2
structure. Therefore the clip was partitioned into three
parts: 1) the upper unit including the phosphonate groups,
1a) the upper part without phosphonate groups, and 2) the
naphthalene side walls (Figure 15, Table 5). Open bonds
were saturated with protons (C�H 110 pm). The maximum
influences of parts 1 and 2 are 0.7 and 4.3 ppm, respectively


Figure 14. The lowest-energy AMBER*/H2O structures of the complex
17·1 a optimized at HF/6-31G** level (with constraints): NMNA-1 (top)
and NMNA-2 (bottom).


Figure 15. Partitioning of the clip within the NMNA-2 structure
(AMBER*/H2O). For part 1a the phosphonate groups (OP(CH3)OO�)
have been removed.


Table 4. Relative (d) and complexation-induced (Dd) 1H NMR chemical
shifts [ppm] computed at the GIAO-HF/TZP level for the HF/6-31G**
optimized N-methylnicotinamide host–guest structures NMNA-1 and
NMNA-2 and the isolated guest structure 17 in comparison with the ex-
perimental results.


Isolated 17 17·1 a
Proton Calcd Exptl NMNA-1 NMNA-2 Exptl


d d d Dd d Dd d Dd


H2 9.8 9.3 7.8 2.0 7.1 2.7 8.3 1.2
H4 9.2 8.9 3.9 5.3 8.0 1.2 6.9 2.6
H5 8.2 8.2 5.8 2.4 6.5 1.7 6.4 2.3
H6 8.8 9.0 6.3 2.5 5.5 3.3 7.6 1.8


Table 5. Influences of different parts of the clip on the relative chemical
shifts [ppm] (GIAO-HF/SVP) of guest 17 in the NMNA-2 structure (see
Figure 15) optimized at Amber*/H2O force-field level.


Proton disolated D1
[a] D2


[a] D1a
[a] disolated +D1+2


[b] dtotal
[c]


H2 10.0 �0.7 �2.1 �0.3 7.2 7.5
H4 9.3 �0.5 �0.8 �0.3 8.0 8.2
H5 8.4 0.2 �1.7 �0.5 6.9 6.6
H6 9.2 �0.3 �4.3 �1.9 4.6 4.8


[a] Change in the chemical shifts of the isolated guest molecule due to
the influence of parts 1, 2, and 1a of the clip. [b] Sum of D1 and D2 added
to the chemical shifts for the isolated guest molecule. [c] Chemical shifts
computed for the full host–guest complex.
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(GIAO-HF/SVP at Amber*/H2O structure). The maximum
influence of part 1a of 1.9 ppm is stronger than that of
part 1; this result indicates that the effects of the phospho-
nates and the ring currents are in opposite directions and
lead to partial compensation. Overall the sum of the influen-
ces of parts 1 and 2 yields 1H NMR shieldings for the guest
protons that are in good agreement (within 0.3 ppm) with
the full calculation. This indicates a weak influence of the
linking units, as found similarly in other tweezer-shaped
host–guest systems.[70]


Computed 1H NMR chemical shifts for 22·1 a : Since for the
NMNA-2 complex 17·1 a the influence on the 1H NMR
guest chemical shifts of the HF/6-31G** structure optimiza-
tion was found to be quite small (less than 0.4 ppm) relative
to those calculated with the Amber*/H2O structure, the
Amber*/H2O structures (again resulting from a Monte
Carlo conformer search) were used for the study of the
NAD+ system 22·1 a. Although there is a multitude of possi-
ble host–guest structures, we consider here just two arrange-
ments of NAD+ within the clip cavity, as shown in
Figure 16: bound through the nicotinamide (NAD-1) and
adenine parts (NAD-2). The corresponding computed NMR
shieldings are listed in Table 6. The chemical shifts for the


isolated NAD+ guest 22 agree within 1.2 ppm with experi-
ment, which is within the error bars of theory and experi-
ment. As discussed above, relatively large theoretical error
bars arise due to the missing solvent in the quantum chemi-
cal calculations. Comparison of the chemical shifts for
NAD+ within the clip indicates that the NAD-1 structure
leads to a difference of 4.8/6.0 ppm with respect to relative/
complexation-induced chemical shieldings between theory
and experiment. The second possible structure NAD-2
agrees better with the experiment: deviations are at most
2.4 and 2.3 ppm, respectively. Although this allows the
NAD-1 structure to be discarded, no final and safe conclu-
sion about how the adenine or nicotinamide moiety of
NAD+ is bound to the clip can be drawn at this stage of our
quantum chemical studies due to the multitude of possible
structural arrangements. Here, further investigations are


planned, in particular with the smaller ribose-substituted
systems such as 2’-desoxyadenosine (24), AMP (25), and
NMN (26).


Energetics of NAD+ binding within clip 1 a : In addition to
the NMR considerations, we studied the binding energetics
of NAD+ within the clip. For reliable results electron-corre-
lation effects must be accounted for. We used the RI-MP2
approach (resolution of identity Møller–Plesset second-
order perturbation theory)[72] with an SVP basis set. All data
are listed in Table 7. In a first step, we used for the computa-
tion of binding energies only the parts of NAD+ that are
bound within the clip (free bonds were always saturated
with protons, N�H 100 pm). Within the clip of charge �2
the nicotinamide part is bound by 152 kcal mol�1 in NAD-1
as compared to the adenine part bound with 37 kcal mol�1 in


Figure 16. The lowest energy AMBER*/H2O structures of the complex
22·1 a : NAD-1 (top: the nicotinamide ring inside the clip cavity) and
NAD-2 (bottom: the adenine moiety inside the clip cavity).


Table 6. Relative (d) and complexation-induced (Dd) 1H NMR chemical
shifts [ppm] computed at the GIAO-HF/SVP level on the Amber*/H2O
structures of the NAD+ host–guest complex: structures NAD-1 and
NAD-2 and the isolated guest structure NAD+ (22) are compared to the
experimental results.


Isolated NAD+ (22) 22·1 a
Proton Calcd Exptl NAD-2 NAD-1 Exptl


d d d Dd d Dd d Dd


H2 9.0 9.4 8.4 0.6 7.6 1.4 9.0 0.4
H4 10.1 8.9 7.7 2.4 3.4 6.7 8.2 0.7
H5 8.5 8.3 7.3 1.2 6.1 2.4 7.5 0.8
H6 9.7 9.3 8.0 1.7 6.8 2.9 8.8 0.4
H7 8.4 8.6 5.8 2.6 7.6 0.8 8.2 0.3
H8 5.8 6.1 4.8 1.0 4.5 1.3 5.8 0.3
H9 5.5 6.2 5.4 0.1 5.5 0.0 5.9 0.2
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NAD-2. This is due to the positive charge of the nicotin-
amide unit. If this charge is neutralized, the nicotinamide
binding energy decreases to 46 kcal mol�1. This trend is re-
versed if the neutral guests are considered within a charge-
neutralized clip (saturation with protons, O�H 96 pm),
where adenine is slightly more strongly bound: 34 versus
35 kcal mol�1. In the second step, we consider the full NAD+


guest (charge +1) within the clip with charge �2: binding
through the nicotinamide unit leads to a stabilization energy
of 171 kcal mol�1, and binding through the adenine moiety
to 144 kcal mol�1. If all the charges are neutralized (which
can be assumed to be more realistic for the system in water
as solvent), the stronger stabilization of the nicotinamide
versus adenine binding is much less pronounced: 78 versus
71 kcal mol�1. Although it is clear that these energetics are
highly influenced by structural changes and possibly also by
methodological effects, they provide some insight into influ-
ences on the recognition process and suggest that both sub-
units are bound by the clip with a preference for the nicotin-
amide ring, in agreement with the experimental findings.


Conclusion


In this paper we have presented the water-soluble clip 1 a as
a host molecule which binds N-alkylpyridinium ions and
electron-poor aromatics highly selectively. The experimental
results obtained for the complexation of the naturally occur-
ring nucleosides or nucleotides 22–26 with 1 a and the quan-
tum chemical calculations are good evidence for our as-
sumption that NAD+ (22) and NADP (23) are indeed
bound in a double complex geometry, in which either the
pyridinium or the pyrimidine ring is inserted into the cavity
of 1 a. A low-temperature NMR experiment should provide
further insight into the dynamics of complexation. It would
be interesting to examine whether at low temperatures the
fast equilibrium between the complexed and free nicotin-
amide or adenine subunit is slowed down to below the
NMR timescale and two isolated sets of signals appear. This
experiment has been, however, prevented by the low solu-
bility of the complex 22·1 a in CD3OD, but it might be possi-
ble to measure the temperature dependence in a mixture of
methanol and water, in which the complex is soluble (Sup-


porting Information, Figure S1). In the future, we will try to
create highly selective NAD+ sensors using modified clips
with built-in ribose recognition elements.[73] Another impor-
tant area is redox chemistry with NAD+ . If the electrochem-
ical potential of NAD+ is changed upon complexation, the
substrate profile of dehydrogenases may be altered.[74] Effi-
cient trapping of NAD+ in enzymatic reductions may also
lead to shifted equilibria or even ultimately reverse the
course of the naturally occurring reaction. Finally, we intend
to create artificial enzyme models with noncovalently bound
zinc ions and complexed NAD+ without any protein pres-
ent. In the future, we will carry out a systematic investiga-
tion on the inclusion properties of the other naturally occur-
ring nucleosides. Binding of ATP or GTP might open new
areas of interference in numerous biological pathways. It is
also in principle conceivable that the well-preorganized clip
is capable of a double intercalation mode into electron-poor
base pairs of intact DNA.[75,76] Any of these new interactions
would render the bis-phosphonate clip a valuable new tool
in DNA chemistry. Already our first prototype of a NAD+


or NADP binder, clip 1 a, can favorably compete with alco-
hol dehydrogenases for the oxidized form of their substrate:
NAD+ is bound by the natural enzyme with Ka values
around 103


m
�1, in contrast to NADH which is grasped much


more tightly (105
m
�1). In the future, we wish to exploit this


distinct Ka difference to interfere with enzymatic reductions.


Experimental Section


1,4,5,8-Tetrahydro-1,4:5,8-dimethanoanthracene-9,10-bismethylphosphon-
ic acid ester (1 b): The hydroquinone precursor[58] (100 mg, 420 mmol) and
methylphosphonic acid dichloride (150 mg 1.13 mmol, 2.7 equiv) were


dissolved in anhydrous THF (10 mL) and cooled to 0 8C. Then triethyl-
amine (175 mL, 127 mg, 1.26 mmol, 3 equiv) was added dropwise, and a
white solid precipitated after a few seconds. After 1 h, the precipitate
was filtered off under argon, washed with a small amount of anhydrous
THF, and the combined filtrates were treated with 2.5% aqueous HCl
(3 mL). After 15 min of n-hexane (5 mL) was added, and the resulting
two-layer system was stirred overnight, resulting in strong precipitation.
The colorless solid was filtered off, washed with a little 2.5 % aqueous
HCL, and dried in vacuo to furnish 110 mg (279 mmol, 66%) of the bis-
phosphonate bismonoester as a colorless solid. M.p. decomp>300 8C.
1H NMR (300 MHz, [D6]DMSO): d=1.48 (d, 2J(P,CH3) =17.1 Hz, 6 H;
CH3), 2.10 (br s, 4H; 11-Hi, 11-Ha, 12-Hi, 12-Ha), 4.05 (br s, 4H; 1-H, 4-H,
5-H, 8-H), 6.75 ppm (br s, 4 H; 2-H, 3-H, 6-H, 7-H); 13C NMR (50 MHz,
[D6]DMSO): d=12.42 (d, 1J(P,C)= 139.2 Hz; CH3), 47.90 (d, C-1, C-4, C-
5, C-8), 69.50 (t, C-11, C-12), 136.53 (d, 3J(P,C)=7.4 Hz; C-4a, C-8a, C-
9a, C-10a), 142.32 (d, C-2, C-3, C-6, C-7), 142.92 ppm (d, C-9, C-10);


Table 7. Influence of charge and guest structures on binding energies of
NAD+ guest 22 within the clip 1a computed at the RI-MP2/SVP level
[in kcal mol�1].


Charge NAD-1 NAD-2
Clip 1 a NAD+ (22)


�2 +1[a] �151.7 –
�2 0[a] �46.4 �36.9


0 0[a] �34.1 �35.3
0 +1 �78.9 �71.1
0 0 �78.3 �70.8
�2 +1 �171.4 �144.3


[a] Only the part of the guest molecule bound inside the clip is consid-
ered (see text).


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 477 – 494490


T. Schrader, C. Ochsenfeld, F. G. Kl�rner et al.



www.chemeurj.org





31P NMR (81 MHz, [D6]DMSO): d= 29.86 ppm (s); MS (ESI, MeOH):
m/z : 196 [M�2H+]2�, 393 [M�H+]� , 425 [M�H++MeOH]� , 787
[2M�H+]� , 1181 [3M�H+]� ; elemental analysis calcd (%) for
C18H20P2O6: C 54.83, H 5.11; found: C 54.77, H 5.65.


6,8,15,17-Tetrahydro-6,17:8,15-dimethanoheptacene-7,16-bis(methylphos-
phonic acid ester) (1 a): The hydroquinone precursor[58] (100 mg,


228 mmol) and methylphosphonic acid dichloride (80 mg, 0.60 mmol,
2.7 equiv) were dissolved in anhydrous THF (10 mL) and cooled to 0 8C.
Then triethylamine (80 mL, 58.4 mg, 0.58 mmol, 3 equiv) was added drop-
wise, and a colorless solid precipitated after a few seconds. After 1 h, the
solution was warmed to room temperature and stirred for another 1 h.
The reaction mixture was quenched with 2.5 % aqueous HCl (3 mL).
After 20 min, n-hexane (5 mL) was added, and the resulting two-layer
system was stirred overnight. Subsequently the aqueous layer was sepa-
rated, the organic phase washed with of 2.5 % aqueous HCl (3 mL), and
the combined organic phases evaporated to dryness on the rotavapor.
Subsequent drying at 0.1 mbar and chromatographic purification over
silica (300 � 10 mm, gradient elution with CH2Cl2:MeOH 3:1!2:1) af-
forded 90 mg (0.15 mmol, 66%) of the phosphonate clip as a colorless
solid. TLC: Rf = 0.02 (CH2Cl2/MeOH 2:1); m.p. decomp >270 8C;
1H NMR (300 MHz, D2O): d =1.49 (d, 2J(PCH3)= 16.4 Hz, 6 H; PCH3),
2.42 (dm, 2J(19-Hi, 19-Ha) =8.5 Hz, 2H; 19-Hi, 20-Hi), 2.66 (dm, 2J(19-Ha,
19-Hi)=8.3 Hz, 2 H; 19-Ha, 20-Ha), 4.69 (br s, 4H; 6-H, 8-H, 15-H, 17-H),
7.17 (ddm, 3J(H-1, H-2)=6.2 Hz, 4J(H-4, H-2)=3.3 Hz, 4H; 2-H, 3-H,
11-H, 12-H), 7.48 (ddm, 3J(H-2, H-1)=6.1 Hz, 4J(H-2, H-4)=3.3 Hz, 4 H;
1-H, 4-H, 10-H, 13-H), 7.39 ppm (br s, 4H; 5-H, 9-H, 14-H, 18-H);
31P NMR (81 MHz, D2O): d= 15.32 ppm (s); MS (ESI, MeOH): m/z : 296
[M�2H+]2�, 593 [M�H+], 615 [M�2H++Na+], 625 [M�H++MeOH]� .


Bis(tetra-n-butylammonium) 1,4,5,8-tetrahydro-1,4:5,8-dimethanoanthra-
cene-9,10-bismethylphosphonate (1 d): The corresponding phosphonic
acid 1 b (50 mg, 127 mmol) was suspended in dichloromethane (ca.


10 mL) and treated with aqueous tetra-n-butylammonium hydroxide
(253 mL, 1 m, 253 mmol, 2.0 equiv). The mixture was stirred for 2 h at am-
bient temperature, and the solvent evaporated to dryness. Drying at
0.1 mbar afforded a quantitative yield of tetra-n-butylammonium salt 1d
as a colorless solid. M.p. 178 8C; 1H NMR (300 MHz, [D4]MeOH): d=


1.03 (t, 3J(CH2CH3)=7.3 Hz, 24 H; CH2CH3), 1.26 (d, 2J(PCH3)=


16.4 Hz, 6H; PCH3), 1.35–1.49 (m, 16H; CH2CH3), 1.60–1.74 (m, 16H;
NCH2CH2), 2.15 (br s, 4H; 11-H, 12-H), 3.20–3.29 (m, 16H; NCH2CH2),
4.16 (br s, 4H; 1-H, 4-H, 5-H, 8-H), 6.79 ppm (br s, 4H; 2-H, 3-H, 6-H, 7-
H); 13C NMR (50 MHz, [D4]MeOH): d= 13.27 (d, 1J(P,C) =136.5 Hz; C-
13, C-14), 13.93 (q, C-18), 20.73 (t, C-17), 24.79 (t, C-16), 59.51 (t, C-15),
70.63 (t, C-11, C-12), 139.62 (dd, 3J(P,C)=8.0 Hz, 4J(P,C)=1.9 Hz; C-4a,


C-8a, C-9a, C-10a), 143.28 (m, C-2, C-3, C-6, C-7), 144.10 ppm (d, C-9, C-
10); 31P NMR (81 MHz, [D4]MeOH): d= 25.29 ppm (s); MS (ESI,
MeOH): m/z : 197 [M�2 NBu4


+]2�, 415 [M�2NBu4
++Na+]� , 425


[M�2NBu4
++H++MeOH]� , 634 [M�NBu4


+]� ; HRMS (ESI, MeOH):
m/z : calcd for C34H54NP2O6


��NBu4
+ : 634.342; found: 634.341.


Bis(tetra-n-butylammonium) 6,8,15,17-tetrahydro-6,17:8,15-dimethano-
heptacene-7,16-bismethylphosphonate (1 c): the respective phosphonic
acid precursor 1a (51.8 mg, 87.1 mmol), which contained small amounts


(ca. 5%) of silica gel, was suspended in dichloromethane (10 mL) and
treated with aqueous tetra-n-butylammonium hydroxide (135 mL, 1 m,


135 mmol, 0.75 equiv). The mixture was stirred at room temperature for
2 h, and then the solvent was evaporated to dryness. The residue was re-
dissolved in methanol and subsequently membrane-filtered and again
evaporated to dryness. If the NMR analysis of this crude product indicat-
ed a small excess of tetra-n-butylammonium hydroxide, the product was
again dissolved in methanol, and the phosphonic acid starting material
(10 mg, 16.8 mmol) was added with vigorous stirring. A second membrane
filtration, evaporation of the clear solution to dryness, and drying at
0.1 mbar furnished 59 mg (67.3 mmol, 99.7 % with respect to the amount
of tetra-n-butylammonium hydroxide) of clip 1c as a light brown solid.
M.p. 140 8C; 1H NMR (300 MHz, [D4]MeOH): d =0.96 (t, 3J(CH2CH3)=


7.3 Hz, 24H; CH2CH3), 1.24–1.36 (m, 16 H; CH2CH3), 1.40 (d, 2J(P-
CH3)=16.6 Hz, 6H; P-CH3), 1.43–1.56 (m, 16H; NCH2CH2), 2.37 (dm,
2J(19-Hi, 19-Ha) =8.0 Hz, 2 H; 19-Hi, 20-Hi), 2.65 (dm, 2J(19-Ha, 19-Hi)=


7.8 Hz, 2 H; 19-Ha, 20-Ha), 2.99–3.08 (m, 16H; NCH2CH2), 4.79 (br s, 4 H;
6-H, 8-H, 15-H, 17-H), 7.19 (ddm, 3J(H-1, H-2)=6.1 Hz, 4J(H-4, H-2)=


3.2 Hz, 4H; 2-H, 3-H, 11-H, 12-H), 7.54 (ddm, 3J(H-2, H-1)=6.1 Hz,
4J(H-4, H-2)= 3.2 Hz, 4 H; 1-H, 4-H, 10-H, 13-H), 7.59 ppm (br s, 4H; 5-
H, 9-H, 14-H, 18-H). 13C NMR (50 MHz, [D4]MeOH): d=13.43 (d,
1J(P,C)=137.2 Hz; C-21, C-22), 13.90 (q, C-26), 20.59 (t, C-25), 24.64 (t,
C-24), 59.33 (t, C-23), 65.77 (t, C-19, C-20), 120.82 (d, C-5, C-9, C-14, C-
18), 125.96 (d, C-2, C-3, C-11, C-12), 128.62 (d, C-1, C-4, C-10, C-13),
133.51 (s, C-4a, C-9a, C-13a, C-18a), 142.09 (s, C-5a, C-8a, C-14a, C-17a),
148.91 ppm (d, C-7, C-16); the signals for C-6, C-8, C-15, C17 are expect-
ed under the deuterium-coupled septet of [D4]MeOH; the signals for C-
6a, C-7a, C-15a, C-16a were too weak to be detected in [D4]MeOH;
31P NMR (81 MHz, [D4]MeOH): d= 25.29 ppm (s); MS (ESI, MeOH):
m/z : 296 [M�2NBu4


+]2�, 615 [M�2 NBu4
++Na+]� , 625 [M�2NBu4


+


+H++MeOH]� , 834 [M�NBu4
+]� ; HRMS (ESI, MeOH): m/z : calcd for


C50H62NP2O6
��NBu4


+ : 834.405; found: 834.407.


1,4,5,8-Tetrahydro-1,4:5,8-dimethanoanthracene-9,10-bis(phenylphos-
phonic acid ester) (2 b): The hydroquinone precursor (100 mg, 420 mmol)
and phenylphosphonic acid dichloride (117 mL, 164 mg, 841 mmol,
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2.0 equiv) were dissolved in anhydrous THF (10 mL) and cooled to 0 8C.
Then triethylamine (175 mL, 127 mg, 1.26 mmol, 3 equiv) was added
dropwise, and a white solid precipitated after a few seconds. After 1 h,
the precipitate was filtered off under argon, washed with a little anhy-
drous THF, and the combined filtrates were treated with 2.5 % aqueous
HCl (3 mL). After 15 min, n-hexane (5 mL) was added, and the resulting
two-layer system was stirred overnight, resulting in strong precipitation.
The white solid was filtered off, washed with a little 2.5% aqueous HCL
and dried in vacuo to furnish 110 mg (212 mmol, 50 %) of the bis-phos-
phonate bis-monoester as a white solid. M.p. decomp at 290 8C; 1H NMR
(300 MHz, [D6]DMSO): d =1.82 (dm, 2J(12-Hi, 12-Ha)=6.9 Hz, 2 H; 11-
Hi, 12-Hi), 1.92 (dm, 2J(12-Ha, 12-Hi)= 7.1 Hz, 2 H; 11-Ha, 12-Ha), 3.79
(br s, 4 H; 1-H, 4-H, 5-H, 8-H), 6.38 (br s, 4H; 2-H, 3-H, 6-H, 7-H), 7.44–
7.63 (m, 6H; HPh), 7.66–7.83 ppm (m, 4H; HPh); 13C NMR (50 MHz,
[D6]DMSO): d=47.93 (d, C-1, C-4, C-5, C-8), 69.34 (t, C-11, C-12),
128.59 (d, 2J(P,C)=14.8 Hz; C-14, C-14a, C-18, C-18a), 130.80 (d,
1J(P,C)=185.4 Hz; C-13, C-13a), 131.70 (d, 3J(P,C)=9.7 Hz; C-15, C-15a,
C-17, C-17a), 132.22 (m, C-16, C-16a), 136.50 (dd, 3J(P,C)=7.9 Hz,
4J(P,C)=2.3 Hz; C-4a, C-8a, C-9a, C-10a), 142.30 (m, C-2, C-3, C-6, C-7),
142.92 ppm (m, C-9, C-10); 31P NMR (81 MHz, [D6]DMSO): d=


17.45 ppm (s); MS (ESI, MeOH): m/z : 258 [M�2H+]2�, 539 [M�2 H+


+Na+]� , 517 [M�H+]� . ; elemental analysis calcd (%) for
C28H24P2O6·2 H2O: C 60.43, H 5.43; found: C 60.37, H 5.10.


6,8,15,17-Tetrahydro-6,17:8,15-dimethanoheptacene-7,16-bis(phenylphos-
phonic acid ester) (2 a): The hydroquinone precursor (100 mg, 228 mmol)
was dissolved in anhydrous THF (10 mL) and cooled to 0 8C. Then tri-


ethylamine (95 mL, 69.4 mg, 686 mmol, 3.0 equiv) and phenylhydrazine
(55 mL) were added and stirred for 15 min, after which phenylphosphonic
acid dichloride (100 mL, 140 mg, 718 mmol, 3.1 equiv) was added drop-
wise. After stirring for 3 h at room temperature, the precipitate was fil-
tered off under argon, washed with a little anhydrous THF, and the com-
bined filtrates were treated with 2.5% aqueous HCl (3 mL). After
15 min n-hexane (10 mL) was added, and the resulting two-layer system
was stirred overnight. Subsequently, the aqueous layer was separated, the
organic phase again washed with 2.5% aqueous HCl (3 mL), and the
combined organic phases were dried with MgSO4 and evaporated to dry-
ness on a rotavapor. Subsequent drying at 0.1 mbar and chromatographic
purification over silica (300 � 10 mm, elution with CH2Cl2/MeOH 3:1) af-
forded 40 mg (55.7 mmol, 24 %) of the clip as a brown solid. TLC: Rf =


0.21 (CH2Cl2:MeOH 2:1); m.p. decomp at 295 8C; 1H NMR (300 MHz,
D2O): d= 2.11 (dm, 2J(19-Hi, 19-Ha)= 8.3 Hz, 2 H; 19-Hi, 20-Hi), 2.24
(dm, 2J(19-Ha, 19-Hi)=8.3 Hz, 2H; 19-Ha, 20-Ha), 4.13 (br s, 4H; 6-H, 8-
H, 15-H, 17-H), 7.22 (ddm, 3J(H-1, H-2)= 6.0 Hz, 4J(H-4, H-2)=3.3 Hz,
4H; 2H, 3-H, 11-H, 12-H), 7.39 (br s, 4 H; 5-H, 9-H, 14-H, 18-H), 7.51
(ddm, 3J(H-2, H-1)=6.0 Hz, 4J(H-2, H-4)=3.3 Hz, 4H; 1-H, 4-H, 10-H,
13-H), 7.55–7.63 (m, 6H; HPh), 7.80–7.88 ppm (m, 4H; HPh); 13C NMR:
could not be obtained due to poor solubility; 31P NMR (81 MHz, D2O):
d=15.32 ppm (s); MS (ESI, MeOH); m/z: 358 [M�2H+]2�, 717 [M�H+]� ,
749 [M�H++MeOH]� ; HRMS (ESI, MeOH) calcd for C44H31P2O6


� :
717.15959; found: 717.16184.


Bis(tetra-n-butylammonium) 1,4,5,8-tetrahydro-1,4:5,8-dimethanoanthra-
cene-9,10-bisphenylphosphonate (2 d): The corresponding phosphonic
acid dihydrate 2a (64.2 mg, 116 mmol) was suspended in dichloromethane


(ca. 10 mL), and was treated with aqueous tetra-n-butylammonium hy-
droxide (232 mL, 1m, 232 mmol, 2.0 equiv). The mixture was stirred for
2 h at ambient temperature, and the solvent evaporated to dryness.
Drying at 0.1 mbar afforded a quantitative yield of tetra-n-butylammoni-
um salt 2d as a brown solid. M.p. 184 8C; 1H NMR (300 MHz,
[D4]MeOH): d =1.02 (t, 3J(CH2CH3) =7.3 Hz, 24H; CH2CH3), 1.34–1.49
(m, 16H; CH2CH3), 1.59–1.73 (m, 16H; NCH2CH2), 1.82 (br s, 4 H; 11-H,
12-H), 3.18–3.29 (m, 16H; NCH2CH2), 3.74 (br s, 4 H; 1-H, 4-H, 5-H, 8-
H), 6.28 (br s, 4 H; 2-H, 3-H, 6-H, 7-H), 7.28–7.44 (m, 6H; HPh), 7.68–
7.79 ppm (m, 4H; HPh). 13C NMR (50 MHz, [D4]MeOH): d =13.94 (q, C-
22), 20.72 (t, C-21), 24.79 (t, C-20), 59.49 (t, C-19), 70.33 (t, C-11, C-12),
128.60 (d, 2J(P,C) =13.7 Hz; C-14, C-14a, C-18, C-18a), 131.07 (m, C-16,
C-16a), 133.26 (d, 3J(P,C)=9.1 Hz; C-15, C-15a, C-17, C-17a), 137.02 (d,
1J(P,C)=177.38 Hz; C-13, C-13a), 139.48 (dd, 3J(P,C)=8.0 Hz, 4J(P,C)=


1.9 Hz; C-4a, C-8a, C-9a, C-10a), 143.17 (m, C-2, C-3, C-6, C-7),
143.78 ppm (m, C-9, C-10); 31P NMR (81 MHz, [D4]MeOH): d=


14.25 ppm (s); MS (ESI, MeOH); m/z : 259 [M�2NBu4
+]2�, 517 [M�2


NBu4
++H+]� , 549 [M�2 NBu4


++H++MeOH], 758 [M�NBu4
+]� ;


HRMS (ESI, MeOH): m/z : calcd for C44H58NP2O6
��NBu4


+ : 758.37394;
found: 758.36129.


NMR titrations : Ten NMR tubes were filled each with 0.6 mL of a so-
lution of the host compound ([H] =0.5–4 mm) in a deuterated solvent
([D6]DMSO or CD3OD). The guest compound G (about 1.5 equiv rela-
tive to the host) was dissolved in 0.61 mL of the same solvent, and the re-
sulting solution was added with increasing volumes from 0 to 5 equiv to
the host solution in ten NMR tubes. Volume and concentration changes
were taken into account during analysis. The association constants were
calculated by nonlinear regression methods [Eq. (1)] in which K = [H]0/
[G]0.


Dd ¼ Ddmax


2


�
K þ 1þ K


½H�0Ka
�


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2 þ 2K2


½H�0Ka
�2K þ K2


½H�20K2
a


þ 2 K
½H�0Ka


þ 1


s �


ð1Þ


For dilution titrations equimolar amounts of host and guest compound
were dissolved in deuterated methanol (0.5 mL) or water (0.5 mL) ([G]=


[H]=0.5–4 mm). From this reference sample, aliqouts of 250, 125, 75, 50,
und 25 mL were taken, and deuterated solvent was added to a total
volume of 0.5 mL. Only those signals were used for quantitative evalua-
tion which could be clearly detected during the whole titration. Binding
constants Ka were determined by nonlinear regression.


Job plots : Equimolar solutions (10 mmol/10 mL, ca. 10 mm) of host and
guest compound were prepared and mixed in various amounts. 1H NMR
spectra of the mixtures were recorded, and the chemical shifts were ana-
lysed by Job�s method, modified for NMR data.


Salt-effect experiment : A dilution titration was carried out according to
the general protocol outlined above (host and guest concentration:
10�4


m), but in the presence of 0.5 m aqueous tetra-n-butylammonium bro-
mide. The change in chemical shifts became much smaller and the resul-
tant binding constant from the nonlinear regression of the binding curves
between host and N-methylnicotinamide dropped to almost zero (ca.
50m


�1).


Microcalorimetry experiments : All titration experiments were performed
on a TAM 2277 microcalorimeter (Thermometric, J�rf�lla, Sweden)
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using the ampoule unit 2277-201. The temperature during the experi-
ments was 298 K and we used water as solvent. 1 mL of the receptor so-
lution was filled into the cell of the microcalorimeter. The substrate so-
lution was added during the titration experiment by a syringe pump
6120-031 (Lund, Sweden).


Mass spectrometry : ESI mass spectra were recorded on a Finnigan MAT
95. Samples (20 mL) were introduced as 10�5


m solutions in methanol at
flow rates of 20 mL min�1. Heated capillary temperature: 150 8C. Ion
spray potential: 3.5 kV (positive ESI), 3.0 kV (negative ESI). About 20–
30 scans were averaged to improve the signal-to-noise ratio.


Simulation methods : Molecular mechanics calculations, Monte-Carlo
simulations, and molecular dynamics: The program MacroModel 7.1 or
6.5[47, 48] was used for model building procedures and as graphical inter-
face. Force-field parameters were taken from the built-in force fields,
which were in some cases modified versions of the classical published
versions. OPLS-AA and Amber* produced very similar results; the latter
was subsequently chosen for all minimizations and Monte Carlo simula-
tions. Minimizations were initially carried out in the gas phase, then in
aqueous solution. Most complex structures were virtually identical under
both conditions; this indicates strong enthalpic preference and hence sta-
bility of these arrangements. Energy minimizations were conducted over
1000 iterations on a Silicon Graphics O2 workstation or IBM workstation
RS/6000 34P model 260. The best structures were subjected to conforma-
tional searches with 5000-step Monte Carlo simulations.
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On the Electronic Structure of Ethidium


Nathan W. Luedtke,* Qi Liu, and Yitzhak Tor*[a]


Introduction


Ethidium bromide (3,8-diamino-5-ethyl-6-phenylphenanthri-
dinium bromide) is a common fluorescent stain for nucleic
acids.[1] It is reported to have significant anti-tumor,[2,3] and
anti-viral properties.[4,5] Its potential applications in human
therapy are prevented, however, due to its mutagenic and
carcinogenic activities in model organisms.[6,7] These activi-
ties are thought to be a direct consequence of ethidium�s
high affinity for DNA.[8–10] We recently derivatized the
amines at the 3- and 8-positions of ethidium to tune its nu-
cleic acid affinity and binding specificity.[11] The resulting
compounds exhibit a number of interesting trends in their
photophysical characteristics and DNA binding proper-
ties.[11] A potential relationship between these properties has
prompted us to explore the forces involved in the binding of
ethidium to various nucleic acids.


Under physiologically relevant ionic strengths, ethidium
binds to duplex nucleic acids by intercalation between base


pairs.[8,9, 12] Ethidium binds to different duplex nucleic acids
with a free energy of about 5–9 kcal mol�1, depending on the
identity of the nucleic acid.[13a, 14] Both the binding mode
(surface association versus intercalation) and the free
energy of ethidium–nucleic acid complexes are highly sensi-
tive to the ionic strength of the solution.[9,13] This raises the
possibility that ethidium�s base stacking propensity and in-
tercalation site specificity may also depend upon electrostat-
ic interactions.[15,16] Electrostatic complementation is known
to be an important factor in p-stacking interactions.[17,18] For
phenyl–phenyl stacking, electron-withdrawing groups lower
Coulombic repulsion between the p electrons of each
ring.[19] Attraction is observed when electron-rich and elec-
tron-poor rings are stacked face-to-face.[17,20] Gas phase
computational studies based upon electrostatic surface po-
tentials,[15] atom-centered charges,[16] and HOMO–LUMO
overlap,[21] have been used to model the stacking interac-
tions between ethidium and one or more base pair(s). These
studies were based upon the premise that the phenanthridi-
nium “core” of ethidium is an electron-poor polycyclic
system that, depending on geometric constraints, can stack
face-to-face with the relatively electron-rich nucleobas-
es.[15, 16,21] These studies concluded that dispersion forces
likely provide the main energetic driving force for intercala-
tion,[16,18] but that electrostatic complementation may play
an important role in determining ethidium�s site specificity
and binding orientation.[15]
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Abstract: The electronic structure of
the common intercalating agent ethidi-
um bromide (3,8-diamino-5-ethyl-6-
phenylphenanthridinium bromide) is
dominated by an interplay of electron
donating and withdrawing effects medi-
ated by its nitrogen atoms. X-ray crys-
tallography, UV/Vis and IR absorption,
fluorescence emission, and NMR spec-
troscopy are used to probe the elec-
tronic properties of the phenanthridini-
um “core” of ethidium as well as its
exocyclic amines and 6-phenyl groups.


Interestingly, despite its positive
charge, most of ethidium�s aromatic
carbon and hydrogen atoms have high
electron densities (compared to both 6-
phenylphenanthridine and benzene).
The data suggest that electron donation
by ethidium�s exocyclic amines domi-


nates over the electron withdrawing ef-
fects of its endocyclic iminium in their
combined influence on the electron
densities of these atoms. Ethidium�s ni-
trogen atoms are, conversely, electron
deficient where the 5-position is the
most electropositive, followed by the 3-
amino, and lastly the 8-amino group.
These results have been used to gener-
ate an empirically-based p-electron
density map of ethidium that may
prove useful to understanding its nucle-
ic acid binding specificity.


Keywords: aromatic heterocycle ·
crystal structure · intercalating
agent · NMR spectroscopy ·
stacking interactions
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We have accumulated data using high resolution X-ray
crystallography, UV/Vis and IR absorption, fluorescence
emission, NMR spectroscopy, chemical reactivity, and acid-
base titrations that have facilitated a broad survey of ethidi-
um�s electronic features. We have used the data to estimate
the charges on each of its nitrogen atoms and to generate an
empirically-based p-electron density map that is scaled to
ethidium�s +1 charge. A comparison of these results with
previous theoretical studies is presented, and the ways that
ethidium�s electron distribution may influence its binding in-
teractions with nucleic acids are discussed.


Results and Discussion


Chemical reactivity : We have recently reported a modular
synthetic scheme that facilitates the protection and modifi-
cation of ethidium�s exocyclic amines.[11] By reacting one
equivalent of benzyl chloroformate with ethidium bromide
(1), a mixture of benzyl carbamate (Cbz)-containing prod-
ucts is obtained that contains five-times more “8-Cbz-ethidi-
um chloride” (3) as compared to “3-Cbz-ethidium chloride”
(2) (Figure 1). Weaker electrophiles exhibit little if any reac-
tivity towards ethidium�s exocyclic amines (especially at the
3-position) even at elevated temperatures and extended re-
action times.[11] Similar trends in relative reactivity of the 3-
and 8-amines have also been reported by another group.[23]


The differences were explained as a combination of two ef-
fects: the electronic inactivation of the 3-position by reso-
nance with the 5-iminium group as well as the steric con-
straints imposed on ethidium upon its dimerization in
DMF.[23] For the studies reported here, dimerization is not
expected to play a role since ethidium exhibits only a very
weak association constant in water (Keq =30–178 m


�1), and
shows no dimerization in DMSO.[24] We believe that the
trends in the chemical reactivity of ethidium�s exocyclic
amines (as well as their pKa values, NMR chemical shifts,
and nitrogen-carbon bond lengths) are a consequence of
two or more electronic effects presented below. These same
effects may also play an important role in the photophysical
properties of ethidium and its derivatives.


Photophysical properties : We have used the Cbz-protected
compounds 2 and 3 as precursors for the synthesis of a
family of ethidium derivatives (Table 1).[25] The trends in the


photophysical properties of the resulting derivatives provide
insight into the distinct influences that the 3- and 8-positions
have on the ground and excited states of ethidium. Aqueous
solutions of ethidium display an absorption band at 486 nm
that possesses charge-transfer character.[26] This transition is
highly sensitive to the identity and combination of the func-
tional groups at the 3- and 8-positions (Table 1). For all ethi-
dium derivatives that have a lower electron donation capaci-
ty at these positions (relative to ethidium�s unmodified
amines), a blue-shift in lmax is observed (compare ethidium
(1) to compounds 2–11, Table 1). The only derivative that
has augmented electron donation at these positions relative
to ethidium (compound 12, Table 1) has a red-shifted ab-
sorption maximum. These same derivatives also exhibit vari-
able fluorescence properties. All bis-substituted derivatives
that have diminished electron donation capacities (4, 7, 10
and 11), have both a higher quantum yield and a smaller
Stokes shift relative to ethidium. The only derivative that
augments electron donation, on the other hand, exhibits a
much lower quantum efficiency as compared to ethidium
(compound 12, Table 1). Taken together, these observations
suggest that electron donation from ethidium�s exocyclic
amines is likely to facilitate a non-radiative decay of its ex-
cited state. This is a very different quenching mechanism
compared with the one proposed by Olmstead and Kearns
for ethidium, which relies upon the water-mediated deproto-
nation of ethidium�s exocyclic amines in its excited state.[27]


While it is possible that this type of proton transfer may in-
fluence the photophysical properties of ethidium, it cannot
explain the low quantum yields of ethidium derivatives that
lack NH-containing functional groups at the 3- and 8-posi-
tions (including compounds 12 and 15, Table 1).


For compounds 2–14, the independent modification of the
3-position of ethidium consistently leads to a larger blue
shift in both absorption and emission maxima compared
with the modification of the 8-position (compare compounds
2 to 3, 5 to 6, 8 to 9, and 13 to 14, Table 1). Other groups
have also reported different photophysical properties for 3-
versus 8-modified derivatives of ethidium, and have attribut-
ed the differences to the different influence each position
has on the LUMO energy level of ethidium.[26] Our data in-
dicate that significant differences in the charge-transfer pro-
pensities of these positions also exist in the ground state of
ethidium (presented below). The trends in the photophysical
data, therefore, likely reflect significant changes to both the


Figure 1. Selective protection of the exocyclic amines of ethidium (where R = NHCO2CH2Ph) is accomplished by treatment with benzyl chloroformate
in buffered DMSO/water 1:1.[25] Isolated yields are indicated. A 1:5 ratio of compounds 2 and 3 is also observed in the crude reaction mixture (deter-
mined by NMR integration). Unambiguous assignment of each isomer was accomplished using X-ray crystallography (see Figure 11 and Supporting In-
formation).
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HOMO and LUMO energy levels of each derivative upon
modification of each amine.


pKa values of ethidium and selected derivatives : The UV/
Vis absorbance spectrum of ethidium changes as a function


of pH. A plot of lmax (or, alter-
natively, DAbs) versus the pH
of the solution reveals a fully
reversible, biphasic curve be-
tween pH 0.5 and 3.0
(Figure 2). To assist in assigning
each transition, we have con-
ducted a similar study of com-
pounds 5–9 (see Figure 3 for
representative titrations and
Figure 4 for a summary of pKa


values). In the pH range of 4–
11, both 3-guanidino-ethidium
(5) and 8-guanidino-ethidium
(6) have monophasic titration
curves (Figure 3a). pKa values
of 9.2 and 9.9, respectively, are
measured for these compounds
by taking the inflection point of
each curve as equal to the pKa


of the guanidinium group. In-
terestingly, 3,8-bis-guanidino-
ethidium (7) exhibits a biphasic
titration curve very similar in
shape to that of ethidium,
where the “first” protonation
(pKa1) causes a larger change in
lmax compared with the
“second” protonation (pKa2)
(compare Figure 2 and Fig-
ure 3b). Since 8-guanidino-ethi-
dium (6) is more basic than 3-
guanidino-ethidium (5), the in-
flection points at pH 6.2 and 9.5
in Figure 3b are assigned to the
3- and 8-guanidino groups of 7,
respectively. The mono-urea de-
rivatives 8 and 9 have pKa


values very similar to the values
measured for ethidium
(Figure 4). We have, therefore,
assigned the 8-ammonium of
ethidium as having a pKa1 =2.0
(similar to 3-urea ethidium);
and the 3-ammonium of ethidi-
um as having a pKa2 = 0.8 (simi-
lar to 8-urea ethidium). This as-
signment is consistent with the
differences in nucleophilicity of
these two positions (Figure 1),
as well as the predicted assign-
ment of these values by Zim-


mermann and Zimmermann using computation.[28] Impor-
tantly, the exocyclic amines of ethidium are 400–6 300 times
less basic than aniline (pKa 4.6 for the anilinium ion).[29]


This indicates that ethidium�s exocyclic amines (especially at
the 3-position) are very electron poor. This conclusion is


Table 1. Selected ethidium derivatives and their absorption (lmax) and emission (lem) maxima as well as their
relative quantum efficiency (emission intensity) relative to ethidium (frel).[25],[a]


Compound R1 R2 lmax [nm] lem [nm] frel


ethidium (1) 486 606 1.0


3-Cbz-ethidium (2) 468 589 1.0


8-Cbz-ethidium (3) 473 603 0.2


3,8-Cbz-ethidium (4) 430 510 57


3-guanidino-ethidium (5) 443 593 0.5


8-guanidino-ethidium (6) 455 606 0.08


3,8-guanidino-ethidium (7) 398 504 3.1


3-urea-ethidium (8) 458 589 1.0


8-urea-ethidium (9) 464 603 0.2


3,8-urea-ethidium (10) 434 521 57


5-ethyl-6-phenylphenanthridinium (11) 378 428 330


tetramethyl-ethidium (12) 534 643 0.08


3-pyrrole-ethidium (13) 455 594 0.8


8-pyrrole-ethidium (14) 466 607 0.09


3,8-pyrrole-ethidium (15) 428 504 1.2


[a] All values determined using 10mm of each compound in 50mm sodium phosphate (pH 7.5). The counter ion
(X) is phosphate for all photophysical measurements presented above, and chloride for all NMR studies (pre-
sented below).
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consistent with the weak nucleophilicity of these amines,[11]


as well as NMR and crystallographic data (below).


1H NMR spectroscopical analysis of ethidium and selected
derivatives : A comparison of the proton NMR spectra of
ethidium�s uncharged analogue (3,8-diamino-6-phenylphe-
nanthridine) with ethidium allows one to assess how ethidi-
um�s positive charge influences the chemical environment of


each of its hydrogen atoms (compare Figure 5a with b). Rela-
tive to 3,8-diamino-6-phenylphenanthridine, most of ethid-
ium�s protons are shifted downfield by 0.2 to 0.5 ppm. There
are two notable exceptions: proton H7 is shifted upfield by
0.8 ppm, and the protons on the 3-amine are shifted down-
field by 1.0 ppm. Interestingly, both exocyclic amines in 3,8-
diamino-6-phenylphenanthridine have very similar chemical
shifts (Figure 5a). Consistent with this finding, the exocyclic
amines of 3,8-diamino-6-phenylphenanthridine exhibit simi-
lar chemical reactivity towards electrophiles, including Boc
anhydride (not shown). The exocyclic amines of ethidium,
on the other hand, are separated by 0.5 ppm (Figure 5b).
Taken together, these data indicate that ethidium�s charged
quaternary center is essential for the differences in electron
densities and chemical reactivities of the 3- and 8-amines.


We have fully assigned ethidium�s 1H NMR spectrum (in-
cluding the hydrogen atoms of each amine) using 1H,13C het-
eronuclear multiple bond correlation (HMBC) and the ethyl
protons H15 as an initial starting point for the assignment
(summarized in Figure 5b).[32] Previous groups have assigned
ethidium�s 1H NMR spectrum using the highly shielded
proton H7 as their initial reference (Figure 5).[24a, 30,31] It was
assumed that the phenyl ring at the 6-position shields the H7


proton via a ring current effect.[30] Interestingly, this does
not appear to be the primary origin of this phenomenon.
Our results indicate that both the positive charge afforded
by the ethidium�s quaternary nitrogen and electron donation
from its 8-amino group are necessary for the high field shift
of proton H7. Ethidium�s uncharged analogue (3,8-diamino-
6-phenylphenanthridine) shows no unusual shielding of H7


(Figure 5a). While the presence or absence of the ethyl
group at the 5-position could, in theory, change the confor-
mational dynamics of the 6-phenyl group relative to the
phenanthridine “core”, we have found that the 8-amino
modified derivatives of ethidium (3, 4, 6, 7, 9, 10, 11, 14, and
15 Table 1), show no unusual shielding of proton H7 (where
perturbation of the conformation of the 6-phenyl ring by
these modifications is unlikely).[25] The chemical shift of H7


is highly sensitive to modifications of the 8-position, but in-
sensitive to modifications made to the 3-position (see Fig-
ure 6a–c for 1H NMR data of compounds 1–4, Supporting
Information for compound 11, ref. [11] for compounds 5–10,
and 13–15, and ref. [34] for 12). The conversion of the 8-
amine of ethidium into any functional group that reduces
electron donation from that nitrogen results in a downfield
shift of H7 to a more typical aromatic frequency (d= 7–
7.8 ppm). Methylation of the amine at 8-position, on the
other hand, results in an upfield shift of H7 (Dd= 0.2 ppm
for compound 1 minus 12).[34] Taken together, this indicates
that the H7 proton is shielded (Dd=�1.3 ppm for 1 minus
11) by electron density originating primarily from the amine
at 8-position.[33] 13C NMR experiments (presented in the
next section) provide similar results. Notably, however, even
in the absence of exocyclic amines, the presence of the posi-
tively charged quaternary nitrogen also shields proton H7


(Dd=~0.5 ppm). This effect is apparent by comparing the
1H NMR spectra of the two ethidium analogues 6-phenyl


Figure 2. Changes in the lmax of ethidium (1) as a function of pH. By
taking the pH at each inflection point as equal to pKa, values of 2.0 and
0.8 are measured for pKa1 and pKa2, respectively.


Figure 3. a) Changes in the lmax of 3-guanidino-ethidium (5) and 8-guani-
dino-ethidium (6). b) Changes in the lmax of 3,8-bis-guanidino-ethidium
(7) versus pH. Unlike ethidium, both 5 and 6 exhibit a monophasic tran-
sition between pH 4 and 11 (data not gathered for these compounds
below pH 4). As a control, 3,8-bis-urea-ethidium (10) was also moni-
tored, and shows no changes in its absorption spectrum over this range.
The errors for all pH titrations are approximately �1 nm and � 0.05 pH
units for each data point. Titrations were conducted using 20 mm of each
compound in aqueous buffer (either 50mm sodium phosphate or potassi-
um chloride/HCl) and adding HCl or NaOH to adjust the pH.
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phenanthridine and 5-ethyl-6-phenyl phenanthridium chlo-
ride (see Supporting Information, Figure S9.1b).[33] It is un-
clear at this time if this (minor) effect is related to electronic
polarization or changes in the conformational dynamics of
the 6-phenyl ring.


Upon Cbz modification of ethidium�s amines, protons H4


and H7 are shifted downfield much more than H1, H2, H9,
and H10 (Figure 6a–d). Protons H1 and H10 are meta to each
amine and exhibit little sensitivity to Cbz modification. Pro-
tons H2, H4, H7, and H9, on the other hand, are all ortho to
the exocyclic amines; but protons H4 and H7 are shifted
downfield by 1.4 ppm, while H2 and H9 are only shifted
downfield by 0.7 ppm upon Cbz modification of the neigh-
boring amine (compare compounds 2 and 3 to compound 1,
Figure 6a, b, and d). This same effect is also apparent in the
13C NMR spectra of these compounds (next section). This
suggests that electron density from both the 3-amino group
and the 8-amino, is drawn preferentially towards the positive


center, thus shielding H4 and H7 much more than H2 and
H9. There are, however, different bond orders observed be-
tween carbons C2–C3 versus C3–C4, and C7–C8 versus C8–C9


that may also contribute to this same effect (presented
below and in Figure 12).


13C NMR spectroscopical analysis of ethidium and selected
derivatives : Similar to its 1H NMR spectrum, ethidium�s
13C NMR spectrum exhibits a wide dispersion of chemical
shifts in its aromatic region (Figure 7a). We have used dis-
tortionless enhancement by polarization transfer (DEPT),
carbon–hydrogen correlation spectroscopy (HETCOR), and
HMBC experiments to fully assign the 13C spectrum of ethi-
dium.[32] Our assignment, summarized in Table 2, is consis-
tent with the partial one previously reported.[35] We have
used these same NMR techniques to fully assign the
13C NMR spectra of three related phenanthridine deriva-
tives: 5-ethyl-6-phenylphenathridinium chloride (11), 3,8-di-


Figure 4. A summary of pKa values as determined by UV/Vis monitored titrations. The counterions (provided by the aqueous buffer) for 1, 8, and 9 are
chloride, and for 5, 6, and 7 are phosphate.


Figure 5. 1H NMR of a) 3,8-diamino-6-phenylphenanthridine, and b) ethidium chloride (both in [D6]DMSO).[32] A partial assignment of ethidium has pre-
viously been made,[24a,30,31] but assignment of the exocyclic amines has not yet been reported.
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amino-6-phenylphenanthridine (16), and 6-phenyl-phenan-
thridine (17) (Figure 8 and Table 2). We have also partially
assigned the mono Cbz derivatives 2 and 3 (Figure 7b and
c). Consistent with the trends observed in their 1H NMR
spectra (Figure 6), the modification of ethidium�s 3-amino
or 8-amino with Cbz results in a large downfield shift (Dd=


+10 ppm) of the C4 and C7 carbon atoms, respectively (Fig-
ure 7a–c). A similar trend was also observed upon protona-
tion of these amines.[35] This indicates that the high electron
densities at C4 and C7 depend on electron donation from the
neighboring exocyclic amines. Interestingly, both 1H NMR
and 13C NMR spectroscopy indicate that the 3-amine shields
the 4-position by about the same amount as the 8-amine
shields the 7-position. This suggests that these interactions
are not responsible for the different electron densities on
the 3- and 8-amines of ethidium.


The 13C chemical shifts of most carbon atoms in ethidi-
um�s phenanthridinium “core” are upfield of typical aromat-
ic carbon atoms, while the carbon atoms in its 6-phenyl ring


have about the same chemical shift (~128 ppm) as benzene
(Figure 7a). The carbon atoms C4 and C7 of ethidium at 97
and 107 ppm, respectively, are in the same chemical shift
region as aromatic carbanions (see Supporting Information
and ref. [36–39]). The analogous carbon atoms to C4 and C7


in the compound 6-phenyl phenanthridine (17) have, on the
other hand, about the same chemical shift as benzene
(Table 2). This suggests that, despite ethidium�s positive
charge, these positions in ethidium possess very high elec-
tron densities. Similar conclusions are reached by comparing
the 1H NMR spectra of these compounds.[33]


The only carbon atoms in the 13C spectrum of ethidium
that are significantly downfield of benzene, are the four car-
bons that are bound directly to nitrogen atoms (Figure 7a).
Carbon C3 and C8 have chemical shifts very similar to the ni-
trogen-bound carbon of aniline (148 ppm).[39] Compared
with this value, the chemical shift of C6 is significantly down-
field, and C13 is found upfield (Figure 7a). By comparing the
13C chemical shifts of ethidium�s carbon atoms to those of


Figure 6. 1H NMR of a) 8-Cbz-ethidium chloride, b) 3-Cbz-ethidium chloride, c) 3,8-bis-Cbz-ethidium chloride, and d) ethidium chloride (all in
[D6]DMSO).[32,33] Sample a) contains a trace of sample b) to serve as an internal reference.
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the related phenanthridine-containing compounds presented
in Figure 8 and Table 2, it is apparent that the relatively
high-field shift of C13 is dependent on the presence of the
quaternary nitrogen at the 5-position, and that this effect is


independent of the electron donation capacity of the groups
at the 3- and 8-positions. The chemical shift for C6, on the
other hand, is very similar for all four compounds (Table 2).
This is consistent with earlier work that shows the phenyl
ring at the 6-position of ethidium is responsible for the low-
field shift of C6.


[35]


13C NMR spectroscopy provides a direct method to probe
the p-electron densities of aromatic carbon atoms.[36–39] A
linear correlation between p-electron charge densities and
13C chemical shifts (d) of aromatic compounds is well estab-
lished (see Supporting Information and ref. [36–39]). This
provides a framework for understanding the p-electron
charge distribution in the phenanthridinium core of ethidi-
um. NMR spectroscopy is, however, highly sensitive to other
properties of the molecule, including bond order, hybridiza-
tion, paramagnetic coupling, and electronegativities.[38,39] To
systematically dissect the electronic contributions made by
ethidium�s positive charge and its exocyclic amines, we have
conducted an “NMR difference analysis” of the phenanthri-
dine derivatives shown in Figure 8 (see Figure 9 for the dif-
ferences in 13C chemical shifts of these compounds, and Sup-
porting Information for a similar analysis of the 1H spec-
tra).[33] By calculating the differences in the chemical shifts
at each position, the factors that are common to each com-
pound should, for the most part, cancel out. Thus, by
making a carbon-by-carbon comparison of ethidium chloride
(1) to 5-ethyl-6-phenylphenanthridinium chloride (11), the
p-electron charge distribution originating from ethidium�s


Figure 7. Partial 13C NMR spectra of a) ethidium chloride, b) 8-Cbz ethidium chloride and c) 3-Cbz ethidium chloride (where R =NHCO2CH2Ph).[32] All
spectra are recorded in [D6]DMSO. See Table 2 for a summary of the full 13C NMR assignment of ethidium chloride.


Table 2. Summary of 13C NMR chemical shifts for ethidium chloride and
three related phenanthridine-containing compounds. See Figure 7 for the
numbering scheme.


Carbon Ethidium 5-Ethyl-6-phenyl- 3,8-Diamino-6- 6-Phenyl
chloride phenanthridinium phenylphenan- phenanthridine
(1) chloride (11) thridine (16) (17)


1 123.7 124.7 122.1 122.5
2 119.2 130.1 116.9 126.8
3 150.5 132.1 147.5 128.7
4 97.7 120.6 109.9 129.3
6 157.5 163.5 158.7 159.9
7 107.1 131.0 107.7 127.7
8 147.2 130.0 146.1 127.4
9 127.1 136.9 120.6 130.6
10 121.8 123.0 121.6 122.3
11 126.6 133.2 124.5 132.4
12 116.6 125.8 114.7 122.9
13 133.3 134.1 143.2 142.8
14 125.4 125.3 124.3 124.0
15 48.5 50.2 n.a.[a] n.a.
16 13.3 14.5 n.a. n.a.
17 131.4 130.9 140.3 138.8
18,22 128.5 129.0 129.1 129.2
19,21 127.6 128.0 127.8 127.9
20 129.9 132.1 127.8 128.3


[a] n.a.=not applicable.
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exocyclic amines has been evaluated. The differences in
13C NMR chemical shifts (Dd) of these two compounds are
summarized in Figure 9a.[40] As expected, the majority of
electron density from these amines is directed to carbon
atoms that are ortho/para to them (C2, C4, C7, C9, C11, and
C12) (see Figure 9a). Consistent with trends observed for the
Cbz-modified derivatives (presented above), the ortho posi-
tions closer to the quaternary nitrogen (C4 and C7) receive
much more electron density than the ortho positions further
from the positive center (C2 and C9). The carbon atoms in
the 5-ethyl and 6-phenyl groups of ethidium, on the other
hand, are relatively insensitive to the presence/absence of
ethidium�s exocyclic amines (Figure 9a). This indicates that,
for the most part, these carbon atoms are electronically iso-
lated from the exocyclic amines.


By comparing 13C NMR chemical shifts of ethidium chlo-
ride (1) to 3,8-diamino-6-phenylphenanthridine (16), the
effect of introducing a positive charge into ethidium can be
examined (the difference in chemical shifts for each carbon
atom in these two molecules is presented in Figure 9b). As
expected, the introduction of a positive charge deshields
most carbon atoms (positive values, Figure 9b). There are,
however, a small number of carbon atoms that become
more shielded in the presence of the positive charge (C4,
C13, and C17). To evaluate what effect, if any, the exocyclic
amines of ethidium have upon this phenomenon, the chemi-
cal shift differences between 5-ethyl-6-phenylphenanthridi-
nium (11) and 6-phenylphenanthidine (17) have also been
determined (Figure 9c). These differences assess the impact
of introducing a positive charge into the system in the ab-
sence of the exocyclic amines. For most carbon atoms, the
differences between 1 and 16 (Figure 9b) are very similar to
the differences between 11 and 17 (Figure 9c). This suggests
that for most positions, the positive charge afforded by the
quaternary nitrogen has little impact on the magnitude of
electron donation by the exocyclic amines. Some carbon
atoms, however, do receive more electron density from the
exocyclic amines when the positive charge is present (in-
cluding C4, C6, and C7, compare Figure 9b and c). This sug-
gests that the positive charge of ethidium pulls additional
electron density from its exocyclic amines into the p-orbitals
of these particular carbon atoms. Unlike the differences
seen in the presence/absence of the exocyclic amines (Fig-
ure 9a), the carbon atoms in the 6-phenyl ring of ethidium
are sensitive to the presence/absence of the charge at the 5-
position (Figure 9b and c). The positive charge polarizes the
6-phenyl ring, resulting in a relatively high electron density
at C17 and a lower electron density at C20.


Importantly, for all carbon atoms in the phenanthridinium
“core” of ethidium, the magnitudes of 13C chemical shift dif-
ferences are much larger in the presence/absence of the exo-
cyclic amines (Figure 9a) as compared with the presence/ab-
sence of the positive charge (Figure 9b, c). This indicates
that electron donation by ethidium�s exocyclic amines has a
greater effect on the overall p-electron charge density of the
phenanthridinium system than the electron withdrawing
effect of the quaternary nitrogen. Taken together, these re-
sults can be rationalized if one considers the phenanthridini-
um “core” of ethidium to be an iminium-bridged biphenyl
(presented in the next section).


By calculating the differences in 13C NMR chemical shifts
between ethidium chloride (1) and 6-phenylphenanthridine
(17), the combined contributions of both electron donation
and withdrawing effects are established (Figure 9d).[40] Im-
portantly, the resulting values (Figure 9d) are equal to a
summation of the individual contributions made by electron
donation from the amines (Figure 9a) plus the contributions
made by the introduction of the positive charge (Figure 9b,
c). These effects, therefore, exhibit simple additivity, and the
magnitudes of the individual “difference maps” are scaled
the same (Figure 9a–d). These properties are consistent with
the linear relationship between the electron densities of


Figure 8. Structures of ethidium chloride and three related phenanthri-
dine-containing compounds. See Table 2 for the 13C NMR assignment of
each compound, and Supporting Information for a summary of the
1H NMR assignments.


Figure 9. Differences in 13C chemical shifts (Dd) for the compounds
shown in Figure 8. a) 1 minus 11, b) 1 minus 16, c) 11 minus 17, and d) 1
minus 17.[40]
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simple aromatic anions and cations and their 13C chemical
shifts (see Supporting Information and ref. [36–39]). Inter-
estingly, the net effect of introducing both the positive
charge and the exocyclic amines into the 6-phenylphenan-
thridine scaffold is to increase the electron density at most
of the aromatic carbon atoms in ethidium (negative values,
Figure 9d). This same conclusion is reached by conducting
the same type of “NMR difference analysis” of the 1H NMR
spectra of these four compounds.[33]


X-ray crystallography of ethidium and selected derivatives :
To relate the electronic features of ethidium to the bond
orders between its C and N atoms, X-ray crystallography
was used to solve the 3D structure of ethidium chloride (1),
and the Cbz derivatives 2 and 3 (Figures 10 and 11). The C�
C bond lengths observed in the phenanthridinium core of
ethidium chloride are very similar to those reported for
both phenanthridine and 5,6-dimethylphenanthridinium
chloride (Figure 10a–c).[41,42] The p-bond orders of ethidium
are, therefore, similar to those previously reported for phe-
nanthridine (Figure 12).[42,43] For all crystal structures of phe-
nanthridine-containing compounds (Figures 10 and 11), the
carbon–carbon bond lengths in the phenanthridine “core”
alternate between relatively short (~1.35 �) and relatively
long (~1.42 �) bonds (for comparison, benzene�s C�C bond
lengths are 1.39 �). More double-bond character, therefore,
is found between the C3–C4 and C7–C8 ethidium carbon
atoms as compared to C2–C3 and C8–C9. This may, in part,
explain the greater magnitude of electron donation from the
exocyclic amines to its 4- and 7-
positions versus its 2- and 9-po-
sitions (Figure 9a). Importantly,
the bond between N5 and C6 of
ethidium is almost a full double
bond (Figure 12).[43] This con-
clusion is consistent with the
gentle conditions under which
this bond is reduced,[24a] as well
as the strong IR absorbance
peak of ethidium at 1620 cm�1


(typical for an iminium N=C
stretch).[44–46] The phenanthridi-
nium “core” of ethidium can,
therefore, be regarded as an
iminium-bridged biphenyl
(Figure 13). The electronic “iso-
lation” of ethidium�s iminium
from the biphenyl system may
explain why the p-electron den-
sity in its biphenyl “core” is do-
minated by its exocyclic amines,
as well as why the chemical
shifts of the 6-phenyl ring are
sensitive to changes at the 5-po-
sition but not to changes at the
3- and 8-amines (Figures 5, 6,
Figure 9).


Crystallographic data indicate that both phenanthridine
and 5,6-dimethyl phenanthridinium chloride (Figure 10) are
planar.[41,42] In contrast, ethidium is found to have a 48 twist


Figure 10. Bond lengths [�] observed for three recently determined crys-
tal structures of phenanthridine and phenanthridinium-containing mole-
cules. Errors in bond lengths are approximately � 0.003 � for a) and c),
and �0.005 � for b). See Supporting Information for the ORTEP draw-
ing and crystallographic parameters for ethidium chloride c).[49] See
ref. [41] for phenanthridine a), and ref. [42] for 5,6-dimethylphenanthridi-
nium chloride b).


Figure 11. Bond lengths [�] found in the crystal structures of 3-Cbz ethidium (2) (top) and 8-Cbz ethidium
chloride (3) (Bottom). Errors in bond lengths are + /�0.002 �.[49]
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in its phenanathridinium core (the dihedral angle between
the midpoints of the two vectors defined by protons H2H1


and H9H10, relative to the central axis of the biphenyl
“core” of ethidium).[49] Similar to ethidium, the phenanthri-
dinium cores of both 2 and 3 are also not planar.[49] The
twist angle is, however, different in the crystal structure of
each of these Cbz derivatives. 3-Cbz ethidium chloride (2)
has about the same twist as the parent compound (48). 8-
Cbz ethidium chloride (3), however, shows a greater twist of
the phenenthiridine core (88). Taken together, this indicates
that some sp3 character is introduced into the phenanthridi-
nium core of ethidium by its the exocyclic amines.[48] Inter-
estingly, the C�N bond lengths for the free amines of 2 and
3 are shorter than the analogous bonds in the parent struc-
ture (compare Figures 10c and 11). This indicates that upon
blocking one amine (by Cbz protection) the amine opposite
to it compensates by donating more of its electron density
into the phenanthridinium core. This is consistent with the
1H downfield shifts of ethidium�s 3- and 8-amino groups
upon Cbz modification of the other amine (Figure 6a, b, d).
These effects may, in part, explain the differences in the rel-
ative quantum efficiencies of emission for compounds 2–13


(Table 1) where the independent modification of the 8-posi-
tion (compounds 3, 6, 9, and 14) leads to a significant (5–
15 fold) decrease in emission intensity as compared to ethi-
dium, while modification of the 3-position shows little or no
effect for compounds 2, 5, 8 and 13 (Table 1).


Consistent with an early crystal structure of ethidium,[47]


differences in the C�N bond lengths of ethidium�s two exo-
cyclic amines are observed. A 0.01 � shorter C�N bond
length is found for the amine at the 3-position as compared
to the 8-position (Figure 10c). A 0.01 � difference is also
observed between the C�N bond lengths for the “free”
amines of the two mono Cbz derivatives 2 and 3 (Figure 11).
Taken together, this indicates that more C=N double-bond


character, and hence, more pos-
itive charge resides at the 3-
amine of ethidium as compared
to the 8-amine. Both amines,
however, have shorter C�N
bond lengths than that of ani-
line (1.4 �), and are, therefore,
more electropositive than ani-
line. These results are consis-
tent with the 1H NMR chemical
shifts (Figure 6), pKa values
(Figure 4), and the chemical re-
activities of these amines
(Figure 1).


p-Electron density map of ethi-
dium : We have used the
13C NMR “total” difference
map (Figure 9d) in conjunction
with bond-length/bond-order
relationships to generate an
empirical p-electron density


map of ethidium that is scaled to its +1 charge (Figure 14a,
b). Since the p-charges on ethidium�s nitrogen atoms are
proportional to their p-bonding with carbon atoms, the par-
tial charges on these atoms are estimated from known N�C
bond lengths (Figure 10c). Due to experimental errors asso-
ciated with bond lengths (+ /�0.003 �), and the somewhat
arbitrary assignments made for bond-order/charge relation-
ships, these values will serve as estimates. Despite this, the
trends between like atoms should be reliable. For the quater-
nary nitrogen, the N5�C6 bond length is used to assign its
charge by comparing its length to standard N�C bond
lengths from crystal structures of analogous nitrogen-con-
taining molecules with known charges.[50] The N=C bond
length of N,N-dimethylisopropylideneammonium tetraphe-
nylborate (1.30 �) is used as a standard equal to +1 (a full
double bond).[51] The N�C bond length of 7-(a-(2-methoxy-
carbonylanilinobenzyl)quinoline-8-ol is taken as a single
bond standard (at 1.47 �) and equal to zero charge.[52] Using
these standards, a linear correlation is used to assign a
charge of + 0.76 for the quaternary nitrogen (Fig-
ure 14a).[50,53] A similar method is used to estimate the
charges on ethidium�s 3- and 8-amino groups. As a standard


Figure 12. A summary of phenanthridine�s p-bond orders as determined
by Kiralj et al.[42] Pauling bond orders were calculated by analyzing the
bond lengths in a high-resolution crystal structure of phenanthridine.[41]


We have found that the phenanthridinium cores of both ethidium chlo-
ride and 5,6-dimethylphenanthridinium chloride each have approximately
the same bond lengths as those observed for phenanthridine
(Figure 10),[43] and therefore, each have similar bond orders as those
shown above.


Figure 13. All possible Clar and Kekul� depictions of ethidium�s phenanthridinium “core”. Bond-length/bond-
order relationships indicate that the depictions near the bottom of this Figure contribute most to the actual
electronic structure.
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for these exocyclic amines, the N�C bond lengths for the
Cbz-modified amino groups of 2 and 3 (1.40 �) are taken to
equal zero charge (Figure 11). This
is the same bond length as aniline, and, therefore, the
charges assigned to these atoms are with respect to aniline.
The N=C bond length of both N,N-dimethyl-isopropyl-
ideneammonium tetraphenylborate and 9-(10-methyl)acridi-
nium iodide (both 1.30 �) are used as the standards for a
double bond and are taken as a + 1 charge.[51,54] Using these
standards, charges of + 0.28 and + 0.18 have been assigned
to the 3- and 8-amines, respectively (Figure 14a).[55]


An early computational study by Giacomoni and Le Bret
also predicted positive p-charges for all of ethidium�s nitro-
gen atoms.[22] Their study utilized a very early and possibly
less accurate crystal structure of ethidium.[56] Using a Paris-
er–Parr calculation they predicted that the ethidium�s exocy-
clic amines have the same partial charges and that its
positive charge is highly delocalized over many different
atoms (see Supporting Information for a comparison of
the Le Bret model with ours).[22] While the RESP
atomic charges reported in a more recent computational
study do not have any physical meaning in the absence
of a force field, similar trends in these values are also
reported.[16] Our results, on the other hand, indicate that
the positive charge of ethidium is highly localized at N5


and that its exocyclic amines have substantially different
charges.


The total sum of charge carried by the three nitrogen
atoms of ethidium equals + 1.22 (Figure 14a). To maintain a
total charge of +1.0, the charge on all carbon atoms is
taken as equal to �0.22.[57] The magnitude and sign of this
charge is consistent with the preponderance of highly-shield-
ed carbon atoms in the 13C NMR spectrum of ethidium, and
it is distributed according to the differences in 13C NMR
chemical shifts between ethidium chloride and 6-phenyl phe-
nanthridine (Figure 9d).[57] The reported charge density on
each carbon atom is, therefore, relative to 6-phenyl-phenan-
thridine (very similar to benzene for most of its carbon


atoms, see Table 2). 13C NMR experiments indicate that the
differences between ethidium chloride and 6-phenyl phenan-
thridine (Figure 9d) are a simple summation of the electron-
ic contributions made by its exocyclic amines (Figure 9a)
and the positive charge afforded by the quaternary nitrogen
(Figure 9b, c). The total sum of all the differences in 13C
NMR chemical shifts (due to the exocyclic amines and qua-
ternary nitrogen of ethidium) is �50 ppm (Figure 9d). This
total difference is taken as equal to the total “excess”
charge originating from all three amines (�0.22). Important-
ly, this charge to 13C chemical shift ratio (at 0.005 charge
units per ppm) is approximately the same relationship al-
ready established for simple aromatic anions and cations (at
0.006 charge units per ppm; see Supporting Information and
ref. [36–39]). This provides substantial evidence that the as-
sumptions made in assigning the charges of nitrogen atoms
are appropriate, and that the reported p-charges on the ni-
trogen and carbon atoms are scaled the same (Figure 14).
Since the relationship between Dd and p-electron charge
density is known to be linear (see Supporting Information
and ref. [36–39]), we have assigned the partial charge on
each of the carbon atoms of ethidium by taking its fractional
contribution to the total difference between the 13C NMR
spectra of ethidium and 6-phenylphenanthridine (DdC/
�50 ppm) multiplied by (�0.22). The resulting charges on
each atom are summarized (Figure 14a), and are presented
in a space-filling model of ethidium where p-electron densi-
ties are indicated by the color and intensity of each atom
(Figure 14b).[58]


A number of theoretical studies portray ethidium as
having a relatively uniform, electron-poor polycyclic system,
and, therefore, an electron “acceptor” in its p-stacking inter-
actions with nucleic acid base pairs.[15,16, 21] In contrast, we
find that the p-electron distribution of ethidium is highly ir-
regular and that high electron densities are found on most
of ethidium�s carbon atoms, and low p-electron densities on
its nitrogen atoms (Figure 14a, b).[58] The magnitudes and
distribution of these charges form a unique and complex


Figure 14. Ground state p-electron charge distribution on individual atoms of ethidium chloride based upon 13C NMR and X-ray crystallography a). The
values for the carbon atoms are determined by taking the differences in 13C NMR chemical shifts between ethidium chloride and 6-phenyl phenanthri-
dine (Figure 9d), and are scaled according to the total sum of charge on the nitrogen atoms.[57,58] The charges on the nitrogen atoms are determined from
bond-length/bond-order relationships observed in a high resolution X-ray structure of ethidium chloride as compared to simple standards.[50–55] A space-
filling model of ethidium (with hydrogen atoms omitted) illustrating the relative p-electron densities of individual atoms indicated by color and intensity
is presented in b).
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pattern within the phenanthridinium “core” of ethidium that
shares many important similarities to a semiempirical SCF-
CI-PPP computational study reported by Zimmermann and
Zimmermann.[59] Their model, however, likely underesti-
mates the differences in charges at the 3- and 8-amines, and
little agreement is observed for the atoms in the 6-phenyl
ring of ethidium (see Supporting Information for a compari-
son of the Zimmermann model with our results). Numerous
potential reasons exist for the differences between our re-
sults and the various theoretical studies mentioned through-
out this report, including: solvation and counterion effects,
the accuracy of the molecular coordinates, and validity of
the models used.


Implications


The detailed study of an intercalating agent�s p-electron dis-
tribution may provide a framework for understanding its nu-
cleic acid binding specificity. For nucleic acids, p-stacking in-
teractions between base pairs are known to have a profound
effect on both the geometry and thermodynamic stability of
helical structures.[60–62] The combined electrostatic effects of
both p-electron density and lone pair localization are taken
as important factors in mediating these base-stacking inter-
actions.[63] The p-electron density and lone pair delocaliza-
tion of ethidium should, therefore, also be important deter-
minants in its affinity for different intercalation sites. We
have, for the first time, measured these parameters using
high resolution experimental data and relatively simple data
analysis.


Our results prove that compared with the 8-amino deriva-
tive, the 3-amino is significantly more electron poor, and
that both amines are electropositive (relative to aniline).
The electronic differences between the 3- and 8-positions of
ethidium are consistent with simple resonance theory. The
positive charge on ethidium�s quaternary nitrogen can delo-
calize to the 3-nitrogen but not to the 8-nitrogen (Fig-
ure 15a). It should be noted, however, that even in the ab-
sence of the exocyclic amines, the charge afforded by the
quaternary nitrogen polarizes the phenanthridine core of
ethidium more at C3–C4 as compared to C7–C8 (according to
the differences in the 13C NMR chemical shifts of 5-ethyl-6-
phenylphenanthridinium chloride versus 6-phenylphenan-
thridine, see Figure 9c). This suggests that two or more dif-
ferent electronic effects make the 3-amine of ethidium more
electropositive than the 8-amine.


Unlike a number of previous theoretical studies, we con-
clude that most carbon and hydrogen atoms in ethidium
have relatively high electron densities.[15,16,22] This makes
it less likely that these groups will exhibit energetically fa-
vorable p-staking interactions with nucleobase pairs.[17–19]


It is possible that some degree of p-electron repulsion
may actually decrease ethidium�s intercalation energy at
some sites more than others and thus exhibit influence on
its observed binding site specificity (electronic negative
readout).


As expected, the exocyclic amines of ethidium donate
electron density to the carbon atoms that are ortho/para to
them (Figure 9a). Interestingly, a disproportionate amount
of electron density is found at the two ortho positions locat-
ed closer to the positive center (carbon atoms C4 and C7).
This feature is also apparent in two theoretical models.[16, 59]


We have found that the high p-electron densities at these
carbons depend upon the electron donation capacity of the
neighboring exocyclic amine. The ability of electron density
from these amines to flow to C4 and C7 through resonance is
apparent by a comparison of the relative C3�C4 and C7�C8


bond lengths in compounds 2 and 3. Upon “blocking” each
amine by Cbz modification, a shorter bond length is ob-
served in the neighboring C�C bond found closer to the
positive center while other C�C bond lengths are largely un-
affected (Figure 11). Taken together, these results indicate
that at least two different charge-separated resonance struc-
tures make important contributions to the ground-state elec-
tronic structure of ethidium (Figure 15b).


The exocyclic amines of ethidium are known to be impor-
tant for DNA binding.[64] We have found that the conversion
of these amines into other functional groups dramatically af-
fects both the nucleic acid affinity/specificity, and the elec-
tronic structure of the resulting derivatives.[11] It has been
proposed that the partial positive charges carried by ethidi-
um�s exocyclic amines are important for mediating electro-
static attraction and hydrogen bonding interactions with
DNA�s phosphate groups.[65] Indeed, these phosphate and
amino groups are within hydrogen bonding distances in a
crystal structure of ethidium intercalated into nucleotide di-
phosphates.[12] Our results support the potential importance
of this electrostatic interaction, and are in stark contrast to a


Figure 15. Resonance structures showing charge transfer between the 3-
amine and the quaternary nitrogen of ethidium a). No matter which
Kekul� structure is used (Figure 13), it is not possible to push the lone
pair of electrons from the 8-amine directly onto the quaternary nitrogen.
Two important resonance structures showing charge separation in ethidi-
um�s ground state b). Both NMR and X-ray crystallography indicate that
the charge-separated resonance structures shown in b) make approxi-
mately equal contributions to the electronic structure of ethidium.
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recent computational study that portrays these amines as
being electron rich (with low electrostatic potentials com-
pared with the aromatic carbon atoms of ethidium).[15] It is
currently unknown how the different charges at ethidium�s
3- and 8-amines influence its binding orientation and/or spe-
cificity. Unfortunately, there is crystallographic evidence for
the intercalation of ethidium into duplex DNA from both
“approaches” (i.e. , the phenyl residing in both the major
and minor grooves).[12, 66] This ambiguity currently limits the
reliability of even simple electrostatic models of ethidium
bound by DNA, since the geometric constraints of com-
plexes formed by the intercalation of ethidium into long
duplex DNA are currently unknown.[66]


Much work remains to fully understand and predict the p-
stacking interactions between ethidium and nucleic acids. A
complex interplay of multiple energetic contributions (dis-
persion, electrostatic, dipole-multipole, etc.), combined with
the geometric constraints of the particular ethidium–nucleic
acid complex, are likely responsible for ethidium�s binding
specificity.[18] We have presented, for the first time, an em-
pirically-based p-electron distribution map of ethidium. The
ways in which this electronic structure contributes to the
total binding energy of various intercalation complexes are
currently under investigation and will be reported in due
course.
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Dissecting the Intimate Mechanism of Cyanation of {2Fe3S} Complexes
Related to the Active Site of All-Iron Hydrogenases by DFT Analysis of
Energetics, Transition States, Intermediates and Products in the Carbonyl
Substitution Pathway


Giuseppe Zampella,[a] Maurizio Bruschi,[b] Piercarlo Fantucci,[a] Mathieu Razavet,[c]


Christopher J. Pickett,*[c] and Luca De Gioia*[a]


Introduction


X-ray crystallographic structures of Fe-only hydrogenases
from Desulfovibrio desulfuricans[1] and Clostridium pasteur-
ianum,[2] together with spectroscopic data on Fe-only hydro-
genase from Desulfovibrio vulgaris,[3] show that the H-clus-
ter, the active site at which protons are reduced to dihydro-
gen, is a conventional {Fe4S4} cluster linked by a bridging
cysteinyl sulfur group to an “organometallic” {2Fe3S} sub-
site (Figure 1). At the sub-site a terminal carbon monoxide,
a bridging carbon monoxide and a cyanide ligand are bound
at each iron atom, which also share two bridging sulfur li-
gands of a 1,3-propanedithiolate or possibly the related di-
(thiomethyl)amine unit. The Fe atom distal to the {Fe4S4}
cluster has a coordinated water molecule (or vacancy) in the
resting paramagnetic oxidised state of the enzyme {Hox},
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Abstract: A bridging carbonyl inter-
mediate with key structural elements
of the diiron sub-site of all-iron hydro-
genase has been experimentally ob-
served in the CN/CO substitution path-
way of the {2Fe3S} carbonyl precursor,
[Fe2(CO)5{MeSCH2C(Me)(CH2S)2}].
Herein we have used density functional
theory (DFT) to dissect the overall
substitution pathway in terms of the
energetics and the structures of transi-
tion states, intermediates and products.
We show that the formation of bridging
CO transitions states is explicitly in-
volved in the intimate mechanism of
dicyanation. The enhanced rate of
monocyanation of {2Fe3S} over the
{2Fe2S} species [Fe2(CO)6{CH2(CH2S)2}]


is found to rest with the ability of the
thioether ligand to both stabilise a
m-CO transition state and act as a good
leaving group. In contrast, the second
cyanation step of the {2Fe3S} species is
kinetically slower than for the {2Fe2S}
monocyanide because the Fe2 atom is
deactivated by coordination of the
electron-donating thioether group. In
addition, hindered rotation and the re-
action coordinate of the approaching
CN� group, are other factors which ex-
plain reactivity differences in {2Fe2S}


and {2Fe3S} systems. The intermediate
species formed in the second cyanation
step of {2Fe3S} species is a m-CO spe-
cies, confirming the structural assign-
ment made on the basis of FT-IR data
(S. J. George, Z. Cui, M. Razavet, C. J.
Pickett, Chem. Eur. J. 2002, 8, 4037–
4046). In support of this we find that
computed and experimental IR fre-
quencies of structurally characterised
{2Fe3S} species and those of the bridg-
ing carbonyl intermediate are in excel-
lent agreement. In a wider context, the
study may provide some insight into
the reactivity of dinuclear systems in
which neighbouring group on-off coor-
dination plays a role in substitution
pathways.


Keywords: bioinorganic chemistry ·
carbonyl ligands · density functional
calculations · hydrogenases · iron
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whilst carbon monoxide occupies this site in the CO-inhibit-
ed form of the enzyme.


The unusual structure of the sub-site has stimulated inves-
tigations aimed at shedding light on its structural, electronic
and catalytic properties.[4–21] The sub-site resembles well-
studied organometallic FeIFeI complexes of the type [(m-
RS)2Fe2(CO)6] (R= bridging organic group)[22,23] and such
complexes provide precursors to di-cyanide derivatives such
as [Fe2(CO)4(CN)2{CH2(CH2S)2}]


2�,[8–10] which is related to
the structure of the CO-inhibited sub-site but lacks both dif-
ferential S ligation and a bridging carbonyl ligand, as ob-
served in the enzyme. The synthesis of model compounds
even more closely related to the enzymatic subsite has been
recently reported by Pickett and co-workers,[15,24] which
have shown that the backbone modification of a propane di-
thiolate ligand can lead to {2Fe3S} species (Figure 1). In par-
ticular, the initial reaction of the molecule [Fe2(CO)5-


{MeSCH2C(Me)(CH2S)2}] (A) with cyanide takes place
regioselectively at the Fe atom distal to the thioether
ligand to give [Fe2(CO)5(CN)(MeSCH2C(Me)(CH2S)2)]1�


(B ; Scheme 1), in which the thioether has dissociated from
the iron center. Reversible dissociation of CO from B
leads to the {2Fe3S} species [Fe2(CO)4(CN){MeSCH2C-
(Me)(CH2S)2}]


1� (C). Subsequent reaction of C with cyanide
results in the formation of a dicyanide species which has
been spectroscopically characterised as [Fe2(CO)3(m-
CO)(CN)2{MeSCH2C(Me)(CH2S)2}]


2� (D ; Scheme 1). This
species possesses key attributes of the natural sub-site, a
2Fe3S core, a bridging CO, and CN groups ligating each Fe
atom. D slowly rearranges to the thermodynamically stable
product [Fe2(CO)4(CN)2{MeSCH2C(Me)(CH2S)2}]


2� (E), in
which the bridging carbonyl ligand has switched to a termi-
nal bound mode with concomitant dissociation of the thio-
ether ligand (Scheme 1).


Kinetic data are consistent with both the initial cyanation
of the {2Fe2S} complex [Fe2(CO)6{CH2(CH2S)2}] and that of
the {2Fe3S} complex A taking place by an associative mech-
anism.[11,24] However, the reaction rate for monocyanation of
the {2Fe3S} species A is about 10 000-fold larger than that
observed for the {2Fe2S} species.[24] Other major differences
are related to the substitution of CO by a second cyanide
ligand. In particular, spectroscopic data are consistent with
the presence of a m-CO group in D, whereas no long-lived
intermediates featuring bridging CO have been character-
ised along the pathway to [Fe2(CO)4(CN)2{CH2(CH2S)2}]


2�.
Density functional theory (DFT) is a valuable tool to


study properties of models of metal-containing enzymes,[25]


and theoretical investigations of models related to the Fe-
only hydrogenase active site have been recently report-
ed.[26–31] In particular, DFT has been successfully used to
study the fluxional properties of {2Fe2S} clusters,[26] to pre-
dict structures and redox states of intermediate species
formed in the catalytic cycle of the enzyme,[27, 28] to explore
the structure and reactivity of {2Fe2S} models[29] and to com-
plement experimental data in the characterisation of bio-
mimetic synthetic complexes.[30,31]


Herein we describe a DFT investigation of the mechanism
of cyanation of the {2Fe3S} complex A that complements ki-
netic and spectroscopic data obtained for intermediate spe-
cies in the substitution pathway, including D, and provides a
deeper insight into the intimate mechanism of cyanation of
the dinuclear assembly. Importantly, in silico elucidation of
the structural and electronic properties of the intermediate
D is pertinent to the enzyme sub-site in its CO inhibited
form. In a wider context, the study provides an insight into
intermediate species and transition states involved in substi-
tution at dinuclear carbonyl species, into the role of bridging
CO in such substitution pathways, and clarifies how a neigh-
bouring group with the capability of on/off coordination can
influence reactivity.


We first validate the computational method by comparing
calculated structures and spectroscopic data with that ob-
tained for the species A and C, whose structures have been
established by X-ray crystallography. We then examine the


Figure 1. a) Proposed structure of the bimetallic cluster of Fe-only hydro-
genases; this is a composite model combining features reported in refer-
ence [1] and [2]. The chelating disulfide ligand has been shown as 1,3-
propanedithiolate but X-ray data are compatible also with a related azap-
ropanedithiolate unit. b) Schematic representation of the class of {2Fe3S}
models investigated in the present work. The thiother sulfur atom is
labeled with * to denote that in some models this atom is coordinated to
Fe2.
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first cyanation step and show that, as intimated from the ki-
netic studies, the DFT results are consistent with the forma-
tion of a bridging carbonyl transition state, [Fe2(CO)4(m-
CO)(CN){MeSCH2C(Me)(CH2S)2}]


� . We then go on to
show how this can lead to the stable intermediate B, and by
CO loss to isolable C. Penultimately, we examine the second
cyanation step defining the transition-state which leads to D,
which then rearranges to E. Finally, we show that the corre-
spondence of calculated and experimental IR data further
support the structural assignment of D.


Results and Discussion


Three intermediate species along the pathway going from A
to E have been experimentally characterised (B, C and D ;
see Scheme 1). The structures of A and C have been deter-
mined by X-ray diffraction,[32] whereas the structures of B,
D and E have been assigned on the basis of spectroscopic
data.[24] Hereafter, experimental complexes are designated
by bold upper case letters (A, B, C…) as in Scheme 1 and
their corresponding computational structures by lower case
letters (a, b, c···). Fe1 and Fe2 refer, respectively, to the iron
atoms distal and proximal to the R-S-CH3 arm of the chelat-
ing ligand.


Validation of computational results : Initially, with the aim
of verifying whether the adopted DFT approach (BP86/


TZVP; see Methods) is suitable to describe this class of
compounds, we have optimised the structures of the theoret-
ical models a and c (see Figure 2) and compared them with
the corresponding experimental structures A and C (see
Table 1). Computed bond lengths are within �0.02 � of
those determined experimentally, with the exception of Fe�
S distances involving bridging sulfur atoms, which are sys-
tematically overestimated by about 0.04 �. The adoption of
other functionals commonly used to investigate coordination
compounds, such as B3 LYP,[33] leads to similar or slightly
poorer results (data not shown), as previously observed for
other Fe�S species.[34] BP86/TZVP predicts that, in the gas
phase, the most stable c isomer is characterised by axial ori-
entation of the CN group, whereas the equatorial isomer,
which is experimentally observed in the solid state,[32] is
slightly less stable (DE=2.1 kcal mol�1). The presence of
almost isoenergetic cyanide positional isomers, whose rela-
tive stability can be affected by crystal packing forces that
cannot be taken into account in the calculations, was already
noted in investigations of similar species.[9,13] Notably, the in-
clusion of zero-point vibrational (plus thermal enthalpy),
solvation and entropy effects reverse the relative stability of
the c isomers, leading to the prediction that the equatorial
isomer is slightly more stable (DG =�1.1 kcal mol�1;
Table 2), in agreement with experimental data. Thus the
Fe�CN bond length computed for the isomer of c in which
the CN� group is equatorial (structure not shown) is in good
agreement with experimental values, whereas the corre-


Scheme 1. Summary of the cyanation chemistry of A.
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sponding bond length for the axial isomer shows poorer cor-
respondence (Table 1).


The Fe�Fe distances, which are expected to be affected
by subtle differences of the electronic properties of the com-
plexes, are well reproduced both in a and c, the error being
less than 0.03 �. Also the differences between experimental
and computed bond angles are very small (lower than 58 ;
data not shown), confirming that the adopted computational
scheme is well suited to investigate the structural properties
of this class of compounds.


The comparison of experimental and computed vibration-
al frequencies of CO and CN groups can help in defining
the structural properties of coordination compounds for
which the X-ray experimental structure is not known. There-


fore, to complete the evaluation of the adopted DFT proto-
col, we have compared the computed vibrational frequen-
cies of CO and CN groups in a and c models with the corre-
sponding experimental values. The good agreement between
experimental and computational data (Table 3) shows the
adequacy of the adopted level of theory also for the repro-
ducibility of the spectroscopic data, and confirms previous
observations indicating that harmonic wave numbers from
BP86 calculations compare well with experimental data,
with the caveat that the excellent agreement is in some part
due to an error cancellation effect.[35,36]


The first cyanation step : Experimental data support a mech-
anism in which the monocyanation of A proceeds through


Figure 2. Optimised structures of the investigated {Fe2S3} complexes. Selected distances are in �. N atoms of CN ligands are labeled with * to easily dis-
tinguish between N and O atoms.
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the formation of the intermediate species B (Scheme 1).
This intermediate is an analogue of the isolable species
[Fe2(CO)5(CN){CH2(CH2S)2}]


� , which has been character-
ised crystallographically[12] and which shows an IR spectrum
essentially identical to that of B. The intimate mechanism of
the conversion of A to B has been argued to proceed via a


transition state structure in which a CO group bridges the
two iron atoms.[24] We have used DFT to further probe this


Figure 2 (cont.)


Table 1. Comparison of selected bond lengths (in �) obtained for experi-
mentally characterised {Fe2S3} complexes (upper case,[15, 24]) and their cor-
responding computational models (lower case). St and Sb stand for termi-
nal and bridging sulfur atoms, respectively.


a A c C


Fe2�St 2.256 2.261 2.260 2.255
Fe2�Sb 2.286 2.251 2.299 2.260


2.289 2.251 2.308 2.265
Fe2�CO 1.765 1.755 1.753 1.752


1.770 1.764 1.755 1.761
Fe1�Sb 2.291 2.255 2.293 2.241


2.294 2.256 2.297 2.249
Fe1�CO/CN 1.783 1.779 1.757 1.761


1.785 1.795 1.758 1.765
1.787 1.795 1.907 1.941


(1.922)[a]


Fe1�Fe2 2.536 2.516 2.567 2.538


[a] The value in parenthesis refers to the isomer in which the cyanide
group occupies an equatorial position, as observed in the X-ray structure
of C.


Table 2. Energetics for the cyanation of [Fe2(CO)5{MeSCH2C-
(Me)(CH2S)2}].[a]


DG DEgas DEsolv DG �DEsolv


a!a1 3.1 4.6 3.7 �0.6
a1 + CN�!TS1 5.8 4.5 2.5 3.3
TS1!b �19.4 �28.5 �17.7 1.7
b!b1 �8.2 �8.2 �6.4 �1.8
b1!b2 8.3 14.7 7.4 0.9
b2!TS-CO 15.5 22.9 17.5 �2.0
TS-CO!c + CO �16.6 �11.4 �8.2 �8.4
c!c1 11.9 10.9 11.9 0.0
c1 + CN�!TS2 34.9 47.7 26.2 8.7
TS2!d �38.5 �40.0 �41.6 3.1
d!e �8.2 �16.8 �7.0 �1.2
a + Na+ + CN�!TS1-Na+ 12.5 2.2 7.0 5.5
c + 2Na+ + CN�!TS2-Na+ 49.5 26.9 45.4 4.1
Fe2S2 + CN�!TS 12.6 12.1 10.4 2.2
Fe2S2 + Na+ + CN�!TS-Na 18.4 6.7 13.2 5.2
Fe2S2 (+2Na+ + CN� ;
second cyanation step)


21.4 11.6 16.3 5.1


[a] DEgas =SCF total energy values computed for isolated molecules,
DEsolv =SCF total energy values computed according to the COSMO
model for solvation, DG�DEsolv = free energy values computed taking
into account zero-point vibrational (plus thermal enthalpy) and entropy
effects. Energy values in kcal mol�1.
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hypothesis and fully dissect the cyanation reaction. In the
following, unless stated differently, energy values are free
energy differences, computed by adding to the SCF total
energy, solvation effects, zero-point vibrational (plus ther-
mal enthalpy) contribution, as well as entropy effects (see
Methods). The detailed mechanism and energetics for the
cyanation of a are summarised in Scheme 2 and 3, and in
Table 2.


The Fe(CO)3 group at Fe1 in A would be expected to
rotate relatively easily, as observed at both Fe atoms in
[Fe2{CH2(CH2S)2}(CO)6],[30] whereas at Fe2 the coordinated
R-S-CH3 arm locks the configuration thereby restricting ro-
tation. Thus geometry optimisations from [Fe2(CO)5-


{MeSCH2C(Me)(CH2S)2}] show
that, in structures where the
Fe(CO)3 group is slightly rotat-
ed with respect to a, an energy-
minimum structure is obtained
(a1, see Figure 2) that resem-
bles the computed transition
state arising from the rotation
of an Fe(CO)3 group in
[Fe2{CH2(CH2S)2}(CO)6].[30] In
a1, the coordination environ-
ment of Fe1 is better described


as a trigonal bipyramid, with one CO and one S ligand in
axial position, and with one equatorial CO group approach-
ing the proximal Fe2 centre. Importantly, the rotation of the
Fe(CO)3 group leads to the incipient formation of a vacant
coordination position trans to the semi-bridging CO group.


The observation that a1 is a stable intermediate
species, whereas the corresponding structure for the
[Fe2{CH2(CH2S)2}(CO)6] computational model corresponds
to a saddle point on the potential energy surface (i. e. a
transition state structure), underscores the role of the
R-S-CH3 ligand in stabilising bridging-CO species. In fact,
the conversion a!a1 is endoergonic by only 3.1 kcal mol�1.
The comparison of atomic charges for a and a1 reveals that


the movement of a CO group
from terminal to semi-bridging
position is accompanied by an
increase in the electrophilicity
of the distal Fe1 atom (not
shown).


The computed structure of
the transition state (TS1) corre-
sponding to the attack of CN�


on a1 is shown in Figure 2. In
TS1 the distal Fe1 atom has a
distorted octahedral geometry,
in which one of the ligands is
the approaching CN� group. A
CO group bridges the iron
atoms in a quasi-symmetric
fashion and the bond between
the proximal Fe2 centre and the
terminal sulfur ligand is elongat-
ed (2.35 �) with respect to a
and a1 (2.26 �), indicating that
the thioether group functions as
a good leaving group. The com-
puted potential free energy bar-
rier for the cyanation of a1 to
give TS1 is 5.8 kcal mol�1.


In principle, the cyanation of
a could proceed via other reac-
tion pathways (Scheme 4). In
the transition state structure in
which the distal Fe1 centre
could still be pseudo-octahedral,Scheme 2. Computed reaction path for the cyanation of a.


Table 3. Experimental and computed CO and CN� frequencies (cm�1) for the FeIFeI di-iron complexes A, B,
C, D and E and their corresponding computational models.


Complex A Complex B Complex C Complex D Complex E
Exp. a a1 Exp. b b1 Exp. c c1 Exp. d d1 Exp. e


1927 1951 1947 1915 1817 1922 1890 1903 1866 1780 1726 1765 1873 1875
1971 1964 1947 1919 1929 1905 1925 1926 1878 1878 1856 1884 1898


1983[a] 1988 1972 1957 1958 1945 1941 1939 1941 1919 1900 1886 1922 1912
1991 1998 1976 1969 1971 1981 1981 1993 1957 1952 1934 1963 1955


2048 2044 2035 2031 2009 2008 2085 2095 2108 2075 2075 2081 2076 2071
2092 2108 2106 2083 2080 2101 2075


[a] Broad.
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the CN� group could attack
trans to one of the sulfur atoms
bridging the two metal centres
(Scheme 3). However, the com-
puted energy barrier for this
reaction coordinate is very
large (>25.0 kcal mol�1), indi-
cating that this reaction chan-
nel is kinetically unfavourable.
The large energy barrier can
be mainly attributed to the
presence of a strong s-donor
trans to the approaching CN�


group. To study the factors
affecting the regiospecificity
observed in the cyanation of
a, we have investigated also
a reaction path where the in-
coming CN� group approaches
the Fe2 ion. The hindered
ligand rotation at Fe2 imposed
by coordination of the thio-
ether ligand restricts approach
of CN� to a reaction coordi-
nate trans to one of the bridg-
ing S atoms (Scheme 4). The
corresponding free energy


Scheme 3. The energetics (kcal mol�1) for the cyanation of a. The energy barriers for the first cyanation of the {2Fe2S} complex [(m-pdt)Fe2(CO)6] are re-
ported in the inset.


Scheme 4. Possible reaction coordinates for the first cyanation of a.
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barrier for this reaction channel is 35.2 kcal mol�1 and is
thus also unfavourable with respect to that going through
TS1.


To assess possible effects due to the different charge of
the reactant (a1; charge =0) and the transition state (TS1;
charge =�1), we have computed the transition state struc-
ture (TS1-Na) obtained considering NaCN as the cyaniding
species, as done in an earlier investigation addressing the cy-
anation of the {2Fe2S} species [Fe2(CO)6{CH2(CH2S)2}].[30]


We find that the structures of TS1 and TS1-Na are very sim-
ilar, differing markedly only in the distance between the at-
tacking CN� group and Fe1 (Figure 2). Optimisation of re-
agents, that is, the van der Waals adduct between a1 and
NaCN, led to a species resembling a, in which the semi-
bridging CO group has moved to a terminal position (not
shown), an observation which indicates that ion-pairing can
modulate to some extent the coordination geometry of Fe1.
However, the computed potential free energy barrier for the
reaction a + NaCN!TS1-Na is still small (decreased to
12.5 kcal mol�1; Scheme 3). Most importantly, the other con-
ceivable reaction paths (Scheme 4) are characterised by very
large energy barriers (>35 kcal mol�1).


As stated above, the experimental reaction rate for mono-
cyanation of the {2Fe3S} species A is some 104 times faster
than that observed for the {2Fe2S} species [Fe2-
(CO)6{CH2(CH2S)2}].[24] To probe this difference we have
also computed the transition state along the cyanation
pathway leading to the {2Fe2S} species [Fe2-
(CO)5(CN){CH2(CH2S)2}]. This latter reaction path was in-
vestigated in an earlier study by Hall et al. ,[30] who found a
transition state structure characterised by a m-CO group and
a corresponding activation energy of 13.60 kcal mol�1. Their
investigation was carried out using the B3 LYP functional
and maintaining a neutral model system by addition of Na+


counter-ions. The B3 LYP functional generally predicts
slightly larger barriers than BP86,[37] making the direct com-
parison of the computational data for the two systems prob-
lematic. We have therefore re-investigated the cyanation of
[Fe2(CO)6{CH2(CH2S)2}] at the BP86/TZVP level of theory,
including also solvation effects, to allow a fair comparison
with results obtained for the {2Fe3S} system. It should be
noted that both iron centres are equivalent in the [Fe2-
(CO)6{CH2(CH2S)2}] complex, at least within the time scale
of the ring flip, whereas only the distal Fe1 centre undergoes
attack in A. However, this statistical effect is not expected
to influence significantly DFT results. We find that the po-
tential free energy barriers computed for the cyanation of
[Fe2(CO)6{CH2(CH2S)2}], with CN� or NaCN as reactants,
are 12.6 and 18.4 kcal mol�1, respectively. Hence, the pres-
ence of the thioether group decreases the energy barriers
for the cyanation reaction by 6.8 kcal mol�1 (CN�) and
5.9 kcal mol�1 (NaCN), in full agreement with experimental
observations. This effect is consistent with the thioether
ligand both stabilising the incipient bridging CO vis a vis a
terminal CO at Fe2, in agreement with the proposal that the
Fe(CO)3 rotational barrier is an important contributor to
the overall activation energy for CN� attack,[30] and func-


tioning as a good leaving group in the concerted associative
process at the binuclear assembly.


The optimised structure of b, which is more stable than
TS1 by about 19.4 kcal mol�1 and is the product of CN�


attack on a1, retains a m-CO group, whereas the interaction
between Fe2 and the thioether sulfur atom is very weak
(Figure 2). Notably, the sampling of the potential energy hy-
persurface led to the identification of a more stable isomer
of the product of monocyanation (b1; see Figure 2). In b1,
the thioether sulfur atom is not coordinated to Fe2 and the
bridging CO group observed in b moves to a semi-bridging
position in b1, with the geometry about the proximal Fe
centre better described as a distorted trigonal bipyramid.
The comparison of relative energies reveals that b is less
stable than b1 by 8.2 kcal mol�1, in agreement with the
observation that a species corresponding to b is not de-
tected experimentally as the primary product of mono-
cyanation. Notably, the more stable metal—metal-bonded
isomer b1 closely corresponds to the structure assigned to
the intermediate species B from spectroscopic data (see
below).


To complete the characterisation of the monocyanide spe-
cies we have computed the structure of (chiral) isomers that
differ from b1 in having CN� in (either) equatorial position.
In these species, the semi-bridging CO group moves to a ter-
minal position and the iron atoms have a regular square-pyr-
amidal coordination environment (not shown). This observa-
tion highlights again the stabilising role of a donor ligand in
a trans position to the bridging CO. The b1 isomers charac-
terised by an equatorial CN� are less stable than the corre-
sponding axial isomer by 3–5 kcal mol�1.


The reversible CO loss/thioether re-binding step : Experi-
mental data show that the complex [Fe2(CN)(CO)5-
{MeSCH2C(Me)(CH2S)2}]


� (B) reversibly loses CO to form
the isolable {2Fe3S} species C, in which the thioether group
is coordinated to the proximal Fe2 atom as in the parent
complex A (Scheme 1). The regiospecificity of CO rebinding
to C has been investigated by FTIR spectroscopy using
13C18O and results are consistent with the labelled CO at-
tacking the cyanide-ligated Fe1 atom, concerted migration
of an unlabelled CO ligand and concomitant dissociation of
thioether from Fe2.[24]


To gain an insight into the B!C + CO step, we have op-
timised the structure of the transition state related to CO
loss (TS-CO), taking as the reactant a b isomer in which the
CN� group is coordinated to Fe1 in an equatorial position
(b2 ; Figure 2).[38] In b2, which is less stable than b by
8.3 kcal mol�1, a CO group is trans to the m-CO and can act
as a leaving group according to a mechanism that implies
transfer of CO from Fe2 to Fe1, concerted cleavage of the
Fe1�CO bond, and coordination of the thioether ligand to
Fe2. In fact, in TS-CO, an Fe1 bound CO group moves to a
semi-bridging position, the Fe1-(m-CO) distance becomes
very short (1.75 �) and the bond length between Fe1 and
the CO group trans to the m-CO increases to 3.31 �
(Figure 2).
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The computed structural features, together with the obser-
vation that no other transition state structures were found
along the pathway from b2 to c, indicate that the thioether
re-binding to Fe2 is accompanied by CO loss from the ter-
minal Fe1 centre. TS-CO is less stable than b2 by 15.5 kcal -
mol�1, in good agreement with the relatively slow reaction
rate for the B!C + CO conversion.[24]


The second cyanation step : Cyanation of the complex
[Fe2(CN)(CO)4{MeSCH2C(Me)(CH2S)2}]


� (B) can take
place following two different reaction paths (Scheme 1). In
the presence of a large excess of CN� , B is directly convert-
ed to E (high-cyanide pathway), whereas if the CN� concen-
tration is lower, B initially loses one CO group forming the
species C (see above). Subsequently, C reacts with CN�


forming the m-CO intermediate D, which eventually con-
verts to the thermodynamically more stable form E (low-cy-
anide pathway). The high cyanide pathway is kinetically dis-
favoured with respect to the low-cyanide pathway. In
addition, cyanation of the {2Fe3S} species B is slower
than for the corresponding {2Fe2S} complex [Fe2-
(CO)5(CN){CH2(CH2S)2}]


� .
With the aim of characterising intermediate and transition


state species relevant to the second cyanation step, we have
initially sampled the potential energy surface searching for
possible other isomers of c. As observed for a, we located
an isomer that is characterised by a distorted trigonal-bipyr-
amidal geometry of the proximal Fe2 centre, (c1; Figure 2).
In c1, which is less stable than c by 11.9 kcal mol�1


(Scheme 3), the equatorial CO group is semi-bridged be-
tween the two metal ions and an incipient vacant coordina-
tion site appears on the Fe2 centre. It is worth noting that
the vacant coordination sites in c1 and a1 are different,
being trans to a m-S atom and to a m-CO group, respectively
(Figure 2). In contrast to a and a1, the partial atomic charg-
es computed for the Fe2 atom are not dissimilar in c and c1
(data not shown)


The computed structure of the transition state corre-
sponding to the attack of CN� on c1 (TS2) is shown
in Figure 2. In TS2, which is 34.9 kcal mol�1 higher in
energy than reactants (c1 + CN�), the proximal Fe2 atom
has a distorted octahedral geometry where one of the
ligands is the approaching CN� group. A CO group bridges
the iron atoms in a quasi-symmetric fashion and the
bond between Fe2 and the terminal sulfur ligand is elongat-
ed (2.46 �) with respect to c and c1. To obtain unbiased
results, we have also computed the transition state for
the electro-neutral system that includes two Na+ ions,
(TS2-Na). The structures of TS2 and TS2-Na are very
similar, differing significantly only in the distance between
the attacking CN� group and the proximal iron centre
(Figure 2). As observed for the first cyanation step, op-
timisation of the van der Waals reactant complex (c1
+ 2Na+ + CN�) leads to an adduct in which the bimetallic
cluster rearranges to a structure resembling c. The free
energy barrier associated with TS2-Na is 49.5 kcal mol�1


(Table 2 and Scheme 3).


Again for comparison with the corresponding {2Fe2S}
system, we have computed the transition state for the attack
of NaCN on [Fe2(CO)5(CN){CH2(CH2S)2}]Na, obtaining a
free energy barrier of 21.4 kcal mol�1. Notably, the free
energy barrier is slightly larger than that for the first cyana-
tion step, in disagreement with experimental data for this
system[8–10] as also found by Hall and co-workers.[30] They
have argued that the error is due to the presence of Na+


ions, which artificially increase the rotation barrier for the
FeL3 group. This observation suggests some care in the dis-
cussion of small energy differences in computed activation
barriers. However, the energy difference between the free
energy barrier for the second cyanation step of the {2Fe2S}
system (21.4 kcal mol�1) and the corresponding value com-
puted for the {2Fe3S} system (49.5 kcal mol�1) is very large
and in good agreement with the experimental observation
that {Fe2S2} systems react faster.[24]


The difference between {2Fe2S} and {2Fe3S} systems in
the second cyanation step reflects deactivation of the Fe2
atom towards nucleophilic attack due to coordination of the
electron-donating thioether group to Fe2. In the van der
Waals reactant complex (c1 + 2 Na+ + CN�) the Fe2 atom
is only slightly less electrophilic than the corresponding iron
atom in [Fe2(CO)5(CN){CH2(CH2S)2}]Na (data not shown),
suggesting that the electron-donor character of the thioether
group is not the only cause for the difference in reactivity
between c and [Fe2(CO)5(CN){CH2(CH2S)2}]


� . Other key
factors affecting the reactivity of c are the hindered rotation
of ligands at the Fe2 group due to the ’locking’ coordination
of the thioether ligand, documented by the large energy dif-
ference between c and c1 (compared to a and a1; Table 2),
and the different reaction coordinate of the approaching
CN� group, which attacks trans to an electron-withdrawing
CO group and to an electron donor S ligand in the {2Fe2S}
and {2Fe3S} complexes, respectively.


The optimised structure of d, which is the product of the
second cyanation, is more stable than TS2 by 38.5 kcal mol�1


(Table 2 and Scheme 3). In d, one CO group bridges in a
quasi-symmetric fashion the two iron atoms and the distance
between the proximal Fe2 centre and the thioether ligand is
relatively long (2.520 �), suggesting that this bond can be
easily cleaved. However, it should be noted that the corre-
sponding distance observed in b is significantly longer
(3.460 �), indicating that the conversion of d to e, in which
both iron centres are five-coordinate (Figure 2), implies the
cleavage of both the Fe1�mCO and Fe2�S bonds, whereas
only the cleavage of the Fe1�mCO bond is necessary to con-
vert b to b1 (see above). The experimental observation that
the attack of CN� on C gives the m-CO intermediate D,
whereas attack on B does not give a spectroscopically de-
tectable CO-bridged species can be rationalised as follows.
Comparison of b and d might suggest that the partial charge
on Fe2 is more negative in d than in b, due to the coordina-
tion of the donating R-S-CH3 and the anionic CN� donor
groups in the former. However, we find that the partial
atomic charge on Fe2 in d and b are very similar, (�0.75
and �0.76, respectively), whereas the electron density on
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the CO groups coordinated to Fe2 increases significantly
moving from b to d. Thus, the electron-accepting terminal
and bridging CO groups provide a sink for the extra charge
brought in by the cyanide and thioether coordination at Fe2.
We conclude that in b the strongly electron-demanding ke-
tonic m-CO group is destabilised by the presence of the
other p-acceptor ligands, triggering metal–metal-bond for-
mation and concomitant cleavage of the bond between Fe2
and the thioether ligand necessary to maintain an 18-elec-
tron configuration at the Fe2 centre. On the other hand,
substitution of a CO group with a stronger donor such as
CN� results in a sufficiently electron-rich Fe2 atom in d to
trigger the cleavage of the metal-metal bond, disperse elec-
tron density by efficient donation into the m-CO group, and
allow coordination of the thioether ligand to Fe2, satisfying
again the 18-electron rule.


Isomeric forms of d1 may exist which differ in the orienta-
tion of the cyanide groups. We find that an isomer in which
both cyanide ligands are trans to the bridging thiolate
groups and have anti-configuration (d1; Figure 2) is <


2 kcal mol�1 less stable than d (i.e. differing by less than the
accuracy of the method) but, as expected, with less charge
transmitted to the bridging CO the IR frequency of this
group is raised (see discussion of d1 and D below).


The structure e is more stable than d by about
8.2 kcal mol�1, in close accord with the experimental obser-
vation that D rearranges to the thermodynamically more
stable isomer E.


Spectroscopic properties and structure assignment : The
structures of the complexes A and C have been established
by X-ray diffraction, whereas structural assignments for all
the other detected intermediate species have been based on
comparative IR data with structurally characterised ana-
logues (B, E) or by inference D.[24] Therefore, in light of the
good agreement between experimental and computed vibra-
tional frequencies observed for A and C (see above), and
with the aim of evaluating the structural assignment for B,
D and E, we have extended the comparison to the other
{2Fe3S} species. The vibrational frequencies for CO and CN
groups computed for the {2Fe3S} models investigated in this
work are collected and compared to the corresponding ex-
perimental values in Table 3.


The computed vibrational frequencies for a1 are not
markedly different from those computed for the more stable
isomer a. In particular, the frequency associated with the
stretching of the semi-bridged CO decreases only by a few
cm�1 moving from a to a1, consistent with the weak interac-
tion between the CO group and Fe2. The corresponding dif-
ference between c and c1 is larger, due to the stronger Fe1�
CO interaction. However, the experimental values are
closer to those computed for c, in agreement with the com-
puted relative stability for these two isomers.


Comparison of computed vibrational frequencies for b
and b1 with the corresponding experimental values reveals
that b1 corresponds to the structure observed in solution, in
agreement with the computed relative energies of these iso-


mers and with the assignment made on the ground of exper-
imental data.[24] Very good agreement among computed and
experimental data is observed comparing the values for e
and E, also in this case confirming the structural assignment
made on the basis of IR data. The same good agreement
holds true also for the terminal CO frequencies for D and d
species, but the value for the bridging CO is significantly dif-
ferent. The isomer d1, which differs from d in having equa-
torial cyanide ligands in an anti-configuration, is only very
marginally less stable than d, as discussed above. Important-
ly, d1 is characterised by all stretching frequencies in very
good agreement with the experimental data,[24] as shown by
the plot in Figure 3 and the data in Table 3. We therefore
conclude that D with equatorial cyanide at Fe1 is most
likely the dominant isomer in solution.


Conclusion


We have used DFT to described the intimate mechanism of
the pathway of substitution of an {2Fe3S}-carbonyl species
by CN� in terms of structures, energetics and IR spectrosco-
py. This has:
1) provided an explanation for the regioselectivity and the


enhanced rate of monocyanation of {2Fe3S} vis a vis
{2Fe2S} carbonyls in terms of a pathway allowing on/off
coordination of a thioether ligand bound at the neigh-
bouring iron atom,


2) shown that the difference between {2Fe2S} and {2Fe3S}
systems in the second cyanation step not only reflects
deactivation of the Fe2 atom, due to coordination of the
electron-donating thioether group, but is due also to the
hindered rotation at Fe2 group and the different reaction
coordinate of the approaching CN� group in {2Fe2S} and
{2Fe3S} systems,


3) shown that an incipient carbonyl group bridging the two
iron atoms is an important feature of the transition
states also in {2Fe3S} systems,


4) provided a computational structure of a detectable inter-
mediate (d1) which has key features of the CO inhibited
form of the di-iron sub-site of all-iron hydrogenase,


Figure 3. Correlation of the calculated and observed CN� and CO fre-
quencies (cm�1) for D and d1.
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5) shown that computed IR data for this intermediate (d1)
are in excellent agreement with experimental data for D
as are data for the X-ray characterised structures (a, c).
This provides a high level of confidence in the computed
structure of D.


Methods


DFT structure optimisations were carried out by using the
BP86 functional[39,40] and an all-electron valence triple-z
basis set with polarisation functions on all atoms (TZVP).[41]


Calculations have been carried out using the Turbomole
suite of programs[42] in connection with the resolution of the
identity technique.[43,44]


The optimisation of the transition state structures has
been carried out according to a procedure based on a
pseudo Newton–Raphson method. Initially, geometry opti-
misation of a guessed transition state structure is carried out
constraining the distance corresponding to the reaction coor-
dinate, namely the distance between the attacking cyanide
(C atom) and either Fe1 during the first cyanation reaction
or Fe2 during the second one. Vibrational analysis at BP86/
TZVP level of the constrained minimum energy structures
is then carried out and, if one negative eigenmode corre-
sponding to the reaction coordinate is found, the curvature
determined at such point is used as the starting point in the
transition state search. The location of the transition state
structure is determined by using an eigenvector-following
search: the eigenvectors in the hessian are sorted in ascend-
ing order, the first one being that associated to the negative
eigenvalue. After the first step, however, the search is per-
formed by choosing the critical eigenvector with a maximum
overlap criterion, which is based on the dot product with the
eigenvector followed at the previous step. The exact (analyt-
ical) hessian matrix has been finally calculated to carry out
the vibrational analysis of the stationary point.


The potential energy barriers have been computed as the
difference between the energy of the transition state and the
energy of the bimetallic cluster with inclusion of CN� or
NaCN nearby, as optimised together, in conformity with
previous investigations.[30] The charge distributions of the
complexes were analysed by the Roby–Davidson
method.[45–48]


The optimised structures of the complexes reported in the
present study correspond always to low spin states, as ex-
pected considering the characteristics of the ligands forming
the coordination environment of the metal atoms and in
agreement with available experimental data.


Derivation of free energy (G) values from the electronic
SCF energy has been carried out considering three contribu-
tions to the total partition function (Q), namely qtranslational,
qrotational, qvibrational, under the assumption that Q may be writ-
ten as the product of such terms.[49] To evaluate entalpy and
entropy contributions, the value for temperature, pressure
and scaling factor for the SCF wavenumbers have been set


to 298.15 K, 1 atm and 0.9, respectively. Rotations have
been treated classically and vibrational modes described ac-
cording to the harmonic approximation.


The effect of the solvent (acetonitrile; e=36.64) has been
evaluated with the continuous model approach COSMO.[50]


The relative energies discussed in the manuscript are
Gibbs free energies where the contributions described
above are added.
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A DFT-Based Theoretical Investigation of the Mechanism of the
PtCl2-Mediated Cycloisomerization of Allenynes


Elena Soriano*[a] and Jos� Marco-Contelles[b]


Introduction


In recent years, the development of new synthetic methodol-
ogies mediated by transition-metal complexes has provided
a variety of possibilities for the efficient preparation of or-
ganic molecules. Numerous studies have shown that PtCl2


catalyzes the intramolecular skeletal rearrangement of 1,6-
enynes to afford different types of cycloadducts.[1] Theoreti-
cal mechanistic analyses have revealed that many of these


reactions proceed through cyclopropyl platinum–carbene in-
termediates formed by initial 5-exo or 6-endo-cyclization
steps.[2] Alternatively, simultaneous coordination of PtCl2 to
the alkyne and alkene moieties promotes the formation of
Alder–ene products through oxidative cyclometalation.[2b]


On the other hand, allenyne systems may also undergo
transition-metal-catalyzed intramolecular cycloisomerization
reactions. For instance, Wilkinson�s catalyst
([RhCl(PPh3)3]),[3] [(h2-propene)Ti(O-iPr)2],[4] and the com-
plex [CpCo(CO)2]


[5] catalyze the ene-type cycloisomeriza-
tion of 1,7-allenynes to give cross-conjugated trienes. Addi-
tionally, it has been reported that allenynes can exhibit dif-
ferent modes of cyclization depending on the metallic cata-
lyst: Pd complexes catalyze cyclization of 1,7-allenynes to
six-membered carbocyles, whereas Rh complexes afford
five-membered rings.[6] Interestingly, in spite of this and re-
lated efforts on this subject,[7–11] it was only very recently
that Brummond et al. established that substitution of the
allene has an influence on the regiochemical course of this
reaction.[12]


We have started a project aimed at the DFT-based investi-
gation of the mechanisms of transition-metal-promoted
processes for different types of unsaturated substrates to ra-
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Abstract: The mechanism of PtII-cata-
lyzed intramolecular cycloisomeriza-
tion of allenyne systems has been ex-
tensively investigated by DFT calcula-
tions. Different mechanistic schemes
have been proposed and discussed, in-
cluding the Alder–ene reaction. The
free energy results suggest that the ki-
netically preferred reaction pathway
for precursors that are tri- and tetra-
substituted on the allene moiety should
proceed by a five-step mechanism. This
would involve formation of a plati-
na(iv)cyclopentene intermediate by se-
lective engagement of the external p


bond of the allene, which would under-


go regioselective b-H elimination from
the equatorially disposed methyl group.
A metal-induced H migration leads to
a second octahedral PtIV–chelate com-
plex, which would yield the expected
bicyclic system through an intramolec-
ular migratory insertion step. There-
fore, depending on the conformation of
the initial h4-reactant complex for tri-
substituted patterns, two possible inter-


mediates can be formed that would
evolve through different paths. In these
cases, the regio- and stereochemical
outcomes predicted by the mechanistic
scheme proposed agree with experi-
mental data. Substituted precursors on
the alkyne moiety follow a distinct,
four-step, mechanism also involving an
oxidative cyclometalation process to an
octahedral PtIV intermediate complex.
Theoretical results reveal the kinetic
preference for b-H elimination from
the allylic group rather than from the
gem-dimethyl group, which should ac-
count for the observed regioselectivity.


Keywords: cyclization · density
functional calculations ·
metallacycles · reaction
mechanisms · regioselectivity
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tionalize the reported experimental data in terms of chemo-,
regio-, and stereoselectivity. In this context, we have carried
out theoretical studies on cycloisomerization mechanisms,
with or without skeletal reorganization, of 1,6-enynes, heter-
oatom-tethered enynes, unsaturated propargylic carboxy-
lates, or dienynes.[13]


Herein we report a detailed theoretical study on the eluci-
dation of the reaction pathways for the PtCl2-mediated cy-
cloisomerization of substituted allenynes. The experimental
results recently reported[14] have revealed a clear depend-
ence of cycloisomerization products upon the substitution
on allene and alkyne moieties (Scheme 1). Based on these


observations, we have explored the possible mechanism(s)
involved to gain a deeper understanding of these processes.
A detailed knowledge of the factors that control the evolu-
tion of key intermediate structures would allow us to carry
out more efficient and selective cycloisomerization reactions
to afford important carbocyclic skeletons.


We have chosen compounds 9–11 as theoretical models to
simplify our analysis of the potential energy surfaces (PES).


Results and Discussion


Substitution on the terminal carbon atom of allene : Forma-
tion of the bicyclo[4.3.0]nonane ring system 3 (Scheme 1)
suggests that initial cyclization takes place selectively with
the external p bond of the allene. In analogy with the mech-
anistic scheme proposed by Echavarren and co-workers[2b]


for the Alder–ene reaction of enynes, these processes might
also involve a platinacyclopentene as the key intermediate
(structure B, Scheme 2). Interestingly, a homologous metal-
labicyclic structure was identified in TiII-mediated allenyne
cyclizations.[15] Hence, we have analyzed the reaction path-
way involving the formation of B through an initial intramo-


lecular oxidative cyclization of reactant complex A
(Scheme 2). Subsequent b-H elimination, 5-endo carboplati-
nation, and reductive elimination steps would then afford
the bicyclic adduct (Scheme 2, path I a). As an alternative, a
mechanistic scheme involving an intramolecular migratory
insertion from a second platina(iv)cycle structure could also
be envisaged (Scheme 2, path Ib).


On the basis of the results calculated for PtII-catalyzed
cyclization of enynes,[13] an initial coordination of the alkyne
to the metal center (structure A’, Scheme 2) could promote
the intramolecular addition on one olefinic carbon atom to
give the allylic carbocation intermediate F, which then could
drive the reaction over to metallabicycle B. Nevertheless,
this route was ruled out as a feasible pathway since it led to
a strange cyclopropyl Pt-carbene intermediate (C1�C2
1.406, C1�C7 1.654, C2�C7 1.580, Pt�C8 1.933 �) that did
not show the expected allylic cation nature of the hypotheti-
cal structure F. The methyl groups in the terminal position
of the allene, C8, do not lie on the same plane as substituent
at C6 (50.3–67.08). Furthermore, this structure cannot
evolve to the projected intermediate in a subsequent step
and it represents a dead end in the reaction pathway.


In contrast, coordination of both terminal p bonds of the
allene and alkyne moieties with PtCl2 forms the h4-complex
React (structure A, Scheme 2). The Pt–alkyne interaction
(Pt�C1 2.187, Pt�C2 2.286 �, Table S1, see Supporting In-
formation) is slightly stronger than the Pt–allene interaction
(Pt�C7 2.153, Pt�C8 2.373 �) for the tetrasusbstituted
allene, with the Pt–terminal alkyne carbon atom and Pt�C7
distances being shorter than Pt–internal alkyne carbon atom
and Pt–terminal allene carbon atom distances, respectively,
due to steric factors. C1�C2 (1.242 in A compared to
1.208 � in uncomplexed allenyne) and C7�C8 (1.380 com-
pared to 1.313 � in uncomplexed allenyne) bond lengthen-
ing clearly imply significant back-donation to the p* orbital
of both unsaturated moieties. A regioselective cyclometala-
tion step affords the platinacyclopentene intermediate INT1
(structure B, Scheme 2) through the transition state TS1
(Figure 1). This transition structure shows the incipient for-
mation of the C2�C7 bond (2.123 �), which involves a si-
multaneous increase in the Pt�C2 (2.632 �) length and a
strengthening of the Pt�C1 bond (2.051 �). On the contrary,
the Pt�allene interaction is stronger than in the reactant
complex (Pt�C7 2.104 and Pt�C8 2.256 �).


The complete formation of the C2�C7 bond (1.516 �)
takes place in the intermediate INT1, which shows a clear
allylic structure since substituents at C8 are nearly coplanar
to those at C6 (C6-C7-C8-C9 4.58). This h3 complex shows a
C7�C8 bond longer (1.485 �) than C6�C7 (1.398 �) due to
an interaction with the metal center (Pt�C8 2.165, Pt�C7
2.297, and Pt�C6 3.137 �). The allylic bond angle (C6-C7-
C8 128.18) is larger than expected in order to relieve the
steric congestion between methyl groups. Formation of
INT1 is exothermic (DG298 =�8.58 kcal mol�1, Table 1) and
proceeds with a moderate activation energy (DG298


� =


16.39 kcal mol�1), a value lower than that found for homolo-
gous enynes (ca. 30 kcal mol�1).[2b, 13a]


Scheme 1. PtCl2-mediated cyclization of allenynes.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 521 – 533522



www.chemeurj.org





In a previous theoretical
study concerning cycloisomeri-
zation of enynes, we observed
that coordination of both
alkene and alkyne moieties with
PtCl2 evolves by an oxidative
cyclometalation step to afford
an octahedral PtIV complex
[Figure 2 a] as the first inter-
mediate structure.[13a] Converse-
ly, the allylic nature in the inter-
mediate PtII structure INT1
formed in the first step for alle-
nyne cycloisomerization does
not have the same disposition;
it shows square-planar coordi-
nation where the alkenyl ligand
is placed in the coordination
plane whereas the allylic moiety
lies above it, and one of the cis
chloride ligands is arranged
trans to the s-alkenyl bond
[Figure 2 b].


This structural motif has an
important effect in the course
of the process. We have noted
that a proper disposition be-
tween the proton and metal ac-
ceptor orbital is essential for
the b-H elimination step to pro-
ceed. Nevertheless, H on both
methyl groups at C8 (C9 and
C10) cannot lie on the same
plane of the acceptor orbital.[13a]


To overcome this apparent dis-
crepancy, we proposed an addi-
tional step involving a metal


fragment rearrangement to afford the proper structure,
namely, formation of the chelate complex INT2 with a trans
chloride ligand disposition (Figure 1).


This step takes place through the early transition structure
TS2, which shows the incipient opening of the Cl-Pt-Cl
bond angle (108.68) and lengthening of the Pt�C7 interac-
tion (2.421 �). Harmonic frequency analysis of this transi-


Scheme 2. Proposed mechanisms for the PtCl2-catalyzed cyclization of allenynes.


Figure 1. Optimized structures of PtCl2-mediated intramolecular cycloisomerization of 9 (formation of INT3).


Table 1. Electronic[a] and free[b] energies computed for the PtCl2-cata-
lyzed intramolecular cycloisomerization of 9.


E[a] G298
[b] DE DG298


[a.u.] [a.u.] [kcal mol�1] [kcal mol�1]


React �1468.106766 �1468.152019 0.00 0.00
TS1 �1468.081058 �1468.125894 +16.13 +16.39
INT1 �1468.122032 �1468.165693 �9.58 �8.58
TS2 �1468.121739 �1468.164779 �9.40 �8.01
INT2 �1468.153555 �1468.197479 �29.36 �28.53
TS3 �1468.127432 �1468.171853 �12.97 �12.45
INT3 �1468.132822 �1468.178732 �16.35 �16.76
TS4a �1468.105292 �1468.150188 +0.92 +1.15
TS4b �1468.104638 �1468.152948 +1.34 �0.58
INT4a �1468.135372 �1468.179814 �17.95 �17.44
INT4b �1468.119266 �1468.164430 �7.84 �7.79
TS5a �1468.081240 �1468.126701 +16.02 +15.89
TS5b �1468.114266 �1468.158475 �4.71 �4.05
INT5a �1468.132723 �1468.177745 �16.29 �16.14
TS6a �1468.130344 �1468.173244 �14.80 �13.32
Prod �1468.187904 �1468.230772 �50.91 �49.42


[a] Includes ZPE correction. [b] Includes thermal corrections at 298 K.


Figure 2. Comparison between metallacyclopentene structures formed
from a) an enyne and b) allenyne precursors in the first step.
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tion state gives the unscaled imaginary frequency of
�49.1 cm�1, indicating the rather small geometric distortion
to reach it. These results agree with the low activation barri-
er computed for this elementary step (0.57 kcal mol�1,
�8.01 kcal mol�1 relative to React, Table 1), which suggests
that INT1 should have a very transient life.


The subsequent intermediate PtIV complex INT2 displays
octahedral coordination of the ligands around the metal
center with a trans arrangement of the chloro ligands (Cl-Pt-
Cl 162.78). This involves both Pt�Cl bond lengths and the
NPA charge on the Cl ligands becoming similar (Tables S1
and S2, see Supporting Information). Consequently, there is
a lower negative charge at C1 (�0.347 in INT1 compared to
�0.237 in INT2), which results from the less efficient p back
bonding interaction with the metal. Our calculations indi-
cate that formation of the metallacyclopentene INT2 is fa-
vored from a thermodynamic viewpoint both in terms of the
elementary step (�19.95 kcal mol�1) and the overall process
(�28.53 kcal mol�1, Table 1).


As long as the methyl group C9 adopts an equatorial dis-
position in INT2, methyl hydrogen atoms are situated in the
acceptor orbital plane. This structure might therefore easily
suffer the b-H elimination process leading to the platinahy-
dride species INT3 (structure C, Scheme 2). The transition
structure involved in this step, TS3, exhibits a clear length-
ening of the Pt�C8 (3.275 �) and C9�H (1.174 �) bonds and
shortening of the Pt�H (2.171 �) and C8�C9 (1.437 �)
bonds. Detailed examination of the imaginary frequency
mode confirms that the most important geometric change
takes place on the H atom between C9 and the metal
center.


It can be seen that complete opening of the metallacylo-
pentene in INT3 takes place by migration of H from C9
(C9�H 1.691 �) to Pt (Pt�H 1.586 �). The C8�C9 double
bond (1.360 �) adopts an almost perpendicular disposition
with respect to the C6�C7 moiety (dihedral angle �86.88).
It indicates a lack of conjugation between the two multiple
bonds, although this destabilizing effect is partially compen-
sated for by a more efficient conjugation with C1�C2 (C1-
C2-C6-C7 157.38). This conformation minimizes the steric
hindrance between C9/C10 and both methyl groups at C6
and the catalyst.


Mechanistic studies on transition-metal-catalyzed b-H
elimination processes[16] have revealed that they can proceed
through four-membered ring intermediate structures[17] in
which H coordinates to a metal
center by occupying one of the
vacant coordination sites before
bC�H bond dissociation takes
place. Nevertheless, the long
Pt···H distance (2.879 �) sug-
gests that INT2 should not be a
marked b-agostic structure. To
gain further insights into this,
we located and properly charac-
terized the four-membered ring
transition structure involved in


this alternative route whereby the C�H bond approaches
the Pt (TS3’, Scheme S1, see Supporting Information). As
expected, it shows the strengthened Pt�C8 (2.137 �), Pt�H
(1.666 �) and C8�C9 (1.438 �) bonds and an elongated
bC�H (2.226 �) interaction. IRC analysis confirmed that
this transition state directly connects with INT2, that is, no
b-agostic intermediate was found as a stable structure. Fur-
thermore, the computed energy barrier to reach TS3’ was
very high (65.86 kcal mol�1, about 44 kcal mol�1 higher than
the reactant complex), so it must be ruled out as an opera-
tive mechanism.


At this point, we have analyzed two possible reaction
pathways for the evolution of branch point INT3 (structure
C, Scheme 2) to justify the formation of the bicyclic adduct
and the absence of the cross-conjugated triene as a reaction
product. The first carbocyclization process should proceed
through 5-endo carboplatination and reductive elimination
steps[14] (Scheme 2, path Ia) or, alternatively, through intra-
molecular migratory insertion from a second platinacycle
structure (Scheme 2 path I b). Instead, the formation of a
conjugated triene in transition-metal catalyzed cyclization of
allenynes has been previously reported.[3–5,18] The formal al-
lenic Alder–ene reaction could take place through an analo-
gous route to that proposed for PtII-catalyzed cycloisomeri-
zation of enynes involving a reductive elimination step from
the platinahydride intermediate C (Scheme 2, path II).[13a]


The Alder–ene reaction could therefore take place and
yield a cross-conjugated triene from the INT3 intermediate
through the transition state TS3-ene. This transition struc-
ture reveals that the H approach takes place by closure of
the C1�Pt�H bond angle (from 88.4 in INT3 to 49.18) and
tilted with regard to the p cloud (C2-C1-Pt-H 70.18) reveal-
ing the extensive involvement of the p(p) orbital in the tran-
sition state. Finally, IRC analysis indicates that TS3-ene
leads to the expected triene structure Prod-ene. Given the
steric hindrance imposed by methyl groups at C6 and C8,
we can only observe conjugation between the C1�C2 and
C6�C7 multiple bonds (C1-C2-C7-C6 173.48), which reinfor-
ces the h2-coordination of the terminal olefin to the catalyst.
C1�C2 is elongated (1.445 �) and C2�C7 (1.466 �), C1�Pt
(2.069 �) and C2�Pt (2.367 �) are strengthened, as suggest-
ed by their bond lengths. The optimized structures for this
alternative route are shown in Figure 3. This step is exother-
mic (�15.16 kcal mol�1) and the activation barrier to achieve
TS3-ene is 18.48 kcal mol�1, 1.72 kcal mol�1 less stable than


Figure 3. Optimized structures for the alternative Alder–ene reaction of allenyne 9 (path II, see Scheme 2).
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React. Therefore, the rate-limiting step of the overall proc-
ess should be the formation of INT1.


Alternatively, formation of the carbobicyclic adduct
should also take place through PtIV complex INT3. This
structure still presents a weak C9�H interaction (1.690 �),
whereas a C1···C9 approximation is required to allow the
C�C coupling in a subsequent step. Therefore, we have pro-
posed and properly characterized an additional metal frag-
ment displacement step which takes place through the tran-
sition state TS4a and yields the intermediate INT4a
(Scheme 2 path Ia, and Figure 4; see also Table S3 in the


Supporting Information). The activation barrier for this
nearly thermoneutral step (�0.68 kcal mol�1) is 17.91 kcal -
mol�1, and TS4a lies 1.15 kcal mol�1 above React (Table 1).


The following carbocyclization step would proceed
through TS5a by intramolecular attack of the nucleophilic
alkene carbon C9 (NPA charge �0.498 in INT4a, see Table
S4 in the Supporting Information) to the carbene carbon C1
(C1�C9 2.072 �). Following the intrinsic reaction coordi-
nate, we found the carbobicycle intermediate INT5a (struc-
ture D, Scheme 2), which implies the complete formation of
a C1�C9 bond (1.529 �). In contrast with the previous inter-
mediates, the H atom should occupy one coordination site
on the square-planar catalyst framework, implying that a
trans chloride ligand increases the degree of back-bonding
interactions. The computed NPA charges on H confirm this
(0.031 in INT5a as opposed to 0.155 in INT3a and 0.178 in
INT4a). The 5-endo carboplatination step is slightly endo-
thermic (1.30 kcal mol�1) and the activation energy to reach
the transition state is rather high (33.33 kcal mol�1,
15.89 kcal mol�1 relative to React).


Finally, INT5a could evolve into the final cycloadduct
Prod by H-migration from the catalyst to C8 and this reduc-
tive step would proceed through the early transition state
TS6a (C8�H 1.864 �). It should be noted that this would be
an easy transformation as revealed by the low barrier


energy computed (2.82 kcal mol�1). It should take place with
small geometrical reorganization from INT5a, as can be de-
duced from the geometrical parameters in Table S3 (see
Supporting Information). The h3-coordination of both ole-
finic moieties to the catalyst in the bicyclo[4.3.0]nonane
structure Prod (Pt�C1 2.271, Pt�C2 2.140, Pt�C7 2.223 �)
gives rise to a very distorted conjugated diene, with poor
conjugation between the multiple bonds (as dihedral angle
C1-C2-C7-C6 �143.58 indicates). On other hand, it can be
observed that this coordination induces a high stability to
the complex.


The calculated results reveal
that formation of INT1 should
the rate-limiting step for this
mechanistic proposal, and the
activation parameters for the
overall process show moderate
values (DH298


� =15.60 kcalmol�1,
DS298


� = 2.65 kcal mol�1 K�1,
DG298


� = 16.39 kcal mol�1). It is
noteworthy that, TS5a lies
0.51 kcal mol�1 below TS1, an
energy difference too small to
form a non-ambiguous conclu-
sion about the rate-limiting
step.


Interestingly, TS3-ene is
14.17 kcal mol�1 lower in energy
than TS5a, which suggests that
formation of the conjugated
triene should be a process ki-
netically favored over forma-


tion of the bicyclic adduct. This is in sharp disagreement
with experimental observations. This result led us to propose
an alternative pathway for the evolution of INT3 into the bi-
cyclic product. According to the proposaed path Ib outlined
in Scheme 2, INT3 could afford a second platinacycle inter-
mediate on the PES, INT4b, through a H migration from Pt
to C8, which then would yield the expected product through
an intramolecular migratory insertion step, a common route
for the combination of two fragments within the coordina-
tion sphere of a metal in numerous transition metal-mediat-
ed protocols.


The H migration from the catalyst framework to C8 takes
place through the transition state TS4b (Figure 5) which de-
picts the Pt�H elongation (1.892 �, Table S5, Supporting In-
formation) and the advanced formation of the C�H bond
(1.208 �). Following the reaction coordinate, we located the
distorted tetrahedral PtIV complex INT4b, which reveals a
six-membered chelate ring structure by the formation of a
Pt�C9 bond (2.104 �). This transformation proceeds with
an activation energy of 16.18 kcal mol�1 (�0.58 kcal mol�1


relative to React) and is endothermic (8.98 kcal mol�1). In
spite of this metal-induced stepwise H migration from C9 to
C8 should proceed through two consecutive endothermic
steps, this process yields a reactive intermediate with a
proper structure (both carbene and alkyl groups are cisoi-


Figure 4. Optimized structures for the mechanistic proposal path Ia (see Scheme 2) for the cycloisomerization
of allenyne 9.
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dal) to undergo the expected intramolecular migratory inser-
tion.[19] Thus, this step easily affords the bicyclo[4.3.0]nonane
ring system through the transition state TS5b. This transition
structure exhibits the incipient insertion of C9 into sPt�C1
bond (C1�C9 2.164 �), allowed by the metal framework re-
arrangement (Cl-Pt-Cl closes to 90.38 and shifts 66.88 from
the plane C1-C2-C9). This C�C coupling step is strongly
exothermic (�41.63 kcal mol�1) and the activation energy to
achieve the transition state is very low (3.74 kcal mol�1). To


sum up, this reaction pathway should proceed through five
steps, the first being the rate-limiting step. The overall proc-
ess should be largely favored from a thermodynamic point
of view, by �49.42 kcal mol�1 (Table 1), and this high value
suggests the irreversible character of the catalyzed intramo-
lecular carbocyclization reaction.


According to these results summarized in Figure 6 for
comparative purposes, the reaction mechanism path Ib
would be the preferred pathway for the formation of the bi-
cyclic skeleton and could account for experimental observa-
tions concerning the lack of Alder–ene product. As indicat-
ed by theoretical results, the kinetically preferred evolution
of INT3 leads to the formation of carbobicycle, whereas the
Alder–ene process involves a transition state 2.30 kcal mol�1


higher in energy than TS4b. Interestingly, the fact that an
unsubstituted precursor provides the cross-conjugated
triene[14] should rely on the structural properties of INT3.
Thus, the presence of a substituent on C6 generates a steric
demand that prevents efficient p delocalization such that a
p cloud for the unconjugated C8�C9 moiety (C6-C7-C8-C9
86.88) lies in the H-Pt-C1 plane, prone to accept both H and
Pt. The absence of a substituent on C6 gives rise to a more
conjugated diene by closure of the dihedral angle C6-C7-
C8-C9 (55.18), which implies the unsuitable disposition of
the p(p) orbital on the alkene with respect to reaction.


In this context, the value of the dihedral angle C6-C7-C8-
C9 in INT3 provides an interesting clue for the prediction of
its evolution.


Experimental data also revealed the equimolecular forma-
tion of carbocycles 4 and 5 in the PtII-mediated cyclization
of trisubstituted allenyne 2 (Scheme 1). To gain a better un-


Figure 5. Optimized structures for the mechanistic proposal path Ib (see
Scheme 2) for the cycloisomerization of allenyne 9.


Figure 6. Free energy profile computed for the PtCl2-mediated intramolecular cycloisomerization of 9 (free energy differences relative to reactant com-
plex are given in kcal mol�1).
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derstanding about the role of allene substituents on this re-
action, we have further analyzed the pattern system 10 as a
theoretical model on the basis of the mechanistic scheme
previously revealed. The initial coordination of the terminal
p bond of allene and alkyne with PtCl2 can give rise to two
possible h4 complexes React-A and React-B. Both precycli-


zation conformers are predicted to be equally favored, as
free energy values reveal (React-B is only 0.5 kcal mol�1


more stable), since the lack of severe steric interactions be-
tween the alkyl group at the terminal allene carbon and the
catalyst. Importantly, both structures lead to different inter-
mediates since the terminal methyl substituent C9 can adopt
two possible dispositions. This feature has significant conse-
quences in the course of the reaction and it will be discussed
in more detail below.


The cyclometalation step by selective engagement of the
external p bond of the allene gives rise to the h3 complexes
INT1-A (Figure 7) and INT1-B (Figure 9) through the tran-
sition states TS1-A and TS1-B, respectively. The structural
parameters and NPA charges of the reactant complexes,
transition structures, and intermediate cycloadducts are very
similar to those calculated for the tetrasubstituted model


(Tables S7 and S8, respectively, see Supporting Information).
The main geometrical differences can be found in the short-
er Pt�C8 lengths due to the less crowded allene terminal
carbon atom. The calculated free energies of activation for
conformers A and B are 16.10 and 16.13 kcal mol�1 (Table 2


and Table 3), respectively, which are almost identical (about
�0.3 kcal mol�1) to that computed for tetrasubstitued
system. Formation of intermediate structures are slightly
more exothermic (�11.03 and �13.81 kcal mol�1, for A and
B, respectively) than formation of INT1 (�8.58 kcal mol�1)
due to the lower steric strain, which is more evident for con-
former B since it lacks steric repulsion between the methyl


group at C6 and the terminal
allene substituent (C6-C7-C8
123.68 compared to 128.18 in
INT1 and 128.88 in INT1-A).


The subsequent isomerization
step by a shift of the allyl
ligand from its location above
the coordination plane leads to
the chelate complexes INT2-A
and INT2-B, and takes place
through the transition struc-
tures TS2-A and TS2-B, respec-
tively. Likewise, both plati-
na(iv)cycle intermediates show
the expected octahedral ar-
rangement of ligands around
the d6 metal, the positions trans
to the alkyl and s-alkenyl li-
gands being vacant. Neverthe-
less, C9 adopts an equatorial
disposition in INT2-A and axial
in INT2-B. Therefore, only con-
former A presents the right cis
relationship between the C�Pt
and C�H bonds for the b-H
elimination. In contrast, confor-
mation B inhibits this reaction,Figure 7. Optimized structures of PtCl2-mediated intramolecular cycloisomerization of 10 (Conformer A).


Table 2. Electronic[a] and free[b] energies computed for the PtCl2-cata-
lyzed intramolecular cycloisomerization of 10 (Conformer A).


E[a] G298
[b] DE DG298


[a.u.] [a.u.] [kcal mol�1] [kcal mol�1]


React-A �1428.817614 �1428.861455 0.00 0.00
TS1-A �1428.792205 �1428.835797 +15.94 +16.10
INT1-A �1428.836343 �1428.879040 �11.75 �11.03
TS2-A �1428.836114 �1428.877654 �11.61 �10.16
INT2-A �1428.868184 �1428.911694 �31.73 �31.53
TS3-A �1428.826030 �1428.869582 �5.28 �5.10
INT3-A �1428.836659 �1428.881028 �11.95 �12.28
TS4-A �1428.817425 �1428.859695 +0.12 +1.10
INT4-A �1428.838233 �1428.883424 �12.94 �13.79
TS5-A �1428.828104 �1428.870991 �6.58 �5.98
Prod-A �1428.898438 �1428.939761 �50.72 �49.14


[a] Includes ZPE correction. [b] Includes thermal corrections at 298 K.
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as well as the Alder–ene proc-
ess, and the allenyne is forced
to follow alternative reaction
pathways.


Regarding conformer A, we
have analyzed the analogous
structures involved and the free
energy surface of the pattern
mechanism path Ib proposed
for tetrasusbstituted allenyne.
Structural studies revealed
great similarities and the most
marked differences arise from
the lower congestion around
C8. Thus, it facilitates the open-
ing of the ClA-Pt-ClB bond
angle in INT2-A (167.7 com-
pared to 162.78 in INT2, Table
S9, see Supporting Information)
and allows a high degree
of conjugation between the
C6�C7 and C8�C9 moieties in
INT3-A (as C9�H 2.037 � and
the dihedral angle C6-C7-C8-C9 �63.5 suggest). Regarding
distance criteria, b-H elimination proceeds through a later
transition state TS3-A, as indicated by the Pt�H (2.076 com-
pared to 2.171 � in TS3) and C9�H distances (1.213 com-
pared to 1.174 � in TS3). The Pt�H (1.830 � (Table S10
(Supporting Information) compared to 1.892 � in TS4 b)
and C8�H distances (1.251 compared to 1.208 � in TS4 b)
suggest an earlier transition state, whereas the C1�C9 form-
ing bond length in TS5-A (2.142 compared to 2.164 � in
TS5 b) indicates a slightly later transition structure than for
the tetrasubstituted model.


Free energy results show that the b-H elimination step
proceeds with a higher activation barrier (Table 2) than for
the tetrasubstituted system, as one would expect, due to the
lack of the stabilizing inductive effect of an additional
methyl substituent at C8. In contrast, the absence of sub-
stituents induces less steric strain and a higher stabilization
on the intermediate INT4-A (�13.79 kcal mol�1, compared
to �7.79 kcal mol�1 for the tetrasubstituted model). Once
again, calculated results indicate that the first cyclometala-
tion is the rate-limiting step, and the overall process is also


highly favored from a thermodynamic point of view
(�49.14). The optimized structures for this reaction pathway
are depicted in Figure 7 and the reaction coordinate is illus-
trated in Figure 8.


To cover the analysis of the influence of substitution on
the terminal carbon atom of the allene, we have further
studied the evolution of conformer B. INT2-B represents a
dead end, but formation of INT1-B seems to us necessary
on the basis of experimental evidence. We have therefore
focused on this intermediate and explored a plausible path-
way involving a d-H elimination and reductive steps. It has


been shown that INT1-B has square-planar coordination to
the metal center in such a way that cis chloride ligands are
arranged trans to the s-alkenyl and allyl ligands. Interesting-
ly, calculations of frontier molecular orbital energies and co-
efficients on INT1-B reveal that the LUMO+1 acceptor or-
bital is mainly located on Pt. The orbital shape suggests that
an additional ligand (H atom in this case) should approach
almost perpendicularly to the plane of the square-planar cat-
alyst framework and occupy an axial position of the octahe-
dral coordination geometry (see Figure S1 in the Supporting
Information). Therefore, although orbital analysis supports
the fact that a-, b-, and c-H elimination processes are effec-
tively blocked, we examined the d-H elimination step. After
an extensive computational search, we located and properly
characterized the transition state TS2-B involving the C�H
elongation (1.099 in INT1-B compared to 1.692 � in TS2-B,
Table S12, see Supporting Information) and sp3!sp2 rehy-
bridization of C5 from INT1-B (C5�C6 1.506 in INT1-B
compared to 1.430 � in TS2-B).


To facilitate this process, the approach of the catalyst is
assisted by the allylic chain, as can be deduced from the ob-


Table 3. Electronic[a] and free[b] energies computed for the PtCl2-cata-
lyzed intramolecular cycloisomerization of 10 (Conformer B).


E[a] G298
[b] DE DG298


[a.u.] [a.u.] [kcal mol�1] [kcal mol�1]


React-B �1428.818461 �1428.862254 0.00 0.00
TS1-B �1428.793154 �1428.836541 +15.88 +16.13
INT1-B �1428.841299 �1428.884258 �14.33 �13.81
TS2-B �1428.792945 �1428.836785 +16.01 +15.98
INT2-B �1428.838925 �1428.882224 �12.84 �12.53
TS3-B �1428.829422 �1428.872445 �6.88 �6.39
Prod-B �1428.884324 �1428.927077 �41.33 �40.68


[a] Includes ZPE correction. [b] Includes thermal corrections at 298 K.


Figure 8. Free energy profile computed for the PtCl2-mediated intramolecular cycloisomerization of 10 (free
energy differences relative to reactant complex are given in kcal mol�1).
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served strengthening of the Pt�C7 (2.197 �) and C6�H
(1.179 �) interactions. TS2-B leads to the metallacyclopen-
tene INT2-B, which resembles an octahedral coordination
with a vacant position trans to the new sPt�H bond. The
platinum center is situated 0.223 � above the mean-square
formed by the four equatorial ligands, with cis chloride li-
gands arranged trans to C8 and C1. Interestingly, the five-
membered ring is nearly coplanar with the catalyst frame-
work due to the high p conjugation for C1-C2-C7-C8 (dihe-
dral angle �10.68), as C1�C2 (1.392 �) and C2�C7
(1.406 �) bond lengths confirm.


This elementary step is slightly endothermic (1.28 kcal -
mol�1) and proceeds with a free energy barrier only
0.1 kcal mol�1 lower than that of the first step (Table 3),
which can be attributed to the distortion required for the
proper approximation between reactive centers.


The intermediate INT2-B should evolve, by hydrogen mi-
gration from the catalyst to C1, to form Prod-B. The C1-Pt-
H bond angle closes from 89.98 in INT2-B to 49.48 in the
transition structure involved, TS3-B, to allow the catalyst-as-
sisted hydrogen transfer (C1�H 1.596, Pt�H 1.568 �). As
was expected, the H approach takes place with a tilted angle
of 96.78 with respect to the alkenyl plane (C2-C1-Pt-H). The
C1�H bond has been fully formed in Prod-B, which has a
h4-coordinated structure (Pt�C1 2.200, Pt�C2 2.205, Pt�C7
2.204, Pt�C8 2.231 �).


The elementary step is thermodynamically favored (DG298


(INT2-B!Prod-B)=�28.15 kcal mol�1) and proceeds with a
low energy barrier (6.14 kcal mol�1), TS3-B being 6.39 kcal -
mol�1 more stable than the reactant complex (Table 3). The
overall process is highly exothermic (�40.68 kcal mol�1) and,
although the H-elimination step involves a rather high-
energy transition state, the rate-limiting step in the stepwise
pathway is the formation of INT1-B. The optimized struc-
tures calculated for this reaction pathway are depicted in
Figure 9.


In view of the former results, we observe that only the Z
isomer can be formed stereoselectively as the triene prod-
uct, in agreement with experimental data. Therefore, this
stereochemical outcome and the alternative formation of
the bicyclo[4.3.0]nonane skeleton are merely governed by
the conformation of the initial reactant complex.


An energy profile for both catalytic cycles (“A” and “B”)
is displayed in Figure 8. Since both reaction pathways show
the same rate-limiting step and are highly exothermic, it is
reasonable to suppose that PtCl2 treatment of the allenyne
precursor should afford both products in comparable yields.


Substitution on the alkyne : The computed results shown
above give important information about the general mecha-
nism of the PtII-catalyzed cyclization of allenynes. However,
experimental data reveal that substitution on the alkyne
moiety has critical effects on the course of the process. Thus
the presence of an alkyl group on the alkyne terminal
carbon atom yields unexpected cycloallene systems.[14]


To justify these results, we have considered precursor 11
bearing a methyl group on the alkyne moiety as a model
that closely resembled the systems used experimentally, and
we have analyzed in detail the structural, electronic and en-
ergetic features for the PtCl2-mediated cycloisomerization.
As long as a six-membered ring was obtained experimental-
ly (Scheme 1),[14] it is reasonable to suppose that this trans-
formation also involves the intermediacy of a platina(iv)cy-
clopentene species, formed by selective engagement of the p


external bond of the allene through a cyclometalation step.
The structural parameters for the reactant complex React-
Me are very similar to those calculated for the unsubstituted
model. The main structural difference results from the steric
strain between the catalyst and the methyl group (C11),
which induces a weaker Pt�C1 interaction than that for un-
substituted allenyne 9 (2.243 (see Table S13 in the Support-
ing Information) compared to 2.187 � for React).


From the structural point of
view, the transition structure in-
volved in the cylization step
TS1-Me (Figure 10) is some-
what later than TS1 as indicat-
ed by the shorter C2�C7 bond
length (2.081 compared to
2.123 � for the unsubstituted
alkyne). The steric congestion
between the methyl substituent
and the catalyst is minimized by
increasing the C1�C11 (1.489
compared to 1.468 � in React-
Me) and Pt�C1 (2.088 � com-
pared to 2.051 � in TS1) bond
lengths. The rest of the geomet-
rical features calculated for the
stationary points for this cyclo-
metalation step are indeed very
similar to those calculated for
the unsubstituted model.Figure 9. Optimized structures of PtCl2-mediated intramolecular cycloisomerization of 10 (Conformer B).
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The free energy of activation is 19.32 kcal mol�1 (Table 4),
about 3 kcal mol�1 higher than that computed for the unsub-
stituted alkyne, because the transition-state structure be-


comes more crowded as the bulky alkyne group approachs
the allene. Besides steric reasons, the methyl group induces
a lower electrophilic character on C2 in the reactant com-
plex (compare Tables S2 and S14, see Supporting Informa-
tion), which could also account for the higher activation
energy although we suppose that it would be a secondary
factor. Interestingly, formation of INT1-Me is less exother-


mic (�5.86 kcal mol�1) than formation of the unsubstituted
pattern (�8.58 kcal mol�1), a result that can also be attribut-
ed to steric effects.


The isomerization step to the octahedral PtIV-chelate com-
plex INT2-Me proceeds, once again, through the early tran-
sition state TS2-Me, which implies a very low energy barrier
(0.79 kcal mol�1). When comparing the geometries involved
in this elementary step and those calculated for the unsub-
stituted alkyne precursor, no important differences are
found.


Intriguingly, both the allylic (at C11) and equatorial gem-
methyl (at C9) hydrogen atoms are almost situated in the
metal coordination plane (Hallylic deviates by 8.78 and Hgem-


methyl by 9.48 from the plane C1-Pt-C8) in INT2-Me, so they
are apt to undergo a b-H elimination process. As we have
seen for 9, both the long Pt···Hallylic (3.139 �) and Pt···Hgem-


methyl (2.863 �) distances suggest that INT2-Me can not be
considered as a b agostic structure. A shorter Pt···Hgem-Methyl


distance might promote, indeed, a regioselective elimination
from the gem-methyl group, in disagreement with experi-
mental results.


The analysis of electronic features reveals that both H
atoms also show similar atomic charges (Hallylic =0.256 and
Hgem-methyl =0.262), whereas the exploration of conventional
virtual molecular orbitals has not indicated any clear prefer-
ence for one of them (Figure 11a). In contrast, the alterna-
tive natural bond orbital (NBO) analysis[20,21] affords inter-


Figure 10. Optimized structures of PtCl2-mediated intramolecular cycloisomerization of 11.


Table 4. Electronic[a] and free[b] energies computed for PtCl2-catalyzed
intramolecular cycloisomerization of 11.


E[a] G298
[b] DE DG298


[a.u.] [a.u.] [kcal mol�1] [kcal mol�1]


React-Me �1507.408456 �1507.455736 0.00 0.00
TS1-Me �1507.378205 �1507.424948 +18.98 +19.32
INT1-Me �1507.419520 �1507.465068 �6.94 �5.86
TS2-Me �1507.418626 �1507.463811 �6.38 �5.07
INT2-Me �1507.450580 �1507.496134 �26.43 �25.35
TS3-Me(a) �1507.425680 �1507.472773 �10.81 �10.69
TS3-Me(g) �1507.417985 �1507.464359 �5.98 �5.41
INT3-Me �1507.432991 �1507.480688 �15.40 �15.66
TS4-Me �1507.426885 �1507.475164 �11.56 �12.19
Prod-Me �1507.435006 �1507.482702 �16.66 �16.92


[a] Includes ZPE correction. [b] Includes thermal corrections at 298 K.
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esting findings for regioselectivity prediction (Figure 11 b).
NBOs provide a valence bond-type description of the wave-
function, closely linked to classical Lewis structure notions.
Whereas the conventional HOMO–LUMO rationale focuses
only on the energetic proximity (and then only for symme-
try-adapted linear combinations, regardless of the accessibil-
ity to a reactive moiety), the NBOs take additional account
of spatial proximity and of the asymmetric molecular envi-
ronment. Shapes and properties of non-Lewis “acceptor” or-
bitals for the chelate complex INT2-Me are shown in Fig-
ure 11 b. Orbital I, the lowest energy acceptor orbital, clearly
suggests that the coordination site trans to the alkyl ligand
would be the preferred position for accommodating the hy-
drogen atom in a b-H elimination step. Moreover, a large
energy gap is encountered between the acceptor orbital
trans to alkyl (orbital I) and that trans to the alkenyl ligand
(orbital III), De=0.03678 a.u.=1.0 eV. Therefore, according
to this theoretical approach, the allylic hydrogen atom
would be preferentially eliminated.


To gain further insights into this subject, we have comput-
ed the activation barrier for both likely processes. First, a b-
H elimination from equatorial gem-methyl (C9) proceeds
through the transition state TS3-Me(g). This shows a similar
C9�H length (1.178 �, see Table S15 in the Supporting In-
formation) to that found for the unsubstituted model
(1.174 �), but a moderately reduced Pt�H bond length
(2.120 compared to 2.171 �), due to the steric demand im-


posed by the substituent at C1. The calculated activation
barrier for this elementary step, from INT2-Me, rises to
19.94 kcal mol�1, about 4 kcal mol�1 higher than that comput-
ed for the unsubstituted precursor, due probably to these
steric effects. On other hand, a b-H elimination from the al-
lylic group takes place through the transition state TS3-
Me(a). The opening of the C11-C1-C2 bond angle (from
132.6 in INT2-Me to 158.18 in TS3-Me(a)) and the shorten-
ing of the C1�C11 bond length (from 1.491 to 1.406 �) indi-
cate that the allene structure is further advanced in the tran-
sition state, which alleviates the steric congestion. Amazing-
ly, the activation energy to achieve TS3-Me(a) is 14.66 kcal -
mol�1 (�10.69 kcal mol�1 relative to React-Me), about
5 kcal mol�1 lower than that for TS3-Me(g).


These results indicate a kinetic regioselective b-H elimina-
tion, in agreement with experimental evidence, and qualita-
tively support the proposal suggested by NBO analysis.


If we compare the intermediates INT2 and INT2-Me, we
note that the substituent on C1 forces the opening of the R-
C1-C2 bond angle (from 128.98 for the unsubstituted to
132.68 for methyl-substituted precursor) to relieve the steric
hindrance between the substituent and C3. Moreover, in
both cases the b-H elimination step from C9 proceeds
through transition structures where the ring opening implies
the opening of the Pt-C1-C2 angle and subsequent closure
of the R-C1-C2 bond angle (118.88 in TS3 for the unsubsti-
tuted and 125.68 in TS3-Me(g) for the methyl-substituted
precursor). This would obstruct this process and could ex-
plain, at least in part, the preferred b-H elimination of allyl-
ic hydrogen for 11.


Following the reaction coordinate from TS3-Me(a), we lo-
cated the subsequent local minima INT3-Me. The C1�C11
and C2�C1 bond lengths show similar values (1.314 and
1.313 �, respectively), around that of a typical allene C�C
bond.[22] The move of H from Pt towards C8 drives the reac-
tion over to the cyclic vinylallene product (Prod-Me) and
this final step proceeds through the transition state TS4-Me,
which involves the lengthening of the Pt�C8 distance (from
2.091 to 3.474 �) and a shortening of the H···C8 distance
(1.452 �). It is noteworthy that this metal fragment displace-
ment leads to a coordination of the allene moiety to the
metal center (Pt�C1 2.076 and Pt�C11 2.121 �), which
should stabilize the transition state. The essentially identical
Pt�C1 and Pt�C11 bond lengths (2.065 and 2.083 �, respec-
tively), and the increased C1�C11 length (1.417 �) in the
product Prod-Me imply considerable back donation to the
p* orbital of the C1�C11 unsaturated moiety. This structure
should therefore be described as a h2-(allene) complex.
Moreover, this effect induces the change of the C2-C1-C11
bond angle to 149.98.


With regards to energy, this last step proceeds with a low
activation energy of 3.47 kcal mol�1, �12.19 kcal mol�1 rela-
tive to the reactant complex (Table 4), probably due to the
previously mentioned coordination of the allene moiety. The
overall reaction from React-Me to Prod-Me is moderately
exothermic (�16.92 kcal mol�1), but to a lesser extent than
the alternative pathway described above for the unsubstitut-


Figure 11. a) Canonical virtual molecular orbitals LUMO and LUMO +1
computed for INT2-Me. b) Shapes and properties of the lowest energy
non-Lewis acceptor orbitals for INT2-Me.
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ed precursors. According to the proposed reaction mecha-
nism the rate-limiting step should be, as for formation of the
bicyclic adduct and cross-conjugated triene, the initial cyclo-
metalation process. Figure 12 depicts the calculated free
energy profile computed at the B3 LYP level for this mecha-
nistic proposal, showing the kinetic preference for b-H elim-
ination from the allylic group, which should account for the
observed regioselectivity.


Conclusion


The structurally dependent mechanisms of the PtCl2-cata-
lyzed intramolecular cycloisomerization of allenynes, and
the factors governing the involvement of each one, have
been investigated for a series of medium-size systems by
DFT calculations. Some mechanistic alternatives were
tested, and the results allow us to understand and to ration-
alize the factors that can influence this process.


The mechanistic pathway elucidated for allenyne tetrasub-
stituted at the allene moiety involves an oxidative cyclome-
talation process to afford a platina(iv)cyclopentene inter-
mediate. This is followed by a selective b-H elimination
from the equatorial methyl group and metal-induced H mi-
gration leading to a second octahedral PtIV-chelate complex.
In turn, this would yield the expected bicyclo[4.3.0]nonane
ring system through an intramolecular migratory insertion
step. Calculations indicate that initial carbocyclization is the
rate-limiting step, involving a moderate activation energy,
and the overall process is highly exothermic. The possibility
of the alternative formal Alder–ene process has also been
analyzed, although theoretical results show that this path-
way should be less favored from a kinetic point of view, in
agreement with experimental results.


The platinum(iv)cyclopentene intermediate formed in the
cycloisomerization of allenynes trisubstituted at the allene


moiety may evolve through two different pathways. There is
a dependence on the orientation of the methyl group at the
terminal allene carbon atom, which in turn simply depends
upon the conformation of the initial reactant complex.
When the methyl group adopts an equatorial disposition,
the intermediate progresses through the former mechanistic
route involving a b-H elimination step to afford the bicyclic
adduct. Conversely, an axial disposition of the methyl group


inhibits this reaction and the in-
termediate is forced to follow
an alternative pathway through
d-H elimination and H-migra-
tion steps to form a cyclic
triene adduct. Moreover, com-
putational results have con-
firmed the selective formation
of the Z isomer, again as a con-
sequence of the conformation
of the initial reactant complex.
Hence, it provides a common
origin of the regio- and chemo-
selectivity observed experimen-
tally.


Precursors bearing a methyl
substituent on the alkyne
moiety undergo a different
process yielding a cyclic vinylal-
lene system. The four-step
mechanism determined pro-
ceeds through an analogous ox-
idative cyclometalation route to
afford an octahedral PtIV com-


plex, but this structure undergoes regioselective b-H elimi-
nation from the allylic chain. Examination of the natural
bond acceptor orbitals of the octahedral intermediate sug-
gests a preference for the allylic rather than for the gem-
methyl hydrogen atom. Free energy calculations support a
regioselective hydrogen elimination providing an interpreta-
tion of the experimental results.


In summary, a detailed analysis of the free energy surfaces
of the PtCl2-mediated cycloisomerization of allenynes has al-
lowed the characterization of the key steps and the structur-
al, energetic, and electronic implications of the substitution
at the allenyne upon the course of these catalyzed reactions.
This information provides new insights into the origin of the
regio- and chemoselectivities observed, which should help in
the development of synthetic strategies and the efficient
design of specific or novel unsaturated carbocyclic systems.


Computational Methods


Calculations have been carried out using the Gaussian03 program.[23] The
geometries have been fully optimized at the DFT level by means of the
B3 LYP hybrid functional[24] because of the satisfactory performance of
this method in the chemistry of transition metals.[25] Pt has been de-
scribed by the LANL2DZ basis set,[26] where the innermost electrons are
replaced by a relativistic ECP and the 18 valence electrons are explicitly


Figure 12. Free energy profile computed for the PtCl2-mediated intramolecular cycloisomerization of 11 (free
energy differences relative to reactant complex are inserted in kcal mol�1).
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treated by a double-z basis set. For all other atoms, the 6–31G(d,p) basis
set has been employed, since polarization functions on hydrogen should
be necessary for a better description of the H-elimination processes.


Harmonic frequencies were calculated at the optimization level and the
nature of the stationary points was determined in each case according to
the number of negative eigenvalues of the Hessian matrix. The intrinsic
reaction coordinate (IRC) pathways[27a] from the transition structures
have been followed by using a second-order integration method.[27b] This
verifies the expected connections of the first-order saddle points with the
correct local minima found on the potential energy surface. Zero-point
vibration energy (ZPVE) and thermal corrections (at 298 K) to the
energy have been estimated based on the frequency calculations at the
optimization level, and scaled by the recommended factor.


Natural bond orbital (NBO) analyses[20] have been performed at the
DFT level by the module NBO v.3.1[20a] implemented in Gaussian03 to
evaluate the NPA atomic charges and NBO descriptors of acceptor orbi-
tals. Molecular orbitals and natural bond orbitals shown throughout this
work were contoured at the isovalue 0.02 e au�3.
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Three Bits Eight States Photochromic Recording and Nondestructive
Readout by Using IR Light


Kingo Uchida,*[a] Masaaki Saito,[a] Akinori Murakami,[b] Takao Kobayashi,[b]


Shinichiro Nakamura,*[b] and Masahiro Irie[c]


Introduction


Photochromic molecules attract much attention from both
fundamental as well as practical point of views because of
their potential for applications to optical devices such as op-
tical memories and switches.[1] Among photochromic com-
pounds, diarylethenes are regarded as the best candidate for
the applications, because of the thermal stability of both iso-
mers and the fatigue resistant property.[2] For the practical
application to optical memory media, nondestructive read-
out capability is indispensable. When the recorded informa-
tion is readout by light, which electronically excites the pho-
tochromic compounds, the information is lost during the
reading process. To avoid this, several attempts have been
proposed. One is to use gated photochromic systems in


which two different kinds of stimuli manage to read the
memory without destruction.[3,4] Another approach is to use
readout light, which can not cause any photoreaction. Infra-
red,[5] Raman,[6] and fluorescence[7–12] spectral changes along
with the photochromism can be successfully readout without
alternation of the ratio of the two isomers. Zerbi et al.
found that 1,2-bis[5’-(4’’-methoxyphenyl)-2’-methylthien-3’-
yl]perfluorocyclopentene has a strong infrared absorption
band at 1495 cm�1 in the closed-ring isomer, while it is
absent in the open-ring isomer;[5] the difference can be read-
out nondestructively by IR light. Bisbenzothienylethene de-
rivatives also show remarkable IR spectral changes upon al-
ternate UV and visible light irradiation and the images re-
corded by UV light irradiation can be nondestructively
readout by IR light.[13] Although the use of long wavelengths
light such as IR light is disadvantageous for high density
data storage because the light spot diameter cannot be fo-
cused shorter than the wavelength of the used light, multi-
addressable recording system[14,15] may solve the problem by
multiplying the data in the same spot. In usual one-compo-
nent photochromic systems, interconvert between only two
states, “colorless” and “colored”, is used for recording. On
the other hand, in addressable recording system interconvert
between more than two states have higher density data stor-
age in a recording spot. Some photochromic compounds
having multi-photochromic states are already reported.[14]


Besides these molecules, in multi-component systems com-
posed of different kinds of photochromic compounds, rever-
sible multi-mode switching between more than two states
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Abstract: A photochromic polymer
film containing three different diaryle-
thene derivatives, that is, 1,2-bis(3,5-di-
methyl-2-thienyl)perfluorocyclopentene
(1), 1,2-bis(2,5-dimethyl-3-thienyl)per-
fluorocyclopentene (2), and 1,2-bis(2-
methyl-5-phenyl-3-thienyl)perfluorocy-
clopentene (3) was prepared. Upon
UV irradiation, the three derivatives


changed to their closed-ring isomers
having different colors, yellow, red, and
blue. They showed different spectra


not only in UV/Vis region but also in
the IR spectral region. Upon irradia-
tion with visible light of appropriate
wavelengths, each closed-ring isomer
was selectively bleached, and three bits
eight states recording was performed.
The eight states could be read out non-
destructively by using IR light of ap-
propriate wavenumbers.


Keywords: diarylethene · multi-
frequency recording ·
nondestructive readout ·
photochromism · polymers
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can be realized by the combination of two states of each
component.[15] We have already reported the two bit
four states recording and nondestructive readout by IR
light.[16]


We have investigated the multi-frequency recording using
three diarylethene derivatives, 1,2-bis(3,5-dimethyl-2-thie-
nyl)perfluorocyclopentene (1)[17] 1,2-bis(2,5-dimethyl-3-thie-
nyl)perfluorocyclopentene (2),[18] and 1,2-bis(2-methyl-5-
phenyl-3-thienyl)perfluorocyclopentene (3),[19] having differ-
ent absorption bands not only in the UV/Vis region but also
in the IR region. In the system, writing and erasing the data
are carried out by using UV and visible light of appropriate
wavelengths, and the data of eight states (23 = 8) are read by
IR light.


Results and Discussion


UV/Vis spectral changes of the diarylethene derivatives in
polymer matrix : The polymer film containing diarylethene 1
was prepared according to the Experimental Section.


Diarylethenes 1, 2 and 3 show the photochromism even in
the polymer matrix as shown in Figure 1a–c, respectively.
And their spectral changes are similar to those observed in
the hexane solutions.


The open-ring isomer 1 o has the absorbance maximum at
341 nm. Upon irradiation with UV light (313 nm), the
closed-ring isomer 1 c with an absorption maximum at
432 nm appeared. The colored-isomer 1 c returned to the
open-isomer 1 o by visible light irradiation. Diarylethene 2 o
has the absorption band at 239 nm, and the closed-ring
isomer 2 c has the band at 507 nm. The spectral difference of
1 and 2 is due to the difference in the p-conjugation length
of open- and closed-ring isomers of the dithienylethenes.[17]


The connecting positions on thiophene rings to the ethene
moiety change the p-conjugation structure.[17] The open-ring
isomer 3 o has the absorbance at 291 nm, while the closed-
ring isomer has the absorption maximum at 588 nm. Spectral
difference between 2 c and 3 c is also due to the difference
in the conjugation length of the substituted thiophenes
(Scheme 1).[21] Although the absorption bands of the 1 o and
2 o are well separated, the absorption bands of 2 o and 3 o
overlap each other. Therefore, it is possible to selectively
excite 1 o in the film containing 1 o and 2 o by choosing the
wavelength of UV light. But it is hard to excite only one
component chromophore from the film containing the three
compounds 1 o, 2 o, and 3 o.


On the other hand, the absorption edge of the closed-ring
isomers 1 c, 2 c, and 3 c, are located at 510, 605, and 705 nm.
By using visible light of appropriate wavelengths (l = 605–
705 nm), it is possible to bleach only 3 c in the film contain-
ing the three closed-ring isomers 1 c, 2 c, and 3 c. Upon visi-
ble light (520 nm) irradiation, only 2 c can be bleached to re-
generate the open-ring isomer 2 o. This is due to the large
difference of the cyclo-reversion reaction quantum yields of
the closed-ring isomers 2 c (f = 0.12 at 533 nm) and 3 c (f
=0.013 at 492 nm).[21] By 403 nm light irradiation, 1 c is se-


Figure 1. Absorption spectral changes of the poly(cyclopentene)
(Zeonex) films. a) Absorption spectral changes of the polymer film con-
taining diarylethene 1 (c : before UV irradiation; a : after UV irradi-
ation; in this photostationary state, the ratio of 1o and 1c was estimated
to be 44:56 from the spectra). b) Absorption spectral changes of the
Zeonex polymer film containing diarylethene 2 (c : before UV irradia-
tion; a : after UV irradiation, in this photostationary state, the ratio of
2o and 2 c was estimated to be 36:64 from the spectra). c) Absorption
spectral changes of the Zeonex polymer film containing diarylethene 3
(c : before UV irradiation; a : after UV irradiation, in this photosta-
tionary state, the ratio of 3o and 3c was estimated to be 29:71 from the
spectra). The thickness of all films are 15 mm. And dye contents of the
photochromic films of a), b), and c) are 6.5, 4.4, and 1.5 wt %, respective-
ly.
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lectively excited to form 1 o, because 2 c and 3 c have little
absorbance at the wavelength.[16]


However, it is difficult to readout the ratio of open- and
closed-ring isomers of 1, 2, and 3 from the UV and visible
absorption spectral changes, because of the overlapping of
the spectra of these isomers. Therefore we tried selective
readout the information on the photochromic film by IR
light after writing the information by UV/Vis light and se-
lective bleaching by visible light. IR light irradiation does
not cause any photochromic reactions and half widths of the
IR bands are commonly narrower than those of UV/Vis
bands, therefore the crosstalk of the bands is negligible.


Computational analysis of the IR spectra and assignment of
the observed IR bands of diarylethenes 1–3 : The IR spectra
of open- (o) and closed-ring (c) isomers of the diarylethenes
1, 2, and 3, measured in carbon tetrachloride solution, are
shown in Figures 2–4. The spectra calculated by the Har-
tree-Fock method with 6-31G basis in Gaussian 98[20] are
also shown.


The diarylethenes 1–3 showed a remarkable difference in
the spectra of the two isomers around 1500–1700 cm�1 wave-
number region. All open-ring isomers 1 o, 2 o and 3 o have
almost no absorption bands, while the closed-ring isomers
1 c, 2 c and 3 c have strong absorption bands in the region,
and their bands appeared at different wavenumbers. The
closed-ring isomer 1 c showed three absorption bands at
1655, 1631, and 1595 cm�1. Their absorption coefficients are
2.5 � 102, 1.9 � 102, and 2.6 � 102


m
�1 cm�1, respectively. The


peaks correspond to the calcu-
lated peaks at 1654, 1645, 1635,
and 1620 cm�1, and are attribut-
able to the symmetric and
asymmetric coupling of the
C=C bond in the central six
member ring and C=C bond of
the thiophene rings, which are
formed by the ring closing reac-
tion as shown in Table 1 and
Figure 5.


For the closed-ring isomer 2 c, the bands at 1639 cm�1 (e


3.1 � 102
m
�1 cm�1), 1587 cm�1 (e 1.1 � 102


m
�1 cm�1), and


1549 cm�1 (e 5.4 �102
m
�1 cm�1) were observed. The observed


strongest band at 1549 cm�1 is assigned to the two calculated
vibrational modes 1578, 1584 cm�1. They are asymmetric
stretching of double bond of the thiophene rings and sym-
metric stretching of double bond of the thiophene rings, re-
spectively. The bands appeared at 1587 and 1639 cm�1 are
assigned to the calculated vibrational mode at 1608 and


Scheme 1.


Figure 2. Observed infrared spectra a) of open-ring isomer 1o (c) and
closed-ring isomer 1 c (a) in CCl4 solution (1.59 � 10�2


m), and calculat-
ed spectra b) of 1o (c) and closed-ring isomer 1 c (a).


Table 1. Wavenumbers and absolute intensities of the main IR absorption bands in the C=C stretching region
of diarylethene 1. Observed values were obtained in carbon tetrachloride solutions.


Closed-ring isomer 1c Open-ring isomer 1o
Obsd e Calcd � 0.87 Intensity Obsd e Calcd � 0.87 Intensity
[cm�1] [m�1 cm�1] [cm�1] [km mol�1] [cm�1] [m�1 cm�1] [cm�1] [km mol�1]


1595 2.6� 102 1620 84 1500 6
1631 1.9� 102 1635 56 1606 0.6� 102 1507 151
1655 2.5� 102 1645 57 1578 18


1654 110 1610 30


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 534 – 542536


K. Uchida, S. Nakamura et al.



www.chemeurj.org





1626 cm�1, respectively. They are attributable to symmetric
and asymmetric stretching of double bonds of the central
part of cyclohexadiene moiety. The results are summarized
in Table 2 and Figure 6.


The closed-ring isomer 3 c showed the band at 1628 (e


3.3 � 102
m
�1 cm�1), 1527 (e 2.0 � 102


m
�1 cm�1), and 1508 cm�1


(e 2.5 �102
m
�1 cm�1) in carbon tetrachloride solutions. The


observed strongest peak at 1628 cm�1 is assigned to a calcu-
lated vibrational mode at 1620 cm�1, which is attributable to
asymmetric stretching of double bonds of the central part of
cyclohexadiene moiety. The results are summarized in
Table 3 and Figure 7.


Multi-frequency photochromic recording and the nondes-
tructive readout : The photochromic polymer film containing
three diarylethenes 1–3 was prepared by a solution casting
method. The photochromic recording system containing
three different diarylethene derivatives have eight (23 =8)
recording states. By using the expression of binary the eight


Figure 3. Observed infrared spectra (a) of open-ring isomer 2o (c) and
closed-ring isomer 2 c (a) in CCl4 solution (8.25 � 10�3


m), and calculat-
ed spectra (b) of 2o (c) and closed-ring isomer 2 c (a).


Figure 4. Observed infrared spectra (a) of open-ring isomer 3o (c) and
closed-ring isomer 3 c (a) in CCl4 solution (1.14 � 10�2


m), and calculat-
ed spectra (b) of 3o (c) and closed-ring isomer 3 c (a).


Figure 5. IR vibration modes of 1 c : a) 1620, b) 1635, c) 1645,
d) 1654 cm�1.
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states of the recording on the
films are shown in Table 4. The
state of the open-ring isomer is
expressed in o or 0, while that
of the closed-ring isomer is ex-
pressed in c or 1 at each wave-
number band in Table 4. All di-
aryletenes are in the open-ring
isomer state (o or 0) in A
(0,0,0) state. States B (0,0,1), C
(0,1,0), and E (1,0,0) have the
situation in which only one dia-
rylethene is in the closed-ring
isomer state (c or 1). The
(0,0,1) of the state B means an
absorption band was observed
at 1527 cm�1, while no bands
were observed at 1655 and
1549 cm�1, respectively. In
states D (0,1,1), F (1,0,1), and
G (1,1,0), two diarylethene de-


rivatives are in the closed-ring isomers. All diarylethenes
are in the closed-ring isomers in state H (1,1,1). Figure 8


Table 2. Wavenumbers and absolute intensities of the main IR absorption bands in C=C stretching region of
diarylethene 2. Observed values were obtained in carbon tetrachloride solutions.


Closed-ring isomer 2c Open-ring isomer 2o
Obsd e Calcd � 0.87 Intensity Obsd e Calcd � 0.87 Intensity
[cm�1] [m�1 cm�1] [cm�1] [km mol�1] [cm�1] [m�1 cm�1] [cm�1] [km mol�1]


1549 5.4� 102 1578 109 1517 17
1584 69 1522 41


1587 1.1� 102 1608 199 1579 5
1639 3.1� 102 1626 250 1635 0.4� 102 1629 18


Figure 6. IR vibration modes of 2 c : a) 1578, b) 1584, c) 1608,
d) 1626 cm�1.


Table 3. Wavenumbers and absolute intensities of the main IR absorption bands in C=C stretching region of
diarylethene 3. Observed values were obtained in carbon tetrachloride solutions.


Closed-ring isomer 3c Open-ring isomer 3o
Obsd e Calcd � 0.87 Intensity Obsd e Calcd � 0.87 Intensity
[cm�1] [m�1 cm�1] [cm�1] [km mol�1] [cm�1] [m�1 cm�1] [cm�1] [km mol�1]


1508 2.5� 102 1540 104 1509 27
1527 2.0� 102 1554 189 1559 7
1628 3.3� 102 1600 177 1603 0.9� 102 1567 13


1620 504


Figure 7. IR vibration modes of 3 c : a) 1540, b) 1554, c) 1600, d) 1620 cm�1.


Table 4. Three bit eight states of the photochromic film and the nondes-
tructive readout wavenumbers.[a]


States of diarylethenes Detectable IR wavenumbers [cm�1]
States 1 2 3 1655 1549 1527


A o o o 0 0 0
B o o c 0 0 1
C o c o 0 1 0
D o c c 0 1 1
E c o o 1 0 0
F c o c 1 0 1
G c c o 1 1 0
H c c c 1 1 1


[a] o: state in the open-ring isomer, c: state in the closed-ring isomer or
in the photostationary state, 0; non-detectable, 1; detectable.
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shows the UV/Vis and IR spectral changes of the photo-
chromic composite film.


The recording operation is as follows. The absorption
spectrum of the polymer film containing three open-ring iso-
mers 1 o, 2 o and 3 o is shown as the black solid line


(state A) in the figures. Upon irradiation with 313 nm light,
all diarylethenes 1 o, 2 o and 3 o converted to their closed-
ring isomers 1 c, 2 c, and 3 c (state H). Under the present
conditions, conversion to the closed-ring isomers 1 c, 2 c, and
3 c were estimated to be 57, 55, and 52 %, respectively.
Upon irradiation with 403 nm light to the state, only one
closed-ring isomer 1 c returns to the 1 o (state D), while
upon irradiation with visible light (l > 640 nm) only 3 c re-


verts to 3 o to form state G. Upon irradiation with 520 nm
light to the state H in short period, only 2 c reverts to 2 o
(state F) due to large difference of cycloreversion quantum
yield of 2 c (0.12) and 3 c (0.013). By combination of the op-
erations other states A, B, C, and E were formed. The re-
cording process by using alphabetical masks F, U, and T on
the film is illustrated in Figure 9a.


Initially the film was homogeneously irradiated with
313 nm light (b). Then, an F mask pattern was placed on the
film and visible light (l > 640 nm) was irradiated (c). Then
the F mask is removed and replaced by a U mask. After the
520 nm light irradiation (10 s with monochromic light),
almost only 2 c reverted to 2 o, because of large difference of
the cycloreversion reaction quantum yield between 2 c and
3 c (d). Then the mask was replaced by a T mask followed
by irradiation with 403 nm light (e). The recorded film was
obtained (f) and the visible image is shown in Figure 10a. In
the recorded film, closed-ring isomer 1 c remains in the
domain T, 2 c remains in the domain U, and 3 c remains in
the domain F. The images monitored by IR light at 1549,
1655, and 1527 cm�1 are shown in Figure 10b–d, respectively.
The green domain is the area having stronger absorption at
the wavenumber. The IR images T, U, and F are attributable
to the state E, C, and B, respectively, in Table 4. The images
of the states G, D, and F are obtained as the overlap of each
two letters T and U, U and F, and T and F, respectively.
They are shown in Figure 10g, f, e, respectively. The image
of state G in which all diarylethenes are in the closed-ring
forms, was obtained as the triple overlapping of three letters
T, U, and F as shown in Figure 10h. The background of the
letters is in the state A. Using the different wavenumber IR
light, three bits eight states information was detected as the
different letters and overlapping domains. Even after pro-
longed readout of the image using IR light, any decrease in


Figure 8. a) UV/Vis and b) IR spectra of the eight states of the composite
film. State A (c), B (c), C (c), D (a), E (c), F (a), G
(a), H (a).


Figure 9. Schematic illustration of recording on the photochromic film
with three bits eight states.
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the signal-to-noise ratio was observed. By visible light irradi-
ation, all images in Figure 10a–g were bleached and the re-
cording was erased. This multi-frequency technique is also
applicable for near-field IR readout technique.[23]


Conclusion


In summary, a multi-frequency photochromic recording film
containing three diarylethene derivatives having different


Figure 10. a) Visible and b)–h) IR images of the recorded polymer film containing diarylethenes 1 (4.4 wt %), 2 (3.1 wt %), and 3 (3.7 wt %). b) IR image
detected at 1549 cm�1 indicating State C, c) IR image detected at 1655 cm�1 indicating State E, d) IR image detected at 1527 cm�1 indicating State B,
e) IR image detected both at 1655 and 1527 cm�1 indicating State F, f) IR image detected both at 1549 and 1527 cm�1 indicating State D, g) IR image de-
tected both at 1655 and 1549 cm�1 indicating State G, h) IR image detected at 1655, 1549, and 1527 cm�1 indicating State H.
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UV/Vis and IR spectra was constructed. And triple-frequen-
cy three bits eight states information was recorded on the
polymer film by using UV and visible light, and the individu-
al eight states was readout by appropriate wavenumber IR
light, nondestructively. And the recording was erased by
visible light irradiation. This technique is useful for reversi-
ble high-density recoding with nondestructive readout capa-
bility.


Experimental Section


Measurements : The absorption spectra were measured by using a Hitachi
U-3410 spectrophotometer. Photoirradiation was carried out by using an
Ushio 500 W high-pressure Hg and Xe arc lamp. Light of appropriate
wavelengths was isolated by passing the arc light through a monochroma-
tor (Jobin Yvon H-10 UV).[22] Photochromic thin films were prepared
using a spin quarter Mikasa 1H-D7. The IR spectra were measured using
a Horiba FT-710 FTIR interferometer. UV light was irradiated by using
TOPCON PU-2 black light. Visible light irradiation was carried out by
using an Ushio 500 W high-pressure Mercury lamp with Toshiba Y-50
cut-off filter.


The ratios of the open- and closed-ring isomers of diarylethenes in the
photostationary states in polymer matrices, were estimated from the com-
parison of spectral changes of the polymers to those of the molecules in
the hexane solution. IR images were monitored on a Perkin–Elmer Spot-
light 300 spectrometer. Transparency imaging mode was selected for the
measurements. The resolving power was 4 cm�1, and observing pixel size
was 25 mm�25 mm. Scanning times were four scans per pixels.


Computational details : The molecular structures were optimized and vi-
brational analysis were done by Hartree–Fock method with 6-31G basis
set in Gaussian98.[20] The calculated frequencies were scaled by 0.87.


Materials : 1,2-Bis(3,5-dimethyl-2-thienyl)perfluorocyclopentene (1), 1,2-
bis(2,5-dimethyl-3-thienyl)perfluorocyclopentene (2), and, 1,2-bis(2-
methyl-5-phenyl-3- thienyl)perfluorocyclopentene (3) were prepared ac-
cording to the literatures.[16–18] Poly(cyclopentene) polymer (Zeonex 480)
was purchased by ZEON Corporation.


Preparation


Polymer films containing each of one derivative: Diarylethene 1 (3.8 mg)
and poly(cyclopentene)polymer (Zeonex 480) (52.5 mg), which has no
absorption in 1500–1700 cm�1, were dissolved in chloroform (2 mL), and
the solution was casted on the glass plates. After the removal of the sol-
vent, a photochromic film was obtained. The polymer films containing 2
and 3 were prepared from a mixture containing 2 (2.5 mg), the polymer
(54.3 mg), and chloroform (2 mL), and a mixture containing 3 (0.8 mg),
the polymer (53.4 mg), and chloroform (2 mL), respectively. Film thick-
ness of these polymer films was measured by use of micrometer (Mitu-
toyo Corporation, M110-25) and they were found to be 15 mm.


Polymer film containing three diarylethene derivatives: Compound 1
(4.4 mg), 2 (3.1 mg), 3 (3.7 mg), and poly(cyclopentene)polymer
(86.7 mg) were dissolved in chloroform (2 mL), and the solution was
casted on the glass plates. After the removal of the solvent, a photochro-
mic film was obtained. The polymer film was peeled off before the meas-
urement. Film thickness was measured and found to be 25 mm. The letter
size of the alphabetical masks was around 2.5 mm.
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Synthesis and Photochemistry of b,b’-Di(2-furyl)-Substituted
o-Divinylbenzenes: Intra- and/or Intermolecular Cycloaddition
as an Effect of Annelation
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Introduction


The photochemistry of styryl-substituted furan derivatives
has been thoroughly investigated.[1–8] Furan (1) and ben-
zo[b]furan (2) derivatives of o-divinylbenzenes give, upon ir-
radiation in dilute petroleum ether or benzene solutions,
benzobicyclo[3.2.1]octadiene derivatives 4[1] and 5,[4] respec-
tively, as the main photoproducts (Scheme 1). No intramo-
lecular cycloaddition product was found upon irradiation of
the naphthofuran derivative 3[4] in dilute solution under the
same conditions. The only observed products were traces of
dimeric cyclobutane derivatives. The formation of these di-
meric products was confirmed by the irradiation of high


concentrations of 3.[5] The intermolecular cycloaddition reac-
tion can be explained[5] by of the probable complexation of
3 by p–p interactions. Similar results were obtained on irra-
diation of high concentrations of 2, whereas the furan deriv-
ative 1 gave only high-molecular-weight and decomposition
products. It was concluded that in monosubstituted o-di-
vinylbenzenes 1–3, annelation increases the intermolecular
complexation and results in the formation of dimeric prod-
ucts.
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Department of Physical Chemistry
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Abstract: New heteroaryl-substituted
o-divinylbenzenes, 2,2’-(1,2-phenylene-
divinylene)difuran (9), 2,2’-(1,2-phenyl-
enedivinylene)bisbenzo[b]furan (10),
and 2,2’-(1,2-phenylenedivinylene)bis-
naphtho[2,1-b]furan (11), were pre-
pared and irradiated at various concen-
trations; intramolecular photocycload-
dition and intermolecular [2+ 2] two-


fold photoaddition reactions took place
to give bicyclo[3.2.1]octadiene deriva-
tives 12–14 and cyclophane derivatives
15–17, respectively. Compound 11 was


the most selective of these o-divinyl-
benzenes, which, owing to p–p intra- or
intermolecular complexation, gave only
the exo-bicyclo[3.2.1]octadiene deriva-
tive 14 at low concentrations, and only
the cyclophane derivative 17 at high
concentrations.


Keywords: cycloaddition · cyclo-
phanes · dimerization · hetero-
aromatics · photochemistry


Scheme 1.
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We have found many examples in the literature of mono-
and diaryl-substituted o-divinylbenzene derivatives[9–31] that
undergo intra- and/or intermolecular photocycloaddition re-
actions. The nature of the substituent, as well as its position,
has an important influence on the course of the reaction in
which various polycyclic structures, such as 6, 7 and 8, are


produced. Thus, b,b’-diphenyl-o-divinylbenzene, even at
very low concentrations (<10�5


m), undergoes photodimeri-
zation to give products of structural type 8,[23–25] whereas in
the crystal form [21] or adsorbed onto silica gel[25] it under-
goes an intramolecular cycloaddition reaction to give a bicy-
clo[2.1.1]hexene derivative (structural type 6). Only a few
examples of reactions that involve diheteroaryl-substituted
o-divinylbenzene derivatives have been found: the photo-
chemistry of o-phenylenedivinylenedipyrroles,[32–34] nitrogen
analogues of 9, and the photochemistry of the diquinoxalinyl
o-divinylbenzene derivative.[35] Whereas the dipyrrole deriv-
ative, after photoexcitation followed by electron and hydro-
gen transfer, undergoes ring closure to the indane derivative,
which then reacts further with the starting compound to
give dimeric products, the diquinoxaline derivative showed
photostability in the crystalline state.


Herein, we describe for the first time the synthesis and
photochemistry of the difuran-substituted o-divinylbenzenes
9–11, a study that was undertaken to determine the influ-
ence of annelation on the course of the reaction. In contrast
to the monofuran derivatives 1–3, introduction of the
second annelated furan moiety to o-divinylbenzene could


result in intramolecular complexation to give upon irradia-
tion interesting annelated bicyclo[3.2.1]octadiene structures,
derivatives of a bicyclo[3.2.1]octane skeleton found in nu-
merous important biologically active natural products.[36–38]


Results


The starting materials, diheteroaryl-substituted o-divinylben-
zenes 9–11, were prepared by the Wittig reaction of b,b’-o-
xylyl(ditriphenylphosphonium) dibromide and the corre-
sponding aldehydes according to the general procedure de-
scribed for the heteroarylstilbene analogues.[39] They were
obtained in moderate-to-good yields (49–85 %) as mixtures
of cis,cis, cis,trans and trans,trans isomers with the cis,trans
isomers being dominant. The isomers of 9–11 were separat-
ed by a combination of column chromatography and thin-
layer chromatography on silica gel and identified spectro-
scopically. In the series of compounds 9–11, because of in-
creased annelation, all three geometric isomers show a bath-
ochromic shift in the UV spectrum and an increase in the
molar absorption coefficients, as expected. The geometric
isomers can be easily identified in their 1H NMR spectra by
the characteristic vicinal coupling constants of the cis- and
trans-ethylenic protons. The ratios of the isomers were de-
termined from the NMR spectra and by GC-MS measure-
ments.


Compounds 9–11 were irradiated in benzene solution
under anaerobic conditions at 300 (compound 9) and
350 nm (compounds 10 and 11). Depending on the starting
material, its concentration and the irradiation time, different
ratios of the photoproducts 12–19 (Scheme 2) were formed
as a result of intra- and/or intermolecular cycloaddition
processes. After a very short irradiation time cis–trans iso-
merization to give the preferred trans,trans isomer was ob-
served for all three derivatives 9–11. The bicyclo[3.2.1]octa-
diene derivatives 12–14 were isolated as the major photo-
products of the irradiations performed at low concentra-
tions, whereas at high concentrations the cyclophane deriva-
tives 15–17 were isolated. The products were separated by
column chromatography on silica gel and the structures de-
duced unequivocally from spectral studies. All of the pro-
tons were completely assigned from the 1H and 13C NMR
spectra by using different techniques (COSY, NOESY and
HSQC). As can be seen in Figure 1, the very well-resolved
five-proton pattern between d=2.7 and 5.2 ppm in the 1H
NMR spectra of the major photoproducts 12–14 unmistaka-
bly points to the formation of the same bicyclo[3.2.1]octa-
diene structure. The singlet assigned to proton A is the
more affected and is shifted strongly toward a low field
owing to the anisotropic effect of the benzene and naphtha-
lene rings, respectively. In the previously obtained bicy-
clo[3.2.1]octadiene derivatives[1,2,4,6] with no substituent on
the methano bridge carbon, proton A couples only with the
exo-oriented proton and appears as a narrow doublet. As
the endo-oriented proton does not couple with proton A the
exo structure was assigned. The exo orientation of the
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heteroaryl group at the methano bridge carbon was also
confirmed by X-ray crystallographic analysis of exo-13
(Figure 2).


Minor quantities of endo-12 and endo-14 were seen only
in enriched chromatographic fractions and were identified


by the characteristic couplings
of proton A and the exo-orient-
ed proton B as well as by other
characteristic chemical shifts
and couplings in the aliphatic
region. The major photoprod-
ucts formed on irradiation of
higher concentrations of 9–11
were cyclophane derivatives
which were obtained by a two-
fold cyclodimerization reaction.
Of the many possible cyclo-
phane structures one stereo-
isomer (15, 16, or 17, respec-
tively) was exclusively formed
for all the derivatives
(Scheme 2). The formation of a
cyclophane structure of high
symmetry was obvious from the
1H NMR spectra in which the


absence of ethylenic protons and the presence of only two
signals corresponding to two cyclobutane rings was ob-
served. The number of carbon signals in the 13C NMR spec-
tra was halved but the molecular ion in the MS spectrum
pointed to the dimer structure. The cyclophane structure 15
was also confirmed by X-ray analysis (Figure 3).


The formation of photoadducts with only one cyclobutane
ring was not observed on irradiation of 11, while traces of
cyclobutane photoproducts were seen on irradiation of 10,
according to the 1H NMR spectra. However, upon irradia-
tion of the difuran derivative 9, two head-to-tail cyclobutane
derivatives, 18 and 19, were isolated in 8 and 5 % yields, re-
spectively (Scheme 2). The existence of the same basic M+/2
peak in the mass spectra of both derivatives, a peak which is
identical to the M+ peak of the starting molecule 9, and the
nonexistence of fragments characteristic of an unsymmetri-
cal reversion pointed to the formation of the head-to-tail ad-
ducts. The 1H NMR spectrum of the cyclobutane derivative
18 exhibits two doublet-of-doublets at d=4.51 and


Scheme 2.


Figure 1. 1H NMR spectra (in CDCl3) of the aliphatic region of three
exo-bicyclo[3.2.1]octadiene derivatives: a) exo-12 ; b) exo-13 ; c) exo-14.


Figure 2. Molecular structure of exo-13 (ORTEP diagram).


Figure 3. Molecular structure of 15 (ORTEP diagram).
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4.36 ppm, which correspond to the four protons of the cyclo-
butane and the 13C NMR spectrum reveals two signals at
d= 44.17 and 39.84 ppm which correspond to the four
carbon atoms. Product 19 has four different protons which
appear as three signals at d=4.70, 4.56, and 4.24 ppm (dd,
m, dd) in its 1H NMR spectrum in a ratio of 1:2:1, respec-
tively. The 13C NMR spectrum of 19 shows four signals at
d= 44.27, 44.04, 40.30, and 39.36 ppm. The configuration of
the furo-styryl substituents was deduced from the ethylenic
coupling constants, product 19 having two values, Jcis and
Jtrans, whereas 18 only one, Jcis. The stereochemistry of the cy-
clobutane protons and substituents was determined from the
1H NMR spectra based on the differences between their
chemical shifts and patterns, and by comparison with previ-
ously obtained results from similar systems.[5] Whereas for
structure 18 the stereochemistry is completely defined, for
structure 19 the configuration at one of the carbon atoms
could not be assigned because of complicated overlapping
of the signals of aromatic protons.


Experiments were performed to examine and compare
the influence of annelation on the product distribution at
various concentrations of the diheteroaryl o-divinylben-
zenes. A 1 � 10�1


m solution of the bisnaphthofuran deriva-
tive 11 gave the cyclophane 17 as the sole product. The
furan and benzofuran derivatives 9 and 10, under the same
conditions, gave mainly cyclophanes as well as the bicy-
clo[3.2.1]octadiene derivatives
12 (5–10%) and 13 (5–10 %),
respectively, based on 1H NMR
spectra. At a concentration of
1 � 10�3


m usually used for intra-
molecular reactions, the ratio of
isolated products was:
1.2 (12):1.0 (15) from 9 ;
4.0 (13):1.0 (16) from 10 and
only 14 from 11.


Discussion


The main photoproduct ob-
tained from the irradiation of
the derivatives 9–11 under the
conditions for intramolecular
reactions was the bicy-
clo[3.2.1]octadiene derivative,
the exo isomer being the sole
(exo-13) or predominant (exo-
12, exo-14) product. The stereo-
selective formation of the exo
isomer can be explained
(Scheme 3) by the preferred
trans ring closure to the indane
intermediate 20, presumably for
steric reasons. Then, 20 ring-
closes via 22 by the same mech-
anism as seen in the reactions


of the mono-furan and mono-benzofuran derivatives of o-di-
vinylbenzene[1,4, 6] to yield exo-12, -13, and -14, respectively.
The formation of the endo isomer, found only in traces (12,
14), can be explained by cis ring closure to give the indane
intermediate 21, which, via 23, gave endo-12 and endo-14.


The main photoproduct obtained upon irradiation of high
concentrations of the diheteroaryl derivatives 9–11 was the
cyclophane C (Scheme 4), which was formed by a twofold
intermolecular syn head-to-head [2p+2p] cycloaddition re-
action. The other cyclophane isomers, which have cyclobu-
tane rings with different geometries, were not isolated, as
was found for the irradiation of the diaryl derivative trans,-
trans-o-distyrylbenzene.[24] Such a high regio- and stereospe-
cific process can be ascribed to steric factors and strong at-
tractive interactions between p systems.[40–42] Presumably, as
with 2,3-distyrylnaphthalene,[27] the population of the rotam-
ers of 9–11 and the electronic and steric effects in the exci-
mers are decisive factors. It is known[24,27,30, 31] that excimers
with a parallel arrangement of as many p centers as possible
are preferred. A possible cycloaddition path to the cyclo-
phanes is as follows: all three derivatives 9–11 rapidly iso-
merize to the trans,trans isomer which can then react step-
wise, either via the head-to-head cycloadduct A, to cyclo-
phane C or directly to give C in one step. If the cyclodimeri-
zation involves the head-to-tail addition process, the cyclo-
adduct B is formed but cannot react to give cyclophane C


Scheme 3. Mechanism for the formation of the bicyclo[3.2.1]octadiene structures 12–14.
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because of its geometry. Since, upon a shorter irradiation
time of the difuran derivative 9, small quantities of structure
B (18, 19) were found in the reaction mixture, it is presumed
that the adduct B undergoes thermal cycloreversion[43] to
the starting compound 9 which then reacts to give the pre-
ferred adduct A. The failure to isolate adduct B upon irradi-
ation of the annelated derivatives 10 and 11 points to the ex-
treme influence of increasing p–p interactions in the series
of furan, benzofuran and naphthofuran aromatics, and
therefore the preferred formation of C directly or via A.


From these results it is obvious that the steric and elec-
tronic factors overlap. In the case of 9 the steric hindrance
to an intramolecular ring closure to 20 or 21 is more impor-
tant than p–p interactions. Therefore, to obtain the bicy-
clo[3.2.1]octadiene derivative 12 as the sole product, a con-
centration below 10�4


m is necessary. For the bisnaphthofur-
an derivative 11 the increased intramolecular p–p interac-
tions due to the naphthalene moiety outweigh the steric ef-
fects of these large groups and cause intramolecular ring
closure and the formation of the bicyclo[3.2.1]octadiene de-
rivative 14. For the benzofuran derivative 10 the p–p inter-
actions and steric effects compete. Relative to the furan de-
rivative 9, the steric and electronic effects in 10 are stronger,
but relative to 11 they are weaker.


Conclusions


Herein we have demonstrated an interesting photochemical
pathway to two different classes of heteropolycyclic com-
pounds. In concentrated solutions b,b’-diheteroaryl-substitut-
ed o-divinylbenzenes 9–11 regio- and stereospecifically pro-


duce cyclophane structures 15–17 that have a hydrophobic
cavity and an electron-rich recognition site of four furan
oxygen atoms, and thus might be used as molecular tweez-
ers. On the other hand, irradiation of dilute solutions of 9–
11 furnishes molecules with the pharmaceutically interesting
bicyclo[3.2.1]octane skeleton. Of the b,b’-diheteroaryl-sub-
stituted o-divinylbenzenes 9–11 examined, the most selective
is 11, which, owing to p–p intra- or intermolecular complex-
ation, gives only the exo-bicyclo[3.2.1]octadiene derivative
14 at low concentrations or only the cyclophane derivative
at high concentrations 17.


Experimental Section


General : The 1H and 13C NMR spectra were recorded on a Varian
Gemini 300 spectrometer at 300 and 75 MHz, respectively, and on a
Bruker AV-600 spectrometer at 600 MHz. All NMR spectra were mea-
sured in CDCl3 using tetramethylsilane as the reference. The assignment
of the signals is based on 2D-CH correlation and 2D-HH-COSY,
LRCOSY and NOESY experiments. UV spectra were measured on a
Varian Cary 50 UV/VIS spectrophotometer. Mass spectra were obtained
on a Varian Saturn 2200 instrument equipped with a FactorFour Capilla-
ry Column VF-5 ms and on a Platform LCZ spectrometer (Micromass,
UK). Melting points were obtained by using an Original Kofler Mikro-
heitztisch apparatus (Reichert, Wien) and are uncorrected. Elemental
analyses were carried out on a Perkin-Elmer Series II CHNS Analyzer
2400. Silica gel (Merck 0.05–0.2 mm) was used for chromatographic puri-
fications. Solvents were purified by distillation.


Furan-2-carboxaldehyde and benzo[b]furan-2-carboxaldehyde were ob-
tained from a commercial source. Naphtho[2,1-b]furan-2-carboxaldehyde
was prepared from 2-hydroxynaphthocarboxaldehyde according to a de-
scribed procedure.[44]


Preparation of 9, 10, and 11: Starting compounds 9–11 were prepared
from the b,b’-o-xylyl(ditriphenylphosphonium) dibromide and the corre-
sponding aldehydes, furan-2-carboxaldehyde, benzo[b]furan-2-carboxal-
dehyde and naphtho[2,1-b]furan-2-carboxaldehyde, respectively. A so-
lution of sodium ethoxide (0.51 g, 0.022 mol in 15 mL ethanol) was added
dropwise to a stirred solution of b,b’-o-xylyl(ditriphenylphosphonium) di-
bromide (7.88 g, 0.01 mol) and the corresponding aldehydes (0.022 mol)
in absolute ethanol (100 mL). Stirring was continued under a stream of
nitrogen for one day at room temperature. After removal of the solvent,
the residue was worked up with water and benzene. The benzene extracts
were dried and concentrated. The crude reaction mixture was purified
and the isomers of products 9–11 were separated by repeated column
chromatography on silica gel using petroleum ether and a petroleum
ether/diethyl ether (0–5 %) mixture as eluent.


After the separation of mono-styryl by-products, the first fractions yield-
ed the cis,cis isomer and the last fractions the cis,trans and trans,trans iso-
mers. The characterization data for the new compounds 9–11 are given
below.


Scheme 4. Possible cycloaddition path to the cyclophanes 15–17.
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2,2’-(1,2-Phenylenedivinylene)difuran (9): Yield 85.4 %; according to 1H
NMR spectroscopy, a mixture of 26 % cis,cis, 46% cis,trans and 28 %
trans,trans isomers. Unreacted furan-2-carboxaldehyde remained on the
column.


cis,cis-9 : Yellow oil; Rf =0.61 (petroleum ether/CH2Cl2 9:1); 1H NMR
(600 MHz, CDCl3): d=7.47 (m, 1 H, H-1/2), 7.26 (m, 1 H, H-1/2), 7.22
(m, 1 H, H-9), 6.45 (d, J= 12.0 Hz, 1 H, H-5), 6.39 (d, J=12.0 Hz, 1H, H-
4), 6.23 (dd, J =1.8, 3.0 Hz, 1 H, H-8), 6.07 ppm (d, J=3.0 Hz, 1 H, H-7);
13C NMR (CDCl3): d=152.14 (s, C-6), 141.37 (d, C-9), 136.40 (s, C-3),
128.88 (d, C-1/2), 127.01 (d, C-1/2), 126.70 (d, C-4), 118.82 (d, C-5),
111.01 (d, C-8), 109.48 ppm (d, C-7); UV (EtOH): lmax (log e)=284 nm
(4.22); MS (EI): m/z (%): 262 (10) [M+], 233 (100), 181 (17).


cis,trans-9 : Yellow oil; Rf =0.55 (petroleum ether/CH2Cl2 9:1); 1H NMR
(600 MHz, CDCl3): d=7.62 (d, J =7.8 Hz, 1 H, H-2/2’), 7.37 (m, 1 H, H-9/
9’), 7.35 (d, J=7.2 Hz, 1 H, H-2/2’), 7.30 (t, J= 7.8 Hz, 1H, H-1/1’), 7.18–
7.24 (m, 3H, H-1/1’, H-9/9’, H-4’), 6.84 (d, J =15.6 Hz, 1H, H-5’), 6.62 (d,
J =12.6 Hz, 1H, H-4), 6.56 (d, J=12.6 Hz, 1 H, H-5), 6.39 (dd, J =1.8,
3.6 Hz, 1 H, H-8’), 6.32 (d, J =3.0 Hz, 1 H, H-7’), 6.23 (dd, J= 1.8, 3.0 Hz,
1H, H-8), 5.95 ppm (d, J =3.6 Hz, 1H, H-7); 13C NMR (CDCl3): d=


152.98 (s, C-6’), 151.68 (s, C-6), 141.65 (d, C-9’), 141.05 (d, C-9), 136.15 (s,
C-3), 134.72 (s, C-3’), 129.11 (d, C-1/2), 127.21 (d, C-1’/2’), 126.79 (d, C-1/
2), 126.28 (d, C-1’/2’), 124.56 (d, 2C, C-4, C-4’), 119.39 (d, C-5), 117.37 (d,
C-5’), 111.09 (d, C-8/8’), 110.76 (d, C-8/8’), 109.15 (d, C-7), 108.15 ppm (d,
C-7’); UV(EtOH): lmax (log e)=324 nm (4.27); MS (EI): m/z (%): 262 (8)
[M+], 233 (100), 181 (15).


trans,trans-9 : Yellow crystals, m.p. 179–180 8C; Rf =0.51 (petroleum
ether/CH2Cl2 9:1); 1H NMR (600 MHz, CDCl3): d=7.54 [m, 2 H, H(ar)],
7.43 (d, J =1.8 Hz, 2 H, H-9), 7.42 (d, J =16.2 Hz, 2 H, H-5), 7.25 [m, 2H,
H(ar)], 6.81 (d, J= 16.2 Hz, 2H, H-4), 6.44 (dd, J =1.8, 3.6 Hz, 2H, H-8),
6.38) ppm (d, J =3.6 Hz, 2 H, H-7); 13C NMR (CDCl3): d =153.30 (s, C-
6), 142.14 (d, C-9), 135.44 (s, C-3), 127.56 (d, C-1/2), 126.04 (d, C-1/2),
124.53 (d, C-4), 118.69 (d, C-5), 111.53 (d, C-8), 108.73 ppm (d, C-7); UV
(EtOH): lmax (log e)=337 (4.23), 298 nm (4.36); MS (EI): m/z (%): 262
(70) [M+], 233 (100), 181 (13); elemental analysis calcd (%) for C18H14O
(262.3): C 82.42, H 5.38; found: C 82.30, H 5.45.


2,2’-(1,2-Phenylenedivinylene)bisbenzo[b]furan (10): Yield 53.7 %; ac-
cording to 1H NMR spectroscopy, a mixture of 26 % cis,cis, 37% cis,trans
and 37 % trans,trans isomers. Unreacted benzo[b]furan-2-carboxaldehyde
remained on the column.


cis,cis-10 : Yellow oil ; Rf =0.40 (petroleum ether/CH2Cl2 4:1); 1H NMR
(300 MHz, CDCl3): d=7.57 (dd, J =3.6, 5.4 Hz, 2 H, H-1/2), 7.39 (d, J=


8.1 Hz, 2H, H-9/12), 7.38 (dd, J= 3.6, 5.4 Hz, 2 H, H-1/2), 7.33 (d, J=


8.1 Hz, 2 H, H-9/12), 7.21 (dd, J= 7.2, 8.1 Hz, 2H, H-10/11), 7.15 (dd, J =


7.2, 8.1 Hz, 2H, H-10/11), 6.74 (d, J=12.3 Hz, 2H, H-4/5), 6.54 (d, J=


12.3 Hz, 2 H, H-4/5), 6.44 ppm (s, 2 H, H-7); 13C NMR (CDCl3): d=


154.01 (s), 153.66 (s), 136.09 (s), 130.34 (d), 129.04 (d), 128.46 (s), 127.44
(d), 124.26 (d), 122.54 (d), 120.64 (d), 119.23 (d), 110.80 (d), 105.91 ppm
(d); UV (EtOH): lmax (log e)=307 nm (4.46); MS (EI): m/z (%): 362
(100) [M+], 231 (20), 131 (8).


cis,trans-10 : Yellow crystals, m.p. 82–85 8C; Rf =0.36 (petroleum ether/
CH2Cl2 4:1); 1H NMR (300 MHz, CDCl3): d=7.74 (d, J=7.8 Hz, 1H),
7.05–7.58 (m, 12 H), 7.00 (d, J =15.9 Hz, 1H, H-4/5), 6.95 (d, J =12.3 Hz,
1H, H-4’/5’), 6.76 (d, J=12.3 Hz, 1H, H-4’/5’), 6.67 (s, 1 H, H-7),
6.36 ppm (s, 1 H, H-7’); 13C NMR (CDCl3): d=154.92 (s), 154.61 (s),
154.03 (s), 153.64 (s), 136.46 (s), 134.74 (s), 130.44 (d), 129.63 (d), 128.00
(d), 127.76 (d), 127.71 (d), 125.33 (d), 124.55 (d), 124.34 (d), 122.73 (d),
122.61 (d), 120.76 (d), 120.69 (d), 120.13 (d), 117.94 (d), 110.87 (d),
110.84 (d), 105.92 (d), 105.40 ppm (d); UV (EtOH): lmax (log e)=342 nm
(4.52); MS (EI): m/z (%): 362 (100) [M+], 231 (27), 131 (12).


trans,trans-10 : Yellow crystals, m.p. 164 8C; Rf =0.35 (petroleum ether/
CH2Cl2 4:1); 1H NMR (300 MHz, CDCl3): d=7.68 (d, J =15.9 Hz, 2H,
H-4/5), 7.55 (dd, J =3.5, 5.7 Hz, 2H, H-1/2), 7.48 (d, J=7.2 Hz, 2 H, H-8/
12), 7.46 (d, J =7.1 Hz, 2H, H-8/12), 7.20–7.29 (m, 4H, H-10/11 and H-1/
2), 7.16 (dd, J =6.3, 8.5 Hz, 2H, H-10/11), 6.88 (d, J =15.9 Hz, 2 H, H-4/
5), 6.66 ppm (s, 2H, H-7); 13C NMR (CDCl3): d= 155.52 (s), 155.42 (s),
135.89 (s), 129.53 (s), 128.64 (d), 128.06 (d), 126.98 (d), 125.20 (d), 123.37
(d), 121.34 (d), 119.50 (d), 11.50 (d), 106.06 ppm (d); UV (EtOH): lmax


(log e) =356 (4.55), 316 nm (4.74); MS (EI): m/z (%): 362 (100) [M+],


231 (30), 131 (10); elemental analysis calcd (%) for C26H18O2 (362.4): C
86.16, H 5.01; found: C 86.00, H 5.05.


2,2’-(1,2-Phenylenedivinylene)bisnaphtho[2,1-b]furan (11): Yield 49.4 %;
according to 1H NMR spectroscopy, a mixture of 29 % cis,cis, 38 % cis,-
trans and 33 % trans,trans isomers. Unreacted naphtho[2,1-b]furan-2-car-
boxaldehyde remained on the column.


cis,cis-11: Colorless crystals, m.p. 165–168 8C; Rf =0.61 (petroleum ether/
CH2Cl2 3:2); 1H NMR (300 MHz, CDCl3): d= 7.81–7.84 (m, 4H, H-10),
7.34–7.70 [m, 12 H, H(ar)], 6.95 (s, 2H, H-7), 6.76 [d, J=12.0 Hz, 2H,
H(et)], 6.62 ppm [d, J=12.0 Hz, 2 H, H(et)]; 13C NMR (CDCl3): d=


153.42 (s), 151.74 (s), 136.37 (s), 130.18 (s), 129.54 (d), 129.25 (d), 128.60
(d), 127.60 (d), 127.31 (s), 126.02 (d), 125.36 (d), 124.37 (d), 123.97 (s),
123.30 (d), 119.40 (d), 112.01 (d), 105.03 ppm (d); UV (EtOH): lmax


(log e) =344 (4.54), 297 nm (4.86); MS (ESI): m/z (%): 462.6 (18) [M+],
295.5 (34), 145.2 (79), 83.3 (100).


cis,trans-11: Colorless crystals, m.p. 170–172 8C; Rf =0.59 (petroleum
ether/CH2Cl2 3:2); 1H NMR (300 MHz, CDCl3): d=8.09 [d, J =8.1 Hz,
1H, H(ar)/trans], 7.14–7.94 [m, 16 H, H(ar)], 7.15 (s, 1H, H-7/trans), 7.09
[d, J =16.2 Hz, 1 H, H(et)/trans], 6.96 [d, J= 12.6 Hz, 1H, H(et)/cis], 6.85
(s, 1 H, H-7/cis), 6.84 ppm [d, J=12.9 Hz, 1 H, H(et)/cis]; 13C NMR (too
small a quantity for analysis); UV (EtOH): lmax (log e)=365 (4.62), 345
(4.64), 220 nm (4.88); MS (ESI): m/z (%): 462.6 (33) [M+], 295.5 (21),
145.2 (69), 83.3 (100).


trans,trans-11: Colorless crystals, m.p. 184–186 8C; Rf =0.57 (petroleum
ether/CH2Cl2 3:2); 1H NMR (600 MHz, CDCl3): d =8.14 (d, J =7.8 Hz,
2H, H-10), 7.95 (d, J= 7.8 Hz, 2H), 7.81 (d, J =15.9 Hz, 2 H, H-4/5), 7.73
(ABq, J=9.0 Hz, 4 H, H-15 and H-16), 7.67 (m, 2 H, H-1/2), 7.60 (t, J=


7.8 Hz, 2H, H-11/12), 7.50 (t, J= 7.8 Hz, 2H, H-11/12), 7.35 (m, 2H, H-1/
2), 7.25 (s, 2 H, H-7), 7.07 ppm (d, J=15.9 Hz, 2 H, H-4/5); 13C NMR
(CDCl3): d=154.59 (s), 152.50 (s), 135.43 (s), 130.50 (s), 128.72 (d),
127.37 (s), 126.74 (d), 126.40 (d), 126.25 (d), 125.65 (d), 124.53 (d), 124.40
(s), 123.40 (d), 118.98 (d), 112.11 (d), 104.60 (d), 120.04 ppm (d); UV
(EtOH): lmax (log e)=369 (4.76), 345 (4.94), 212 nm (5.03); MS (ESI): m/
z (%): 462.6 (27) [M+], 295.5 (25), 145.2 (78), 83.3 (100); elemental anal-
ysis calcd (%) for C34H22O2 (462.5): C 88.29, H 4.79; found: C 88.60, H
4.53.


Irradiation experiments : A mixture of the cis,cis, cis,trans and trans,trans
isomers of 9, 10 and 11 in benzene (9 : 1.6 � 10�3


m ; 10 : 3.7� 10�3
m ; 11: 1�


10�3
m and 1� 10�1


m) was purged with argon for 30 min and irradiated at
300 nm (9) and at 350 nm (10 and 11) in a Rayonet reactor in a quartz
(9) and pyrex (10 and 11) tube for 6–10 h. Solvent was removed in
vacuum and the oily residue subjected to chromatography on a silica gel
column using petroleum ether/dichloromethane (5–50 %) as eluent.


Irradiation of 2,2’-(1,2-phenylenedivinylene)difuran (9): Unreacted 9
(21 mg, 7%) was isolated in the first fractions followed by the exo-bicy-
clo[3.2.1]octadiene derivative exo-12 (110 mg, 37%) and traces of endo-
12, and the cyclobutane derivatives 18 (48 mg, 8 %) and 19 (30 mg, 5 %).
In the last fractions cyclophane 15 (225 mg, 38%) was isolated.


exo- and endo-11-(2-Furyl)-9,10-dihydro-4,9-methano-4H-benzo[4,5]cy-
clohepta[1,2-b]furan (12):exo-12 : Colorless crystals, m.p. 104–105 8C; Rf =


0.42 (petroleum ether/CH2Cl2 4:1); 1H NMR (600 MHz, CDCl3): d=7.30
[d, J =6.9 Hz, 1H, H(ar)], 7.24 (d, J =1.8 Hz, 1 H, H-5), 7.16 (d, J~1 Hz,
1H, H-5’), 7.11–7.03 [m, 3H, H(ar)], 6.29 (d, J =1.8 Hz, 1H, H-4), 6.12
(dd, J~1, 3.3 Hz, 1 H, H-4’), 5.65 (d, J =3.3 Hz, 1 H, H-3’), 4.04 (s, 1 H, H-
A), 3.81 (d, J =4.8 Hz, 1 H, H-C), 3.59 (s, 1 H, H-B), 3.26 (dd, J =4.8,
16.2 Hz, 1H, H-D), 2.74 ppm (d, J=16.2 Hz, 1H, H-E); 13C NMR
(CDCl3): d=156.80 (s), 150.07 (s), 146.64 (s), 142.53 (s), 140.79, 140.56
(2d), 126.71 (d), 126.35 (d), 124.36 (s), 121.17 (d), 109.88 (d), 108.08 (d),
104.89 (d), 52.63 (d, C-B), 44.97 (d, C-C), 43.85 (d, C-A), 31.36 ppm (t,
C-DE), 1 signal is covered; UV (EtOH): lmax (log e) =267 (3.64), 222 nm
(4.04); MS (EI): m/z (%): 262 (100) [M+], 233 (5), 181 (25); elemental
analysis calcd (%) for C18H14O (262.3): C 82.42, H 5.38; found: C 82.56,
H 5.29.


endo-12 : Too small a quantity to be analyzed completely; Rf =0.37 (pe-
troleum ether/CH2Cl2 4:1); 1H NMR (300 MHz, CDCl3): d=4.05 (m, 1 H,
H-B), 3.78 (m, 1H, H-C), 3.68 (d, J =2.4 Hz, 1H, H-A), 2.89 (dd, J=
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16.2, 3.6 Hz, 1H, H-D), 2.57 ppm (d, J= 16.2 Hz, 1 H, H-E); MS (EI):
m/z (%): 262 (100) [M+], 233 (8), 181 (32).


r-1,t-3-Di(2-furyl)-c-2,t-4-bis{2-[2-(2-furyl)ethenyl]phenyl}cyclobutane (r-
ctt htt dimer) (18): Colorless crystals, m.p. 92–94 8C; Rf =0.21 (petroleum
ether/CH2Cl2 4:1); 1H NMR (300 MHz, CDCl3): d=7.35 [d, J =7.8 Hz,
2H, H(ar1)], 7.19–7.27 [m, 6H, H(ar2), H(ar4), H-5’], 7.12 [dd, J =6.9,
7.5 Hz, 2H, H(ar3)], 7.06 (d, J=2.7 Hz, 2H, H-5), 6.53 [d, J =12.3 Hz,
2H, H(etf)], 6.45 [d, J =12.3 Hz, 2H, H(etb)], 6.19 (dd, J =2.3, 3.0 Hz,
2H, H-4’), 6.01 (dd, J= 2.7, 3.3 Hz, 2 H, H-4), 5.81 (d, J =3.0 Hz, 2H, H-
3’), 5.66 (d, J= 3.0 Hz, 2 H, H-3), 4.51 (dd, J =7.5, 7.8 Hz, 2H, H-f),
4.36 ppm (dd, J =7.5, 7.8 Hz, 2H, H-b); 13C NMR (CDCl3): d=154.46
(s), 151.99 (s), 141.23 (d), 140.95 (d), 137.33 (s), 137.21 (s), 128.68 (d),
127.18 (d), 126.98 (d), 126.01 (d), 126.01 (d), 119.18 (d), 111.04 (d),
109.71 (d), 109.37 (d), 106.54 (d), 44.17 (d), 39.84 ppm (d); UV (EtOH):
lmax (log e)=282 (4.04), 227 nm (4.31); MS (EI): m/z (%): 524 (3) [M+],
262 (36) [M+/2], 233 (100), 181 (45); elemental analysis calcd (%) for
C36H28O2 (524.6): C 82.42, H 5.38; found: C 82.29, H 5.59.


r-1,t-3-Di(2-furyl)-c-2,c-4-bis{2-[2-(2-furyl)ethenyl]phenyl}cyclobutane (r-
ctc htt dimer) or r-1,t-3-di(2-furyl)-c-2,t-4-bis{2-[2-(2-furyl)ethenyl]phe-
nyl}cyclobutane (r-ctt htt dimer) (19): Yellow crystals, m.p. 48–49 8C; Rf =


0.17 (petroleum ether/CH2Cl2 4:1); 1H NMR (300 MHz, CDCl3): d=


7.50–7.05 (m, 13H), 6.63 [d, J =15.9 Hz, 1H, H(et)], 6.54 and 6.48 [2d,
J =12.3 Hz, 2 H; H(et)], 6.48–6.43 (m, 1H), 6.35 (d, J =3.3 Hz, 1H),
6.22–6.17 (m, 1 H), 6.10–6.05 (m, 1H), 6.04–5.98 (m, 1 H), 5.82 (d, J=


3.3 Hz, 1 H), 5.79 (d, J =3.3 Hz, 1 H), 5.65 (d, J =3.3 Hz, 1 H), 4.70 (dd,
J =6.9, 9.0 Hz, 2 H), 4.56 (m, 4 H), 4.24 ppm (dd, J =7.2, 8.7 Hz, 2H); 13C
NMR (CDCl3): d =154.42 (s), 154.12 (s), 153.42 (s), 151.98 (s), 142.03 (d),
141.25 (d), 141.03 (d), 140.96 (d), 137.33 (s), 137.22 (s), 136.75 (s), 136.48
(s), 128.73 (d), 127.23 (2d), 126.94 (d), 126.44 (d), 126.18 (d), 126.13 (d),
125.98 (d), 125.02 (d), 124.57 (d), 119.26 (d), 117.77 (d), 111.46 (d),
111.04 (d), 109.78 (2d), 109.39 (d), 108.35 (d), 106.71 (d), 106.67 (d),
44.27 (d), 44.04 (d), 40.30 (d), 39.36 ppm (d); UV (EtOH): lmax (log e)=


273 (4.07), 221 nm (4.23); MS (EI): m/z (%): 524 (<2) [M+], 262 (60)
[M+/2], 233 (100), 181 (30).


3,4,13,14-Tetra(2-furyl)pentacyclo[14.4.0.02,5.06,11.012,15]eicosa-
1(20),6,8,10,16,18-hexaene (15): Colorless crystals, m.p. 242–243 8C; Rf =


0.12 (petroleum ether/CH2Cl2 4:1); 1H NMR (600 MHz, CDCl3): d=7.36
(d, J=2.1 Hz, 4H, H-5), 7.18 (m, 4 H, H-1/H-2), 7.08 (m, 4H, H-1/H-2),
6.32 (dd, J=2.1, 3.0 Hz, 4 H, H-4), 6.12 (d, J =3.0 Hz, 4 H, H-3), 4.61 (d,
J =6.0 Hz, 4 H, H-b), 4.44 ppm (d, J =6.0 Hz, 4 H, H-f); 13C NMR
(CDCl3): d= 154.58 (s), 141.41 (d, C-5), 137.87 (s), 126.32 (d), 124.81 (d),
110.14 (d, C-4), 106.50 (d, C-3), 45.43 (d, Cb), 38.51 ppm (d, Cf); UV
(EtOH): lmax (log e)=216 nm (4.40); MS (EI): m/z (%): 524 (10) [M+],
262 (50) [M+/2], 233 (100), 181 (15); elemental analysis calcd (%) for
C36H28O2 (524.6): C 82.42, H 5.38; found: C 82.47, H 5.28.


X-ray analysis: C36H28O4, Mr =524.6 gmol�1, monoclinic, space group:
C2/c, a= 25.320(5), b =9.249(5), c=12.646(5) �, b=109.24(1)8, V=


2796(2) �3, 1 =1.246 gcm�3, m=0.64 mm�1. Suitable prismatic and color-
less single crystals were obtained by slow evaporation from the metha-
nol/dichloromethane 1:1 mixture. The crystal with the dimensions 0.10 �
0.12 � 0.15 mm was chosen. Three intensity control reflections measured


every 120 minutes showed no signifi-
cant loss of intensity during the data
collection which was performed on an
Enraf-Nonius CAD4 diffractometer
using graphite-monochromated CuKa


(1.54179 �) radiation at RT
[293(2)K]. Of the 2876 unique reflec-
tions collected, 1922 were observed
[I>2s(I)], Rint =0.0186. The model was
refined by using the full-matrix least-
squares refinement to the final R1 =


0.0544, wR2(all) =0.1944, S=1.077,
D1max =0.25 and D1min =�0.19 e��3.
In the final steps of refinement, the
proposed weighting scheme was ap-
plied.


CCDC-250429 and CCDC-250430 con-
tain 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 CB2 1EZ, UK; fax: (+44) 1223-336-033; or de-
posit@ccdc.cam.ac.uk).
Irradiation of 2,2’-(1,2-phenylenedivinylene)bisbenzo[b]furan (10): Un-
reacted 10 was isolated in the first fractions (6 mg, 4 %) followed by the
exo-bicyclo[3.2.1]octadiene derivative exo-13 (73 mg, 52 %) and traces of
endo-13. In the last fractions cyclophane 17 (92 mg, 33 %) was isolated.


exo-13-(2-Benzo[b]furyl)-11,12-dihydro-6,11-methano-6H-benzo [4,5]cy-
clohepta[1,2-b]benzo[d]furan (exo-13): Colorless crystals, m.p. 158–
159 8C; Rf =0.31 (petroleum ether/CH2Cl2 7:3); 1H NMR (300 MHz,
CDCl3): d=7.61 (d, J=7.2 Hz, 1H), 7.32–7.43 (m, 3H, H-2, H-2’), 7.00–
7.27 (m, 8 H), 6.15 (s, 1 H, H-6’), 4.49 (s, 1 H, H-A), 4.04 (d, J =4.8 Hz,
1H, H-C), 3.83 (s, 1 H, H-B), 3.50 (dd, J =4.8, 17.1 Hz, 1 H, H-D),
2.94 ppm (d, J=17.1 Hz, 1H, H-E); 13C NMR (CDCl3): d=159.45 (s),
154.45 (s), 154.42 (s), 150.05 (s), 149.35 (s), 142.23 (s), 128.52 (s), 127.09
(d), 126.84 (d), 126.29 (s), 124.61 (d), 123.44 (d), 123.12 (d), 122.52 (d),
122.45 (d), 121.65 (s), 121.35 (d), 120.57 (d), 117.92 (d), 111.12 (d), 110.73
(d), 102.45 (d), 52.76 (d, C-B), 44.78 (d, C-C), 42.04 (d, C-A), 31.79 ppm
(t, C-DE); UV (EtOH): lmax (log e)=304 (4.57), 254 (3.44), 217 nm
(4.17); MS (ESI): m/z (%): 362.5 (30) [M+], 145.2 (80), 83.3 (100); ele-
mental analysis calcd (%) for C26H18O2 (362.4): C 86.16, H 5.01; found: C
86.03, H 5.13.


X-ray analysis: C26H18O2, Mr =362.4 gmol�1, monoclinic, space group:
P21/c, a =8.515(3), b=11.839(4), c=17.799(6) �, b =93.44(2)8, V=


1791(1) �3, 1 =1.344 gcm�3, m =0.084 mm�1. The crystal, obtained by
slow evaporation from a solution of methanol, was prismatic and color-
less, dimensions 0.12 � 0.13 � 0.15 mm. Three intensity control reflections
measured every 120 min showed no significant loss of intensity during
the data collection, which was performed on an Enraf-Nonius CAD4 dif-
fractometer, using a graphite-monochromated MoKa (0.71073 �) radia-
tion at RT [293(2)K]. Of the 3054 unique reflections collected, 859 were
observed [I>2s(I)], Rint =0.1772. The model was refined using the full-
matrix least-squares refinement to the final R1 =0.0675, wR2 (all)=


0.1863, S =0.908, D1max =0.25 and D1min =�0.27 e��3. In the final steps
of refinement, the proposed weighting scheme was applied.
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3,4,13,14-Tetra(2-benzo[b]furyl)pentacyclo[14.4.0.02,5.06,11.012,15]eicosa-
1(20),6(),8,10,16,18-hexaene (16): Colorless crystals, m.p. 193–194 8C;
Rf = 0.16 (petroleum ether/CH2Cl2 7:3); 1H NMR (300 MHz, CDCl3): d=


7.42 (d, J= 7.2 Hz, 4H, H-4), 7.34 (d, J= 7.5 Hz, 4H, H-7), 7.08–7.25 (m,
16H), 6.56 (s, 4 H, H-3), 4.83 (d, J =6.0 Hz, 4H, H-b), 4.67 ppm (d, J=


6.0 Hz, 4H, H-f); 13C NMR (CDCl3): d =157.06 (s), 154.73 (s), 137.48 (s),
128.36 (s), 126.69 (d), 124.94 (d), 123.53 (d), 122.37 (d), 120.50 (d, C-2),
110.77 (d, C-7), 103.92 (d, C-3), 45.41 (d, C-b), 38.94 ppm (d, C-f); UV
(EtOH): lmax (log e)=279 (4.04), 247 nm (4.49); MS (ESI): m/z (%):
724.5 (90) [M+], 593.5 (55), 464.5 (100); elemental analysis calcd (%) for
C26H18O2 (724.8): C 86.16, H 5.01; found: C 86.30, H 4.91.


Irradiation of 2,2’-(1,2-phenylenedivinylene)bisnaphtho [2,1-b]furan (11):
Because of the high selectivity of 11 in photochemical reactions, a mix-
ture of cis,cis, cis,trans and trans,trans isomers of 11 was irradiated at con-
centrations of 1 � 10�3 and 1� 10�1


m. In dilute solution, unreacted 11
(6 mg, 6%) was isolated in the first fractions followed by the exo-bicy-
clo[3.2.1]octadiene derivative exo-14 (83 mg, 83%) and traces of endo-14.
A product formed by an intermolecular reaction was not observed in the
1H NMR spectrum. In concentrated solution, in addition to traces of un-
reacted 11, only the cyclophane product 17 was isolated in 87% yield.


exo- and endo-15-(2-Naphtho[2,1-b]furyl)-13,14-dihydro-8,13-methano-
8H-benzo[4,5]cyclohepta[1,2-b]naphtho[2,1-d]furan (14):exo-14 : Color-
less crystals, m.p. 238–239 8C; Rf =0.43 (petroleum ether/CH2Cl2 3:2); 1H
NMR (600 MHz, CDCl3): d=8.02–7.90 (m, 3H), 7.75–7.42 (m, 9H), 7.33
(d, J =7.5 Hz, 1H), 7.13 (t, J=7.5 Hz, 1H), 7.05 (t, J=7.5 Hz, 1H), 6.71
(s, 1 H, Hf), 5.18 (s, 1 H, H-A), 4.17 (d, J =4.5 Hz, 1 H, H-C), 4.08 (s, 1 H,
H-B), 3.67 (dd, J=4.5, 17.1 Hz, 1 H, H-D), 3.08 ppm (d, J =17.1 Hz, 1 H,
H-E); 13C NMR (CDCl3): d=158.88 (s), 151.92 (s), 151.81 (s), 149.41 (s),
149.33 (s), 142.33 (s), 130.68 (s), 130.18 (s), 129.03 (d), 128.64 (d), 128.11
(s), 127.45 (s), 127.28 (d), 127.02 (d), 126.10 (d), 125.96 (d), 124.81 (d),
124.34 (d), 124.26 (d), 124.17 (d), 124.00 (d), 123.60 (s), 123.39 (d), 123.14
(d), 122.10 (s), 121.62 (d), 120.11 (s), 112.41 (d), 112.10 (d), 101.53 (d),
53.18 (d), 44.62 (d), 44.51 (d), 32.20 ppm (t); UV (EtOH): lmax (log e)=


327 (3.94), 313 (3.92), 301 (3.94), 244 (4.32), 222 nm (4.47); MS (ESI): m/
z (%): 462.1 (35) [M+], 145.2 (80), 83.3 (100); elemental analysis calcd
(%) for C34H22O2 (462.5): C 88.29, H 4.79; found: C 88.11, H 5.02.


endo-14 : Too small a quantity to be analyzed completely; Rf =0.40 (pe-
troleum ether/CH2Cl2 3:2); 1H NMR (300 MHz, CDCl3): d =5.23 (d, J=


3.6 Hz, 1H, H-A), 4.27 (m, 1H, H-C), 4.16 (m, 1H, H-B), 3.27 (dd, J=


17.1, 3.6 Hz, 1 H, H-D), 2.89 ppm (d, J =17.1 Hz, 1H, H-E); MS (ESI):
m/z (%): 462.1 (27) [M+], 145.2 (66), 83.3 (100).


3,4,13,14-Tetra(2-naphtho[2,1-b]furyl)pentacyclo[14.4.0.02,5.06,11.012,15]ei-
cosa-1(20),6,8,10,16,18-hexaene (17): Colorless crystals, m.p.>300 8C;
Rf = 0.27 (petroleum ether/CH2Cl2 3:2); 1H NMR (600 MHz, CDCl3): d=


7.97 (d, J =7.8 Hz, 4 H), 7.86 (d, J=7.8 Hz, 4H), 7.59 (d, J=8.4 Hz, 4H),
7.50 (d, J =8.4 Hz, 4H), 7.47 (dt, J =1.2, 7.2 Hz, 4H), 7.40 (dt, J =1.2,
7.2 Hz, 4H), 7.33 (m, 4H), 7.16 (m, 4H), 7.13 (s, 4 H), 5.06 (d, J =6.0 Hz,
4H, H-b), 4.84 ppm (d, J=6.0 Hz, 4 H, H-a); 13C NMR (CDCl3): d=


156.59 (s), 153.38 (s), 137.78 (s), 130.21 (s), 128.63 (d), 127.43 (s), 126.89
(d), 126.03 (d), 125.14 (d), 124.56 (d), 124.27 (d), 123.61 (s), 123.39 (d),
112.12 (d), 103.23 (d), 45.87 (d), 39.48 ppm (d); UV (EtOH): lmax


(log e) =323 (3.85), 308 (3.97), 239 nm (4.51); MS (ESI): m/z (%): 924.2


(32) [M+], 454.7 (77), 217.4 (100); elemental analysis calcd (%) for
C68H44O4 (924.3): C 88.29, H 4.79; found: C 88.58, H 4.41.
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Metallophilicity versus p–p Interactions: Ligand-Unsupported
Argentophilicity/Cuprophilicity in Oligomers-of-Dimers [M2L2]n
(M=CuI or AgI, L= tridentate ligand)


Jie-Peng Zhang,[a] Yi-Bo Wang,[b] Xiao-Chun Huang,[a] Yan-Yong Lin,[a] and
Xiao-Ming Chen*[a]


Introduction


Extensive attention has been focused on the attractive inter-
actions between formally closed-shell (such as d10 or s2)
metal centers.[1–17] The term “aurophilicity” has been coined
to describe the gold(i)–gold(i) bonding interaction, which is
theoretically attributed to correlation and relativistic ef-
fects.[2–8] Most structurally characterized short metal–metal


contacts of AgI/CuI complexes are associated with ligand-
bridged,[9] network-restricted,[10] or coulombic effects,[11] and
only a few reliable cases of argentophilicity and cuprophilic-
ity have been reported; in fact, examples for CuI are exceed-
ingly rare.[12–15] Although AgI and CuI afford rich coordina-
tion geometries; most ligand-unsupported examples consist
of linear two-coordinate metal centers.[12–14] Theoretical stud-
ies on dimeric models of linear two-coordinate complexes
indicate that metallophilicity decreases as AuI>AgI>CuI;[16]


however, this area may require further investigation under
different levels of theory and other models (coordination ge-
ometries).[17] For example, it was claimed very recently that
the strengths of metallophilic bonding of the coinage metals
may have to be reversed.[17b] The strength of aurophilicity
(7–11 kcal mol�1), being comparable to that of a typical hy-
drogen bond, can be measured by experiment,[6–8] and is
strong enough to influence the overall supramolecular struc-
ture; on the other hand argentophilicity/cuprophilicity is rel-
atively weak, and is easily confused by other intermolecular
interactions such as hydrogen bonds or p–p interactions.
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Abstract: To verify whether attractive
metallophilic interactions exist in the
dimer-of-dimers [Cu2(ophen)2]2


(Hophen =1H-[1,10]phenanthrolin-2-
one) (1), we designed and synthesized
a series of such [M2L2]2 structures by
varying the d10 metal and/or the ligand
(M= CuI or AgI, L= ophen or obpy;
Hobpy=1H-[2,2’]bipyridinyl-6-one),
and have successfully obtained three
dimers-of-dimers: [Ag2(ophen)2]2·6 H2O
(2), [Cu2(obpy)2]2 (3), and [Ag2(ob-
py)2]2·4.5 H2O·0.5 DMF (4). X-ray anal-
yses of these structures show that inter-
dimer M�M separations in [Ag2-
(ophen)2]2 (3.199 �) are remarkably


shorter than those in [Cu2(ophen)2]2


(3.595 �). Shorter interdimer M�M
separations are found in the structures
of [M2(obpy)2]2 (2.986 and 2.993 � in
[Cu2(obpy)2]2, 3.037 to 3.093 � in
[Ag2(obpy)2]2), in which the p systems
are smaller than in the complexes with
the ophen ligand. Detailed structural
comparison of these dimers-of-dimers
indicates that the interdimer, face-to-


face p–p interactions repulse rather
than support the interdimer metal–
metal attractive interactions. This study
also yields qualitative comparison of
the strengths between argentophilic,
cuprophilic, and face-to-face p–p inter-
actions. DFT calculations on the four
dimers-of-dimers further support the
above deduction. The structure of a
trimer-of-dimers [Ag2(obpy)2]3 (Ag�Ag
3.171 to 3.274 �) is further evidence
that the oligomerization of the [M2L2]
molecules is favored by stronger metal-
lophilic and weaker face-to-face p–p


interactions.


Keywords: argentophilicity · cupro-
philicity · density functional
calculations · pi interactions ·
solid-state structures
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Aside from the short metal–metal distance, the construction
of d10 metal complexes with ligand-unsupported argentophi-
licity/cuprophilicity to give concrete evidence directly from
crystal structural investigation remains a great challenge.


Our recent studies on the hydrothermal hydroxylation of
2,2’-bipyridine-like ligands have established a convenient
method for the synthesis of 1H-[1,10]phenanthrolin-2-one
(designated as Hophen) from 1,10-phenanthroline (phen), as
well as 1H-[2,2’]bipyridinyl-6-one (Hobpy) from 2,2’-bipyri-
dine (bpy).[18] The two new ligands can easily form dimeric
[M2L2] structures (M= AgI or CuI; L= ophen or obpy) with
AgI or CuI ions.[18b,c] The coordination environment in the
[M2L2] complexes is better described as two T-shaped coor-
dinated metal centers sharing a short intradimer metal–
metal contact to accomplish square-planar coordination
spheres. Such intramolecular metal–metal contacts, compa-
rable to the corresponding metallic atom–atom distances,
observed in the [Ag2(ophen)2]


[16c] and three polymorphs of
[Cu2(ophen)2]


[18b] are complicated by the bridging ophen li-
gands, which are not relevant to reliable metallophilicity. On
the other hand, this planar structural model can be extended
to new supramolecular structures held together by weak in-
teractions to the central metals. For example, anhydrous,
highly electroconductive [Ag2(ophen)2] featuring a linear
stacking array results from Ag–p interactions.[18c] These
dimers appear to exclude significantly notable interdimer,
ligand-unsupported metallophilicity, since no close intermo-
lecular metal–metal contact exists in the structures of
[Ag2(ophen)2], and a,b,g-[Cu2(ophen)2]. However, only the
alignments of [Ag2(ophen)2] and a-[Cu2(ophen)2] are rea-
sonable for dipole–dipole interactions, while relatively short
intermolecular Cu···Cu contacts coexisting with face-to-face
p–p overlaps between the aromatic moieties were found in
b-[Cu2(ophen)2] (3.375 �) and g-[Cu2(ophen)2] (3.595 �)


(Figure S1 in the Supporting Information). Since the inter-
molecular p–p overlap in g-[Cu2(ophen)2] is more significant
than that in b-[Cu2(ophen)2], we speculated that the repul-
sion between the large, aromatic ophen ligands prevent
closer intermolecular Cu–Cu contacts. Meanwhile, whether
the interdimer Cu–Cu contacts are supported by metallo-
philic or p–p interactions can hardly be judged by individual
structures. Therefore, we require a comparison of a number
of structural analogues tuning the abilities of metallophilic
and/or p–p interactions. Fortunately, this work has been suc-
cessfully done within a series of dimers-of-dimers, that is,
analogues of g-[Cu2(ophen)2] ([Cu2(ophen)2]2 1), with varia-
tions of d10 metals and/or the aromatic ligands, namely
[Ag2(ophen)2]2·6 H2O (2), [Cu2(obpy)2]2 (3), and [Ag2(ob-
py)2]2·4.5 H2O·0.5 DMF (4). The crystal structures of these
compounds, along with those of the free ligand Hobpy and
an unexpected trimer-of-dimers [Ag2(obpy)2]3·18 H2O (5),
will be presented and discussed in the context of intermolec-
ular metallophilicity.


Results


Synthesis and crystallization strategy : Since attractive argen-
tophilic and cuprophilic interactions are considered to be
very weak, the intermolecular metallophilicity will certainly
not overwhelm the aggregation of [M2L2] molecules. The
competition among metallophilicity and other supramolec-
ular interactions such as p–p, Ag–p, and dipole–dipole inter-
actions would lead to a delicate balance in various possible
metastable aggregate forms such as [Ag2(ophen)2] and poly-
morphs of [Cu2(ophen)2] (Scheme 1). To generate a series of
structurally related analogues featuring a similar motif, we
tried different reaction conditions in the synthesis and crys-
tallization of such [M2L2] compounds. In particular, different
crystallization conditions were applied for the silver(i) com-


Abstract in Chinese:


Scheme 1. Structures of a) Hobpy and Hophen, and b) [M2L2]. c) Possible
stacking modes for [M2L2].
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plexes to avoid the one-dimensional array motif reported
previously.[18c] Fortunately, four oligomers-of-dimers (2–5)
structurally similar to [Cu2(ophen)2]2 were obtained. It
should be noted that only one dimer-of-dimers was isolated
for [Cu2(obpy)2] (i.e. , 3) in different hydrothermal condi-
tions, while [Cu2(ophen)2] is polymorphic.


Crystal structures : The crystal structure of Hobpy·1/6 ben-
zene reveals that, like free Hophen, the free Hobpy ligand
possesses a ketone (C�O 1.247(2) �) rather than an hydrox-
yl form.[18d] The pyridyl moiety of Hobpy rotates 1808 to
form an anti-conformation so as to furnish a dimer through
two N�H···O (N···O 2.853(2) �, N�H···O 167.0o) and two
C�H···O (C···O 3.156(3) �, C�H···O 164.08) hydrogen bonds
(Figure 1). The Hobpy dimers further stack through offset


p–p interactions (face-to-face distance ca. 3.45 �) to form a
honeycomb-like structure, and the highly disordered ben-
zene molecules are located in the channels (Figure S2 in the
Supporting Information).


Crystal structural analyses reveal that complexes 2–5 all
consist of the desired [M2L2] (M =AgI or CuI, L= ophen or
obpy) structural units. The dimeric [M2L2] structures in 2–5
are comparable to those found in the related complexes pre-
viously reported,[18b,c] while the intramolecular M–M separa-
tions in 3 (Cu�Cu 2.5790(5) �) and 5 (Ag�Ag 2.7452(4)–
2.7485(4) �) are shorter than those found in the other com-
plexes. Like 1, the [M2L2] dimers are further dimerized in 2–
4, whereas the [Ag2(obpy)2] molecules are associated into a
trimer in 5. Although the lattice solvent molecules are dif-
ferent in 1–5, the complexes display very similar one- and
two-dimensional packing patterns (Figure S3 in the Support-
ing Information), exhibiting similar intermolecular p–p and
CH···p interactions. Therefore we can derive information for
evaluation of interdimer cuprophilicity and argentophilicity,
as well as p–p interactions by structural comparison of these
complexes.


Very similar to the [Cu2(ophen)2]2 dimer in 1 (Figure 2),
each pair of [Ag2(ophen)2] molecules in 2 are related by an
inversion center, featuring a slipped face-to-face alignment
(type I, Figure 3). The change from CuI to AgI decreases the


two shorter interdimer M–M distances from 3.595 to
3.199 �. This structural observation demonstrates clearly
that argentophilicity is stronger than cuprophilicity. The at-
tractive nature of interdimer Ag–Ag interactions can also be
judged by the fact that the edges of the ligands are bent out-
ward, with the pairs of metal atoms facing toward each
other. In fact, the mean deviation of all non-hydrogen atoms
from a least-squares plane fit to one [Ag2(ophen)2] unit in 2
is 0.094 � and the displacements of the metal atoms from
this plane are 0.228 (Ag1) and 0.238 � (Ag2), whereas these
values in 1 are only 0.056 ([Cu2(ophen)2]), 0.069 (Cu1), and
0.133 � (Cu2), respectively.


In 3, centrosymmetric [Cu2(obpy)2]2 possesses a new slip-
ped face-to-face conformation (type II, Figure 4), which is


Figure 1. Perspective view of a hydrogen-bonded Hobpy dimer.


Figure 2. Top (top) and side (bottom) views of [Cu2(ophen)2]2 in 1.


Figure 3. Top (top) and side (bottom) views of [Ag2(ophen)2]2 in 2.
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different to the type I arrangement in the direction of slip-
page. In this dimer-of-dimers, two [Cu2(obpy)2] molecules
couple by means of three close Cu–Cu contacts (Cu1�
Cu2A, Cu2�Cu1A 2.9862(7); Cu1�Cu1A 2.9934(5) �). The
distortions of the originally planar dimeric molecules (devia-
tions: [Cu2(obpy)2] 0.096, Cu1 0.459, Cu2 0.307 �) are more
significant than those in 1, thus providing more remarkable
evidence of occurrence of intermolecular cuprophilic inter-
actions. There are only a few ligand-unsupported cuprophilic
interactions reported to date; these are usually constructed
by linear two-coordinate CuI centers, such as [Cu(NH3)Cl]
(2.979(1) �), [Cu(NH3)2]Br (2.931(1) �),[14a] ([CuCl2]


�)2


(2.922(2) �),[14b] and [tBuCu(CN)Li·(OEt2)2]8


(2.713(1) �).[14c] To our knowledge, only one example featur-
ing T-shaped coordinated CuI centers has been reported in
[Cu3{2-[3(5)-pz]py}3]2 (2.905(3) �), which has a different mo-
lecular topology to 3.[14d]


The dimer-of-dimers conformation of 4 is different to that
found in types I and II. The two [Ag2(obpy)2] molecules are
oriented almost perpendicular to each other in parallel
planes (dihedral angle 2.48, angle between two Ag�Ag vec-
tors 79.18 ; type III, Figure 5). There are three close intermo-
lecular Ag�Ag contacts (Ag1�Ag3 3.0228(5), Ag1�Ag4
3.0809(5), Ag2�Ag3 3.0921(5) �) shorter than the sum of
van der Waals radii, which indicate stronger intermolecular
argentophilicity than the ophen analogue in 2 (three shorter
versus two longer by more than 0.2 �). The slightly longer
interdimer M�M contacts relative to those of the CuI ana-
logue 3 do not conflict with the idea that argentophilicity is
stronger than cuprophilicity, since CuI is much smaller than
AgI (sum of the van der Waals radii for Cu 2.80 �, Ag
3.44 �).[19] The [Ag2(obpy)2] molecules in 4 are more bent
than the [Ag2(ophen)2] molecules in 2 (deviations:
[Ag2(obpy)2] 0.139 and 0.144, Ag1 0.459, Ag2 0.307, Ag3
0.360, Ag4 0.329 �).


In 5, two [Ag2(obpy)2] molecules, which are almost paral-
lel to each other (dihedral angle 0.68, angle between the
Ag�Ag vectors: 2.88), join another [Ag2(obpy)2] molecule
from opposite directions with type III alignment (dihedral
angle: 0.6 and 1.08, angles between the Ag�Ag vectors: 72.4
and 72.68) similar to that in 4, to accomplish an unexpected
trimer-of-dimers [Ag2(obpy)2]3. The middle [Ag2(obpy)2]
molecule remains basically planar (deviations: [Ag2(obpy)2]
0.028, Ag3 0.022, Ag4 �0.024 �), while the two outer mole-
cules are bent with the edges of obpy distorted outward
(Figure 6). Detailed geometric inspection shows that the two
outer molecules are rather unsymmetrical and nonplanar, as
evident by the intermolecular Ag�Ag separations (Ag2�
Ag4 3.1725(4), Ag3�Ag5 3.1713(4), Ag4�Ag5 3.2739(4) �),
as well as their distortions (deviations for the Ag1�Ag2
molecule: [Ag2(obpy)2] 0.090, Ag1 0.244, Ag2 0.286 �; for
the Ag5�Ag6 molecule: [Ag2(obpy)2] 0.132, Ag5 0.433, Ag6
0.229 �).


Discussion


Although the short intradimer metal–metal contacts in these
oligomers-of-dimers are complicated by ligand bridging ef-
fects, the interdimer geometries for the dimers-of-dimers
gradually change from 1–4 (molecular distortions increase
and intermolecular metal–metal distances decrease), indicat-
ing more and more significant interdimer metal–metal con-
tacts (Table 1). Crystal packing effects may lead to the con-


Figure 4. Top (top) and side (bottom) views of [Cu2(obpy)2]2 in 3.


Figure 5. Top (top) and side (bottom) views of [Ag2(obpy)2]2 in 4.
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clusion of ligand-unsupported metallophilicity found in indi-
vidual crystal structures. However, the structural change
trends can hardly be rationalized by such weak forces, since
the packing patterns for 1–5 are rather similar.


The shortest interdimer metal–ligand separations are
Cu2···O2A 3.228, Ag1···O1A 2.910, Cu2···N4A 3.210 �
(longer than the Cu�Cu 2.986–2.993 �), Ag4···O2 2.717,
Ag6···O3 3.025 � for 1–5, respectively, comparable or longer
than the nonbonding distances between corresponding
atoms. Most of these contacts are not consistent with dis-
placements of the metal centers (except 1 and 2), while the
shortest metal–metal contacts are (most displaced metals:
Cu2, Ag1, Cu1, Ag1, Ag5 for 1–5, respectively). Assignment
of the decreasing trend for the short interdimer metal–metal
contacts to intermolecular metal–ligand attractive interac-
tions is thus unlikely. The electrostatic attraction should not
predominate such a structural change trend either, since the
charge distributions of these [M2L2] molecules should be
rather similar (electronegativity for copper and silver 1.90
and 1.93, respectively).[20] Actually, the rich (slipped or ro-
tated) conformations of the dimers-of-dimers rather than


ideally eclipsed ones should be
assigned to the geometric re-
quirement of face-to-face p–p


interaction.
Are these metal–metal con-


tacts supported by face-to-face
p–p interactions? Intermolecu-
lar aurophilic and hydrogen-
bonding interactions in the
same supramolecular motif can
be cooperative[7] or competi-
tive.[8] Such examples of coex-
isting intermolecular aurophilic-
ity and hydrogen bonding are
consistent with their compara-
ble stabilization energy. The
face-to-face p–p interaction is
another important noncovalent
intermolecular force in supra-
molecular chemistry.[21–23] How-
ever, coexisting intermolecular
metallophilic and face-to-face
p–p interactions between d10


complexes are rare, which may
be denoted as “p–p-stacking
supported metallophilic interac-
tions”.[4,5,13] Although a precise
understanding of the origins
and strength of p–p interactions
is not yet available, a simple
charge distribution model is
widely accepted to qualitatively
explain their stabilization
energy.[21] Both experimental
and theoretical studies reveal
that two arene moieties would


adopt a parallel offset conformation with an interplanar dis-
tance about 3.4–3.6 � (longer than commonly accepted
close metallophilicity) to reach the energy minimum (2–
3 kcal mol�1 for a benzene dimer).[21,22] The energy curve can
remain negative upon slight deviation from the most stable
conformation (energy minimum or equilibrium distance).
However, the system should have a trend to reach the most
stable conformation without other interference. We call the
system “repulsive” when the distance is shorter than the
equilibrium one, and vice versa. In other words, individual
fragments can simultaneously contribute energy to stabilize
the system and behave as repulsive. Generally, aromatic li-
gands are polarized by heteroatoms and/or metal coordina-
tion, thus the parallel offset conformation can be further
divided into two types, that is, head-to-tail and head-to-head
alignments. The head-to-tail alignment is more energetically
favorable than the head-to-head one; this preference can
easily be explained by charge distribution theory and dem-
onstrated by a large number of examples. The equilibrium
distance for a head-to-head alignment should be significant-
ly lengthened, with respect to a head-to-tail one. Few face-


Figure 6. Top (top) and side (bottom) views of [Ag2(obpy)2]3 in 5.
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to-face p–p interactions featuring head-to-head alignments
are found when the aromatic fragments are supported by
other interactions such as covalent bonds, coordination
bonds, or metal–metal interactions.[13,21b]


The ophen ligand should adopt more significant p–p inter-
actions than obpy due to their difference in conjugation size
and rigidity,[22] similar to phen versus bpy.[23] On the other
hand, both the ophen and obpy ligands are less favorable to-
wards p–p interactions than phen and bpy, respectively,
since the anions are more electron rich (Figure S4 in the
Supporting Information).[21b] However, as observed in the
four [M2L2] dimers in 1–4, intermolecular M�M separations
decrease as the ligand changes from ophen to obpy when
keeping the metal ions unchanged (3.595 to 2.986 � for
[Cu2L2], 3.199 to 3.037 � for [Ag2L2]). Therefore the short
intermolecular M�M separations observed in 2–5 cannot be
supported by attractive p–p interactions. The two dominant
intermolecular interactions in these very closely packed
oligomers-of-dimers are actually competitive: attractive
metallophilicity and repulsive p–p interactions. It is worth
noting that the number of overlapped six-membered aro-
matic rings are about six in 1 and 2, four in 3, and three in
4, and such numbers follow the same trend as interdimer
M�M distances (average interdimer M�M distances: 4.036,
3.722, 3.424 and 3.283 for 1–4, respectively) in the corre-
sponding complexes. All ophen and obpy fragments possess
head-to-head alignments in 1–5, whereas head-to-tail ones
were found in the free ligands and other metal complexes
reported by us previously.[18c] This observation indicates that
the more significant interdimer p–p interactions disfavor
stronger interdimer metallophilic interactions, and that


these oligomers-of-dimers are equilibrium structures upon
competition of the interdimer metallophilic and p–p interac-
tions. Therefore, similar to the competitive phenomena
found to exist between aurophilic and hydrogen-bonding in-
teractions in the same motifs,[8] it may be concluded that the
strengths of metallophilic and p–p interactions in these
structures are also comparable. Based on our observation,
the argentophilicity can also be qualitatively estimated to be
stronger than the cuprophilicity. Although this idea has al-
ready been predicted by theoretical calculations,[16] it has
not yet been verified by experiment and is under ques-
tion.[17b] In complex 5, the coexistence of a highly planar
[Ag2(obpy)2] molecule (middle) and two distorted ones
(outer) with their AgI atoms displaced toward the middle
molecule further indicates the distortion of the outer
[Ag2(obpy)2] molecule to be attributed to the intermolecular
argentophilicity, and therefore supports our suggestion that
the aggregation of the dimeric [M2L2] molecules favored by
of relatively stronger metallophilic and weaker p–p interac-
tions.


It is easy to understand that face-to-face p–p interactions
would usually hinder instead of support a close metallophilic
interaction (typically less than 3.2 �) to aromatic-containing
planar molecules for several reasons. As shown in Figure 7,
a decrease of the plane-to-plane distance from the equilibri-
um distance for the face-to-face p–p interactions (3.4–3.6 �)
is unfavorable in energy.[21] The conformation needed for a
close metal–metal contact also disfavors attractive p–p inter-
actions, since the head-to-head alignment of the polar aro-
matic moieties induces repulsive p–p interactions.[21a,b] These
two kinds of distinct supramolecular interactions would be


Table 1. Selected geometric parameters [�] for oligomers-of-dimers in 1–5.


1 2 3 4 5


intramolecular
M�M distances


2.674(2) Cu1�Cu2 2.7903(4) Ag1�Ag2 2.5790(4) Cu1�Cu2 2.7886(5) Ag1�Ag2
2.7963(5) Ag3�Ag4


2.7450(4) Ag1�Ag2
2.7459(4) Ag3�Ag4
2.7487(4) Ag5�Ag6


intermolecular
M�M distances


3.595(3) Cu1�Cu2A
3.595(3) Cu2�Cu1A
4.310(3) Cu1�Cu1A
4.645(4) Cu2�Cu2A


3.1994(5) Ag1�Ag2A
3.1994(5) Ag2�Ag1A
4.2015(6) Ag2�Ag2A
4.2884(7) Ag1�Ag1A


2.9862(5) Cu1�Cu1A
2.9934(4) Cu1�Cu2A
2.9934(4) Cu2�Cu1A
4.7230(5) Cu2�Cu2A


3.0228(5) Ag1�Ag3
3.0809(5) Ag1�Ag4
3.0921(5) Ag2�Ag3
3.9355(5) Ag2�Ag4


3.1727(4) Ag2�Ag4
3.5538(4) Ag1�Ag3
3.5549(4) Ag1�Ag4
3.8233(4) Ag2�Ag3
3.1713(4) Ag3�Ag5
3.2739(4) Ag4�Ag5
3.5347(4) Ag4�Ag6
4.0441(5) Ag3�Ag6


average 4.036 3.722 3.424 3.283 3.526, 3.501


deviation ([M2L2]) 0.056 0.094 0.096 0.139, 0.144 0.090, 0.028, 0.132
deviation (metal) 0.069 Cu1


0.133 Cu2
0.238 Ag1
0.228 Ag2


0.326 Cu1
0.261 Cu2


0.459 Ag1
0.307 Ag2
0.360 Ag3
0.329 Ag4


0.244 Ag1
0.286 Ag2
0.022 Ag3
�0.024 Ag4
0.433 Ag5
0.229 Ag6


average 0.101 0.233 0.293 0.364 0.199


shortest intermolecular
M�L distances


3.228 Cu2···O2A
3.253 Cu1···N3A


2.910 Ag1···O1A
3.048 Ag2···N1A


3.210 Cu2···N2
3.546 Cu1···O1


2.717 Ag4···O2
2.799 Ag2···O4


3.064 Ag3···O6
3.071 Ag2···O3
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combined in the same motif if the attractive metallophilic
interaction is strong enough to compete against the repul-
sive interaction arising from the face-to-face p–p stacking,
as exemplified in the extended structures of triangle-like
planar trinuclear d10 metal complexes bridged by p-contain-
ing ligands. These triangles are usually associated through
only two of the three metal centers, adopting staggered con-
formations to avoid significant p–p overlap.[4] In addition to
the usual metal–metal interaction types of the triangles, a
short Au�Au interaction (3.146(3) �) accompanied with
some extent of p–p overlaps extend [Au3(NC5H4)3] mole-
cules into a chain.[4e] When the conjugation size of the bridg-
ing ligands decreases, that is, six- to five-membered rings,
the expected eclipsed conformations of these triangles has
appeared in the literature. However, the shortest intermo-
lecular Au�Au separation in these conformations is
3.318 �.[4c] Shorter intermolecular Au�Au separations were
found in almost eclipsed structures of [Au3(MeN=COEt)3]
(3.220 to 3.233 �), in which the p system of the bridging
ligand has only a single C=N double bond.[4d] In the infinite
stacking structure of [Au3(MeN=COMe)3], intermolecular
Au�Au contacts are identical (3.346 �) and longer than
those of the dimers.[4f] It is evident that the trend implied by
the aggregation of these gold(i) triangles and [M2L2] mole-
cules in this work is in good agreement. Other d10 metal
complexes featuring both ligand-unsupported metallophilic
and p–p interactions in which the metal–metal separations
are relatively long are rare.[13] Instead, linear two-coordinate
mononuclear complexes tend to aggregate perpendicularly
to each other in order to reduce repulsion between the li-
gands.


It has been noted that not only the ligands, but also the
molecular topologies affect the capability of metallophilic
interactions.[16,17] Three- or four-coordinate d10 metal com-
plexes rarely feature ligand-unsupported metallophilic inter-
actions; this fact may be ascribed partly to their stereorepul-
sions compared with the two-coordinate complexes. The mo-


lecular topology of [M2L2] complexes is entirely different to
other molecular building blocks featuring ligand-unsupport-
ed metal–metal interactions, such as the well-known linear
two-coordinate mononuclear and triangle-like trinuclear
ones. The metal centers in [Ag3{2-[3(5)-pz]py}3]2 and [Cu3{2-
[3(5)-pz]py}3]2 have T-shaped coordination environments,
but their trinuclear configurations are different to that of
[M2L2].


Theoretical studies : To further verify our arguments, geome-
try optimizations and binding-energy calculations for the
four dimers-of-dimers were performed at the Perdew–
Burke–Ernzerhof (PBE) density functional theory[24] level
by use of the double-z Salter-type (STO) basis set plus po-
larization functions (DZP), which has been proved success-
ful in studying weak interactions.[25,26] The calculation of the
binding energies for benzene, naphthalene dimers, and a
naphthalene–anthracene complex were further tested at the
PBE/DZP level of theory. The binding energies obtained
from the PBE/DZP level without correction for basis set su-
perposition error (BSSE) agreed with those reported in the
literature.[25] These results suggest that traditional BSSE cor-
rections with the counterpoise method may not be applica-
ble when using the PBE functional.


The calculated M�M distances and molecular geometries
(see Supporting Information) are in accord with our X-ray
experimental values (calculated intermolecular M�M distan-
ces, d, and binding energies, DE, for the four dimers-of-
dimers are shown in Table 2). Although the optimized inter-


dimer Cu�Cu distances (3.321 �) for [Cu2(ophen)2]2 are sig-
nificantly shorter than the observed ones (3.595 �), the
numbers are still the longest in the four optimized struc-
tures. The lengthened intermolecular Cu�Cu separations in
the crystal structure may indicate that other intermolecular
interactions or crystal packing effects play a more important
role in 1, which is in accord with our deductions.


The large binding energies (�24.35 to �26.72 kcal mol�1)
for the four dimers-of-dimers indicate that the oligomeriza-
tions of these [M2L2] molecules in such conformations are
inherently energy favorable. Therefore, crystal packing ef-
fects are only partly responsible for our observations. The
binding energies for [M2(ophen)2]2 are also less than
[M2(obpy)2]2, which is consistent with the fact that the short


Figure 7. Schematic diagram of the energy versus distance for face-to-
face p–p interaction (inset: two possible orientations for face-to-face p–p


interactions of polarized aromatics).


Table 2. Optimized intermolecular M�M distances [d, �] and calculated
binding energies [DE, kcal mol�1] for four dimers-of-dimers in 1–4 at the
density functional theory PBE/DZP and MP2/DZVP levels.


[Ag2(obpy)2]2 [Ag2(ophen)2]2 [Cu2(obpy)2]2 [Cu2(ophen)2]2


d DE d DE d DE d DE
PBE/
DZP


3.078 �25.73 3.276 �24.62 2.870
3.019


�26.72 3.321 �24.35


MP2/
DZVP


�25.88[a]


exptl
values


3.023 3.199 2.986
2.994


3.595


[a] The geometry of [Ag2(obpy)2]2 is from PBE/DZP optimization.
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intermolecular metal–metal contacts are not supported by
face-to-face p–p interactions.


Our benchmark calculations for the binding energy of
[Ag2(obpy)2]2 also suggest that the PBE/DZP level without
the BSSE correction gives results comparable with the MP2
BSSE correlation calculations; the value found at the PBE/
DZP (without BSSE correction) is �25.73 kcal mol�1, very
close to the MP2 with DZVP basis set[27] value (BSSE cor-
rection) of �25.88 kcal mol�1.


Conclusion


There are several important structural features found in
complexes 1–5 : 1) similar [M2L2] structures and extended
packing patterns, 2) relatively short interdimer metal–metal
separations, 3) distorted [M2L2] molecules and head-to-head
alignments of the aromatic ligands, and 4) shorter intermo-
lecular M�M separations and more distortions when M
changes from Cu to Ag and/or L changes from ophen to
obpy.


Although crystal packing effects, metal–ligand, metal–
metal, and ligand–ligand interactions may have effects in
the formation of the above unusual features, the common
crystal packing effects have been initially ruled out as domi-
nant forces for our structural comparison strategy. Metal–
ligand interactions may be comparatively important in some
of these structures. However, such metal–ligand interaction
can hardly account for the structural change from 1 to 2, as
well as the difference between 3 and the others. Hence the
remaining metal–metal and p–p interactions should be re-
sponsible for the aggregation of these [M2L2] molecules,
since all of the above features can be rationalized by the
competition between the metallophilic and p–p interactions.


Our structural investigation demonstrates that argento-
philic and cuprophilic attractive interactions do play an es-
sential role in the formation of [M2L2] oligomers, as evident
by the fact that both the short interdimer M�M distances,
and the bent distortion of the originally planar dimers can
be tuned by the variation of the ligand structures and/or
metal ions. Such observations suggest a competition be-
tween the metallophilic and the p–p interactions, which is
further supported by our DFT calculations. The strengths of
intermolecular argentophilic/cuprophilic interactions pre-
sented in these [M2L2]n oligomers should be comparable to
that of face-to-face p–p interaction.


Experimental Section


Materials and physical measurements : Commercially available reagents
are used as received without further purification. Hophen was prepared
by our previously reported method.[18d] Infrared spectra were obtained
from KBr pellets on a Bruker EQUINOX 55 Fourier transform infrared
spectrometer in the 400–4000 cm�1 region. Elemental analyses (C, H, N)
were performed on a Perkin–Elmer 240 elemental analyzer. ESI-MS
spectra were performed on a Thermo Finigan LCQ DECA XP ion-trap
mass spectrometer.


[Ag2(ophen)2]2·6H2O (2): A solution of Ag2O (0.116 g, 0.5 mmol) in
aqueous ammonia (25 %, 5 mL) or a solution of AgNO3 (0.170 g,
1.0 mmol) in MeCN (5 mL) was added to a solution of Hophen (0.197 g,
1.0 mmol) in MeCN (5 mL). The resulting clear solution was left in the
dark for several days to give pale-yellow needles (yield ca. 40–70 %).
Elemental analysis calcd (%) for C48H40Ag4N8O10: C 43.66, H 3.05,
N 8.49; found: C 43.72, H 2.98, N 8.53; IR (KBr): ñ= 3355 (m), 3031 (m),
1616 (s), 1588 (s), 1513 (s), 1480 (s), 1455 (s), 1420 (s), 1383 (s), 1300 (m),
1138 (m), 935 (m), 838 (s), 728 (s), 703 (m), 661 (m), 638 (m), 480 cm�1


(m).


[Cu2(obpy)2]2 (3): Reaction of a mixture of Cu(OAc)2·H2O (0.200 g,
1.0 mmol), bpy (0.156 g, 1 mmol), NaOH (0.040 g, 1 mmol) and H2O
(10 mL) in a 23 mL Teflon-lined bomb at 160 8C for 80 h afforded black
platelike crystals (yield ca. 30 %).[18a,b] Elemental analysis calcd (%) for
C40H28Cu4N8O4: C 51.17, H 3.01, N 11.93; found: C 51.14, H 3.05, N
11.89; IR (KBr): ñ =3056 (m), 3015 (m), 1608 (s), 1539 (s), 1486 (s), 1458
(s), 1376 (s), 1284 (m), 1151 (m), 998 (m), 775 (s), 741 (m), 652 (m),
576 cm�1 (m).


Hobpy·1/6 benzene : Pale-yellow powder Hobpy was prepared similarly to
Hophen by demetallation of 3 according to reported procedures[18d]


(yield >95%); M.p. 115–116 8C, ESI-MS: m/z : 173 [M+H]+ ; crystals of
Hobpy·1/6 benzene suitable for X-ray analysis were grown from a hot so-
lution of Hobpy in benzene. Elemental analysis calcd (%) for C11H9N2O:
C 71.34, H 4.90, N 15.13; found: C 71.30, H 4.94, N 15.19; IR (KBr): ñ=


3060 (m), 2950 (m), 2799 (w), 1651 (vs), 1607 (s), 1576 (s), 1484 (s), 1435
(m), 1303 (w), 1250 (w), 1149 (w), 1092 (w), 989 (m), 885 (m), 781 (s),
560 cm�1 (m).


[Ag2(obpy)2]2·4.5 H2O·0.5 DMF (4): A solution of Ag2O (0.116 g,
0.5 mmol) in aqueous ammonia (25 %, 5 mL) or a solution of AgNO3


(0.170 g, 1.0 mmol) in MeCN (5 mL) was added to a solution of Hobpy
(0.177 g, 1.0 mmol) in DMF (5 mL). Diffusion of diethyl ether into the
resulting clear solution gave colorless crystals (yield ca. 10–20 %). Ele-
mental analysis calcd (%) for C41.5H40.5Ag4N8.5O9: C 40.40, H 3.31, N
9.65; found: C 40.28, H 3.40, N 9.54; IR (KBr): ñ=3387 (m), 3056 (m),
3017 (m), 1656 (w), 1591 (s), 1481 (m), 1447 (s), 1367 (s), 1271 (m), 1156
(m), 991 (m), 771 (s), 738 (m), 651 (w), 593 cm�1 (w).


[Ag2(obpy)2]3·18H2O (5): A solution of Ag2O (0.116 g, 0.5 mmol) in
aqueous ammonia (25 %, 5 mL) or a solution of AgNO3 (0.170 g,
1.0 mmol) in MeCN (5 mL) was added to a solution of Hobpy (0.177 g,
1.0 mmol) in DMF (5 mL). The resulting clear solution was left standing
in the dark for several days to give colorless platelike crystals (yield ca.
20–30 %). Elemental analysis calcd (%) for C60H78Ag6N12O24: C 36.06, H
3.93, N 8.41; found: C 36.15, H 3.82, N 8.50; IR (KBr): ñ =3294 (m),
3061 (m), 3017 (m), 1591 (vs), 1540 (m), 1482 (vs), 1457 (vs), 1367 (s),
1273 (m), 1156 (m), 992 (m), 919 (w), 772 (s), 738 (m), 652 (m), 593 cm�1


(m).


X-ray crystallography : Diffraction intensities were collected at 123 K on
a Bruker Smart APEX CCD area-detector diffractometer (MoKa, l


0.71073 �). Absorption corrections were applied by using the multiscan
program SADABS.[28] The structures were solved with direct methods
and refined with a full-matrix least-squares technique with the
SHELXTL program package.[29] Anisotropic thermal parameters were
applied to all non-hydrogen atoms. The organic hydrogen atoms were
generated geometrically (CH 0.96 �); the aqua hydrogen atoms were lo-
cated from difference maps and refined with isotropic temperature fac-
tors. Crystal data as well as details of data collection and refinements for
the complexes are summarized in Table 3. The drawings were produced
with SHELXTL.


CCDC 245547 to CCDC 245551 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.


Computational details : The geometry optimizations and binding energy
calculations were performed at the Perdew–Burke–Ernzerhof (PBE)
density functional theory[24] level by use of the double-z Salter-type
(STO) basis set plus polarization functions (DZP).
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The DFT calculations were performed with the PVM-parallelism ADF
2002.2 software package[30a] and the MP2 binding energy benchmark cal-
culations with the Linda-parallelism Gaussian 98 program[30b] on a 16-
nodes Beowulf Linux cluster computer system.
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Competition between Superexchange-Mediated and Sequential Electron
Transfer in a Bridged Donor–Acceptor System


Mikael U. Winters, Karin Pettersson, Jerker M�rtensson, and Bo Albinsson*[a]


Introduction


Long-range electron transfer has been a field of intense re-
search for several decades. It plays a major role in many in-
teresting areas such as natural and artificial photosynthe-
sis[1–4] and molecular electronic devices.[5–8] Many aspects of
electron transfer have been covered over the years, for ex-
ample, its dependence on parameters such as temperature,
free energy, orientation, and distance. Electron transfer is
considered to be long-range if the electron travels more
than 10 � and the distances are often much longer. Over
these distances it is energetically more favorable for the
electron to tunnel through unoccupied orbitals of the inter-
vening medium than to travel through empty space. Such
tunneling is usually referred to as a superexchange or
through-bond mechanism. Linking a donor–acceptor couple
with a suitable bridge provides an electronic medium that
effectively facilitates superexchange mediation. Without any
bridge mediation, long-range electron transfer would be
very unlikely because such a process would have through-


space character, which requires direct orbital overlap be-
tween the donor and the acceptor. The transition from su-
perexchange-mediated electron transfer to sequential or
“hopping” mechanisms has recently become the focus of
many researchers.[9–17] In the superexchange case there is a
probability for electron transfer owing to a virtual inter-
mediate state, whereas for sequential electron transfer, the
electron is temporarily localized and a chemical intermedi-
ate is produced. A better understanding of the factors gov-
erning the competition between the two mechanisms would
be useful in many instances, for example, when discussing
electron-transfer processes in native reaction centers or mo-
lecular wire behavior.[18–20]


Much attention has been directed towards the influence
of the electronic structure of intervening bridge structures
on the effective electronic coupling in geometrically well-de-
fined donor–bridge–acceptor (DBA) systems.[16, 21–23] Super-
exchange-mediated electron transfer in a DBA system di-
rectly results in a charge-separated state (DC+BAC�), whereas
sequential electron transfer in the first step yields an inter-
mediate state, DC+BC�A in which the anion radical of the
bridge is formed. By controlling the energy gaps between
the primary excited DBA system and the charge-separated
species (DC+BC�A and DC+BAC�), physical mediation (super-
exchange) may gradually be turned into chemical mediation,
whereby genuine chemical intermediates are realized.


The DBA system studied in this work (Figure 1) consists
of a (5-aryl-2,8,12,18-tetraethyl-3,7,13,17-tetramethylpor-
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Chalmers University of Technology
412 96 Gothenburg (Sweden)
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Abstract: The temperature- and sol-
vent-dependence of photoinduced elec-
tron-transfer reactions in a porphyrin-
based donor–bridge–acceptor (DBA)
system is studied by fluorescence and
transient absorption spectroscopy. Two
competing processes occur: sequential
and direct superexchange-mediated
electron transfer. In a weakly polar sol-
vent (2-methyltetrahydrofuran), only
direct electron transfer from the excit-


ed donor to the appended acceptor is
observed, and this process has weak
temperature dependence. In polar sol-
vents (butyronitrile and dimethylfor-
mamide), both processes are observed


and the sequential electron transfer
shows strong temperature dependence.
In systems where both electron transfer
processes are observed, the long-range
superexchange-mediated process is
more than two times faster than the se-
quential process, even though the
donor–acceptor distance is significantly
larger in the former case.


Keywords: electron transfer ·
porphyrin · sequential electron
transfer · solvent effects ·
superexchange
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phyrin-15-yl)zinc (ZnP) covalently linked by a 9,10-bis(phe-
nylethynyl)anthracene (AB) bridge to its corresponding
gold(iii) porphyrin (AuP+). It is part of an ongoing project
concerned with the influence of the bridging chromophore
on photoinduced energy- and electron-transfer processes in
a series of DBA systems.[16,24–32] The main interests of the
present study include the influences of temperature and sol-
vent polarity on the electron-transfer properties of ZnP-
AB-AuP+ , and, in particular, the competition between se-
quential and superexchange mechanisms, which is schemati-
cally described in Figure 2. The intermediate created from a
sequential electron transfer in this system is ZnPC+-ABC�-
AuP+ . This charge-separated species forms ZnPC+-AB-AuPC
in a second step, the same species that is formed from direct
superexchange-mediated electron transfer. Comparisons
have been made with the triad ZnP-BB-AuP+ (Figure 1), in
which the porphyrins are linked by 1,4-bis(phenylethynyl)-
benzene (BB). This system will form a charge-separated
state only by superexchange-mediated electron transfer
when excited[16] because it has no possibility of sequential
electron transfer, and it is therefore a useful reference sub-
stance.


Results


The aim of the present work has been to determine the ef-
fects of solvent polarity and temperature on the electron-
transfer processes of ZnP-AB-AuP+ , and to understand the
competition between sequential and superexchange-mediat-
ed electron transfer in this system. Three solvents of varying
polarity were used in the study: 2-methyltetrahydrofuran (2-
MTHF), butyronitrile (BuCN), and N,N-dimethylformamide


Figure 1. The molecules studied: the ZnP-AB-AuP+ triad, the ZnP-AB dyad, the unsubstituted ZnP donor, and the ZnP-BB-AuP+ triad.


Figure 2. The proposed kinetic model: the excited ZnP donor is deacti-
vated by two competing parallel electron-transfer mechanisms, one of
which is sequential and one that is superexchange-mediated.
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(DMF). The emission properties of the system, which have
been examined by steady-state fluorescence measurements
and time-correlated single-photon counting experiments,
will be presented foremost in this section. This is followed
by a discourse on the excited-state dynamics, which were
studied by means of femtosecond transient absorption. In
the discussion that follows, it will be deduced that donor
quenching is caused by two competing electron-transfer
pathways.


Ground-state absorption : ZnP-AB-AuP+ consists of three
separate chromophores, as demonstrated in Figure 3, where
it is indicated that a linear combination of the monomer


(ZnP, AB, and AuP+) absorption spectra is similar to the
triad spectrum.[33] In the Q-band region (l>500 nm), ZnP
has its maximum absorption at 545 and 580 nm, whereas
AuP+ has its maximum absorption at 510 and 560 nm. Fur-
thermore, in the Soret band (~400 nm), the ZnP maximum
absorption is at 415 nm, whereas AuP+ has its peak maxi-
mum at 400 nm. The absorption profiles are similar for all
three solvents used in this study (2-MTHF, BuCN, and
DMF), although the absorption maxima are shifted a few
nanometers (�5 nm).


Emission properties : Figure 4 shows the temperature de-
pendence of the zinc porphyrin fluorescence quantum yield
(Ff) in 2-MTHF, BuCN, and DMF, for the unsubstituted
donor ZnP, the dyad ZnP-AB and the triad ZnP-AB-AuP+ .
The quantum yield of ZnP is approximately 2.3 % at room
temperature in all solvents, but increases somewhat as the
temperature decreases. Interestingly, the donor emission of
ZnP-AB is considerably quenched in the polar solvents
(BuCN, DMF, Figure 4b, c) compared with ZnP, in contrast
to the less polar solvent (2-MTHF, Figure 4a) where the
quantum yields are similar to those of ZnP itself.[33] More-
over, the quantum yield of the donor in ZnP-AB-AuP+ is
lower than that for both ZnP and ZnP-AB in all solvents at
all temperatures. It will be demonstrated that in the less
polar solvent (2-MTHF) only superexchange-mediated elec-


tron transfer from ZnP to AuP+ quenches the donor fluo-
rescence, whereas in the polar solvents (BuCN, DMF) two
competing quenching mechanisms are responsible for the
quenching (Figure 2), that is, sequential and direct electron
transfer.


The fluorescence lifetimes of the zinc porphyrin donor
(ZnP) in different systems and at different temperatures in
either of the solvents are given in Tables 1–3. Estimates of


the lifetimes are given for both the unsubstituted donor (tD)
and the donor in the presence of bridge and bridge–acceptor
(tDB and tDBA, respectively). In Equations (1a)–(1c) the ob-
served lifetimes are expressed in the rate constants present-
ed in Figure 2.


tD ¼ ðkic þ kisc þ kfÞ�1 ¼ ðk4Þ�1 ð1aÞ


tDB ¼ ðk4 þ k1Þ�1 ð1bÞ


tDBA ¼ ðk4 þ k1 þ k3Þ�1 ð1cÞ


Figure 3. Ground-state absorption spectra of ZnP-AB-AuP+ (c), ZnP
(a), AB (g), and AuP+ (d) in DMF. The right-hand side of the
Figure is enlarged four times.


Figure 4. Fluorescence quantum yield for ZnP (squares), ZnP-AB (cir-
cles), and ZnP-AB-AuP+ (triangles) in a) 2-MTHF (filled symbols),
b) BuCN (crossed symbols), and c) DMF (open symbols).


Table 1. Fluorescence lifetimes for ZnP (tD), ZnP-AB (tDB), and ZnP-
AB-AuP+ (tDBA) in 2-MTHF, as well as the calculated quenching effi-
ciencies (E) and rates (k).


T tD tDB tDBA
[a] EDBA


[b] k3
[c]


[K] [ns] [ns] [ps] [%] [s�1]


295 1.48 1.36 61�3.7 95.9 1.6� 1010


255 1.54 1.41 57�1.3 96.3 1.7� 1010


215 1.63 1.45 60�0.78 96.3 1.6� 1010


175 1.74 1.37 89�2.3 94.9 1.1� 1010


135 1.89 1.69 120�4.3 93.7 7.8� 109


100 2.02 –[d] 140�3.1 93.1 6.6� 109


[a] In general, the errors are very small and thus estimates are only given
where it is judged that they are relevant. [b] Equation (2b). [c] Equa-
tion (3c).[33] [d] Not determined.
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In the present situation, fluorescence quenching is attrib-
uted to more than one process. It has been assumed that the
two quenching processes—sequential electron transfer (k1)
and superexchange-mediated electron transfer (k3)—are in-
dependent and additive. This is based on the reasonable first
approximation that the presence of AuP+ does not appreci-
ably affect the rate of the first step of the sequential mecha-
nism. The rate constant k1, as measured in the correspond-
ing DB system, ZnP-AB, is thus unchanged in ZnP-AB-
AuP+ and the overall quenching rate of this system equals
the sum of the two rates involved (k1 + k3). The quenching
efficiencies, EDB and EDBA, as well as the relevant rate con-
stants are then easily calculated from the fluorescence life-
times [Eq. (2) and (3)].


EDB ¼ 1�tDB=tD ð2aÞ


EDBA ¼ 1�tDBA=tD ð2bÞ


k1 ¼ ðtDBÞ�1�ðtDÞ�1 ð3aÞ


k3 ¼ ðtDBAÞ�1�ðtDBÞ�1 ð3bÞ


k1 þ k3 ¼ ðtDBAÞ�1�ðtDÞ�1 ð3cÞ


The results from the lifetime measurements are in com-
plete agreement with the quantum yield measurements.
First, tD and tDB are approximately equal in 2-MTHF[33]


(Table 1), whereas in the polar solvents (Table 2, Table 3)
tDB is significantly shorter than tD. The lifetimes tD and tDB


in 2-MTHF are relatively insensitive to temperature, where-
as tDB increases with decreasing temperature in the polar


solvents (BuCN, DMF). This is
another indication that a tem-
perature-dependent process
occurs that is only active in
polar solvents. Second, tDBA is
considerably shorter than tD


and tDB in all solvents at all
temperatures. This shows that a
second mechanism, that is, su-
perexchange-mediated electron
transfer, is active in both polar
and nonpolar solvents.


Tables 4–6 present the corre-
sponding results from measure-
ments on ZnP-BB-AuP+ , for
which electron transfer only
occurs by the superexchange
mechanism.[16] The electron-
transfer rate for this system is
one order of magnitude slower
than for ZnP-AB-AuP+ , and at
low temperatures additional
quenching attributed to excita-


tion energy transfer cannot be neglected in this system. The
contribution from energy transfer has been calculated from
the Fçrster equation.


The temperature dependence of the rates of the two in-
volved electron-transfer processes are presented in Figure 5.
In this context, it is useful to compare the two triads ZnP-
BB-AuP+ and ZnP-AB-AuP+ . The fact that charge transfer


Table 2. Fluorescence lifetimes for ZnP (tD), ZnP-AB (tDB), and ZnP-AB-AuP+ (tDBA) in BuCN, as well as
the calculated quenching efficiencies (E) and rates (k).


T tD tDB tDBA EDB EDBA k1 k3 k1 + k3


[K] [ns] [ps] [ps] [%] [%] [s�1] [s�1][a] [s�1]


295 1.52 87 28 94.3 98.2 1.1� 1010 2.4 � 1010 3.5� 1010


270 1.58 102 32 93.5 97.9 9.2� 109 2.1 � 1010 3.0� 1010


245 1.60 135 44 91.7 97.3 6.8� 109 1.5 � 1010 2.2� 1010


220 1.61 204 59 87.3 96.4 4.3� 109 1.2 � 1010 1.6� 1010


195 1.66 342 79 79.4 95.3 2.3� 109 0.98 � 1010 1.2� 1010


170 1.69 652 96 61.4 94.3 9.4� 108 0.89 � 1010 0.98 � 1010


[a] Equation (3b). See Table 1 for additional comments.


Table 3. Fluorescence lifetimes for ZnP (tD), ZnP-AB (tDB), and ZnP-AB-AuP+ (tDBA) in DMF, as well as
the calculated quenching efficiencies (E) and rates (k). k1 is the rate constant for the sequential electron-trans-
fer process and k3 for the superexchange-mediated electron-transfer process.


T tD tDB tDBA EDB EDBA k1 k3 k1 + k3


[K] [ns] [ps] [ps] [%] [%] [s�1] [s�1][a] [s�1]


295 1.61 57 21 96.5 98.7 1.7� 1010 3.0� 1010 4.7� 1010


280 1.64 67 23 95.9 98.6 1.4� 1010 2.8� 1010 4.2� 1010


265 1.67 80 27 95.2 98.4 1.2� 1010 2.5� 1010 3.7� 1010


250 1.69 100 35 94.1 98.0 9.4� 109 1.9� 1010 2.8� 1010


235 1.72 130 44 92.4 97.4 7.1� 109 1.5� 1010 2.2� 1010


220 1.76 180 62 89.8 96.5 5.0� 109 1.0� 1010 1.5� 1010


[a] Equation (3b). See Table 1 for additional comments.


Table 4. Fluorescence lifetimes (tDBA), quenching efficiencies (EDBA), and
rates for quenching (k3) of ZnP-BB-AuP+ in 2-MTHF.


T [K] tDBA [ps] EDBA
[a] [%] k3


[b] [s�1]


295 500 66.2 1.3 � 109


255 560 63.6 1.1 � 109


215 548 66.4 1.2 � 109


175 560 67.8 1.2 � 109


135 970 48.7 4.8 � 108


100 1300 35.6 2.5 � 108


[a] Equation (2b). [b] Equation (3b). The rate constant for excitation
energy transfer, calculated from the Fçrster equation, is 2 � 108 s�1.


Table 5. Fluorescence lifetimes (tDBA), quenching efficiencies (EDBA), and
rates for quenching (k3) of ZnP-BB-AuP+ in BuCN.


T [K] tDBA [ps] EDBA
[a] [%] k3


[b] [s�1]


295 290 80.9 2.7 � 109


270 410 74.0 1.7 � 109


245 435 72.8 1.6 � 109


220 510 68.3 1.3 � 109


195 680 59.0 7.9 � 108


170 840 50.3 5.2 � 108


[a] Equation (2b). [b] Equation (3b). The rate constant for excitation
energy transfer, calculated from the Fçrster equation, is 0.8 � 108 s�1.
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in ZnP-BB-AuP+ proceeds only by superexchange allows a
specific comparison of the solvent and temperature depend-
ence of the superexchange-mediated electron transfer. Ini-
tially, however, consider the slopes of the lines in Figure 5


that represent the sequential mechanism in ZnP-AB-AuP+ .
Changing the solvent slightly affects the magnitude of the
rate, but it does not affect its pronounced temperature de-
pendence. However, if the same comparison is made be-
tween the lines representing the superexchange-mediated
electron transfer in ZnP-AB-AuP+ (Figure 5a–c), it can be
seen that changing the solvent does not only affect the mag-
nitude but surprisingly also the temperature dependence of
this mechanism. ZnP-BB-AuP+ now offers a possibility to
determine whether this is in fact a property of this mecha-
nism in the investigated solvents or a result of the initial as-
sumption that the electron-transfer processes are independ-
ent. By changing the bridge moiety, the strength of the elec-
tronic coupling of the system is changed,[16] and this should
affect the magnitude of the quenching rate but not the ef-
fects of temperature (i.e. the slopes of the lines in Figure 5).
An examination of Figure 5 shows that this is indeed true:
the slopes of the lines representing the quenching caused by
superexchange are the same for the two triads; however, the
strong solvent dependence remains in the ZnP-BB-AuP+


system. The reasons for this behavior will be discussed
below.


In summary, the emission properties of the investigated
systems strongly suggest two competing mechanisms. The
first mechanism, which is sequential electron transfer, is in-
active in nonpolar solvents and displays strong temperature
dependence once active. The superexchange-mediated proc-
ess is active in both polar and nonpolar solvents and exhibits
a temperature dependence that differs between the solvents.
In the next section, experimental data is presented that
strengthens this hypothesis further.


Femtosecond transient absorption measurements: Transient
absorption measurements were performed in all three sol-
vents to verify the existence of the radicals in the proposed
reaction scheme (Figure 2) and to make conclusions regard-
ing charge separation and recombination kinetics. Presented
in this section are the experiments performed in DMF; how-
ever, control experiments performed in BuCN confirmed
that the system exhibits the same kind of kinetics in these
two solvents at room temperature. In contrast, experiments
in 2-MTHF were different, signaling the absence of a se-
quential electron-transfer mechanism. The transient differ-
ential absorption spectra in Figure 6 and Figure 7 show char-


acteristic spectral features of the excited states of ZnP-AB
and ZnP-AB-AuP+ , respectively. The zinc porphyrin excit-
ed states absorb strongly (S1!Sn and T1!Tn) in the 430–


Table 6. Fluorescence lifetimes (tDBA), quenching efficiencies (EDBA), and
rates for quenching (k3) of ZnP-BB-AuP+ in DMF.


T [K] tDBA [ps] EDBA
[a] [%] k3


[b] [s�1]


295 320 80.1 2.4 � 109


280 360 78.0 2.1 � 109


265 410 75.4 1.8 � 109


250 470 72.2 1.5 � 109


235 560 67.4 1.1 � 109


220 690 60.8 8.3 � 108


[a] Equation (2b). [b] Equation (3b). The rate constant for excitation
energy transfer, calculated from the Fçrster equation, is 0.6 � 108 s�1.


Figure 5. Temperature dependence of the rate constants (k1 (circles), k3


in ZnP-AB-AuP+ (diamonds), and k3 in ZnP-BB-AuP+ (triangles)) in
a) DMF, b) BuCN, and c) 2-MTHF. k1 is the rate constant for the sequen-
tial electron-transfer process and k3 for the superexchange-mediated
process.


Figure 6. Transient absorption spectra of ZnP-AB in DMF: 5 ps (c),
15 ps (b), 55 ps (g), 95 ps (d), 150 ps (··�), and 250 ps (a) after
the excitation pulse (lex = 549 nm).


Figure 7. Transient absorption spectra of ZnP-AB-AuP+ in DMF: 5 ps
(c), 15 ps (b), 150 ps (g), 250 ps (d), and 1400 ps (··�) after
the excitation pulse (lex = 549 nm).
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530 nm region with a tail extending above 600 nm.[30] There
are two visible contributions from bleach bands in the spec-
tra that are assigned to ground-state absorption, one at
549 nm, which is the wavelength used to excite the sample
(Q(1,0) transition), and one at about 580 nm, which is the
Q(0,0) transition. Furthermore, there is an expected bleach
component at 510 nm assigned to gold porphyrin ground-
state absorption, which is not as obvious, and also two nega-
tive bands assigned to stimulated emission at 580 and
640 nm. The gold porphyrin moiety absorbs approximately
20–25 % of the excitation light at the wavelength used
(Figure 3) and thus there are also gold porphyrin excited
states in the spectra. 1AuP* undergoes intersystem crossing
very rapidly (~240 fs) and with unity yield forms the first
excited triplet state 3AuP*, which has strong absorption at
about 600 nm.[34]


The zinc porphyrin radical cation, which is produced by
intramolecular electron transfer, has an absorption band
centered at 680 nm.[35–37] The presence of a strong signal in
this region is a clear indication that deactivation of the ex-
cited state is caused by electron transfer. Another important
key to the electron transfer kinetics would be the detection
of the AB radical anion that is produced by a sequential
mechanism and thus spectroelectrochemical experiments
were made to determine the spectral signature of this spe-
cies. The experiment shows that the AB anion has a fairly
broad band centered at 630 nm (e ~4 � 104


m
�1 cm�1) and


also a weaker band at 820 nm (Figure S1, Supporting Infor-
mation).


Figure 6 shows that the differential transient absorption of
ZnP-AB disappears almost completely in about 250 ps. The
absorption in the 500 nm region decays single exponentially,
whereas above 590 nm it exhibits a rise-time as well as a
single exponential decay. The interpretation is that the
charge-separated species ZnPC+-ABC� is being built up by
electron transfer from the excited zinc porphyrin. Compar-
ing Figures 6 and 7, it is clear that the absorption in the
region around 600 nm relative to that above 640 nm is stron-
ger for ZnP-AB-AuP+ than for ZnP-AB. This is attributed
to the presence of excited states of the gold porphyrin.
Therefore, it is no longer possible to say whether there is
any build-up resulting from the formation of the AB anion
or the ZnP cation radical because the 3AuP* absorption is
quite strong and builds up immediately. Above 640 nm it is
possible to see a clear rise-time that also corresponds to the
decay of the S1!Sn absorption of the zinc porphyrin, and at
long delay times there remains an absorption attributed to
the fully charge-separated state ZnPC+-AB-AuPC.


The dynamics of ZnP-AB and ZnP-AB-AuP+ at 690 nm,
a wavelength where absorption is expected from the ZnP
radical cation as well as the AB radical anion with little in-
terference from other species, are illustrated in Figure 8a
and b, respectively. The kinetic trace of ZnP-AB displays a
rise-time of about 20 ps and decays single exponentially in
approximately 55 ps. It is already known from single-photon
counting measurements that the donor fluorescence lifetime
in DMF is 57 ps at room temperature (Table 3). The consis-


tency of the data therefore demand that what at first glance
seems to be a decay, must be identified as the building up of
the ZnP radical cation, and this is thus a case of “inverted
kinetics” (k5>k1, Figure 2). This result indicates that the
concentration of the radicals (ABC� and ZnPC+) will be quite
low at all times. It should also be noted that there are no
long-lived states present in the ZnP-AB case. The corre-
sponding measurement on the triad (Figure 8b), on the
other hand, also shows a long lifetime, indicative of the
charge-separated state ZnPC+-AB-AuPC. In this case, it is ex-
pected that the concentration of ZnPC+ is higher than that
of the AB radical anion at all times and, thus, it may be dif-
ficult to experimentally detect ABC� in the triad. However,
since the transient trace at this wavelength (Figure 8b) is the
sum of the absorption of the two transient species ZnPC+


and ABC� , the presence of ZnPC+-ABC�-AuP+ can be de-
duced from the shape of the decay. If the absorption in this
region was attributable to only one long-lived species (e.g.
ZnPC+) the decay profile would be flat. On the other hand,
if the bridge anion radical, which also absorbs at this wave-
length (Figure S1, Supporting Information), is formed and
its transient absorption kinetics has a profile similar to the
one in Figure 8a and that profile is added to a flat one, the
result is a decay trace similar to that observed (Figure 8b).
It can thus be concluded that the anion radical is indeed
present. This result indicates that the sequential and super-
exchange-mediated electron transfer act in parallel in this
system (vide infra). The rise-time of the trace is 14 ps, which
is in reasonable agreement with the donor fluorescence life-
time. The rate of recombination cannot be determined ex-
actly on the timescale used in this experiment, but it may be
concluded that it is longer than 5 ns; earlier results indicate
that it is most probably shorter than 15 ns.[26]


Figure 9 shows the ZnP-AB-AuP+ kinetic trace at
500 nm, where, at short times, primarily the excited state ab-


Figure 8. Kinetic traces of a) ZnP-AB and b) ZnP-AB-AuP+ recorded in
DMF at 690 nm. The sample was excited at 549 nm.


Chem. Eur. J. 2005, 11, 562 – 573 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 567


FULL PAPERElectron Transfer in a Bridged Donor–Acceptor System



www.chemeurj.org





sorption of 1ZnP* is probed and the inset at the low right of
the figure shows ZnP-AB transient absorption at the same
wavelength. The differential absorption of ZnP-AB decays
in approximately 50 ps, which is in good agreement with the
previous experiments. It also confirms that charge separa-
tion of ZnP-AB is in fact slower than charge recombination,
giving rise to inverted kinetics. The transient absorption of
the ZnP-AB-AuP+ system shows a more complex behavior.
The curve has a prompt rise, as expected, and there is an ini-
tial fast decay of 15 ps in accord with the rise-time of the
690 nm absorption and the fluorescence decay. The curve
then displays a slow absorption build-up (in approximately
1 ns) followed by the decay associated with recombination.
The build-up is probably attributable to ground-state recov-
ery of the gold porphyrin moiety, which takes place on this
timescale,[26, 34] or possibly attributable to the formation of
3AB*.


Discussion


The aim of this work has been to identify and quantify two
competing electron-transfer mechanisms in a DBA system,
schematically outlined in Figure 2. This has been carried out
by varying the solvent temperature and polarity in a number
of fluorescence studies, as well as by transient absorption
measurements. The two competing processes are superex-
change-mediated electron transfer and a sequential elec-
tron-transfer mechanism, which generates an anthryl radical
anion intermediate. Previous work has identified that a step-
wise electron-transfer mechanism is responsible for the addi-
tional donor quenching observed in ZnP-AB and ZnP-AB-
FeP and investigated its dependence upon solvent polarity
and coordination.[30, 31] Also, a switching behavior based on
coordination effects was demonstrated.


It is informative to construct the energy-level diagram of
the system as it provides some insight into the activity of the
various pathways in a thermodynamic framework. The ener-
gies of the involved charge-separated states have been cal-
culated in the three solvents used, of which DMF has been
given a more detailed presentation (Figure 10). The energy


of the 0–0 transitions (E0–0) were determined from ground-
state absorption (Figure 3) and emission spectra, whereas
the energy gaps between the ZnP first excited state and the
charge-separated states were calculated from redox poten-
tials with the Weller equation [Eq. (4)].[39]


DGo ¼ eðEox�EredÞ�E0�0


þ e2


4pe0


�
1


eSðTÞ
� 1


eref


��
1


2RD
þ 1


2RA


�
� e2


4peSðTÞerefRDA


ð4Þ


Eox and Ered are the donor and acceptor oxidation and re-
duction potentials, respectively, determined by cyclic vol-
tammetry,[40] eS is the dielectric constant of the solvent and
eref the dielectric constant of the solvent in which the elec-
trochemical measurements were performed. RD and RA are
the average radii of the donor and acceptor, which are set to
4.8 � for the porphyrin moieties[41] and 8 � for the AB unit.
The ZnP/AuP+ center-to-center distance (RDA) is approxi-
mately 25.3 � and the ZnP/AB center-to-center distance in
the ZnP-AB system is approximately 13.2 � (estimated
from MM+-and PM3-optimized structures, respective-
ly).[27,30] The last term of Equation (4) represents a correc-
tion for the Coulombic stabilization between the charge-sep-
arated species. This term has been neglected for the super-
exchange-mediated electron transfer, because this process
has the nature of a charge shift, and furthermore, this term
is quite small (0.1 eV or less) for the large donor–acceptor
distance in this case.


Figure 10 shows that two electron-transfer pathways are
thermodynamically possible from 1ZnP*-AB-AuP+ . First,
the ZnPC+-ABC� state is energetically close to the 1ZnP*


state and secondly, there is a large driving force to produce
the charge-shifted state ZnPC+-AB-AuPC. Figure 10 also
raises interesting questions about other processes that may
or may not be active. It was previously mentioned that
AuP+ excited states are necessarily involved in the relaxa-
tion dynamics and that 3AuP* is produced very rapidly with
100 % yield. It has been shown that this state is capable of


Figure 9. Transient absorption kinetics of ZnP-AB-AuP+ in DMF at
500 nm. The inset shows the corresponding trace for ZnP-AB. Both sam-
ples were excited at 549 nm.


Figure 10. Energy diagram and rates (at room temperature in DMF) for
the species that may be involved in the post-excitation processes.
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hole-transfer in similar systems.[26] Another pathway that
might be of interest is the formation of the excited triplet
state of the bridging chromophore, 3AB*. However, hole
transfer from the 3AuP* state is slow compared to the short-
lived states of primary importance and thus the processes
originating from this state should be secondary to those of
particular interest for this study. Other deactivation mecha-
nisms that might be present, for example, energy transfer,
are two orders of magnitude slower[16] and cannot compete
with relaxation processes that proceed on the picosecond
timescale. In the ZnP-BB-AuP+ system, however, part of
the donor fluorescence quenching will be caused by excita-
tion energy transfer.[16]


Steady-state fluorescence measurements established that
ZnP-AB behaves like an electron donor–acceptor couple in
polar solvents, whereas in nonpolar solvents the donor is
only significantly quenched in the presence of AuP+ . The
quenching efficiency of ZnP-AB relative to ZnP is as high
as 96.5 % in DMF and 94.3 % in BuCN. On energetic
grounds it seems likely that the observed quenching is at-
tributable to an electron-transfer mechanism in view of the
fact that the charge-separated species is stabilized to a large
extent in polar solvents. This picture was also confirmed by
transient absorption measurements in which the zinc por-
phyrin radical cation was observed. This is strong evidence
that donor quenching is indeed attributable to electron
transfer. When the gold porphyrin moiety is added to the
system, the quantum yield is lowered even more, and the
quenching efficiency rises to 98.7 % in DMF and 98.2 % in
BuCN, whereas in 2-MTHF the quenching efficiency is
95.9 % (Tables 1–3).


Competition between superexchange-mediated and sequen-
tial electron transfer : In the present study, a system has
been presented in which, under certain circumstances, a se-
quential electron-transfer mechanism competes with super-
exchange-mediated electron transfer. The prerequisite for
this is that the solvent is polar enough to stabilize the inter-
mediate radical of the bridge sufficiently for it to act as an
electron acceptor. The term sequential electron transfer is
not valid, however, if the rate constant of the second step,
ABC�-AuP+!AB-AuPC, is not comparable to that of charge
recombination. Although the presence of the AB radical
anion is indirectly indicated by the observed parallel action
of the sequential and direct electron-transfer processes (Fig-
ure 8b), the lifetime of this species could not be measured
directly. Therefore, simulations of the kinetics were made in
order to establish that the observed behavior was consistent
with a sequential electron transfer. The approach used was
based on solving the master equation for the concentrations
of the involved species in the proposed model (Figure 2)
and comparing the simulated kinetics to those observed ex-
perimentally (in DMF). From the simulations, it was found
that the concentration of the AB radical anion will be low
at all times as a consequence of the fast charge recombina-
tion (k5>k1, vide supra). In the ZnP-AB case, its concentra-
tion is equal to that of the ZnPC+ species, and the concentra-


tion will only be approximately 15 % of the initial concen-
tration of singlet-excited zinc porphyrin. From kinetic simu-
lations on the triad ZnP-AB-AuP+ , it was found that the
rate for the second electron-transfer step ABC�-AuP+!AB-
AuPC (k2) was of the order (10 ps)�1 to correctly fit the ob-
served transient (Figure 8b). Because the recombination re-
action (k5) for the ZnP-AB dyad was found to occur in
20 ps (formation in 57 ps) the process is to be considered a
sequential mechanism rather than parallel quenching of the
singlet-excited ZnP. The concentration of ZnPC+-ABC�-
AuP+ is expected to be very low, about 10 % of the initial
concentration of the ZnP excited state, and a direct detec-
tion is therefore fairly difficult. Since ZnP* and ABC� have
comparable extinction coefficients, this corresponds to a dif-
ferential absorption signal of approximately 0.01 (Figure 7),
and thus there will be no clear peak from the anion radical
in the spectra.


When comparing the values of the rate constants for elec-
tron transfer, calculated from single-photon counting data, it
is found that the long-range electron transfer is faster than
the sequential transfer at all temperatures, although the
transfer distance is twice as large. This is attributed to the
small driving force for the sequential electron transfer, even
in a highly polar solvent, such as DMF, together with the
large electronic coupling for superexchange-mediated trans-
fer. It is interesting to compare the ratio between k3 and k1


in the two polar solvents. In BuCN, the ratio increases with
decreasing temperature. At room temperature, the superex-
change-mediated electron transfer is two times faster than
the sequential mechanism, whereas it is ten times faster at
low temperatures. This is not surprising, since the superex-
change-mediated electron transfer in this DBA system is a
virtually activation-less process in BuCN, whereas sequential
electron transfer, creating a radical intermediate, is a ther-
mally activated process and is thus strongly temperature de-
pendent. In DMF however, this ratio is constant, the direct
electron transfer being approximately 2 times faster at all
temperatures, which implies that both mechanisms exhibit a
strong temperature dependence in this solvent (vide infra).


Temperature dependence of the electron-transfer processes :
According to the Marcus–Hush theory of diabatic electron
transfer, the rate constant for electron transfer in the high
temperature limit is given by Equation (5).[42,43]


kET ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi


p


�h2lkBT


r
jVj2exp


�
�ðDGo þ lÞ2


4lkBT


�
ð5Þ


where kB is the Boltzmann constant, T the temperature, V
the electronic coupling, DG8 the driving force [Eq. (4)], and
l the total reorganization energy. Since DG8 can be deter-
mined experimentally, a fitting of the experimental rate con-
stants to the Marcus equation yields V and l. The reorgani-
zation energies estimated from the experiments can then be
compared with theoretical values calculated with the Born
dielectric continuum model [Eq. (6)].[39,42–46]
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lBorn ¼ li þ lo ¼ li
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lo is the outer reorganization energy, which is estimated
by the second term in Equation (6), whereas the inner reor-
ganization energy li is estimated separately for each case.
The linear fit of the data in Figure 5 to Equation (5) yielded
reasonable results for the ZnP-AB system; however, the
corresponding fits to the data for the triads gave unrealistic
values of the electronic coupling and reorganization energies
(not shown). To overcome this difficulty, the temperature
dependence of the parameters in the Marcus–Hush theory
was considered explicitly.


The redox potentials of the three components have been
measured in CH2Cl2


[16] and from Equation (4) values for
DG8 in the solvents used for spectroscopy have been deter-
mined. For these calculations, as well as for the calculations
of reorganization energies, the dielectric properties of the
solvents are very important. Because the dielectric constant
for some solvents, and in this case particularly that of BuCN
and DMF, has pronounced temperature dependence, tem-
perature-dependent functions e(T) have been used.[47] The
electronic coupling also exhibits a certain dependence on
temperature, owing to the rotational freedom of the D-B
and D-B-A linkages, which is expected to lower the coupling
with decreasing temperature.[32] Viscous effects make this ro-
tation solvent-dependent, which has been considered in
order to fully understand the variation found in the elec-
tronic coupling.


The experimental data for ZnP-AB was fitted by means
of three different approaches. The first method was a simple
linear regression based on a constant driving force for each
solvent [Eq. (4)] and a solvent-independent electronic cou-
pling (treated as a common parameter), which gives an ef-
fective electronic coupling between the zinc porphyrin and
the bridge moiety of about 50 cm�1. The second method
took the temperature dependence of the dielectric proper-
ties of the solvents into account (the driving force used was
a function of e(T)),[47] and a better fit was found. This fit for
the rate constants k1 (Figure 11) resulted in a different set of
parameters (Table 7), and the electronic coupling was now
estimated to be 13 cm�1. Lastly, the third method introduced
linear temperature dependence in the electronic coupling;
however, this approach failed to improve the fit despite the
increased flexibility introduced by a fourth parameter and
was therefore considered irrelevant. Table 7 also presents
the reorganization energies calculated from Equation (6),
assuming the inner reorganization energy to be zero in this
case.


The same three approaches were applied to the rate con-
stant k3, representing the superexchange-mediated electron
transfer. Simply fitting the data from the two systems (ZnP-
AB-AuP+ and ZnP-BB-AuP+) in the three solvents sepa-
rately with no common parameters or added solvent proper-
ties result either in large variations in the couplings or in un-
reasonable reorganization energies (cf. Figure 5), and this


method was therefore rejected. By the use of the reorgani-
zation energy as a solvent-specific and common parameter
of the two systems and making the driving force a function
of temperature, the fit was improved and the variation in
the electronic coupling was also partly moderated. Good re-
sults were also obtained by doing a similar fit (Figure 12) in
which the electronic coupling was also treated as a common
parameter (Table 8). By requiring the electronic coupling
for the two triads to be independent of solvent and at the
same time requiring the reorganization energies to be
bridge-independent, the best fit in the mathematical sense is
not found because the flexibility of the mathematical func-
tion is severely limited. However, the fitting parameters (V
and l) extracted from such a global fit are potentially more
physically reliable.


An even stronger moderation occurred when the coupling
was allowed to vary with temperature and the fitted curves
agreed reasonably well with the experimental data. This is a
strong indication that solvent/temperature effects are an im-
portant factor when discussing the effective electronic cou-
pling of these systems. In the present study, however, the
amount of data does not allow detailed mathematical analy-
sis, and furthermore, the systems used are not ideal for such
a study. Accordingly, the data summarized in Table 8 are
those obtained by the use of a temperature-dependent driv-


Figure 11. The rate constant for sequential electron transfer, k1, is fitted
to the Marcus equation [Eq. (5)]. The BuCN data is represented with
crossed over circles and the fit with a dashed line. The DMF data is rep-
resented with empty circles and the fit with a solid line. In the calcula-
tions, the electronic coupling is treated as a common parameter, namely,
it is equal in both solvents, and the driving force is temperature-depen-
dent.[47]


Table 7. The calculated driving force (DG8) and reorganization energies
(lBorn), and the reorganization energy (l) and electronic coupling (V) as
determined from experimental data for ZnP-AB.


Sequential electron transfer (k1)
Solvent DG8(T)[a] lBorn


[b] l V[c]


[eV] [eV] [eV] [cm�1]


BuCN DG8(295 K) = �0.25 0.63 0.56
DG8(170 K) = �0.18 13


DMF DG8(295 K) = �0.38 0.61 0.56
DG8(220 K) = �0.29


[a] DG8 is a function of temperature[47] . [b] For the calculated reorganiza-
tion energy, see Equation (6). [c] V is a common parameter.
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ing force, but with no assumptions made regarding the sol-
vent control of the effective electronic coupling. Elegant
studies have been made with this specific problem in
focus.[48,49] For the porphyrin–porphyrin electron-transfer
step, the inner reorganization energy is set to 0.2 eV, a value
that has been used previously for similar systems,[50] and the
Born calculations are in good agreement with the experi-
ments.


For solvents with slow dielectric relaxation, it has been
suggested[51] that the electron transfer is governed only by
the solvent dynamics, in which case the rate becomes pro-
portional to the inverse solvent relaxation time. The dielec-
tric relaxation times (tL, longitudinal dielectric relaxation


time) in BuCN and DMF are on the same timescale as the
electron transfer in the presented system[52, 53] and, more im-
portantly, the tL for these solvents increases quite quickly
with decreasing temperature, particularly in DMF.[53] This
will probably have a pronounced effect on the electron
transfer dynamics in ZnP-AB-AuP+ . Effects of this kind are
probably underestimated in many cases and may actually
mean that fast electron-transfer processes in DMF, such as
the ones studied in this work, can no longer be modeled in
the diabatic limit at low temperatures, but rather should be
examined theoretically in a solvent-controlled limit. A sys-
tematic study of these phenomena would be very interest-
ing, particularly the transition from diabatic to adiabatic
conditions.


Conclusion


This work has discussed the competition between superex-
change-mediated and sequential electron transfer in a por-
phyrin-based donor–bridge–acceptor system. By studying
how the involved processes depend on solvent polarity and
temperature it could be deduced that the electron-transfer
processes can be effectively controlled by the choice of
medium. Low solvent polarity completely turns off the se-
quential mechanism. When the two processes are in compe-
tition, that is, in polar solvents, the superexchange-mediated
electron transfer is about two times as fast as the sequential


mechanism, even though the
distance for this transfer is
twice as long. The temperature-
dependent data demonstrated
that solvent control of the elec-
tron transfer is extremely im-
portant and has to be consid-
ered explicitly in order for the
theoretical models to yield rea-
sonable results. Tentatively, it
can also be concluded that
since the distribution of possi-
ble rotational conformations of
the systems narrows with de-
creasing temperature, the elec-
tronic coupling is in fact also


temperature-dependent. From the present experiments,
however, the magnitude of this effect is not clear. Further-
more, a switching effect based on temperature was demon-
strated in BuCN. By lowering the temperature of this sol-
vent, the sequential process is slowed down relative to the
superexchange-mediated electron transfer, and eventually it
is “turned off”.


Experimental Section


Materials : The synthesis of the examined systems as well as the reference
compounds have been described in previous publications.[16] All solvents


Figure 12. The temperature-dependent rate constant for the superex-
change-mediated electron transfer (k3) fitted to the Marcus equation
[Eq. (5)]. The 2-MTHF data is represented with filled diamonds (ZnP-
AB-AuP+)/triangles (ZnP-BB-AuP+) and the fit with a dotted line. The
BuCN data is represented with crossed over diamonds (ZnP-AB-AuP+)/
triangles (ZnP-BB-AuP+) and the fit with a dashed line. The DMF data
is represented with empty diamonds (ZnP-AB-AuP+)/triangles (ZnP-
BB-AuP+) and the fit with a solid line.


Table 8. The calculated driving force (DG8) and reorganization energy (lBorn), and the reorganization energy
(l) and electronic coupling (V) as determined from experimental data for ZnP-AB-AuP+ and ZnP-BB-AuP+ .


Superexchange-mediated electron transfer (k3)
Solvent Bridge DG8(T)[a] lBorn


[b] l V
[eV] [eV] [eV] [cm�1][c]


2-MTHF ZnP-BB-AuP+ DG8(295 K) = �0.61 1.08 1.02 4.8
ZnP-AB-AuP+ 16


BuCN ZnP-BB-AuP+ DG8(295 K) = �0.91 1.37 1.25 4.8
ZnP-AB-AuP+ DG8(170 K) = �0.79 16


DMF ZnP-BB-AuP+ DG8(295 K) = �0.96 1.32 1.29 4.8
ZnP-AB-AuP+ DG8(220 K) = �0.88 16


[a] DG8 for BuCN and DMF are functions of e(T).[47] DG8(295 K) was used for 2-MTHF because the tempera-
ture range of the available data on this solvent was limited. [b] The calculated reorganization energy [Eq. (6)].
[c] V is common for the respective triad, that is, independent of the solvent.
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(2-methyltetrahydrofuran (2-MTHF, e = 6.97 and n = 1.405 at room-
temperature) from Acros, butyronitrile (BuCN, e = 24.83 and n = 1.382
at room-temperature) from Merck and N,N-dimethyl formamide (DMF,
e = 38.25 and n = 1.430 at room-temperature) from LabScan) were
used as delivered.


Spectroscopic measurements : All measurements were made at room tem-
perature or in a temperature-regulated nitrogen-cooled cryostat (Oxford
instruments). Absorption measurements were performed on a Cary 4 Bio
spectrophotometer at a 300 nm min�1 scan rate and 1 nm bandwidth.
Fully corrected steady-state emission spectra were recorded on a SPEX
Fluorolog 3 spectrofluorimeter equipped with a xenon lamp. All fluores-
cence quantum yields were determined relative to ZnP in 2-MTHF (ff =


0.023 at room temperature).[27] In order to avoid intermolecular interac-
tions as well as inner filter effects, the absorbance at the excitation wave-
length (~545 nm) was kept at 0.05.


Fluorescence lifetimes were determined by means of time-correlated
single-photon counting. The sample was excited in the Soret band
(~415 nm) by the frequency-doubled output from a mode-locked Ti:sap-
phire laser (Tsunami, Spectra Physics). A pulse selector (Model 3980,
Spectra Physics) was used to achieve a 4 MHz repetition rate. The pho-
tons were collected by a microchannel plate photomultiplier tube (MCP-
PMT R3809U-50, Hamamatsu) and fed into a multichannel analyzer with
4096 channels yielding a time resolution of �10 ps (FWHM). A mini-
mum of 10000 counts were recorded in the top channel. The intensity
data was fitted by iteratively reconvoluting a three-exponential expres-
sion with the instrument response signal with the software package F900
(Edinburgh Instruments). More than one exponential had to be used as
the data contained systematic errors caused by reflexes in the cryostat as
well as from minute traces of impurities (<0.5%). The artifact disap-
peared when a regular sample-holder was used and it did not affect the
lifetimes of interest. The impurities had lifetimes characteristic of zinc
porphyrin, and in the fittings their time constants were therefore set to
the lifetimes determined from the corresponding measurements on ZnP.


Transient absorption spectra on the femtosecond timescale were recorded
by means of the pump–probe technique. The sample was excited at
549 nm with a 1 kHz repetition rate with the sum frequency of the pump
and idler from an OPA (TOPAS, Light Conversion Ltd.) pumped by a
Ti:sapphire regenerative amplifier (Spitfire, Spectra Physics) producing
110 fs pulses. The amplifier was pumped by a frequency-doubled diode-
pumped Nd:YLF laser (Evolution-X, Spectra Physics) and seeded by a
Tsunami. A more detailed description of this system is found else-
where.[38] The kinetic traces were recorded with step sizes between 0.05
and 2 ps, whereas the spectra were recorded with a 2 nm step size. The
sample was held in a 1 mm path length cuvette and the optical density
was �1. The recorded traces were fitted individually and globally to a
sum of exponentials with the software package MATLAB.
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Car–Parrinello Molecular Dynamics Study of the Initial Dinitrogen
Reduction Step in Sellmann-Type Nitrogenase Model Complexes
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Bernd A. Hess[a]


In memory of Professor Dieter Sellmann


Introduction


Biological nitrogen fixation is supposed to take place at the
FeMo cofactor (FeMoco) which is the active center of the
enzyme nitrogenase.[1,2] The core of this transition metal
sulfur cluster consists of seven iron and one molybdenum
metal atoms. Several density functional theory (DFT) stud-


ies on FeMoco were published thus far.[3–7] Although they
do not agree in essential steps of the biological mechanism,
they all suggest that the reduction reaction starts at the iron
centers of FeMoco. Recently, the first nitrogen reducing
complex that works catalytically at the ambient conditions
of nitrogenase was synthesized.[8] It consists of a single mo-
lybdenum atom in a triamido-amine chelate ligand environ-
ment. Attempts to accomplish catalytic dinitrogen reduction
at metal centers with a sulfur atom environment were un-
successful so far.


About a decade ago Sellmann suggested the so-called
open-side FeMoco model. He postulated that FeMoco opens
in order to bind dinitrogen at the iron-metal centers.[9] This
model was substantiated by some of the above-mentioned
DFT calculations only recently.[6,7] A main goal of Sellmann
and co-workers was the synthesis of a sulfur-based dinitro-
gen-reducing ruthenium or iron complex with the properties
of working i) catalytically, ii) at ambient conditions and
iii) by using only moderately strong reductants.[10,11] To date,
[m-N2{Ru(PiPr3)(“N2Me2S2”)}2][“N2Me2S2”


2� = 1,2-ethanedi-
amine-N,N’-dimethyl-N,N’-bis(2-benzenethiolate)(2�)], rep-
resents the only known example of a stable dinuclear metal–
sulfur N2 complex.[12, 13] After its synthesis in 2001, extensive
experimental research was carried out in order to determine
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Abstract: We have studied reduction
reactions for nitrogen fixation at Sell-
mann-type model complexes with Car–
Parrinello simulation techniques. These
dinuclear complexes are especially de-
signed to emulate the so-called open-
side FeMoco model. The main result of
this work shows that in order to obtain
the reduced species several side reac-
tions have to be suppressed. These in-
volve partial dissociation of the chelate
ligands and hydrogen atom transfer to


the metal center. Working at low tem-
perature turns out to be one necessary
pre-requisite in carrying out successful
events. The successful events cannot be
described by simple reaction coordi-
nates. Complicated processes are in-
volved during the initiation of the reac-


tion. Our theoretical study emphasizes
two experimental strategies which are
likely to inhibit the side reactions.
Clamping of the two metal fragments
by a chelating phosphane ligand should
prevent dissociation of the complex.
Furthermore, introduction of tert-butyl
substituents could improve the solubili-
ty and should thus allow usage of a
wider range of (mild) acids, reductants,
and reaction conditions.


Keywords: density functional
calculations · iron · molecular
dynamics · nitrogen fixation · sulfur
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whether this dinuclear N2 complex can be reduced to give
the corresponding diazene complex [m-N2H2{Ru-
(PiPr3)(“N2Me2S2”)}2]. This compound, which was obtained
previously by a separate synthesis, has been fully character-
ized and is reported elsewhere in detail.[14] Until now the
full catalytic cycle could not be established. Already the cru-
cial first endothermic reduction step turns out to be difficult
to achieve.[15] Instead of reduction to diazene various side
reactions were detected during the experiments.


According to Figure 1, several reaction pathways were ex-
perimentally tested to reduce the N2 complex. However,
these first experiments have not yet yielded an indication
that a dicationic diazene species can be trapped by adding
protons to solutions of the N2 complex while irradiating
these solutions with UV light (u= 314 nm) along path 1 in
Figure 1. Also, first experimental reduction experiments
were not successful with respect to the direct reduction of
the N2 ligand in the complex (path 3, Figure 1). Apparently,
protonation (path 2) of the sulfur donors should be consid-
ered as an essential and most promising initial step during
the reduction of the dinuclear N2 complex.[9,10,16–29]


It is the purpose of this study to investigate this first pro-
tonation reduction step in order to obtain a microscopic pic-
ture of a possible mechanism of a two-electron reduction of
protonated Sellmann-type complexes. A detailed under-
standing of the reaction mechanism should yield suggestions
for a particular ligand sphere for sulfur-rich metal com-
plexes designed to stimulate nitrogen activation. We consid-
ered two complexes: a small [Ru“S2N2”]2L model complex
and a larger [Fe“NHS4”]2L complex (see Figure 2).


For both of complexes we observed[30] a characteristic
bending of the linear N2 moiety towards an activated diaze-
noid structure upon either photochemical activation or re-
duction. Additionally, we chose these two particular exam-


ples out of the variety of Sellmann-type FeII- and RuII–
sulfur complexes[9–11,28, 31] for two reasons: i) as already men-
tioned the first dinitrogen metal–sulfur complex was experi-
mentally found for a similar (albeit significantly larger)
Ru“S2N2” system[13, 14,32] and ii) our aim is the investigation
of complexes with chelate ligands of different rigidity in


Figure 1. Possible paths of reducing the dinitrogen model complex assuming a cis-symmetrically diprotonated start species or intermediates.


Figure 2. Sellmann-type Ru“S2N2” model complex 1 N2 (top) and
Fe“NHS4” complex 2 N2 (bottom) investigated in this work.
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order to elucidate the general properties of Sellmann-type
complexes. Therefore, we also investigated the Fe“NHS4”-
based complexes, of which the diazene complex (i.e., the
product of the reduction reaction) exists in synthesis.[33]


Since we are interested in a detailed time-resolved picture
of the process, we carried out Car–Parrinello simulations of
the reaction steps (see Figure 1, especially path 2b) of the
electron-coupled proton transfer. The Car–Parrinello simu-
lation technique is especially suitable for this purpose as it is
able to adjust spontaneously to different molecular binding
scenarios while at the same time it also describes the time
evolution of the system by molecular dynamics simulation.
Three situations are possible in a molecular dynamics simu-
lation: i) starting at a local maximum or mechanistically
well-defined high-energy non-stationary structure in order
to provide a starting point for relaxations into a valley or
ii) starting at a structure below a barrier, which is so small
(DG � <kT) that the reaction actually does occur, or iii) em-
ploying constraints along a possibly good reaction coordi-
nate and forcing the reaction to occur. The latter technique
would allow us to calculate a free energy DG and DG � if
the transition state is located by integrating the constraint
force. At each constraint value the sampling introduces a
considerable arbitrariness. If the simulation is started close
to a transition state to run down a hill, we should in princi-
ple also be able to start from many slightly different situa-
tions in order to obtain a statistically averaged thus un-
biased situation and thus an average passage time for the
down-hill process. However, following only a single trajecto-
ry down-hill yields a time for this process; its order of mag-
nitude might be considered as a first hint, and a possible re-
action mechanism.


Starting point for this investigation were the photo-activa-
tion reactions proposed earlier[30] and the observation that
geometry optimization of protonated doubly reduced (i.e. ,
uncharged) Sellmann-type complexes (path 2b) directly
leads to a hydrogen transfer from the sulfur donors of the
chelate ligand sphere onto the dinitrogen ligand.[38] The key
step in these processes is the occupation of the LUMO
(either by reduction or by photo-activation), which exhibits
a pronounced antibonding character at the N2 ligand and
thus allows bending of the linear [M]-N�N-[M] unit yielding
an activated diazenoid N2 species ready for proton uptake.


Theoretical Methodology


For the Car–Parrinello molecular dynamics simulations we used the
CPMD code[34] employing Troullier Martins norm-conserving pseudo po-
tentials[35] with a 70 Ryd cut-off. For all atoms excluding ruthenium and
iron we chose the electron configuration of the neutral atomic ground
state. Ruthenium was treated as an ionic system in the Ru2+ configura-
tion and iron in the Fe2+ , that is, electron configuration 4d6 and 3d6 and
in an oxidation state of + II. The 4s and 4p semi-core states were includ-
ed explicitly in the calculation. The core radii (rc in atomic units) were
1.2 for carbon, 1.12 for nitrogen, 1.5 for phosphorus, 1.4 for sulfur, and
0.5 for hydrogen. The same values for all angular momentum states were
employed. The rc values for ruthenium were 1.1 (L =0), 1.2 (L=1) and
1.6 for (L =2). For iron it was 1.9 (L=0), 2.0 (L=1) and 1.5 for (L=2)


and 1.97 (L= 3). Hydrogen was described by a local pseudopotential. For
nitrogen and carbon s and p, for sulfur, phosphorus, ruthenium and iron
s, p, and d angular momentum functions were included. The highest an-
gular momentum channels were used as local potentials. For iron we ap-
plied the non-linear core correction. In general integration was carried
out with the Kleinman–Bylander[36] scheme, except in the case of rutheni-
um and iron atoms where a Gauss–Hermite integration scheme with 20
integration points was applied. The electronic structure was described by
using the BP86 density functional. To enable the study of isolated sys-
tems, the inherent periodicity in the plane-wave calculations was avoided
by solving Poisson�s equation with non-periodic boundary conditions.[37]


To optimize the wavefunction we employed the “preconditioned conju-
gate gradients” method with convergence criteria of 10�6 and 10�3 for the
largest element of the gradient of the wavefunction and for the ions, re-
spectively. The cell size was set to 20� 20 � 20 �3, which was sufficient to
converge the energies and geometries with respect to the cell parameters.
The initial experiment time step was set to 3 au and the fictitious electron
mass to 400 au. After several tests we increased the time step to 5 au and
the fictitious electron mass to 600 au in order to save computer time.


Results


Reaction coordinate and possible mechanisms


The following paragraphs describe a sequence of constrain-
ed and free simulations of both complexes 1 N2 and 2 N2 at
different temperatures. The simulation experiments are con-
structed as visualized schematically in Figure 3: Two protons
are bound to the system A, and a two-electron reduction
leads to a complex B1 on the corresponding electronic
energy surface on which the simulation takes place to end in
structure C.


We set up different initial situations of the complexes by
starting from:


A : the optimized two-fold positively charged complex 1 of
ref. [30]


Figure 3. Schematic drawing of initial state preparation.
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B1: two electrons added to A, making it a neutral complex


C : the optimized structure of B1 from ref. [30]


B2 : a structure which is obtained by stopping the prepara-
tion of C during the course of the reaction


Since structures B1 and B2 are high-energy structures on
the potential energy surface of the neutral species, we are
able to observe spontaneous events (note that this exactly
reflects the desired picture, which emerges after fast elec-
tron transfer onto the diprotonated complex). Because of
the very computer-time consuming CPMD calculations no
extended statistics are available. However, the simulations
still point to a potential mechanism and a possible reaction
coordinate by observing how the prepared states B1 or B2
behave under temperature, forced bending, and forced de-
crease of the nitrogen proton distances. In the following we
will always start from configuration B1 of the complex 2 N2


unless otherwise stated.


Side reactions


Dissociation of the chelate ligand : It is most intuitive to en-
force a possible event by applying a nonzero temperature.
For approximately 350 fs we carried out a free molecular
dynamics simulation thermostated at 320 K (average T=


301 K) by using complex 2 N2. We observed a partial dissoci-
ation of the chelate ligands and the hydrogen atoms move
away from the nitrogen atoms instead of approaching them
(see Figure 4). The mechanism leading to this increased
N···H distance is governed by the increase of the FeSH
angle from 100 to 1178 for the H1 and from 100 to 1728 for
the H2 atom. The corresponding S–H distances are not dis-
turbed; they only change their values due to vibrational
motion in the range of 20 pm.


In order to see whether the dissociation is a result of the
hydrogen atom which approaches the chelate ligand instead
of the dinitrogen moiety and whether one hydrogen atom
aims into the right direction if the other one is forced to
stay close to the corresponding nitrogen atom (i.e. , the one


it is supposed to react with), we started a simulation pre-
pared as described before, though one hydrogen–nitrogen
distance was kept fixed. After 232 fs once more a dissocia-
tion in parts of the chelate ligands at both metal centers was
observed in the same manner as before.


In a next step, we fixed all six inner shell chelate ligand
atoms bound to the metal center. As a result the chelate li-
gands were not allowed to dissociate. Still the hydrogen
atoms do not approach the dinitrogen—but rather increase
the N···H distance in oscillating motion by enlargement of
the MSH angle. The same was observed if all six inner shell
chelate ligands were fixed to the metal centers including the
dinitrogen.


Hydrogen transfer to the metal center : We observed another
side reaction at the 2 N2 model complex by decreasing one
N···H distance by using a constraint algorithm which allows
the particular distance only to become smaller but not to
grow above the achieved value again. The other hydrogen
atom was allowed to evolve freely without applying con-
straints. The temperature was again kept at 320 K with
Nose–Hoover thermostats leading to an average tempera-
ture of 315 K.


In Figure 5 the result of this constraint simulation is
shown. Whereas the free hydrogen atom still leaves the
proximity of the N2 moiety and the chelate ligand (partially)
dissociates, the constraint N···H distance does indeed de-
crease, but the hydrogen atom is transferred to the metal
center instead of the nitrogen atom. Subsequent to this sim-
ulation, we allowed the system to evolve without any con-
straint to see whether the hydrogenated metal fragment dis-
sociates from the rest of the complex or whether the free
hydrogen atom changes the direction of its motion. The ten-
dency of the hydrogen atom which was not transferred is to
be further away from the nitrogen atom whereas the nitro-
gen nitrogen distance becomes slightly smaller. However,
nothing noteworthy happens on the time scale we were able
to simulate. The same results were obtained in the case
where both hydrogen nitrogen distances are forced to de-
crease at 320 K.


Successful events


Because it could be shown before[30] that the bending of the
nitrogen moiety is an important step, we forced both hydro-
gen MNN angles to decrease in time in complex 2 N2 with
an algorithm that allows these angles only to become small-
er or to keep their current value but not to grow above that
current value again.


The larger time step was applied for this experiment. In-
terestingly, the molecule keeps its symmetry during the time
evolution. This is the reason why we only show one curve in
each panel of Figure 6. After the first run the temperature is
lowered from 320 to 100 K to avoid the dissociation of the
chelate ligands. The reaction starts—as can be seen in
Figure 6—at 600 fs involving a sequence of complicated
processes.


Figure 4. Sketch of the hydrogen atom dynamics away from the reaction
center and observed partial dissociation of the chelate ligand in complex
2N2.
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We observe an increase of the Kohn–Sham energy and
temperature indicating a small barrier at an initial time step
of 150 fs depicted in Figure 7. This barrier is related to


1) a slight increase (5 pm) of the N–N distance, see panel 1,
Figure 6,


2) an increase (150 pm) of the hydrogen nitrogen atom dis-
tance in analogy to the first side reaction, see panel 2
Figure 6,


3) an elongation (15 pm) of the metal nitrogen distance
and to an enlargement of the FeSH angle (208), see
panels 5 and 6 of Figure 6.


This shows that in the starting configuration B1 (Figure 3)
the bending of the N2 moiety is structurally hindered. A
smaller barrier of about 0.025 au is indicated by the increase


Figure 6. Results of the simulation of the large Fe complex 2 N2 where the MNN angles are forced to decrease with time. 1) Nitrogen–nitrogen distance,
2) nitrogen–hydrogen distance, 3) MNN angle, 4) sulphur–hydrogen distance, 5) N–M distance, 6) MSH angle; distances in pm, angles in degrees.


Figure 5. Resulting structure of the algorithm applied to decrease one hy-
drogen–nitrogen distance in complex 2N2.
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of the Kohn–Sham energy at a
time step of about 300 fs, where
the bending of the FeNN angle is
initiated as shown in panel 3.
When the actual reaction takes
place at 600 fs the Kohn–Sham
energy drops down and the tem-
perature is heated up by 150 K.
The observation of the reaction
under these special constraint
forces seems to indicate that for
the reaction to occur it is necessary
to bend the M1N1N2 and
M2N2N1 angles. Unless the hydro-
gen atoms leave the proximity of
the nitrogen atoms it appears that
this bending of the N2 moiety is
prohibited. It should be noted that
both hydrogen atoms are transfer-
red simultaneously. We tested
whether only one angle constraint
would lead to a non-simultaneous
reaction. This was not the case, the
process also occurred simultane-
ously.


A more natural situation is mod-
eled in a free simulation which we
carried out for both Sellmann
models 1 N2 and 2 N2.


Figure 8 shows the simulation results of the small Sell-
mann model 1 N2 without applying constraints at 50 K. This
simulation is started from a pre-bent structure (B2 of
Figure 3). After approximately 450 fs the N2 moiety starts to
react with one hydrogen atom (H2–N2). In this experiment
the transfer of the two hydrogen atoms does not occur si-
multaneously. As before several features can be observed
how the reaction takes place, see Figure 8. The dinitrogen
bond vibrates and the bond length increases in the course of
the 450 fs, see panel 1 in Figure 8. Vibrations with a small
amplitude around an average distance of 121.5 pm indicate
the original triple bond before further bending occurs. After
the reaction large amplitude vibrations around an average
distance of 129.2 pm show the formation of a double bond.
Vibrational motion is also observed for the hydrogen–nitro-
gen bonds, see panel 2. In addition, one NH distance (see
dashed curve) is increased in the beginning to allow the
other hydrogen atom to approach its nitrogen atom. The re-
action for the hydrogen atom with initially increased bond
length is delayed. The vibrational motion of both distances


Figure 7. Results of the algorithm applied
to decrease both metal-nitrogen-nitrogen
angles. Top: Kohn–Sham energy plotted
against time steps, bottom: temperature
evolution with time steps.


Figure 8. Results of the free simulation of the bent small Sellmann-type complex 1 N2. 1) Nitrogen–nitrogen
distance, 2) nitrogen–hydrogen distances, 3) RuNN angles, 4) sulphur–hydrogen distances, 5) nitrogen–Ru
distances, 6) RuSH angles; distances in pm, angles in degrees.
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is anticorrelated. An oscillating motion of the hydrogen
atoms leads to their appearance at the nitrogen atoms until
at approximately 450 fs where the curve of one distance
drops downwards rapidly. This shows that a distance as well
as an angle constraint would be an inappropriate reaction
coordinate, because the reaction is coupled to more than
one simple geometry reaction coordinate. The correspond-
ing RuNN angle has now its smallest maximum and the first
hydrogen atom transfer occurs. After only 15 fs the second
hydrogen atom is transferred. In panel 3 we see that where-
as initially the RuNN angles display pseudo-harmonic vibra-
tional motions, they vibrate afterwards more abruptly and
not with such a large amplitude as before. Especially small
values of the angles are prohibited by presence of the hy-
drogen atoms.


The initiation of the reaction is also reflected in panels 4–
6 of Figure 8. In panel 4 the S–H distances abruptly grow at
450 fs and vibrate with larger amplitude: the bond is
broken. The N–Ru distances do not change much upon reac-
tion but they vibrate with smaller amplitude after the hydro-
gen-atom transfer (panel 5). The RuSH angles are plotted in
panel 6 of Figure 8 and again indicate the change of the S–H
bonding situation: they are restricted to values below 908.


Again the Kohn–Sham energy and the temperature are
very close indicators for the course of the reaction (see
Figure 9). The Kohn–Sham energy drops noticeably when
the H atom is transferred and the system heats up by 100 K.


Encouraged by these results we also carried out a simula-
tion without constraints at 100 K for the Fe complex 2 N2


(see Figures 10 and 11).
Again we observe features that this event has in common


with the successful events described above for complex 1 N2.
Before bending of the FeNN angles can occur (panel 3,
Figure 10), the hydrogen atom has to move away from the
corresponding nitrogen atom. After the initiation the vibra-
tional motion of the latter angles is almost as smooth as in
the event of the bent 1 N2 model. When the transfer starts at
1050 fs suddenly the changes in both FeNN angles take
place more abruptly and in a correlated manner, see
panel 3. The S–H distance is never distorted (panel 4,
Figure 10), that is, we never see a bond elongation or a
shortening exceeding the usual vibrational motion. Only
when the H-atom transfer starts the bonds are elongated
and thus break. The 20 pm increase of the N–Fe distance
(panel 5, Figure 10) occurs only at the side where the reac-
tion starts (see dashed curve); this indicates that the N2–Fe1
distance. Panel 6 shows the MSH angles, which increase at
the beginning of the experiment, and only this controls the
departure of the H from the nitrogen moiety.


From the three successful reaction events we deduce that
the bending motion of the MSH angle is very important for
the reaction to take place, because it controls an increase of
the N···H distance (panel 2, Figure 10), which again allows
the bending motion of the MNN angle to start (panel 3).
Even for the pre-bent structure the hydrogen–nitrogen dis-
tance has to increase to allow the MNN angles further to ex-
ercise their bending mode. This again is a crucial step for
the reaction to take place. The S–H distance (panel 4) is
never distorted until the transfer takes place, that is, there is
no stretching mode involved but a bending mode in the
transfer reaction.


The most important difference between the angle-con-
straint experiment and the free simulations is that in the
former the reaction occurs simultaneously whereas in the
free simulations the transfer is stepwise. The artificial effect
of the constraint applied is reflected in the fact that the
MNN angles (panel 3) of Figure 6 move unphysically with-
out vibrational motion.


The main difference between the two unconstraint simula-
tions is that in the first case the simulation starts from a pre-
bent B2 and in the other case from the linear B1 model.
Moreover, the complexes (1 N2 and 2 N2) possess different
chelate ligands and we carry out the simulations at different
temperature (50 and 100 K). This is reflected in the two
processes. In panel 1 of Figure 8, we see that the slight in-
crease in the N–N distance does not occur for 1 N2 model,
because we already start at a pre-bent structure simulation.
In panel 3 of Figure 10 the pre-bending becomes apparent,
because the MNN angle vibrates only around 108 in the
linear configuration for 200 fs and then decreases to 1608,
never growing above this value again. Whereas the M N dis-
tances in the bent 1 N2 model are stretched by about the
same values, the equivalent distances for the linear 2 N2 are
stretched by different values compared to each other: The


Figure 9. Energy and temperature of the free simulation of the bent
ruthenium model complex 1. Top: Kohn–Sham energy, bottom: tempera-
ture; all windows against the time steps.
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distance is stretched more in the case of the side where the
reaction occurs first, see dashed graph panel 5 Figure 10.
Nevertheless, both instances exhibit quite similar patterns.


Experimental Point of View and Discussion


The mandatory initial protonation of Sellmann-type com-
plexes such as [m-N2{Ru(PiPr3)(“N2Me2S2”)}2] (the parent
system of model 1 N2) faces fundamental problems. For in-
stance an optimization of the chelate ligand is required: It
either decomposes or it is not soluble in most common sol-
vents. In solvents that stabilize the complex, it is only mod-
erately soluble (which does not favor low-temperature ex-
periments suggested by the calculations). Moreover, it parti-
ally dissociates in solution to give the coordinatively unsatu-
rated [Ru(PiPr3)(“N2Me2S2”)] fragment and mononuclear
[Ru(N2)(PiPr3)(“N2Me2S2”)] complex. Unfortunately, the


comparably weak Brønsted basicity of the thiolate donors
necessitates the use of strong acids such as HBF4 as proton
sources and of non- or only weakly basic solvents. There-
fore, most of the protonation experiments were carried out
in benzene, toluene, and THF.


Although the solubility of [m-N2{Ru(PiPr3)(“N2Me2S2”)}2]
is the highest in THF, one has to be aware that protonation
of the THF molecule rather than the sulfur donors might
also take place. As evidenced by extensive NMR experi-
ments, protonation of the dinuclear N2 complex to form [m-
N2H2{Ru(PiPr3)(“N2Me2S2”)}2]


2+ did not occur. However,
the formation of a non-classical dihydrogen complex
[Ru(H2)(PiPr3)(“N2Me2S2”)] was observed as one product in
some of these experiments[38] (see reaction in Figure 12).


It turned out to be difficult to experimentally elucidate
the exact mechanism for the formation of this hydrogen
complex. In view of the experimental facts, two reaction
pathways seem possible: i) Protonation of one (or both) thi-


Figure 10. Free simulation results of the large Fe complex 2 N2 at 100 K. 1) Nitrogen–nitrogen distance, 2) nitrogen–hydrogen distances, 3) FeNN angles,
4) sulphur–hydrogen distances, 5) nitrogen–Fe distances, 6) FeSH angles; distances in pm, angles in degrees.
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olate donors in the dinuclear N2 complex causes dissociation
of the N2 ligand and formation of an open coordination site
(the hydrogen atom is subsequently transferred to this site)
or ii) direct reaction of hydrogen atoms occurs with the Ru
centers of [Ru(PiPr3)(“N2Me2S2”)] fragments, which are
always present in solutions of [m-N2{Ru(PiPr3)(“N2Me2S2”)}2]
(see above). In both cases, the interaction of hydrogen
atoms with the electron rich-metal centers probably results


in the evolution of dihydrogen and in the formation of ruth-
enium(iii) and ruthenium(iv) species. This also explains the
observation of by-products in the reaction depicted in
Figure 12 and nicely agrees the metal-hydrogenation side re-
action observed in the CPMD simulation. Note that the hy-
drogen transfer onto the metal centers was only observed in
the simulation if the hydrogen–nitrogen distance was not al-
lowed to increase with the consequence that essential bend-
ing of the N2 moiety is prohibited by structural hindrance.


Summarizing, in order to circumvent experimental prob-
lems concerning the protonation of the dinuclear N2 metal-
sulfur complexes as described above, two approaches appear
to be promising: i) Introduction of tert-butyl substituents at
the aromatic rings of the chelate ligand system improves sol-
ubility and thus allows one to test a wider range of acids, re-
ductants, and reaction conditions in general and ii) clamping
of the two metal fragments by a chelating phosphane ligand
of the type R’2P-(CH2)n-PR’2 should prevent dissociation of
the complex.


Summary and Conclusion


From the CPMD simulations of the initial proton electron
transfer step in Sellmann-type nitrogenase model complexes
we learn that the initial reduction step is feasible for Sell-
mann-type complexes if optimal simulation conditions can


be met by experiment. The fol-
lowing summarizes results
which were observed for both
complexes investigated, that is,
for 1 N2 and for 2 N2. The simu-
lations point towards a possible
three-step reaction mechanism
for the hydrogen atom transfer
onto dinitrogen upon reduction:
i) Increase of the N···H dis-
tance; ii) bending of both MNN
angles which yields the activat-
ed diazenoid N2 species, then
iii) vibration of the H···N dis-
tance which is controlled by the
MSH angle and simultaneously
vibration of the MNN angles
with opposite phase so that the
nitrogen atoms can meet the
hydrogen atoms.


Moreover, the simulation ex-
periments showed two possible


side reactions, which need to be circumvented: i) The move-
ment of the hydrogen atoms away from the nitrogen atoms
towards the side of the chelate ligand and ii) the hydrogena-
tion of the metal center. These reactions should be sup-
pressed by suitable ligand design as described at the end of
the last section. For a successful reaction to take place the
first side reaction, that is, movement of the hydrogen atoms
away from the nitrogen atoms, seems to be necessary other-


Figure 11. Energy and temperature of the free simulation of the large Fe
model complex 2. Top: Kohn–Sham energy plotted against time steps,
bottom: temperature evolution with time steps.


Figure 12. Dissociation reaction of [m-N2{Ru(PiPr3)(“N2Me2S2”)}2] in the presence of acid yields the non-classi-
cal dihydrogen complex [Ru(H2)(PiPr3)(“N2Me2S2”)] in experiment (see ref. [38]) which is paralleled by one of
the side reactions observed in the CPMD simulations.
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wise the reaction is structurally hindered. We emphasize
that both complexes show equivalent features although the
chelate ligands are chemically quite different. We deduce
from this that the observed attributes of the nitrogen reduc-
tion reaction can be considered universal.


The main result of this work is that Sellmann-type com-
plexes should indeed be able to reduce N2. Even more im-
portant is the fact that the reaction takes place spontaneous-
ly if a “trans”-diprotonated equilibrium structure of the dini-
trogen complex is subjected to a two-electron reduction.
From our simulations we can extract a first estimate of the
reaction time for a transfer of two hydrogen atoms starting
from the “trans”-diprotonated dinitrogen complex. The time
for this process is of the order of 0.5–1.0 picoseconds. Since
fine-tuning of the complex stability (e.g., through a clamping
phosphine, tBu substituents at the phenyl rings which in-
crease the solubility and will also reduce the amplitude of
motion of the chelate ligand at higher temperature) and of
the reaction conditions (temperature, acid, electron donor)
is still possible, further experimental investigation of the
Sellmann-type complexes is encouraged by the results re-
ported in this work.
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C5H4�BR2 Bending in Ferrocenylboranes: A Delocalized Through-Space
Interaction Between Iron and Boron
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Introduction


Mono- ([Fc{B(R1)(R2)}]; Fc= (C5H5)Fe(C5H4))[1] and 1,1’-di-
borylated ferrocenes (1,1’-[fc{B(R1)(R2)}2]; fc= (C5H4)2Fe)[2]


are highly interesting redox-active Lewis acids that have al-
ready found applications in various areas of research, for ex-
ample, oligonuclear metallocene aggregates,[3,4] charge-trans-
fer polymers,[5–7] difunctional chelators of Lewis bases,[8–10]


ferrocene-based tris(1-pyrazolyl)borate ligands,[11–14] B�N-
or B�P-bridged ansa-ferrocenes,[15–18] and 1,3-dibora[3]ferro-
cenophanes.[19] This area of research was reviewed recent-
ly.[20,21] In all these cases, the question of whether a pro-
nounced electronic interaction between the ferrocenyl
moiety and the boryl substituent(s) exists is of prime impor-
tance. Evidence has been gathered that tetracoordination of
boron in [Fc(BR2)] greatly facilitates iron oxidation.[5] More-
over, a crystal structure analysis of [Fc(BBr2)] (two crystal-
lographically independent molecules in the asymmetric unit)
showed the BBr2 group to be bent towards the iron atom by
a dip angle a* of 17.78 (molecule I) and 18.98 (molecule II;
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Abstract: A comparison of the molecu-
lar structures of mono-, di- and tetra-
borylated ferrocenes [Fc{B(R1)(R2)}]
(R1/R2 = Br/Br, Br/Fc, Br/Me, Me/Me,
Me/OH, OMe/OMe), 1,1’-[fc{B(R1)-
(R2)}2] (R1/R2 = Br/Br, Br/Me, OMe/
OMe), and 1,1’,3,3’-[Fe{C5H3(BMe2)2}2]
revealed the boryl substituent(s) to be
bent out of the Cp ring plane towards
the iron center. The corresponding dip
angle a* decreases with decreasing
Lewis acidity of the boron atom and
with increasing degree of borylation at
the ferrocene core. This trend is well
reproduced by DFT calculations (in-
cluding [FcBH2], not yet accessible
experimentally). A Bader analysis of
the electron density topology of
[FcBH2] (a*=26.58 ; BP86/TZVP)


clearly showed that there is no direct
iron–boron bonding in this compound.
Instead, strongly delocalized orbital in-
teractions have been identified that
involve the boron p orbital, Cipso of
the adjacent Cp ring, d orbitals at iron,
and a through-space interaction with
the second Cp ring. A second im-
portant factor is attractive electro-
static interactions, which are enhanced
upon ligand bending. Cyclic voltam-
metric measurements on the series
[FcBMe2], 1,1’-[fc(BMe2)2], and


1,1’,3,3’-[Fe{C5H3(BMe2)2}2] indicate a
substantial anodic shift in the oxidation
potential of the central iron atom upon
introduction of BMe2 substituents. Ad-
dition of 4-dimethylaminopyridine
(DMAP) does not just counterbalance
this effect, but leads to a cathodic shift
of the FeII/FeIII redox transition far
beyond the half-wave potential of
parent ferrocene. In the Mçssbauer
spectra, a continuous decrease in the
quadrupole splitting (QS) is observed
upon going from parent ferrocene to
[FcBMe2], to 1,1’-[fc(BMe2)2], and to
1,1’,3,3’-[Fe{C5H3(BMe2)2}2]. In con-
trast, no significant differences are
found between the QS values of ferro-
cene, [Fc(BMe2�DMAP)], and 1,1’-
[fc(BMe2�DMAP)2].


Keywords: boron · cyclic
voltammetry · density functional
calculations · metallocenes ·
Moessbauer spectroscopy
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a*= 1808�a, whereby a is the angle between the geometric
center of the carbon atoms constituting the substituted cy-
clopentadienyl ring, the ipso carbon atom Cipso, and the
boron atom).[22] These findings suggest a general opportunity
1) to monitor the coordination state of boron in ferrocenyl-
boranes by means of the FeII/FeIII redox potential and 2) to
influence the Lewis acidity of the boron atom by changing
the oxidation state of iron.


Here we present a detailed study on selected ferrocenyl-
borane derivatives that differ greatly in the Lewis acidity of
their boryl substituents. Special emphasis is put on answer-
ing the question of whether there is direct iron–boron inter-
action in ferrocenylboranes. To this end we report results
from X-ray crystal structure analyses, cyclic voltammetric
measurements, Mçssbauer spectroscopy, and DFT calcula-
tions.


Results and Discussion


Syntheses and NMR spectroscopic characterization : All
compounds investigated in the context of this paper are
shown below. The prototype computational model [FcBH2]
(1) was included although it is not experimentally accessi-
ble[23] and the discussion of its structural features must be re-


stricted to theoretical data (note that the amine adduct
[Fc{BH2(NMe2Et)}] was recently synthesized and structural-
ly characterized by X-ray crystallography[23]). Compound 1
serves as an important benchmark system, since hydrogen
atoms can be expected to have only very little steric or elec-
tronic impact on the degree of iron–boron bonding. Synthe-
ses and X-ray crystal structure analyses of [FcBBr2] (2)[1,22]


and 1,1’-[fc(BBr2)2] (8)[2,24] have already been published; se-
lected structural parameters are quoted below for compari-
son. The mono- and diborylated ferrocenes 3[1] and 9[2] are
accessible by methylation of 2 and 8 with neat SnMe4. Subli-
mation (40 8C, 10�3 Torr) yielded single crystals of 3 and 9.
Dimethyl derivative 4 was synthesized according to a litera-
ture procedure.[1] Amber single crystals of this compound,
which is normally obtained from the reaction mixture as a
dark red oil, were grown by sublimation (40 8C, 10�3 torr).
The DMAP (DMAP: 4-(dimethylamino)pyridine) adduct
4 a[5] crystallized from toluene when the solution was gradu-
ally concentrated in vacuo. Careful hydrolysis of a solution
of [Fc{B(Me)Br}] (3) in benzene in the presence of NEt3 led
to the hydroxyboryl ferrocene [Fc{B(Me)OH}] (5), which
bears a p-donating substituent at the boron atom that can
be expected to greatly affect any electronic interaction be-
tween iron and boron. Single crystals of 5 formed serendipi-
tously from the crude oily compound 4 upon prolonged ex-
posure to air. Dimethoxyboryl ferrocenes 6 and 11 are read-
ily accessible by treatment of 2 and 8 with excess MeOSiMe3


in pentane and toluene, respectively. X-ray quality crystals
of 6 were grown by vacuum sublimation, whereas 11 was re-
crystallized from hexane. The diferrocenylborane 7 can be
synthesized in high yield from 2 and one equivalent of
[FcSnMe3]


[25] in benzene at ambient temperature. Crystals
were obtained from a saturated toluene solution of 7. So far,
single crystals of the diborylated species 10[2] and its DMAP
derivative 10 a[5] are not available for X-ray crystallography.
Nevertheless, cyclic voltammetric measurements and Mçss-
bauer spectroscopy provided important information about
the electronic structure of these compounds. The tetrabory-
lated ferrocene 12 was synthesized from a mixture of neat
1,1’,3,3’-[Fe{C5H3(BBr2)2}2]


[26] and neat SnMe4 (8 equiv) at
elevated temperature. Crystalline material was obtained by
vacuum sublimation.


The NMR spectra of 2,[1] 3,[1] 4,[1] 4 a,[5] 8,[2] 9,[2] 10,[2] and
10 a[5] have been published previously. When a hydroxyl
group is substituted for one of the methyl groups in 4
(d(11B)=70.5 ppm) the 11B NMR resonance is shifted to
higher field by 20.9 ppm (5 : d(11B)= 49.6 ppm). Replace-
ment also of the second methyl group leads to additional
magnetic shielding (6 : d(11B)=30.0 ppm; Dd(5�6)=


19.6 ppm). There is no difference between the 11B NMR
shifts of 6 and 11 (d(11B)=30.0 ppm). The 11B NMR
resonances of diferrocenylborane 7 and tetraborylated ferro-
cene 12 appear at 55.3 and 74.8 ppm, respectively. The 1H
and 13C NMR spectra of 5, 6, 7, 11, and 12 exhibit the
expected signal patterns and chemical shift values and
therefore do not merit further discussion (see Experimental
Section).
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X-ray crystal structure determinations : Selected crystallo-
graphic data of 3, 4, 4 a, 5, 6, 7, 9, 11, and 12 are compiled in
Table 1. In compound 3 (monoclinic, P21/n ; Figure 1), the
B(Me)Br substituent is disordered over two positions (occu-
pancies: 68:32), which results in large error margins of bond
lengths and angles involving the methyl carbon atom C6.
Despite this deficiency, the crystal structure analysis of 3
was included in this paper, since the most important struc-
tural parameter, the dip angle a*= 13.78, is not affected.
Compound 4 (orthorhombic, Pbca ; Figure 2) was chosen for


a comparison of the structural characteristics of a ferroce-
nylborane possessing a three-coordinate boron center and
its respective Lewis base adduct with a four-coordinate
boryl group (4 a ; monoclinic, P21/c ; Figure 3). Bromobor-
anes R2BBr, such as 2 and 3, are not suitable for this kind of
investigation, because they tend to form boronium salts
[R2B(LB)2]


+Br� upon reaction with strong Lewis bases
(LB).[27] The free Lewis acid 4 exhibits a dip angle a* of
13.08, which is reduced to a value of a*=1.18 in the B�N
adduct 4 a. At the same time, the bond between boron and


Table 1. Selected crystallographic data for 3, 4, 4a, 5, 6, 7, 9, 11, and 12.


3 4 4 a 5 6


formula C11H12BBrFe C12H15BFe C19H25BFeN2 C11H13BFeO C12H15BFeO2


Mr 290.78 225.90 348.07 227.87 257.90
crystal size [mm] 0.14 � 0.12 � 0.08 0.34 � 0.31 � 0.08 0.38 � 0.13 � 0.12 0.23 � 0.14 � 0.05 0.43 � 0.38 � 0.35
crystal system monoclinic orthorhombic monoclinic triclinic triclinic
space group P21/n Pbca P21/c P1̄ P1̄
a [�] 10.4548(18) 9.5961(8) 9.2709(15) 11.6677(11) 10.3886(12)
b [�] 7.6663(10) 8.7619(7) 19.940(2) 12.5059(13) 10.4644(12)
c [�] 14.331(3) 25.580(2) 10.1081(14) 12.9675(12) 11.4338(13)
a [8] 90 90 90 97.385(8) 83.432(9)
b [8] 102.770(14) 90 113.191(11) 111.553(7) 73.997(9)
g [8] 90 90 90 110.408(7) 76.077(9)
V [�3] 1120.2(3) 2150.8(3) 1717.6(4) 1576.3(3) 1158.2(2)
Z 4 8 4 6 4
1calcd [g cm�3] 1.724 1.395 1.346 1.440 1.479
T [K] 173(2) 100(2) 173(2) 100(2) 173(2)
m(MoKa) [mm�1] 4.867 1.355 0.878 1.395 1.281
2qmax [8] 50.44 57.74 50.42 54.12 59.56
measured reflections 13 666 13 708 5768 23 506 23 192
unique reflections (Rint) 1972 (0.103) 2800 (0.066) 2955 (0.031) 6877 (0.064) 6493 (0.086)
obsd reflections [I>2 s(I)] 1359 1876 2034 4486 5022
parameters refined 146 129 210 385 293
R1 [I>2s(I)] 0.045 0.035 0.028 0.037 0.054
wR2 [I>2s(I)] 0.098 0.065 0.046 0.072 0.133
GoF on F2 0.747 0.902 0.828 0.869 0.961
largest diff. peak/hole [e ��3] 0.33/�0.45 0.29/�0.46 0.22/�0.23 0.35/�0.47 0.99/�1.23


7 9 11 12


formula C20H18BBrFe2 C12H14B2Br2Fe C14H20B2FeO4 C18H30B4Fe
Mr 460.76 395.52 329.77 345.51
crystal size [mm] 0.42 � 0.27 � 0.22 0.27 � 0.14 � 0.08 0.48 � 0.33 � 0.23 0.40 � 0.22 � 0.09
crystal system monoclinic triclinic monoclinic orthorhombic
space group P21/c P1̄ P21/n P21212
a [�] 10.4521(8) 6.3985(12) 16.2224(9) 15.068(3)
b [�] 12.2603(6) 6.8862(12) 9.2084(5) 7.2030(14)
c [�] 13.8391(11) 8.4905(15) 20.2143(9) 9.1660(14)
a [8] 90 83.226(14) 90 90
b [8] 106.529(6) 81.124(14) 96.803(4) 90
g [8] 90 67.651(13) 90 90
V [�3] 1700.1(2) 341.14(11) 2998.4(3) 994.8(3)
Z 4 1 8 2
1calcd [g cm�3] 1.800 1.925 1.461 1.153
T [K] 100(2) 173(2) 173(2) 155(2)
m(MoKa) [mm�1] 4.053 6.933 1.016 0.752
2qmax [8] 55.38 50.20 51.66 63.18
measured reflections 30306 4658 56512 13 193
unique reflections (Rint) 3942 (0.052) 1217 (0.062) 5727(0.051) 3070 (0.058)
obsd reflections [I>2 s(I)] 2981 998 4764 2686
parameters refined 217 80 387 109
R1 [I>2s(I)] 0.021 0.044 0.023 0.044
wR2 [I>2s(I)] 0.030 0.115 0.057 0.083
GoF on F2 0.999 1.036 0.943 1.156
largest diff. peak/hole [e ��3] 0.32/�0.41 1.20/�0.76 0.28/�0.27 0.38/�0.23
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the cyclopentadienyl ring is elongated by 0.080 � (4 : B1�
C11 1.545(4) �, 4 a : B1�C11 1.625(3) �). This effect is less
pronounced for the boron–methyl bonds, which are only
0.047 � (av) longer in 4 a than in 4 (4 : B1�C1 1.570(4) �,
B1�C2 1.578(4) �; 4 a : B1�C7 1.622(3) �, B1�C8
1.619(3) �). It can therefore be concluded that the increased
B1�C11 bond length in 4 a is not just caused by rehybridiza-
tion of boron (4 : sp2 B; 4 a : sp3 B), because this should have
similar consequences for all three boron–carbon bond
lengths. Even though the BMe2 substituent is bent out of the
plane of the cyclopentadienyl ring, there appears to be a
considerable degree of Cp�B p bonding in 4, which no
longer exists in B�N adduct 4 a. The DMAP ligand adopts a
position almost orthogonal to the substituted cyclopenta-
dienyl ring (N1-B1-C11 102.7(2)8, C12-C11-B1-N1
�90.5(2)8). The torsion angle C11-B1-N1-C2, which charac-
terizes the conformation of the DMAP plane relative to the
FcBMe2 fragment, is �85.6(2)8. As expected, a torsion angle
C3-C4-N4-C41 of only �1.6(3)8 is found between the NMe2


group and the aromatic ring of the DMAP ligand; that is,
N4 acts as an efficient p-electron donor towards the pyri-
dine ring, which guarantees a high Lewis basicity of nitrogen
atom N1. Despite the fact that even in solution the Lewis
acid/base association/dissociation equilibrium lies quantita-
tively on the side of the adduct (4 a : d(11B)=�3.0), a rather
long B�N bond is observed (B1�N1 1.670(3) �). Currently,
94 adducts between sp2 nitrogen donors and three-coordi-
nate boron atoms are included in the Cambridge Crystal
Structure File (Release 5.24 of April 2003),[28] and 84 of
them have shorter B�N bonds than 4 a (cf. (C6F5)3B�
DMAP: B�N 1.602(6) �).[29] However, this does not neces-
sarily indicate that [FcBMe2] (4) is a weak Lewis acid, since
it is known that the correlation between the strength of a
coordinative B�N bond and its length should not be over-
emphasized. For example, the B�N bonds in [FcBMe2-pyz-
Me2BFc] (B�N 1.683(5) �; pyz=pyrazine)[6] are not much
longer than that of 4 a, despite the fact that the former com-
pound completely dissociates in solution already at ambient
temperature. Another example is the triferrocenylborane
adduct [Fc3B�pyridine], which is sterically more congested
than 4 a and contains a weaker Lewis acid but nevertheless
has a shorter B�N bond of 1.658(4) �.[30]


The hydroxy derivative 5 (triclinic, P1̄, three crystallo-
graphically independent molecules 5, 5A, 5B ; Figure 4) exhib-
its a dip angle of a*=10.88 (5A : 12.98, 5B :10.38) and a B1�
O1 bond length of 1.370(4) � (5A, 5B : 1.378(4) �). While
the dip angles in 5, 5A, and 5B are significantly larger than
those found for triferrocenylboroxine (a* =8.08 (average
value at 154 K)), the B�O bond lengths of both compounds
lie in the same range (triferrocenylboroxine: 1.383 � (aver-
age value at 154 K)). Molecules 5 and 5B, which have very
similar a* values, adopt the same conformation with torsion
angles H1-O1-B1-C11 of 1768 and H1B-O1B-B1B-C11B of
�1808. The main difference in molecule 5A (a*=12.98) lies
in the fact that the OH group is rotated by almost 1808
about the B�O bond (H1A-O1A-B1A-C11A �68). Each
molecule of 5 establishes hydrogen bonds to two neighbor-


Figure 1. Molecular structure of 3 ; thermal ellipsoids shown at the 50%
probability level. Selected bond lengths [�], angles [8], and torsion
angles [8]: B1�C1 1.529(10), B1�C6 1.67(3), B1�Br(1) 1.868(8); C1-B1-
C6 126.6(15), C1-B1-Br1 =121.3(5), C6-B1-Br1 112.0(14); C2-C1-B1-Br1
�168.3(4), C5-C1-B1-Br1 =�8.7(8); Fe1···B1 =2.971(8); COG-Fe1-
COG* =178.2; a*=13.7.


Figure 2. Molecular structure of 4 ; thermal ellipsoids shown at the 50%
probability level. Selected bond lengths [�], angles [8], and torsion
angles [8]: B1�C11 1.545(4), B1�C1 1.570(4), B1�C2 1.578(4); C11-B1-C1
121.1(2), C11-B1-C2 119.6(2), C1-B1-C2 119.2(2); C12-C11-B1-C1
�170.6(2), C15-C11-B1-C1 �9.5(4), C12-C11-B1-C2 11.3(4), C15-C11-
B1-C2 172.4(2); Fe1···B1 3.008(3); COG-Fe1-COG* 178.2; a* =13.0.


Figure 3. Molecular structure of com-
pound 4a ; thermal ellipsoids shown at
the 50% probability level. Selected
bond lengths [�], angles [8], and tor-
sion angles [8]: B1�C11 1.625(3), B1�
C7 1.622(3), B1�C8 1.619(3), B1�N1
1.670(3), C4�N4 1.352(3); C11-B1-C7
113.5(2), C11-B1-C8 112.1(2), C7-B1-
C8 112.0(2), N1-B1-C11 102.7(2), N1-
B1-C7 107.7(2), N1-B1-C8 108.2(2);
C12-C11-B1-N1 �90.5(2), C15-C11-
B1-N1 88.4(2), C11-B1-N1-C2
�85.6(2), C11-B1-N1-C6 87.4(2), C3-
C4-N4-C41 �1.6(3), C5-C4-N4-C42
�0.4(3); Fe1···B1 3.347(2); COG-Fe1-
COG* 178.9; a*=1.1.
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ing molecules, whereby the hydroxyl group acts both as hy-
drogen-bond donor and acceptor, which may in turn have
an impact on the degree of O�B p bonding and, conse-
quently, influence the dip angle a*.


Compared to 5, the dip angle of dimethoxyboryl ferro-
cene derivative 6 (triclinic, P1̄, two crystallographically inde-
pendent molecules 6 and 6A ; Figure 5) is further reduced to


a value of 6.68 (6A: 5.68), most likely due to the presence of
two p-donor substituents at boron that are, moreover, not
involved in any additional hydrogen bonding. In the dinu-
clear species 7 (monoclinic, P21/c ; Figure 6), the ferrocenyl


substituents adopt a trans arrangement with regard to the
trigonal-planar boron atom (dihedral angle between C1-C2-
C3-C4-C5 and C21-C22-C23-C-24-C25 9.28). The coplanarity
of the two cyclopentadienyl rings appears to be sterically
less favorable than the propellerlike arrangement observed
for [Fc3B] (cis configuration of the three Fc substituents
with regard to the trigonal-planar boron atom; dihedral
angles between the borylated cyclopentadienyl rings: 39.8,
42.3, 43.78).[31] One problem arises from the fact that the hy-
drogen atoms attached to C2 and C22 of 7 closely approach
each other. This becomes evident from an inspection of the
C1-B1-C21 angle, which is stretched to 128.8(2)8. On the
other hand, steric strain is alleviated by Cp-B-Cp bending
(a*=11.08 at C1 and 15.38 at C21; distance between H2 and
H22: 2.154 �). The molecular structure of 7 is very similar
to that of the related monomeric diferrocenylborane
[Fc2BH],[23] which also shows a bent C5H4-B-C5H4 backbone
with a* values of 12.6 and 14.48 (in contrast to 7, however,
the C5H4-B(H)-C5H4 fragment is disordered about a crystal-
lographic inversion center). Delocalization of cyclopenta-
dienyl p electrons into the empty boron p orbital is more fa-
vorable in 7 and [Fc2BH] than in the twisted compound
[Fc3B].


The molecular structures of the diborylated ferrocenes 9
(triclinic, P1̄; Figure 7) and 11 (monoclinic, P21/n ; Figure 8)
were determined for comparison with the related mono-
borylated species 3 and 6. Most relevant structural features
are similar in 3/9 on the one hand and 6/11 on the other (9,


Figure 4. Molecular structure of compound 5 (5A,5B) thermal ellipsoids
shown at the 50 % probability level. Selected bond lengths [�],
angles [8], and torsion angles [8]: B1�C11 1.548(4) (1.545(4), 1.547(5)),
B1�C1 1.569(4) (1.576(4), 1.566(4)), B1�O1 1.370(4) (1.378(4), 1.378(4));
C11-B1-C1 123.0(3) (123.3(3), 122.9(3)), C11-B1-O1 117.9(3) (120.3(3),
117.5(3)), C1-B1-O1 119.1(3) (116.4(3), 119.6(3)); C12-C11-B1-C1
�6.0(4) (9.4(5), 8.7(4)), C15-C11-B1-C1 158.1(3) (171.0(3), 173.5(3)),
C12-C11-B1-O1 174.7(3) (�170.5(3), �171.6(3)), C15-C11-B1-O1
�21.2(4) (�8.9(5), �6.7(4)), H1-O1-B1-C11 176.0 (�5.6, �179.8);
Fe1···B1 3.056(3) (3.014(4), 3.057(3)); COG-Fe1-COG* 178.2 (176.9,
179.9); a*=10.8 (12.9,10.3); hydrogen bonds: O1�H1, O1A�H1A, O1B�
H1B 0.84, H1···O1A#1 1.91, H1A···O1B#2 1.97, H1B···O1#1 1.86; O1�
H1···O1A#1 175.7, O1A�H1A···O1B#2 148.4, O1B�H1B···O1#1 173.6;
symmetry transformations to generate equivalent atoms: #1: �x+2, �y+1,
�z+1; #2: �x+2, �y +2, �z+ 1.


Figure 5. Molecular structure of 6 (6A); thermal ellipsoids shown at the
50% probability level. Selected bond lengths [�], angles [8], and torsion
angles [8]: B1�C11 1.562(4) (1.556(3)), B1�O1 1.370(3) (1.368(3)), B1�
O2 1.360(3) (1.360(3)); C11-B1-O1 114.9(2) (115.2(2)), C11-B1-O2
127.7(2) (127.5(2)), O1-B1-O2 117.5(2) (117.3(2)); C12-C11-B1-O1
173.6(2) (178.0(2)), C15-C11-B1-O1 �13.0(3) (�6.2(3)), C12-C11-B1-O2
�5.9(4) (�0.4(4)), C15-C11-B1-O2 167.5(2) (175.4(2)), C1-O1-B1-O2
1.5(3) (0.2(3)), C2-O2-B1-O1 178.2(2) (174.5(2)); Fe1···B1 3.179(3)
(3.197(3)); COG-Fe1-COG*=178.9 (177.9); a*=6.6 (5.6).


Figure 6. Molecular structure of 7; thermal ellipsoids shown at the 50 %
probability level. Selected bond lengths [�], angles [8], and torsion
angles [8]: B1�C1 1.524(3), B1�C21 1.538(3), B1�Br1 1.969(2); C1-B1-
C21 128.8(2), C1-B1-Br1 116.3(2), C21-B1-Br1 114.9(2); C2-C1-B1-C21
�1.5(3), C5-C1-B1-C21 �165.5(2), C2-C1-B1-Br1 179.5(2), C5-C1-B1-
Br1 15.6(2), C22-C21-B1-C1 1.8(3), C25-C21-B1-C1 �156.0(2), C22-C21-
B1-Br1 �179.2(2), C25-C21-B1-Br1 23.0(2); Fe1···B1 3.022(2), Fe2···B1
2.950(2); COG-Fe1-COG* 179.0, COG-Fe2-COG* 179.1; a* 11.0 (at
C1), 15.3 (at C21).
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however, does not suffer from similar B(Me)Br disorder
problems as 3), apart from the fact that introduction of a
second boryl substituent into the ferrocene core leads to re-
duced C5H4�BR2 bending (3/9 : a*=13.7/9.48 ; 6/11: a*= 6.1/
5.28 (average values)) as was already observed for 2 (a*=


18.38 (average value))[22] and 8 (a*=9.18).[24] In contrast to 8
and 9, which are centrosymmetric with perfectly staggered
Cp ligands, both crystallographically independent molecules
of 11 have their B(OMe)2 substituents pointing in the same
direction (11: C1-COG-COG*-C11 1.48 ; 11A : C1A-COG-
COG*-C11A 4.68 ; COG: geometric center of the Cp carbon


atoms). The molecular structure of tetraborylated 12 (ortho-
rhombic, P21212; Figure 9) has C2 symmetry in the crystal
lattice and closely resembles the structure of 1,1’,3,3’-
[Fe{C5H3(BBr2)2}2].[26] The dip angles in 12 (a*=6.1, 9.38)
are considerably smaller than in monoborylated 4 (a*=


13.08), as was already observed in the case of 2/8/1,1’,3,3’-
[Fe{C5H3(BBr2)2}2] (a*= 18.3/9.1/4.28 (average values)) and
6/11 (a*= 6.1/5.28 (average values)).


The conformation adopted by the B(R1)(R2) substitu-
ent(s) in 2–9, 11, and 12 with respect to the ferrocenyl frag-
ment brings the formally empty boron-centered p orbital(s)
into a position parallel to the filled p orbital(s) of the ipso
carbon atom(s). However, any Cp�B p interaction is likely
to be disfavored by bending of the boryl substituent out of
the plane of the cyclopentadienyl ring towards the iron
atom, as is observed for 2–9, 11, and 12. The question thus
arises whether this structural feature is caused by a direct
iron–boron interaction, which could also lead to transfer of
electron density into the boron p orbital and thus outweigh
the decreased Cp�B p bonding. As far as the monoboryl
ferrocenes are concerned, a gradual decrease of a* values is
observed (Figure 10) upon going from 2 (a*= 18.38 (average
value)) to 3 (a*=13.78), 4 (a*=13.08), 5 (a*=11.38 (aver-
age value)), and 6 (a*=6.18 (average value)). The Fe···B
distances are found to increase in the same order (2 : 2.840/
2.856 �, 3 : 2.971(8) �, 4 : 3.008(3) �, 5 : 3.014(4)/3.056(3)/
3.057(3) �, 6 : 3.179(3)/3.197(3) �). In the diferrocenyl
borane 7, a* values of 15.3 and 11.08 correspond to Fe···B
bond lengths of 2.950(2) � and 3.022(2) �, respectively.


Figure 7. Molecular structure of 9 ; thermal ellipsoids shown at the 50%
probability level. Selected bond lengths [�], angles [8], and torsion
angles [8]: B1�C1 1.523(8), B1�C6 1.606(7), B1�Br1 1.941(6); C1-B1-C6
126.0(5), C1-B1-Br1 118.3(4), C6-B1-Br1 115.7(4); C2-C1-B1-C6
�178.4(5), C5-C1-B1-C6 �11.6(8), C2-C1-B1-Br1 1.6(7), C5-C1-B1-Br1
168.4(4); Fe1···B1 3.056(6); COG-Fe1-COG* 180.0; a* =9.4.


Figure 8. Molecular structure of 11 (11A) thermal ellipsoids shown at the
50% probability level. Selected bond lengths [�], angles [8], and torsion
angles [8]: B1�C1 1.554(2) (1.554(2)), B2�C11 1.556(2) (1.561(2)), B1�
O1 1.359(2) (1.357(2)), B1�O2 1.361(2) (1.365(2)), B2�O11 1.365(2)
(1.366(2)), B2�O12 1.354(2) (1.352(2)); C1-B1-O1 128.0(1) (127.7(1)),
C1-B1-O2 114.6(1) (114.8(1)), O1-B1-O2 117.3(1) (117.5(1)), C11-B2-
O11 115.9(1) (114.6(2)), C11-B2-O12 127.3(1) (128.4(2)), O11-B2-O12
116.8(1) (117.1(1)); C2-C1-B1-O1 �5.5(3) (�4.5(3)), C5-C1-B1-O1
172.8(1) (172.7(1)), C2-C1-B1-O2 173.1(1) (174.7(2)), C5-C1-B1-O2
�8.7(2) (�8.2(2)), C12-C11-B2-O11 �7.3(2) (�5.0(2)), C15-C11-B2-O11
174.7(1) (178.8(2)), C12-C11-B2-O12 174.2(1) (175.5(2)), C15-C11-B2-
O12 �3.8(3) (�0.8(3)), C6-O1-B1-O2 179.3(2) (177.3(1)), C7-O2-B1-O1
�3.3(2) (�5.9(2)), C16-O11-B2-O12 �4.6(2) (�5.0(2)), C17-O12-B2-O11
�178.8(1) (�179.1(2)); Fe1···B1 3.226(2) (3.216(2)), Fe1···B2 3.225(2)
(3.212(2)); COG-Fe1-COG* 177.6 (177.6); a* =5.0 (at C1), 4.2 (at C11),
6.0 (at C1A), 5.4 (at C11A).


Figure 9. Molecular structure of 12 ; thermal ellipsoids shown at the 50%
probability level. Selected bond lengths [�], angles [8], and torsion
angles [8]: B1�C11 1.546(3), B2�C13 1.548(3), B1�C16 1.566(4), B1�C17
1.573(4), B2�C18 1.571(3), B2�C19 1.571(4); C11-B1-C16 120.2(2), C11-
B1-C17 120.7(2), C16-B1-C17 119.1(2), C13-B2-C18 121.1(2), C13-B2-
C19 119.9(2), C18-B2-C19 119.0(2); C12-C11-B1-C16 15.3(3), C15-C11-
B1-C16 �173.8(2), C12-C11-B1-C17 �166.4(2), C15-C11-B1-C17 4.5(3),
C12-C13-B2-C18 �3.1(3), C14-C13-B2-C18 �170.0(2), C12-C13-B2-C19
176.3(2), C14-C13-B2-C19 9.5(3); Fe1···B1 3.164(3), Fe1···B2 3.096(3);
COG-Fe1-COG* 177.3; a* =6.1 (at C11), 9.3 (at C13); symmetry trans-
formations to generate equivalent atoms: A: �x +1, �y+1, z.
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Here, two FcB fragments of identical chemical composition
differ in dip angle by as much as 4.38, which indicates a
rather shallow potential-energy surface related to the Cp�
B(R1)(R2) bending mode. This conclusion is further support-
ed by the significantly different a* values of the three crys-
tallographically independent molecules of 5 (Da*= 2.68).
Smaller dip angles than in the monoborylated compounds
2–7 are found in the corresponding 1,1’-diborylated species
8 (a*=9.18), 9 (a*=9.48), and 11 (11: a*= 4.28, 5.08 ; 11A :
5.48, 6.08). Compound 2, which has the largest dip angle a*,
shows the shortest B�Cp bond (17.78/1.482(8) � and 18.98/
1.474(9) � for the two crystallographically independent mol-
ecules), while 4, which has a smaller dip angle (a*=13.08),
shows a much longer B�Cp bond (B1�C11 1.545(4) �). This
correlation, which can be seen in most other ferrocenylbor-
ane derivatives, is inverse to the trend expected for the
simple picture of competing Fe�B s and Cp=B p interac-
tions. We investigate the electronic basis of these observa-
tions by quantum chemical means below.


To get a more complete overview, two other series of
closely related ferrocenylborane derivatives must be consid-
ered: 1) Crystal structure analyses of triferrocenyltriselen-
atriborinane [(FcBSe)3],[32] triferrocenylboroxine
[(FcBO)3],[33] and triferrocenylborazine [(FcBNH)3]


[33] , all of
which have a central six-membered ring with pendant ferro-
cenyl substituents at the boron atoms, revealed dip angles
a* of 10.5, 7.9, and 5.18, respectively. 2) Apart from 7 (a*=


13.28 (average value)) and [Fc2BH] (a*=13.58 (average
value)), two other diferrocenylboranes have been structural-
ly characterized. These are the chloro compound [ClB(fcSi-
Me2Cl)2] (a*= 11.98 (average value), in which the borylated
cyclopentadienyl rings and the BCl bridge are disordered
over two positions with occupancies of 50:50),[34] and the
oxo-bridged tetraferrocene aggregate [(ClMe2Sifc)2-
BOB(fcSiMe2Cl)2] (a*=4.58 (average value)).[34] In both
series, the dip angles decrease as the degree of B�X p bond-
ing increases (X= Se, O, N; Br, Cl, O). The smallest dip
angles of all three-coordinate ferrocenylboranes investigated
so far were found for 1,1’-[fc{B(NiPr2)2}2], which bears two


strongly p-donating diisopropylamino groups at each of its
boryl substituents (a*=�1.88, 2.88).[24] In this special case,
however, the steric bulk of the NiPr2 groups might have a
strong influence on the size of a* as well.


The data collected in this section clearly reveal a causal
relationship between the Lewis acidity of the boryl group in
ferrocenylboranes and the dip angle a*: The more Lewis
acidic the B(R1)(R2) substituent is, the more it is bent to-
wards the iron atom. This effect is less pronounced in 1,1’-
diborylated and 1,1’,3,3’-tetraborylated ferrocenes than in
the monoborylated species.


Electrochemical measurements : All potentials are refer-
enced against the FcH/FcH+ redox couple; where necessary,
literature data used for comparison were recalculated for
FcH/FcH+ as reference. The cyclic voltammograms of 4, 10,
and 12 (CH2Cl2, 0.1 m NBu4PF6) exhibit redox transitions
with half-wave potentials E8’ of +0.09, +0.26, and
+0.39 V, respectively. When the scan rates are varied from
0.02 to 1.00 V s�1, the current ratio ipc/ipa is constantly equal
to 1, the current function ipa/v


1/2 remains constant, and the
peak-to-peak separation does not depart appreciably from
the value of 59 mV theoretically expected for an electro-
chemically reversible one-electron process. Thus, any possi-
ble structural reorganizations accompanying iron oxidation
in 4, 10, and 12 must be fast and reversible. Introduction of
BMe2 substituents into the ferrocene core increases the oxi-
dation potential of the central iron atom. This anodic shift,
which is apparently additive, can be attributed to the p-elec-
tron-withdrawing nature of three-coordinate boryl groups.
Addition of DMAP (1 equiv for 4, 2 equiv for 10) with sub-
sequent B�N adduct formation does not just neutralize this
effect, but leads to a cathodic shift of the FeII/FeIII redox
transition far beyond the half-wave potential of parent fer-
rocene [E8’(4 a)=�0.40 V (CH2Cl2), E8’(10 a)=�0.66 V
(CH2Cl2)].[5]


57Fe Mçssbauer spectroscopy (MS): As is true for all neutral
ferrocene-related compounds, the Mçssbauer spectra of 4,
4 a, 10, 10 a, and 12 consist of simple well-resolved doublets
that can be characterized in terms of their isomeric shift
(IS), quadrupole splitting (QS), and area under the reso-
nance curve (A). As a typical example the spectrum of 4 at
90 K is shown in Figure 11; MS parameters of all compounds
investigated are summarized in Table 2.


Compounds 4 and 4a : Similar to all other derivatives exam-
ined in this study, the IS of 4 (0.524�0.004 mm s�1 at 90 K)
is very similar to that of parent ferrocene (0.537�
0.001 mm s�1 at 90 K). In consonance with previous observa-
tions,[35–37] ring substitution of a B(CH3)2 group for a hydro-
gen atom has only a small effect on the s electron density at
the metal center. The effective vibrating mass[38] of the
metal atom Meff, calculated from the temperature depen-
dence of the IS, is 107 Dalton. The difference between this
value and the “bare” iron atom mass of 57 Dalton is a meas-
ure of the covalency of the iron–ligand interaction in these


Figure 10. Correlation between dip angle a* and the boryl substituents of
selected derivatives [FcB(R1)(R2)].
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ferrocenoids. The temperature dependence of lnA, which
can be related to the mean-square amplitude of vibration
hx2i of the iron atom, is a linear function over the tempera-
ture range of 86–273 K. From the temperature dependence
of the IS and lnA we calculate a Mçssbauer lattice tempera-
ture[38] qM of 87 K. The iron atom in 4 exhibits only a small
vibrational anisotropy in the crystalline phase, in conso-
nance with the ORTEP representation in Figure 2. The QS
of 4 (2.309�0.004 mm s�1 at 90 K) is significantly smaller
than that of ferrocene (2.418 mm s�1 at 90 K). The relation-
ship between the QS of ferrocene derivatives and the elec-
tron-withdrawing properties of the ring substituents has
been discussed in detail previously.[39–41] We note an interest-
ing observation connected to the QS parameter. When the
sample, which had originally been cooled rapidly from room
temperature to 78 K, is examined in a warming mode, the
QS has a value of about 2.21 mms�1 and is essentially tem-
perature-independent up to 200 K. Above this temperature,
the QS rapidly rises to 2.27–2.31 mm s�1 and remains at this
higher value even if the sample is subsequently cooled back
to 90 K. This sequence is summarized graphically in
Figure 12. When this sample is warmed to about 310 K for
periods of up to 60 min, cooled, and then re-examined, a
higher QS value of about 2.31 mm s�1 is observed, essentially
independent of temperature. To explain these findings we
note that for glove-box transfer (vide infra) the sample had
been warmed above its melting point. Upon rapid cooling it
first sets to a supercooled liquid at 78 K, which is then an-
nealed to the crystalline state upon slow warming to 210 K.


Somewhat counterintuitively, the QS parameter observed
for 4a (2.344�0.003 mms�1) is rather similar to the value mea-
sured for 4, even though a pronounced difference of 0.49 V is
observed in the redox potentials of the two compounds (4:
E8’=++0.09 V, 4a: E8’=�0.40 V). In the case of solid 4a, MS
spectra were acquired up to 340 K. Such measurements were
not possible for free 4 due to its lower melting point. The high-
temperature spectra of 4a revealed a marked deviation from
linearity in the ln f plot, especially for temperatures above
250 K, as is also observed in the corresponding data for 4 (cf.
discussion for 10/10a below). This nonlinearity presumably
arises from the onset (upon warming) of additional vibrational
modes of the iron atom, associated with the onset of ring rota-
tion in the monoborylated species.


Compounds 10 and 10a : The
MS parameters of 10 and 10 a
are summarized in Table 2. The
Meff of iron is about 22 % larger
in 10 than the Meff calculated
for monoborylated 4. However,
qM is 23 % lower in 10 relative
to 4, consistent with the obser-
vation that 10 is a liquid at
room temperature, while 4 is a
semisolid. The QS parameter is


significantly smaller for 10 relative to 4, presumably due to
the presence of two rather than one electron-withdrawing
boryl substituents. The vibrational anisotropy observed for
the iron atom in 10 is illustrated in Figure 13. Especially at
higher temperatures, the Mçssbauer spectra show a temper-
ature-dependent intensity ratio R, which is related to the
change in the motional anisotropy [k2hx2


ki�k2hx2
?i] of the


iron atom.[42] On the other hand, the recoil-free fraction f is


Figure 11. 57Fe Mçssbauer spectrum of 4 at 90 K. The velocity scale is
with respect to the centroid of a room-temperature a-Fe spectrum.


Table 2. Mçssbauer parameters for 4, 4a, 10, 10 a, and 12. Values in parentheses are estimated errors in the
last significant figure(s).


4 4 a 10 10a 12


IS(90) [mm s�1] 0.524(4) 0.515(3) 0.528(4) 0.520(4) 0.546(4)
QS(90) [mm s�1] 2.309(4) 2.344(3) 2.082(4) 2.339(4) 1.891(4)
�d(IS)/dT [mm s�1 K�1 � 10�4] 3.91(15) 4.75(37) 3.17(41) 3.17(6) 4.02(11)
�d(lnA)/dT [K�1 � 10�3] 9.57(5) 5.42(14) 12.9(3) 11.1(1) 7.94(17)
Meff [Dalton] 107(10) 130(12) 131(13) 131(13) 104(1)
qM [K] 87 105 68 73 97
vibrational anisotropy small small above ca. 180 K small moderate


Figure 12. Temperature dependence of the QS parameter of 4. The origi-
nal sample was rapidly quenched from room temperature to 78 K. Data
for the initial warming regime are indicated by open circles and the se-
quence by arrows. A second warming data set is represented by the filled
and half-filled circles. These data are considered identical within experi-
mental error. The low QS values are ascribed to a supercooled liquid
phase which converts to the stable crystallographic phase at about 200 K
(see text).
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related to the average square of the motional amplitude by
the relation f= exp(�k2hx2i), in which k is the wave vector
of the 14.4 keV radiation. Thus, from R and f it is possible
to calculate mean-square amplitude of vibration parallel and
perpendicular to the molecular symmetry axis, assuming
that k2hx2


avi=1/3 k2hx2
ki+2/3 k2hx2


?i (cf. Figure 13). Below
170 K the difference between [hx2


?i]1/2 and [hx2
ki]1/2 is small,


but it becomes appreciable at higher temperatures (e.g.,
0.12 � at 190 K, and 0.16 � at 210 K). Moreover, as illus-
trated in Figure 13, this anisotropy is a reflection of the
larger [hx2


?i]1/2 term relative to [hx2
ki]1/2 at higher tempera-


tures. In contrast to the 4/4 a couple with rather similar QS
values, 10 a has a QS value 0.257 mm s�1 larger than that of
the free Lewis acid 10. As was true for 10 and 4, the vibra-
tional anisotropy of the iron atom is somewhat larger in 10 a
than in 4 a. As for 4 it was not possible to obtain Mçssbauer
spectra at temperatures above 230 K due to the liquid
nature of 10 at room temperature.


Compound 12 : Because this compound melts to a red liquid
just above room temperature, MS data were acquired only
in the range 86<T<273 K (Table 2), yet adequate tempera-
ture-dependent parameters could readily be extracted from
these measurements. The IS(T) plot is well fitted by a linear
regression (slope=�(4.02�0.11) � 10�4 mm s�1 K�1) with a
correlation coefficient of 0.997 for 13 data points. The corre-
sponding Meff is 104�1 Dalton. Likewise, the temperature
dependence of the recoil-free fraction is linear over the
whole temperature range. From these two slopes an effec-
tive lattice temperature as “seen” by the iron atom of qM =


97 K can be extracted. Moreover, data acquired in a warm-
ing/cooling cycle (between 90 and 273 K) show the MS hy-
perfine parameters to be completely reversible. A moderate
vibrational anisotropy is evident in the MS data; however,
because of the limitations in the accessible temperature
range we refrain from translating this into a quantitative
measure[43] of the vibrational amplitudes parallel and per-
pendicular to the major symmetry axis passing through the


metal atom. The magnitude of the QS parameter of 12
(1.891�0.004 mm s�1 at 90 K) is the smallest observed for
the dimethylboryl complexes examined in this study. An in-
vestigation of the hypothetical DMAP tetraadduct 12 a
would be desirable. Unfortunately we found this compound
experimentally inaccessible, because the ferrocene backbone
of 12 decomposed upon addition of 4 equiv of DMAP, as in-
dicated by NMR spectroscopy.


Quantum chemical calculations : We commence the theoreti-
cal part of the present study by a calibration of quantum
chemical methods for the description of molecular geome-
tries and donor–acceptor binding energies for the present
class of compounds. The results of these systematic bench-
marks and a detailed discussion are provided as Supporting
Information. In summary, notwithstanding some problems in
the description of B�N bond strengths, which strike all func-
tionals tested more or less equally and for which no cure is
evident at present, we found that the BP86/TZVP level in
combination with the Ahlrichs TZVP-J Coulomb fit basis is
a computationally efficient level of theory that performs
very well in predicting the structures of borylated ferro-
cenes. All results reported below were obtained at this level
of density functional theory by using its highly efficient im-
plementation in the TURBO-
MOLE program. The theoreti-
cal strategies employed in the
present study are detailed
below (see Experimental Sec-
tion and Computational Meth-
ods). Figure 14 illustrates key
geometric parameters discussed
in the following.


Computed redox potentials—
correlation with cyclic voltam-
metric and 57Fe Mçssbauer data :
As a qualitative approximation
to assess the results from the
cyclic voltammetric experi-
ments by quantum chemical
means, we computed the adia-
batic ionization potentials at
the BP86/TZVP/RI(TZVP-J) level employing the COSMO
continuum model (solvent dichloromethane, dielectric con-
stant at room temperature e=8.93). For parent ferrocene
we compute an adiabatic ionization energy (IE) of 5.14 eV,
which is used as reference in the following discussion. Intro-
duction of BMe2 substituents into the ferrocene core leads
to an increase in the corresponding computed DIE (data rel-
ative to FcH=0.00 eV: 4 0.15 eV, 10 0.24 eV, 12 0.39 eV; see
Table 3). We assign this effect, which is also reproducible
with other substituents BRR’ (R, R’=Me, F, Cl, Br, I, OH;
see Table 3), to the p-electron-withdrawing nature of the
three-coordinate boron atom. The only exception is
FcB(NH2)2, for which we find an IE of �0.09 eV relative to
FcH. Here, the electron deficiency of the boron atom is evi-


Figure 13. The k2hx2i parameter as a function of temperature for 10, as
discussed in the text. The filled circles are the average values determined
from the recoil-free fraction data. The triangles reflect the motion per-
pendicular to the local symmetry axis, and the stars that parallel to this
axis.


Figure 14. Illustration of geo-
metric parameters discussed in
the text, given for the example
of 1 and referred to in the
Supporting Information.
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dently already fully compensated by the two p-electron-do-
nating NH2 groups. This interpretation is in line with the
fact that we find in neutral [FcB(NH2)2] only a minute dip
angle a*=1.58 and an almost planar B(NH2)2 moiety, which
is tilted by 248 out of the plane of the adjacent Cp ring.
Hence, it appears that the above-mentioned corresponding
properties of the 1,1’-[fc{B(NiPr2)2}2] derivative are not only
caused by steric bulk, but rather are a consequence of effi-
cient N!B p donation. The higher IE of 4 agrees nicely
with the experimental observation of an anodic shift of its
redox potential (E0’=++0.09 V) relative to the FcH refer-
ence. As stated above the QS of ferrocenes in Mçssbauer
spectroscopy becomes smaller upon substitution by elec-
tron-withdrawing groups. The QS value of 4 (�0.109 mm s�1


at 90 K vs FcH) thus correlates both with the calculated
DIE and the anodically shifted redox potential. Considering
also the di- and tetraborylated derivatives, common trends
become apparent 1) for redox potentials, which are shifted
to more positive values along the series FcH (E0’=0.00 V),
4 (E0’=++ 0.09 V), 10 (E0’=++0.26 V), and 12 (E0’=
+0.39 V), and 2) for the quadrupole splittings, which show a
corresponding decrease (Figure 15) from FcH (QS =


2.418 mm s�1) to 4 (QS =2.309 mm s�1), 10 (QS=


2.082 mm s�1), and 12 (QS =1.891 mm s�1). Adduct forma-
tion of 4 and 10 with DMAP leads to a cathodic shift of the
redox potentials of 4 a (E0’=�0.40 V vs FcH/FcH+ or E0’=
�0.49 V vs 4/4+) and 10 a (E0’=�0.66 V vs FcH/FcH+ or
E0’=�0.92 V vs 10/10+). This trend is well reproduced by
the calculated DIEs (4 a : �0.43 eV vs FcH/FcH+ or
�0.58 eV vs 4/4+ ; 10 a : �0.60 vs FcH/FcH+ or �0.84 eV vs
10/10+). Even though it has experimentally been established
that electron-donating substituents at FcH cause an increase


in the QS relative to ferrocene,[40] the Mçssbauer data ob-
tained here for 4 a (QS =2.344 mm s�1) and 10 a (QS=


2.339 mm s�1) do not show any significant differences to FcH
(QS= 2.418 mm s�1).


As a means to understand the trends observed in the pres-
ent Mçssbauer measurements we used the qualitative Equa-
tion (1) established by Silver et al.,[39,40] which relates the
quadrupole splitting of iron sandwich compounds to the iron
3d orbital population.


QS � 2p2�p1 ð1Þ


Given an orientation of the Fe�COG bond in (substi-
tuted) ferrocenes along the z axis, p1 represents the collec-
tive electron population of the 3dxz and 3dyz orbitals, and p2


that of the 3dx2�y2 and 3dxy orbitals. Essentially, an increase
in p1 corresponds to stronger p donation from the Cp li-
gands to the metal, which gives rise to negative contribu-
tions to QS, whereas a larger p2 value indicates weaker d


backbonding from the metal to the ligand (i.e., more density
remains at the iron atom), which leads to positive QS contri-
butions with twice the magnitude relative to p1.


[44] Both p1


and p2 are sensitive to substitution at the Cp rings, whereas
other iron valence orbitals (3dz2, 4s, and 4p) are considered
to provide only negligible contributions to the QS.[39,40]


Comparison of pFcH
1 and pFcH


2 obtained for FcH with the p1


and p2 populations in substituted ferrocenes leads to an ex-
pression for the corresponding changes in the QS according
to Equation (2).


DQS � Dp ¼ 2ðp2�pFcH
2 Þ�ðp1�pFcH


1 Þ ð2Þ


To allow for a consistent comparison of iron d orbital oc-
cupations, we oriented all optimized structures from the
TURBOMOLE BP86/TZVP/RI(TZVP-J)+COSMO calcu-
lations of the neutral species considered in the following by
coordinate transformation in the same way (iron at the
origin, Fe�COG along the z axis, Cipso in the yz plane) and
performed BP86/TZVP single-point calculations to obtain
the orbital populations by means of natural population anal-
ysis (NPA), as implemented in the Gaussian program.[45,46]


Table 3. Adiabatic ionization energies (IE) computed from total energy
differences obtained at the BP86/TZVP/RI(TZVP-J)+COSMO(CH2Cl2,
e =8.93) level of density functional theory for substituted ferrocenes
FcR. All calculations were performed without molecular symmetry (C1).
Experimental redox potentials (see text): 4 : 0.09 V, 4 a : �0.40 V, 10 :
0.26 V, 10a : �0.66 V, 12 : 0.39 V (in CH2Cl2 vs FcH/FcH+).


Species IE DIE
(Fc/Fc+)


a* (neutral/ion) [8]


[eV] [eV]


[FcH] 5.14 0.00
[FcBH2] (1) 5.48 0.34 25.1/5.0
[FcBMe2] (4) 5.29 0.15 13.2/3.6
[FcB(Me)Br] (3) 5.42 0.28 12.1/3.3
[FcB(Me)(OH)] (5) 5.19 0.05 6.1/2.2
[FcBF2] 5.45 0.31 10.5/2.8
[FcBCl2] 5.52 0.38 11.9/3.0
[FcBBr2] (2) 5.54 0.40 13.2/3.6
[FcBI2] 5.52 0.38 14.4/1.1
1,1’-[fc(BMe2)2] (10) 5.38 0.24 10.7, 10.2/2.3, 2.1
1,1’,3,3’-[fc(BMe2)4] (12) 5.53 0.39 (6.3, 3.9)U (6.1, 3.5)L/


(1.4, 0.8)U (1.2, 0.9)L
[a]


[FcB(NH2)2] 5.05 �0.09 1.5/0.7
[Fc(BH2�pyridine)] 4.83 �0.31 0.1/2.7
[Fc(BMe2�DMAP)] (4 a)[b] 4.71 �0.43 �3.2/0.0
1,1’-[fc(BMe2�DMAP)2] (10a) 4.54 �0.60 �2.2, �2.3/�0.4, �0.6


[a] a* values grouped in parentheses refer to upper and lower Cp rings,
respectively. [b] Data for the perpendicular conformer (see text). DIE for
the collinear conformer is �0.38 eV.


Figure 15. Variation of the quadrupole splitting [mm s�1] at 90 K with the
number of trimethylboron groups attached to the ferrocene backbones in
compounds 4, 10, and 12. The data point for n=0 is for parent ferrocene.


Chem. Eur. J. 2005, 11, 584 – 603 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 593


FULL PAPERFerrocenylboranes



www.chemeurj.org





We note in passing that populations obtained from a Mullik-
en analysis gave nearly identical results for Dp. The results
obtained for Dp according to Equation (2) are listed in
Table 4. Although it is evident that no unique proportionali-
ty factor connects the computed Dp values with the experi-
mental QS data, the theoretical results qualitatively repro-
duce all experimentally observed trends when scaled uni-
formly by a factor of 2.052, obtained as the Dp/QS quotient
for parent ferrocene. In line with the trend observed for
measured QS values, successively smaller Dpscaled values are
found on going from FcH, 4, 10, to 12. Also the counterin-
tuitive finding mentioned above that the QS parameters for
4 and 4 a are rather similar (DQS= 0.035 mm s�1), while the
redox potentials differ by 0.49 V, is well reproduced by
theory (DDpscaled = 0.037 and DDIE= 0.58 eV). Further, for
the 4 a/10 a couple we find an identical Dpscaled of 2.408 and a
difference in DIE of 0.17 eV, which nicely fits the experi-
mental findings (DQS=0.005 mm s�1 and a difference in
redox potential of 0.26 V).


The opposite trends visible in the computed populations
p1 and p2 (Table 4) allow for a qualitative interpretation of
the binding situations in borylated ferrocenes: With increas-
ing number of electron-withdrawing boryl substituents in
the series FcH, 4, 10, 12, the electron-acceptor capability of
the Cp rings is gradually increased. Accordingly, in this
series iron!Cp d backbonding becomes stronger, as clearly
indicated by the decreasing p2 population. By the same
token, the degree of Cp!iron p donation increases, which
is reflected in the gradually increasing p1 populations. The
increase in p1, however, amounts to merely one-third of the
decrease in p2. Thus, the changes in the electronic environ-
ment about iron visible in the QS values in this series are a
consequence of a gradual improvement in d backdonation.
The improvements in p donation are significantly less pro-
nounced.


Selected charges obtained from an NPA on neutral and
ionized FcH, 1, and the pyridine adduct 1 a are listed in
Table 5. For the parent ferrocene, the removal of one elec-
tron leads to an increase of positive charge at the iron atom
by about half an electron (0.45e), and the group charges on
both Cp rings increase uniformly by 0.28 e. Upon ionization
of 1 the charge at iron increases by 0.43 e and that of the un-
substituted CpU ring by 0.22 e. The substituted CpS ring con-
tributes only 0.14 e, and, significantly, 0.19 e are removed
from the boron atom. This picture changes in the presence
of a coordinating pyridine group (1 a): while the charge on


iron is again increased by 0.44 e, both Cp rings now contrib-
ute uniformly 0.23 e to the ionization, whereas only negligi-
ble changes occur for the charge at the boron atom. The
pyridine group apparently compensates the higher charge
deficiency at boron in the ion, as documented by its in-
creased charge after ionization (by 0.09 e). Apparently, it is
possible to decouple the boron atom quite efficiently from
the ionization process by coordination with an N-donor
base. The fact that the ionization potential of [FcB(NH2)2] is
very similar to that of parent ferrocene indicates that the
same effect can also be accomplished by appropriate choice
of the donor substituents at boron to efficiently compensate
the electron deficiency at boron. The similarities in the com-
puted charge distribution in neutral and cationic 1 a and
FcH, respectively, indicate that such decoupling essentially
leads to species with electronic (and electrochemical) prop-
erties very similar to parent ferrocene. This view is support-
ed by the observed similarities in the QS for neutral FcH,
4 a, and 10 a. In this context, we attribute the finding of
much lower ionization potentials compared to ferrocene or
[FcB(NH2)2] for the N-donor-substituted species 1 a, 4 a, and
10 a to the better distribution of charge over the entire,
larger molecule. For all three species investigated, ionization
leads to the removal of about half an electron from the iron
atom, which is the largest observed change in charge distri-
butions and quite independent of the presence of substitu-
ents or N-donor groups. We consider the substantial de-
crease in bending upon ionization observed for all relevant
species (see Table 3) a consequence of the constantly in-


Table 4. Correlation of the d orbital population at iron in substituted ferrocenes from natural population analyses and the experimentally determined
quadrupole splitting (see text).


a1’(dz2) e1’’(dxz) e1’’(dyz) e2’’(dx2�y2) e2’’(dxy) p1 p2 Dp[a] Dpscaled
[b] QS


FcH 1.960 1.049 1.049 1.765 1.765 2.098 3.530 4.962 2.418 2.418
4 1.951 1.061 1.060 1.714 1.779 2.121 3.493 4.865 2.371 2.309
10 1.950 1.070 1.062 1.725 1.738 2.132 3.463 4.794 2.336 2.082
12 1.946 1.066 1.074 1.692 1.728 2.140 3.420 4.701 2.291 1.891
4a 1.959 1.048 1.057 1.767 1.756 2.105 3.523 4.942 2.408 2.344
10a 1.963 1.048 1.054 1.762 1.760 2.102 3.522 4.942 2.408 2.339


[a] Data computed according to Equation (2). [b] Proportionality factor 2.052 obtained as Dp/QS for parent ferrocene.


Table 5. Charges derived from NPA analysis of neutral and ionized FcH,
1, and 1 a. The analysis was performed with the NBO routines imple-
mented in Gaussian 03 at the BP86/TZVP level on optimized geometries
obtained at the BP86/TZVP/RI(TZVP-J)+COSMO(CH2Cl2, e =8.93)
level with the program TURBOMOLE.


q(Fe) q(CpU)[a] q(CpS)
[a] q(B) q(Py)[a]


FcH 0.18 �0.09 �0.09 – –
FcH+ 0.63 0.19 0.19 – –
Dq 0.45 0.28 0.28 – –
1 0.21 0.00 �0.31 0.21 –
1+ 0.64 0.22 �0.17 0.40 –
Dq 0.43 0.22 0.14 0.19 –
1a 0.20 �0.10 �0.35 �0.03 0.33
1a+ 0.64 0.13 �0.12 �0.06 0.42
Dq 0.44 0.23 0.23 �0.03 0.09


[a] Group charges (sum over charges of all constituting C and H atoms)
for the substituted (CpS) and unsubstituted (CpU) Cp ring systems.
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creased electron deficiency of the iron center in all ionized
species, so that the electron deficiency at boron cannot be
satisfied anymore by orbital or electrostatic interactions,
which lead to bending in the neutral compounds (see
below). We conclude from this section that, in the presence
of a coordinating N-donor group, the boron atom does not
contribute to the redistribution of charge in ionization pro-
cesses, while its electron deficiency controls the ionization
potential of substituted ferrocenes.


Analysis of the nature of bending in borylated ferrocenes : As
a tentative explanation for the out-of-plane bending ob-
served in borylated ferrocenes [FcBX2], direct iron–boron
interactions have been proposed, but previous experimental
and theoretical work has been inconclusive in this respect.[47]


To gain deeper insight into the nature of these hypothetical
interactions, we performed a Bader analysis of the electron
density topology for the model complex [FcBH2] (1).
Figure 16 shows the Laplacian of the electron density distri-


bution in the Fe-Cipso-B plane. Despite careful searching, no
bond critical point between iron and boron was identified.
In fact, the analysis unambiguously reveals that there is no
common zero flux surface joining the iron and boron atomic
basins. In other words, according to the quantum theory of
atoms in molecules, there is no sign of covalent iron–boron
bonding in 1.


To identify potential alternatives for understanding the
nature of the experimental findings one must first assess the
scale of the energetic consequences of the out-of-plane
bending. To this end we performed relaxed potential energy
scans for the bending in [FcBH2] (1), and in the two frag-
ments [Fe(CpBH2)]+ and [CpBH2]


� . In these calculations
we incrementally varied the bending angle Fe-Cipso-B, which
corresponds to a systematic variation of the dip angle a*.
The potential-energy curves obtained are shown in
Figure 17. For the bending potential of the [CpBH2]


� frag-
ment, we first note a rather shallow potential for the varia-
tion of a*. In line with a low Cp�BH2 out-of-plane bending


frequency (239 cm�1), a deviation of 308 from the planar
equilibrium geometry raises the energy by merely
4.5 kcal mol�1. An even shallower potential results for the
bending motion in [Fe(CpBH2)]+ (Figure 17). Its minimum
structure exhibits a significant dip angle a* of 7.58, but it is
stabilized by only 0.2 kcal mol�1 with respect to the planar
geometry. Correspondingly, an a* of +308 leads to a very
small energy increase of 2.0 kcal mol�1, and the associated
out-of-plane bending frequency is significantly lowered
(130 cm�1). Also for 1 an equally weak bending potential re-
sults (Figure 17). In the optimized minimum structure, the
boryl group is now bent substantially towards the iron
center by about 258. The energy difference to the planar
structure, however, is again only 2.0 kcal mol�1. Frequency
analysis on minimum 1 gave 106 cm�1 for the out-of-plane
bending vibration. Starting from the minimum, a further in-
crease of a* leads to a somewhat steeper repulsive potential
than in [Fe(CpBH2)]+ due to the presence of the second
Cp� ring. However, even the heavily distorted structure
at the end of the scan (a* =508, Fe�B 2.240 �) is just
8 kcal mol�1 higher in energy. Taken together, from this sub-
section it becomes immediately clear that the energetic ef-
fects underlying the experimentally observed deviations
from planarity for the borylated ferrocenes under study are
of rather small magnitude.


To further understand the changes in electronic structure
accompanying bending, we performed NPAs for several
points along the scan of 1 (Table 6). According to the NPA
a small amount of charge is transferred onto the BH2 group
as it is bent towards the iron atom, for example, 0.09 e in the
minimum structure (a*= 268) and 0.22 e at the limit of the
scan (a*=458). This charge stems mainly from the Cipso


atom and the unsubstituted Cp ring, which donates up to
0.1 e to the boron group. The iron atom is hardly involved at
all in the overall charge redistribution, which is in line with
the finding of rather constant IS values in the Mçssbauer
spectra of FcH and 4 presented above. Thus, bending results


Figure 16. Laplacian of the electron density, zero-flux surface sections,
and bond paths in the Fe-Cipso-B plane of the model complex FcBH2 (1)
obtained from BP86/TZVP calculations.


Figure 17. BP86/TZ2P (ADF) relaxed potential energy scan of the bend-
ing angle a* in [CpBH2]


� , [Fe(CpBH2)], and [FcBH2] (1).
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essentially in a polarization of charge within the Cp�BH2


moiety.
Some degree of iron–boron interaction can be identified


in a Wiberg bond-order analysis:[48] The Fe�B bond order
increases from 0.12 (planar structure) to 0.18 in the mini-
mum structure to 0.22 at the limit of a*=458. To put this
result into perspective we note that the Fe�Cipso bond order
is somewhat larger (0.28), but remains constant upon bend-
ing. According to these results, the iron–boron interaction in
the minimum structure amounts to about two-thirds of the
iron–carbon interaction. Indeed, similar findings in the con-
text of Mayer bond orders led Appel et al. to propose a
direct iron–boron bonding interaction.[22] In the analysis of
natural bond orbitals (NBOs), however, we do not find any
particular orbital corresponding to a direct Fe�B bond. In-
stead, after involving an orbital localization procedure based
on NBOs, the only significant interaction of these two atoms
is found in a three-center natural localized molecular orbital
(NLMO) distributed over Fe, Cipso, and B (Figure 18). Note,


however, that we found in additional calculations that the
use of different methods or basis sets results in somewhat
different orbital compositions, which clearly indicates some
ambiguity in the concept of orbital localizations within the
NBO framework. Hence, notwithstanding the intuitively ap-
pealing outcome, this result cannot be seen as a rigorous
basis for interpretation of the binding situation. All in all,
also in view of our findings arising from the Bader analysis,


we refrain from correlating the NBO results with direct co-
valent iron–boron bonding at this point. The bonding situa-
tion appears to be better described as a strongly delocalized,
multicenter bonding interaction involving Fe, Cipso, and B of
the Cp�BH2 moiety.


A comparison of canonical Kohn–Sham molecular orbitals
of the parent ferrocene with those of its borylated derivative
1 reveals some interesting trends in the energetic ordering.
Figure 19 shows a qualitative correlation of valence orbitals


Table 6. NPA analyses of several points along the angle bending scan of 1 (BP86/TZVP). Charge differences relative to the planar structure are given.


a* 458 408 358 318 268 218 168 128 78 28 q[b]


Cp[a] 0.10 0.08 0.06 0.05 0.03 0.02 0.01 0.01 0.00 0.00 0.00
CpBH2


[a] �0.04 �0.03 �0.03 �0.02 �0.02 �0.01 �0.01 �0.01 0.00 0.00 �0.21
Cipso 0.15 0.12 0.10 0.08 0.06 0.05 0.03 0.02 0.01 0.00 �0.37
BH2


[a] �0.22 �0.18 �0.15 �0.12 �0.09 �0.07 �0.05 �0.03 �0.01 0.00 0.10
Fe �0.06 �0.05 �0.03 �0.02 �0.02 �0.01 �0.01 0.00 0.00 0.00 0.21


[a] Charge differences based on group charges given as the sum of charges of all constituting atoms. [b] Total charges obtained for the minimum struc-
ture.


Figure 18. Three-center bonding NLMO involving Fe, Cipso, and B ob-
tained from an NBO analysis for the model complex 1.


Figure 19. Correlation diagram for selected MOs in ferrocene (Cs repre-
sentation of the D5h-symmetric MOs of ferrocene, left) and 1 (right).
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in the D5h symmetric minimum structure of ferrocene with
those of 1, for which Cs symmetry was enforced to facilitate
the analysis. Apart from a general energetic lowering of the
orbitals in 1 induced by the presence of the boryl group, we
note an additional stabilization of all a’ relative to a’’ va-
lence orbitals. In 1, the formally unoccupied px orbital at
boron (i.e., the p orbital perpendicular to the plane of the
adjacent Cp ring) and the Cipso�B bond orbital are symmet-
ric with respect to the molecular mirror plane and thus of a’
symmetry. In particular the HOMO�2 a’ orbital experiences
a strong stabilization, which can be attributed to a construc-
tive interaction of the dxy orbital at iron with the px orbitals
making up the local p bond between Cipso and B. Similar in-
teractions can be identified for the a’ symmetric orbitals
HOMO�1 and HOMO�6. Notably, the unsubstituted Cp
ring participates significantly in the Aufbau of the
HOMO�4 orbital (Figure 20), such that in principle a direct


constructive interaction between the formally empty px orbi-
tal at boron with the C0ipso center of the unsubstituted Cp
ring is involved. Here, the iron contributes only a small
amount of antibonding 4p character. From Figure 19 it be-
comes clear that this through-space type of interaction in 1
arises as a mere consequence of the orbital structure of
parent ferrocene, in which a similar type of delocalized in-
teraction is present in the corresponding a’-symmetric orbi-
tals. In HOMO�4 and HOMO�6 of 1 this delocalization is
visibly extended to involve the boryl p system. This picture
lends weight to the interpretation of strongly delocalized or-
bital interactions being responsible for the bending in bory-
lated ferrocenes. The only localized direct iron–boron inter-
action is visible in HOMO�2, with only minor contributions
of the boron px orbital.


A Walsh diagram illustrating the changes in MO energies
upon systematic variations of a* in 1 is shown in Figure 21.
Consistent with the discussion above, we note a much stron-
ger dependence on a* for the symmetric a’ orbitals than for
a’’ orbitals. These effects are particularly prominent for the
HOMO�2 orbital, which is strongly stabilized upon bend-


ing. The HOMO�8 orbital, on the other hand, experiences
a similarly strong destabilization with increasing a*. While
these two orbitals dominate the picture for the a*=508
limit of the scan, the stabilization of the HOMO�6 orbital
is equally strong as that of HOMO�2 in the minimum struc-
ture (a*=268). In summary, the qualitative picture arising
from this analysis intuitively renders these two orbitals the
root of attractive interactions responsible for the observed
bending. This stabilization is evidently counterbalanced by
the destabilization of the Cipso�B s-bonding orbital
(HOMO�8) upon bending.


As an extension of these qualitative arguments, which are
essentially based on an orbital overlap picture, we per-
formed an energy partitioning analysis (EPA) as implement-
ed in the ADF program. For this analysis we divided 1 into
the fragments [FeCp]+ and [CpBH2]


� . Both are treated as
singlet states and the analysis was performed under Cs sym-
metry constraints. The changes in the relative energy contri-
butions upon systematic variations of a* shown in Figure 22
clearly reveal that stabilizing orbital contributions to the
bending arise from the a’ set of orbitals, while a’’ contribu-
tions remain essentially constant and thus cannot be respon-
sible as a driving force for bending. This is in agreement
with the qualitative conclusions drawn above from the
Walsh diagram. A similarly strong contribution originates in
the electrostatic term EELSTAT. Destabilizing contributions
stem from the Pauli energy term EPAULI and from the prepa-
ration energy. The latter term arises almost completely from
distortion of the [CpBH2]


� fragment in the complex. From
this analysis we conclude that the driving force for bending
is rooted in the stabilization of a’ orbitals as well as in signif-
icantly enhanced electrostatic interactions.


Figure 20. Molden[114] plots of selected valence MOs for 1.


Figure 21. Walsh diagram illustrating the changes in MO energies upon
systematic variation of a* in 1 (obtained at the BP86/TZ2P level). See
Figures 5 and 6 for the numbering scheme of orbitals.
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To assess the energetic contributions of the second Cp
ring to the bending potential, we also performed a corre-
sponding energy partitioning analysis for the [FeCpBH2]


+


subunit, which was divided into CpBH2
� and Fe2+ . For the


latter fragment, the closed shell (dz2)2, (dx2�y2)2, and (dxz)
2 ref-


erence electron configuration was employed, which consti-
tutes a highly excited state for the bare Fe2+ ion, but serves
here as a reasonable valence state of Fe2+ in the
[FeCpBH2]


+ complex to obtain relative EPA energy contri-
butions during a scan of a*. For the evaluation of the prepa-
ration energy term EPREP, however, the correct 3d6 (5D) con-
figuration was employed.[49] The results are shown in
Figure 22. Interestingly, we find entirely different trends for
the respective energy components compared to 1. Most
strikingly, the differential EELSTAT contributions here do not
add to the stabilizing factors of the bending. In fact, in sharp
contrast to our findings for 1, up to a*= 308 the differential
Pauli contributions are the only stabilizing factor. From
a*= 358 onwards the DEORB(a’) term is strongly stabilizing,
the EPAULI term becomes destabilizing, whereas DEORB(a’’)
and EELSTAT show only negligible contributions. The EPREP


term is destabilizing along the entire scan. While the reasons
for the pronounced qualitative differences in the EPA re-
sults for 1 and its [FeCpBH2]


+ subunit are hard to rational-
ize (this is particularly true for the peculiar shape of the
EPAULI curve), we note that the overall differential contribu-
tions of all constituent energy terms are less than
5 kcal mol�1 for the range of a*=0–308 and are thus of lim-
ited importance. On the basis of these analyses, however, we
feel safe to state that the second Cp ring in 1 contributes sig-
nificant electrostatic factors favoring bending of the boryl
substituent.


In the overall picture arising from our analysis, the bend-
ing cannot be understood in terms of direct bonding interac-
tions involving the boryl group and the iron center; on the
basis of a Bader electron topology analysis we can safely ex-
clude such a direct bond. Based on in-depth investigations
on our computational model for borylated ferrocene 1, our
analysis rather indicates that the bending is rooted in several
contributions. We identified two apparently cooperative fac-
tors giving rise to bending in this class of organometallic
compounds: Two MOs of a’ symmetry (HOMO�2 and
HOMO�6) experience a substantial lowering of energy
upon bending. These orbitals represent covalent contribu-
tions to bending involving 1) a strongly delocalized interac-
tion of both Cp rings, which is effectively mediated by the
dxy orbital at iron (HOMO�6); and 2) a rather localized in-
teraction of the dx2�y2 orbital at iron and the Cipso�B p


system (HOMO�2). Both orbitals, however, are already
present in parent ferrocene and contain only limited contri-
butions from the formally empty px orbital of the boron sub-
stituent. The most significant interaction involving the
boron px orbital as part of the Cipso�B p system is present in
HOMO�4, which represents a delocalized through-space in-
teraction with the second Cp ring without involvement of
iron orbitals; a minor contribution of the iron 4py orbital to
this MO is antibonding in nature. HOMO�4, however, does
not experience any significant energy lowering with increas-
ing dip angle a* and is therefore unlikely to be the origin of
the observed bending. As a second and, according to the
EPA, equally important factor we identified electrostatic in-
teractions, which are enhanced substantially upon bending.
These interactions depend essentially on the presence of a
second Cp ring. Contrary to chemical intuition, NPA analy-


Figure 22. Differential changes in energy contributions from the energy partitioning analysis (EPA) upon variation of a* in 1 (left) and [FeCpBH2]
+


(right) based on BP86/TZ2P results.
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ses indicate that bending is not accompanied (or caused) by
any significant charge transfer from the metal to the elec-
tron-deficient boron center. Instead, a reorganization of
charge within the CpBH2


� moiety is observed which leads to
a flow of charge from the Cipso center to the BH2 group. The
NPA results indicate a constant electron density about the
iron center which is unaffected by the electronic situation of
the boryl substituent. This picture is in line with the IS
values measured in our Mçssbauer study on the present set
of compounds bearing one, two, or four BMe2 groups.


Conclusion


This paper presents a joint crystallographic, electrochemical,
and Mçssbauer spectroscopic study on selected derivatives
of mono-, di-, and tetraborylated ferrocenes [FcB(R1)(R2)],
1,1’-[fc{B(R1)(R2)}2] (R1, R2 =Br, Me, OH, OMe), and
1,1’,3,3’-[Fe{C5H3(BMe2)2}2]. The results obtained are put
face-to-face with detailed DFT calculations, which include
the hypothetical parent compound [FcBH2], even though it
is not experimentally accessible. As a common feature of all
molecular structures investigated, the three-coordinate boryl
substituents are bent out of the plane of the adjacent cyclo-
pentadienyl ring towards the iron atom. For a quantitative
assessment of ligand bending we used the dip angle a*=


1808�a, where a is defined as the angle COG-Cipso-B
(COG: geometric center of the Cp carbon atoms). As a gen-
eral rule, a* tends to decrease with decreasing Lewis acidity
of the boron atom, as well as with increasing degree of bor-
ylation at the ferrocene core. A similar structural motif is
also clearly visible in all structures obtained from quantum
chemical calculations, even though we do not always find a
full quantitative agreement between theory and experiment.
Nevertheless, the systematic trend in a* values as a function
of the Lewis acidity of the boryl groups is well reproduced
by density functional calculations. This leads to the conclu-
sion that ligand bending is not merely an artifact of crystal
packing, but is rooted in the electronic structure of the indi-
vidual molecules. However, since the potential-energy sur-
face associated with changes in the dip angle is apparently
very shallow, solid-state effects may well have some non-
negligible influence on a*, which in turn may account for
the deviations between theory and experiment visible in the
quantitative description of the phenomenon.


At first, we hypothesized about Cp�B(R1)(R2) bending as
originating from a direct interaction between filled d-type
orbitals at iron and the empty p orbital at boron. However,
a Bader analysis of the electron density topology for the
model complex [FcBH2] (1), which exhibits a pronounced
bending of a*= 26.58 at the BP86/TZVP level, clearly shows
that there is no direct iron–boron bonding in 1. Further de-
tailed analysis rather reveals that two cooperative factors
exist that are responsible for ligand bending. We identified
several orbital interactions of delocalized nature that in-
volve the formally empty p orbital at the boryl substituent,
Cipso of the adjacent Cp ring, d orbitals at iron, and also a


significant through-space interaction with the second Cp
ring. As a second and, according to our analysis, equally im-
portant factor, we identified electrostatic interactions, which
are enhanced substantially upon bending and which depend
critically on the presence of the second Cp ring.


Apart from the structural features of ferrocenylboranes,
we are particularly interested in their electrochemical be-
havior and potential use for the development of novel elec-
tron-transfer reagents. Thus, the series [FcBMe2] (4, E0’=
+0.09 V vs FcH/FcH+), 1,1’-[fc(BMe2)2] (10, E0’=++0.26 V)
and 1,1’,3,3’-[Fe{C5H3(BMe2)2}2] (12, E0’=++ 0.39 V) was in-
vestigated by cyclic voltammetry. Our study reveals that the
introduction of BMe2 substituents into the ferrocene core in-
creases the oxidation potential of the central iron atom. This
anodic shift, which is apparently additive, can be attributed
to the p-electron-withdrawing nature of three-coordinate
boryl groups. Most importantly, the addition of 4-dimethyl-
aminopyridine (DMAP; 1 equiv for 4, 2 equivs for 10) with
subsequent B�N adduct formation does not just neutralize
this effect but leads to a cathodic shift of the FeII/FeIII redox
transition far beyond the half-wave potential of parent ferro-
cene [E8’(4 a)=�0.40 V, E8’(10 a)=�0.66 V vs FcH/FcH+].
It is noteworthy that the diadduct 10 a is as easy to oxidize
as decamethylferrocene, which is one of the most prominent
electron donors for the generation of organometallic charge-
transfer salts. Cyclic voltammetry was augmented by DFT
calculations, including solvent simulations, on the adiabatic
ionization energies (IEs) of 4, 10, 12, 4 a, and 10 a. In all
these cases we find an excellent correlation between the ex-
perimentally obtained E8’ values and the calculated IE data.


To get further insight into the charge-density flow within
the ferrocene backbone upon introduction of BMe2 or
BMe2�DMAP substituents, the series 4, 10, 12, 4 a, and 10 a
was also investigated by Mçssbauer spectroscopy. As expect-
ed, only negligible differences in the isomer shift (IS) of the
borylated species and parent ferrocene are observed. The
quadrupole splittings (QS), however, become significantly
smaller upon going from 4 (2.309(4) mm s�1) to 10
(2.082(4) mm s�1) and 12 (1.891(4) mm s�1). These results are
in agreement with previous findings which indicated that
electron-withdrawing substituents at ferrocene cause a de-
crease in QS. Electron-donating substituents, on the other
hand, tend to cause an increase in the quadrupole splitting
relative to ferrocene (QS=2.37 mms�1). In contrast to a
priori expectations, the QS values of 4 a (2.344(3) mm s1)
and 10 a (2.339(4) mm s�1) do not differ significantly from
that of ferrocene despite the low oxidation potentials and
ionization energies found for these B�N adducts. Based on
an empirical correlation between the d orbital populations
and the QS, we have rationalized the experimentally ob-
served trends in the QS data for these species in terms of
changes in the Cp�Fe bonding features of ferrocene result-
ing from different degrees of borylation. Furthermore, by
comparison with parent ferrocene, we found for the model
compounds 1 and the pyridine derivative 1 a that the ioniza-
tion process removes about half an electron from the iron
atom, which is the largest charge difference uniformly for all
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three species. Notably, the charge of the boron atom in
three-coordinate 1 is increased by 0.2 e upon ionization,
whereas no change is seen at boron after ionization of 1 a.
With this result, we interpret the experimentally observed
trends in the redox potentials as follows: for borylated ferro-
cenes such as 4, 10, and 12 the electron deficiency at the
three-coordinate boron center(s), which can be modulated
by choice of appropriate substituents at boron, leads to an
increase in the ionization potential of the complexes with re-
spect to ferrocene. This is a result of the p-electron-with-
drawing nature of the boryl substitutents. In the presence of
coordinating Lewis bases or strong p donors at boron (e.g.,
[FcB(NH2)2]), however, the boron atom is effectively decou-
pled from the ionization process, and the redox potentials of
the resulting complexes are equal to or even lower than that
of ferrocene itself. Hence, cyclic voltammetry can be regard-
ed as an analytical tool for the identification of base adducts
in such complexes. Furthermore, given the constantly good
agreement (within 0.1 V) between theory and experiment
observed for all species under investigation, it appears possi-
ble to predict the redox properties of related complexes a
priori, which opens the way to a rational design of tailor-
made redox-active ferrocenoid complexes with fine-tuned
redox potentials. However, careful benchmarking is always
required to obtain reliable results. In the present study we
have documented by comparison with high-level post-HF re-
sults that the DFT approximations presently in use can fail
miserably in the description of N-donor/B-acceptor bond
strengths. Notwithstanding these problems, which need to be
identified for every new class of molecules by adequate
scrutiny prior to any predictive application, we clearly dem-
onstrated that DFT calculations are a reliable tool with pre-
dictive capabilities for the description of demanding elec-
tronic situations as are present in borylated ferrocenes with
their very subtle electronic and/or structural properties.


Experimental Section and Computational Methods


General remarks : All reactions and manipulations of air-sensitive com-
pounds were carried out in dry, oxygen-free argon using standard Schlenk
ware. Solvents were freshly distilled under N2 from Na/benzophenone
(benzene, toluene) or Na/Pb alloy (hexane) prior to use. NMR: Bruker
DPX 400, Bruker DPX 250. 11B NMR spectra are reported relative to ex-
ternal BF3·Et2O. Unless stated otherwise, all NMR spectra were recorded
at ambient temperature; abbreviations: s= singlet, d =doublet, tr= trip-
let; vtr=virtual triplet; n.o.= signal not observed; n.r.=multiplet expect-
ed but not resolved. FcSnMe3


[25] and compounds 2,[1] 3,[1] 4,[1] 4a,[5] 8,[2]


10,[2] and 10a[5] were synthesized according to literature procedures.


Preparation of 5 : Triethylamine (0.19 g, 1.88 mmol) and water (0.10 g,
5.55 mmol) were added dropwise with stirring at ambient temperature to
a solution of 3 (0.54 g, 1.86 mmol) in benzene (6 mL). The solution was
stirred for 1 h. After the benzene had been removed in vacuo, hexane
(15 mL) was added to the residue, and the resulting slurry cooled to
�40 8C for 6 h. After filtration from triethylammonium bromide, all vola-
tiles were driven off from the filtrate under reduced pressure to leave
behind a pale yellow microcrystalline solid. Yield: 0.19 g (45 %). Single
crystals of 5 formed serendipitously from the crude oily compound
[FcBMe2] (4) upon prolonged exposure to air. 11B NMR (128.4 MHz,
CDCl3): d= 49.6 ppm (h1/2 =250 Hz); 1H NMR (250.1 MHz, CDCl3): d=


0.62 (s, 3H; CH3), 4.10 (s, 5H; C5H5), 4.33, 4.45 (2 vtr, 3J(H,H) =
4J(H,H) =1.8 Hz, 2 � 2H; C5H4), 4.92 ppm (s, 1H; OH); 13C NMR
(62.9 MHz, CDCl3): d=n.o. (CH3), 68.5 (C5H5), 72.9, 73.3 ppm (C5H4),
n.o. (C5H4-ipso); elemental analysis calcd (%) for C11H13BFeO (227.87):
C 57.98, H 5.75; found: C 57.51, H 5.49.


Preparation of 6 : MeOSiMe3 (1.56 g, 14.97 mmol) was added by syringe
to a suspension of 2 (2.13 g, 5.99 mmol) in pentane (20 mL) at �78 8C.
The mixture was allowed to warm to room temperature and stirred for
30 min. All volatiles were removed in vacuo. Distillation of the crude
product gave 6 as an orange solid. Yield: 1.45 g (94 %). X-ray quality
crystals were obtained by sublimation under reduced pressure. 11B NMR
(128.4 MHz, CDCl3): d=30.0 ppm (h1/2 =160 Hz); 1H NMR (250.1 MHz,
CDCl3): d=3.75 (s, 6 H; CH3), 4.15 (s, 5 H; C5H5), 4.38, 4.44 ppm (2 n.r.,
2� 2H; C5H4). 13C NMR (100.6 MHz, CDCl3): d=52.0 (CH3), 68.5
(C5H5), 71.8, 74.4 ppm (C5H4), n.o. (C5H4-ipso); elemental analysis calcd
(%) for C12H15BFeO2 (257.90): C 55.88, H 5.86; found: C 55.51, H 5.58.


Preparation of 7: A solid mixture of 2 (0.07 g, 0.20 mmol) and [FcSnMe3]
(0.07 g, 0.20 mmol) was dissolved in C6D6 (1 mL) in an NMR tube, which
was cooled to liquid-nitrogen temperature, evacuated, and sealed. The re-
action mixture was allowed to warm to ambient temperature, whereupon
a colorless precipitate formed (Me3SnBr). The NMR tube was turned
bottom up, and the solid separated from the mother liquid by centrifuga-
tion. After NMR investigation, the NMR tube was opened under inert
gas, and all volatiles removed in vacuo to yield a red microcrystalline
solid. Yield: 0.06 g (65 %). X-ray quality crystals were obtained from tol-
uene upon slow evaporation of the solvent in vacuo. 11B NMR
(128.4 MHz, C6D6): d=55.3 ppm (h1/2 = 450 Hz); 1H NMR (250.1 MHz,
C6D6): d =4.00 (s, 10 H; C5H5), 4.43, 4.71 ppm (2 vtr, 3J(H,H) = 4J(H,H) =


1.8 Hz, 2 � 4H; C5H4); 13C NMR (62.9 MHz, C6D6): d= 70.2 (C5H5), 75.4,
77.0 ppm (C5H4), n.o. (C5H4-ipso). Compound 7 is very sensitive to air
and moisture; a correct elemental analysis was therefore not obtained.


Preparation of 11: MeOSiMe3 (3.78 g, 36.27 mmol) was added by syringe
to a solution of 8 (3.86 g, 7.35 mmol) in toluene (30 mL) at �78 8C. The
mixture was allowed to warm to room temperature and stirred for
30 min. All volatiles were removed in vacuo. X-ray quality crystals were
obtained by recrystallization of the crude product from hexane. Yield:
1.79 g (74 %). 11B NMR (128.4 MHz, CDCl3): d =30.0 ppm (h1/2 =


210 Hz); 1H NMR (250.1 MHz, CDCl3): d =3.74 (s, 12H; CH3), 4.35,
4.42 ppm (2 vtr, 3J(H,H) = 4J(H,H) =1.5 Hz, 2 � 4H; C5H4); 13C NMR
(100.6 MHz, CDCl3): d =51.9 (CH3), 72.1, 74.7 ppm (C5H4), n.o. (C5H4-
ipso); elemental analysis calcd (%) for C14H20B2FeO4 (329.77): C 50.99,
H 6.11; found: C 50.73, H 5.92.


Preparation of 12 : Neat 1,1’,3,3’-[Fe{C5H3(BBr2)2}2]
[26] (0.70 g, 0.81 mmol)


was cooled to �30 8C. Neat SnMe4 (1.30 g, 7.27 mmol) was added with
gentle stirring by syringe. The mixture was allowed to warm to room tem-
perature and heated to 80 8C for 2 h. All volatiles were removed in vacuo
while the mixture was still hot. Sublimation of the residue at 60 8C/
10�3 Torr gave dark red X-ray quality crystals. Yield: 0.25 g (89 %);
11B NMR (128.4 MHz, C6D6): d=74.8 ppm (h1/2 =310 Hz); 1H NMR
(400.0 MHz, C6D6): d= 0.88 (s, 24H; CH3), 4.48 (d, 4 H; 4J(H,H) =1.2 Hz,
C5H3), 4.56 ppm (tr, 4J(H,H) = 1.2 Hz, 2 H; C5H3); 13C NMR (100.6 MHz,
CDCl3): d=11.5 (CH3), 81.1, 82.4 ppm (C5H3), n.o. (C5H3-ipso); elemen-
tal analysis calcd (%) for C18H30B4Fe (345.51): C 62.57, H 8.75; found: C
62.05, H 8.51.


X-ray crystal structure analyses : Crystals of 3, 4, 4a, 5, 6, 7, 9, and 11
were measured on a STOE IPDS II two-circle diffractometer with graph-
ite-monochromated MoKa radiation. An empirical absorption correction
was performed by using the MULABS[50] option in the program
PLATON.[51] Compound 12 was measured on a Siemens SMART CCD
diffractometer with graphite-monochromated MoKa radiation. A numeri-
cal absorption correction was performed by using the program
SHELXTL.[52] All structures were solved by direct methods using the
program SHELXS[53] and refined against F2 with full-matrix least-squares
techniques with the program SHELXL.[54] All non-hydrogen atoms were
refined with anisotropic displacement parameters. Hydrogen atoms,
except those of the disordered methyl group in 3, were located by differ-
ence Fourier synthesis and refined using a riding model. The methyl and
OH groups were allowed to rotate but not to tip. The methyl group and
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the Br atom of 3 are disordered. The Br/CH3 ratio is 0.681(3)/0.319(3) on
one position and 0.319(3)/0.681(3) on the other. Similarity restraints were
used for the displacement parameters of these atoms. CCDC-242167 (3),
CCDC-242165 (4), CCDC-242168 (4 a), CCDC-242164 (5), CCDC-
242170 (6), CCDC-242169 (7), CCDC-242166 (9), CCDC-242171 (11),
and CCDC-242172 (12) 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 Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax: (+44) 1223-336-033; or deposit@ccdc.cam.uk).


Electrochemical measurements : Cyclic voltammetry was performed in
CH2Cl2 containing NBu4PF6 (0.1 mol dm�3) as supporting electrolyte. All
potentials are relative to the FcH/FcH+ redox couple. Voltammetric
scans were referenced by addition of a small amount of ferrocene as in-
ternal standard at an appropriate time of the experiment. The cell for
electrochemistry measurements was designed as detailed in ref. [55]


Mçssbauer spectroscopy: The details of 57Fe temperature-dependent
Mçssbauer spectroscopy have been described earlier.[56–58] In the present
study, due to the air and moisture sensitivity of the compounds, sample
transfer to perspex sample holders, lubricated with high-temperature sili-
cone grease and sealed with O-rings, was effected in an inert-atmosphere
glove box (VAC model DLX-001-S-P) having a oxygen partial pressure
of less than 0.5 ppm and less than 1 ppm H2O. Since 4 is a low-melting
semisolid at room temperature, and 10 is a liquid, both compounds were
transferred by capillary pipette. Compounds 4a and 10a were transferred
as neat microcrystalline solids. The filled and sealed sample holders were
removed from the glove box, immediately cooled to liquid-nitrogen tem-
perature, and then placed into the Mçssbauer spectrometer precooled to
90 K. Data accumulation (in the first instance) was effected in a warming
mode as discussed above. All isomer shifts are reported with respect to
the centroid of a room-temperature a-Fe absorber spectrum, which was
also used for spectrometer calibration.


Quantum chemical calculations : Results of an incipient systematic bench-
mark study is provided as Supporting Information. Quantum chemical
calculations were carried out at various levels by means of the programs
Gaussian 03,[59] Turbomole,[60–64] Molpro,[65] and ADF.[66, 67] At the density
functional level we employed the standard BP86[68, 69] functional as well
as the HCTH407[70–72] functional of Boese et al. , which was newly imple-
mented in the Gaussian 03 program (HCTH for short). Both of these
functionals are based on the generalized gradient approximations (GGA)
and can make use of the resolution of identity (RI) approximation,[73–77]


which usually improves the computational efficiency and scalability with
system size substantially. At the hybrid DFT level we employed the
B3LYP functional[78, 79] and the B98 functional of Schmider and
Becke.[80, 81] All Gaussian and Turbomole calculations were done in com-
bination with the SVP and TZVP basis sets of Ahlrichs et al.[82, 83] In RI
computations with the Gaussian program we used the small DGA1 Cou-
lomb density fitting basis available in the basis set library.[84] Calculations
on redox potentials were performed at the BP86(RI) level with the Tur-
bomole program, employing its very efficient implementation of the
COSMO continuum model[85] to account for solvation effects (solvent di-
chloromethane, dielectric constant at room temperature e= 8.93). The
TZVP basis set was used for B, C, N, O, F, and H atoms. For Cl, Br, and
I atoms the relativistic effective core potentials of Dolg et al.[86, 87] were
used. The respective TZV-type standard basis sets for the latter atoms
were each augmented by one d polarization function available in the Tur-
bomole basis set libraries. For all atoms, the TZVP-J Coulomb fitting
basis was used. Note that we report in the tables ionization energies ob-
tained from total energy differences because we cannot account for ther-
mochemical corrections to obtain DG values due to the lack of analytic
second derivatives in the COSMO calculations. We therefore provide
only a qualitative assessment of the electrochemical conditions, and ac-
cordingly we report computed ionization energies in electron volt, where-
as the differences in redox potentials obtained in electrochemical meas-
urements are given in volt and relate to free energy differences. A gas-
phase calculation on 4 at the BP86/TZVP/RI(DGA1) level, that is, with-
out solvent simulation, however, yields zero-point vibrational energy and
thermal contribution effects (DG at 298 K) on the adiabatic ionization


potential of the order of 2 kcal mol�1 and 0.1 eV, respectively. Better
agreement with experimental measurements can probably be obtained if
these contributions are included in the computations.[88]


All calculations with Gaussian and Turbomole were performed in C1


symmetry. The minimum character of the resulting stationary points was
confirmed by the absence of negative eigenvalues in analytically comput-
ed Hessian matrices. In a number of cases, which are documented in
Tables 1–6 in the Supporting Information, we observed the occurrence of
a single low imaginary mode (5i–70i cm�1) in the harmonic frequency
analyses. In all cases these imaginary modes correspond to a rotation of
one Cp ring out of an almost eclipsed (D5h-like) arrangement. However,
geometry optimizations starting from a staggered (D5d-like) arrangement
of rings all lead back to the nearly eclipsed conformations. To exclude
technical artifacts we checked the influence of the integration grid size
(ultrafine) and of the geometry convergence criteria (very tight) settings,
but in all cases we were unable to obtain structures without these pecu-
liar imaginary modes. Because these spurious modes spoil the quality of
computed zero-point vibrational energies in systematic comparisons, we
report here only total energy differences.


For the calibration of computed binding energies (cf. Supporting Infor-
mation) we performed coupled cluster calculations in combination with
the correlation consistent basis set series cc-pVXZ (X=D, T, and Q) of
Dunning et al. , including an extrapolation to the basis set limit.[89, 90] The
extrapolation was performed by employing the mixed exponential/Gaus-
sian function E(x)= E¥+be�(x�1) + ce�(x�1)**2, in which x is the cardinal
number (DZ =2, TZ=3, QZ=4) and E¥ the asymptotic value to approx-
imate the basis set limit.[91, 92] The underlying molecular structures of the
complex and its fragments were optimized at each respective level based
on numerically evaluated gradients. These calculations were performed
with the program Molpro.[65] As an alternative, computationally much
more efficient procedure to extrapolate the CCSD(T) level to the limit
of infinite basis-set size, we employed the CBS-QB3 scheme of Peterson
et al.[93] as implemented in the Gaussian program. Additional Turbomole
calibration calculations were performed with second-order Møller–Ples-
set perturbation theory in combination with the cc-pVXZ (X=D,T, and
Q) series of Dunning. For energies and analytic gradients the RI tech-
nique was used in combination with the optimized MP2 auxiliary basis
provided in the Turbomole libraries.[94, 95]


The AIMPAC program was used for the Bader analysis of the electron
density distribution.[96, 97] Additional analyses on relevant model com-
plexes were performed with the ADF program package[98–100] at the BP86
level employing an uncontracted Slater-type orbital (STO) basis of polar-
ized triple-z quality augmented by two sets of polarization functions.[101]


The two 1s core electrons on the carbon and boron atoms and the ten
1s2s2p core electrons on the iron atom were treated by the frozen-core
approximation.[102] Scalar relativistic effects were considered by the zero-
order regular approximation (ZORA).[103–108] Based on the work of Mo-
rokuma[109] and Ziegler and Rauk,[110] the EPA analysis as implemented
in the ADF program[111, 112,67] partitions the bond dissociation energy De


for the process A·B!A+B into several contributions. First, De is formal-
ly separated into the two components DEINT and DEPREP according to
Equation (3)


�De ¼ DEINT þ DEPREP ð3Þ


in which DEINT is the interaction energy defined as the energy of the
complex A·B minus the energies of its constituting fragments A* and B*,
which are kept frozen in the geometry and electronic state they adopt in
the complex. DEPREP then is the energy difference to promote A and B
from their equilibrium geometry and electronic state to the geometry
and electronic state in A* and B*. DEINT can further be divided into
three components [Eq. (4)].


DEINT ¼ DEELSTAT þ DEPAULI þ DEORB ð4Þ


Herein DEELSTAT is the quasiclassical Coulomb interaction energy com-
puted from the frozen electron densities of the fragments A* and B* su-
perimposed at the geometry of the complex. The corresponding electron
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density, however, violates the Pauli exclusion principle because it leads to
regions of space which are occupied by two electrons of like spin. The
Pauli exclusion principle is enforced in the next step by antisymmetriza-
tion and renormalization of the Kohn–Sham determinant, which is con-
structed from the superposition of the formerly noninteracting orbitals of
A* and B*. The corresponding change in energy is denoted DEPAULI, the
Pauli repulsion term. As last step of the EPA analysis the stabilizing orbi-
tal interaction term DEORB is calculated by relaxing the orthonormalized
Kohn–Sham orbitals to the optimized Kohn–Sham determinant of the
complex. DEORB can be further decomposed into orbital contributions
arising from the respective sets of irreducible representations defined by
the molecular symmetry. EPA has found widespread application (see,
e.g., ref. [113] and refs. 24–26 cited therein). For further details and physi-
cal interpretations of the various terms comprising DEINT, see the com-
prehensive exposition by Bickelhaupt and Baerends.[67]
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Lewis Adducts of the Side-On End-On Dinitrogen-Bridged Complex
[{(NPN)Ta}2(m-H)2(m-h1:h2-N2)] with AlMe3, GaMe3, and B(C6F5)3:
Synthesis, Structure, and Spectroscopic Properties
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Introduction


Although molecular nitrogen (N2) is not a particularly good
ligand, it can bind to transition metal and f-element com-


plexes under certain conditions.[1] Once coordinated N2 can
undergo a number of different transformations that result in
functionalization and, in rare cases, cleavage[2] of the N�N
bond. The most common reactivity type involves reactions
of coordinated dinitrogen with electrophiles. A particularly
well-studied process is the reaction of coordinated N2 with
the simplest electrophile, H+ .[3] The impetus for this re-
search has stemmed largely from interest in the biological
fixation of N2 by nitrogenase enzymes,[4] a process that in-
volves interaction of dinitrogen with protons and electrons
to generate ammonia in a manner that is still unknown.[5]


Protonation studies with various molybdenum complexes
span almost three decades[6] and have provided a wealth of
data that not only models the conversion of N2 to NH3, but
has also spun off new processes that have led to stoichio-
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Abstract: Reaction of the side-on end-
on dinitrogen complex [{(NPN)Ta}2(m-
H)2(m-h1:h2-N2)] (1; in which NPN =


(PhNSiMe2CH2)2PPh), with the Lewis
acids XR3 results in the adducts
[{(NPN)Ta}2(m-H)2(m-h1:h2-NNXR3)],
XR3 = GaMe3 (2), AlMe3 (3), and
B(C6F5)3 (4). The solid-state molecular
structures of 2, 3, and 4 demonstrate
that the N�N bond length increases
relative to those found in 1 by 0.036,
0.043, and 0.073 �, respectively. In so-
lution complexes 2–4 are fluxional as
evidenced by variable-temperature
1H NMR spectroscopy. The 15N{1H}
NMR spectra of 2–4 are reported; fur-
thermore, their vibrational properties
and electronic structures are evaluated.
The vibrational structures are found to
be closely related to that of the parent


complex 1. Detailed spectroscopic
analysis on 2–4 leads to the identifica-
tion of the theoretically expected six
normal modes of the Ta2N2 core. On
the basis of experimental frequencies
and the QCB-NCA procedure, the
force constants are determined. Impor-
tantly, the N�N force constant decreas-
es from 2.430 mdyn ��1 in 1 to 1.876
(2), 1.729 (3), and 1.515 mdyn ��1 (4),
in line with the sequence of N�N bond
lengths determined crystallographically.
DFT calculations on a generic model
of the Lewis acid adducts 2–4 reveal


that the major donor interaction be-
tween the terminal nitrogen atom and
the Lewis acid is mediated by a s/p
hybrid molecular orbital of N2, corre-
sponding to a s bond. Charge analysis
performed for the adducts indicates
that the negative charge on the termi-
nal nitrogen atom of the dinitrogen
ligand increases with respect to 1. The
lengthening of the N�N bond observed
for the Lewis adducts is therefore ex-
plained by the fact that charge dona-
tion from the complex fragment into
the p* orbitals of dinitrogen is in-
creased, while electron density from
the N�N bonding orbitals ps and ph is
withdrawn due to the s interaction
with the Lewis acid.


Keywords: density functional calcu-
lations · dinitrogen complexes ·
nitrogen fixation · Raman spectros-
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metric formation of organonitrogen derivatives including
simple N-heterocycles.[7] These mononuclear dinitrogen
complexes of Mo, with the general formula [LnMo�N2], fea-
ture dinitrogen in the end-on mode. The reactivity of bimet-
allic complexes that incorporate dinitrogen in other bonding
modes with Lewis or Brønsted acids is less studied.[8–10]


We recently reported the ditantalum complex
[{(NPN)Ta}2(m-H)2(m-h1:h2-N2)] (1) that binds dinitrogen in
the unique side-on end-on mode.[11,12] As a result of this


type of activation, the N2 unit of 1 undergoes unprecedented
transformations with simple hydride reagents such as 9-bo-
rabicyclo[3.3.1]nonane[13] and silanes,[14] which involve addi-
tion of H�B or H�Si bonds across the Ta�N p bond
[Eq. (1)]. These reactions functionalize the coordinated N2


unit, forming a new covalent N�B or N�Si bond, and ulti-
mately lead to cleavage of the N�N bond. In this work we
detail another type of reactivity that involves adduct forma-
tion of the dinitrogen moiety with neutral Lewis acids of
Group 13 elements [Eq. (2)].


Previous theoretical studies were carried out on complex
1 in order to characterize the electronic structure and the
spectroscopic properties of side-on end-on bridging dinitro-
gen.[12, 15] It was found that this ligand carries a negative
charge of �1.1 that is equally distributed over the two nitro-
gen atoms. This charge is lower than found in a related side-


on dinitrogen-bridged complex,[16] suggesting a lower degree
of activation of N2 in the side-on end-on mode. Orbital anal-
ysis, however, revealed that the terminal nitrogen atom
makes higher contributions to the p* and lower contribu-
tions to the p orbitals of N2 than the bridging atom, possibly
giving rise to an increased reactivity of the terminal N atom
towards electrophiles.[15] Isosurfaces calculated for the two
p* orbitals of 1 that correspond to HOMO and HOMO�1
are shown in Figure 1 along with a Lewis representation of 1


that summarizes their contributions to bonding. The HOMO
(left) is dominated by p-interactions between d orbitals on
each Ta and the p*


v (v= vertical) orbital of the dinitrogen
unit. We propose that this molecular orbital allows for the
addition of simple hydride reagents, such as alkyl boron hy-
drides and silanes, across the Ta�N unit resulting in a termi-
nal tantalum hydride and a functionalized nitrogen atom.
HOMO�1 (right) arises from interactions between d orbi-
tals on Ta and the p*


h (h=horizontal) orbital of the dinitro-
gen unit. The isosurface calculated for HOMO�1 shows a
lobe of electron density on the exposed nitrogen atom of
the N2 unit that can be anticipated to act in a s-donor fash-
ion with Lewis acids.


Herein we describe the synthesis, structure, and vibration-
al spectroscopic properties of Lewis acid adducts of 1 with
trimethylgallium (2), trimethylaluminum (3), and tris(penta-
fluorophenyl)boron (4) [Eq. (2)]. The N�N distance is elon-
gated in these complexes relative to that in 1; this suggests
an additional activation of the N2 unit by the Lewis acids.
As before, vibrational data are evaluated by normal coordi-
nate analysis (NCA) which employs a force field generated
by DFT.[15] On the basis of the DFT calculation, the elec-
tronic structure of the Lewis adducts is described and com-
pared to that of complex 1. The implications of these results
are discussed with respect to the ability of Lewis acids to
further activate the coordinated N2 molecule, ultimately
leading to N�N bond cleavage.


Figure 1. Depictions of the HOMO and HOMO�1 calculated for a
model complex of 1, and a simple Lewis dot structure that shows both a
Ta�N p bond (dashed) and a lone pair on the terminal N atom.
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Results


Synthesis and molecular structure


Synthesis, molecular structure, and solution behavior of
[{(NPN)Ta}2(m-H)2(m-h1:h2-NNAlMe3)] (3): Previously, the
equilibrium constant between end-on mononuclear dinitro-
gen complexes and AlMe3 adducts in the presence of AlMe3


was used to compare and quantify the s-donor strengths of
end-on mononuclear N2 complexes.[17,18] The reaction be-
tween 1 and AlMe3 to give [{(NPN)Ta}2(m-H)2(m-h1:h2-
NNAlMe3)] (3) proceeds almost instantly as indicated by a
rapid color change during mixing. No equilibrium between 1
and 3 is observed, and a solution of labeled [15N2]-1 and un-
labeled 3 shows no formation of [15N2]-3. These data suggest
the formation of 3 is irreversible. The solid-state molecular
structure of 3 was determined by X-ray crystallography, and
is shown in Figure 2. The Al atom is clearly four-coordinate


and trigonal pyramidal. The bridging hydrides were not lo-
cated, but are strongly implied by a doublet of doublets
(JHP =20.3 and 14.3 Hz) at d=10.85 ppm integrating to two
protons in the 1H NMR spectrum. Metric parameters of the
Ta2N2 moiety of 3 are similar to those of 1 (Table 1), with
the N5�N6 distance increasing by 0.036 � to 1.363(7) � in
3.


A broadening of some 1H NMR resonances associated
with a fluxional process occurs near room temperature for 3.
In the high-temperature limit, this complex appears to have
Cs symmetry, whereas when the sample is cooled to 240 K, it
appears to have C1 symmetry (reminiscent of the solid-state


structure), based on the number and integrations of the si-
lylmethyl resonances. Free rotation occurs about the N�Al
bond in both cases, because only one aluminum–methyl res-
onance is observed in the 1H NMR spectrum even at 240 K.
A fluxional process involving the rocking of the NPN ligand
fragments, such that the P-Ta-Ta-P dihedral angle passes
through 1808 may be responsible for the apparent Cs sym-
metry at room temperature; a similar process is also ob-
served for 1 at much lower temperatures. It is likely that the
temperature difference results from hindered movement of
the ancillary ligands due to the presence of the AlMe3


moiety.
The [15N]-labeled analogue [15N2]-3 was prepared in an


identical manner using the 99 % isotopically enriched pre-
cursor [{(NPN)Ta}2(m-H)2(m-h1:h2--[15N2])] ([15N2]-1). The
15N{1H} NMR spectrum of [15N2]-3 is composed of two reso-
nances; a resonance at d=�33.1 ppm is strongly coupled to
one 31P nucleus with a 2JNP value of 25 Hz and is also cou-
pled to the adjacent 15N nucleus with a 1JNN value of
18.8 Hz. The chemical shift of this resonance is consistent
with its assignment as the bridging N atom (N5 in Figure 2)
of the dinitrogen moiety. The second 15N resonance, as-
signed as the terminal Al-bound N atom (N6 in Figure 2),
occurs at d=54.6 ppm and is coupled to a 31P nucleus with a
2JNP value of 8.4 Hz as well as the adjacent 15N nucleus. The
chemical shift of the terminal N atom is clearly affected by
the involvement of its lone pair in a dative bond to Al
([15N2]-1 shows resonances for Nbridging at d=�20.4 ppm and
Nterminal at 163.6 ppm). The 31P{1H} NMR spectrum of [15N2]-
3 reveals that additional couplings between 31P and 15N are
present, with 2JPN and 3JPN values of 2.8 and 2.0 Hz respec-
tively. These couplings could not be adequately resolved in
the 15N{1H} NMR spectrum.


Synthesis, molecular structure, and solution behavior of
[{(NPN)Ta}2(m-H)2(m-h1:h2-NNGaMe3)] (2): The 1:1 reaction
of 1 and GaMe3 quantitatively produces [{(NPN)Ta}2(m-


Figure 2. ORTEP drawing (spheroids at 50% probability) of 3. Only one
of two independent molecules in the asymmetric unit is shown. Silylmeth-
yl and phenyl ring carbon atoms other than ipso omitted for clarity. Se-
lected bond lengths [�] and angles [8]: N5�N6 1.363(7), Ta1�N5 2.138(5),
Ta1�N6 1.961(5), Ta2�N5 1.873(5), N6�Al1 1.993(5), Ta2-N5-N6 150.6,
Al1-N6-Ta1 166.1(3), N5-N6-Al1 114.7(4).


Table 1. Labeling scheme and selected bond lengths [�] and angles [8]
for compounds 2, 3, and 4.


2 3 4


a 1.356(18) 1.363(7) 1.393(7)
b 2.8560(9) 2.850(2) 2.9198(3)
c 1.960(12) 1.961(5) 2.002(5)
d 2.149(14) 2.138(5) 2.155(5)
e 1.909(12) 1.873(5) 1.904(5)
f 2.101(12) 1.993(5) 1.584(9)
g 111.8(9) 114.7(4) 116.6(5)
h 148.1(11) 150.6(3) 151.3(4)
i 169.1(7) 166.1(3) 166.1(4)
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H)2(m-h1:h2-NNGaMe3)] (2). The solid-state molecular struc-
ture of 2 has been established by X-ray diffraction of a twin-
ned crystal, and, as for 3, there are two distinct but chemi-
cally identical molecules within the asymmetric unit. An
ORTEP drawing of one of these molecules is shown in
Figure 3; metric parameters are given in Table 1.


Both this molecular structure and the 1H and 31P{1H}
NMR spectra of 2 are extremely similar to those of 3, as ex-
pected. The N6�Ga1 bond is longer than the N6�Al1 bond
in 3 by 0.108 �, which is slightly greater than the difference
in the covalent radii of Al and Ga, but very similar to the
difference reported between Al and Ga adducts of the nitro-
genous base 5,6-benzoquinoline.[19] In solution, complex 2
displays fluxional processes analogous to those reported for
3 above; however, the low-temperature limiting spectrum is
evident at room temperature and only above 320 K does the
interconversion process become fast enough on the NMR
timescale to generate Cs symmetry. The 15N{1H} NMR spec-
trum of labeled analogue [15N2]-2 is quite similar to that of
[15N2]-3, with resonances at d=�29.9 and 79.9 ppm coupled
by 1JNN =18.3 Hz.


Synthesis, molecular structure, and solution behavior of
[{(NPN)Ta}2(m-H)2{m-h1:h2-NNB(C6F5)3}] (4): Attempts to
prepare an isolable trialkylboron adduct of 1 either from
BMe3 or from BEt3 were unsuccessful, leading to a number
of products as observed by 31P{1H} NMR spectroscopy.
None of these products had NMR resonances reminiscent of


2 or 3. However, the Lewis acid B(C6F5)3 forms an adduct
with 1 despite the considerable steric bulk imposed by the
three perfluorophenyl groups, demonstrating the accessibili-
ty of the terminal nitrogen of 1 to other reagents. The reac-
tion proceeds immediately at room temperature as moni-
tored by 31P{1H} NMR spectroscopy to give [{(NPN)Ta}2(m-
H)2{m-h1:h2-NNB(C6F5)3)} (4). This complex gives resonances
in the 31P{1H} NMR spectrum at d= 11.6 and 17.7 ppm cou-
pled to each other by JPP = 23.9 Hz. Over the course of 48 h,
complex 4 crystallizes from solution; the solid-state molecu-
lar structure of 4 as determined by X-ray crystallography is
shown in Figure 4. The bond lengths and angles of the dini-


trogen moiety in 4 are again very similar to those found in
complex 1 (Table 1). There are a number of donor adducts
of B(C6F5)3 that have been structurally characterized,[20–25]


although none have been reported previously in dinitrogen
coordination chemistry.


The [15N2]-labeled analogue of 4 has two resonances in its
15N{1H} NMR spectrum. The peak at d=�21.2 is coupled to
one 31P nucleus with a 2JNP value of 22.0 Hz, and is also cou-
pled to the adjacent 15N with a 1JNN value of 15.3 Hz. This
can be assigned as Nbridging (N5 in Figure 4), due to the simi-
larity in chemical shift to that reported for complex [15N2]-1
(d=�20.4 ppm). The 31P coupling is presumably due to the
trans-disposed 31P nucleus. The other 15N resonance appears
at d=2.4 ppm as a doublet, with a 1JNN value of 15.3 Hz. A
fluxional process similar to that already described for 1, 2,
and 3 is operant, with the high-temperature-limiting Cs sym-
metry being observed well above room temperature at
340 K.


Figure 3. ORTEP drawing (spheroids at 50% probability) of 2. Only one
of two independent molecules in the asymmetric unit is shown. Silylmeth-
yl and phenyl ring carbon atoms other than ipso omitted for clarity. Se-
lected bond lengths [�] and angles [8]: N5�N6 1.356(18), Ta1�N5
2.149(14), Ta1�N6 1.960(12), Ta2�N5 1.909(12), N6�Ga1 2.101(12), Ta1�
Ta2 2.8560(9), Ta2-N5-N6 148.1(11), Ga1-N6-Ta1 169.1(7), N5-N6-Ga1
111.8(9). Hydrides were modeled with X-HYDEX. (A. G. Orpen, J.
Chem. Soc. Dalton Trans. , 1980, 2509.)


Figure 4. ORTEP drawing (spheroids at 50% probability) of 4. Silylmeth-
yl and ligand phenyl ring carbon atoms other than ipso and all fluorine
atoms omitted for clarity. Selected bond lengths [�] and angles [8]: N5�
N6 1.393(7), Ta1�N5 1.904(5), Ta2�N5 2.155(5), Ta2�N6 2.002(5) N6�B1
1.584(9), Ta1�Ta2 2.9198(3), Ta1�P1 2.651(2), Ta2�P2 2.713(2), Ta1�N1
2.049(5), Ta1-N5-N6 151.3(4), B1-N6-Ta2 166.1(4), N5-N6-B1 116.6(5),
Ta2-N6-N5 76.5(3). Hydride ligands were located in the difference map
and refined isotropically.
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Vibrational spectroscopic analysis : The basic vibrational
structure of the adducts [{(NPN)Ta}2(m-H)2(m-h1:h2-N2-
GaMe3)] (2), [{(NPN)Ta}2(m-H)2(m-h1:h2-N2-AlMe3)] (3), and
[{(NPN)Ta}2(m-H)2{m-h1:h2-N2-B(C6F5)3}] (4) is found to be
analogous to that of the parent complex [{(NPN)Ta}2(m-
H)2(m-h1:h2-N2)] (1). Eigenvectors of the vibrations of 2 and
4 resulting after normal coordinate analysis (see below) are
given in Figures 5 and 6, respectively. As in the case of 1,


four in-plane and two out-of-plane normal modes of the
Ta2(m-h1:h2-N2) core can be identified. These vibrations are
assigned to the N�N stretch, one Ta2-h1-N2 mode, two Ta1-
h2-N2 modes (symmetric and asymmetric), and two out-of-
plane modes (symmetric and asymmetric) of the dinitrogen
unit. Detailed spectroscopic studies on 1 have lead to the
identification of five from these six vibrations, the symmetric
out-of-plane mode not having been observable.


Solid-state resonance Raman spectra of 2, 3, and 4 and
their 15N-labeled derivatives are shown in Figure 7. The
spectra were recorded at an excitation wavelength of
568.2 nm, which provides strong resonance enhancement to
the vibrations of the Ta2(m-h1:h2-N2) core. Vibrational fre-
quencies are collected and compared to those found for
complex 1 in Table 2. The N�N stretching frequency of 1
was found at 1165 cm�1 with a 15N isotope shift of �37 cm�1.
In the Raman spectra of adducts 2 and 3 this vibration ap-
pears at 1128 cm�1 (2) and 1131 cm�1 (3), exhibiting 15N iso-
tope shifts of �32 and �33 cm�1, respectively. The Raman
spectrum of complex 4 displays a broad peak for n(N�N) at
1154 cm�1, shifting to 1119 cm�1 upon substitution with 15N;
both features are strongly decreased in their intensity with
respect to 2 and 3. Thus, all N�N stretching modes of the
derivatives are lowered in energy relative to 1, in agreement
with the observed lengthening of the N�N bond upon
adduct formation.


In the metal–ligand stretching vibration region further
peaks exhibiting isotope shifts appear. The end-on Ta-N2


mode n(Ta2-N2) of 1 was found at 656 cm�1 (15D =


�16 cm�1), showing slight mixing with a vibration at 668
(15D=�4 cm�1), which was attributed to a metal–terminal-
ligand NPN stretch. In the Lewis adducts 2–4, n(Ta2-N2)
shifts to higher energy, which increases its mixing with ter-
minal ligand modes, thus distributing this vibration over a
cluster of peaks. Thus in the case of 2 there are isotope sen-
sitive modes at 749, 739, 727, 709, and 698 cm�1. The same
applies to 3 for which three modes at 758, 742, and 730 cm�1


are found (15D=�10, �4, and �13 cm�1). The cumulative
isotope shift of these features (�25 cm�1 in 2 and �27 cm�1


in 3) approximately corresponds to the isotope shift ob-
served for n(Ta2-N2) in complex 1. In the spectra of complex
4 n(Ta2-N2) appears at even higher energy, splitting into
three peaks at 926, 828, and 778 cm�1 (15D=�5, �8, and
�5 cm�1).


As described before, symmetric and asymmetric vibra-
tions are found for the side-on bonding of N2 to Ta1. The
position of the asymmetric mode nas(Ta1-N2) does not
change significantly in the spectra of 2, 3, and 4 with respect
to 1; that is, this mode is located at about 630 cm�1 in all
spectra. Raman resonance enhancement of this vibration,
however, is found to be much smaller for the Lewis adducts
2, 3, and 4 than for 1. The same applies to the 15N isotope
shifts, which are markedly reduced for 2 and 3 relative to 1
(�14 and �12 cm�1 vs �22 cm�1, respectively). In the
Raman spectra of 4 an additional isotope sensitive feature
appears at 568 cm�1 (15D=�9 cm�1), which can be attributed
to mixing of nas(Ta1-N2) with a metal-terminal ligand mode.


Figure 5. Eigenvectors of the six modes of the Ta2N2 unit of II. The
arrows correspond to unit displacements with a scaling factor of 2.


Figure 6. Eigenvectors of the six modes of the Ta2N2 unit of IVa. The
arrows correspond to unit displacements with a scaling factor of 2.
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The symmetric component of
the Ta1-N2 vibration is lowered
in energy for 2, 3 and 4 by
about 20 cm�1 relative to 1,
being located at 462 cm�1 in 2
and 3 and at 466 cm�1 in 4. In
the spectra of 2 this feature
shifts to 455 cm�1 upon isotope
substitution. Another peak at
450 cm�1 also displays slight iso-
tope sensitivity (15D=�2 cm�1),
such that summation of these
two shifts leads to an overall
isotope shift of �9 cm�1 for
ns(Ta1-N2) in 2. In the spectra
of complex 3, the ns(Ta1-N2)
mode shifts from 462 cm�1 to
454 cm�1. There is an additional
peak in the Raman spectrum of
the 15N-labeled derivative locat-
ed at 448 cm�1. Its counterpart
is not found in the Raman spec-
trum of unlabeled 3, but, in-
stead, is observed in the IR
spectrum at 451 cm�1 (see
below). Taking the two shifts
together gives an isotope shift


Table 2. Comparison and assignments of the observed frequencies of complexes 2–4 with those found for com-
plex 1.


1[b] 2 3 4
14N 15N 14N 15N 14N 15N 14N 15N


n(N-N) 1165 1128 1128 1096 1131 1098 1154 1119
1165[a] 1128[a] 1131[a] 1095[a] 1132[a] 1098[a] 1145[a] 1119[a]


n(Ta2-N2) 656 643 749 744 758 748 926 921
636 739 738 742 738 828 820


727 721 730 717 778 773
709 704
698 687


nas(Ta1-N2) 625 603 627 613 631 619 629 618
625[a] 604[a] 628[a] 621[a] 630[a] 621[a] 568 559


700[a] 698[a]


673[a] 670[a]


649[a] 647[a]


633[a] 630[a]


621[a] 616[a]


570[a] 568[a]


ns(Ta1-N2) 487 482 462 455 462 454 466 461
487[a] 482[a] 463[a] 456[a] 462[a] 448 437[a] 429[a]


469 463 450 448 451[a] 454[a]


469[a] 465[a] 451[a] 447[a] 447[a]


noopas(N-N) 442 432 433 423 431 419 509 499


noops(N-N) n.o. n.o. 256 254 276 273 409[a] 404[a]


256[a] 254[a] 276[a] 273[a]


[a] IR data; unlabeled data is Raman data; n.o.=not observed. [b] Data taken from reference [15].


Figure 7. Raman spectra of 2 (top), 3 (middle), and 4 (bottom) recorded with an excitation wavelength of 568.2 nm at 10 K. Solid line: natural abun-
dance; dashed line [15N2]-labeled derivative.
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of �11 cm�1. In the spectra of 4, finally, ns(Ta1-N2) is ob-
served at 466 cm�1, exhibiting a 15N isotope shift of �5 cm�1.
IR spectroscopy evidences a second component of this vi-
bration, too (vide infra).


The symmetric out-of-plane mode goops(N-N), which was
not observed in complex 1, is found in the Raman spectra of
complex 2 at 256 cm�1 (15D=�2 cm�1) and in complex 3 at
276 cm�1 (15D=�3 cm�1); in the Raman spectrum of com-
plex 4 it is not observed. The energy of the asymmetric out-
of-plane mode of the Ta2N2 moiety goopas(N-N) decreases
by about 10 cm�1 in 2 (433 cm�1, 15D=�10 cm�1) and 3
(431 cm�1, 15D=�12 cm�1) with respect to 1 (442 cm�1, 15D=


�10 cm�1). In contrast, the frequency of this mode is in-
creased for 4 by 45 cm�1 (509 cm�1, 15D=�10 cm�1) relative
to 1.


Additional information on the vibrational properties of
complexes 2–4 can be inferred from infrared spectroscopy
(Figure 8, Table 2). Here the N�N stretching band is found
at 1131 (15D=�36 cm�1; 2), 1132 (15D=�34 cm�1; 3) and
1145 cm�1 (15D=�26 cm�1, 4), in agreement with the Raman
data (Table 2). The end-on Ta-N2 mode n(Ta2-N2) is not ob-
served, whereas the asymmetric side-on vibration nas(Ta1-
N2) is found at 628 (2 ; 15D=�7 cm�1) and 630 cm�1 (3 ; 15D=


9 cm�1), respectively. In the spectra of complex 4 this mode
is distributed over several bands at 700, 673, 649, 633, 621,
and 570 cm�1 all of which exhibit small isotope shifts upon
substitution with 15N. This qualitatively agrees with the find-


ings for nas(Ta1-N2) in the Raman spectra of 4 (vide supra).
In further analogy to the Raman data, the symmetric mode
ns(Ta1-N2) is split into two bands at 463 (15D=�7 cm�1)/
451 cm�1 (15D=�4 cm�1) for 2 and 462 (15D=�8 cm�1)/
451 cm�1 (15D=�4 cm�1) for 3. This mode is also split into
two vibrations in the spectra of 4 (466 and 437 cm�1), but in
contrast to the spectra of 2 and 3, the 466 cm�1 feature is
only observed in the Raman (see above) spectrum, whereas
the feature at 437 cm�1 only appears in the IR spectrum.
The overall 15N isotope shift of this mode thus amounts to
�13 cm�1. Finally, the symmetric out-of-plane mode
noops(N-N) can be identified in the infrared spectra of 2
and 3 at 256 and 276 cm�1, with isotope shifts of �2 and
�3 cm�1, respectively. In the spectrum of complex 4 there is
an isotope sensitive band at 409 cm�1 (15D=�5 cm�1) that
can be attributed to noops(N-N). However, the large upshift
of this mode with respect to 2 and 3 is not accounted for by
the DFT frequency calculation.


Of further interest are the vibrations of the coordinated
Lewis acid. While the totally symmetric stretching mode
n(X-R3) (R=Me in 2 and 3 and C6F5 in 4) cannot be identi-
fied in the Raman spectra of complexes 2–4, it is calculated
by DFT at 496 and 507 cm�1 for models II and III, respec-
tively (the structures of these models are depicted in the
next section). The nitrogen/Lewis acid stretching vibration
n(N-X) is not observed either, being calculated for model
III (AlMe3 adduct) at 260 cm�1. Due to the lower N�X


Figure 8. IR spectra of 2 (top), 3 (middle), and 4 (bottom). Solid line: natural abundance; dashed line [15N2]-labeled derivative.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 604 – 618610


F. Tuczek, M. D. Fryzuk, et al.



www.chemeurj.org





bond order and the higher mass of the Lewis acid in II
(GaMe3 adduct), n(N-X) should shift to lower energy in this
adduct. However, this mode cannot be identified in the fre-
quency calculation for model II due to severe mixing with
other vibrations. DFT frequency calculations for model
complex IV b result in a distribution of n(X-R3) and n(N-X)
over several modes at approximately 1050 and 900 cm�1, re-
spectively.


Quantum-chemistry-based normal coordinate analysis
(QCB-NCA): The vibrational data of complexes 2–4 were
converted into a set of force constants by employing the
QCB-NCA procedure (quantum-chemistry-based normal
coordinate analysis), which was developed earlier to account
for the vibrational properties of complex 1. The calculation
of theoretical force fields for compounds 2–4 is based on
models II, III, and IVa. These structures are simplified by


replacing the NPN ligands by
NH2 and PH3 groups. In case of
complex 4, the B(C6F5)3 group
is replaced by BH3. In the
course of the QCB-NCA proce-
dure the hydrogen atoms of the
NH2 and PH3 groups are re-
moved to avoid artificial inter-
actions. Additionally the masses
of the boron hydrogen atoms in
model IVa are set to 167, the
mass of the C6F5 groups, to ap-
proximate the B(C6F5)3 group.
In addition to the five internal
coordinates of model I (rNN,
rTaN1–rTaN3 and gNN), the force
constant of the N�X bond (rNX)
(X=Ga, Al or B) is taken into
account. The force constants of
the metal–ligand bonds to the
terminal N and P donor atoms
as well as to the bridging hydri-


do ligands are fixed at their theoretical values derived from
the DFT calculations. Apart from a few off-diagonal ele-
ments of the Ta2N2 unit, designated a–f, all other off-diago-
nal elements in the submatrix of the Ta2N2 unit are fixed at
their calculated DFT values. The resulting f-matrix is shown
in Scheme 1. Finally, 11 force constants of each model com-
plex II, III, and IVa are fitted to match the observed fre-
quencies.


The experimentally determined frequencies are compared
to the values derived from QCB-NCA in Table 3. Overall
agreement is quite good, apart from the following discrepan-
cies: The N�N stretch in model IVa is split into two features
that show strong mixing with metal–hydrido modes; this is
not observed. Furthermore, n(Ta2-N2) is calculated to well-
defined, single frequencies for II, III, and IVa, whereas this
vibration is distributed over several features in the measured
spectra of compounds 2, 3, and 4 as a result of mixing with
metal–terminal-ligand modes (vide supra). However, the
overall isotope shift obtained experimentally fits to the the-
oretically calculated value. In contrast, the nas(Ta1-N2) mode
is observed as a single feature in the spectra of complexes 2


Scheme 1. f-Matrix.


Table 3. Comparison of the observed frequencies for complexes 2–4 with the QCB-NCA results of models II,
III, and IVa.


mode 2 3 4
exptl QCB-NCA exptl QCB-NCA exptl QCB-NCA


14N 15N 14N 15N 14N 15N 14N 15N 14N 15N 14N 15N


n(N-N) 1128 1096 1131 1095 1131 1098 1133 1096 1154 1119 1170 1160
1151 1124


n(Ta2-N2) 749 744 740 718 758 748 744 721 926 921 883 865
739 738 742 738 828 820
727 721 730 717 778 773
709 704
698 687


nas(Ta1-N2) 627 613 645 642 631 619 647 644 629 618 598 586
636 629 638 631 568 559 657 651
621 618 628 626 615 611
617 612 621 615


ns(Ta1-N2) 462 455 463 450 462 454 462 449 466 461 464 450
450 448 448


noopas(N-N) 433 423 435 421 431 419 431 419 509 499 509 493


noops(N-N) 256 254 269 264 276 273 279 275 409 404 309 301
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and 3 (in compound 4 this mode is split into two bands),
whereas this mode is distributed over several modes in the
QCB-NCA fit. This indicates that the terminal ligand modes
are at lower frequency in the calculation than observed in
the experiment.


The force fields obtained for the Ta2N2 unit of the three
different complexes 2–4 are given in Table 4 and compared
to those found for the parent complex 1. As expected by


consideration of N�N bond lengths (1.356 (2), 1.363 (3) and
1.393 � (4)), the force constants of the N�N bonds decrease
in the Lewis acid adducts 2–4 relative to the parent complex
1 (N�N bond length 1.32 �). In agreement with the se-
quence of N�N bond lengths, the N�N force constants de-
crease from 2.430 mdyn ��1 (1)[15] to 1.876 (2), 1.729 (3) and
1.515 mdyn ��1 (4). In contrast, the metal–nitrogen force
constants rTaN1–rTaN3 are in the same range for all complexes
1–4. The force constant for the out-of-plane mode gNN in
complexes 2 and 3 are similar to that found in complex 1
(0.482 mdyn ��1), but strongly increases in compound 4 to a
value of 1.055 mdyn ��1. Finally, the force constants for the
N�X bonds (X= Ga, Al and B) are 1.032, 1.389 and
2.601 mdyn ��1.


Electronic structure : The electronic structures of 2–4 are
discussed based on model complex IVa, [{PH3(NH2)2Ta}2(m-
H)2(m-h1:h2-N2-BH3], which was employed for the vibration-
al analysis of the tris(pentafluorophenyl)boron adduct 4
(vide supra). Here IVa serves as a generic model of the
three Lewis adducts 2, 3, and 4. Similar calculations have
been performed for model I which is [{PH3(NH2)2Ta}2(m-
H)2(m-h1:h2-N2)].[15] Figure 9 shows a section of the molecu-
lar orbital diagram of IVa ; contour plots and charge contri-
butions of important molecular orbitals are given in
Figure 10 and Table 5, respectively. The model is oriented
such that the x axis is along the Ta�Ta vector and the y axis
lies within the Ta2N2 plane. The pv and p*


v orbitals of the di-
nitrogen ligand are vertical (v) to this plane, whereas the ph


and p*
h orbitals lie in this plane (horizontal, h; cf. Figure 1).


The HOMO of IVa, p*
v _dxz/dyz h51i, has dominant nitro-


gen character and derives from a bonding combination of
the p*


v function of the dinitrogen unit with the mixed dxz/dyz


Table 4. Force constants of the internal coordinates of the Ta2N2 unit of
complexes I, II, III, and IVa.


Force constant[a]


I[b] II III IVa


rNN 2.430 1.876 1.729 1.515
rTaN1 1.291 1.233 1.194 1.105
rTaN2 0.917 0.800 0.836 1.090
rTaN3[c] 2.517 2.880 2.860 2.486
gNN 0.482 0.557 0.448 1.055
rNX 1.032 1.389 2.601
a 0.576 0.262 0.301 0.559
b 0.586 0.676 0.773 0.481
c 0.651 0.837 0.872 0.953
d 0.292 0.421 0.465 0.012
e 0.038 0.025 �0.135 0.364
f 0.122 0.238 0.255 0.388


[a] Units are mdyn ��1. [b] Data taken from reference [15]. [c] Side-on
Ta�N.


Figure 9. MO diagram of model IVa. MO designations correspond to
those in Table 5.


Figure 10. Contour plots of important molecular orbitals of IVa.
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orbitals of the metal centers. This orbital, which forms two p


bonds between the dinitrogen ligand and the two metal
atoms, is quite similar to the HOMO obtained for model I
(Figure 1). Additionally it has a small contribution on the
boron atom, which is antibonding with respect to the termi-
nal nitrogen atom. The corresponding nitrogen–boron bond-
ing combination of this orbital is found in MOs h48i and
h47i, corresponding to a p bond between the terminal nitro-
gen and the Lewis acid (see Figure 10). Orbitals h50i and
h46i represent a degenerate orbital deriving from the p*


h and
p*


v orbital of the dinitrogen unit. These orbitals form a p


(h50i) and a pseudo-s (h46i) bond, respectively, between the
nitrogen and the boron atoms. The interaction between the
p*


h orbital and dx2�y2 (p*
h _dx2�y2 ; h44i) results in two s bonds


between N5/N6 and Ta1 and one p bond between N5 and
Ta2, similar to that found in model system I. Additionally,
this orbital has small contribution from the boron atom that
interacts with the nitrogen atom to form a pseudo-s bond.


Importantly, the p and s bonding orbitals of the dinitro-
gen unit interact with the tantalum d orbitals and the boron
ligand as well. Specifically, the ps orbital and the ph orbital
of the dinitrogen unit mix to form the two combinations ps/
p1


h and ps/p
2
h (see Figure 10). The component ps/p


1
h, which is


distributed over three orbitals (h41i, h27i, and h25i) forms a
s bond between the terminal nitrogen and boron atoms.
These orbitals have the largest contribution both from the
dinitrogen ligand and the boron atom and, therefore, repre-
sent the major interaction between nitrogen and boron. In
contrast, the other combination ps/p


2
h as present in orbitals


h36i, h35i, h31i and h29i has no contribution on the boron
atom, but instead interacts with tantalum d-functions. The
pv orbital of the dinitrogen moiety does not show interaction
with the boron atom either.


The LUMO and higher lying unoccupied orbitals have
strong participation from tantalum d functions, correspond-
ing to an approximate TaV configuration of IVa (d-shell
empty). Since both back-bonding p* orbitals of the dinitro-
gen moiety are filled and are at lower energy than the mani-
fold of d functions, an inverted bonding situation applies
which is analogous to complex 1. Table 6 compares the


atomic charges (NPA) found for model system I with those
calculated for models II, III, and IV b (model IV b is a more
accurate model of complex 4 with the full B(C6F5)3 group,
cf. Experimental Section). In the inverted bonding scheme,
up to four electrons are transferred from the metals to the
p* orbitals of the dinitrogen group, which therefore gets
strongly reduced. On the other hand, negative charge is
withdrawn from N2 by donation from the filled p orbitals to
the empty metal d orbitals. In the case of I, the �4 charge


Table 5. Charge contributions of model IVa.[a]


Orbital Label Energy Charge Decomposition [%]
[Hartree] Ta1 d Ta2 d Nt


[b] Nb
[b] (m-H)2


[c] NAD
[c,d] PH3


[c] B remark[e]


dxz/dyz 52 �0.05931 24 33 1 2 0 5 13 1 LUMO
p*


v _dxz/dyz 51 �0.16803 12 20 28 10 1 9 1 5 HOMO p a.b.
p*


h=v 50 �0.22533 4 1 6 11 2 56 9 5 p b.
B 49 -0.22959 2 1 6 4 1 14 2 35 n.b.
B_p*


v 48 �0.23824 2 3 2 6 1 36 7 21 p b.
B_p*


v 47 �0.24620 1 10 3 7 7 51 1 10 p b.
p*


h=v 46 �0.26345 11 4 8 8 4 48 3 4 pseudo s b.
p*


h _dx2�y2 44 �0.28585 8 16 9 7 3 46 1 4 s b.
ps/p*


h _dxy 41 �0.33821 9 1 9 10 2 6 37 10 s b.
pv 40 �0.35322 5 6 10 17 1 24 13 7 n.b.
pv 39 �0.35762 5 5 13 12 3 40 1 2 n.b.
pv 38 �0.36579 4 9 7 11 3 28 18 4 n.b.
ps/p


2
h_dz2 36 �0.39215 9 3 10 5 0 48 2 1 n.b.


ps/p
2
h_ds 35 �0.40351 3 9 9 10 2 33 6 0 n.b.


pv_dxz/dyz 34 �0.40717 16 9 10 14 2 38 2 1 n.b.
ps/p


2
h 31 �0.44130 1 1 10 9 1 10 25 0 n.b.


ps/p
2
h 29 �0.45284 2 3 9 10 6 14 16 0 n.b.


ps/p
1
h 27 �0.47845 2 4 23 22 0 16 2 13 s b.


ps/p
1
h 25 �0.48458 2 1 4 5 1 53 1 2 s b.


[a] Only selected orbitals are listed. [b] Nt is the terminal nitrogen and Nb the bridging nitrogen atom of the dinitrogen ligand. [c] The charge decomposi-
tion gives the sum of all corresponding atoms. [d] NAD is the nitrogen atom of the NH2 group. [e] a.b.=antibonding; n.b.= nonbonding; b.=bonding be-
tween the terminal nitrogen and boron atoms.


Table 6. NPA Charges of model systems II, III and IV b compared to
model system I.


Atom Charge
I[b] II III IVb


Ta1 1.42 1.46 1.47 1.50
Ta2 1.28 1.35 1.36 1.40
N5 �0.53 �0.52 �0.51 �0.53
N6 �0.55 �0.69 �0.72 �0.65
Ha �0.22 �0.21 �0.20 �0.19
NADH2


[a] �0.41 �0.39 �0.39 �0.36
PH3


[a] 0.22 0.26 0.26 0.26
X – 1.68 1.81 0.63
X-R3


[c] – �0.15 �0.15 �0.45


[a] Charge for each atom; charges are averaged. [b] Data taken from ref-
erence [15]. [c] R= Me for II and III ; R=C6F5 for IV b.
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of N2 is thus decreased to �1.08 units, which are equally dis-
tributed over the two nitrogen atoms of N2. In the Lewis
acid adducts 2–4, the negative charge on the dinitrogen
ligand increases again, the additional charge being exclusive-
ly accumulated on the terminal nitrogen atom (�0.69,
�0.72, and �0.65 for II, III, and IVb, respectively). As can
be inferred from inspection of Table 6, this additional
charge mostly derives from the metal centers, but also from
the terminal N/P and bridging hydrido ligands.


Discussion


The formation of Lewis acid–base adducts with mononu-
clear transition-metal dinitrogen complexes is well
known.[26–28] Generally these result from the addition of
Lewis acidic species (Group 13 complexes or transition-
metal complexes) to preformed mononuclear dinitrogen
complexes. Alternatively, metallic reducing agents such as
Mg are used to generate heterobimetallic dinitrogen com-
plexes in which different levels of N2 activation are ob-
served. These compounds have been employed in salt meta-
thesis schemes with other metal halides to provide entry
into a variety of other heterobimetallic dinitrogen com-
plexes.


Here it was shown that the side-on end-on dinitrogen
complex [{(NPN)Ta}2(m-H)2(m-h1:h2-N2)] (1) reacts with the
Lewis acids GaMe3, AlMe3, and B(C6F5)3 to form the ad-
ducts [{(NPN)Ta}2(m-H)2(m-h1:h2-NNGaMe3)] (2),
[{(NPN)Ta}2(m-H)2(m-h1:h2-NNAlMe3)] (3), and
[{(NPN)Ta}2(m-H)2{m-h1:h2-NNB(C6F5)3}] (4). These com-
pounds are somewhat anticipated by an earlier report of a
trinuclear N2 complex of titanium,[29] but the uncertainties in
characterization and synthesis of this species are in marked
contrast to the ready availability of 1 upon nitrogenation of
[{(NPN)Ta}2(m-H)4] and the controlled fashion in which 1
reacts with a variety of electrophiles. The outcomes of these
reactions seem to exist in two broad classes; those that
result from addition reactions and those that result from
Lewis acid–base interactions. The former are often unstable
to elimination of H2 and further transformations including
N�N bond cleavage, while the latter are surprisingly stable.
This suggests that heterotrimetallic complex formation with
1 may offer new opportunities to transfer atoms and groups
from this third metal center onto the dinitrogen fragment.
In cases in which an addition reaction occurs it seems the
H�E or X�E bond polarity must be suitable.


The solid-state molecular structures of the Lewis adducts
2–4 were determined by X-ray crystallography. The metric
parameters of the Ta2N2 moiety are similar to those of the
parent complex 1, apart from the N�N distance which has
increased from 1.319(4) � (1) to 1.356(18), 1.363(7) and
1.393(7) �, in 2, 3, and 4 respectively (cf Table 1). This indi-
cates an increase of dinitrogen activation parallel to the
Lewis acidity of the coordinated Group 13 complex. The
aluminum and gallium atoms in 2 and 3 are clearly four-co-
ordinate and trigonal pyramidal. Both the solid-state struc-


ture and the 1H and 31P{1H} NMR spectra of 2 and 3 are
very similar. The Ga�N bond is 0.108 � longer than the Al�
N bond, as expected. Attempts to prepare the BMe3 or BEt3


adducts were unsuccessful, but B(C6F5)3 forms the adduct 4
despite the considerable steric bulk imposed by the three
pentafluorophenyl groups. This demonstrates the accessibili-
ty of the terminal nitrogen atom of 1 to other reagents.


As evidenced by variable-temperature 1H NMR spectros-
copy, complexes 2–4 are fluxional in solution. In the high-
temperature limit all display Cs symmetry, whereas C1 sym-
metry is observed at lower temperatures. The transition tem-
peratures are 320, 240, and 340 K for 2, 3, and 4, respective-
ly. The interconversion likely involves a “rocking” of the
NPN ligands, such that the P-Ta-Ta-P angles sweep through
1808. Moreover, the vibrational spectroscopic properties of
complexes 2–4 were determined. Vibrational spectroscopic
data (resonance Raman/IR) were evaluated by normal coor-
dinate analysis with the help of DFT calculations, allowing
us to correlate the spectroscopic properties of 2–4 with their
electronic structures.


The vibrational properties of 2–4 were found to be similar
to those of 1. The N�N stretching frequency is slightly de-
creased relative to 1, in agreement with the elongation of
the N�N bond. In contrast, the frequency of the metal/end-
on dinitrogen vibration n(Ta2-N2) is found to increase signif-
icantly, shifting from a single peak at 656 cm�1 in 1 to a clus-
ter of bands at around 700, 740, and 880 cm�1 in the Raman
spectra of complexes 2, 3, and 4, respectively. The frequen-
cies of the metal/side-on dinitrogen vibrations remain ap-
proximately constant. Finally, the symmetric out-of-plane
mode of the N2 unit, which has not been observable in the
spectra of 1, was found at 256, 276, and 409 cm�1 in the spec-
tra of complexes 2, 3, and 4, respectively.


To evaluate the vibrational data, a QCB-NCA was ap-
plied. This method has been employed before in the vibra-
tional study of compound 1.[15] In this procedure, force con-
stants and frequencies are calculated by DFT. Then selected
force constants are fitted to the observed frequencies, all
other force constants being fixed at their theoretical calcu-
lated values derived by the DFT calculation. A graphical
representation of the force constants evaluated this way is
given in Figure 11. The force constant for the N�N bond,


Figure 11. Evolution of M�N and N�N force constants.
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which was calculated to 2.430 mdyn ��1 in complex 1, de-
creases in complexes 2–4 to 1.876 (2), 1.729 (3), and
1.515 mdyn ��1 (4). This is in line with the trend of N�N
bond lengths determined for complexes 1–4 (see above). In
contrast, the tantalum/side-on nitrogen force constants rTaN1
and rTaN2 are at approximately the same values for com-
plexes 1–4. This should be expected by consideration of the
metal–nitrogen bond lengths, which are quite similar in all
four compounds.


The small decrease of N�N stretching frequencies ob-
served for 2–4 relative to 1 appears to be in contrast to the
significant decrease in force constants that occurs upon
going from complexes 1 to 4. This is explained by the fact
that both N atoms of the N2 unit oscillate against metal cen-
ters in the Lewis adducts (as opposed to the parent complex
1), causing an increase of the N�N vibrational energy that
acts against the decrease due to the lengthening of the N�N
bond. As a result, the N�N force constants markedly de-
crease from complexes 1 to 4, whereas n(N�N) is only
slightly reduced. The metal/end-on dinitrogen stretching fre-
quency, on the other hand, increases monotonously relative
to 1 in compounds 2, 3, and 4 by 84, 88, and 227 cm�1, re-
spectively, whereas the corresponding force constant shows
a mixed behavior; that is, it increases in 2 and 3 and de-
creases in 4 with respect to 1. Remarkably, the highest fre-
quency of n(Ta2-N2) is observed for 4, for which the corre-
sponding metal–N force constant, rTaN3, is smallest. Again,
this is due to the fact that the dinitrogen unit oscillates
against the Lewis acid in n(Ta2-N2), such that the frequency
of this vibration is highest in complex 4, which is coordinat-
ed to the Lewis acid with the highest mass and the strongest
bond to the terminal nitrogen atom.


The electronic structure of the Lewis acid adducts is de-
scribed on the basis of a hypothetical BH3 adduct of 1
(IVa), providing a generic model of complexes 2–4. The
electronic structure of complex 1 itself has been analyzed
before in terms of interactions between the tantalum d orbi-
tals and the MOs of the dinitrogen.[12,15] Here it is found
that these interactions are quite similar in model IVa. Based
on the electronic structure described of 1, it was expected
that the bonding interactions between the terminal nitrogen
and the Lewis acid atom would mostly involve the p*


v and
p*


h orbitals of the dinitrogen unit, since these orbitals have
strong contributions at the terminal nitrogen atom in 1 (see
Figure 1). Based on the results obtained in the present
study, this view has to be modified. Specifically it is found
that the ph and the ps orbital of the dinitrogen unit mix to
form two hybrid orbitals (ps/p


1
h and ps/p


2
h). The latter combi-


nation is N�B nonbonding, whereas the former combination
is s bonding with respect to boron and nitrogen. As evident
from orbital analysis, this orbital mediates the strongest s


bond between the terminal nitrogen and boron atoms. In
contrast, the p*


v and p*
h orbitals of N2 exhibit much less in-


teraction with the Lewis acid. Moreover, the p*
v _dxz/dyz orbi-


tal, which is the HOMO (h51i) of model IVa interacts with
the boron atom in a p antibonding fashion. This interaction,
however, is quite weak as the boron contribution to this or-


bital is small (5%). The corresponding p bonding combina-
tions are found in the B_p*


v orbitals h48i and h47i. Addition-
ally, p*


v mixes with p*
h to form two p*


h=v hybrid orbitals (h50i
and h46i), which result in p and pseudo-s bonding between
the nitrogen and boron atoms, respectively. The p*


h _dx2�y2 or-
bital (h44i) also exhibits a s bonding interaction with the
Lewis acid. Thus, apart from the negligible p antibonding in-
teraction of the HOMO, the p*


v and p*
h orbitals of the dini-


trogen unit in fact form p and s bonds with the boron atom.
These interactions, however, are weak with respect to the
dominant s bond mediated by the ps/ph hybrid orbital.


The NPA charges calculated for model II, III, and IV b of
the adducts indicate that the negative charge on the dinitro-
gen ligand increases with respect to the model system I, al-
though an electron-acceptor (Lewis acid) is bound. As fur-
ther revealed by NPA, this additional charge on N2 is mostly
withdrawn from the tantalum center and is basically located
at the terminal nitrogen atom. This continues a trend al-
ready observed and explained for 1, that the charge transfer-
red from the metal to N2 mostly accumulates on the termi-
nal N atom. The lengthening of the N�N bond observed
upon coordination of the Lewis acids is therefore due to the
fact that the electron density in the p* orbitals of the dini-
trogen unit is increased, while electron density from the N�
N bonding orbitals ps and ph is withdrawn.


In summary, the accessibility of the terminal nitrogen
atom of the side-on end-on N2 coordinated complex 1 to ex-
ternal reagents has been demonstrated by the synthesis and
characterization of the Lewis adducts 2–4. A complete un-
derstanding of the spectroscopic properties of 2–4 has been
achieved, and the vibronic differences to 1 have been ex-
plained. The electronic structure of the Ta2(m-h1:h2-N2-X)
(X=Lewis acid) moiety has been described and the activa-
tion of the dinitrogen ligand has been analyzed. Further
spectroscopic and theoretical studies on derivatives of 1 re-
sulting from addition of silanes and boranes should allow us
to obtain insight into the ensuing reaction steps that will ul-
timately lead to cleavage of the N�N bond.


Experimental Section


Synthesis of 2, 3, and 4 and their 15N-labeled derivatives : General syn-
thetic methods and experimental conditions have been reported else-
where.[13]


Synthesis of [{(NPN)Ta}2(m-H)2(m-h1:h2-N2)] (1): Compound 1 and its
15N-labeled derivatives were synthesized by literature methods.[12]


Synthesis of [{(NPN)Ta}2(m-H)2(m-h1:h2-NNGaMe3] (2): Neat GaMe3


(51 mg, 0.447 mmol) was added as a single portion to a solution of 1
(564 mg, 0.447 mmol) in toluene (20 mL). The compounds reacted imme-
diately upon agitation, as demonstrated by an immediate colour change
to yellow-brown. The solvent was removed under vacuum after 8 h, and
the residues were triturated under hexanes, giving a brown solid. This
solid was rinsed with minimal cold hexanes and dried, to yield complex 2
as a dark brown solid (591 mg, 96 %). 1H NMR (C6D6, 30 8C, 500 MHz):
d=�0.45 (s, 15H; 9Ga(CH3)3, 6SiCH3), �0.45, �0.12, �0.18, (s, 6H
each, 18H total; SiCH3), 0.73 (AMX, 2JHH =13.8, 2JHP = 10.8, 4 H;
SiCH2P), 1.43 (AMX, 2JHH =14.1, 2JHP =12.2, 4 H; SiCH2P), 6.90 (d, 2 H;
2JHP =6.2 Hz, PPh o-H), 7.72 (d, 2H; 2JHP =7.0 Hz, PPh o-H) 7.19 (m,
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2H; PhH), 7.08 (d, 4H; NPh o-H), 7.10–7.27 (m, 18 H; PhH), 10.91 ppm
(br, 2H; TaH); 13C NMR (C7D8, 125 MHz, 25 8C): d=0.17 (br s,
Ga(CH3)3) 0.82, 1.04, 2.27, 4.68 (SiCH3) 22.09 (d), 31.76 (d) (SiCH2P)
133.63 (d), 134.64 (d) (P-Ph ipso) 131.62, 130.84 (P-Ph ortho) 122.68,
129.43 ppm (N or P-Ph) (additional resonances occluded by solvent);
31P{1H} NMR (C6D6, 20 8C, 202 MHz): d=18.8 (d, 3JPP =22.9 Hz, 1P),
10.1 ppm (d, JPP =22.9 Hz, 1 P); elemental analysis calcd (%) for
C51H73GaN6P2Si4Ta2: C 44.51, H 5.35, N 6.11; found: C 44.20, H 5.37, N
6.01.


Synthesis of [15N2]-2 : The 15N-labeled analogue was prepared from [15N2]-
1 in a manner similar to the preparation of 2 described above. 15N NMR
(C7D8, 299 K): d =�29.9 (dd, 1JNN =18.3 Hz, 2JNP =27.5 Hz), 79.9 ppm (d,
1JNN =18.3 Hz, 2JNP =9.2 Hz); 31P{1H} NMR (C7D8, 299 K): d=18.8 (d,
3JPP = 23.0 Hz, 2JPN =2.8 Hz , 1P), 10.0 ppm (1:2:1 triplet, 3JPP =23.0 Hz,
2JPN =25 Hz, couplings not well resolved, 1P).


Synthesis of [{(NPN)Ta}2(m-H)2(m-h1:h2-NNAlMe3)] (3): A 2 m solution
of AlMe3 in toluene (1.0 mL, 2.0 mmol) was added to a solution of 1,
(1.06 g, 0.840 mmol) in toluene (20 mL). The solution immediately react-
ed, as demonstrated by an immediate colour change to a dark brown.
The solvent was removed under vacuum, and toluene (10 mL) was added
and then the sample dried again to remove excess AlMe3. The remaining
solid was rinsed with minimal cold hexanes and dried, to yield complex 3
as a pale brown solid (1.06 g, 95 %). 1H NMR (C6D6, 30 8C, 500 MHz):
d=�0.47 (s, 9 H; Al(CH3)3), �0.41, �0.30, �0.23, �0.04, 0.01, 0.04, 0.09,
0.10 (s, 24 H total; SiCH3), 0.65 (AMX, 2JHH =13.5, 2JHP =10.6, 2 H;
SiCH2P), 1.48 (AMX, 2JHH =13.5, 2JHP =12.2, 2 H; SiCH2P), 1.59, 1.59 (m,
4H total; SiCH2P), 6.74 (m, 2H; PhH), 6.83 (b, 2 H; PPh o-H), 6.89 (m,
2H; PhH), 6.91 (d, 4H; NPh o-H), 7.10–7.27 (m, 18H; PhH), 8.24 (m,
2H; PPh o-H), 10.85 ppm (dd, 2JHP =20.3, 14.3, 2 H; TaH); 13C NMR
(C6D6, 20 8C, 125 MHz): d =�7.94 (s, Al(CH3)3), �3.97, �0.25, �0.01,
3.71 (SiCH3) 28.73 (d), 30.55 (d) (SiCH2P) 133.47 (d), 132.58 (d) (P-Ph
ipso) 130.52 129.81 (P-Ph ortho) 128.10, 128.02, 127.84, 127.76, 125.17,
124.82, 124.35 ppm (N or P-Ph); 31P{1H} NMR (C6D6, 20 8C, 202 MHz):
d=18.9 (d, 3JPP = 22.9 Hz, 1P), 10.0 ppm (d, JPP =22.9 Hz, 1 P); elemental
analysis calcd (%) for C51H73AlN6P2Si4Ta2: C 45.94, H 5.52, N 6.30;
found: C 46.20, H 5.47, N 6.00.


Synthesis of [15N2]-3 : The 15N-labeled analogue was prepared from [15N2]-
1 in a manner similar to the preparation of 3 described above. 15N NMR
(C6D6, 299 K): d)�33.1 (dd, 1JNN =18.8 Hz, 2JNP =25 Hz), 54.6 ppm (d,
1JNN =18.8 Hz, 2JNP =8.4 Hz); 31P{1H} NMR (C6D6, 299 K): d=19.1 (d,
3JPP = 23.0 Hz, 2JPN =8.4 Hz, 2JPN =2.8 Hz , 1 P), 10.0 ppm (d, 3JPP =


23.0 Hz, 2JPN =25 Hz, 3JPN =2.0 Hz, 1 P).


Synthesis of [{(NPN)Ta}2(m-H)2{m-h1:h2-NNB(C6F5)3}] (4): Solid B(C6F5)3


(0.3065 g, 0.5674 mmol, 0.95 equivalents) was added to a solution of 1
(0.7551 g, 0.5987 mmol) in C6H6 (20 mL). The solution immediately dark-
ened and both the 31P{1H} and 1H NMR spectra indicated that a reaction
had occurred. Over 48 h brown benzene-insoluble needles precipitated.
The solid was collected and dried, to yield 4·0.5 C6H6 (0.998 g, 92 %). The
co-crystallized benzene could not be removed under vacuum, and its
presence was confirmed in the 1H NMR spectrum and crystal structure.
Alternatively, preparation in toluene followed by evaporation and tritura-
tion under hexanes afforded 4 free of benzene in similar yield. 1H NMR
(500 MHz, C4H8O, 240 K): d =�0.67, �0.64, �0.57, �0.12, 0.18, 0.21,
0.53, 0.55 (s, 24H total; SiCH3), 0.46, 1.26, 1.49, 1.66, 1.71, 1.83, 1.99, 2.28
(AMX, 8H total; CH2 ring), 4.95 (br, 2H; phenyl protons), 5.77 (m, 1 H;
phenyl proton), 6.57 (d, 1 H; NPh o-H), 6.67 (m, 1H; phenyl proton),
6.77 (overlapping multiplets, 3H; phenyl protons), 6.85 (d, 2H; NPh o-
H), 7.03 (overlapping multiplets, 8 H; phenyl protons), 7.11 (m, 2 H;
phenyl protons), 7.21 (d, 2 H; NPh o-H), 7.33 (s, 3 H; C6H6), 7.34 (over-
lapping multiplets, 3 H; phenyl), 7.40 (m, 1 H; phenyl protons), 7.73
(overlapping multiplets, 5 H; phenyl protons and PPh o-H), 7.82 (m, 2H;
PPh o-H), 11.36 (ddd, 2JHH =16.3 Hz, 2JHP =19.4, 2JHP =25.7, 1 H; TaH),
11.68 ppm (m, 1 H; TaH); 31P{1H NMR (C4H8O, 240 K): d =11.6 (d, 2JPP =


23.9, NPN ligand), 17.7 ppm (br d, 2JPP =23.9, NPN ligand); elemental
analysis calcd (%) for C66H62BF15N6P2Si4Ta2·0.5 C6H6: C 45.78, H 3.62, N
4.64; found: C 45.47, H 3.76, N 4.69.


Synthesis of [15N2]-4 : The 15N-labeled analogue of 4 was prepared from
[15N2]-1 in a manner identical to the preparation of 4 described above.


15N{1H} NMR (C4D8O, 299 K): d=�21.2 (dd, 1JNN =15.3 Hz, 2JNP =


22.0 Hz), 2.4 ppm (d, 1JNN =15.3 Hz).


Test for reversibility of adduct formation : A mixture of [15N2]-1 and natu-
ral abundance 2, 3, and 4 was dissolved in C6D6 and observed by 31P{1H}
NMR spectroscopy. No coupling patterns typical of [15N2]-2, [15N2]-3, or
[15N2]-4 were observed even after three days at room temperature.


Single-crystal X-ray structure determination : Details of the structure de-
termination are given below. Selected bond lengths and angles are given
in Table 2.


[{(NPN)Ta}2(m-H)2(m-h1:h2-NNGaMe3)] (2): Crystals of 2 suitable for X-
ray diffraction analysis were obtained from a solution of 2 in benzene
layered with hexamethyldisiloxane at ambient temperature in a glove
box. Brown monoclinic crystal, dimensions 0.10 � 0.08 � 0.04 mm, space
group P21, a =11.4504(8), b=22.9361(15), c=22.6842(16) �, b=


95.7563(2)8, V= 5870.6(7) �3, 1calcd =1.555 g cm�3, 2qmax =60.18. Measure-
ments were made with an ADSC CCD area detector coupled on a
Rigaku AFC7 diffractometer with graphic monochromated MoKa radia-
tion (l=71069 �) at �75�1 8C in 0.508 oscillations with 15.0 s exposures
by using f oscillations from 0.0 to 190.08 at x =�908. 44 384 reflections
were collected; 22490 were unique; equivalent reflections were merged.
Data were collected and processed using d*TREK Area Detector Soft-
ware, Version 4.13.[30] Structure solved by heavy-atom Patterson methods
by using the programs DIRDIF94[31] and PATTY,[32] refined (11 585 re-
flections, 1085 variables) as full-matrix least-squares against jF2 j with
SHELX97.[33] Residuals (refined on F, [I>2.00s(I)]): R1, 0.059, wR2


0.147.


[{(NPN)Ta}2(m-H)2(m-h1:h2-NNAlMe3)] (3): Crystals of 3 suitable for X-
ray diffraction analysis were obtained from a solution of 3 in toluene by
slow evaporation at �60 8C in a glove box freezer. Brown triclinic crystal,
dimensions 0.30 � 0.04 � 0.02 mm, space group P1̄, a=11.566(2), b=


23.596(3), c =24.601(10) �, a= 105.937(1), b=95.508(1), g= 94.284(1)8,
V=6390.2(22) �3, 1calcd = 1.482 g cm�3, 2qmax =56.08. Measurements were
made with a standard Siemens SMART CCD area detector system
equipped with a normal focus molybdenum-target X-ray tube operated
at 2.0 kW (50 kV, 40 mA) at �75�1 8C in 0.308 oscillations with 60.0 s
exposures by using f oscillations from 0.0 to 190.08 at x =�908. 38032 re-
flections were collected; 26 874 were unique; equivalent reflections were
merged. Data were processed using the Siemens SAINT program and
corrected for absorption with the SADABS program.[34] Structure solved
by direct methods and refined employing full-matrix least-squares on F2


(Siemens, SHELXTL, version 5.04[35]) to a goodness of fit of 1.037 and
final residuals of R1 =5.10 % [I>2s(I)], wR2 =9.66 % [I>2s(I)].


[{(NPN)Ta}2(m-H)2{m-h1:h2-NNB(C6F5)3}] (4): Crystals of 4 suitable for
X-ray diffraction analysis were obtained from a solution of 4 in benzene
layered with hexamethyldisiloxane at ambient temperature in a glove
box. Orange-brown monoclinic crystal, dimensions 0.45 � 0.30 � 0.20 mm,
space group P21/n, a=24.8421(7), b=24.330(5), c= 25.6475(2) �, b=


99.795(4)8, V=15 423.5(4) �3, 1calcd =1.628 g cm�3, 2qmax =61.08. Measure-
ments were made using an ADSC CCD area detector coupled with a
Rigaku AFC7 diffractometer with graphic monochromated MoKa radia-
tion (l =71069 �) at �75�1 8C in 0.308 oscillations with 8.0 s exposures
by using f oscillations from 0.0 to 189.98 at x =�908. 143 494 reflections
were collected; 41721 were unique; equivalent reflections were merged.
Data were collected and processed using d*TREK Area Detector Soft-
ware.[30] Structure solved by heavy-atom Patterson methods using the
programs DIRDIF92[31] and PATTY,[32] refined (22 129 reflections, 1294
variables) as full-matrix least-squares against jF2 j using SHELX97.[33]


Residuals (refined on F, [I>2.00s(I)]): R1, 0.055, wR2 0.130.


CCDC-239836 (2), CCDC-240885 (3), and CCDC-239837 (4) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained 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 deposit@ccdc.
cam.uk).


IR spectroscopy: Middle infrared (MIR) and far infrared (FIR) spectra
were obtained from RbI pellets using a Bruker IFS 66v/S FTIR spec-
trometer. The resolution was set to 1 cm�1 for the MIR and 2 cm�1 for
the FIR spectra.
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Resonance Raman spectroscopy : Resonance Raman spectra were mea-
sured using a Dilor XY-Raman-spectrograph with triple monochromator
and CCD detector. An Argon/Krypton mixed gas laser with a maximum
power of 5 W was used for excitation. The spectra were recorded with an
excitation wavelength of 568.2 nm. The samples were measured as KBr
pellets and cooled to 10 K with a helium cryostat. Spectral bandpass was
set to 2 cm�1.


Normal coordinate analysis : Normal coordinate calculations were per-
formed using the QCPE computer program 576.[36] The calculations were
based on a general valence force field, and the force constants were re-
fined using the nonlinear optimization routine of the simplex algorithm
according to Nelder and Mead.[37] The models for the normal coordinate
analysis were simplified by replacing the NPN ligand by NH2 and PH3


groups. In case of compound 4 the B(C6F5)3 group was replaced by BH3.
The resulting model complexes II, III and IVa were optimized in C1 sym-
metry, but with restrictions on the Ta-Ta-N-H dihedral angles. Model
IV b is a more accurate model of complex 4 with the full B(C6F5)3 group,
leading to [{(PH3)(NH2)2Ta(m-H)}2{m-h1:h2-N2-B(C6F5)3}], which was opti-
mized in C1 symmetry, also employing the above-mentioned restrictions
on the Ta-Ta-N-H dihedral angles.


Frequencies and force constants (f-matrix) of these models were calculat-
ed. The hydrogen atoms of the NH2 and PH3 groups were removed to
avoid artificial interactions and the masses of the hydrogen atoms of the
BH3 group of model IV were set to 167 for a better description of the
huge pentafluorophenyl group in complex 4. Finally, only selected force
constants of the resulting f-matrix were refined according to the QCB-
NCA procedure (see Results section).


Density functional theory calculations : Spin-restricted DFT calculations
with Becke�s three parameter hybrid functional with the correlation func-
tional of Lee, Yang, and Parr (B3 LYP)[38–40] were performed for the sin-
glet ground state of simplified models of complexes 2, 3, and 4. The
LANL2DZ basis set was used for all calculations. It applies Dunning/Hu-
zinaga full double zeta (D95) basis functions[41] on the first row and Los
Alamos effective core potentials plus DZ functions on all other
atoms.[42, 43] Convergence was reached when the relative change in the
density matrix between subsequent iterations was less than 1� 10�8 for
single points and optimizations. Charges were analyzed by using the natu-
ral bond orbital (NBO) formalism.[44–46] All computational procedures
were used as they are implemented in the Gaussian 98 package.[47] Wave-
functions were plotted by using the visualization program Gaussview 2.1.
The force constants in internal coordinates were extracted from the
Gaussian output by using the program Redong.[48]
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Coordination of Iron(iii) Cations to b-Keto Esters as Studied by Electrospray
Mass Spectrometry: Implications for Iron-Catalyzed Michael Addition
Reactions


Claudia Trage, Detlef Schrçder, and Helmut Schwarz*[a]


Introduction


The Michael addition is a classical reaction for C�C bond
formation in organic chemistry. Coupling of a nucleophile
(usually an enolate such as a deprotonated 1,3-dicarbonyl
compound) and a,b-unsaturated ketones or esters is general-
ly achieved by using stoichiometric amounts of a base. Re-
cently, a catalytic form of the Michael reaction mediated by
iron(iii) chloride was reported.[1] Broad screening of b-keto
esters and a,b-unsaturated ketones has proven the practica-
bility of C�C coupling for a wide range of reactants.[2–7] Fur-
thermore, kinetic investigations and a suitable choice of sub-
strates have provided evidence that corroborates the pro-
posed mechanism of a one-center template reaction, in
which the iron is assumed to act as a Lewis acidic center to
facilitate both deprotonation of the coordinated dicarbonyl
compound and coupling by means of template effects
(Scheme 1).[8] While these mechanistic proposals are in ac-
cordance with experimental observations, direct experimen-
tal evidence for the active species within the catalytic cycle
and the intermediates is lacking so far. However, theoretical
investigations support the proposed mechanism and shed
light on the effect of the counterion on the reaction rate.[8] Nevertheless, three crucial points remain to be solved:


1) Which complexes are present in a solution of FeIII salts
and b-keto esters?


2) What exactly is the role of the counterion?
3) What influence does the structure of the ester have on


the complex formation?


[a] C. Trage, Dr. D. Schrçder, Prof. Dr. Drs. h.c. mult. H. Schwarz
Institut f�r Chemie, Technische Universit�t Berlin
Strasse des 17. Juni 135, 10623 Berlin (Germany)
Fax: (+49) 303-142-1102
E-mail : helmut.schwarz@mail.chem.tu-berlin.de


Abstract: Solutions of FeIII salts and b-
keto esters have been investigated by
means of electrospray ionization mass
spectrometry. The complexes formed in
such solutions have been considered
previously as active intermediates in
FeIII-catalyzed Michael additions. By
using different FeIII salts with a set of
b-keto esters, cation and anion mass


spectra were analyzed and the effects
of ester concentration, the role of the
counterion, and the structure of the
ester employed are discussed. Depen-


ding on the basicity of the ester, an in-
crease of its concentration may lead to
a decrease in the concentration of iron
complexes observed in the mass spec-
tra. Counterions with strong binding af-
finities to iron are found to capture the
metal as ferrates, thereby removing the
metal from the catalytic cycle.


Keywords: electrospray ionization ·
enolates · iron · keto esters · mass
spectrometry · Michael addition


Scheme 1. Proposed mechanistic scheme for the catalytic cycle of the
iron(iii)-catalyzed Michael addition. Y stands for an additional anionic
ligand and L for a neutral ligand. The number n of neutral ligands de-
pends on the hapticity of L to afford an octahedral coordination sphere
of the metal center.
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Electrospray ionization mass spectrometry (ESI-MS) pro-
vides a powerful tool for answering these questions, as this
technique is particularly suitable for transferring ions pres-
ent in solution more or less directly into the gas phase fol-
lowed by mass analysis.[9,10] The aim of the present work is
to determine the species present in solution. Furthermore,
the effects of the structural nature and the concentration of
the ester as well as nature of the counterion on the ion for-
mation are investigated. These results may provide a valua-
ble aid for determination of the catalytically active species
in future reactivity studies in the gas phase.[10]


Results and Discussion


In terms of the esters investigated in this work compound
1 a is the simplest b-keto ester and 1 d is the compound most
successfully employed by Christoffers in condensed-phase
experiments.[2] Compounds 1 b and 1 c allow a study of the
structural influence of the ester on the ions formed. Further-


more, comparison of 1 a, 1 b, and 1 e permits the investiga-
tion of possible steric effects of the ester group. Based on
the synthetic procedures developed in the condensed
phase,[8] the counterion of FeX3 was selected to study the
observed acceleration of the Fe-mediated Michael addition
when the counterion is changed from chloride to perchlo-
rate.


This section is organized as follows: a detailed discussion
of the cation and anion spectra formed from 1 a and
Fe(ClO4)3 is followed by investigations of concentration ef-
fects, the influence of the counterion of the Fesalt, and the
role of the ester structure on the ions formed.


ESI mass spectra of Fe(ClO4)3 and 1 a : The cations observed
in all solvents used can be divided into two major catego-
ries: Fe-containing ions and metal-free ions, whereby the
latter are of remote interest in this study and are only men-
tioned where necessary.


The evolving singly charged, mononuclear complexes of
the first category are iron(iii) compounds with the general
formula [FeY2Ln]


+ , whereby Y is an anionic ligand, that is,
E� (the deprotonated form of the ester EH) or the counter-


ion of the Fe salt, X� (X=ClO4 or Cl), and L is any neutral
closed-shell ligand like the b-keto esters 1 a–e or a solvent
molecule. Likewise, [FeYLn]


2+ stands for the corresponding
dicationic complexes. These Fe complexes can be further
divided into three subgroups: cations in which both anionic
ligands Y are represented by the deprotonated ester E� ,
leading to an FeE2


+ core; the second group consists of Fe
complexes bearing a mixed FeEX+ core; and the third
group in which both anionic ligands correspond to the
monodentate X counterions, thus containing an FeX2


+ core.
In the cation ESI spectra of Fe(ClO4)3 and the methyl


ester of 3-oxobutanoic acid (1 a) dissolved in CH2Cl2, ions of
the first category, that is, with an FeE2


+ core, are most
prominent. At low cone voltages, corresponding to gentle
ionization conditions and thus low internal energies of the
ions formed, the mass spectra are dominated by
[FeE2(EH)]+ signals. As expected, this complex loses the
neutral ligand EH upon increase of internal energy, thus
giving rise to the unsolvated [FeE2]


+ ions. The formal ex-
change of one E� by ClO4


� results in the second category:
ions with an FeEX+ core, such as [FeEClO4(EH)]+ and
[FeEClO4(EH)2]


+ . Due to the weaker coordination ability
of perchlorate compared to E� , the intensities of these ions
are low relative to the [FeE2(EH)n]


+ ions (n=0, 1), as long
as an EH:Fe ratio �3 is maintained. The only ion observed
in the third category in which the metal bears two perchlo-
rate ligands is [Fe(ClO4)2(EH)2]


+ . Consistent with a low co-
ordination ability of perchlorate, the abundance of this com-
plex is also very low. Under soft ionization conditions, the
dicationic complex [FeE(EH)2]


2+ is also observed in a sig-
nificant amount, as clearly demonstrated by the characteris-
tic isotope pattern with spacings of a half mass unit
(Figure 1).[11] It remains to be mentioned that the solvent�s
coordination ability is so poor that no complexes with di-
chloromethane as a neutral ligand are observed.


The abundant [FeY2(EH)n]
+ complexes observed at low


cone voltages illustrate the basic principle that iron favors
coordination numbers high enough to saturate its six free
coordination sites, thereby forming 17-electron complexes.


Figure 1. Dicationic [FeE(EH)2]
2+ observed in the cation ESI spectrum


of a dilute solution of Fe(ClO4)3 and 1d in CH2Cl2.
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Although the high-spin d5-configuration of FeIII confers no
energetic advantage by virtue of crystal-field stabilization on
an octahedral arrangement of the coordinating ligands,[12] re-
lated tris(b-diketonato)iron(iii) complexes are known to
adopt a typical pseudo-octahedral symmetry.[12–14] Therefore,
the cationic complexes under study are also assumed to be
17-electron complexes with quasi-octahedral symmetry.
With increasingly harsher ionization conditions, successive
ligand losses occur, leading to complexes with lower coordi-
nation numbers.


Interestingly, the number of neutral ligands L is influ-
enced by the nature of the counterions. Both, the b-keto
ester EH as a neutral ligand L and the deprotonated form
E� as an anionic ligand Y� act as bidentate ligands. In the
case of the complexes with an FeE2


+ core, only two coordi-
nation sites remain for neutral ligands L to reach an octahe-
dral coordination sphere. The evident neutral ligand potent
enough to form such a bond is the bidentate ester EH,
thereby explaining the formation and the predominance of
the experimentally observed [FeE2(EH)]+ complex. In com-
plexes with an FeX2


+ core in which both anionic ligands
stem from the monodentate counterions of the Fe salt, two
additional coordination sites are available, allowing for a
second ester EH group to act as a neutral ligand resulting in
a pseudo-octahedral environment of [FeX2(EH)2]


+ . A differ-
ent situation exists for the ions with a mixed FeEX+ core.
With the anionic ligands E and X occupying three coordina-
tion sites, an odd number of free coordination sites remains
to be saturated by neutral ligands in order to achieve a six-
fold coordination of the complex. Alternatively, it is possible
that the two additionally bound ligands lead to a coordina-
tion number of seven.[15] We return to these options later.


The second category of cations observed in the ESI mass
spectra comprises protonated organic molecules and their
clusters. One of them is the protonated ester 1 a (EH)H+


and the respective proton-bound dimer (EH)2H
+ . Further-


more, the spectra indicate the occurrence of some reactions
that lead to new organic compounds, such as an aldol addi-
tion, an aldol condensation, and a methyl transfer among
others. As a key aim of this study is to investigate which
ions are present in solution of the iron-mediated Michael
addition, the origin of these organic ions needs some further
consideration. To this end, two additional experiments were
carried out to probe whether or not these ions are relevant
in this context. In a first experiment, the ESI mass spectra
of 1 a in dichloromethane were recorded in the absence of
iron. These spectra show the formation of the same organic
cations, indicating that their occurrence is by and large inde-
pendent of the presence of iron. This finding leads to the
question of whether these side reactions take place in so-
lution or whether they are a result of the ionization process.
To further elucidate this aspect, a solution of Fe(ClO4)3 with
ester 1 a in methanol was refluxed for 24 h. After distilla-
tion, the resulting reaction mixture was investigated by
NMR spectroscopy. The NMR spectra only show, beside
keto-enol tautomerism, signals for a reaction in which a
methyl-transfer[20] has taken place, which leads to an enol


ether. Signals corresponding to aldol-related reactions or
any other side reaction are not observed and indicate that
the additionally observed organic cations in the mass spectra
do not form in solution, but are a side product of the elec-
trospray ionization process. Hence, they are of only remote
interest for this study and will not be pursued any further,
except noting that these side products are also able to serve
as ligands for the iron center. The observed enol ether, for
example, can act as an additional ligand resulting in a mass
shift of Dm =++14 relative to the ester complexes under in-
vestigation.[21]


The ESI mass spectra of solutions of Fe(ClO4)3 and 1 a in
the negative ion mode show only metal-free anions over the
entire range of cone voltages. Under soft ionization condi-
tions, clusters of the type HClO4·ClO4


� and even (HClO4)2·-
ClO4


� dominate the spectra. With increasing cone voltage,
the perchlorate clusters (HClO4)n·ClO4


� dissociate giving
rise to free perchlorate. Further increase of the cone voltage
leads to successive fragmentation of ClO4


� thereby giving
rise to ClO3


� , ClO2
� , ClO� , and eventually Cl� . No metal-


or ester-containing anions are observed in significant intensi-
ties.


Concentration effect : The initially colorless esters adopt a
rich color upon complexation with iron. In all samples inves-
tigated in CH2Cl2, an increase of the ester concentration in
solution eventually leads to a color change. This change of
color is most distinct for EH=1 c with a switch from blue to
red. With such visual evidence that the concentration of the
ester affects the sample, it seems astounding that the result-
ing ESI mass spectra are almost unchanged. While the spec-
tra remain qualitatively the same, counterintuitively, an in-
crease of ester concentration results in a decreasing intensity
of the iron–ester complexes. This seemingly contradictory
observation together with the fact that the eye-catching
color change is not reflected directly in the mass spectra
may be explained by the possibility that the increased con-
centration of ester leads to the formation of neutral iron–
ester complexes. These neutral complexes are discriminated
in ESI-MS, because the electrospray ionization process is
known to favor intrinsically charged particles and to strongly
discriminate neutral analytes present in the same
sample.[10,22]


To rationalize the effects of increased ester concentration
on the solution, a closer look at the way the cations are
formed is necessary. The iron salt FeX3 added to the ester
(in solvent or neat) is dissolved by successive replacement
of X� by the b-keto ester. The exchange of ionic X� by a
neutral ligand leads to a build-up of charge density in the
complex that is unfavorable. To circumvent this situation,
deprotonation of the coordinated ester ligand takes place.
Removal of the acidic hydrogen at C(2) is rather facile due
to the two adjacent carbonyl groups in b-keto esters, and be-
comes even easier upon coordination of a Lewis acidic
metal center. Under the given conditions, two possible bases
are available to accept the liberated proton. One is the X�


ion co-generated upon heterolysis of FeX3 and which can
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act as a base by forming its conjugate acid HX. A second
possibility arises from the amphoteric character of the ester.
The proton released from the coordinated ester can be sta-
bilized by coordination to a free ester to yield (EH)H+ or
preferably the proton-bound dimer, (EH)2H


+ , by coordina-
tion with an additional ester molecule. If the amphoteric
character of the ester plays a marked role, that is, the free
ester acts as a base to deprotonate the ester molecules coor-
dinated to the Lewis acidic iron, the ratio of ester to X�


concentration is expected to have an effect on the resulting
spectra. However, because the ester acts both as ligand and
as base, the influence of the above-mentioned ratio is more
subtle than expected. If the ester plays a marked role as a
base, absence of a sufficient amount of free ester to form
the proton-bound dimer suppresses the deprotonation of
cationic [FeY2Ln]


+ complexes. Thus, the metal fragment re-
mains charged, thereby allowing its detection in the mass
spectrometer (Figure 2A). Increase of concentration of the


free ester in turn allows the complete deprotonation of the
[FeY2Ln]


+ complexes to generate neutral metal complexes
[FeY3Ln�1] (Figure 2B).


To further clarify the situation, let us consider the two ex-
treme cases. Equation (1) involves only the minimum
number of ester molecules necessary for the exchange of all
X� ligands to form the neutral octahedral FeE3 complex.
This can only be achieved if all esters are deprotonated by
X� . In comparison, nine equivalents of ester were needed to
form the same complex with EH acting as a base as shown
in Equation (2).


FeX3 þ 3 EH! FeE3 þ 3 HX ð1Þ


FeX3 þ 9 EH! FeE3 þ 3 ðEHÞ2Hþ þ 3 X� ð2Þ


Influence of the counterion : Upon changing from X=ClO4


to X=Cl the counterion�s coordination ability becomes
strong enough to compete with E� as a ligand; this in turn
leads to more abundant cation complexes with FeEX+ and


FeX2
+ cores. Hence, with FeCl3 instead of Fe(ClO4)3, in ad-


dition to [FeE2(EH)n]
+ (n=0, 1) the complexes [Fe-


ClE(EH)n]
+ (with n=0–2) and [FeCl2(EH)n]


+ (with n= 1,
2) are generated.


Beside the changes in ion abundances, the nature of the
counterion has a further influence on the complexes with an
FeEX+ core. These ions represent a unique case in that of
all iron–ester complexes discussed so far, only those with an
FeEX+ core possess an odd number of free coordination
sites to be saturated by neutral ligands in order to reach a
pseudo-octahedral geometry. Since the alternative, a coordi-
nation number of seven, results in an unfavorable 19-elec-
tron complex, the two following scenarios exist to circum-
vent the problem (Figure 3): 1) one of the neutral ester li-


gands may act as a monodentate ligand, which would allow
for an octahedral coordination sphere; and 2) an almost
symmetrical octahedral coordination sphere is achieved by
arranging the three esters to build a dicationic FeE(EH)2


2+


core, thereby forming a noncovalently bound dication/anion
pair with X� , held together by Coulomb attraction. In case
of X= Cl, one would expect the chloride anion to enter the
core and compete for a coordination site at the metal center
due to the high coordination ability of the chloride ligand
(Figure 3, left). In contrast, a “free” chloride anion (Figure 3
right) is unfavorable due to the high charge density on Cl� .
Precisely the opposite holds for X=ClO4. Perchlorate is
able to delocalize the negative charge resulting in a lower
charge density, which makes it more favorable as a loosely
bound counterion of an [FeE(EH)2]


2+ ion. Due to this lower
charge density and a higher steric demand, the perchlorate�s
coordination ability is weaker, which makes a competition
with the oxygen atoms of the ester ligand for the sixth coor-
dination site less efficient. Therefore, the FeE(EH)2


2+/X�


case appears a conceivable option for X= ClO4.
Indeed, for X= Cl, the first option seems to prevail, as the


CID spectra show loss of EH, whereas expulsion of HCl is
not observed at all (Figure 4a). The latter is expected to
compete with EH-loss in the FeE(EH)2


2+/Cl� situation: ap-
parently, Cl� is able to vie successfully for coordination sites
with E� . In marked contrast to the X=Cl case, the CID
spectrum of [FeEX(EH)2]


+ with X=ClO4 (Figure 4b) shows
loss of HClO4 as an additional fragmentation pathway. This


Figure 2. Schematic representation of the possible situation in solution
after dissolving an FeX3 salt and �3 equivalents of ester in dichloro-
methane. A: solution with predominantly charged complexes. B: solution
with predominantly neutral complexes and only small amounts of ions. �
represents any negatively charged particles in solution, � any positively
charged particles and * any neutral complexes.


Figure 3. Structural options for [FeEX(EH)2]
+ complexes to adopt a


pseudo-octahedral geometry. Left: One of the neutral ester ligands acts
as a monodentate ligand only and the anionic ligand X� is covalently
bound to the metal center. Right: All ester ligands (neutral and anionic)
act as bidentate ligands forming a quasi-symmetrical coordination sphere
of [FeE(EH)2]


2+ with X� kept in proximity to the dicationic core by Cou-
lomb attraction without direct coordination to the metal center.
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finding lends support to the assumption that due to the
weaker coordination ability of ClO4


� an FeE(EH)2
2+/X�


bonding situation is more likely than a covalent Fe�OClO3


bond with one ester acting as a monodentate ligand only.
Another indication supporting the proposal of such a di-
cation “in disguise” is the fact that the corresponding free
dication [FeE(EH)2]


2+ is also observed in the ESI spectra
for X= ClO4 (Figure 1).


Having discussed the influence of the counterions on the
cation spectra, the respective influence on the anion spectra
is considered. The ESI mass spectra obtained in the negative
ion mode differ markedly for X=ClO4 and X=Cl. Due to
the higher coordination ability of chloride, the metal-con-
taining ions [FemCln]


� dominate the mass spectra throughout
the entire range of cone voltages. Under gentle ionization
conditions, the iron(iii) species [FeCl4]


� and [Fe2Cl7]
� pre-


vail, and with increasingly harsher ionization, expulsion of
atomic chlorine becomes feasible leading to [FeCl3]


� and
[Fe2Cl6]


� , respectively, at elevated cone voltages. The only
metal-free anion of noteworthy intensity is HCl·Cl� . As
with the solutions of Fe(ClO4)3, anions bearing an ester mol-
ecule play no appreciable role. Hence, the change from X=


Cl to X= ClO4 has a substantial influence on the resulting
anion spectra: the metal-free anion spectra of solutions of
Fe(ClO4)3 contrast those of FeCl3, which are dominated by
chloro ferrates, that is, metal-centered ions.


The counterion effects observed in the anion mass spectra
provide an additional explanation for the acceleration of the
Fe-catalyzed Michael addition by about one order of magni-
tude when the counterion is changed from chloride to per-
chlorate. In previous work, van W�llen and co-workers pro-
posed two possible explanations for why the reaction pro-
ceeds faster in the absence of Cl� . In the first, the catalyti-
cally active species possesses no chloride but only water and
ester ligands.[8] Therefore, it would be necessary that the
chloride ligands present at iron be removed prior to the for-
mation of the active catalyst. In the case of Fe(ClO4)3, heter-


olysis is more facile due to the lower charge density and co-
ordination ability of the counterion. In the second, for the
Cl�-containing complexes the chloro ligand hampers depro-
tonation of the ester relative to chloride-free complexes.[23]


As the deprotonation of the ester is crucial for the desired
Michael addition, this also hints towards a drawback of Cl�


as a counterion.
While these two scenarios provide working models for the


experimentally observed changes in rate constants, the coun-
terion effect on the anion spectra presented here implies yet
an additional explanation. Even if the active catalyst species
is presumably chloride-free, the presence of chloride ions
can still influence the reactivity. This effect is indirect in that
solvolysis to afford free Cl� can be assumed to be rapidly
followed by coordination of the chloride ion to neutral
FeCl3 to yield [FeCl4]


� and its clusters at higher FeCl3 con-
centrations. Chloride ions can therefore be regarded as a
kind of general catalyst poison, as they lower the concentra-
tion of the iron-containing species by trapping the metal as
chloro ferrate [FenCl3n+ 1] ,� such that the iron is no longer
available for catalysis.


Structural influence of the ester on the complexes formed
Qualitatively, for the set investigated, the ester structure
does not influence the type of ions formed. Upon closer in-
spection, however, the structure of the ester influences the
abundances of the various iron-containing complexes. A
quantitative evaluation of these effects is, however, compli-
cated and in part even impossible because of the complex
nature of ion formation in ESI. Change of one keto ester to
another may, for example, not only affect the tendency for
the formation of a particular iron complex in solution, but
also affect droplet formation, solvent evaporation, proton-
and electron-transfer reactions, and so forth.[24]


To achieve a more detailed insight into the effect of sub-
stitution of the keto ester, two esters were simultaneously
added to solutions of FeX3 in solvent thereby allowing both
to compete with each other in the coordination to iron. Let
us first consider the esters 1 b, 1 c, and 1 d. A variation of the
substitution pattern of the ester, while keeping the alkoxy
moiety constant, allows a systematic investigation of the
structural influence of backbone substituents. Accordingly,
comparison of 1 b and 1 c reveals the influence of alkylation
in the a-position. Comparison with 1 d, the substrate most
successfully employed by Christoffers in condensed-phase
experiments,[2] reveals the influence of incorporating a cyclic
structure. In the experiments reported here, equimolar solu-
tions of two esters in CH2Cl2 are mixed with a small amount
of FeX3. The resulting distribution patterns of the (mixed)
[FeE2]


+ and [FeE2(EH)]+ ions permit conclusions with re-
spect to the relative formation tendencies. If, for example,
an equimolar mixture of two esters AH and BH in a dilute
FeIII solution is subjected to the ESI mass spectrometer, a
1:2:1 distribution would be expected for the series of
[FeE2]


+ complexes ([FeA2]
+ :[FeAB]+ :[FeB2]


+) if both
esters bind equally strongly to the iron center (Figure 5,
left). Any deviation from the 1:2:1 pattern indicates a pref-


Figure 4. CID spectra of [FeEX(EH)2]
+ with X = 35Cl (ECM =1.2 eV) and


35ClO4 (ECM =1.0 eV) and EH=1 a.
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erence of one ester over the other. In case of 1 b and 1 c, for
example (Figure 5, right) a marked preference of 1 b over 1 c
can be observed. Likewise, a comparison of the remaining
ester pairings (1 b/1 d and 1 c/1 d) leads to a qualitative Fe af-
finity scale of the esters as: 1 c<1 b<1 d.


The distributions show only a weak cone-voltage depen-
dence, which can be attributed to sequel fragmentations that
may influence the [FeE2]


+ abundances. Furthermore, a
quantitative analysis shows that a-methylation (1 b versus
1 c) is accompanied by a decrease in Fe affinity by about a
factor of 5.8�1.0. In contrast, incorporation of a cyclic
carbon backbone, as in 1 d, increases the Fe affinity by a
factor of 5.3�0.8 relative to 1 b and by a factor of 32�5 rel-
ative to 1 c.


A second possibility to determine the Fe-affinity of the
different esters is to investigate the fragmentation pattern of
the mixed [FeE2(EH)]+ complexes with CID. At moderate
collision energies, the only fragmentation channel observed
in these complexes is the loss of the neutral ester ligand
EH. Let us now consider the expected fragmentation pat-
tern of [FeA2B(H)]+ complexes. If the Fe affinities of the
two esters are equal, a �BH/�AH ratio of 1:2 is expected
(Figure 6, left). Any deviation from this ratio would indicate
a preferential binding of one ester relative to the other. The


example CID spectrum of [FeA2B(H)]+ with AH= 1 b and
BH= 1 c (Figure 6, right) shows a �BH/�AH ratio that im-
plies a stronger bond between iron and 1 b than iron and 1 c.
A quantitative analysis reveals a ratio of �BH/�AH=2.2�
0.2. After consideration of the statistical effects (two 1 b li-
gands and only one 1 c ligand in the parent ion) the prefer-
ence of 1 b over 1 c equates to a factor of 4.3�0.4.


The corresponding analysis of the CID spectrum of
[FeAB2(H)]+ is hampered by an isobaric overlap by an
ethyl-transfer product,[20,21] which also coincides in the m/z
ratio of one of the fragments. Nevertheless, a �BH/�AH
ratio of 6.2�1.3 is obtained, which after statistical correc-
tions results in an Fe-affinity 3.0�0.6 times larger for 1 b
than 1 c. Certainly, analysis of the [FeA2B(H)]+ and
[FeAB2(H)]+ complexes is supposed to give the same Fe af-
finities, but due to the above-mentioned isobaric interfer-
ence, the �BH/�AH ratio of 6.2�1.3 obtained for
[FeAB2(H)]+ is underestimated.[25] Qualitatively, the Fe af-
finities of the esters 1 b, 1 c, and 1 d derived from the source
spectra agree with those deduced from CID. However, a
more quantitative analysis reveals some discrepancies. These
deviations can be attributed to two problems of the analysis
of the CID spectra that have not been addressed so far.
Firstly, analysis according to the kinetic method[26] not only
requires a barrierless dissociation of the competing ligands,
but in this case also a complete and rapid equilibration of
the proton. The latter situation might not be the case, which
would affect the results obtained with the kinetic method in
this work. Furthermore, the effective temperature (Teff) op-
erative in ion dissociation is a priori unknown. Therefore,
we restrict ourselves to the consideration of the source spec-
tra as a monitor of the situation in solution.


It is astounding that the comparably small structural
changes in the substrate (e.g., 1 b vs 1 c) have such distinct
effects. When looking for an explanation, the first physical
property likely to have an influence on the ion formation is
the acidity of the b-keto ester. Amongst others this is an im-
portant aspect, because the formation of iron–ester com-
plexes involves deprotonation of one or more ester molecule
and is facilitated with increasing acidity of the ester. Indeed,
the stability series described above correlates qualitatively
with the acidities of the corresponding esters in water.[27–30]


Alkylation in the a-position goes along with a destabiliza-
tion of the resulting carbanion[31] and, therefore, with a sub-
stantial decrease in acidity (pKa[1 baq]=10.65, pKa[1 caq]=


12.25),[28] which is reflected in the decrease in Fe affinity by
a factor of 5.8�1.0. However, if alkylation is concomitant
with incorporation into a five-membered ring such as in 1 d,
the ester is considerably more acidic than comparable open-
chain a-substituted b-keto esters. This is due to the fact that
the enolic form of the cyclic ester is especially favorable in
the carbanion form.[32] Hence, the acidity of the cyclic ester
is slightly higher than that for the nonalkylated case
(pKa[1 baq]=10.68, pKa[1 daq]= 10.52).[27] A direct quantita-
tive correlation between the Fe affinities and the pKa values
is not expected, however, as several other factors are likely
to contribute as well. One of them is the proton affinity of
the ester, provided the ester also acts as a base. Notwith-
standing, the qualitative agreement achieved indicates that
the acidity represents a very important parameter.


Another structural influence is the steric demand of the
ester. Comparison of the complementary series of esters 1 a,
1 b, and 1 e allows for an investigation focussed on steric ef-
fects, because variation of the alkoxy group is expected to


Figure 5. Comparison of a hypothetical 1:2:1 distribution pattern expect-
ed for a 1:1 mixture of equally bound esters AH and BH (left) with the
actual distribution pattern observed in the case of AH =1b and BH=1 c
at a cone voltage of 50 V (right).


Figure 6. Comparison of a hypothetical 1:2 fragmentation pattern expect-
ed for the collision induced dissociation of an [FeA2B(H)]+ complex with
equally bound esters AH and BH (left) with the actual fragmentation
pattern observed in the case of AH= 1b and BH=1c at a collision
energy of ECM = 3.3 eV (right).


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 619 – 627624


H. Schwarz et al.



www.chemeurj.org





barely change the acidity of the ester.[29,30] Considering the
methyl ester (1 a), the sterically slightly more demanding
ethyl ester (1 b) and the bulky tert-butyl ester (1 e), a compe-
tition experiment between two different esters for the metal
center, as described above, may provide a probe for the sen-
sitivity towards purely steric factors in ion formation. It
should be noted first that all esters readily form the corre-
sponding [FeE2(EH)]+ complexes. Even for the tert-butyl
ester the steric demand is, therefore, not so large that forma-
tion of these complexes is inhibited. When the esters com-
pete for the iron (in experiments analogous to the ones de-
scribed above) any deviation from the 1:2:1 distribution pat-
tern points to the operation of a steric effect. Unfortunately,
two problems arise that complicate the analysis. The first is
that the methyl transfer described earlier leads to a mass
overlap in the comparison of 1 a and 1 b. In the case of 1 a
(116 amu), methyl transfer leads to a potential ligand with
130 amu, which coincides with the molecular weight of 1 b.
The second is that, in addition to ligand loss, the complexes
of the tert-butyl ester 1 e undergo facile fragmentation with
expulsion of iso-butene upon CID and in the source spectra
at elevated cone voltages.


Analysis of the iron competition experiments for 1 a and
1 b leads to a formal steric effect of about 1.5�0.15. Howev-
er, against intuition, the analysis attributes ester 1 b a larger
Fe affinity than 1 a. In any case, no big influence is expected
by comparison of a methyl ester with an ethyl ester, but if a
steric effect were to be observed, then it would be expected
to be reverse, that is, the methyl ester should bind better to
iron than the ethyl ester.[33] Note that the pKa values of 1 a
and 1 b coincide within the experimental error (pKa[1 aaq]=


10.61�0.03, pKa[1 baq]=10.63�0.03].[30] Even if one would
want to argue with the small difference in the absolute pKa


values of the methyl and ethyl esters, a reverse trend would
be expected. The observed Fe affinities can therefore not be
attributed to the different acidities of 1 a and 1 b. The
methyl-transfer product of 1 a may further lead to an overes-
timation for the isobaric complexes of 1 b, which have both
the same m/z ratio.


The other experiments are subject to a second problem,
the instability of 1 e at elevated cone voltages (and upon
CID), leading to an underestimation of its Fe affinity.
Hence, comparison of the ethyl ester with the tert-butyl
ester shows a relatively strong dependence on the cone volt-
age. A formal increase of Fe affinity of 1 b relative to 1 e is
observed with increasing internal energy. This can, however,
be attributed to the fact that with increased internal energy
the fragmentation of 1 e is more pronounced, which ampli-
fies the underestimation of 1 e. The Fe affinity of 1 b is
about 2.8�0.5 times higher than that of 1 e. However, due
to the reasons mentioned above, this value is overestimated.
The according comparison of 1 a with 1 e is less affected by
this interference and reveals an Fe affinity ratio of 1.2�0.4
in favor of the methyl ester, which shows no steric effect
within the experimental error. Unfortunate as the observed
interferences may be, they nonetheless illustrate that if
there is any steric effect operative, it is not large.


Conclusion


Electrospray mass spectra of mixtures of FeIII salts and b-
keto esters (EH) in various solvents indicate that the metal
favors the formation of cationic complexes with a coordina-
tion number of six and a pseudo-octahedral geometry. Irre-
spective of the solvent, the monocationic complexes obey
the general formula [FeY2Ln]


+ , in which n depends on the
ionization conditions as well as the nature of the anionic
ligand, Y, and L is the free b-keto ester, EH in most cases.
The iron-containing cations can be assigned to three differ-
ent groups: 1) cations with an FeE2


+ core, in which E stands
for the deprotonated b-keto ester; 2) cations consisting of a
mixed FeEX+ core, in which X is the counterion of the
FeX3 salt used; and 3) complexes with an FeX2


+ core, in
which both anionic ligands are provided by the counterion.


Quite surprisingly, an increase in ester concentration
leads to a decreased abundance of the iron–ester complexes
in the ESI mass spectra. This phenomenon can be attributed
to the amphoteric character of the ester, which may also act
as a base when present in high concentration. As a result,
the formation of neutral FeE3 complexes, which remain un-
detected in ESI-MS, is suggested. As far as the counterion
X is concerned, its coordination ability determines the rela-
tive intensities of complexes with FeE2


+ , FeEX+ , and FeX2
+


cores with the last being much more pronounced for X =Cl
than for X= ClO4.


Although the types of complexes are the same for all b-
keto esters examined, competition experiments with mix-
tures of b-keto esters establish a relative Fe affinity scale.
The trends observed correlate with the acidities of the
esters, in that more facile deprotonation favors the forma-
tion of the corresponding FeE2


+ complexes. Interestingly,
the Fe-affinity series 1 c<1 b<1 d derived from mass spec-
trometric experiments qualitatively correlates with the
chemical yields obtained in the condensed phase Michael re-
actions of these particular esters with methyl-vinyl ketone
(1 c= 87 %<1 b=90 %<1 d=97 %).[2] Furthermore, the ESI
mass spectra obtained in the negative ion mode provide an
alternative explanation for the deceleration of the FeIII-cata-
lyzed Michael addition in case of X=Cl,[8] in that a consid-
erable amount of the employed iron is trapped as chlorofer-
rates [FenCl3n+1]


� and is therefore no longer available for
catalysis.


Experimental Section


The mass spectrometric experiments were carried out on a commercial
VG BIO-Q mass spectrometer which has been described in detail previ-
ously.[42] In brief, the VG BIO-Q consists of an ESI source combined
with a tandem mass spectrometer of QHQ configuration (Q: quadrupole,
H: hexapole, Figure 7). In the present experiments, the sample solutions
were prepared by mixing FeX3 salts (X=Cl, ClO4) and b-keto esters
(1a–e) in dichloromethane, methanol, or ethanol,[43] or as the neat ester.
The resulting solutions were introduced through a syringe pump (flow
rate 10 mL min�1) into the fused-silica capillary of the ESI source. Nitro-
gen was used as drying gas and as a nebulizer gas. The source tempera-
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ture was varied between 60 8C and 190 8C depending on the solvent com-
position. The cone voltages applied in the desolvation zone of the differ-
entially pumped ESI source were systematically varied for the ions of in-
terest (see below), which were then selected at unit mass resolution by
means of Q1.


The cone voltage UC determines the amount of collisional activation of
the ions evolving from solution in the differential pumping system of the
ESI source. At low cone voltages, multiply solvated ions are formed,
which then lose the weakly bound solvent molecules at increased UC, fol-
lowed by losses of more strongly bound ligands including the cleavage of
covalent bonds, electron-transfer processes etc. Finally, atomic metal cati-
ons are obtained at high cone voltages.[44] Collision-induced dissociation
(CID) experiments were performed with xenon at various collision ener-
gies (Elab =0–30 eV) and a pressure of approximately 3� 10�4 mbar,
which is considered to correspond to single-collision conditions.[42] The
collision energies were converted to the center-of-mass frame, ECM = [m/
(M+ m)]Elab, in which m and M are the masses of the collision gas and
the ionic species, respectively. The product ions formed in the hexapole
were then analyzed by scanning Q2. Isotope patterns of all ions described
below agreed with expectation on the basis of natural isotope abundan-
ces.[45] Finally, note that all mass-to-charge ratios given in this work refer
to the complexes of the most abundant 56Fe isotope.
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Introduction


Benzoquinones (BQ), especially para-benzoquinone (1), op-
erate as molecular building blocks for redox reagents in
many biological systems.[1] Their function evolves from the
ability to serve as efficient electron acceptors. In solution,
para-benzoquinone can readily accept two electrons. The so-
formed dianion couples with two protons to yield the hydro-
quinone molecule (para-BQH2, 3), for which a substantial
driving force is the formation of the aromatic ring. This rea-
soning also implies that the oxidizing power is increased in
acidic media, that is, when protonation precedes electron
transfer. The experimental proton affinity of para-benzoqui-


none is 8.28�0.09 eV[2] with the oxygen atom as the prefer-
red protonation site. The electronic structures of para-ben-
zoquinone (1) and ortho-benzoquinone (4) correspond to
that of a,b-unsaturated ketones (see Scheme 1).[3] Calcula-
tions (B3 LYP/6–31G*) have shown that the geometry of
para-benzoquinone is not significantly changed upon single
protonation (para-BQH+ , 2+). The structural changes are
quite comparable to those between the geometries of ace-
tone and protonated acetone.[4]


We asked ourselves to what extent protonation influences
the overall electronic structure of benzoquinones and thus
the unimolecular reactivity. As there are two carbonyl moi-
eties in the molecule, other questions also evolve. For exam-
ple, are the doubly protonated benzoquinones thermody-
namically stable? What are the proton affinities of the cor-
responding monocations BQH+ , and how does double pro-
tonation influence the electronic structures and the unimo-
lecular reactivities of benzoquinones?


From the point of view of electronic structure, ortho-ben-
zoquinone (4) should exhibit similar features to the para-
compound 1, whereas the so-far elusive meta-benzoquinone
(7; see Scheme 2) is expected to be markedly different. On
the basis of (sS,pSD)QCI/6–31G* calculations, the ground
state of 7 has been predicted as a triplet with a strongly de-
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Abstract: The unimolecular fragmenta-
tions of singly and doubly protonated
ortho-, meta-, and para-benzoquinones
(BQH+ and BQH2


2+ , respectively) are
studied by tandem mass spectrometry.
The dominant fragmentation pathways
lead to the elimination of a neutral CO
molecule from BQH+ and, by charge
separation, to the expulsion of proto-
nated CO from BQH2


2+ . Reaction
mechanisms are elucidated based on la-
beling experiments and UB3 LYP cal-
culations. These results reveal that the


respective reactions proceed in an anal-
ogous fashion to the decarbonylation
of neutral benzoquinones, which de-
compose into carbon monoxide and cy-
clopentadienone. Single protonation fa-
cilitates all steps on the reaction path-
way with neutral CO and O-protonated


cyclopentadienone as final products. In
contrast, double protonation leads to
an increase of the barriers for the de-
composition yielding CO·H+ and O-
protonated cyclopentadienone. This
major process of BQH2


2+ is accompa-
nied by two minor channels, which lead
to the elimination of neutral carbon
monoxide and water, respectively. The
proton affinity of the para-BQH+ mon-
ocation is estimated as 3.6�0.3 eV.


Keywords: density functional
calculations · dications ·
electron-deficient compounds ·
protonation · quinones
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localized wave function.[5] Thus, the family of benzoquinones
represents an interesting system for stability and reactivity
studies as a comparison of the various isomers can shed
light also on the reactivity of the triplet states.


Results and Discussion


Proton affinity and stability : The proton affinity (PA) of
para-BQH+ (2+) can be determined by means of Born–
Haber cycles. Considering reaction (1), the heat of forma-
tion (DfH) of para-BQH+ (2+) and DfH of para-BQH2


2+


(32+) have to be determined, whereas DfH(H+) is 15.86 eV
at 298 K.[6,7]


para-BQHþ þHþ !para-BQH2
2þ


2þ 32þ
ð1Þ


DfH(2+) can be derived from DfH of para-benzoquinone
(1), which is �1.24�0.04 eV[8] and its known proton affinity,
PA(1)= 8.28�0.09 eV,[2] leading to DfH(2+) of 7.04�
0.10 eV at 298 K. DfH(32+) can be derived from DfH(3)=


�2.87�0.01 eV,[9] and its first and second ionization ener-
gies, IE(3)=7.94�0.01 eV[6] and IE(3+)=14.2�0.3 eV
(Table 1). This leads to a value
for DfH(32+) of 19.3�0.3 eV at
298 K and thus to the desired
proton affinity PA(2+)=3.6�
0.3 eV at 298 K.


An analogous deduction is
impossible for the ortho and
meta isomers, 5+ and 8+ , re-
spectively, due to a lack of the
necessary thermochemical data.
However, proton affinities can
be also obtained from calcula-
tions (Table 2). The correspond-
ing theoretically derived value
of PAcalcd(2+)=3.74 eV is in
agreement within the error
margins of the experimental
value, thus showing the validity
of the computational approach.
For the ortho and meta isomers
5+ and 8+ the calculated
proton affinities are 3.27 and 3.74 eV, respectively.


The unexpectedly large proton affinities of the BQH+


monocations can be attributed to the relatively favorable
electronic structures of the resulting dications BQH2


2+ . The
ortho and para isomers 32+ and 62+ , respectively, can be re-
garded as quinones with two protons attached to the carbon-
yl moieties of the neutral benzoquinones. This reasoning is
also supported by the optimized geometries computed for
the para and ortho dications (Scheme 1). The C�O bond
lengths of the most stable conformers of 32+ and 62+ are
1.27 �,[10] whereas the corresponding bond lengths in the


neutral molecules, that is, para- and ortho-dihydroxyben-
zenes (3 and 6, respectively), are 1.37 �. The C�C bonds of
the rings of 32+ and 62+ exhibit bond alternations as in the
case for the neutral BQ 1 and 4, whereas the C�C bonds of
the neutral molecules (3 and 6, respectively) have equal
lengths of 1.39 �.


The proton affinity of ortho-BQH+ (5+) is 0.5 eV lower
than that of the para isomer, which can be attributed to the
interplay of two effects, one of which operates in the cation
5+ and the other in the dication 62+ . First, the ortho ar-
rangement of the substituents in 5+ permits an extra stabili-


Table 1. Adiabatic ionization energies[a] (IEa) of 3+ , 6+ , and 9+ as deter-
mined by charge stripping.


IEa [eV]


3+ (para-BQH2
+) 14.2�0.3


6+ (ortho-BQH2
+) 14.5�0.2


9+ (meta-BQH2
+) 14.7�0.2


[a] A recent detailed analysis of the charge stripping of toluene cation
C7H8


+ reveals that the Qmin value of C7H8
+ is associated with an adiabat-


ic transition to the dication.[35] Considering the similarity of the calculated
difference between vertical and adiabatic ionization energies (DEv/a) of
C7H8


+ (0.33 eV), ortho-BQH2
+ (0.38 eV), meta-BQH2


+ (0.24 eV), and
para-BQH2


+ (0.31 eV), we therefore conclude that the Qmin values corre-
spond also to adiabatic transitions within experimental error.


Table 2. Proton affinities (PAs) of 1, 2+ , 4, 5+ , 7, and 8+ as calculated by
the UB 3LYP/cc-pVTZ method.


State PAcalcd [eV]


1 (para-BQ) 1A1 8.38
2+ (para-BQH+) 1A’ 3.74
4 (ortho-BQ) 1A1 8.71
5+ (ortho-BQH+) 1A’ 3.27
7 (meta-BQ) 3B2 8.44


1A 10.12
8+ (meta-BQH+) 3A’ 4.11


1A’ 3.74


Scheme 1.
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zation due to intramolecular hydrogen bonding (Scheme 1).
This stabilizing effect is also reflected by the higher proton
affinity of ortho-benzoquinone 4 (PAcalcd = 8.71 eV) com-
pared to para-benzoquinone 1 (PAcalcd = 8.38 eV). Second,
the ortho arrangement of the substituents in the dication 62+


brings the two protons close to each other, thus increasing
the Coulomb repulsion in comparison to that in 32+


(Scheme 1).
As mentioned above, neutral meta-benzoquinone 7 has a


triplet (3B2) ground state (Scheme 2, Table 3). Its electronic
structure corresponds to a diradical with highly delocalized


p electrons.[5] The electronic structure of the lowest lying
singlet state 1B2 (excitation energy of 0.28 eV) is similar, as
reflected in the geometries (Scheme 2) as well as in the cal-
culated dipole moments, that is, 3.39 D for the 3B2 state and
3.28 D for the 1B2 state.[11] The second excited singlet state


1A (excitation energy of 0.97 eV) has a nonplanar geome-
try.[12] To a first approximation, the electronic structure of
the 1A state can be described as that of an ionic state
(Scheme 2), which is also reflected by the much larger
dipole moment of 5.70 D. The high electron density located
on the oxygen atoms makes the 1A state the best candidate
for protonation. The ground state of singly protonated meta-
benzoquinone 8+ is a singlet and correlates with the 1A
state of neutral meta-benzoquinone; the triplet state is
0.32 eV higher in energy. Upon twofold protonation result-
ing in 92+ , the singlet (1A1) and the triplet (3B2) states come


close in energy. The UB3 LYP/
cc-pVTZ calculations predict
the triplet state of 92+ as the
electronic ground state with the
singlet only 0.04 eV higher in
energy. Finally, even though
meta-benzoquinone (7) prefers
a different electronic structure
(3B2,


1B2) to the para and ortho
isomers (each 1A1), single and
double protonation of meta-
benzoquinone preferentially
stabilize those states that are
analogous to the ground states
of para- and ortho-BQH+ and
BQH2


2+ (1A’ and 1A1, respec-
tively).


Unimolecular reactivity : The metastable ion mass spectra of
singly protonated para-, ortho-, and meta-benzoquinones (2+,
5+ , and 8+ , respectively) are dominated by the loss of CO
(Table 4). This process is associated with a considerable re-
lease of kinetic energy, such that the corresponding peaks
appear as if they were split into doublets (cf. Figure 1 a).
The associated kinetic energy release, which indicates a re-
verse activation barrier, can be estimated from the horn-to-
horn distance as 170 meV for the para isomer. At first sight,
this behavior of 2+ resembles the unimolecular reactivity of
neutral ortho- and para-benzoquinones, whose main primary
process upon thermal decomposition is decarbonylation.[13, 14]


Although meta-benzoquinone (7) has not been prepared,
alkyl-substituted analogues have been proposed as inter-
mediates in the oxidation of resorcinol derivatives and are
assumed to also undergo rapid decarbonylation.[15]


To obtain insight into the decarbonylation mechanism,
relevant parts of the potential-energy surfaces of the para
isomers in its various charge states were calculated. Decar-
bonylation of neutral para-benzoquinone 1 (Figure 2) starts
with a ring contraction to yield the bicyclic structure 10 with
an associated barrier of 3.54 eV. Part of the energy profile
along this reaction path is depicted in Figure 3 in more
detail. The transition structure TS1/10 corresponds to the
cleavage of the C1�C6 bond concomitant with the formation
of the bicyclic structure. On the side of the product, the IRC
calculation first leads to structure 10*, which is a five-mem-
bered ring with a CO group attached almost perpendicular


Scheme 2.


Table 3. Relative energies, Erel, at 0 K of para-, ortho-, and meta-benzo-
quinones (1, 4, and 7, respectively), the protonated benzoquinones (2+ ,
5+ , and 8+ , respectively), and doubly protonated benzoquinones (32+ ,
62+ , and 92+ , respectively).


State Erel [eV]


1 (para-BQ) 1A1 0
3B1 2.13


4 (ortho-BQ) 1A1 0.33
3A’’ 1.52


7 (meta-BQ) 3B2 1.23
1B2 1.51
1A 2.20


2+ (para-BQH+) 1A’ 0
3A’ 1.05


5+ (ortho-BQH+) 1A’ 0.00
3A’ 0.97


8+ (meta-BQH+) 1A’ 0.85
3A’ 1.17


32+ (para-BQH2
2+) 1A1 0


3A’’ 1.19
62+ (ortho-BQH2


2+) 1A1 0.47
3A’’ 0.91


92+ (meta-BQH2
2+) 1A1 0.85


3B2 0.81
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(898) with respect to the plane of the ring. However, this
structure does not represent a stationary point, and geome-
try optimization leads to minimum 10. We have extensively
searched for a symmetrical transition structure that could
imply a cheletropic expulsion of CO from 1. However, the
only low-energy saddle-point found, TS10/10’ (Erel=2.76 eV),
corresponds to a stereo-isomerization between 10 and its
mirror image 10’. Attempts to localize a symmetrical sta-
tionary point (either a first- or second-order TS) between 1
and TS10/10’ failed. Single point calculations reveal, howev-
er, that the energies of structures between 1 and TS10/10’
are high and even exceed those of TS1/10. Hence, a low-
energy pathway for a symmetrical cheletropic decarbonyla-
tion is excluded.


Finally, intermediate 10 releases carbon monoxide as it
passes through TS10/11 (Erel =2.22 eV), which leads to the
formation of cyclopentadienone (11). This scenario is in
agreement with the mechanism deduced from kinetic studies
of para-benzoquinone pyrolysis.[13,14] The barrier associated
with dissociation into CO and cyclopentadienone was esti-
mated as 2.6 eV; note that this value is based on pyrolysis at
1550–1900 K.[13] For comparison, the relative free energy of
TS1/10 at 1800 K (DG) amounts to 3.22 eV. Although an in-
crease of temperature decreases the barrier height, the
energy difference between experimental and calculated
values remains significant. This discrepancy might be ascri-
bed to the neglect of other reaction channels in the experi-
ments which also liberate CO, for example, decarbonylation
of the cyclopentadienone.[14]


The mechanism of decarbonylation of singly protonated
para-benzoquinone 2+ (Figure 4) also commences with for-
mation of a bond between the carbon atoms 2 and 6. The
corresponding barrier (TS2+/12+ , 2.25 eV) is more than


1 eV lower than for the neutral quinone 1. The intermediate
12+ further decomposes by passing through TS12+/13+


(Erel =1.06 eV) to O-protonated cyclopentadienone 13+ and
CO. Similar to neutral para-BQ, the search for a transition
structure corresponding to a cheletropic expulsion of CO
leads to TS12+/12’+ , which represents yet another degener-
ate isomerization. Mechanisms involving intermediates with
seven-membered rings have been examined as well, but all
structures considered lie substantially higher in energy than
their counterparts with five-membered rings. Hence, mecha-
nisms proceeding through intermediates with seven-mem-
bered rings do not contribute significantly to the CO elimi-
nation process. A comparison of the mechanisms for para-
benzoquinone and singly protonated para-benzoquinone
thus leads to the conclusion that the overall reactivity and
the course of the rearrangements are qualitatively similar.
Protonation, however, facilitates both the ring contraction
as well as the expulsion of CO. A simple interpretation
could arise from the fact that protonation withdraws elec-
tron density from the ring and thus, the C�C bond to be
broken during the ring contraction is weakened. This line of
reasoning is also supported by a lengthening of the respec-
tive C�C bonds in 2+ , that is, 1.49 versus 1.44 �.


The unimolecular fragmentations of doubly protonated
benzoquinones BQH2


2+ are not as selective as those ob-
served for their singly protonated counterparts (Table 4).
Nevertheless, the dominant signal corresponds to charge
separation resulting in the formation of [C,O,H]+ (5 %) and
[C5,H5,O]+ (100%).[16] In comparison with the decarbonyla-
tion of BQH+ , the expulsion of [C,O,H]+ from BQH2


2+ pro-
ceeds with an even larger kinetic energy release due to Cou-
lomb explosion,[17,18] which manifests itself as a well-resolved
doublet peak in the MI spectrum (Figure 1 b). The kinetic


Table 4. Fragments in the metastable ion mass spectra of cations (2+ , 5+ , and 8+) and dications (32+ , 62+ , and 92+).[a,b]


2+ 5+ 8+ 32+ [e] 3a2+ [e] 3 b2+ 62+ [e] 6 a2+ [e] 6 b2+ 92+ [e] 9a2+ [e] 9b2+


dications
[M�HC]2+ 6
[M�DC]2+ 5 4 4 6 3 2
[M�H2O]2+ 20 1 75 3 18 2 7
[M�HDO]2+ 3 19 9 68 14 13
[M�D2O]2+ 25 81 14
[M�CO]2+ 100[c] 100[c] 100[d] 14 16 13 18 19 31 14 18 17
monocations
[M�H3O]+ 1 12 3
[M�H2DO]+ 2 11 2[g]


[M�HD2O]+ 2 12 2
[M�COH]+ 100 47[f] 100 50[f] 100 63[f]


[M�COD]+ 100 53[f] 100 50[f] 100 37[f]


[M�CH3O2]
+ 4 14 4


[M�CH2DO2]
+ 6 14 4


[M�CHD2O2]
+ 5 16 5


[M�C5H5O]+ 5 3 5 3 6 2
[M�C5H4DO]+ 6 3 7 3 7 3


[a] Intensities correspond to integrated peak areas; base peak normalized to 100. [b] Signals corresponding to singly charged parent ions that are formed
by charge exchange between the dications and background gas have been detected as well. The intensity is in the range 1–3 %. [c] Additional loss of
C3H4 (<0.5 %). [d] Additional losses of C3H4 (2.5 %), C2H2O (1.3 %), and C2H4O/CO2 (0.5 %). [e] The naturally abundant 13C dication precursor was em-
ployed in the measurements; the intensities are accordingly corrected for the 1=6 contribution of the isotopologs. [f] The signals overlap, the ratio was de-
termined from opposite horns of overlapping doublets. For the sake of comparison, the sum of [C,O,H]+ and [C,O,D]+ losses was set to 100; see also
text and Figure 1 c. [g] The number corresponds to the sum of intensities of H2DO+ and H3O


+ losses.
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energy release associated with [C,O,H]+ expulsion from
para-BQH2


2+ is estimated from the horn-to-horn distance to
be 3.4 eV. Other fragmentations correspond to losses of neu-
tral molecules, namely H2O (intensity 20 %) and CO


(14 %); note that integrated peak areas rather than peak
heights are considered.


The MI spectrum of O,O-dideuterated para-benzoquinone
(3 a2+ , para-BQD2


2+) provides further insight into the reac-
tion mechanism. Exclusive formation of [C,O,D]+ as well as
its loss are observed, thus demonstrating that charge separa-
tion is not preceded by H/D exchange processes. With
regard to the unlabeled compound, this finding implies that
either the COH+ fragment is expelled without prior rear-
rangement of the hydroxyl-hydrogen atom (which, on the
other hand, would lead to the more stable HCO+


isomer),[19,20] or hydrogen migration occurs specifically to
the carbonyl carbon. Overall, the abundances of neutral
losses (CO 16 %, D2O 25 %, HDO 3 %) are slightly in-
creased with respect to the expulsion of [C,O,D]+ . The pref-
erential elimination of D2O suggests a specific rearrange-
ment of deuterium associated with little hydrogen scram-
bling, rather than a ring-walk mechanism for which rapid H/
D equilibration is expected.[21] To obtain the intramolecular
kinetic isotope effect (KIE), the mixed-labeled compound
3 b (para-BQHD—only one hydroxyl function is labeled
with deuterium) was examined as well. Despite the partial
overlap of the doublets corresponding to the losses of
[C,O,H]+ and [C,O,D]+ , the relative ratio can be deter-
mined from the opposite horns as approximately 1:1.13 (Fig-
ure 1 c). The inverse KIE suggests a more complicated reac-
tion mechanism than might have been anticipated. Either
the elimination of [C,O,H]+ ([C,O,D]+) is accompanied by a
hidden hydrogen rearrangement from the other hydroxyl
group,[22] or the competition of several channels finally leads
to an inverse KIE for the competitive [C,O,H]+/[C,O,D]+


elimination. The relative intensities of neutral molecule
losses are in the range as for the unlabeled compound (CO
13 %, HDO 19 %, H2O 1 %).


The structure of the [C,O,H]+ fragment was probed by
comparison of the CA spectra of the [C,O,H]+ ions formed
in the ion source from hydroquinone (3) and formaldehyde,
respectively; the latter serves as a reference compound that
preferentially yields HCO+ .[23] The relative abundances of
C+ :CH+ :O+ :OH+ are 2.4:1:0.9:0.7 for [C,O,H]+ generated
from hydroquinone and 1.3:1:0.6:0.2 for [C,O,H]+ generated
from formaldehyde. The CH+ fragment is assumed to origi-
nate from HCO+ , whereas the OH+ ion preferentially
comes from the COH+ isomer. The signal for OH+ is more
than three times larger in the spectrum of [C,O,H]+ from
hydroquinone than in the spectrum of [C,O,H]+ from form-
aldehyde. Accordingly, a non-negligible amount of the ther-
mochemically less stable oxygen-protonated CO, that is,
COH+ , is formed upon dissociative EI of hydroquinone;
this assignment can also account for the specific formation
of COD+ from 3 a2+ . The decisive experiment, a MI/CA
spectrum of the [C,O,H]+ fragment formed from metastable
32+ , was however impossible on intensity grounds.


The MI spectra of the metastable dication of resorcinol
92+ and its isotopologues are similar to those of the para
isomer. The spectrum of the unlabeled dication (meta-
BQH2


2+) is dominated by [C,O,H]+ loss along with elimina-


Figure 1. MI spectra of a) singly protonated para-benzoquinone 2+ ,
b) doubly protonated para-benzoquinone 32+ , and c) the mono-deuterat-
ed analogue 3b2+ . Due to overlapping isobaric monocationic fragments,
the naturally abundant 13C precursor of 32+ was employed in the meas-
urements. Note that the abundances given in the text and the tables refer
to integrated peak areas rather than heights. Further, the signals of the
precursor dication are off scale in b and c.


Figure 2. Reaction pathway corresponding to the decarbonylation of
para-benzoquinone 1 (relative energies are given in eV).
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tions of the neutral molecules CO (14%) and H2O (18 %).
Besides [C,O,D]+ , the O,O-dideuterated dication 9 a2+ loses
CO (18 %), D2O (14 %), and HDO (14 %). The cation radi-
cal of resorcinol 9C+ is known to undergo keto–enol tauto-
merization between the OH groups and the adjacent CH
groups,[24] prior to decomposition. The analogous process
can also be responsible for the hydrogen scrambling in the
dication 9 a2+ . To a first approximation, the initial hydrogen
scrambling (prior to fragmentation) is more than 50 % as es-
timated from the ratio of D2O:HDO:H2O=7.5:7.5:1. The
spectrum of the mixed-labeled dication 9 b2+ (meta-BQHD)
is listed as well for the sake of completeness, but the insight
into the KIE is limited due to hydrogen scrambling.


The MI spectrum of metastable ortho-BQH2
2+ (62+) is


somewhat different. This can be attributed to the operation
of an ortho-effect.[25] The most intense peak still corresponds
to the [C,O,H]+ loss. However, the spatial proximity of the
OH groups increases the eliminations of H2O (75 %) and of


H3O
+ (12%). The abundance


of decarbonylation (18 %) is
similar to that observed for the
meta- and para-isomers. Label-
ing of the hydroxy groups with
deuterium (6 a2+) brings again
the same apparent KIE in that
the eliminations of CO (19 %),
D2O (81%), HDO (9 %), and
HD2O


+ (12 %) are somewhat
more abundant compared to
the expulsion of [C,O,D]+ . The
mixed-labeled dication 6 b2+


eliminates [C,O,H]+ and
[C,O,D]+ in approximately a
1:1 ratio. Another peak that ap-
pears in the MI spectra of all
isomers, but which is more pro-
nounced for the ortho-isomer,
corresponds to the loss of
[CH3O2]


+ . Upon labeling (6 a2+


), a mass shift by two units, and
thus the elimination of
[CHD2O2]


+ , is observed. Most
probably, this fragment arises from a sequential fragmenta-
tion to yield either H3O


+ + CO or H2O + [C,O,H]+ . This
view of the [CH3O2]


+ expulsion is consistent with the fact
that this channel is more pronounced for the ortho isomer,
for which H2O and H3O


+ losses are significantly more abun-
dant. The proposed mechanism was further tested by inves-
tigating the MI spectra of the intermediate fragment ions.
The most abundant signal in the MI spectrum of [62+�H2O]
corresponds to the loss of [C,O,H]+ . Similarly, the dominant
fragmentation of [62+�H3O


+] is due to elimination of neu-
tral CO. On the other hand, the ion [62+�COH+] almost ex-
clusively decomposes by loss of CO and no H2O elimination
has been detected. The MI spectrum of [62+�CO] contains
a signal corresponding to H3O


+ loss, but there is a more
abundant process that leads to the elimination of C2H3


+ .
The interpretation of the unimolecular reactivities of


doubly protonated benzoquinones in comparison with those
of neutral and singly protonated benzoquinones is again
based on theoretical investigations and, as above, restricted
to the para isomer 32+ . A mechanism which is formally anal-
ogous to the decarbonylation pathways proposed for neutral
and singly protonated para-benzoquinone is displayed in
Figure 5. Although the intermediate 142+ resembles struc-
ture 10 to some extent, the detailed mechanisms of the rear-
rangements differ. Whereas decarbonylation of neutral ben-
zoquinone starts with a cleavage of the C1�C6 bond and a
subsequent formation of the C2�C6 bond (Figure 3), the re-
arrangement of doubly protonated benzoquinone 32+ pro-
ceeds first to the bicyclic TS32+/142+ , which represents a
saddle point. The structure of TS32+/142+ can be viewed as
a complex between p electrons of the ring and CH+ cation.
In the second step the C1�C6 bond is cleaved by the simul-
taneous formation of the C2�C6 bond (Figure 6). This proc-


Figure 3. Representative part of energy profile along the IRC for the rearrangement of 1 to 10 (UB 3LYP/6–
31G**). Some bond lengths (in �) of TS1/10 are given. The IRC calculations only covered the range given as
full line; the dotted connections to the related minima are tentative.


Figure 4. Reaction pathway corresponding to the decarbonylation of
singly protonated para-benzoquinone 2+ (relative energies are given in
eV).
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Figure 5. Reaction pathways corresponding to the decarbonylation of doubly protonated para-benzoquinone 32+ through five-membered intermediates
(relative energies are given in eV).


Figure 6. Representative part of energy profile along the IRC for the rearrangement of 32+ to 142+ (UB 3LYP/6–31G**). Some bond lengths (in �) of
TS32+/142+ are given. The IRC calculations only covered the range given as full line; the dotted connections to the related minima are tentative.
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ess is associated with a barrier
of 3.34 eV. The “nonclassical”
nature of TS32+/142+ recurs
also in structures of 152+ and
162+ ,[26] which provide a route
for a degenerate rearrangement
of 142+ (inset in Figure 5).
These structures can be viewed
as p complexes between proto-
nated cyclopentadienone and a
COH+ ion. Such “nonclassical”
structures have been inferred
for several dications derived
from aromatic molecules.[27] In
the case of the benzene dica-
tion, the symmetrical pyramidal
structure represents a global
minimum.[28]


The least energy-demanding
decomposition of intermediate
142+ proceeds through TS142+/
13+ (Erel =2.95 eV) and leads to
the elimination of the COH+


ion and the formation of protonated cyclopentadienone 13+


(all attempts to find a transition structure which would cor-
respond to a direct dissociation of 152+ or 162+ into cyclo-
pentadienone and COH+ led also to the transition state
TS142+/13+). In addition to charge separation, 142+ can also
undergo a hydrogen-atom rearrangement passing through
TS142+/172+ (Erel =3.51 eV). This specific hydrogen migra-
tion explains the preferential D2O elimination from the deu-
terium-labeled compound 3 a2+ . Thus, along the entire reac-
tion pathway the deuterium atoms remain bound to the
oxygen atoms and only in the very last step, one deuterium
is directly transferred from one oxygen to the other, thereby
preventing a scrambling with hydrogen atoms bonded to
carbon.[29] Besides other decomposition routes, which will be
discussed later, the intermediate 172+ can also release an
HCO+ ion either in one step passing through TS172+/13+


(Erel =2.82 eV) or in two steps through TS172+/182+ (Erel =


3.21 eV) leading to the intermediate 182+ . This expels the
HCO+ ion by passing through TS182+/13+ (Erel =3.04 eV).
Obviously, the second pathway is disfavored, because it in-
volves larger barriers and an additional intermediate.


Instead of contraction to a five-membered ring, an alter-
native mechanism would involve expansion to a seven-mem-
bered ring to yield 222+ (Figure 7). A possible route might
proceed through 192+ as an intermediate, but structure 192+


is much too high in energy (Erel = 4.33 eV) and thus, this
mechanism appears unlikely. Another plausible rearrange-
ment is sketched in the hypothetical structure [202+]. De-
spite an extensive search, however, such a structure could
not be located either as a minimum or a saddle point. In-
stead, a two-step mechanism leading to intermediate 222+ is
suggested in Figure 7. The hydrogen atom is transferred to
the carbon atom C2 by passing through TS32+/212+ which
requires 3.20 eV and leads to the acyclic intermediate 212+ .


Relaxation of the dication 212+ involves essentially confor-
mational changes that move the methylene group away
from the carbonyl group. Thus, further continuation on the
way to 222+ will be either connected with a large entropic
bottleneck or should proceed without relaxation of the inter-
mediate 212+ . With regard to the large barrier (TS212+/222+ ,
Erel =4.15 eV) associated with the rearrangement to 222+ , it
can be expected that intermediate 212+ undergoes relaxa-
tion; presumably, 212+ does not release [C,O,H]+ at all. As
to the dissociation of the intermediate 222+ , the barrier
height (TS222+/23+ , Erel =3.91 eV) also appears quite high.
Thus, we conclude that even if there would exist more con-
venient pathways to intermediate 222+ , they most probably
do not provide a mechanism which leads eventually to the
[C,O,H]+ elimination.


Next, let us address the minor routes that lead to losses of
neutral carbon monoxide and water, respectively (Figure 8).
Intermediate 172+ is an obvious precursor that can directly
eliminate either CO or H2O. Decarbonylation leads to the
product dication 242+ with a relative energy of 3.20 eV. As
intermediate 172+ is formed from 32+ with a barrier of
3.51 eV (TS142+/172+), it has sufficient internal energy to
eliminate a CO molecule.[30] The same argument does not
apply for the direct elimination of water, because the corre-
sponding product 252+ is significantly higher in energy
(Erel =4.94 eV). Nevertheless, the H2O elimination is more
abundant for metastable 32+ than the loss of carbon monox-
ide, which implies that an alternative mechanism exists. A
possible pathway proceeds by the 1,5-sigmatropic rearrange-
ment of 172+ to intermediate 262+ . The height of the barrier
(TS172+/262+ , Erel = 2.67 eV) is lower than the energy re-
quired for the elimination of CO from 172+ (3.20 eV). It is
also lower than the energy required for HCO+ elimination
(TS172+/13+ , Erel =2.82 eV). Hence, the rearrangement of


Figure 7. Reaction pathway leading to the decarbonylation of doubly protonated para-benzoquinone 32+


through seven-membered intermediates (relative energies are given in eV).
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172+ to 262+ is expected to proceed efficiently. Finally, de-
composition of 262+ leads to the formation of a neutral
water molecule (Erel =2.98 eV).


With regard to the observed KIEs, competition between
the different channels is obvious. To estimate the effect of
the exchange of hydrogen atoms in 32+ by deuterium in
3 a2+ , the zero-point vibrational energies were also calculat-
ed for key-intermediates and transition structures of the re-
spective deuterated analogues. The crucial point concerns
the decomposition of intermediate 142+ ; it can either release
COH+ or undergo rearrangements followed by the elimina-
tion of H2O, CO, or HCO+ . The barrier height for the direct
decomposition is 1.58 eV (Erel(TS142+/13+)�Erel(142+)).
Upon labeling, the barrier increases by only 0.01 eV. On the
other hand, the barrier for the rearrangement increases
from 2.14 eV (Erel(TS142+/172+)�Erel(142+)) to 2.27 eV,
which is a consequence of the fact that deuterium is trans-
ferred along this coordinate. This finding provides a ration-
ale for the observed inverse KIE of 3 b2+ . If deuterium were
in the “active position” of the hypothetical structure
TS14 b2+/17 b2+ (Ha =D, Figure 5), the barrier (TS14 b2+/
17 b2+) would be relatively higher and the intermediate
would decompose preferentially with the loss of COD+ . On
the other hand, when a hydrogen atom migrates (Ha =H), a
relatively higher fraction of the respective intermediate 142+


undergoes the rearrangement to the intermediate 172+ ,
which, in the end, contributes to the HDO and CO losses.
Accordingly, an inverse KIE is indeed expected from the
calculations, thereby confirming the experimental observa-
tions.


In summary, the [C,O,H]+ ion is most probably eliminated
as the less stable COH+ isomer. The mechanism of its ex-
pulsion is analogous to those suggested for decarbonylation


of neutral para-benzoquinone 1 and the singly protonated
molecule 2+ , although the initial rearrangement to the five-
membered ring proceeds through a different transition
structure. This reflects the low electron density in dication
32+ . If the key intermediate 142+ does not directly decom-
pose, it can undergo a series of hydrogen rearrangements
that finally lead to the eliminations of water, carbon monox-
ide, and the HCO+ ion. Although the proposed mechanism
has been calculated only for the para-isomer 32+ , the key in-
termediate 142+ is expected to be common for the para,
ortho, and also the meta isomers. As in the fragmentation of
singly protonated benzoquinone 2+ , a superficial rationale
can be offered for the dication decays: when benzoquinone
is doubly protonated (32+), the positive charge on the
oxygen atoms leads to a strong polarization of the C�O
bonds and the resulting electron deficiencies of C1 and C4
are compensated for by overlap of p orbitals of the ring re-
sulting in partial multiple bonding character of the C�C
bonds to be broken. Accordingly, the activation energies for
cleavages of the C�C bonds increase in comparison to that
for singly protonated benzoquinone.


The effect of electron delocalization on the fragmentation
pattern is particularly illustrated by the meta isomer 92+ . Al-
though its ground state is a triplet, the MI spectrum of 92+


is almost identical to that of the para isomer 32+ , which
clearly has a singlet ground state. The reason most probably
comes exactly from the structure of the triplet state of the
dication 92+ (Scheme 2). In contrast to the singlet state, the
triplet has strongly delocalized p electrons, thus it can be ex-
pected that barriers associated with cleavage of the ring C�
C bonds are larger. The calculated relative energies of
3.64 eV and 1.47 eV for the associated transition structures
TS92+/142+ (3A) and TS92+/142+ (1A) (Figure 9), respective-


ly, perfectly support this scenario. Fragmentation of 92+ then
can be explained on the basis of spin interconversion. From
the theoretical studies of the phenyl cation[31] and its para-
substituted derivatives,[32] it has been suggested that the spin
isomerization takes place in the region of crossing of singlet


Figure 8. Reaction pathways leading to the eliminations of H2O and CO
from the intermediate 172+ (relative energies are given in eV).


Figure 9. Rearrangement of doubly protonated meta-benzoquinone 92+ in
triplet 3B2 and singlet 1A1 state (relative energies are given in eV).
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and triplet potential-energy surfaces. Minimum energy
crossing points (MECPs) of the two surfaces lie either very
close in energy to the excited state (for states well separated
in energy) or lead to only a small barrier (for nearly-degen-
erate states). Thus, although the probability of the spin-in-
terconversion might be low, the system passes the MECP
frequently, which finally leads to a high overall spin isomeri-
zation rate. As the dication 92+ has two almost degenerate
states, rapid spin interconversion can be expected. Accord-
ingly, the triplet state is expected to interconvert to the ex-
cited singlet state within the ms timescale followed by a se-
quential dissociation on the singlet surface, rather than a
fragmentation occurring on the triplet surface.


Conclusion


Singly protonated benzoquinones decompose in an analo-
gous fashion to neutral benzoquinones by release of a CO
molecule. Protonation decreases the electron density in the
ring, which facilitates C�C bond cleavage and thus decom-
position of the ion. The barrier height of the initial step to
CO elimination from para-benzoquinone 1 is 3.54 eV and
decreases to 2.25 eV upon protonation.


Doubly protonated benzoquinone 32+ releases COH+


through charge separation instead of CO. It is shown that
this process is similar to the decarbonylation of 1 and 2+ ,
except that the released carbon monoxide is protonated.
Paradoxically, double protonation again increases the over-
all barrier height to 3.34 eV. The reason stems from the par-
tial delocalization of p electrons in the ring, which works
against C�C bond cleavage.


Although the ground state of resorcinol dication 92+ is a
triplet, its MI spectrum only reflects the behavior of the sin-
glet state. The reason is ascribed to the significantly larger
barrier for the decomposition of the triplet state (DE=


2.83 eV) relative to the singlet state (DE= 0.62 eV). Accord-
ingly, spin-intercorversion is proposed to precede fragmenta-
tion.[33]


Experimental Section


The experiments were performed with a modified VG ZAB/HF/AMD
four-sector mass spectrometer of BEBE configuration (B stands for mag-
netic and E for electric sector), which has been described in detail previ-
ously.[34] The cations and dications of interest were generated by 70 eV
electron ionization of the corresponding neutral precursor molecules and
accelerated by a potential of 8 kV (BQH+ cations were obtained by dis-
sociative ionization of BQH2, the same spectra were obtained also for
BQH+ cations generated by dissociative ionization of the corresponding
hydroxyanisole compounds). The ionization energies of the correspond-
ing monocations were determined from energy-resolved charge stripping
(CS) experiments. By virtue of the superior energy resolution of E(1),
energy-resolved CS experiments were conducted with B(1)-only mass-se-
lected precursor ions. The mono- and dication signals were scanned at
energy resolutions E/DE�4000, and Qmin values were determined from
the differences between the high-energy onsets of the mono- and the di-
cation peaks. The kinetic energy scale was calibrated using CS of the mo-
lecular ion of toluene, C7H8


+!C7H8
2+ with Qmin(C7H8


+) =14.8�


0.2 eV[35] using a multiplicative calibration scheme.[36] The unimolecular
fragmentations of BQH+ cations and BQH2


2+ dications are monitored
by recording metastable ion (MI) mass spectra. To this end, the ions
were mass-selected by means of B(1)/E(1) and the unimolecular frag-
mentations of metastable ions occurring in the field-free region preceding
the second magnet were recorded by scanning B(2). The [C,O,H]+ ions
were characterized by their collisional activation (CA) mass spectra. To
this end, B(1)/E(1) mass-selected ions were allowed to collide with
helium (80 % transmission) and the fragments arising were scanned by
B(2). All spectra were accumulated with the AMD-Intectra data systems;
5–15 scans were averaged to improve the signal-to-noise ratio. Final data
were derived from 2–6 independent measurements with an experimental
error smaller than �5 %. The averaged spectra were normalized to the
base peak which was arbitrarily set to 100 %. In order to avoid overlaps
in the spectra of dications having even masses (32+ , 3a2+ , 62+ , 6a2+ , 92+ ,
9a2+) with isobaric monocations, the naturally abundant dications with
one 13C atom were employed in the measurements. The intensities given
in the Table 4 were accordingly corrected for the 1=6 contribution of the
13C isotopologues.


Computational details : The calculations were performed by using the
density functional method UB3 LYP[37] in conjunction with Dunning�s
correlation consistent triple zeta basis set (cc-pVTZ)[38] as implemented
in the Gaussian03 suite.[39] For all optimized structures, frequency analysis
at the same level of theory was used in order to assign them as genuine
minima or transition structures on the potential-energy surface (PES) as
well as to calculate zero-point vibrational energies (ZPVEs). All struc-
tures were pre-optimized by using the same method but a smaller basis
set (UB 3LYP/6–31G**), and all transition structures were characterized
by intrinsic reaction coordinate (IRC) calculations[40] at this level of
theory. Note, however that the PESs involved are quite complex and var-
ious other pathways might be considered. Thus, the present calculations
are mostly restricted to the para isomers and serve as a guide for the in-
terpretation of the experimental data, rather than providing a complete
description of the PES. Likewise, we have not considered all possible iso-
mers (e.g. those being formed by 1,2-H shifts) but only those relevant
with respect to the fragmentation pathways observed experimentally.
Relative energies (Erel) of structures given below are calculated from en-
ergies at 0 K and related to 1, 2+ , and 32+ , respectively. The electronic
energies and energies including ZPVE are given as Supporting Informa-
tion (Table S1).


Acknowledgement


Continuous financial support from the European Commission (MCInet),
the Deutsche Forschungsgemeinschaft, the Fonds der Chemischen Indus-
trie, and the Gesellschaft von Freunden der Technischen Universit�t
Berlin is gratefully acknowledged.


[1] D. Voet, J. G. Voet, Biochemistry, 2nd ed., Wiley, New York, 1995.
[2] E. P. L. Hunter, S. G. Lias, J. Phys. Chem. Ref. Data 1998, 27, 413 –


656; see also ref. [4], where PA(para-BQ) =8.31 eV.
[3] S. Patai, Z. Rappoport, The Chemistry of Quinoid Compounds,


Vol. II, Parts 1 and 2, Wiley, Chichester, 1988.
[4] K. K. Irikura, M. Meot-Ner (Mautner), L. W. Sieck, A. D. Fant, J. F.


Liebman, J. Org. Chem. 1996, 61, 3167 –3171.
[5] R. C. Fort, Jr., S. J. Getty, D. A. Hrovat, P. M. Lahti, W. T. Borden,


J. Am. Chem. Soc. 1992, 114, 7549 – 7552.
[6] S. G. Lias, “Ionization Energy Evaluation” in NIST Chemistry Web-


Book, NIST Standard Reference Database Number 69 (Eds.: P. J.
Linstrom, W. G. Mallard), March 2003, National Institute of Stand-
ards and Technology, Gaithersburg MD, 20899 (http://webbook.nist.-
gov).


[7] M. W. Chase, Jr., J. Phys. Chem. Ref. Data 1998, 9, 1–1951.
[8] A. Wassermann, J. Chem. Soc. 1935, 828 –838.
[9] R. Sabbah, E. N. L. E. Buluku, Can. J. Chem. 1991, 69, 481 – 488.


Chem. Eur. J. 2005, 11, 628 – 638 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 637


FULL PAPERBenzoquinone in the Gas Phase



www.chemeurj.org





[10] Note the geometrical similarity with protonated acetone for which
the C�O bond length amounts to 1.26 �.


[11] The results for the 1B2 state should be taken with precaution be-
cause the description of an open-shell singlet state with single refer-
ence methods like UB3 LYP inevitably encounters spin-contamina-
tion by the triplet state.


[12] The 1A1 state suggested by Fort et al. ,[5] who used the UHF/6–31G*
method for the optimization of the geometry, is a second-order
saddle point at the UB 3LYP/cc-pVTZ level of theory.


[13] P. Frank, J. Herzler, T. Just, C. Wahl, Twenty-Fifth Symposium (Int.)
on Combustion, The Combustion Institute, Pittsburgh, Pennsylvania,
1994, 833 –840.


[14] M. U. Alzueta, M. Oliva, P. Glarborg, Int. J. Chem. Kinet. 1998, 30,
683 – 697.


[15] W. H. Starnes, Jr., D. A. Plank, J. C. Floyd, J. Org. Chem. 1975, 40,
1124 – 1127.


[16] Even though charge separation implies that [C,O,H]+ and
[C5,H5,O]+ are formed in a 1:1 ratio, the lighter fragment ion suffers
from significant discrimination effects in detection due to the kinetic
energy release in Coulomb explosion; see also: B. A. Rumpf, C. E.
Allison, P. J. Derrick, Org. Mass Spectrom. 1986, 21, 295 –299.


[17] D. Mathur, Phys. Rep. 1993, 225, 193.
[18] D. Schrçder, H. Schwarz, J. Phys. Chem. A 1999, 103, 7385 – 7394.
[19] W. J. Bouma, P. C. Burgers, J. L. Holmes, L. Radom, J. Am. Chem.


Soc. 1986, 108, 1767 –1770.
[20] P. C. Burgers, J. L. Holmes, A. A. Mommers, J. Am. Chem. Soc.


1985, 107, 1099 –1101.
[21] D. Kuck, Int. J. Mass Spectrom. 2002, 213, 101 –144.
[22] H. Schwarz, Top. Curr. Chem. 1981, 97, 1–31.
[23] A. J. Illies, M. F. Jarrold, M. T. Bowers, J. Am. Chem. Soc. 1983, 105,


2562 – 2565.
[24] M. Gerhards, C. Unterberg, S. Schumm, J. Chem. Phys. 1999, 111,


7966 – 7975.
[25] H. Schwarz, Top. Curr. Chem. 1978, 73, 231 –263.
[26] The validity of B3 LYP calculations on TS142+/152+ , 152+ , TS152+/


162+ , and 162+ was checked by re-optimization and frequency calcu-
lation at the MP 2/6–311G** level.


[27] a) M. J. S. Dewar, M. K. Holloway, J. Am. Chem. Soc. 1984, 106,
6619 – 6627; b) H. Schwarz, Angew. Chem. 1981, 93, 1046 –1059;
Angew. Chem. Int. Ed. Engl. 1981, 20, 991 – 1003.


[28] K. Krogh-Jespersen, J. Am. Chem. Soc. 1991, 113, 417 – 423.
[29] Opening of the three-membered ring of 142+ concomitant with a


1,2-hydrogen shift from the five-membered ring to the COH group
was considered as well. The relative energies of associated barriers
amount to 4.16 eV and 4.40 eV, respectively, for opening of the two
C�CO bonds. This process was therefore rejected in favor of the
direct dissociation by TS142+/13+ or rearrangement through TS142+


/172+ . 1,2-Hydrogen shifts are not further considered because it
would lead to the scrambling of hydrogen, which was not observed
experimentally.


[30] We did not attempt to localize transition structures for the elimina-
tions of the neutral molecules. Generally, the dominant interactions
are described by the attractive potentials between the dication and
the neutral molecule that finally leads to either barrierless dissocia-
tion in excess of the endothermicity or to a very loose transition
structure typical for a continuously endothermic dissociation proc-
ess.


[31] J. N. Harvey, M. Aschi, H. Schwarz, W. Koch, Theor. Chem. Acc.
1998, 99, 95–99.


[32] M. Aschi, J. N. Harvey, J. Chem. Soc. Perkin Trans. 1 1999, 2, 1059 –
1062.


[33] H. Schwarz, Int. J. Mass Spectrom. , and references therein, in press.
[34] R. Srinivas, D. S�lzle, T. Weiske, H. Schwarz, Int. J. Mass Spectrom.


Ion Proc. 1991, 107, 369 –376.
[35] J. Roithov�, D. Schrçder, J. Loos, H. Schwarz, H.-C. Jankowiak, R.


Berger, R. Thissen, O. Dutuit unpublished results.
[36] K. Lammertsma, P. von R. Schleyer, H. Schwarz, Angew. Chem.


1989, 101, 1313 – 1335; Angew . Chem. Int. Ed. Engl. 1989, 28,
1321 – 1341.


[37] a) A. D. Becke, J. Chem. Phys. 1993, 98, 5648 –5652; b) C. Lee, W.
Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785 – 789; c) B. Miehlich, A.
Savin, H. Stoll, H. Preuss, Chem. Phys. Lett. 1989, 157, 200 –206;
d) S. H. Vosko, L. Wilk, M. Nusair, Can. J. Phys. 1980, 58, 1200 –
1211.


[38] R. A. Kendall, T. H. Dunning, Jr., R. J. Harrison, J. Chem. Phys.
1992, 96, 6796 –6806.


[39] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A.
Robb, J. R. Cheeseman, J. A. Montgomery, Jr., T. Vreven, K. N.
Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar, J. Tomasi, V.
Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega, G. A. Peters-
son, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Ha-
segawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, M.
Klene, X. Li, J. E. Knox, H. P. Hratchian, J. B. Cross, C. Adamo, J.
Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R.
Cammi, C. Pomelli, J. W. Ochterski, P. Y. Ayala, K. Morokuma,
G. A. Voth, P. Salvador, J. J. Dannenberg, V. G. Zakrzewski, S. Dap-
prich, A. D. Daniels, M. C. Strain, O. Farkas, D. K. Malick, A. D.
Rabuck, K. Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui, A. G.
Baboul, S. Clifford, J. Cioslowski, B. B. Stefanov, G. Liu, A. Liashen-
ko, P. Piskorz, I. Komaromi, R. L. Martin, D. J. Fox, T. Keith, M. A.
Al-Laham, C. Y. Peng, A. Nanayakkara, M. Challacombe, P. M. W.
Gill, B. Johnson, W. Chen, M. W. Wong, C. Gonzalez, J. A. Pople,
Gaussian 03, Revision A.1, Gaussian, Inc., Pittsburgh PA, 2003.


[40] a) C. Gonzalez, H. B. Schlegel, J. Chem. Phys. 1989, 90, 2154 –2161;
b) C. Gonzalez, H. B. Schlegel, J. Phys. Chem. 1990, 94, 5523 –5527.


Received: July 19, 2004
Published online: December 2, 2004


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 628 – 638638


D. Schrçder et al.



www.chemeurj.org






An Asymmetric Formal Synthesis of Fasicularin


Micha�l D. B. Fenster[b] and Gregory R. Dake*[a]


Introduction


Bioassay-guided screening of an extract of the marine inver-
tebrate Nephteis fasicularis led to the isolation of fasicularin
(1) in 1997 by Patil and co-workers (Figure 1).[1] Ultimately,
1 demonstrated selective activity in a yeast strain in which
the RAD 52 gene, implicated in the recombination and
repair of DNA double strand breaks, was deleted.[2] Modest
cytotoxicity (IC50 =14 mg mL�1) of 1 towards Vero cells was
subsequently uncovered. Its intriguing tricyclic structure
proved to be similar to that of a small family of recently iso-
lated marine-derived natural products, lepidiformine (2) and
the cylindricines.[3] Unlike the other members of the cylin-
dricine family, 1 lacks oxygenation at its C4 position and is
epimeric at C10, the spiro-ring junction adjacent to a nitro-
gen atom, thus resulting in a trans-1-azadecalin A–B ring
system.


The tricyclic structure and potential pharmacological
properties of 1 and its relatives in the cylindricine family
have made them attractive targets for the synthetic organic
chemistry community.[4–6] Interestingly, total synthesis
proved to be vitally important in the ultimate structural and


stereochemical assignment of 2.[7] In considering a synthetic
approach towards 1, we were intrigued by the 1-azaspirobi-
cyclic structure embedded within its tricyclic framework.


The use of semipinacol rearrangement reactions in the
context of total synthesis has become increasingly more im-
portant, perhaps because of the wider accessibility of enan-
tiomerically and diastereomerically enriched starting materi-
als for this process.[8] Our interest in 1 stemmed from the
possibility of using a semipinacol rearrangement in order to
construct the 1-azaspirobicyclic framework and set the ster-
eochemical identity at C10 in a single operation. During the
course of our investigations, two total syntheses that pro-
duce 1 in racemic form were disclosed.[4a,b] Each of these ap-
proaches established the spirocyclic center in 1 by using ele-
gant cycloaddition strategies. An N-acylnitroso Diels–Alder
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Abstract: An asymmetric formal syn-
thesis of fasicularin (1) is described.
This natural product, isolated from the
extracts of the marine invertebrate
Nephteis fasicularis, has shown modest
cytotoxicity towards Vero cells. Fasicu-
larin is among only two members of
the cylindricine family of natural prod-
ucts, along with lepadiformine (2), to


possess a trans A–B ring junction. Key
steps of this approach to 1 involve a
siloxy-epoxide semipinacol rearrange-
ment of 5 to 6, a B-alkyl Suzuki–


Miyaura coupling reaction by using
enol trifluoromethanesulfonate 19 and
a substrate-directed hydrogenation re-
action of 24. This formal synthesis also
highlights the difficulty in the incorpo-
ration of the thiocyanate functionality
present in 1.


Keywords: alkaloids ·
cross-coupling · semipinacol
rearrangement · spirocycle


Figure 1.
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reaction was utilized in the Kibayashi approach,[4a] and a 2-
amidoacrolein Diels–Alder cycloadduct formed the precur-
sor to the spirocyclic ring system in the method of Funk and
Maeng.[4b]


Our analysis is presented in Scheme 1. We considered that
late stage annulation of the A-ring onto the 1-azaspirobicy-
clic system a might be possible. An intramolecular SN2 reac-
tion would be used to form the N1�C2 bond. The advantage
of this approach—the ability to efficiently control the ster-
eochemical outcome during the formation of the N1�C2
bond—outweighed its major drawback that the “annulation”
fragment would have to be prepared in enantiomerically en-
riched form. At the outset, we believed a metal-catalyzed
cross-coupling reaction could effectively form the C4�C5
bond. Simplification of a led to 1-azaspirocyclic ketone b,
the key intermediate that we believed would be accessible
through a semipinacol reaction on enesulfonamide c. The
full details of the conversion of a 1-azaspirobicyclic com-
pound similar to b to 1 (ultimately in a formal sense) is the
subject of this report.


Results and Discussion


Formation and elaboration of 1-azaspirobicyclic ring system :
As elaborated in detail elsewhere,[9] 5S-hydroxy-2-piperi-
done[10] could be elaborated to cyclopentanol 3 in five steps
(Scheme 2). Attempts to coerce 3 to ring expand using
Brønsted acids or N-bromosuccinimide were unsuccessful.[9a]


Thus, a siloxy-epoxide semipinacol rearrangement was en-
visoned to install the critical stereogenic center adjacent to
the nitrogen atom.[9,11–15] In the event, after efficient epoxi-
dation and trimethylsilylation, the submission of trimethyl-
silyl ether 5 to the action of 1.1 equivalents of titanium tet-
rachloride in dichloromethane at �78 8C resulted in the for-
mation of 1-azaspirobicyclic ketone 6 in 96 % yield. A
number of features of this reaction are noteworthy: a) the
overall efficiency of the ring expansion reaction, especially
the clean stereochemical outcome in the formation of the
tertiary carbon (the spiro-ring junction) dictated by the ep-
oxide; and b) the requirement of a trimethylsilyl ether for
an effective process. Subjection of cyclopentanol 4 to identi-
cal conditions as that used for 5 resulted in a messy reaction
from which 6 and ketone 7 could be recovered in a 1.4:1
ratio in 55 % overall yield. The relative stereochemistry of 6


was established using X-ray crystallography.[15] With the key
1-spirobicyclic ketone 6 in hand, efforts for its elaboration
to 1 began in earnest.


As some standard methods to generate a xanthate ester
from the alcohol function at C11 in 6 (NaH, CS2, MeI or


KHMDS, CS2, MeI or C6F5OCSCl, 4-DMAP) were unsuc-
cessful,[16] an elimination–hydrogenation sequence was
adopted for its removal (Scheme 3). Conversion of 6 to its
methanesulfonate derivative 8 occurred uneventfully. We
took advantage of the pseuodoaxial orientation of this mesy-
late functional group, as the elimination using 27 equivalents
of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) proceeded
smoothly to give alkene 9 in 91 % yield. Attempts to
remove the p-toluenesulfonyl group proved more difficult.
Methods employing either sodium amalgam[17] or photo-
chemical conditions[18] yielded complex mixtures. Dissolved
metal reduction conditions[19] by using lithium metal in am-
monia provided sufficient quantities of the desired amine
10, although the reaction was capricious, perhaps due to the
presence of the ketone functional group (see below). Work
to optimize this deprotection process was not undertaken as
our attempts to carry out the subsequent step in our pro-
posed construction—the re-protection of the amine function
in 10 by using a carbamate protecting group uncovered the
first insurmountable obstacle.


Amine 10 was subjected to 2.1 equivalents of di-tert-butyl-
carbonate and 4-DMAP in dichloromethane at room tem-
perature to yield an unexpected product 11 in 93 % yield.
While inspection of the 1H NMR spectrum of the product of
this reaction clearly revealed a signal attributable to the tert-
butyl group of the carbamate, attempts to engage the “car-
bonyl group” in further reactions were not successful. Anal-
ysis of the 13C NMR spectrum of this compound suggested
that the initially producted tert-butyl carbamate cyclized


Scheme 1.


Scheme 2. a) DMDO, K2CO3, acetone, RT. b) TMSOTf (1.7 equiv), 2,6-
lutidine (2.6 equiv), THF, RT, 15 min (83 % over both steps). c) TiCl4


(1.1 equiv), CH2Cl2, �78 8C, 30 min, 96 %. d) TiCl4 (1.1 equiv), CH2Cl2,
�78 8C, 30 min, 55%.
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into the adjacent ketone func-
tional group. The alkoxide
anion produced from this cycli-
zation then reacted with a
second equivalent of di-tert-bu-
tylcarbonate to give functional-
ized oxazolidinone 11. Heating
11 in nitrobenzene converted it
back to 10 (97 % yield), sup-
porting the structural assign-
ment. Use of one equivalent of
di-tert-butylcarbonate led only
to the formation of 11 in 37 %
yield with 50 % of recovered
10. Other acylating agents such as trichloroethyloxycarbonyl
chloride gave similar results. Although the p-toluenesulfonyl
protecting group in 9 had been shown to be somewhat diffi-
cult to remove cleanly, this complication in the reprotection
of 10 forced us to modify the protecting group strategy.


Having decided to delay the removal of the p-toluenesul-
fonyl group in 9 until later in the synthesis, the ketone func-
tion in 9 was smoothly converted to enol trifluoromethane-
sulfonate 12 by using 2.1 equivalents of potassium hexame-
thyldisilazide and 2.3 equivalents of N-phenyltrifluorome-
thanesulfonimide in 96 % yield [Eq. (1)]. Use of one equiva-
lent of base and triflating reagent lowered the yield of 12 to
81 %. The next task was the enantioselective preparation of
a suitably functionalized annulation fragment.


Construction of annulation fragments : Known methods to
generate chiral enantiomerically enriched propargyl alcohols
were selected to install the needed chirality center within
the annulation fragment. Our first experiments used N-
methylephedrine mediated addition of alkynylzinc triflates
to aldehydes as introduced by the Carriera group.[20] Al-
though the addition of trimethylsilylacetylene to heptanal
by using this protocol proceeded with acceptable enantiose-
lectivity (~90 % ee), in our hands the efficiency of the reac-
tion was variable. Yields for this process ranged from 0–
60 %. Unsatisfied with the fickle nature of this reaction, at-
tention was turned to the use of the Noyori transfer hydro-
genation protocol that had been demonstrated to provide
propargyl alcohols from ynones in high ee.[21]


In the event, the reaction of 1-trimethylsilyl-1-nonyn-3-
one and isopropanol in the presence of 12 mol % of Noyori�s
ruthenium(ii) transfer hydrogenation catalyst 13 generated
propargylic alcohol 14 in 94 % yield with 99 % ee (estab-
lished using gas chromatography on a chiral column) (Sche-
me 4).[4c] This process was highly reproducible. Removal of
the trimethylsilyl group from 14 to generate terminal alkyne


15 occurred smoothly using potassium carbonate in metha-
nol (94 %). The triple bond in 15 could be reduced smoothly
to allyl alcohol 16 by using conventional conditions (LiAlH4,
Et2O, 97 %). Protection of the alcohol function in 14 as a
PMB ether was best undertaken using acidic conditions
(PPTs) with para-methoxybenzyl trichloroacetamidate,[22] as
anionic conditions (base and para-methoxybenzyl chloride)
appeared to give a product resulting from a Brook rear-
rangement.[23] Removal of the trimethylsilyl group in 17
(TBAF, THF, 95 %) followed by hydrogenation over Lin-
dlar�s catalyst at temperatures below �6 8C gave alkene 19
in 94 % yield. Overreduction of alkyne 18 was observed if
the reaction temperature for the hydrogenation warmed
above the specified temperature. With potential annulation
fragments 15, 16, 18 and 19 in hand, attention was turned on
the crucial carbon�carbon bond forming reaction.


Cross-coupling experiments : The enol triflate function
within 12 is relatively hindered, and we were concerned that
it would not react efficiently with an appropriate organome-


Scheme 3. a) MsCl (2.4 equiv), 4-DMAP (4.0 equiv), CH2Cl2, RT, 30 min,
87%. b) DBU (27 equiv), toluene, reflux, 36 h, 91 %. c) Li (72 equiv),
NH3/THF, �78 8C, 5 min, 65 % (79 % brsm). d) (Boc)2O (2.1 equiv), 4-
DMAP (3.1 equiv), CH2Cl2, RT, 30 min, 93 %. e) Nitrobenzene, reflux,
97%.


Scheme 4. a) 13 (12 mol %), 2-propanol, RT, 103 h, 94 %, (>99% ee). b) K2CO3 (3.0 equiv), MeOH, RT, 5 h,
94%. c) LiAlH4 (5.1 equiv), Et2O, RT, 10 d, 97 %. d) p-methoxybenzyl trichloroacetimidate, PPTs (31 mol %),
CH2Cl2, RT, 46 h, 73% (97 % brsm). e) TBAF (1.1 equiv), THF, RT, 15 min, 95%. f) H2 (1 atm), Pd/CaCO3


(Pb poisoned) (11 mol %), EtOH, �6 8C, 1.75 h, 93%.
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tallic reagent under standard cross coupling conditions. To
test this notion with a small organometallic reagent, a Sono-
gashira-type coupling of alkyne 15 or 18 was initially at-
tempted in order to probe the sensitivity of the triflate to
cross-coupling conditions.[24] The results are summarized in
Equation (2) and Table 1.


Adjustment of reaction parameters such as solvent and
the inert atmosphere were crucial to obtain the desired
cross-coupling product 20. The isolated yields of the enyne
products were moderate even under optimized conditions.
A major difficulty was the dimerization of the terminal
alkyne under these conditions.[25] Although stringent precau-
tions were undertaken to exclude trace amounts of oxygen
from the reaction conditions, this side reaction could not be
avoided. The moderate yields of this cross-coupling process
combined with the requirement to reduce the alkyne func-
tionality at a later stage suggested that we attempt a more
direct approach. We were pleased to find that the enol tri-
flate function within 12 could be engaged in a cross-coupling
event, and thus we turned to a B-alkyl Suzuki-Miyaura
cross-coupling reaction as a suitable alternative.[26]


Allyl alcohol 16 was therefore hydroborated by using the
9-BBN dimer under the conditions defined by Shibasaki,[27]


and then the resulting organoborane was treated with 12
under cross-coupling conditions described by Johnson and
Braun using a catalytic amount of either tetrakis(triphenyl-
phosphine)palladium(0) or (1,1’-diphenylphosphineferroce-
ne)palladium dichloride [Eq. (3), Table 2, entries 1 and 2].[28]


The Johnson–Braun reaction conditions have been reported
to significantly accelerate Suzuki cross-coupling reactions,
allowing them to take place at room temperature. In these
reactions absolutely no cross-coupling product 22 a was ob-
served-only alkene 23 was formed, presumably via a path in-
volving a b-hydride elimination reaction of an organopalla-
dium intermediate. Fortunately, repeating the above se-
quence with the PMB ether 19 as the alkene starting materi-
al resulted in the formation of the desired cross-coupling
product 22 b in good yields (entries 3–7). Tetrakis(triphenyl-
phosphine) palladium(0) was an inferior precatalyst com-


pared with (1,1’-diphenylphosphineferrocene)palladium di-
chloride. The catalyst loadings could be reduced to 10 or
5 mol % without a substantial decrease in the effectiveness
of the process. Our concerns regarding the efficiency of the
cross-coupling with this hindered enol triflate appeared to
be warranted as no reaction was observed for this process
until the reaction was warmed to 60 8C, even when using the
Johnson–Braun conditions.


Setting the C5 stereochemistry : With the critical C4�C5
bond formed, the p-toluenesulfonyl and p-methoxybenzyl
groups in 22 b were simultaneously cleaved by using lithium
metal in liquid ammonia to produce amine 24 in 83 % yield
[Eq. (4)]. This deprotection sequence was reproducible and


occurred without complications,
in sharp contrast to the experi-
ence with ketone 9. Cyclodehy-
dration occurred uneventfully
by using triphenylphosphine
and diethylazodicarboxylate to
generate tricycle 25 in 92 %
yield.[29]


In the Kibayashi approach, the reductive amination of 26
was initially used to form the tricyclic system of 1 (Sche-
me 5).[4a] These experiments resulted in the slight preferen-
tial formation of the undesired isomer 27. Considering this
result, we expected that hydrogenation of the alkenes within


Table 1. Sonogashira coupling of 12 with Alkynes 15 or 18.


Entry Alkyne NR3 Additive T [8C] Solvent atm Yield [%] 20[a] Yield [%] 12[a] Yield [%] 21[a]


1 18 PrNH2 none 25 PhH N2 0 97 35
2 18 NEt3 TBAI 50 DMF N2 3 82 30
3 18 NEt3 TBAI 60 DMF Ar 51 42 23
4 15 NEt3 TBAI 60 DMF Ar 60 30 nd[b]


[a] Isolated yield. [b] nd=not determined.


Table 2. B-Alkyl Suzuki–Miyaura coupling of 12.


Entry Substrate Pd Loading Yield [%] Yield [%]
source[a] [mol %] 22[b] 23[b]


1 16 A 20 0 74
2 16 B 20 0 60
3 19 A 20 61 16
4 19 B 20 82 14
5 19 A 5 48 20
6 19 B 5 75 13
7 19 B 10 84 8


[a] A=Tetrakis(triphenylphosphine)palladium(0), B= (1,1’-diphenylphos-
phineferrocene)palladium dichloride. [b] Isolated yield.
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25 might also occur from the “bottom” face, thus setting the
trans-junction in the azadecalin system of 1. Unfortunately,
in the event, hydrogenation of 25 over palladium on carbon
generated a mixture of epimers (favoring the undesired
isomer). Similar results were obtained by using an analogue
in which the tert-butyldimethylsilyl ether was removed.


Consideration of (Dreiding) molecular models suggested
an option (Figure 2). Although both faces of tricycle 25 may
be sterically encumbered, resulting in low diastereoselectivi-
ty in the hydrogenation reaction, a bicyclic system similar to
24 could occur preferentially from the “bottom” face. Spe-
cifically, the hexyl side that is projected below the plane of
the A–B decalin ring in 25 is not present in bicycle 24, open-
ing up its “bottom” face. In addition, a directing effect of
the amine nitrogen group could also result in preferred hy-
drogenation from the bottom face of the bicyclic ring system
in 24.[30]


A summary of hydrogenation screening experiments on
24 is presented in Equation (5) and Table 3. Somewhat sur-
prisingly, hydrogenations over Wilkinson�s catalyst, Crab-
tree�s catalyst or ruthenium dioxide gave no reaction (en-
tries 1–3), possibly because of the ability of the amine in 24
to ligate and inactivate the metal catalyst. Hydrogenation
over platinum oxide (used in a stoichiometric amount) did
yield the desired diastereomer 29 in a modest ratio (2.3:1)
(entry 4). A catalytic reaction was possible by using palladi-
um-on-carbon in ethanol, although this reaction failed when
using cyclohexane as solvent (entries 5 and 6). The diaster-
eoselectivity of this process was slightly better (4.7:1), and
performing the reaction under higher pressures of hydrogen
did not improve matters significantly (entry 7). Fortunately,
the use of rhodium-on-carbon in ethanol gave the best selec-


tivity, resulting in a 10.5:1 ratio of diastereomers favoring 29
in 76 % isolated yield (entry 8). Hydrogenations with this
catalyst system in methanol and ethyl acetate were also at-
tempted, but these reactions generated significant amounts
of unknown by-products. The diastereoselectivity of those
reactions could not be determined as signals resulting from
these by-products complicated the 1H NMR spectrum of the
crude reaction mixtures.


Completion of the formal synthesis : With the stereochemis-
try at C-5 established, the cyclization of the A-ring was per-
formed as previously described (PPh3, DEAD) to obtain
31.[29] The removal of the tert-butyldimethylsilyl group re-
quired the use of TBAF in the presence of 4 � molecular
sieves, yielding 32 in 80 % yield.[31] The sieves were a crucial
additive, as their omission led to the formation of a number
of uncharacterizable by-products. Attempts to invert the
stereochemistry of the secondary alcohol function within 32
using a Mitsunobu procedure was unsuccessful as a mixture
of inversion and retention products were obtained.[32] Thus,
oxidation using TPAP-NMO[33] followed by reduction using
lithium tri(sec-butyl)borohydride generated alcohol 33
(Scheme 6), a late stage intermediate in both the Kibayashi
and the Funk constructions of 1.[4a,b] Transformation of the
hydroxyl functional group to a thiocyanate moiety remained
to be done.[34]


This reaction sequence, as performed by Kibayashi and
Funk, produces 1 in a small amount (~20 %) as the minor
component in a mixture of at least three compounds. An
elimination product and the isothiocyanate corresponding to
1 are also produced during this reaction sequence. In addi-
tion, this reaction sequence has been reported to be capri-
cious. Neither the Funk team nor our group could effective-
ly reproduce the conditions reported by Kibayashi (HSCN,
PPh3, DEAD, benzene) to convert 33 to 1. Funk had conse-
quently developed an alternate set of conditions to carry out


Scheme 5.


Figure 2.


Table 3. Hydrogenations of 24.


Entry Catalyst Loading
[mol %]


p
[atm]


Solvent Ratio
29 :30[a]


Yield
[%]


1 [(PPh3)3RhCl] 20 27 CH2Cl2 n/a[b] no rxn
2 Crabtree�s 22 1 CH2Cl2 n/a[b] no rxn
3 RuO2 26 1 EtOH n/a[b] no rxn
4 PtO2 120 1 EtOH 2.3:1 nd[c]


5 Pd/C 21 1 EtOH 4.7:1 nd[c]


6 Pd/C 21 1 c-C6H12 n/a[b] no rxn
7 Pd/C 21 41 EtOH 4.8:1 nd[c]


8 Rh/C 20 1 EtOH 10.5:1[d] 76%[e]


[a] Based on 1H NMR. [b] n/a=not applicable. [c] nd= not determined.
[d] Based on isolated yield. [e] Isolated yield.
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this procedure. Following their method, alcohol 33 was con-
verted to mesylate 34. Although the reaction of 34 with tet-
rabutylammonium thiocyanate was attempted several times,
only minute amounts of 1 could be observed in the crude re-
action mixture. Despite our efforts using column chromatog-
raphy or high pressure liquid chromatography, we were
unable to obtain an analytically pure sample of 1. A useful
solution to this problem remains as a challenge to the syn-
thetic organic chemistry community.


Unlike the previous approaches, our approach, if complet-
ed, would have stood as the first asymmetric synthesis of 1.
Unfortunately, as original samples of 1 from the isolate are
no longer available and because optical rotation data of 1
was not acquired due to a lack of sample,[35] no data is avail-
able for comparison to synthetic material. For this reason,
we did not pursue other approaches to install the thiocya-
nate moiety in 1.


Conclusion


The details of our synthetic approach towards 1 have been
presented. This approach differs markedly from earlier strat-
egies as a cycloaddition reaction was not used to install the
critical spirocyclic ring system. Key transformations in this
approach are a siloxy-epoxide semipinacol rearrangement, a
B-alkyl Suzuki–Miyaura reaction in a complex molecular
setting, and a substrate-directed hydrogenation reaction to
install the stereochemistry at C-5. The stereogenic centres in
our route (except for C-2) were established by stereochemi-
cal relay of the C-13 stereogenic center, which was derived
from the inexpensive chiral pool reagent, l-glutamic acid.
Approaches to other members of the cylindricine family
using this synthetic strategy are currently ongoing in our
laboratories.


Experimental Section


General methods : All reactions were performed under a nitrogen atmos-
phere in flame-dried glassware. The glass syringes, Teflon cannulae and
stainless steel needles used for handling anhydrous solvents and reagents
were oven dried, cooled in a desiccator, and flushed with dry nitrogen
prior to use. Plastic syringes were flushed with dry nitrogen before use.
Thin-layer chromatography (TLC) was performed on DC-Fertigplatten
SIL G-25 UV254 pre-coated TLC plates. Melting points were performed
using a Mel-Temp II apparatus (Lab devices USA) and are uncorrected.
Optical rotations of samples were measured using either a Perkin–Elmer
model MC-241 or a Jasco model P1010 polarimeter. Infrared (IR) spectra
were obtained using a Perkin-Elmer 1710 FT-IR spectrometer. Proton
nuclear magnetic resonance (1H NMR) spectra were recorded in deutero-
chloroform using either a Bruker WH-400, Bruker AV-400, or a Bruker
AV-300 spectrometer. Carbon nuclear magnetic resonance (13C NMR)
spectra were recorded in deuterochloroform using a Bruker AV-400 or a
Bruker AV-300 spectrometer. Chemical shifts are reported in parts per
million (ppm) and are referenced to the centerline of deuterochloroform
(d 7.24 ppm 1H NMR; 77.0 ppm 13C NMR). Coupling constants (J values)
are given in Hertz (Hz). The carbon–fluoride coupling constants are rep-
resented as follows: JC,F. Low resolution mass spectra (LRMS) and high
resolution mass spectra (HRMS) were recorded on either a Kratos-AEI
model MS 50 spectrometer (for EI), a Kratos MS 80 spectrometer (for
CI or DCI), a Micromass LCT (for ESI), or a Bruker Esquire~LC (for
ESI). Microanalyses were performed by the Microanalytical Laboratory
at the University of British Columbia on a Carlo Erba Elemental Ana-
lyzer Model 1106 or a Fisions CHN-O Elemental Analyzer Model 1108.
All solvents and reagents were purified and dried using established pro-
cedures. Tetrahydrofuran and diethyl ether were distilled from sodium
and benzophenone. Dichloromethane, toluene, triethylamine, 2,6-lutidine,
trimethylsilyl trifluoromethanesulfonate were distilled from calcium hy-
dride under an atmosphere of dry nitrogen. N,N-Dimethylformamide
(DMF) was purified by drying over 4 � molecular sieves. Solutions of
methyllithium in diethyl ether, n-butyllithium in hexanes were obtained
from the Aldrich Chemical Co. and were standardized using the proce-
dure of Kofron and Baclawski.[36] All other reagents were commercially
available and were used without further purification.


Epoxide 5 : Excess dimethyldioxirane solution in acetone was added to
alcohol 3 (1.08 g, 2.39 mmol, 1.0 equiv) and potassium carbonate (3.40 g,
24.6 mmol, 10 equiv) until the reaction was complete by TLC. The mix-
ture was poured into a saturated solution of aqueous ammonium chlo-
ride, extracted with dichloromethane, and the combined organic extracts
were dried over magnesium sulfate, filtered, and concentrated in vacuo.
The crude product was dissolved in THF (60 mL) and a solution of fresh-
ly distilled trimethylsilyl trifluoromethanesulfonate (720 mL, 3.97 mmol,
1.7 equiv) and 2,6-lutidine (720 mL, 6.22 mmol, 2.6 equiv) in THF
(60 mL) were added. The mixture was stirred at RT for 15 min. The or-
ganic layer was washed sequentially with a saturated solution of aqueous
sodium bicarbonate and a saturated solution of aqueous sodium chloride.
The organic layer was dried over magnesium sulfate, filtered and evapo-
rated in vacuo. Purification by column chromatography (ethyl acetate/
hexanes 1:15; 1% triethylamine) on silica gel afforded a white solid
(1.07 g, 83 %). M.p. 94–95 8C (methanol/hexanes); [a]26


D =�12.3 (c = 0.23
in CHCl3); 1H NMR (300 MHz, CDCl3): d = 7.90 (d, J =8.3 Hz, 2H),
7.28 (d, J=8.3 Hz, 2 H), 3.39–3.19 (m, 1 H), 3.29 (d, J =3.1 Hz, 2H), 2.70
(dd, J =13.4, 9.9 Hz, 1 H), 2.40 (s, 3H), 2.25 (dd, J=15.6, 6.4 Hz, 1H),
2.16–2.00 (m, 1H), 1.97–1.83 (m, 2H), 1.81–1.68 (m, 3 H), 1.67–1.53 (m,
3H), 0.75 (s, 9H), 0.16 (s, 9H), �0.20 (s, 6H); 13C NMR (75 MHz,
CDCl3): d = 143.8, 137.4, 129.6, 128.5, 86.0, 72.4, 63.0, 55.6, 51.1, 40.0,
35.9, 33.0, 25.6, 23.5, 21.8, 21.5, 17.8, 2.0, �5.0; IR (KBr): ñ=2954, 2859,
1353, 1250, 1164, 839 cm�1; elemental analysis calcd (%) for
C26H45NO5SSi2 (539.9): C 57.84, H 8.40, N 2.59; found: C 57.96, H 8.51, N
2.68.


Ketone 6 : A 1.0 m dichloromethane solution of titanium tetrachloride
(180 mL, 0.18 mmol, 1.1 equiv) was added at �78 8C to a solution of epox-
ide 5 (89 mg, 0.17 mmol, 1.0 equiv) in dichloromethane (8.0 mL). The
mixture was stirred at �78 8C for 0.5 h and then warmed to RT and


Scheme 6. a) PPh3 (3.3 equiv), CBr4 (3.3 equiv), NEt3 (3.3 equiv), CH2Cl2,
0 8C!RT, 5 h, 84 %. b) TBAF (3.1 equiv), 4 � molecular sieves, CH2Cl2,
RT, 30 min, 82 %. c) TPAP (11 mol %), NMO (1.4 equiv), 4 � molecular
sieves, CH2Cl2, RT, 2 h, 79 %. d) LiHB(sBu)3 (1.7 equiv), THF, �78 8C,
1 h, 67%. e) MsCl (1.9 equiv), NEt3 (2.1 equiv), 4-DMAP (0.64 equiv),
CH2Cl2, 0 8C, 3.5 h, 84%.
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poured into a saturated solution of sodium chloride. The two layers were
separated and the aqueous layer was extracted with dichloromethane.
The combined organic layers were dried over magnesium sulfate, filtered,
and concentrated by evaporation in vacuo. Purification by column chro-
matography (ethyl acetate/hexanes 1:3) on silica gel yielded a white solid
(75 mg, 96%). M.p. 137–138 8C (methanol); [a]26


D =�8.6 (c = 0.25 in
CHCl3); 1H NMR (400 MHz, CDCl3): d = 7.83 (d, J= 8.4 Hz, 2 H), 7.30
(d, J =8.0 Hz, 2H), 4.13–4.00 (m, 1H), 4.04 (d, J =2.4 Hz, 1H), 3.58 (s,
1H), 3.32 (dd, J=12.0, 8.0 Hz, 1 H), 3.06–2.86 (m, 2H), 2.64–2.53 (m,
1H), 2.52–2.44 (m, 1 H), 2.41 (s, 3H), 2.10–1.97 (m, 2 H), 1.88–1.54 (m,
5H), 0.81 (s, 9 H), �0.04 (s, 3 H), �0.06 (s, 3 H); 13C NMR (75 MHz,
CDCl3): d = 209.9, 143.6, 137.6, 129.6, 127.7, 69.9, 69.5, 62.0, 47.7, 40.9,
35.1, 33.7, 26.9, 25.7, 21.5, 20.2, 17.9, �4.9; IR (KBr): ñ =3505, 2941,
2858, 1718, 1329, 1149 cm�1; elemental analysis calcd (%) for for
C23H37NO5SSi (467.7): C 59.07, H 7.97, N 2.99; found: C 59.29, H 8.09, N
3.09.


Methanesulfonic ester 8 : Methanesulfonyl chloride (190 mL, 2.45 mmol,
2.4 equiv) was added to a solution of 6 (475 mg, 1.01 mmol, 1.0 equiv)
and 4-dimethylaminopyridine (499 mg, 4.08 mmol, 4.0 equiv) in dichloro-
methane (35 mL). The mixture was stirred at RT for 0.5 h and poured
into a saturated solution of sodium chloride. The two layers were separat-
ed and the aqueous layer was extracted with dichloromethane. The com-
bined organic layers were dried over magnesium sulfate, filtered, and
concentrated by evaporation in vacuo. Purification by column chromatog-
raphy (diethyl ether/petroleum ether 8:5) on silica gel yielded a foam
(527 mg, 87 %). [a]25


D =�19.7 (c = 0.19 in CHCl3); 1H NMR (400 MHz,
CDCl3): d = 7.85 (d, J =8.2 Hz, 2H), 7.31 (d, J =7.9 Hz, 2H), 5.14–5.09
(m, 1H), 4.19–4.08 (m, 1H), 3.41 (dd, J= 14.3, 5.2 Hz, 1H), 3.09 (s, 3H),
3.06 (dd, J =14.3, 9.5 Hz, 1H), 3.00–2.88 (m, 1H), 2.70–2.59 (m, 1 H),
2.53–2.30 (m, 2H), 2.42 (s, 3H), 2.06–1.95 (m, 1 H), 1.87–1.59 (m, 5H),
0.81 (s, 9 H), �0.02 (s, 3H), �0.04 (s, 3H); 13C NMR (75 MHz, CDCl3): d


= 203.9, 143.7, 137.7, 129.7, 127.5, 69.9, 62.2, 48.0, 40.8, 39.1, 27.6, 25.6,
21.4, 20.6, 17.8, �5.0; IR (KBr): ñ=2955, 2859, 1720, 1338, 1178 cm�1;
HRMS (DCI + , ammonia/isobutane): m/z : calcd for C24H40NO7S2Si:
546.2015; found: 546.2017 [M+H]+ .


Alkene 9 : A solution of 8 (590 mg, 0.980 mmol, 1.0 equiv) and 1,8-diaza-
bicyclo[5.4.0]undec-7-ene (4.0 mL, 26 mmol, 27 equiv) in toluene (40 mL)
was heated to reflux and stirred for 36 h. The mixture was cooled to RT
and poured into water. The two layers were separated and the aqueous
layer was extracted with diethyl ether. The combined organic layers were
dried over magnesium sulfate, filtered, and concentrated by evaporation
in vacuo. Purification by column chromatography (ethyl acetate/hexanes
1:5) on silica gel yielded a white solid (402 mg, 91%). M.p. 102–103 8C
(ethyl acetate/hexanes); [a]24


D =++65.4 (c = 0.20 in CHCl3); 1H NMR
(400 MHz, CDCl3): d = 8.00 (d, J=8.3 Hz, 2H), 7.28 (d, J =8.1 Hz, 2H),
5.82 (dd, J=10.4, 1.8 Hz, 1 H), 5.74 (d, J =10.5 Hz, 1H), 4.05–3.95 (m,
1H), 3.31 (ddd, J= 12.2, 6.8, 1.0 Hz, 1H), 2.87 (dd, J=12.1, 8.8 Hz, 1H),
2.80–2.59 (m, 2H), 2.51–2.28 (m, 2H), 2.40 (s, 3 H), 2.04–1.86 (m, 2H),
1.81–1.61 (m, 2 H), 0.75 (s, 9 H), �0.13 (s, 3 H), �0.15 (s, 3H); 13C NMR
(75 MHz, CDCl3): d = 205.6, 143.6, 137.2, 132.5, 129.4, 128.3, 126.0, 68.8,
64.7, 46.8, 39.8, 37.0, 25.6, 23.6, 22.3, 21.5, 18.0, �5.1, �5.2; IR (KBr): ñ=


2933, 1725, 1597, 1331, 1159 cm�1; elemental analysis calcd (%) for
C23H35NO4SSi (449.7): C 61.33, H 7.84, N 3.11; found: C 61.47, H 7.84, N
3.29.


Amine 10 : Lithium (23 mg, 3.3 mmol, 72 equiv) was washed three times
with HPLC grade pentane and dissolved in ammonia (8.0 mL) at �78 8C.
A solution of 9 (20.8 mg, 0.046 mmol, 1.0 equiv) in THF (8.0 mL) was
added. The mixture was stirred at �78 8C for 5 min and quenched by the
cautious dropwise addition of ethanol. A saturated solution of aqueous
ammonia chloride was added and the mixture was allowed to warm to
RT while open to the atmosphere to allow the ammonia to evaporate.
The two layers were separated and the aqueous layer was extracted with
diethyl ether. The combined organic layers were dried over magnesium
sulfate, filtered, and the solvent was evaporated in vacuo. Purification by
column chromatography (ethyl acetate/hexanes 1:5) on silica gel yielded
(+)-(3S,6R)-3-(tert-butyldimethylsilyloxy)-1-(toluene-4-sulfonyl)-1-aza-
spiro[5.5]undec-4-en-7-one (9) as a white solid (3.7 mg, 18%) and
(+)-(3S,6R)-3-(tert-butyldimethylsilyloxy)-1-azaspiro[5.5]undec-4-en-7-one


(10) as a white solid (8.8 mg, 65 %). M.p. 56–57 8C (methanol); [a]25
D =++


136 (c = 0.20 in CHCl3); 1H NMR (400 MHz, CDCl3): d = 5.95 (dd, J=


10.4, 1.5 Hz, 1 H), 5.86 (dd, J=10.4, 2.9 Hz, 1H), 3.96–3.90 (m, 1 H), 2.96
(dd, J=13.4, 4.6 Hz, 1 H), 2.69 (dd, J =13.6, 6.3 Hz, 1H), 2.65–2.59 (m,
1H), 2.48–2.38 (m, 1 H), 2.16–2.06 (m, 2H), 1.99–1.61 (m, 5H), 0.86 (s,
9H), 0.04 (s, 6H); 13C NMR (75 MHz, CDCl3): d = 210.8, 132.9, 130.4,
64.3, 64.0, 47.3, 40.9, 38.4, 27.8, 25.9, 21.4, 18.2, �4.6; IR (KBr): ñ =3320,
2929, 1708, 1454 cm�1; HRMS (CI, ammonia/methane): calcd for
C16H30NO2Si: 296.2046; found: 296.2046 [M+H]+ .


Carbamate 11: 4-Dimethylaminopyridine (79.6 mg, 0.651 mmol,
3.1 equiv) was added in one portion followed by the addition of a so-
lution of di-tert-butylcarbonate (93.8 mg, 0.430 mmol, 2.1 equiv) in di-
chloromethane (5.0 mL) to a solution of 10 (61.9 mg, 0.209 mmol,
1.0 equiv) in dichloromethane (5.0 mL). The mixture was stirred at RT
for 0.5 h. A saturated solution of aqueous sodium bicarbonate was
added. The two layers were separated and the aqueous layer was extract-
ed with dichloromethane. The combined organic layers were dried over
magnesium sulfate, filtered, and the solvent was evaporated in vacuo. Pu-
rification by column chromatography (ethyl acetate/hexanes 1:5) on silica
gel yielded a clear oil (85.1 mg, 93 %). 1H NMR (400 MHz, CDCl3): d =


5.77 (d, J=10.7 Hz, 1 H), 5.65 (dd, J =10.5, 2.3 Hz, 1H), 4.41–4.33 (m,
1H), 4.08 (ddd, J= 13.1, 6.7, 0.9 Hz, 1H), 2.75 (dd, J=13.1, 9.5 Hz, 1H),
2.27 (ddd, J =14.5, 5.5, 3.4 Hz, 1 H), 2.01–1.89 (m, 1H), 1.81–1.57 (m,
4H), 1.55–1.45 (m, 2 H), 1.41 (s, 9H), 0.88 (s, 9 H), 0.08 (s, 3H), 0.07 (s,
3H); 13C NMR (75 MHz, CDCl3): d = 154.8, 150.1, 134.1, 124.8, 106.7,
82.8, 62.8, 62.6, 43.3, 31.6, 27.5, 25.7, 18.0, 16.8, 15.4, �4.7, �4.8; IR
(NaCl): ñ=2956, 1786, 1760 cm�1; HRMS (CI, ammonia/methane): m/z :
calcd for C22H41N2O6Si: 457.2734; found: 457.2733 [M+H2O]+ .


Enol trifluoromethanesulfonate 12 : A 0.52 m toluene solution of potassi-
um bis(trimethylsilyl)amide (265 mL, 0.138 mmol, 2.1 equiv) was added to
a cold (�78 8C) solution of 9 (29.3 mg, 0.0652 mmol, 1.0 equiv) in THF
(1.6 mL). The mixture was stirred at �78 8C for 0.75 h. A solution of N-
phenylbis(trifluoromethanesulfonimide) (52.5 mg, 0.147 mmol, 2.3 equiv)
in THF (1.6 mL) was added and the mixture was stirred at �78 8C for
1 h. The mixture was warmed to RT and poured into a saturated solution
of aqueous ammonium chloride. The two layers were separated and the
aqueous layer was extracted with diethyl ether. The combined organic
layers were dried over magnesium sulfate, filtered, and the solvent was
evaporated in vacuo. Purification by column chromatography (ethyl ace-
tate/hexanes 1:12; 1% triethylamine) on silica gel yielded a clear oil
(36.4 mg, 96 %). [a]22:6


D =++99.6 (c = 0.261 in CHCl3); 1H NMR
(400 MHz, CDCl3): d = 7.83 (d, J=8.5 Hz, 2H), 7.28 (d, J =7.9 Hz, 2H),
5.91–5.88 (m, 1 H), 5.86 (d, J =10.1 Hz, 1 H), 5.63 (d, J =10.1, 2.0 Hz,
1H), 3.96–3.89 (m, 1 H), 3.27 (ddd, J =12.2, 5.2, 1.2 Hz, 1H), 2.82 (dd,
J =12.2, 9.5 Hz, 1 H), 2.63 (td, J= 12.8, 3.7 Hz, 1H), 2.48–2.37 (m, 2H),
2.40 (s, 3H), 2.34–2.21 (m, 2H), 1.95–1.85 (m, 1 H), 1.81–1.65 (m, 1H),
0.74 (s, 9 H), �0.16 (s, 3H), �0.18 (s, 3H); 13C NMR (75 MHz, CDCl3): d


= 147.2, 144.0, 136.8, 134.4, 129.4, 128.7, 127.9, 120.6, 118.4 (q, JC,F =


317 Hz), 64.4, 61.8, 47.2, 34.8, 25.6, 24.0, 21.5, 19.5, 18.0, �5.3; IR (CCl4):
ñ= 2931, 2859, 1416, 1337, 1164 cm�1; elemental analysis calcd (%) for
C24H34F3NO6S2Si (581.7): C 49.55, H 5.89, N 2.41; found: C 49.89, H 6.18,
N 2.27.


(�)-(3S)-1-Trimethylsilylnon-1-yn-3-ol (14): To a solution of 1-trimethyl-
silylnon-1-yn-3-one (1.21 g, 5.75 mmol, 1.0 equiv) in isopropanol (55 mL)
was added (h6-p-cymene)[(1S,2S)-N-p-toluenesulfonyl 1,2-diphenylethey-
lenediamine]ruthenium(ii) (13) (64.1 mg, 0.107 mmol, 0.019 equiv) in one
portion and the mixture was stirred at RT for 9.5 h. Subsequently addi-
tional amounts of 13 were added, each in one portion and the mixture
was stirred for the respective period: Compound 13 (57.6 mg,
0.0960 mmol, 0.017 equiv) for 22.5 h; compound 13 (75.4 mg, 0.126 mmol,
0.022 equiv) for 25 h; compound 13 (57.4 mg, 0.0957 mmol, 0.017 equiv)
for 45.5 h; compound 13 (78.0 mg, 0.130 mmol, 0.023 equiv) for 55 h;
compound 13 (84.1 mg, 0.0140 mmol, 0.024 equiv) stirred for another
48 h. The solvent was removed by evaporation in vacuo. Purification by
column chromatography (diethyl ether/petroleum ether 1:12) on silica gel
gave a pale yellow oil (1.15 g, 94 %). [a]19:9


D =�0.19 (c = 1.28 in CHCl3);
1H NMR (400 MHz, CDCl3): d = 4.31 (dd, J=12.2, 6.7 Hz, 1 H), 1.95 (d,
J =5.8 Hz, 1 H), 1.73–1.57 (m, 2H), 1.47–1.35 (m, 2H), 1.34–1.20 (m,
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6H), 0.85 (t, J =6.7 Hz, 3 H), 0.13 (s, 9H); 13C NMR (75 MHz, CDCl3):
d = 107.0, 89.2, 62.9, 62.8, 37.7, 31.7, 28.8, 25.0, 22.5, 14.0, 0.20, �0.17,
�0.51; IR (NaCl): ñ= 3338, 2932, 2860, 2173 cm�1; elemental analysis
calcd (%) for C12H24OSi (212.4): C 67.86, H 11.39; found: C 67.56, H
11.66.


(3S)-Non-1-yn-3-ol (15): A solution of (�)-(3S)-1-trimethylsilylnon-1-yn-
3-ol (14) (419 mg, 1.97 mmol, 1.0 equiv) and potassium carbonate
(823 mg, 5.95 mmol, 3.0 equiv) in methanol (40 mL) was stirred at RT for
5 h and then poured into a saturated solution of aqueous sodium chloride
and extracted with diethyl ether. The combined organic layers were dried
over magnesium sulfate, filtered, and the solvent was evaporated in
vacuo. Purification by column chromatography (diethyl ether/petroleum
ether 2:11) on silica gel afforded a pale yellow oil (261 mg, 94%).
1H NMR (400 MHz, CDCl3): d = 4.34 (t, J=6.2 Hz, 1H), 2.43 (d, J=


2.1 Hz, 1H), 1.89 (br s, 1 H), 1.73–1.64 (m, 2H), 1.48–1.38 (m, 2H), 1.35–
1.22 (m, 6H), 0.86 (t, J =6.9 Hz, 3 H); 13C NMR (75 MHz, CDCl3): d =


85.0, 72.8, 62.3, 37.6, 31.7, 28.9, 24.9, 22.5, 14.0; IR (KBr): ñ =3379, 3311,
2929, 2859 cm�1.


(3S)-Non-1-en-3-ol (16): Lithium aluminum hydride (550 mg, 14.5 mmol,
5.1 equiv) was added in three portions with 10 min intervals to a cold
(0 8C) solution of (3S)-non-1-yn-3-ol (15) (400 mg, 2.85 mmol, 1.0 equiv)
in diethyl ether (40 mL). The mixture was warmed to RT and allowed to
stir for 10 d. The mixture was cooled to 0 8C and quenched by cautious
addition of water (2.2 mL). Magnesium sulfate was added and the mix-
ture was stirred at RT for 1 h. The mixture was filtered and the solvent
was evaporated in vacuo to afford a clear oil (393 mg, 97 %). 1H NMR
(400 MHz, CDCl3): d = 5.85 (ddd, J =17, 11, 6.0 Hz, 1 H), 5.19 (d, J=


17 Hz, 1 H), 5.07 (d, J= 11 Hz, 1H), 4.19–3.95 (m, 1 H), 1.78–0.99 (m,
11H), 0.85 (t, J =7 Hz, 3H); 13C NMR (75 MHz, CDCl3): d = 141.4,
114.4, 73.2, 37.0, 31.7, 29.2, 25.2, 22.5, 14.0; IR (NaCl): ñ=3352, 2929,
1644 cm�1.


(�)-(3S)-[3-(4-Methoxybenzyloxy)-non-1-ynyl]-trimethylsilane (17): A
solution of 4-methoxybenzyl trichloroacetimidate (764 mg, 2.70 mmol,
1.6 equiv) in dichloromethane (25 mL) was added to a solution of (�)-
(3S)-1-trimethylsilylnon-1-yn-3-ol (14) (353 mg, 1.66 mmol, 1.0 equiv) in
dichloromethane (50 mL). Pyridium p-toluenesulfonate (130 mg,
0.517 mmol, 0.31 equiv) was added in one portion and the mixture was
stirred at RT for 46 h. The mixture was poured into a saturated solution
of aqueous sodium bicarbonate. The two layers were separated and the
aqueous layer was extracted with dichloromethane. The combined organ-
ic layers were dried over magnesium sulfate, filtered, and concentrated
by evaporation in vacuo. Purification by column chromatography (diethyl
ether/petroleum ether 1:12) on silica gel yielded the starting material as a
pale yellow oil (88.8 mg, 25%) and a clear oil (405 mg, 73%). [a]19:9


D =


�118.07 (c = 2.48 in CHCl3); 1H NMR (400 MHz, CDCl3): d= 7.27 (d,
J =8.5 Hz, 2 H), 6.86 (d, J=8.5 Hz, 2 H), 4.70 (d, J=11.6 Hz, 1H), 4.43
(d, J=11.6 Hz, 1 H), 4.02 (t, J =6.6 Hz, 1H), 3.79 (s, 3H), 1.78–1.61 (m,
2H), 1.48–1.36 (m, 2 H), 1.30–1.21 (m, 6 H), 0.86 (t, J= 6.7 Hz, 3H), 0.19
(s, 9 H); 13C NMR (75 MHz, CDCl3): d = 159.2, 130.2, 129.6, 113.7,
105.2, 90.3, 70.0, 68.7, 55.1, 35.6, 31.7, 28.9, 25.2, 22.5, 14.0, 0.0; IR
(NaCl): ñ=2956, 2859, 2168, 1613, 1515, 1250 cm�1; elemental analysis
calcd (%) for C20H32O2Si (332.6): C 72.23, H 9.70; found: C 72.27, H
9.94.


(�)-(1S)-1-(1-Ethynylheptyloxymethyl)-4-methoxybenzene (18): Tetrabu-
tylammonium fluoride (1.40 mL, 1.40 mmol, 1.1 equiv) was added to a so-
lution of (�)-(3S)-[3-(4-methoxybenzyloxy)-non-1-ynyl]-trimethylsilane
(17) (405 mg, 1.22 mmol, 1.0 equiv) in THF (50 mL). The mixture was
stirred at RT for 15 min and then poured into water. The two layers were
separated and the aqueous layer was extracted with diethyl ether. The
combined organic layers were dried over magnesium sulfate, filtered, and
concentrated by evaporation in vacuo. Purification by column chromatog-
raphy (diethyl ether/petroleum ether 1:30) on silica gel yielded a clear oil
(301 mg, 95%). [a]22:4


D =�110.22 (c = 0.230 in CHCl3); 1H NMR
(400 MHz, CDCl3): d = 7.27 (d, J=8.5 Hz, 2H), 6.86 (d, J =8.5 Hz, 2H),
4.71 (d, J=11.3 Hz, 1 H), 4.42 (d, J= 11.3 Hz, 1 H), 4.02 (td, J =6.6,
2.1 Hz, 1H), 3.78 (s, 3 H), 2.43 (d, J=2.1 Hz, 1 H), 1.80–1.63 (m, 2H),
1.47–1.37 (m, 2 H), 1.33–1.21 (m, 6H), 0.85 (t, J= 6.7 Hz, 3H); 13C NMR
(75 MHz, CDCl3): d = 159.2, 129.9, 129.5, 113.7, 83.1, 73.6, 70.0, 68.0,


55.1, 35.6, 31.7, 28.9, 28.9, 25.1, 22.5, 14.0; IR (NaCl): ñ=3293, 2931,
2859, 1613, 1515, 1249 cm�1; elemental analysis calcd (%) for C17H24O2


(260.4): C 78.42, H 9.29; found: C 78.29, H 9.63.


(�)-(1S)-1-Methoxy-4-(1-vinylheptyloxymethyl)-benzene (19): (�)-(1S)-
1-(1-Ethynylheptyloxymethyl)-4-methoxybenzene (18) (229 mg,
0.879 mmol, 1.0 equiv) and Pd/C 5 wt % on calcium carbonate (209 mg,
0.0982 mmol, 0.11 equiv) were dissolved in ethanol (40 mL). Quinoline
(810 mL, 6.84 mmol, 7.8 equiv) was added and the mixture was cooled to
�6 8C. One atmosphere of hydrogen was introduced and the mixture was
stirred at �6 8C for 1.75 h. The suspension was filtered through Celite
and the solvent was removed by evaporation in vacuo. Purification by
column chromatography (ethyl acetate/hexanes 1:20) on silica gel yielded
a pale yellow oil (214 mg, 93%). [a]22:0


D =�36.08 (c = 0.203 in CHCl3);
1H NMR (400 MHz, CDCl3): d = 7.25 (d, J =8.7 Hz, 2 H), 6.87 (d, J =


8.7 Hz, 2 H), 5.73 (ddd, J =17.1, 10.7, 7.6 Hz, 1H), 5.21 (d, J =2.4 Hz,
1H), 5.18 (dd, J =10.7, 1.1 Hz, 1H), 4.52 (d, J =11.6 Hz, 1H), 4.28 (d, J=


11.6 Hz, 1H), 3.79 (s, 3H), 3.73–3.66 (m, 1H), 1.69–1.58 (m, 1H), 1.53–
1.20 (m, 9H), 0.88 (t, J =6.7 Hz, 3 H); 13C NMR (75 MHz, CDCl3): d =


159.0, 139.4, 131.0, 129.2, 116.7, 113.7, 80.2, 69.6, 55.2, 35.5, 31.8, 29.2,
25.3, 22.6, 14.0; IR (NaCl): ñ =3076, 2932, 2859, 1615, 1466, 1041,
927 cm�1. HRMS (EI): calcd for C17H26O2: 262.1933; found: 262.1938.


Alkene 22b : DMF and water were degassed for 15 min prior to use by
sparging with nitrogen gas. To a solution of (�)-(1S)-1-methoxy-4-(1-vi-
nylheptyloxymethyl)-benzene (19) (706 mg, 2.69 mmol, 1.3 equiv) in THF
(18 mL) was added 9-borabicyclo[3.3.1]nonane dimer (2.07 g, 8.48 mmol,
4.1 equiv) and the mixture was stirred at RT for 1 h. Water (665 mL,
36.8 mmol, 17.7 equiv) was added and the mixture was stirred at RT for
1 h. To a round bottom containing dichloro[1,1’-bis(diphenylphosphino)-
ferrocene]palladium(ii) dichloromethane adduct (170 mg, 0.208 mmol,
0.10 equiv), triphenylarsine (66.5 mg, 0.217 mmol, 0.10 equiv), potassium
bromide (293 mg, 2.46 mmol, 1.2 equiv), and cesium carbonate (1.37 mg,
4.20 mmol, 2.0 equiv) was added a solution of 12 (1.21 g, 2.08 mmol,
1.0 equiv) in DMF (18 mL).


To this mixture was added the borane solution. The resulting dark red so-
lution was stirred at 60 8C for 14 h. The mixture was cooled to RT and
poured into a solution of diethyl ether. The organic layer was washed se-
quentially with water and a saturated solution of aqueous sodium chlo-
ride. The organic layer was dried over magnesium sulfate, filtered, and
the solvent was evaporated in vacuo. Purification by column chromatog-
raphy (ethyl acetate/hexanes 1:15) afforded a clear oil (1.22 g, 84%).
[a]20:5


D =++100.7 (c = 0.212 in CHCl3); 1H NMR (400 MHz, CDCl3): d =


7.78 (d, J =8.5 Hz, 2 H), 7.22 (d, J=8.5 Hz, 2H), 7.18 (d, J=7.9 Hz, 2H),
6.84–6.78 (m, 2H), 5.64–5.56 (m, 2 H), 5.53 (dd, J =10.2, 1.7 Hz, 1 H),
4.42 (dd, J =18.3, 11.3 Hz, 2H), 4.11–4.04 (m, 1H), 3.76 (s, 3H), 3.46–
3.34 (m, 2 H), 2.81 (dd, J=11.9, 9.2 Hz, 1H), 2.49–1.96 (m, 6 H), 2.36 (s,
3H), 1.91–1.20 (m, 14 H), 0.86 (t, J=6.7 Hz, 3 H), 0.78 (s, 9H), �0.10 (s,
3H), �0.11 (s, 3H); 13C NMR (75 MHz, CDCl3): d = 159.0, 143.2, 140.0,
137.8, 134.0, 131.4, 129.4, 129.2, 127.7, 122.8, 113.7, 78.8, 70.2, 65.3, 64.2,
55.2, 48.1, 34.0, 33.3, 32.6, 31.9, 29.6, 26.3, 25.7, 25.5, 24.9, 22.7, 21.4, 20.0,
18.1, 14.1, �4.9, �5.0; IR (CCl4): ñ=2931, 2859, 1332, 1162 cm�1; LRMS
(CI, ammonia): m/z (%): 696 (8) [M+H]+ .


Alkene 23 : DMF and water were degassed for 15 min prior to use by
sparging with nitrogen gas. To (3S)-non-1-en-3-ol (16) (11.5 mg,
0.0866 mmol, 1.9 equiv) in THF (0.6 mL) was added 9-borabicyclo[3.3.1]-
nonane dimer (62.7 mg, 0.257 mmol, 6.2 equiv) and the mixture was stir-
red at RT for 1 h. Water (15 mL, 0.830 mmol, 20 equiv) was added via sy-
ringe and the mixture was stirred for 1 h. To a round bottom containing
dichloro[1,1’-bis(diphenylphosphino)ferrocene]palladium(ii) dichlorome-
thane adduct (6.8 mg, 0.0083 mmol, 0.20 equiv), triphenylarsine (2.5 mg,
0.0082 mmol, 0.20 equiv), potassium bromide (6.4 mg, 0.0538 mmol,
1.3 equiv), and cesium carbonate (28.2 mg, 0.0866 mmol, 2.1 equiv) was
added a solution of 12 (1.21 g, 2.08 mmol, 1.0 equiv) in DMF (0.3 mL).


To this mixture was added the borane solution. The resulting dark red so-
lution was stirred at 60 8C for 16 h. The mixture was cooled to RT and
poured into a solution of diethyl ether. The organic layer was washed se-
quentially with water and a saturated solution of aqueous sodium chlo-
ride. The organic layer was dried over magnesium sulfate, filtered, and
the solvent was evaporated in vacuo. Purification by column chromatog-
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raphy (ethyl acetate/hexanes 1:15) afforded a clear oil (10.8 mg, 60%).
[a]26:5


D =++66.9 (c = 0.187 in CHCl3); 1H NMR (400 MHz, CDCl3): d=


7.71 (d, J=8.2 Hz, 2 H), 7.24 (d, J =7.9 Hz, 2H), 5.79–5.73 (m, 1H), 5.57–
5.50 (m, 3 H), 4.09 (dd, J= 9.2, 5.5 Hz, 1 H), 3.82 (dd, J =12.8, 5.5 Hz,
1H), 2.93 (dd, J =12.8, 9.2 Hz, 1 H), 2.39 (s, 3H), 2.21 (ddd, J=12.8, 11.9,
3.7 Hz, 1H), 2.12–2.01 (m, 1H), 2.00–1.88 (m, 2H), 1.78–1.68 (m, 1 H),
1.67–1.53 (m, 1 H); 13C NMR (75 MHz, CDCl3): d = 142.9, 139.6, 133.7,
130.3, 129.3, 128.8, 128.1, 127.4, 65.1, 60.4, 47.6, 32.6, 25.7, 24.1, 21.4, 19.7,
18.1, �4.8, �4.9; IR (KBr): ñ =2931, 2859, 1340, 1163 cm�1; LRMS (CI,
ammonia): m/z (%): 434 (49) [M+H]+ .


Amine 24 : Lithium (12.9 mg, 1.86 mmol, 29 equiv) was washed three
times with HPLC grade pentane and dissolved in ammonia (10 mL) at
�78 8C. A solution of 22 b (44.4 mg, 0.0638 mmol, 1.0 equiv) in THF
(3.0 mL) was added. The mixture was stirred for 10 min at �78 8C and
quenched by the dropwise addition of methanol. A saturated solution of
aqueous ammonia chloride was added and the mixture was allowed to
warm to RT while open to the atmosphere to allow the ammonia to evap-
orate. The two layers were separated and the aqueous layer was extract-
ed with diethyl ether. The combined organic layers were dried over mag-
nesium sulfate, filtered, and the solvent was evaporated in vacuo. Purifi-
cation by column chromatography (diethyl ether/petroleum ether 1:2) on
silica gel yielded a clear oil (22.4 mg, 83%). [a]19:8


D =++ 72.3 (c = 0.213 in
CHCl3); 1H NMR (400 MHz, CDCl3): d = 5.67 (d, J =10.4 Hz, 1 H),
5.60–5.55 (m, 1H), 5.25 (dd, J =10.4, 2.1 Hz, 1H), 4.33–4.26 (m, 1 H),
3.52–3.42 (m, 1H), 2.99 (ddd, J =10.7, 5.8, 1.2 Hz, 1H), 2.66 (dd, J =10.7,
9.2 Hz, 1H), 2.14–1.87 (m, 6H), 1.69–1.61 (m, 1H), 1.60–1.49 (m, 1 H),
1.47–1.18 (m, 12H), 0.86–0.81 (m, 3H), 0.84 (s, 9H), 0.04 (s, 3H), 0.03 (s,
3H); 13C NMR (75 MHz, CDCl3): d = 139.5, 134.0, 131.9, 125.3, 67.2,
65.8, 55.9, 46.3, 37.2, 36.6, 31.8, 31.8, 29.5, 26.0, 25.8, 25.4, 25.1, 22.6, 18.9,
18.0, 14.0, �4.6, �4.7; IR (CCl4): ñ =3284, 2930, 2858, 1109 cm�1; LRMS
(CI, ammonia): m/z (%): 422 (100) [M+H]+ , 421 (8) [M]+ .


Tricyclic amine 25 : To a cold (0 8C) solution 24 (129 mg, 0.306 mmol,
1.0 equiv) and triphenylphosphine (160 mg, 0.612 mmol, 2.0 equiv) in di-
chloromethane (6.0 mL) was added carbon tetrabromide (203 mg,
0.612 mmol, 2.0 equiv) followed by the addition of triethylamine (85 mL,
0.610 mmol, 2.0 equiv). The pale yellow solution turned red as it was al-
lowed to warm to RT and stirred for 0.5 h. The solvent was removed by
evaporation in vacuo. Purification by column chromatography (diethyl
ether/petroleum ether 1:11) on silica gel afforded a pale yellow oil
(113 mg, 92 %). [a]21:7


D =++120.2 (c = 0.205 in CHCl3); 1H NMR
(400 MHz, CDCl3): d = 5.77 (dd, J=10.4, 1.5 Hz, 1H), 5.68 (d, J=


10.4 Hz, 1H), 5.43–5.39 (m, 1 H), 4.40–4.32 (m, 1 H), 3.18 (ddd, J =14.4,
6.2, 1.0 Hz, 1 H), 3.10 (dd, J= 14.4, 9.9 Hz, 1H), 2.74–2.66 (m, 1 H), 2.38–
2.30 (m, 1H), 2.06–1.88 (m, 4H), 1.77–1.58 (m, 5 H), 1.54–1.08 (m, 10 H),
0.90–0.84 (m, 12 H), 0.89 (s, 9H), 0.07 (s, 3H), 0.06 (s, 3 H); 13C NMR
(75 MHz, CDCl3): d = 139.2, 16.5, 129.6, 122.1, 60.7, 57.9, 55.5, 47.7,
39.9, 34.3, 32.4, 32.1, 31.8, 29.9, 26.0, 25.3, 25.2, 22.6, 20.2, 18.3, 14.1, �4.5,
�4.6; IR (CCl4): ñ =3084, 2931, 2859, 1519, 1250 cm�1; LRMS (CI, am-
monia): m/z (%): 404 (100) [M+H]+ , 403 (5) [M]+ .


Alcohol 29 : Alkene 24 (143.9 mg, 0.341 mmol, 1.0 equiv) and Rh/C 5
wt % on carbon (141 mg, 0.0684 mmol, 0.20 equiv) were dissolved in eth-
anol (17 mL). The mixture was stirred under 1 atm H2 at RT for 24 h.
The mixture was filtered through Celite and the solvent was removed by
evaporation in vacuo. Purification by gradient column chromatography
(ethyl acetate/hexanes 1:2 ! ethyl acetate) on silica gel afforded (�)-
(3S)-1-[(3S,6R,7S)-3-(tert-butyldimethylsilyloxy)-1-azaspiro[5.5]undec-7-
yl]-nonan-3-ol (30) as a clear oil (9.6 mg, 6.6%) and (+)-(3S)-1-
[(3S,6R,7R)-3-(tert-butyldimethylsilyloxy)-1-azaspiro[5.5]undec-7-yl]-
nonan-3-ol (29) as a clear oil (99.7 mg, 69 %).


Compound 29 : [a]20:7
D =++31.60 (c = 0.201 in CHCl3); 1H NMR


(400 MHz, CDCl3): d = 3.59–3.44 (m, 2H), 2.80 (ddd, J= 11.6, 5.5,
4.9 Hz, 1H), 2.69 (dd, J =11.6, 10.1 Hz, 1 H), 2.28–2.19 (m, 1H), 1.78–
1.51 (m, 6 H), 1.48–0.82 (m, 32H), 0.02 (s, 3H), 0.01 (s, 3H); 13C NMR
(75 MHz, CDCl3): d = 70.3, 69.9, 53.3, 48.0, 46.1, 37.6, 35.9, 32.6, 31.8,
29.8, 29.4, 28.3, 25.8, 25.3, 25.1, 24.6, 22.6, 18.1, 14.1, �4.6; IR (CCl4): ñ=


3255, 3148, 2929, 2857, 1456, 1361, 1110 cm�1; HRMS (EI): m/z : calcd for
C25H51NO2Si: 425.3689; found: 425.3691.


Compound 30 : [a]20:4
D =�22.37 (c = 0.152 in CHCl3); 1H NMR


(400 MHz, CDCl3): d = 3.57–3.47 (m, 2H), 2.77 (ddd, J= 12.2, 4.6,
1.2 Hz, 1 H), 2.55 (dd, J =12.2, 8.9 Hz, 1 H), 2.09–1.99 (m, 1 H), 1.82–1.65
(m, 3 H), 1.63–1.15 (m, 20 H), 1.06–0.96 (m, 3 H), 0.87–0.83 (m, 12H),
0.02 (s, 3H), 0.01 (s, 3H); 13C NMR (75 MHz, CDCl3): d = 72.6, 69.3,
52.6, 47.6, 44.3, 37.5, 36.8, 32.5, 31.8, 30.6, 29.7, 29.4, 26.8, 25.9, 25.6, 24.3,
22.6, 21.2, 18.1, 14.1, �4.6; IR (CCl4): ñ =3628, 3368, 2859 cm�1; HRMS
(EI): m/z : calcd for C25H51NO2Si: 425.3689; found: 425.3697.


Amine 31: To a cold (0 8C) solution of (+)-(3S)-1-[(3S,6R,7R)-3-(tert-bu-
tyldimethylsilyloxy)-1-azaspiro[5.5]undec-7-yl]-nonan-3-ol (29) (36.7 mg,
0.0862 mmol, 1.0 equiv) and triphenylphosphine (74.6 mg, 0.284 mmol,
3.3 equiv) in dichloromethane (2.5 mL) was added carbon tetrabromide
(94.3 mg, 0.284 mmol, 3.3 equiv) followed by the addition of triethyl-
amine (40 mL, 0.287 mmol, 3.3 equiv). The pale yellow solution was al-
lowed to warm to RT and stirred for 5 h. The solvent was removed by
evaporation in vacuo. Purification by column chromatography (diethyl
ether/petroleum ether 1:4; 2% ammonium hydroxide) on silica gel af-
forded a clear oil (29.6 mg, 84 %). [a]20:8


D =++4.51 (c = 0.265 in CHCl3);
1H NMR (400 MHz, CDCl3): d= 3.95–3.86 (m, 1H), 2.97–2.82 (m, 3H),
2.63 (d, J =13.1 Hz, 1H), 1.84–1.47 (m, 1H), 1.40–1.10 (m, 17H), 1.03–
0.93 (m, 1 H), 0.86 (s, 12H), 0.02 (s, 6H); 13C NMR (75 MHz, CDCl3):
d=62.5, 56.6, 53.5, 47.3, 45.9, 34.5, 34.2, 32.6, 31.8, 30.0, 29.9, 29.8, 27.2,
26.2, 25.9, 25.4, 22.8, 22.6, 18.2, 17.5, 14.1, �4.6; IR (CCl4): ñ=2929, 2860,
1464, 1092 cm�1; HRMS (EI): m/z : calcd for C25H49NOSi: 407.3583;
found: 407.3579.


Alcohol 32 : A solution of silyl ether 31 (40.0 mg, 0.0981 mmol, 1.0 equiv)
in THF (5.0 mL) was added to a round bottom containing powdered acti-
vated 4 � molecular sieves (500 mg). Tetrabutylammonium fluoride, pre-
treated with 4 � molecular sieves, (300 mL, 0.300 mmol, 3.1 equiv) was
added and the mixture was stirred at RT for 0.5 h. The reaction was fil-
tered and the solvent removed by evaporation in vacuo. Purification by
gradient column chromatography (diethyl ether!diethyl ether/methanol
19:1; 2% ammonium hydroxide) afforded a white solid (23.7 mg, 82 %).
M.p. 69–71 8C (ethyl acetate/hexanes); [a]20:3


D =++ 4.2 (c = 0.259 in
CHCl3); 1H NMR (400 MHz, CDCl3):d = 3.99–3.87 (m, 1 H), 3.07 (ddd,
J =14.4, 4.6, 1.8 Hz, 1 H), 2.90–2.80 (m, 2 H), 2.57 (d, J =13.1 Hz, 1 H),
1.95–1.47 (m, 8 H), 1.41–0.96 (m, 18 H), 0.85 (t, J= 6.7 Hz, 3 H); 13C NMR
(75 MHz, CDCl3): d = 61.8, 56.7, 53.5, 47.1, 45.8, 34.5, 34.0, 32.5, 31.9,
29.9, 29.7, 27.1, 26.1, 25.5, 22.7, 22.6, 17.4, 14.1; IR (CCl4): ñ =3084, 2925,
2860, 1469, 1083 cm�1.


Alcohol 33 : A solution of alcohol 32 (22.9 mg, 0.0780 mmol, 1.0 equiv) in
dichloromethane (2.5 mL) was added to a round bottom containing pow-
dered activated 4 � molecular sieves (83 mg). Tetrapropylammonium
perruthenate (3.1 mg, 0.0088 mmol, 0.11 equiv) was added in one portion.
The mixture was cooled to 0 8C and 4-methylmorpholine N-oxide
(12.9 mg, 0.110 mmol, 1.4 equiv) was added in one portion. The mixture
was warmed to RT, stirred for 2 h, filtered through Celite, and the solvent
was removed by evaporation in vacuo. Purification by column chroma-
tography (diethyl ether/hexanes 1:1) on silica gel afforded a clear oil
(18.0 mg, 79%). [a]21:2


D =++102.6 (c = 0.178 in CHCl3); 1H NMR
(400 MHz, CDCl3): d =3.95–3.86 (m, 1H), 2.97–2.82 (m, 3H), 2.63 (d, J =


13.1 Hz, 1H), 1.84–1.47 (m, 1H), 1.40–1.10 (m, 17 H), 1.03–0.93 (m, 1H),
0.86 (s, 12 H), 0.02 (s, 6 H); 13C NMR (75 MHz, CDCl3): d= 213.3, 56.5,
54.8, 53.6, 45.1, 35.8, 34.1, 33.8, 32.2, 31.8, 29.7, 26.8, 25.9, 24.7, 23.2, 22.6,
20.1, 14.0; IR (CCl4): ñ=2931, 2861, 1719 cm�1.


To a cold (�78 8C) solution of (+)-(1R,7R,10R)-7-hexyl-6-azatricy-
clo[8.4.0.01,6]tetradecan-4-one (11.2 mg, 0.0384 mmol, 1.0 equiv) in THF
(1.9 mL) was added l-Selectride (25 mL, 0.0250 mmol, 1.7 equiv) and the
mixture was stirred at �78 8C for 1 h. 3n Sodium hydroxide (0.48 mL)
was added followed by the addition of 30% hydrogen peroxide
(0.42 mL). The mixture was warmed to RT and poured into a saturated
solution of aqueous potassium sodium tartrate. The two layers were sepa-
rated and the aqueous layer was extracted with dichloromethane. The
combined organic layers were dried over magnesium sulfate, filtered, and
the solvent was evaporated in vacuo. Purification by gradient column
chromatography (diethyl ether/methanol 19:1! diethyl ether/methanol
9:1; 1 % ammonium hydroxide) on silica gel yielded a clear oil (7.5 mg,
67%). 1H NMR (400 MHz, CDCl3): d=3.77 (s, 1 H), 3.43–3.33 (m, 1 H),
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3.19 (d, J =16.2 Hz, 1 H), 3.09 (dd, J =16.2, 2.4 Hz, 1 H), 2.39 (d, J=


11.9 Hz, 1 H), 2.05 (dt, J=13.7, 3.9 Hz, 1H), 1.87 (tt, J =14.0, 3.9 Hz,
1H), 1.82–1.54 (m, 5H), 1.45–0.93 (m, 19 H), 0.85 (t, J= 6.7 Hz, 3H);
13C NMR (75 MHz, CDCl3): d =67.4, 57.0, 55.5, 46.6, 45.1, 34.9, 33.8,
32.7, 31.9, 30.3, 30.0, 29.4, 27.7, 27.2, 26.2, 25.2, 22.7, 14.1, 13.0.


Mesylate 34 : Triethylamine (10 mL, 0.0717 mmol, 2.1 equiv), 4-dimethyl-
aminopyridine (2.7 mg, 0.022 mmol, 0.64 equiv) were added in one por-
tion and methanesulfonyl chloride (5.0 mL, 0.065 mmol, 1.9 equiv) to a
cold (0 8C) solution of alcohol 33 (10.2 mg, 0.0348 mmol, 1.0 equiv) in di-
chloromethane (1.0 mL). The mixture was stirred at 0 8C for 3.5 h and
then poured into a saturated solution of aqueous sodium bicarbonate.
The two layers were separated and the aqueous layer was extracted with
dichloromethane. The combined organic layers were dried over magnesi-
um sulfate, filtered, and the solvent was evaporated in vacuo. Purification
by column chromatography (ethyl acetate/methanol 9:1) on silica gel
gave a pale yellow oil (10.8 mg, 84%). [a]19:4


D =�13.0 (c = 0.108 in
CHCl3); 1H NMR (400 MHz, CDCl3): d =4.70 (s, 1H), 3.40 (d, J=


17.1 Hz, 1 H), 3.23 (dd, J =16.8, 2.3 Hz, 1H), 3.20–3.12 (m, 1 H), 2.97 (s,
3H), 2.32 (d, J =12.5 Hz, 1 H), 2.10–1.93 (m, 3 H), 1.80–1.55 (m, 4H),
1.48–0.95 (m, 19H), 0.85 (t, J= 6.7 Hz, 3 H); 13C NMR (75 MHz, CDCl3):
d=78.4, 56.6, 54.8, 46.4, 43.7, 38.4, 34.2, 33.7, 32.3, 32.0, 30.0, 29.2, 27.0,
26.1, 25.6, 24.9, 22.7, 14.1, 13.1; IR (CCl4): ñ =2931, 2861, 1462,
1342 cm�1.
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Solution Conformation and Dynamics of the Ion Pairs Originating from the
Reaction of B(C6F5)3 with Bisindenyl Dimethyl Zirconium Complexes


Tiziana Beringhelli,[a] Giuseppe D�Alfonso,*[a] Daniela Maggioni,[a]


Pierluigi Mercandelli,*[b] and Angelo Sironi[b]


Introduction


Many Lewis acids containing Group 13 elements have been
successfully used in the last decade as activators of the met-
allocene single-site catalysts for olefin polymerization.[1]


These acids act as cocatalysts, by removing an R� group
from the catalyst precursor (the metallocene) to give an ion
pair constituted by the coordinatively unsaturated cation
and the anionic adduct between the acid A and the R�


group [Eq. (1)]. The stability and the dynamics of these ion


pairs greatly influence the effectiveness of the catalyst and
the characteristics of the polymerization process.[1]


Cp2MR2þA Ð ½Cp2MR�þ � � � ½RA�� ð1Þ


Fluoroarylboranes, and in particular the progenitor tris(pen-
tafluorophenylborane) B(C6F5)3,


[2] are among the more com-
monly used and effective activators. They give contact ion
pairs, that have been isolated and even X-ray characterized
in the solid state,[3–6] showing that the anion occupies the
vacant coordination site of the metal (inner-sphere ion pair),
with the B-bound R group (actually a methyl) in bridging
position between B and Zr (its distance from the Zr atom
being significantly longer than that of the true methyl
ligand).


Even if the ion pair is relatively tight, thorough stud-
ies[3,6–8] established the occurrence in solution of two types
of dynamic processes involving the borane moiety, shown in
Scheme 1 for the prototypical zirconocenium/B(C6F5)3 cata-
lyst [(1,2-Me2Cp)ZrMe]+[MeBAr(C6F5)2]


� .[7] Both the proc-
esses lead to dynamic symmetrization of the ion pair by the
exchange of the anion from one side of the zirconocene to
the other (without cleavage of the Me�B bond) or by the
exchange of the borane between the two Me–Zr groups.
The two processes can be distinguished through 1H NMR
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Abstract: The two ion pairs [(4,7-
Me2indenyl)2ZrMe]+[MeB(C6F5)3]


�


(1 b) and [(indenyl)2ZrMe]+


[MeB(C6F5)3]
� (2 b) have been generat-


ed in situ by reaction of stoichiometric
B(C6F5)3 with the corresponding di-
methyl zirconocenes. It has been shown
that molecular mechanics computa-
tions, guided by experimental 1H/1H
NOE correlations, can provide infor-
mation on the conformers present in
solution. The dynamics of the ion pairs
has also been investigated, showing the


occurrence of both the processes previ-
ously characterized for this class of
compounds, namely the B(C6F5)3 mi-
gration between the two methyl groups
and dissociation–recombination of the
whole [MeB(C6F5)3]


� anion, the latter
process being much faster than the first
one (about three order of magnitude).


Moreover, it has been shown that in
certain conditions intermolecular pro-
cesses can occur, which mimic the
above-mentioned dissociative exchang-
es. In particular, the presence of spe-
cies containing loosely bound
[MeB(C6F5)3]


� anion fastens the ex-
change of this anion, while the pres-
ence of free B(C6F5)3 accelerates its ex-
change between the two methyl sites.Keywords: boranes · ion pairs ·


metallocenes · molecular modeling ·
NMR spectroscopy
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analysis, since the second one causes dynamic equalization
not only of the diastereotopic protons within the p ligands
(as the first one), but also of the two Me groups bonded to
the metal atom.


The abbreviation ips (ion-pair separation) has been pro-
posed for the first process and d–r (dissociation–recombina-
tion) for the second one,[7] since dissociative mechanisms
were suggested for both the processes by the experimental
results concerning a series of [(1,2-Me2Cp)MMe]+[Me-
BAr(C6F5)2]


� ion pairs, containing different Ar substituents
on boron and M = Zr or Hf.


By contrast, a successive study of the anion exchange ki-
netics in [L2ZrMe]+[MeB(C6F5)3]


� ion pairs, generated in
situ by reaction of B(C6F5)3 with various ansa-zirconocene
dimethyl complexes, suggested that anion exchange occur-
red by way of ionic aggregates (such as ion quadruples),
rather than via dissociation of solvent-separated ions.[6]


However, a very recent study, employing both cryoscopy
and pulsed field gradient spin-echo NMR diffusion measure-
ments, did not provide evidence of significant aggregation
for ion pairs containing the methyl borate anion in the inner
sphere (whilst a tendency to form higher aggregates was
found for metallocenium cations with outer sphere
anions).[9]


We have now investigated the dynamics in [D8]toluene of
the ion pairs formed in situ by interaction of B(C6F5)3 with
the bisindenyl dimethyl zirconium complexes of Figure 2
and we have got evidence that in particular conditions (pres-
ence of free borane or of “free” methylborate anion or of
adventitious impurities) intermolecular processes can occur,
that contribute to indenyl symmetrization and emulate the
d–r or ips processes.


Moreover we have shown that, in spite of the high mobili-
ty of these systems, information on their solution structures
can be obtained by combining NOE data and computational


analysis. These studies not only confirmed that such species
exist in solution as inner-sphere ion pairs, but also provided
a picture of the preferred rotational isomers present in so-
lution.


Results and Discussion


Solution structures of [(4,7-Me2indenyl)2ZrMe]+


[MeB(C6F5)3]
� (1b) and [(indenyl)2ZrMe]+[MeB(C6F5)3]


�


(2 b): The two zirconocene complexes [(4,7-Me2inde-
nyl)2ZrMe2] (1 a) and [(indenyl)2ZrMe2] (2 a)[10] exhibit in
solution an apparent C2v symmetry, higher than the C2 sym-
metry observed in the solid-state structure of 2 a.[11] This in-
dicates rapid rotation of the two indenyl ligands around the
Zr–indenyl vector, causing the dynamic averaging of differ-
ent conformations, in line with the very low torsional energy
barrier of [(indenyl)2MX2] bent metallocenes.[12]


Scheme 1. Two dynamic processes leading to symmetrization of the Cp-
like ligands: ion-pair separation (ips) or borane dissociation–recombina-
tion (d–r).


Figure 1. Variable temperature 1H NMR of a) 1 b (32 mm) and b) 2b
(46 mm); the asterisks mark the signals of the solvent (the intensities of
these signals increase at low temperature due to faster relaxation).
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The addition of one equivalent of B(C6F5)3 to toluene sol-
utions of 1 a or 2 a causes the instantaneous formation of ad-
ducts 1 b or 2 b. Their 1H (Figure 1) and 13C NMR spectra
still show the equivalence of the two indenyl moieties (appa-
rent Cs symmetry even at 190 K),[17] indicating that even in
the ion pairs the two indenyl rings enjoy a conformational
freedom sufficient to create a pseudo mirror plane.


The indenyl protonic resonances have been assigned
through their low temperature mutual dipolar correlations
(1 b, Figure 3) and through their scalar correlations (2 b,
Figure S1 of Supporting Information). In both the adducts,
the two high-field signals of the Zr-bound and B-bound
methyl groups (hereafter Me–Zr, and Me–B, respectively)
were straightforwardly assigned, due to the broadening of
the latter signal for the coupling with the quadrupolar boron
isotopes.


The NOESY experiments also provided information
about the torsional isomers present in solution, based on the
correlations between the indenyl protons and the Me–Zr
and Me–B groups. In particular, in 1 b (Figure 3) Me–Zr ex-
hibits NOE correlations with the methyl group in position 7
(Me9) and with H1, whilst Me–B correlates with the methyl
in position 4 (Me8) and with H3. Such correlations imply
that the two indenyl rings do not enjoy complete rotational
freedom around the Zr–indenyl axis (since this would pro-
vide correlations of the same intensity with the protons on


both the ring sides), but rather oscillate between limit con-
formations. Moreover, the presence of specific H1/H3 (not
shown) and H2/Me8 dipolar cross peaks (Figure 3) lays
down some constraints on the mutual orientation of the p li-
gands, since these correlations can arise from inter-ring in-
teractions only.


In the case of the ion pair 2 b, the NOE data (Figure 4
and S2, Supporting Information) suggest again the presence
of one or more preferred rotamers: Me–Zr correlates
mainly with H2 and H3, and, to a minor extent, with H4
(and H1) while Me–B has correlations with H3, H4, and H1.
As far as inter-ring interactions are concerned, dipolar cross-
peaks are observed between H1/H3 and H2/H7 (Fig-
ure S2).[18]


In order to extract conformational information from the
observed pattern of NOE intensities a molecular mechanics
study has been undertaken, employing a force field parame-
terized on purpose to describe the geometry of the ion pair
(see Experimental Section).[19]


Structural analysis of small to medium-sized species are
usually faced by a preliminary search of the low energy iso-
mers (or conformations) of the molecule and by a subse-
quent check of their agreement with the observed NOE pat-
tern.[19] In the case of large-sized molecules, NOE intensities
are instead turned into a set of restraints to be used in dis-
tance geometry or molecular dynamics calculations.


Due to the paucity of experimental energy data available
for this class of compounds, our force field has been para-
meterized to reproduce geometries only and a direct search
of the more stable rotamers for the two complexes is not
viable. Moreover, for our system an important dependence
of the molecular conformation on the solvent can be antici-
pated and the comparison of the outcomes of a conforma-
tional analysis in vacuo with experimental data in solution
can be questionable. At the same time, distance geometry or
restrained molecular dynamics are difficult to apply to our
system since, due to the dynamic processes that lead to an
apparent Cs symmetry of the ion pairs and to the possible
presence of more than one rotamer in fast interconversion,
the observed intensities cannot be directly changed into a
suitable set of interproton distances.[19]


Figure 2.


Figure 3. Selected regions of a 1H NOESY experiment on 1b (211 K,
RD= 3 s, tm = 0.2 s, 12.5 mm). The asterisk marks a toluene resonance.


Figure 4. Selected regions of a 1H NOESY experiment on 2b (11 T,
215 K, RD =3 s, tm =0.25 s, 29 mm).
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However, assuming the B(C6F5)3 moiety adopts the usual
chiral disposition of the three aryl substituents, conforma-
tions of 1 b and 2 b can be completely described by just two
torsional angles involving the Zr–cp axes, namely cp’-Zr-cp-
C2 (t1) and cp-Zr-cp’-C2’ (t2) (cp refers to the centroid of
the indenyl five-membered ring; normal and primed atoms
refer to the “upper” and “lower” rings as depicted in Fig-
ures 5 and 6).


We decided to tackle the conformational problem by opti-
mizing a large set of possible structures for each ion pair,
constraining the t1 and t2 torsional angles at fixed values
from �180 to +1808 in steps of 188. For each generated
structure a set of effective distances dij,effective has been com-
puted taking into account the two processes implied in the
averaging of the interproton vectors, namely the fast rota-
tion of the methyl groups and the enantiomerization process
that lead to a dynamic Cs symmetry (see Experimental Sec-
tion for averaging details).[20]


The effective distances dij,effective obtained by NOE have
been subsequently employed to interpolate the experimental
intensities Iij. Due to the expected rotational freedom of the
systems under study, we decided to verify the hypothesis
that more than one rotamer are contributing to the determi-
nation of the observed NOE pattern according to the rela-
tionship


I ij / ninj


Xk


l¼ 1


wlðdij,effectiveÞ�6
l


in which ni and nj are the multiplicities of signals i and j, re-
spectively, wl is the relative weight of conformation l, and k
is the number of conformations considered.[21]


The usual determination coefficient r can not be used to
assess the effectiveness of adding more conformations to the
interpolation process because it always increases as the
number of independent parameters in the model increases.
Instead, two different criteria can be employed: the increase
in the adjusted determination coefficient radj,


[22] and the sig-
nificance of the contribution of the different rotamers.[23]


For both ion pairs 1 b and 2 b, we found the best description
requires two rotamers only: indeed, adding a third one, its
contribution resulted to be statistically negligible, and the
correspondent value of radj lowered.


In order to better describe the conformation of the rotam-
ers, a subsequent interpolation has been done employing a
finer grid in the vicinity of the previously found optimal
structures.[24]


Figures 5 and 6 depict the rotamers proposed for 1 b and
2 b, respectively; while a complete list of averaged interpro-
ton distances dij,effective along with the observed NOE intensi-
ties Iij are reported in Tables 1 and 2.


The two rotamers proposed for 1 b (hereafter 1 b-A and
1 b-B) correspond to the (t1 =�16, t2 =228) and (t1 =�56,
t2 =�788) conformations, respectively. They are present in a
ratio of 0.58(7) to 0.42(6), leading to a radj of 0.925. Rota-
mer A accounts for the majority of the Me–Zr and Me–B
interactions while rotamers B mainly explains the inter-ring
crosspeaks and contributes to the Me–Zr/H1 and Me–B/H3
correlations.


Figure 5. Front and top views of the two proposed rotamers for the ion
pair 1b. For clarity, hydrogen atoms of the indenyl moieties have been
omitted in the top view.


Figure 6. Front and top views of the two proposed rotamers for the ion
pair 2b. For clarity, hydrogen atoms of the indenyl moieties have been
omitted in the top view.
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The two rotamers for 2 b (hereafter 2 b-A and 2 b-B) cor-
respond to the (t1 =�56, t2 =�848) and (t1 =22, t2 =�1328)
conformations, respectively. They are present in a ratio of
0.59(6) to 0.41(6), leading to a radj of 0.939. The major ro-
tamer A accounts for both the majority of the Me–Zr and
Me–B interactions and the inter-ring cross peaks, while ro-
tamer B mainly accounts for the Me-Zr/H4 and Me-B/H3
correlations.


A survey of the Cambridge Structural Database[25] shows
that the different conformations found for 1 b and 2 b are
indeed quite common among (indenyl)2MX2 substituted de-
rivatives. The almost Cs symmetric structure of 1 b-A, in
which both the indenyl rings are directed toward the front
of the molecule, has been found in a variety of meso ansa-
bridged metallocenes, in particular in [1,1’-C2H4(4,7-Me2in-
denyl)2]ZrMe2.


[10] The conformation of the almost identical
rotamers 1 b-B and 2 b-A,[26] in which an open arrangement
of the indenyl moieties embraces the methyl borate anion,
has been found instead amongst a great number of racemic
ansa-bridged metallocene derivatives.


The markedly asymmetric structure of rotamer 2 b-B, in
which one of the indenyl ligands eclipses the Zr-Me-B inter-


action while the other points toward the back of the mole-
cule, might appear unusual. However, it has been previously
reported for some unbridged (or bridged by long chains) in-
denyl derivatives[27] and, more interestingly, for the ion pair
[(1,2-Me2Cp)2ZrMe]+[MeB(C6F5)3]


� , which can be straightly
related to 1 b assuming the two methyl groups substitute for
the benzo-condensed ring.[3b]


Dynamic behavior in solution of 1 b and 2 b : two main con-
formational processes are operative within ion pairs 1 b and
2 b : The above-discussed oscillation of the two indenyl
groups in the cationic moiety, and the fast rotation of the
C6F5 rings within the [MeB(C6F5)3]


� anion.[28] Neither of
these motions could be frozen, even at the lowest attainable
temperature.


On increasing the temperature, both the 1H (Figure 1)
and 13C NMR (for 1 b see Figure S5b of Supporting Informa-
tion) variable temperature spectra provided evidence of the
onset of other dynamic processes.


For 1 b, at first (T �254 K) a fluxional process that ex-
changes all the couples of signals of the indenyl ligand (H1/
H3, Me8/Me9, H5/H6, C1/C3, C8/C9, C4/C7, C5/C6, and
C3a/C7a) was detected, both by 2D 1H EXSY experiments
at 254 and 274 K and band-shape analysis. This is attributa-


Table 1. Experimental NOE intensities Iij for the ion pair 1 b and inter-
proton distances [�] for the two proposed rotamers.[a]


Iij
[b] Rotamer 1b-A Rotamer 1 b-B


I II I II


Me-Zr···H1 0.26 4.14 4.38 5.15 3.07
Me-Zr···H2 0.07 5.65 5.73 5.88 3.48
Me-Zr···H3 [c] 5.70 5.56 5.01 5.22
Me-Zr···Me8 [c] 6.18 5.78 4.57 7.42
Me-Zr···H5 0.04 4.90 4.58 3.99 7.72
Me-Zr···H6 0.14 4.05 3.98 4.05 7.10
Me-Zr···Me9 0.88 3.73 3.85 4.64 5.23
Me-B···H1 0.16 5.49 5.54 5.40 4.03
Me-B···H2 0.24 4.98 4.89 4.08 5.31
Me-B···H3 0.82 3.38 3.42 3.00 5.36
Me-B···Me8 0.98 3.91 3.88 4.40 5.73
Me-B···H5 [c] 4.77 5.00 5.84 5.06
Me-B···H6 [c] 5.55 5.93 6.71 4.46
Me-B···Me9 0.13 6.35 6.58 6.95 3.99
H1···H3’ 1.00 5.73 5.47 2.34 6.42
H1···Me8’ 0.06 7.95 7.90 3.85 7.40
H1···H5’ [c] 7.84 8.08 6.30 7.18
H1···H6’ [c] 6.88 7.26 7.45 6.73
H2···Me8’ 0.29 7.22 6.92 3.13 7.52
H2···H5’ [c] 8.17 8.13 4.69 6.62
H2···H6’ [c] 7.93 8.11 6.10 5.37
H2···Me9’ [c] 6.36 6.83 7.21 3.52
H3···H5’ [c] 8.18 7.95 6.04 7.52
H3···H6’ [c] 8.54 8.41 6.65 6.47
H3···Me9’ [c] 7.81 7.93 7.14 4.10
Me8···H6’ [d] 9.70 9.28 8.90 8.88
Me8···Me9’ [c] 9.49 9.25 8.42 6.88
H5···Me9’ [d] 8.73 8.35 9.19 8.97


[a] Short interproton distances are in italics. I and II indicate atoms (I)
and primed atoms (II) as shown in Figure 5. [b] Obtained from volume
integration of the 2D NOESY cross peaks. [c] Not detectable in the pres-
ent conditions. For interpolation purpose the Iij value has been set equal
zero. [d] In the experimental conditions only J cross peaks are ob-
served.[54]


Table 2. Experimental NOE intensities Iij for the ion pair 2 b and inter-
proton distances for the two proposed rotamers.[a]


Iij Rotamer 2b-A Rotamer 2 b-B
I II I II


Me-Zr···H1 0.25 5.04 5.08 5.84 3.77
Me-Zr···H2 0.74 5.88 3.36 4.75 3.00
Me-Zr···H3 0.70 5.10 3.10 3.17 4.40
Me-Zr···H4 0.48 3.96 5.33 3.34 6.51
Me-Zr···H5 [b] 4.03 7.23 5.21 7.89
Me-Zr···H6 [b] 3.98 7.79 6.44 7.72
Me-Zr···H7 [b] 3.91 6.78 6.34 6.07
Me-B···H1 0.38 3.09 5.39 4.46 5.39
Me-B···H2 [b] 4.09 5.20 5.47 4.23
Me-B···H3 0.67 5.37 3.81 5.05 2.89
Me-B···H4 0.46 6.20 3.21 4.29 4.06
Me-B···H5 [b] 6.63 4.45 4.38 5.67
Me-B···H6 [b] 5.74 5.13 4.22 6.58
Me-B···H7 [b] 4.06 5.10 3.66 6.21
H1···H3’ 1.00 6.33 2.38 5.64 4.01
H1···H4’ [b] 6.21 4.20 4.47 6.36
H1···H5’ [b] 6.33 6.39 3.82 8.14
H1···H6’ [b] 5.83 7.48 3.24 8.42
H2···H4’ [b] 6.05 4.02 5.96 6.40
H2···H5’ [b] 5.73 5.50 5.66 7.85
H2···H6’ [b] 4.33 6.68 4.20 8.26
H2···H7’ 0.49 2.96 6.69 2.58 7.37
H3···H5’ [b] 7.25 6.93 7.62 7.61
H3···H6’ [b] 6.02 7.25 6.70 7.30
H3···H7’ [b] 3.83 6.75 5.03 6.26
H4···H6’ [b] 8.55 8.87 8.51 6.85
H4···H7’ [b] 6.53 7.56 7.40 5.11
H5···H7’ [b] 8.52 8.46 8.75 5.13


[a] Short interproton distances are in italics. I and II indicate atoms (I)
and primed atoms (II) as shown in Figure 6. [b] Not detectable in the
present conditions. For interpolation purpose the Iij value has been set
equal zero.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 650 – 661654


G. D�Alfonso, P. Mercandelli et al.



www.chemeurj.org





ble to the exchange of the anion position (ips in Scheme 1),
since the resonance of the Me–Zr group did not show any
broadening on increasing the temperature up to 300 K.
Moreover at 274 K the EXSY map still showed NOE (and
not exchange) cross peak between the Me–B and Me–Zr
groups.[29]


Only at temperatures higher than 300 K evidence of the
occurrence of the d–r process (exchange of the borane posi-
tion, Scheme 1) was obtained. The rate of the latter process
(k �0.02 s�1 at 300 K) was much smaller (about three
orders of magnitude) than that of anion exchange at the
same temperature, in agreement with previous results ob-
tained on other B(C6F5)3–metallocene adducts.[30] Indeed the
strong Lewis acidity of B(C6F5)3 strengthens the Me�
B(C6F5)3 bond and weakens the Zr+ ···[MeB(C6F5)3]


� interac-
tion, with respect to what observed with other weaker Lewis
acids.[30]


The behavior of 2 b was completely analogous (see Exper-
imental Section).


Kinetic constants for the exchange processes in the ad-
ducts 1 b and 2 b have been evaluated at different tempera-
tures (ips 254–347 K for 1 b, 274–325 K for 2 b ; d–r 328–
356 K for 1 b, 318–367 K for 2 b). The Arrhenius (Supporting
Information, Figure S6) and Eyring plots were satisfactorily
linear, and allowed the evaluation of the activation parame-
ters reported in Table 3.


The kinetic parameters estimated for 2 b correspond to
DG � values of 15.3 kcal mol�1 for the ips and 18.4 kcal mol�1


for the d–r processes, at 300 K, in fair agreement with the
values of 15.8(2) and 18.1(2) kcal mol�1, reported in a previ-
ous investigation for the same ion pair.[8]


However, the above-reported values of the activation pa-
rameters (in particular the activation entropy close to zero)
are not consistent with the dissociative nature inherent to
the ips and the d–r mechanisms. Indeed, as discussed in the
following paragraph, intermolecular processes can contrib-
ute to the observed exchange rate. Therefore the activation
parameters of Table 3 must be considered apparent, and do
not correspond to the true activation parameters for the ips
or d–r processes.


Intermolecular exchanges emulating ips or d–r processes :
We have got clear evidence that intermolecular
[MeB(C6F5)3]


� or B(C6F5)3 exchange processes can occur,
that mimic the effects of the above described ips or d–r
mechanisms.


It has already been observed[6] that the addition of Li+


[MeB(C6F5)3]
� (acting as a source of “free” [MeB(C6F5)3]


�


anion) to C6D6 solutions of ansa-zirconocene contact ion
pairs significantly increased the rate of indenyl symmetriza-
tion by associative attack of [MeB(C6F5)3]


� to the Zr
center.[31]


We have now found that the presence of “free”
[MeB(C6F5)3]


� anion has an analogous effect in the case of
our bisindenyl ion pairs. This has been ascertained by exam-
ining samples obtained by treating [D8]toluene solutions of
1 a with an amount of B(C6F5)3 smaller than one equivalent.
In these conditions, mixtures of 1 b and of the dinuclear
methyl bridged ion pair [{(4,7-Me2indenyl)2ZrMe}2(m-Me)]+


[MeB(C6F5)3]
� (3, Figure 7) were formed (Figure S7).


Similar dinuclear species have been previously reported
for related zirconocene complexes,[5,32,33] and it was pointed
out that they (at least in sufficiently diluted solutions)[5]


exist as solvent-separated ion pairs, rather than as contact
ion pairs.[34] In the room temperature 1H NMR spectra of
the above mixtures containing 1 b and 3, all the signals of 1 b
(but that of Me–Zr) were broadened with respect to what
observed in the same conditions in the absence of 3
(Figure 8). The fact that the Me–Zr resonance of 1 b re-
mained sharp indicates that the broadening of the other res-
onances cannot arise from any exchange process involving
the whole 1 b ion pair, nor from the exchange between the
zirconocene units of 1 b and 3 (which does exist, but has a
much longer time scale).[35] The observed broadening there-
fore must arise from an intermolecular contribution to the
anion exchange process: indeed 2D EXSY maps (above
233 K) showed exchange between the [MeB(C6F5)3]


� anion
of ion pair 1 b and that of 3. Addition of B(C6F5)3 to the
above mixtures destroyed the dimeric species 3, according
to Reaction (2), and caused the sharpening of all the previ-
ously broadened resonances (Figure 8), including that of
Me–B (better observed in 11B-decoupled spectra). The last
observation confirms that the increase of the rate of indenyl
symmetrization in the presence of 3 is due to an intermolec-
ular exchange involving the [MeB(C6F5)3]


� anion (the
simple exchange of the anion position according to the ips
mechanism obviously would not cause any broadening of
the Me-B signal).


Table 3. Apparent activation parameters for the dynamic processes in-
volving ion pairs 1b and 2b.


DH � DS �


[kJ mol�1] [JK�1 mol�1]


1b ips 66(1) �3(2)
d–r 80(2) 8(7)


2b ips 57(1) �23(4)
d–r 75(1) �7(4)


Figure 7.
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½fð4,7-Me2indenylÞ2ZrMeg2ðm-MeÞ�þ ½MeBðC6F5Þ3��


þBðC6F5Þ3 ! 2 ½ð4,7-Me2indenylÞ2ZrMe�þ ½MeBðC6F5Þ3��


ð2Þ


Intermolecular exchange processes played a role even in
samples generated in situ from “exact” zirconocene/
B(C6F5)3 stoichiometry (as judged by the absence of spectro-
scopically detectable amounts both of the dimeric species 3
and of free borane). Indeed dilution experiments on 1 b
samples at 300 K showed a progressive sharpening of the
resonances of the indenyl protons and of Me–B (the latter
effect better detected in 1H{11B} spectra). The kinetic con-
stants for indenyl symmetrization (evaluated from the band-
width of Me8 and Me9 signals) decreased linearly with the
concentration, in the range from 40 to 6 mm, with non-zero
intercept (Figure 9). This indicates that both monomolecular
and bimolecular processes contribute to the observed ex-
change rate.


The monomolecular process should correspond to the
true ips mechanism and its rate at 300 K has been estimated
from the intercept of the straight lines fitting the kobs/con-
centration data (k=12.1(1) s�1, notably constant in different
dilution experiments, even though kobs values lie on lines
with different slopes, see Experimental Section).


The bimolecular mechanism might involve the aggrega-
tion of two 1 b ion pairs in a transition state which should re-
semble the ion quadruples described by Brintzinger
et al.[6,36] However, this would not explain the observed var-
iation of the bandwidth of the Me–B signal, which can arise
only from the presence of an exchange partner, that is, a dif-
ferent ion pair containing a [MeB(C6F5)3]


� anion. Such part-
ner has been detected by 2D EXSY experiments at 300 K


(Figure S9, Supporting Information), that showed an ex-
change crosspeak between Me–B of 1 b and a very weak
and broad resonance, undetectable in the normal 1D spec-
trum; the d value shifted from 0.84 to �1.10 ppm on de-
creasing the concentration. This resonance can be attributed
to a loosely bound [MeB(C6F5)3]


� anion,[37] in some uniden-
tified ion pair,[38 ,39] We think that such ion pair was a by-
product, rather than an inherent constituent of the zircono-
cene/B(C6F5)3 system, because of some variability of the ki-
netic constants for indenyl symmetrization evaluated in dif-
ferent experiments at comparable concentration (see
Figure 9).


The variation of the bandwidth of the Me–B signal of 1 b,
in 1H{11B} spectra at different concentrations (Figure 10a),
allowed the estimate of the rate constants for this intermo-
lecular anion exchange. The constants well corresponded to
twice the intermolecular contribution to indenyl symmetri-
zation (Figure 10b), in line with an associative symmetric
transition state, containing two equivalent [MeB(C6F5)3]


�


anions.[40]


The observed anion exchange rates result therefore from
two contributions: the true ips mechanism and the intermo-
lecular exchange with loosely bound [MeB(C6F5)3]


� anions
of other ion pairs (such as the dimeric species 3 or some un-
identified impurity).


An analogous behavior was observed for 2 b : the rate of
exchange of the [MeB(C6F5)3]


� site was affected by the dilu-
tion (Figure S10, Supporting Information) and by the pres-
ence of the “free” [MeB(C6F5)3]


� anion (as counterion of
the dimeric cation formed in situ by treating 2 a with less
than one equivalent of borane).


As expected, the presence of an excess of B(C6F5)3, with
respect to the 1:1 stoichiometry, did not affect the rate of ex-
change of the [MeB(C6F5)3]


� anion (i.e., the ips process),
both for 1 b and 2 b.


Figure 8. Selected regions of 1H NMR spectra of 1b at 300 K: a) in the
presence of the dimeric species 3 (58 mm); b) after destruction of 3, by
further B(C6F5)3 addition (66 mm). The asterisks mark some impurities,
while S indicates the toluene signal.


Figure 9. Plot of the rate constants for indenyl symmetrization in 1b
(evaluated from the Me8–Me9 bandwidths) vs 1b concentration (300 K).
The symbols ~, * and & indicate data from three dilution experiments,
while the other points (^, + , *, and *) refer to different samples.
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As to the d–r mechanism, dilution experiments performed
at 347 K on [D8]toluene solutions of both ion pairs 1 b and
2 b, generated in situ by using exactly one equivalent of
B(C6F5)3, did not cause any significant variation of the band-
width of the Me–Zr signal. Therefore in these conditions in-
termolecular processes do not contribute significantly to the
exchange of B(C6F5)3 between the two methyl groups.


However, the rate of the latter process was increased by
the presence of B(C6F5)3 in excess. This has been unambigu-
ously ascertained by a series of 2D 1H EXSY measurements,
performed at 320 K on a [D8]toluene solution of 1 b treated
with increasing amounts of B(C6F5)3: the kinetic constants
describing the Me-Zr/Me-B exchange (kobs) increased linear-
ly with B(C6F5)3 concentration (Figure 11), according to a
classical kobs =k1 + k2 [B(C6F5)3] relationship, with k1 =


1.5(2) s�1 and k2 =52(3) s�1
m
�1.


The accelerating effect of free B(C6F5)3 can be explained
by assuming that the Lewis acid is able to attack the Me–Zr
group of the adduct 1 b, resulting in the formation of an ion
pair in which two [MeB(C6F5)3]


� anions strongly interact


with the [(indenyl)2Zr]2+ cation.[41] The lifetime of this high
energy species (possibly just a transition state) is expected
to be short and its rate determining formation should be fol-
lowed by fast elimination of one of the B(C6F5)3 molecules,
leading eventually to a result analogous to that of the d–r
exchange.


Conclusion


Two main results have been provided by the present investi-
gation. From the point of view of the solution structure of
the species arising from the interaction of B(C6F5)3 with zir-
conocenes 1 a and 2 a of Figure 2, it has been confirmed that
at low temperature they are present as contact ion pairs, in
which the [MeB(C6F5)3]


� anion occupies a specific position
in the coordination sphere of the [(indenyl)2ZrMe]+ cation.
The observation of selected NOE correlations between the
methyl ligands and some indenyl protons demonstrated that
in solution a few preferred rotamers are present; their enan-
tiomerization, fast even at the lowest temperatures, creates
the apparent Cs symmetry that equalizes the two indenyl
moieties. Most significantly, it has been shown that molecu-
lar mechanics computations, guided by the experimentally
observed NOE correlations, can provide reliable informa-
tion on the solution conformers even for a system with a flat
potential energy surface, such as that constituted by a zirco-
nocene with relatively unhindered cyclopentadienyl-like
substituents. To the best of our knowledge, this is the first
time that such analysis has been applied to a zirconocene
ion pair without ansa-bridge or bulky substituents; however,
a similar approach has been previously reported for other
types of zirconium complexes.[19]


From the point of view of the dynamics, both the ex-
change processes previously described[6–8] for this type of ion
pairs have been observed, the exchange of the coordination
sites between the methyl and the [MeB(C6F5)3]


� anions (the
ips process) being much faster (about three orders of magni-
tude) than B(C6F5)3 transfer between the two methyl groups


Figure 10. a) Plot of the bandwidth w of the Me–B signal of 1b, measured
in 1H{11B} spectra, at different concentrations, at 300 K (^), and of the
corresponding kw (&), evaluated as kw =p(w�w 0), where w 0 is the inter-
cept of the w/[1 b] plot; b) comparison of kw/2 (~) to the intermolecular
contribution to indenyl symmetrization (*), obtained by subtracting kips


(the intercept of Figure 7, 12.1 s�1) to the kinetic constants for indenyl
symmetrization evaluated in the same experiment (represented by * in
Figure 7).


Figure 11. Plot of the rate constants concerning borane exchange in 1 b vs
equivalents of B(C6F5)3, measured at 320 K.
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(the d–r process). This is in line with previous findings con-
cerning ion pairs involving the strong Lewis acid B(C6F5)3.


[7]


However, we have also shown that when the ion pairs are
generated in situ, by B(C6F5)3 addition to the zirconocene
complexes, intermolecular exchange processes may occur,
that can mimic the effects of the ips or d–r mechanisms. Our
data suggest that such intermolecular processes are not in-
herent to the zirconocene–B(C6F5)3 system, but rather arise
from inexact stoichiometry or adventitious impurities.
Therefore the contradiction between the Marks and Brint-
zinger reports might arise mainly from differences in the ex-
perimental methodologies: in the Marks work the ion pairs
are isolated and purified, while in the Brintzinger work the
ion pair are generated in situ, as in the present investiga-
tion.


The accelerating effect of B(C6F5)3 excess on the Me–B/
Me–Zr exchange is of interest, since it implies the forma-
tion, at least as a transition state, of a dicationic bis-methyl-
borate adduct. Such kinetic effect was previously observed
in some ansa-zirconocenes ion pairs,[6] whilst for a number
of non-ansa biscyclopentadnienyl dimethyl metal com-
plexes[3,42] it had been shown that an excess of B(C6F5)3 not
only does not effect the removal of the second methyl group
(as in the present case),[41] but also does not affect the rate
of the d–r process. Most likely, B(C6F5)3 attack on the Zr–
Me site of the ion pair is affected not only by the steric hin-
drance,[43] but also by electronic factors: in particular, the
electrophilic attack on the [(indenyl)2ZrMe]+ cations might
be a consequence of the softer nature of these species with
respect to [(cyclopentadienyl)2ZrMe]+ , due to the higher
donor power of the indenyl groups.


Experimental Section


General procedures : All the manipulations were performed under nitro-
gen using oven dried Schlenk-type glassware. B(C6F5)3 (Boulder Scientif-
ic) was purified by continuos extractions with refluxing n-pentane (final
water content ca. 0.15 % w/w, as determined by Karl-Fischer analysis).
All the experiments have been performed in deuterated toluene (C.I.L.,
Isotec Inc. or Sigma-Aldrich) dried on activated molecular sieves 4 �).
The NMR spectra were acquired on a Bruker AVANCE DRX-300,
AMX-500 or AC-200 spectrometers. The figures in the paper and in the
Supporting Information generally show experiments performed at 7.1 T
except when otherwise specified. 19F NMR spectra were referenced to ex-
ternal CFCl3 (d=0 ppm) and 11B NMR spectra to external Et2O·BF3 (d=


0 ppm). The temperature was calibrated with a standard CH3OH/CD3OD
solution for the range 188–300 K, and with a standard ethylene glycol/
[D6]DMSO solution for the range 300–350 K.


The samples of the [(indenyl)2ZrMe]+[MeB(C6F5)3]
� ion pairs were pre-


pared in situ, according to the following typical procedure: equimolar
amounts of B(C6F5)3 and zirconocene (ca. 20 mg) were separately weight-
ed under N2 in two NMR tubes and dissolved in weighted amounts of
dried [D8]toluene; then the solution of B(C6F5)3 was added to that of the
zirconocene.


For quantitative analysis of the cross peak volumes of the 2D EXSY/
NOESY experiments, the employed relaxation delays were about three
times the longest T1.


In order to obtain the values of the rate constants for the various fluxio-
nal processes by band-shape analysis, when necessary all the scalar cou-
pling constants for the observed nuclei have been determined (using the


software WINDAISY), before the simulation of dynamic NMR spectra
(using the software WINDYNAMICS). The chemical shifts at high tem-
perature were established through the temperature dependence of the d


values measured in a temperature range where the system was static on
the NMR time scale.


NMR data for [(4,7-Me2indenyl)2ZrMe]+[MeB(C6F5)3]
� (1 b): The


1H NMR assignments (Table 1) have been performed through the 2D 1H
NOESY experiment shown in Figure 3 (211 K, tm = 0.2 s). The following
d data at 298 K have taken into account the observed temperature de-
pendence of the chemical shifts : d = 6.6–6.4 (br m, H5 and H6), 5.76 (br,
H3), 5.73 (pseudo t, H2), 5.67 (br, H1), 1.89 (br s, Me8), 1.84 (br s, Me9),
�0.24 (br, Me-B), �0.64 (s, Me-Zr), 3J(H1,H2)=3.6, 4J(H1,H3)=2.45,
3J(H2,H3)=3.46, 3J(H5,H6)= 7.16 Hz; the 13C NMR signals (Figure S5a)
have been assigned through standard 2D 1H/13C HMQC (203 K) and
HMBC (298 K) experiments): d = 103.0 (C1), 115.3 (C2), 102.8 (C3),
132.1 (C4), 127.4 (C5), 127.4 (C6), 132.9 (C7), 18.2 (C8), 18.4 (C9), 127.3
(C3a), 126.9 (C7a), 47.1 (Me–Zr), �20 (Me–B) (buried under the CD3


septuplet of [D8]toluene). The identification of the quaternary carbon
atoms comes from the previous observation that in aromatic systems
3J(C,H) > 2J(C,H).[44] At room temperature the signals of C1 and C3 co-
alesced, as well as those of Me8 and Me9, while the signals of C5 and C6
are hidden by the aromatic protons of the solvent (Figure S5); 19F NMR
(300 K): d = �132.9 (m, ortho), �159.4 (t, para) and �164.4 (m, meta);
11B NMR (300 K): d = �13.7 (Dn1=2


=22 Hz).


Dynamic behaviour of 1 b : The kinetic constants for the ips mechanism
have been obtained by: i) 1H band shape analysis of the AB spin system
due to H5 and H6 and of the singlets due to Me8 and Me9 in the temper-
ature range 284–347 K and ii) volume analysis of Me8/Me9 exchange
cross peaks in 2D 1H NOESY/EXSY spectra (254 and 274 K). The rate
constants for the d–r mechanism have been obtained from the bandwidth
of the Me-Zr signal in high temperature 1H spectra (328–356 K), and by
the exchange cross peak between Me–Zr and Me–B in a 2D 1H NOESY/
EXSY at 300 K.


Dilution experiments on 1b : Three different samples of 1 b (ca. 40mm)
were prepared, directly into the NMR tube, as above described. Their
1H NMR spectra were acquired and then the samples were progressively
diluted. In order to maintain constant the volume of the solution in the
NMR tube (to avoid changes of the bandwidth of the signals due to
changes in instrumental homogeneity), portions of the solutions in the
NMR tube were removed before addition of a corresponding amount of
fresh toluene (the amounts of removed solutions and those of added sol-
vent were measured by weighting). The kinetic constants for indenyl
symmetrization were evaluated by band-shape analysis of the Me8–Me9
resonances. Figure 9 shows the three data series, whose fitting gave the
following straight lines: (&) k=12.08(17)+0.130(8) [1b], (*) k=


12.12(10)+0.257(5) [1b], (~) k =12.03(9)+0.263(4) [1b]. In Figure 9 we
have reported also other kinetic constants (marked with ^, + , *, and *),
evaluated in spectra acquired during other experiments, different from
the dilution series here described: also, in these cases most of the data lie
on (or close to) the steeper lines, but one. The experiments, including the
dilution series, were performed by using reactants arising from different
preparations or purification procedures: however, no correlation was
found between the experimental data and the reactant origins, nor with
any other reaction condition or detectable impurity. In particular, we
checked that the presence of an excess of B(C6F5)3, up to 1 equiv, did not
cause any significant change of Me8 and Me9indenyl bandwidths at
300 K. The kinetic constants for the intermolecular exchange of
[MeB(C6F5)3]


� anion were evaluated from the linewidth of the Me–B
signal in 1H{11B} spectra, since the signal of the exchanging partner at
�1 ppm was too weak and broad to allow any reliable evaluation of the
kinetic constants from the 2D maps.


Influence of B(C6F5)3 concentration on the rate of the Me–B/Me–Zr ex-
change in 1 b : A 34 mm solution of 1 b in [D8]toluene was prepared di-
rectly in the NMR tube, as above described, and a 2D 1H EXSY was re-
corded at 320 K (tm =0.3 s). The absence of free B(C6F5)3 was checked,
then three different amounts of B(C6F5)3 were added in the NMR tube
and 2D 1H EXSY spectra were recorded after each addition, at the same
temperature. From the volume of the Me–B/Me–Zr crosspeak, the fol-
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lowing rate constants were computed: k /s�1 (in parenthesis the concen-
tration of free B(C6F5)3 /mm), 1.4 (0), 2.8 (24), 3.7 (38), 5.5 (78) (see
Figure 11). B(C6F5)3 additions caused also a slight but measurable in-
crease of Me–Zr linewidth: 1.90, 1.99, 2.22, and 2.95 Hz.


NMR data of [(indenyl)2Zr(Me)]+[MeB(C6F5)3]
� (2 b): The 1H NMR as-


signments have been performed through a 2D 1H COSY experiment
(248 K, 4.7 T); the results are shown in Figure S1 of Supporting Informa-
tion: 248 K: d = 6.84 (m, H7), 6.78 (m, H4), 6.69 (m, H5), 6.60 (m, H6),
5.68 (m, H3), 5.50 (pseudo t, H2), 5.18 (m, H1), �0.36 (br, Me-B), �0.48
(s, Me-Zr); following the variation with the temperature of the chemical
shifts, resonances have been attributed also at 300 K (C7D8, 7.1 T): d =


6.93 (m, H7), 6.83 (m, H4), 6.74 (m, H5 and H6), 5.74 (br m, H3), 5.61
(pseudo t, H2), 5.42 (br m, H1), �0.19 (br, Me-B), �0.54 (s, Me-Zr),
3J(H1,H2)=3.4, 4J(H1,H3)=2.1, 5J(H1,H4) =1.0, 6J(H1,H5)=�0.15,
3J(H2,H3)=3.4, 5J(H2,H4)=0.1, 3J(H4,H5)= 8.7, 4J(H4,H6)=1.3,
5J(H4,H7)=�1.5, 3J(H5,H6)=6.7 Hz; 13C NMR: the attributions have
been obtained through 2D HMQC and HMBC 1H/13C experiments
(300 K): d = 148.6 (m, 1J(C,F) =234 Hz, CF ortho or meta), 137.6 (m,
1J(C,F)=244 Hz, CF meta or ortho), 139.5 (m, 1J(C,F)=250 Hz, CF
para), 127.7 (C5, C6), 126.0 (C3a, C7a), 125.6 (C4), 125.4 (C7), 119.1
(C2), 103.4 (C3), 102.5 (C1), 47.9 (Me-Zr), �20 (Me-B, overlapped with
the CD3 multiplet of the deuterated solvent); 19F NMR (300 K): d =


�133.1 (m, ortho), �159.4 (pseudo t, para), �164.4 (m, meta); 11B NMR
(300 K): d = �13.9 ppm (Dn1=2


= 23 Hz).


Dynamic behavior of 2 b : A 2D 1H EXSY experiment at 300 K showed a
strong cross peak between the indenyl protons H1 and H3 (the signals of
the four aromatic protons H4–H7 were too close to allow unambiguous
detection of their crosspeaks), whilst the correlation between Me–B and
Me–Zr (diagnostic of the d–r mechanism) was much weaker than the H1/
H3 one. An analogous EXSY experiment at 253 K showed the H1/H3
correlation only (k= 0.72 s�1), that was detectable even at a temperature
as low as 234 K. The kinetic constants for the ips mechanism have been
estimated by band shape analysis of the resonances of H1 and H3 in the
temperature range 274–325 K, and those for the d–r process (318–367 K)
have been obtained from band shape analysis of the Me–Zr signal, the
broadening of which became detectable only at temperatures higher than
300 K. The effect of 2 b concentration on the rate of the ips process has
been checked by a dilution experiment, performed as described for 1b
(Supporting Information, Figure S10).


[{(4,7-Me2indenyl)2ZrMe}2(m-Me)]+[MeB(C6F5)3]
� (3): The 1H NMR res-


onances of 3 have been identified from a low temperature (233 K) 2D 1H
NOESY experiment performed on a sample containing both 1b and 3
([D8]toluene, tm = 0.25 s). The two high-field signals at d �2.40 and
�1.13 ppm (ratio 1:2) are due to the bridging and terminal Zr-bound
methyl groups, respectively. The 1H NMR resonance of the
[MeB(C6F5)3]


� anion (d 1.54 at 233 K, 1.38 at 300 K) has been easily
identified from its exchange cross peak with Me–B of 1 b (observed even
at 233 K), and its d is in full agreement with literature data.[5] The indenyl
resonances of 3 have been identified from their NOE crosspeaks with the
two Zr-bound methyl groups; their attributions followed straightforward-
ly, based, as usual, on arbitrarily labelling as H1 the highest field signal
of the H1/H3 couple (at 233 K the signals of Me8 and Me9, as well as
those of H5 and H6 are accidentally overlapped): d (233 K) = 2.04
(pseudo s, Me8 and Me9), 5.67 (m, H1), 5.80 (m, H2), 5.89 (m, H3), 6.66
(pseudo s, H5 and H6); 13C NMR (300 K): d = 148.6 (m, 1J(C,F)=


243 Hz, CF ortho or meta), 137.6 (m, 1J(C,F) =251 Hz, CF meta or
ortho), 139.5 (m, 1J(C,F)=249 Hz, CF para), 101.30 (C1), 114.22 (C2),
102.29 (C3), 126.45 (C5/C6), 126.71 (C6/C5), 18.57 (C8/C9), 19.04 (C9/
C8), 44.53 (Me-Zr), 21.39 (m-Me). The signals of Me-B and of the quater-
nary carbons have not been identified. 19F NMR (300 K): d = �131.8
(ortho), �164.4 (para), �166.6 (meta).


NMR data of [(indenyl)2Hf(Me)]+[MeB(C6F5)3]
� : 1H NMR (278 K,


4.7 T): d = 6.86 (m, H7), 6.81 (m, H4), 6.71 (m, H5), 6.61 (m, H6), 5.50
(pseudo t, H2), 5.46 (m, H3), 5.20 (m, H1), �0.016 (br, Me-B), �0.71 (s,
Me-Zr); 13C NMR (300 K): d = 148.6 (1J(C,F)=238, CF ortho or meta),
137.6 (1J(C,F) =249, CF meta or ortho), 139.5 (1J(C,F)= 256, CF para),
127.7 (C5 and C6), 125.6 (C4), 125.2 (C7), 119.0 (C2), 101.4 (C3), 100.3
(C1), 45.4 (Me-Zr), 18.1 (Me-B).


Computational study : All the molecular mechanics computations have
been performed with TINKER,[45] employing the MM3 functional
form.[46] The description of the bisindenyldimethylzirconium moiety has
been taken from the force field developed by Erker and co-workers.[47]


Some new atom types have been introduced to describe the carbon
atoms of the indenyl moiety and the methyl group bridging the boron
and the zirconium atoms. The force field has been parameterized in
order to reproduce the molecular geometry of a set of seven ion pairs;[48]


the coordinates have been obtained from the Cambridge Crystallographic
Data Centre.[25] Some of the force constants have been estimated by HF/
3-21G(*) computations[51] on [MeB(C6F5)3]


� and [Cp2ZrMe]+


[MeB(C6F5)3]
� . At the and of the parameterization process, the mean ab-


solute errors on a set of 56 bond distances, 91 bond angles, and 77 tor-
sional angles were 0.009 �, 1.638, and 6.38, respectively. A more detailed
description of the force field accuracy with respect to different type of
geometrical parameters, together with a complete description of the
force field employed, can be found in the Supporting Information.


Effective distances dij,effective employed in the interpolation of the observed
NOE intensities have been computed in two steps. First of all, the methyl
groups rotation, assumed to be faster then the overall tumbling, has been
taken into account following the Tropp�s equation:[52]


rTropp ¼
�


1
2N


XN


m¼ 1


XN


n¼ 1


3ðrm � rnÞ� r 2
mr 2


n


r 5
mr 5


n


�
�1=6


in which N is the number of interproton vectors r to be averaged (N =3
for the interaction of a single proton with a methyl group, and N=9 for
the interaction between two methyl groups).


Subsequently, distances involving normal and primed atoms (see Fig-
ures 5 and 6) have to be averaged due to the enantiomerization process
that leads to an apparent Cs symmetry of the ion pair. This process, re-
quiring the rotation of the indenyl groups around the Zr–cp axis and the
inversion of the chiral conformation of the B(C6F5)3 moiety, is expected
to be slower than the overall molecular correlation time, therefore the
r�6 averaging limit equation applies:[53]


deffective ¼
�


1
M


XM


l¼ 1


r�6
l


�
�1=6


in which M is the number of distances to be averaged; M =2 for interac-
tions involving Me–Zr or Me–B, for instance r(Me-Zr···H1) and r(Me-
Zr···H1’); M= 4 for interactions involving the indenyl resonances only,
for instance r(H1···H3), r(H1···H3’), r(H1’···H3), and r(H1’···H3’).[54]
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, in which Iij and Îij are the observed


and the extimated NOE intensities, respectively, n is the number of
observations, and k is the number of conformations.


[23] The null hypothesis wl = 0 has been tested by means of the statistic


t=
wl


swl


=


wl


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðn�kÞ


Pn


m¼ 1
½ðdij,mÞ�6


l �hðdijÞ�6
l i�2


s
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn


m¼1
ðI ij,m�Î ij,mÞ2


s which follows a Stu-


dent�s t distribution with n�k degrees of freedom.


[24] The preliminary interpolation process led to the following rotamers:
(t1 =�18, t2 =188) and (t1 =�54, t2 =�728) for 1 b ; (t1 =�54, t2 =


�908) and (t1 =18, t2 =�1268) for 2b. The final interpolation proc-
ess has been done starting from this values covering �188 in step of
28.


[25] CSD (version 5.24, November 2002). F. H. Allen, Acta Crystallogr.
Sect. B Struct. Sci. 2002, 58, 380 –388.


[26] Differences in the cross peaks� pattern of this two species, despite
their similarity, can be explained observing that, due to the arbitrari-
ness in defining H1/H3 in the NMR spectra, the indenylic ring re-
sults to be numbered in a anticlockwise direction for 1b and in a
clockwise direction for 2 b, as shown in Figures 4 and 5.


[27] a) G. Jany, M. Gustafsson, T. Repo, E. Aitola, J. A. Dobado, M.
Klinga, M. Leskela, J. Organomet. Chem. 1998, 553, 173 – 178; b) H.
Schunmann, O. Stenzel, S. Dechert, R. L. Halterman, Organometal-
lics 2001, 20, 1983 – 1991; c) Y. J. Cho, S. C. Yoon, W. S. Seo, B. W.
Woo, B. J. Bae, I. H. Suh, J. T. Park, Bull. Korean Chem. Soc. 1999,
20, 362 –364; d) W. A. Herrmann, J. Rohrmann, E. Herdtweck, W.
Spaleck, A. Winter, Angew. Chem. 1989, 101, 1536 – 1538; Angew.
Chem. Int. Ed. Engl. 1989, 28, 1511 – 1512; e) M. J. Burk, S. L. Col-
letti, R. L. Halterman, Organometallics 1991, 10, 2998 – 3000.


[28] The 19F NMR spectra consist of three resonances, in the ratio 2:1:2,
from 190 K up to room temperature, indicating the dynamic equiva-
lence of the three rings and of the two ortho and the two meta posi-
tions within each ring.


[29] The broadening of the Me–B signal observed in Figure 1 on increas-
ing the temperature is mainly due to the scalar coupling with quad-
rupolar boron isotopes, partially removed at lower temperatures
(“thermal decoupling”) for the progressively faster relaxation rates
of the quadrupolar nuclei. This was confirmed by 1H{11B} spectra.
Anyway, at room temperature (or higher) the bandwidth of the
signal was affected also by the intermolecular exchange processes
discussed below.


[30] For a series of [(1,2-Me2Cp)MMe]+[MeBAr(C6F5)2]
� ion pairs, con-


taining different Ar substituents on boron and M = Zr or Hf, the
rate of the ips process was found much smaller than borane dissocia-
tion–recombination.[7b] Only in the case of the ion pair generated by
the strong Lewis acid B(C6F5)3, the methide ion was bound so
strongly to boron to make ion pair separation faster than borane dis-
sociation.


[31] In ref. [6] (as well as in the present work) the term “free” indicates
an “outer-sphere” or “non-covalently bound” methylborate anion,
the existence of truly free [MeB(C6F5)3]


� being unrealistic in a non-
polar solvent such as toluene.


[32] M. Bochmann, S. J. Lancaster, Angew. Chem. 1994, 106, 1715 –1718;
Angew. Chem. Int. Ed. Engl. 1994, 33, 1634 –1637.


[33] a) Y.-X. Chen, C. L. Stern, S. Yang, T. J. Marks, J. Am. Chem. Soc.
1996, 118, 12 451 – 12452; b) Y.-X. Chen, T. J. Marks, Organometal-
lics 1997, 16, 3649 –3657; c) Y.-X. Chen, M. V. Metz, C. L. Stern,
T. J. Marks, J. Am. Chem. Soc. 1998, 120, 6287 –6305.


[34] In our solutions the 1H resonance of the “free” methylborate anion
is observed at d 1.35, at room temperature in toluene (d 1.54 at
233 K), in good agreement with the literature values for other di-
meric species (d 1.3–1.4 in benzene at 30 8C).[5]


[35] Indeed, the 2D NOESY maps at room temperature showed ex-
change between the cationic parts (monomeric and dimeric, respec-
tively) of ion pairs 1b and 3 : in particular, Me–Zr of 1 b exhibited
exchange crosspeaks with both bridging and terminal methyl groups
of 3. This indicates fast dissociation–recombination of the dimeric
cation, that is, exchange of a zirconocene molecule 1a between two
monomeric cations. The volumes of the cross peaks, as well as the
bandwidth of the resonances of the Me–Zr groups of 1b and 3 indi-
cated that the rate of these processes was much smaller than that of
the exchange of the corresponding anions. As expected, upon addi-
tion of the free zirconocene complex 1a, also the signals of the
latter species were involved in the exchange (Figure S8).


[36] S. Beck, A. Geyer, H.-H. Brintzinger, Chem. Commun. 1999, 2477 –
2478.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 650 – 661660


G. D�Alfonso, P. Mercandelli et al.



www.chemeurj.org





[37] The weak and broad 19F NMR resonances of this anion (d �131.9
ortho, �163.0 para, �166.0 meta) have been identified through their
exchange cross peaks with the corresponding signals of the
[MeB(C6F5)3]


� anion of 1 b in 2D 19F EXSY experiments.
[38] It has been previously observed that the 1H NMR d value represents


a sensitive probe for the identity of the Me–B species.[39] The low-
field shift upon dilution might reflect the increase of the fraction of
solvent-separated Me–B anion (its 1H NMR signal is close to d


1.3).[5]


[39] S. Beck, M.-H. Prosenc, H.-H. Brintzinger, J. Mol. Catal. A Chem.
1998, 128, 41–52.


[40] In principle, the crosspeak observed in the 2D experiment could
merely result from the dissociative ips process itself, without any ad-
ditional kinetic significance. In this case, however, the rate of the
Me–B exchange should not be concentration dependent.


[41] Relatively stable dicationic species have been obtained from the re-
action of some metallocene dimethyl complex with two equivalents
of Al(C6F5)3, whilst the use of an excess of B(C6F5)3 did not allow to
remove the second methyl group: E. Y.-X. Chen, W. J. Kruper, G.
Roof, D. R. Wilson, J. Am. Chem. Soc. 2001, 123, 745 –746.


[42] F. Guerin, D. W. Stephan, Angew. Chem. 2000, 112, 1354 – 1356;
Angew. Chem. Int. Ed. 2000, 39, 1298 –1300.


[43] In the case of the most congested ansa-zirconocene complexes of
ref. [6], B(C6F5)3 excess did not cause any increase of the rate of in-
denyl symmetrization.


[44] F. Piemontesi, I. Camurati, L. Resconi, D. Balboni, A. Sironi, M.
Moret, R. Zeigler, N. Piccolrovazzi, Organometallics 1995, 14, 1256 –
1266.


[45] J. W. Ponder, TINKER, Software Tools for Molecular Design, http://
dasher.wustl.edu/tinker/


[46] N. L. Allinger, Y. H. Yuh, J.-H. Lii, J. Am. Chem. Soc. 1989, 111,
8551 – 8566.


[47] a) U. Hçweler, R. Mohr, M. Knickmeier, G. Erker, Organometallics
1994, 13, 2380 –2390; b) T. Jçdicke, F. Menges, G. Kehr, G. Erker,
U. Hçweler, R. Frçhlich, Eur. J. Inorg. Chem. 2001, 2097 –2106.


[48] CSD-refcodes: BACXUY,[5] LIYKAF,[49] QEZXAU,[6] SOBTIM10,
YEKKII, YEKKOO,[3b] and XIDKIE.[50]


[49] I. A. Guzei, R. A. Stockland Jr., R. F. Jordan, Acta Crystallogr. Sect.
C Cryst. Struct. Commun. 2000, 56, 635 – 636.


[50] Z. Lui, E. Somsook, C. R. Landis, J. Am. Chem. Soc. 2001, 123,
2915 – 2916.


[51] Gaussian 98 (revision A.11.3), M. J. Frisch, G. W. Trucks, H. B.
Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakr-
zewski, J. A. Montgomery, R. E. Stratmann, J. C. Burant, S. Dap-
prich, J. M. Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O.
Farkas, J. Tomasi, V. Barone, M. Cossi, R. Cammi, B. Mennucci, C.
Pomelli, C. Adamo, S. Clifford, J. Ochterski, G. A. Petersson, P. Y.
Ayala, Q. Cui, K. Morokuma, D. K. Malick, A. D. Rabuck, K. Ra-
ghavachari, J. B. Foresman, J. Cioslowski, J. V. Ortiz, A. G. Baboul,
B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R.
Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y.
Peng, A. Nanayakkara, C. Gonzalez, M. Challacombe, P. M. W. Gill,
B. G. Johnson, W. Chen, M. W. Wong, J. L. Andres, M. Head-
Gordon, E. S. Replogle, J. A. Pople, Gaussian, Inc., Pittsburgh, PA,
2002.


[52] P. F. Yip, D. A. Case in Computational Aspects of the Study of Bio-
logical Macromolecules by Nuclear Magnetic Resonance Spectrosco-
py (Eds.: J. C. Hoch, F. M. Poulsen, C. Redfield), Plenum Press,
New York, 1991, pp. 317 – 330.


[53] C. M. Fletcher, D. N. M. Jones, R. Diamond, D. Neuhaus, J. Biomol.
NMR 1996, 8, 292 – 310.


[54] R. R. Ernst, G. Bodenhausen, A. Wokaun in Principles of Nuclear
Magnetic Resonance in One and Two Dimensions, Oxford Science
Publications, Belfast, 1987, Chapter 9.


Received: June 16, 2004
Published online: November 25, 2004


Chem. Eur. J. 2005, 11, 650 – 661 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 661


FULL PAPERZirconium Complexes



www.chemeurj.org






Hierarchical Self-Assembly of a Bow-Shaped Molecule Bearing Self-
Complementary Hydrogen Bonding Sites into Extended Supramolecular
Assemblies


Masato Ikeda,[a, c] Tadahito Nobori,[a, d] Marc Schmutz,[b] and Jean-Marie Lehn*[a]


Introduction


Hierarchical self-assembly of molecules in a supramolecular
network represents a versatile approach for developing well-
defined polymolecular architectures with preprogrammed
arrangements and tailored properties. Particular attention
has been paid to supramolecular polymers, materials derived
from the polyassociation of monomeric components through


noncovalent interactions, that may have liquid-crystal fea-
tures.[1–9] Hydrogen-bonded supramolecular polymeric
chains were realized first through complementary, triple hy-
drogen-bonding ADA–DAD arrays (D: hydrogen-bonding
donor; A: hydrogen-bonding acceptor) and gave rise to
supramolecular liquid crystals.[5a]


For the structural features of liquid crystalline mesophas-
es, the shape of individual molecules is crucial. In particular,
rigid molecules of bent shape (“banana-shaped” com-
pounds[10]) may form liquid crystals with a unique alignment
that confers potential application for ferro- or antiferroelec-
tric switching. Similarly, the shape of the monomeric mole-
cules determines the morphology and ordering of supra-
molecular polymeric associations. The self-assembly of a
number of such supramolecular polymers from linear-, disk-,
macrocyclic-, and helical-shaped molecules has been de-
scribed.[8,9] The self-assembly of rigid bent-shaped molecules
could yield supramolecular polymers with interesting elec-
tronic and optical material properties as well as unique
structural features.


Because of its versatility and directionality, hydrogen
bonding is a suitable noncovalent interaction for generating
supramolecular polymers. Since the degree of polymeriza-
tion is strongly dependent on the strength of association, the
number and the pattern of hydrogen bonds are important
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Abstract: The bow-shaped molecule 1
bearing a self-complementary DAAD–
ADDA (D= donor A =acceptor) hy-
drogen-bonding array generates, in hy-
drocarbon solvents, highly ordered
supramolecular sheet aggregates that
subsequently give rise to gels by forma-
tion of an entangled network. The
process of hierarchical self-assembly of
compound 1 was investigated by the
concentration and temperature de-
pendence of UV-visible and 1H NMR
spectra, fluorescence spectra, and elec-


tron microscopy data. The temperature
dependence of the UV-visible spectra
indicates a highly cooperative process
for the self-assembly of compound 1 in
decaline. The electron micrograph of
the decaline solution of compound 1
(1.0mm) revealed supramolecular sheet


aggregates forming an entangled net-
work. The selected area electronic dif-
fraction patterns of the supramolecular
sheet aggregates were typical for single
crystals, indicative of a highly ordered
assembly. The results exemplify the
generation, by hierarchical self-assem-
bly, of highly organized supramolecular
materials presenting novel collective
properties at each level of organiza-
tion.


Keywords: hydrogen bonds ·
molecular recognition · self-assem-
bly · supramolecular chemistry ·
supramolecular polymers
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factors to obtain high degrees of polymerization. As indicat-
ed above, the first example of linear hydrogen-bonded
supramolecular polymers were derived from complementary
triple hydrogen-bonding ADA–DAD arrays.[5a] Strong com-
plementary quadruple hydrogen bonding DDAA–AADD or
DADA–ADAD arrays have extensively studied and the re-
sulting supramolecular polymers have very concentration-
and temperature-dependent viscosity.[9] Sextuple hydrogen
bonding has been implemented between two-faced symmet-
rical heterocomplementary components, with DAD/DAD
and ADA/ADA patterns.[6] As most of these studies have
concerned the polyassociation of symmetrical monomers
bearing complementary hydrogen-bonding sites (such as
ADA-(spacer)-ADA + DAD-(spacer)-DAD or DDAA-
(spacer)-AADD), the supramolecular polymers formed
were also symmetric and possessed no directionality. In con-
trast, a supramolecular polymer derived from a monomer
bearing two different self-complementary hydrogen-bonding
faces will induce directional assembly, because of their non-
symmetric polyassociation. In biology, it bears analogy to
the integrated network formed by the supramolecular poly-
mer filament of actin, responsible for the mechanical integri-
ty of the cell and critically involved in such processes as cell
division, mobility, and plasticity.[11]


We thus envisioned that the self-assembly of bow-shaped
molecules bearing self-complementary hydrogen-bonding
patterns would allow the generation of a highly organized,
directional supramolecular architecture. To this end, com-
pound 1 was designed. It has a rigid bent-shape and self-
complementary quadruple hydrogen-bonding DAAD–
ADDA arrays and thus is expected to undergo polar supra-
molecular self-assembly as shown in Scheme 1. The structur-
al codon represented by the pyridine–pyrimidine moiety is


known to enforce a highly preferred transoid conformation
around a,a’-interheterocyclic bonds,[12] thus conferring the
orientation required for establishing the self-complementary
array of hydrogen bonds to the heterocyclic subunits in 1
(Scheme 2).


Herein, we report that compound 1 indeed forms highly
ordered supramolecular sheet aggregates in hydrocarbon
solvents in a cooperative manner and subsequently gives
rise to gels with an entangled network of these supramolec-
ular sheet aggregates.


Results and Discussion


Synthesis of compounds 1 and 2 : Compound 1 was synthe-
sized according to Scheme 3. Treatment of 2-amino-6-bromo
pyridine with dodecanoic acid chloride gave the amide 3 a,
which was converted into the stannyl derivative 4 a by reac-
tion with hexamethylditin in the presence of a [Pd(PPh3)4]
catalyst. Double coupling of 2.1 equivalents of 4 a with Boc-
protected 2-amino-4,6-dichloropyrimidine (5) in the pres-
ence of [Pd(PPh3)4] catalyst led to the Boc-protected com-
pound 1 in 67 % yield; subsequent deprotection by treat-
ment with trifluoracetic acid (TFA) gave the desired com-
pound 1 in 84 % yield. Compound 2, bearing shorter chains,
was obtained following the same pathway.


Hierarchical and cooperative self-assembly of compound 1


1H NMR spectroscopy in chloroform : The self-assembly of
compound 1 was first investigated by evaluating the concen-


Abstract in French: La mol�cule 1 pr�sente une forme
courbe en arc et porte un ensemble autocompl�mentaire
DAAD–ADDA de liaisons hydrog�ne. En solution hydrocar-
bon�e, elle g�n�re des feuillets supramol�culaires hautement
ordonn�s qui ensuite produisent des gels par formation d�un
r�seau enchevÞtr�. Le processus d�autoassemblage hi�rarchis�
du compos� 1 a �t� �tudi� par l�examen des modifications des
spectres UV-visible, de RMN et de fluorescence en fonction
de la concentration et de la temp�rature, ainsi que par micro-
scopie �lectronique. La variation des spectres UV-visible en
fonction de la temp�rature indique que l�autoassemblage de 1
dans la d�caline est un processus hautement coop�ratif. La
micrographie �lectronique du sol form� par 1 dans la d�cali-
ne (1.0 mm) r�v�le la formation d�agr�gats supramol�culaires
en feuillets constituant un r�seau enchevÞtr�. La diffraction
�lectronique de ces agr�gats fournit des images typiques de
cristaux, indiquant que l�ensemble est hautement ordonn�.
Les r�sultats obtenus illustrent la gen�se, par autoassemblage
hi�rarchis�, de mat�riaux supramol�culaires hautement orga-
nis�s pr�sentant de nouvelles propri�t�s collectives � chaque
niveau d�organisation.


Scheme 1. Structure of the monomer 1 bearing self-complementary
DAAD–ADDA patterns of hydrogen bonding sites and its directional
self-assembly into a ribbon-like supramolecular polymer through an
array of four hydrogen bonds.


Scheme 2. Preferred conformation of compound 1.
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tration dependence of 1H NMR spectra in chloroform. At
1.0 mm, compound 1 showed a clearly resolved spectrum,
corresponding to a molecular solution. On increasing the
concentration of 1 up to 250 mm, significant and correlated
down-field shifts were observed for both the amide-NH and
the pyrimidine-NH2 signals (Figure 1), indicating that self-


assembly through hydrogen bonding was taking place and
can be explained by the interaction mode depicted in
Scheme 1. The plot of the chemical shift of the amide-NH
signal against concentration was tentatively analyzed assum-


ing a monomer–dimer equilibrium,[13] yielding a small asso-
ciation constant of 20 m


�1, which is coincident with the asso-
ciation constant between Boc-protected 1 and 2-aminopy-
rimidine (18m


�1) (vide infra). In addition, all 1H NMR sig-
nals remained sharp even at 250 mm, showing that higher
order aggregations beyond the dimer were negligible in
these conditions.


Remarkable up-field shifts were also observed for the sig-
nals of the alkyl chain protons, especially for the protons
close to the amide groups (Figure 1). Such up-field shifts
were not observed for the complexation between Boc-pro-
tected 1 and 2-aminopyrimidine (data not shown). There-
fore, the observed up-field shifts do not result from the hy-
drogen bonding interaction, but from a shielding effect of
the pyridine rings as shown in Figure 2. These results agree


with the formation by compound 1 of well-defined self-as-
sembled supramolecular assemblies through self-comple-
mentary quadruple hydrogen bonding as expected
(Scheme 1).


Gelation properties of compound 1: The self-assembly of
compound 1 in nonpolar solvents, in which hydrogen-bond-
ing strength should be markedly enhanced, was then investi-
gated by examining its gelation ability. The powder of com-
pound 1 was dispersed in a given solvent (10.0mm), the mix-
ture was heated in a septum-capped test tube and then
cooled to room temperature. Compound 1 was found to
gelate hydrocarbon solvents such as decaline (mixture of
cis- and trans-isomer), toluene, p-xylene, and paraffin. In
contrast, compound 2 was not able to form a gel. The long
alkyl chains play an important role in gel formation in the
hydrocarbon solvents, presumably by preventing the crystal-
lization of the compound. The gels of compound 1 were
opaque not transparent, suggesting the presence of micro-
scale aggregates. These aggregates displayed a birefringent
character in the polarized optical micrograph of the decaline
gel of compound 1, indicating that they possessed a certain


Scheme 3. i) RCOCl, Py, CH2Cl2, room temperature; ii) Me3SnSnMe3,
5mol % [Pd(PPh3)4], PhMe, 110 8C; iii) (Boc)2O, DMAP, CH2Cl2, room
temperature; iv) 5 mol % [Pd(PPh3)4], DMF, 110 8C; v) TFA, CH2Cl2,
room temperature.


Figure 1. 400 MHz 1H NMR spectra of 1 in [D1]CHCl3 a) 250.0 mm,
b) 1.0mm (s: solvent, inset: concentration dependence of chemical shift
of the amide protons) at 25 8C.


Figure 2. Schematic representation of the shielding effect due to the pyri-
dine rings.
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extent of molecular ordering. The most stable gels were ob-
tained with decaline as solvent; they were stable at room
temperature for one month without precipitation. The gel
formation was completely reversible with temperature.
These results led us to evaluate the self-assembly properties
of compound 1 in decaline in detail by spectroscopic and mi-
croscopic methods.


UV-visible spectra of compound 1 in decaline : The aggrega-
tion behavior of compound 1 was studied by using UV-visi-
ble spectroscopy, monitoring the changes in the p!p* tran-
sitions. As shown in Figure 3, the UV-visible abbsorption


spectrum of compound 1 in decaline (0.10 mm) was different
from that in chloroform. From the concentration depend-
ence of the UV-visible spectra (data not shown ) and the 1H
NMR spectrum (vide supra), it was confirmed that com-
pound 1 was moleculary dissolved in this concentration
range in chloroform. Red shifts (from 304.5 to 312.0 nm and
from 345.0 to 355.0 nm) of the absorption bands in decaline
with respect to those in chloroform were observed and a
shoulder appeared around 378.0 nm. This result is consistent
with an enhanced p-electronic conjugation of compound 1
resulting from an increased planarity due to the aggregation
with hydrogen bonding and most probably to so-called J-
type aggregation. Fluorescence spectra gave a red-shifted
emission band around 403.0 nm in decaline relative to that
in chloroform (400.0 nm).


To obtain further insight into the self-assembly of com-
pound 1 in decaline, temperature-dependent UV-visible ab-


sorption spectroscopy measurements were performed. Rais-
ing the temperature of a solution of compound 1 (0.10 mm)
in decaline from 25 8C to 65 8C resulted in blue shifts of the
absorption bands, from 312.0 to 307.0 and 313.0 nm and
from 355.0 to 343.0 nm, with a clear isosbestic point at
364.5 nm (Figure 4). At 65 8C, the spectrum had almost the


same band shape as in chloroform at room temperature. In-
terestingly, it was found that a S-shaped transition took
place around 45 8C (Tm), indicating that the formation of
self-assembled aggregates by compound 1 in decaline was
cooperative, that is, the self-assembled aggregates dissociate
to the monomeric comound 1 in an all-or-nothing manner.
The origin of a cooperative behavior may be attributed to
the synergistic operation of hydrogen bonding and p–p


stacking interactions in the self-assembly of compound 1.


Electron microscopy of the gel formed by compound 1: To
obtain insight into the microstructure of the gel formed by
compound 1, it was investigated by electron microscopy.
Since a freeze–fracture image of compound 1 decaline gel
could not be obtained, a direct observation of compound 1
in decaline (1.0 mm) was carried out.


The electron micrograph obtained revealed lamellar mor-
phologies with an average width of 1.0 mm and thickness
probably around 30 nm, since they are transparent to elec-
trons (Figure 5). Very interestingly, the selected area elec-
tron diffraction pattern (inset of Figure 5) of the supra-
molecular sheet aggregates yields a clear high-resolution dif-
fraction pattern, indicating a highly ordered self-assembly.
The pattern indicates a unit cell with orthogonal projection.
The cell parameters are a= 9.6, b= 16.1 � (a axis is parallel
to the length of the crystal).


Since molecular modeling calculations based on the supra-
molecular polymerization mode depicted in Scheme 1 sug-
gested a width of about 20 � for individual supramolecular


Figure 3. UV-visible spectra (top) and fluorescence spectra (bottom)
(lex =340.0 nm) of 1 (0.10 mm) in a) chloroform and b) decaline at 25 8C.


Figure 4. Temperature dependent UV-visible spectra of compound 1
(0.10 mm) in decaline (inset: absorbance at 349.0 nm at different tempera-
tures).
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sheets, the structures observed here could be ascribed as
large bundles of the individual supramolecular sheets.


Presumably, the bow-shape and the self-complementary
hydrogen bonding sites of compound 1 play an important
role in the generation of such a highly ordered supramolec-
ular sheet structure, as evidenced by electron diffraction
(Figure 5). Molecular modeling calculations suggested that
the self-assembly of compound 1 did not lead to a flat supra-
molecular sheet owing to steric hindrance between pyridine
rings and alkyl chains (Figure 2). Nonetheless, supramolec-
ular sheet aggregates were observed even in a chiral solvent
(b-pinene; data not shown here); the most probable explan-
ation is that compound 1 forms a zig-zag type self-assembly
not a helical one, which would generally form fiber aggre-
gates instead of sheet aggregates.


Variable-temperature 1H NMR spectra of compound 1 in
decaline : The 1H NMR spectra of compound 1 (10 mm) in
[D18]decaline were measured in order to elucidate its self-as-
sembly process (Figure 6). The signals were strongly broad-


ened at room temperature (gel state) and underwent, when
the sample was heated from room temperature to 100 8C, a
significant sharpening due to the dissociation of the self-as-
sembled aggregates. The gel collapsed above 80 8C; howev-
er, the sample was still turbid, indicating that self-assembled
aggregates exist after the sol–gel transition. The sample
became transparent above 90 8C, and the spectrum at 100 8C
had almost the same peak shape as that of compound 1
(1.0 mm) in chloroform. Both amide-NH and pyrimidine-
NH2 proton NMR signals appeared around 60 8C and shifted
first to lower-field (8.03 to 8.17 ppm: Dd= 0.14 ppm for
amide-NH and 4.32 to 4.36 ppm: Dd=0.04 ppm for pyrimi-
dine-NH2) up to 80 8C and then to higher-field (8.17 to
7.78 ppm: Dd=�0.39 ppm for amide-NH and 4.36 to
4.32 ppm: Dd=�0.04 ppm for pyrimidine-NH2) from 80 8C
to 100 8C. Hydrogen bonding in the gel at room temperture
was confirmed by an FTIR measurement (hydrogen-bonded
N�H stretching band 3230 cm�1 and C=O stretching bands
1663 and 1630 cm�1). These spectral results, together with
the microscopic image, suggest that compound 1 forms en-
tangled and laminated self-assembled supramolecular sheets
with hydrogen bonding and p–p stacking in the gel state at
room temperature. On raising the temperature up to 80 8C,
this network of self-assembled supramolecular sheets, which
is responsible for the gel formation, would collapse to indi-
vidual self-assembled supramolecular sheets as suggested by
the change of macroscopic properties (from gel to opaque
solution). This structural change would lead to downfield
shifts of the amide-NH and pyrimidine-NH2 signals by loss
of the shielding effect due to p–p stacking. The upfield
shifts, observed when the temperature is raised from 80 8C
to 100 8C, correspond to breaking of the hydrogen bonds on
dissociation of the self-assembled supramolecular sheets
into monomeric compound 1 units.


Conclusion


In conclusion, we have shown that compound 1 forms supra-
molecular sheet aggregates in hydrocabon solvents by direc-


tional assembly through a self-
complementary, quadruple hy-
drogen-bonding DAAD–
ADDA array (Scheme 1) and
subsequently leads to supra-
molecular gels by formation of
an entangled and laminated
network of the supramolecular
sheet aggregates. Most interest-
ingly, the supramolecular sheet
aggregates obtained were
highly organized. This kind of
dissymmetric, directional self-
assembled structure with high
molecular organization is of in-
terest as model of biological
self-assembly, such as that


Figure 5. Electron micrograph of compound 1 in decaline (1.0 mm) ob-
tained by the direct observation technique, (inset: selected area electron
diffraction pattern).


Figure 6. : Variable temperature 400 MHz 1H NMR spectra of compound 1 (10.0 mm) in [D18]decaline.
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found in actin filaments, as well as for the development of
functional supramolecular entities, presenting novel emerg-
ing properties (such as optical,[14] magnetic,[15] ferroelectric,
etc.) at each level of organization.


Experimental Section


General methods : All commercially available products were used with-
out further purification. Flash column chromatography was performed on
silica gel (40–63 mm, Merck). Melting points were recorded on a B�chi
Melting Point B-540 apparatus and uncorrected. 400 MHz 1H NMR spec-
tra were recorded on a Bruker Avance 400 spectrometer. The solvent
signal was used as an internal reference. UV-visible and fluorescence
spectra were measured with Varian Cary 3 and Aminco-Bowman Series 2
spectrometers, respectively. FAB mass spectrometric measurements were
performed by the Service de Spectrom�trie de Masse, Institut de Chimie,
Universit� Louis Pasteur.


Electron microscopy—direct observation : A 5 mL drop of a solution of
the compound under investigation (1.0 mm) in decaline was deposited
onto a 400 mesh EM grid covered with a carbon supporting film. To
allow for sample adsorption, the excess solution was removed with a
piece of filter paper (Whatman 2 or 5), and the grids were air dried. They
were then placed in an Edwards Auto 306 Evaporator and rotary shad-
owed at an angle of 138 with platinum/tungsten. The grids were observed
with a Philips CM12 electron microscope operating at 120 kV.


Synthetic procedures


N-(6-bromopyridin-2-yl)dodecylamide (3 a): 2-Amino-6-bromopyridine
(1.73 g, 10.0 mmol) and pyridine (2.10 mL, 26.0 mmol) were dissolved in
dry dichloromethane (40 mL), and the solution was cooled to 5 8C in an
ice bath. A solution of lauroyl chloride (2.84 g, 13.0 mmol) was added
dropwise, and the reaction was allowed to proceed at room temperature
for 15 hours. The reaction mixture was washed with water (2 � 50 mL)
and a aturated aqueous solution of NaHCO3, and the organic layer was
dried over Na2SO4. The solvent was removed under vacuum. n-Hexane
was added to the residual oil to afford compound 3 a as white solid.
Yield: 3.29 g (93 %); m.p. 67.8–69.1 8C; 1H NMR (400 MHz, [D1]CHCl3):
d=8.16 (d, J =8.4 Hz, 1 H), 7.80 (s, 1H), 7.53 (t, J =7.7 Hz, 1 H), 7.18 (d,
J =7.6 Hz, 1H), 2.34 (t, J =7.7 Hz, 2H) 1.67 (m, 2 H), 1.24 (m, 16H),
0.86 ppm (t, J =7.0 Hz, 3 H); FAB MS: m/z calcd for [M+H]+ : 355.1;
found: 355.1


N-[6-(Trimethylstannanyl)pyridin-2-yl]dodecylamide (4 a): Compound 3 a
(1.00 g, 2.82 mmol), hexamethylditin (2.92 g, 1.5 equiv), and tetrakis(tri-
phenylphosphino)palladium (161 mg, 0.141 mmol, 5 mol %) in degassed
toluene (25 mL) were heated at 110 8C for 15 h. The reaction mixture
was concentrated under vacuum. The resulting solid was dissolved in
chloroform and subjected to chromatography (Al2O3, n-hexane/ethyl ace-
tate=20:1). Compound 4 a was obtained as a white solid. Yield: 850 mg
(69 %); m.p. 58.9–59.9 8C; 1H NMR (400 MHz, [D1]CHCl3): d= 8.03 (m,
1H), 7.85 (br s, 1H), 7.51 (m, 1H), 7.15 (m, 1 H), 2.38 (m, 2H), 1.70 (m,
2H), 1.25 (m, 16 H), 0.84 (m, 3H), 0.25 ppm (m, 9H); FAB MS: m/z
calcd for [M+H]+: 439.2; found: 441.2


2-Bis-(tert-butoxycarbonyl)amino-4,6-dichloropyrimidine (5): Di-tert-
butyl dicarbonate (9.62 g, 2.2 equiv) was added to a solution of 2-amino-
4,6-dichloropyrimidine (3.24 g, 19.8 mmol) and 4-dimetylaminopyridine
(244 mg, 0.1 equiv) in dry THF (30 mL). The reaction mixture was stirred
at room temperature for 16 h. Then a small amount of water was added
to the reaction mixture to quench the reaction. The solvent was removed
under vacuum. The resulting residue was subjected to chromatography
(Al2O3, n-hexane/ethyl acetate =50:1–30:1). Compound 5 was obtained
as a white solid. Yield: 6.97 g (97 %); m.p. 49.1–51.0 8C; 1H NMR
(400 MHz, [D6]DMSO): d=1.43 (s, 18H), 8.06 ppm (s, 1 H); FAB MS:
m/z calcd for [M+H]+ : 364.1; found: 364.1


2-Amino-4,6-bis[6-(dodecylamino)pyridine-2-yl]pyrimidine (1): Com-
pound 4a (1.40 g, 3.19 mmol), compound 5 (546 mg, 1.50 mmol), and tet-
rakis(triphenylphosphino)palladium (200 mg, 0.175 mmol, 5 mol %) in


degassed DMF (10 mL) were heated at 110 8C for 15 h. The reaction mix-
ture was concentrated under vacuum. The resulting solid was dissolved in
chloroform and subjected to chromatography (Al2O3, n-hexane/ethyl ace-
tate=20:1). Recrystallization from MeOH gave Boc-protected com-
pound 1 as a white solid. Yield: 1.80 g (67 %); 1H NMR (400 MHz,
[D1]CHCl3): d=8.92 (s, 1H), 8.37 (d, J =8.2 Hz, 2H), 8.20 (d, J =7.6 Hz,
2H), 8.07 (s, 2H), 7.87 (t, J =7.8 Hz, 2 H), 2.46 (t, J=7.6 Hz, 4H), 1.77
(m, 4 H), 1.42 (s, 18H), 1,24 (m, 32H), 0.85 ppm (t, J =6,4 Hz, 6 H); FAB
MS: m/z calcd for [M+H]+ : 844.6; found: 844.5.


Trifluoroacetic acid (1.14 g, 20 equiv) was added to a solution of the Boc-
protected compound 1 (422 mg, 0.5 mmol) in dichloromethane (8 mL).
The reaction mixture was stirred at room temperature for 6 h. It was
then washed with a saturated aqueous solution of NaHCO3 (10 mL) and
water (10 mL). The solvent was evaporated under vacuum. The resulting
solid was recrystalized from 1-propanol to give the desired compound 1
as a white solid. Yield: 270 mg (84 %); m.p. 179.7–180.5 8C; 1H NMR
(400 MHz, [D1]CHCl3): d =8.37 (s, 1 H), 8.33 (d, J =8.2 Hz, 2H), 8.25
(br s, 2H), 8.07 (d, J= 7.2 Hz, 2H), 7.84 (t, J =8.2 Hz, 2H), 5.21 (br s,
2H), 2.33 (t, J=7.6 Hz, 4H) 1.70 (m, 4 H), 1.25 (m, 32H), 0.85 ppm (t,
J =6.4 Hz, 6 H); FAB HRMS: m/z calcd for [M+H]+ : 644.46520; found
644.46435; elemental analysis calcd (%) for C38H57N7O2: C 70.88, H 8.92,
N 15.23; found: C 70.84, H 9.01, N 15.05.


2-Amino-4,6-bis[6-(ethyrylamino)pyridine-2-yl]pyrimidine (2): Com-
pound 2 was synthesized by a similar procedure to that described for
compound 1. M.p. >268.0 8C (decomp.); 1H NMR (400 MHz, [D1]CHCl3/
[D6]DMSO): d=9.50 (s, 1H), 8.14 (s, 1 H), 8.01 (d, J =7.8 Hz, 2 H), 7.78
(d, J= 7.8 Hz, 2H), 7.53 (t, J =7.8 Hz, 2 H), 5.42 (br s, 2 H), 2.33 (m, 4H),
0.93 ppm (t, J =7.8 Hz, 6 H); FAB HRMS: m/z calcd for [M+H]+ :
392.18350; found: 392.18363.
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Synthesis and Structures of Cycloalkylidene-Bridged Cyclopentadienyl
Metallocene Catalysts: Effects of the Bridges of Ansa-Metallocene
Complexes on the Catalytic Activity for Ethylene Polymerization


Baiquan Wang,*[a] Bin Mu,[a] Xiaobin Deng,[a] Huiling Cui,[a] Shansheng Xu,[a]


Xiuzhong Zhou,[a] Fenglou Zou,[b] Yang Li,[b] Ling Yang,[c] Yufei Li,[c] and Youliang Hu[c]


Introduction


Metallocene catalysts have been one of the most actively in-
vestigated research topics for more than 20 years.[1–3] Studies
of various ring-bridged cyclopentadienyl and indenyl metal-
locene complexes have demonstrated that the activity and
the stereoselectivity of olefin polymerization reactions can
be significantly affected by slight structural variations of the
bridging groups and ring substituents in metallocene cata-
lysts.[3] The Latin prefix ansa (to denote the presence of an


interannular bridge in metallocene complexes) was intro-
duced by Brintzinger, who pioneered the design and synthe-
sis of these complexes.[4] Since Kaminsky and Brintzinger re-
ported that the C2-symmetric ansa-zirconocene complex,
racemic [C2H4(1-IndH4)2ZrCl2] (IndH4 = tetrahydroinden-
yl) activated with methyl aluminoxane (MAO) produced
highly isotactic polypropylene,[5] many Group 4 ansa-metal-
locene complexes have been developed and applied as
olefin polymerization catalysts.[2,6] Shapiro concluded that
the functions of the ansa bridge in metallocene complex
chemistry [7] include: a) fixing the symmetry of the metallo-
cene complex by preventing free rotation of the rings; b)
controlling the stereochemistry of metallocene complex for-
mation by directing the orientation of the rings upon metal-
lation; c) influencing the reactivity of the metal by enforcing
a bent-sandwich geometry between the rings; d) increasing
the electrophilicity of the metal and increasing the access of
substances to the equatorial wedge of the complex by in-
creasing the tilt of the rings on the metal; and e) providing
a reactive site at which ring-opening polymerization chemis-
try, ligand substitution, reversible bridge formation, and re-
versible metal ion bonding can occur.


In recent years, a number of ansa-metallocene complexes
have also been synthesized and applied to olefin polymeri-
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Abstract: A series of cycloalkylidene-
bridged cyclopentadienyl metallocene
complexes, [(CH2)nC(C5H4)2MCl2]
(M = Ti, n = 4 (4), 5 (5), 6 (6); M = Zr,
n = 4 (7), 5 (8), 6 (9); M = Hf, n = 4
(10), 5 (11), 6 (12)), have been synthe-
sized and applied to ethylene polymeri-
zation after activation with methyl alu-
minoxane (MAO). The cycloalkyli-
dene-bridged titanocene catalysts ex-
hibit much higher activities than the
corresponding zirconocene and hafno-


cene analogues, and have the highest
activities at higher temperatures. In
comparison, the silacyclopentylidene-
bridged metallocene complexes
[(CH2)4Si(C5H4)2MCl2] (M = Ti (13),
Zr (14)) and isopropylene-bridged met-
allocene complexes [Me2C(C5H4)2MCl2]


(M = Ti (15), Zr (16)) have also been
synthesized and applied to ethylene
polymerization. In both cases, the tita-
nocene complexes show much higher
activities than the corresponding zirco-
nocene analogues, especially at a lower
temperature. The molecular structures
of complexes 4–9 have been deter-
mined by X-ray diffraction. The struc-
ture–activity relationships, especially
the effects of the bridges of ansa-metal-
locene complexes, are discussed.
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zation by our group.[8,9] We have reported that the cycloal-
kylidene-bridged titanocenes show much higher activities
than zirconocenes and hafnocenes for ethylene polymeriza-
tion.[9] This is very different from the general recognition
that zirconocene catalysts exhibit higher activities than tita-
nocenes and hafnocenes in olefin polymerization.[2,3, 8] To
study further the structural factors affecting the catalytic ac-
tivities, we now report the synthesis and structures of a
series of cycloalkylidene-bridged cyclopentadienyl Group 4
metallocene complexes [(CH2)nC(C5H4)2MCl2] (M = Ti, n
= 4 (4), 5 (5), 6 (6); M = Zr, n = 4 (7), 5 (8), 6 (9); M =


Hf, n = 4 (10), 5 (11), 6 (12)). To focus on the effects of the
bridges of ansa-metallocene complexes on the catalytic ac-
tivity for ethylene polymerization, the silacyclopentylidene-
bridged metallocene complexes [(CH2)4Si(C5H4)2MCl2]
(M = Ti (13), Zr (14)), and isopropylene-bridged metallo-
cene complexes [Me2C(C5H4)2MCl2] (M = Ti (15), Zr (16))
have also been synthesized and applied to ethylene polymer-
ization. In all cases, the titanocene complexes show much
higher activities than the corresponding zirconocene ana-
logues, especially at a lower temperature. The structure–ac-
tivity relationships, especially the effects of the bridges of
ansa-metallocene complexes, are discussed.


Results and Discussion


Synthesis of complexes (CH2)nC(C5H4)2MCl2 (4–12): Cyclo-
alkylidene-bridged biscyclopentadiene (1,1-biscyclopentadie-
nylcycloalkane) ligands 1 and 2 were synthesized by reaction
of cyclopentadiene with cyclopentanone and cyclohexanone
in NaOH–THF according to literature methods,[10] and 3 was
synthesized from cyclopentadiene and cycloheptanone simi-
larly. Ligands 1–3 were treated with nBuLi and then reacted
with MCl4·2 THF to give the cycloalkylidene-bridged metal-
locene complexes [(CH2)nC(C5H4)2MCl2] (4–12) (Scheme 1).


Synthesis of complexes [(CH2)4Si(C5H4)2MCl2] (13, 14): To
study the effects of the bridges of ansa-metallocene com-
plexes further, the silacyclopentylidene-bridged metallocene
complexes 13 and 14 were synthesized for comparison. Cy-
clotetramethylenedichlorosilane, (CH2)4SiCl2, reacted with
cyclopentadienyllithium to give the 1,1-biscyclopentadienyl-


1-silacyclopentane ligand (CH2)4Si(C5H5)2, which, without
separation, further reacted with nBuLi and TiCl4·2 THF or
ZrCl4·2 THF to yield complexes 13 and 14 (Scheme 2).


The 1H NMR spectra of complexes 4–14 are consistent
with their composition and structures. The a-H and b-H of
(h5-C5H4) show two multiplets resulting from an A2B2 or
AA’BB’ splitting pattern for these complexes. For the cyclo-
alkylidene bridged complexes, the chemical shift difference
(Dd) between the two multiplets decreases (Ti>Zr�Hf)
with an increase in the atomic radius of the metal (Ti<Zr�
Hf). When the cycloalkylidene bridges were replaced by a
1,1-silacyclopentylidene bridge, the chemical shift differen-
ces between the two multiplets decrease clearly for the tita-
nium complex 13 but increase slightly for the zirconium
complex 14 (Table 1).


Abstract in Chinese:


Scheme 1. Synthesis of complexes [(CH2)nC(C5H4)2MCl2].


Scheme 2. Synthesis of complexes [(CH2)4Si(C5H4)2MCl2].


Table 1. 1H NMR spectra data for complexes 4–14.


Complex d(C5H4) (Dd)


4 6.95 (m, 4H), 5.62 (m, 4H) 1.33
5 6.96 (m, 4H), 5.63 (m, 4H) 1.33
6 6.95 (m, 4H), 5.62 (m, 4H) 1.33
7 6.64 (m, 4H), 5.71 (m, 4H) 0.93
8 6.56 (m, 4H), 5.69 (m, 4H) 0.87
9 6.65 (m, 4H), 5.76 (m, 4H) 0.89
10 6.55 (m, 4H), 5.64 (m, 4H) 0.91
11 6.65 (m, 4H), 5.76 (m, 4H) 0.89
12 6.56 (m, 4H), 5.69 (m, 4H) 0.87
13 7.10 (m, 4H), 5.96 (m, 4H) 1.14
14 6.96 (m, 4H), 5.98 (m, 4H) 0.98
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Molecular structures : The molecular structures of complexes
4–9 have been determined by X-ray diffraction and they are
depicted in Figures 1–6. Tables 2 and 3 present some select-
ed bond lengths and bond angles, respectively.


The cycloalkylidene-bridged metallocene complexes have
similar structures to the isopropylene-bridged metallocene


complexes [Me2C(C5H4)2MCl2],[11] but with significant distor-
tions of the geometry due to the introduction of the unsym-
metrical cycloalkylidene bridge. In these structures, the
bridging cyclopentyl moiety adopts a normal envelope con-
formation, the bridging cyclohexyl moiety a normal chair
conformation, and the bridging cycloheptyl moiety an ap-
proximate chair conformation. The C(Cp)-C(bridge)-C(Cp)
angles are 96.9(2), 96.6(2), 96.3(2), 99.8(5), 99.7(5), and
99.1(2)8 for complexes 4–9, respectively: that is, they are
smaller than those expected for tetrahedral carbon by about
138 for the titanocenes 4–6 and 108 for the zirconocenes 7–
9. The Cen-M-Cen angles (Cen denotes the centroid of cy-
clopentadienyl ring) are 121.1–121.48 for the titanocenes 4–6


and 116.3–116.68 for the zirconocenes 7–9, about 108 and
138 smaller than those of [Cp2TiCl2] (131.08)[12] and
[Cp2ZrCl2] (129.38),[13] indicating an opening of the wedge
formed by the two cyclopentadienyl ligands. This is accom-
panied by the larger Cl-M-Cl angles of 97.0–97.58 for the ti-
tanocenes 4–6 and 99.5–100.58 for the zirconocenes 7–9
compared to the corresponding values of 94.53(6)8 in
[Cp2TiCl2] and 97.1(2)8 in [Cp2ZrCl2]. The dihedral angles
aCp-Cp are 65.6, 65.7, 65.5, 71.2, 69.9, and 69.58 for com-
plexes 4–9, respectively, so they are significantly larger than
those in [Cp2TiCl2] (58.58) and in [Cp2ZrCl2] (53.58), but
slightly smaller than those in [Me2C(C5H4)2MCl2] (66.98 for
M = Ti, 71.48 for M = Zr). The average C�C bond lengths
in cyclopentadienyl rings are 1.407 � for the titanocenes 4–
6, slightly shorter than that in [Me2C(C5H4)2TiCl2] (1.414 �),
but much longer than that in [Cp2TiCl2] (1.370 �). The aver-
age C�C bond lengths of cyclopentadienyl rings are 1.423,
1.411, and 1.408 � for the zirconocenes 7–9, respectively,
comparable with that in [Me2C(C5H4)2ZrCl2] (1.411 �), but
much longer than that in [Cp2ZrCl2] (1.395 �). Similarly to


Figure 1. Molecular structure of complex 4 (ORTEP diagram; thermal el-
lipsoids are shown at the 30% level).


Figure 2. Molecular structure of complex 5 (ORTEP diagram; thermal el-
lipsoids are shown at the 30% level).
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the 1-methyl-4,4-piperidinylene-bridged zirconocene dichlor-
ides and cyclohexylidene-bridged cyclopentadienyl and in-
denyl titanocene [(CH2)5C(C5H4)(C9H6)TiCl2],[14] the distan-


ces from the metal to the ring carbon atoms are not equal.
The M�C distances at the opposite side of the complexes
are longer than those at the bridge position by 0.09, 0.10,
0.09, 0.14, 0.10, and 0.08 � for complexes 4–9, on average.


The C�C bond lengths of the bridging cyclopentylidene
and cyclohexylidene rings are between 1.51 and 1.55 �, the
normal range for C–C single bond lengths. However, there
are some C�C bonds at the ends of the bridging cyclohepty-
lidene rings in complexes 6 and 9 (C(14)�C(15) 1.465(7),
C(13)�C(14) 1.497(6), C(12)�C(13) 1.501(6) � for 6, and
C(5)�C(6) 1.474(10), C(4)�C(5) 1.498(11) � for 9) that are
significantly shorter than the others (1.529–1.552 � for 6
and 1.513–1.544 � for 9), indicating that there are stronger
nonbonding interactions between the bulky bridging cyclo-
heptylidene ring and cyclopentadienyl groups. The nonbond-
ing interactions may compress two cyclopentadienyl rings to
form a slightly smaller aCp-Cp angle and strengthen the
M�Cp bonds. The average M�C(Cp) bond lengths are


Figure 3. Molecular structure of complex 6 (ORTEP diagram; thermal el-
lipsoids are shown at the 30% level).


Figure 4. Molecular structure of complex 7 (ORTEP diagram; thermal el-
lipsoids are shown at the 30% level).


Figure 5. Molecular structure of complex 8 (ORTEP diagram; thermal el-
lipsoids are shown at the 30% level).


Figure 6. Molecular structure of complex 9 (ORTEP diagram; thermal el-
lipsoids are shown at the 30% level).
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2.383, 2.374, 2.368, 2.507, 2.499,
and 2.485 � for complexes 4–9,
respectively, decreasing with an
increase in the cycloalkylidene
ring size. In comparison with
the corresponding
[Me2C(C5H4)2MCl2] (av Ti�
C(Cp) 2.381 �; Zr�C(Cp)
2.498 �) and [Me2Si(C5H4)2MCl2] (av Ti�C(Cp) 2.394 �;
Zr�C(Cp) 2.500 �),[15] introduction of cycloalkylidene
bridges, especially introduction of a bulky cycloheptylidene
bridge, significantly strengthens the M�Cp bonds, due to the
larger nonbonding interactions between the cycloheptyli-
dene ring and cyclopentadienyl groups. The average M�Cen


distances are 2.051, 2.052, 2.043, 2.191, 2.192, and 2.178 �
for complexes 4–9, respectively, which are consistent with
the trend in M�C(Cp) bond lengths.


The other distinct structural alteration introduced by cy-
cloalkylidene bridges is the nonequivalent coordination of
two cyclopentadienyl groups. The differences in M�Cl
bonds are 0.008, 0.003, 0.012, 0.008, 0.005, and 0.008 � for
complexes 4–9, respectively. The differences in average M�
C(Cp) bond lengths for two cyclopentadienyl rings are
0.037, 0.016, 0.011, 0.010, 0.017, and 0.012 � for complexes
4–9, respectively, decreasing with an increase in the cycloal-
kylidene ring size for titanocenes. This indicates that the in-
troduction of cycloalkylidene bridges causes more significant
effects on the structures of titanocenes than on those of zir-
conocenes, because the atomic radius of titanium is smaller
than that of zirconium. The differences in average M�Cen
distances for the two cyclopentadienyl rings are 0.021, 0.019,
0.012, 0.012, 0.015, and 0.013 � for 4–9, respectively, consis-
tent with the trend in M�C(Cp) distances.


Ethylene polymerization : The results of ethylene polymeri-
zation obtained with complexes 4–16 activated by MAO
(Tables 4–6) show that the cycloalkylidene-bridged cyclo-


pentadienyl Group 4 metallocene complexes 4–12 exhibit di-
verse activities for ethylene polymerization (Table 4). Simi-
larly to many analogues,[2,3] the zirconocenes show higher
activities than the hafnocenes. However, the activities (up to
3.74 � 107 (g PE) (mmol Ti)�1 h�1) of the cycloalkylidene-
bridged cyclopentadienyl titanocenes 4–6 are an order of


Table 2. Selected bond lengths [�] and angles [8] for
(CH2)nC(C5H4)2TiCl2 (n = 4, 5, 6).


n = 4 (4) n = 5 (5) n = 6 (6)


Ti�Cl(1) 2.3464(11) 2.3469(13) 2.3415(15)
Ti�Cl(2) 2.3380(11) 2.3439(12) 2.3538(15)
Ti�C(1) 2.337(3) 2.336(3) 2.333(4)
Ti�C(2) 2.350(3) 2.353(3) 2.326(4)
Ti�C(3) 2.442(3) 2.454(3) 2.429(4)
Ti�C(4) 2.439(3) 2.432(3) 2.430(4)
Ti�C(5) 2.345(3) 2.336(3) 2.345(4)
Ti�C(6) 2.329(3) 2.334(3) 2.327(4)
Ti�C(7) 2.334(3) 2.342(3) 2.331(4)
Ti�C(8) 2.412(3) 2.411(4) 2.413(4)
Ti�C(9) 2.409(3) 2.409(4) 2.412(4)
Ti�C(10) 2.338(3) 2.333(3) 2.325(4)
C(1)�C(2) 1.416(4) 1.407(4) 1.423(6)
C(2)�C(3) 1.412(4) 1.418(4) 1.400(5)
C(3)�C(4) 1.379(4) 1.381(4) 1.377(5)
C(4)�C(5) 1.416(4) 1.409(4) 1.425(6)
C(1)�C(5) 1.414(4) 1.421(4) 1.412(5)
C(6)�C(7) 1.408(4) 1.409(4) 1.423(6)
C(7)�C(8) 1.407(4) 1.420(5) 1.409(6)
C(8)�C(9) 1.387(5) 1.378(5) 1.389(6)
C(9)�C(10) 1.410(5) 1.400(5) 1.391(6)
C(6)�C(10) 1.420(4) 1.421(4) 1.414(5)
C(1)�C(11) 1.534(4) 1.534(4) 1.517(5)
C(6)�C(11) 1.520(4) 1.525(4) 1.530(5)
C(11)�C(12) 1.534(4) 1.542(4) 1.552(5)
C(11)�C(11+n) 1.532(4) 1.529(4) 1.550(5)
C(12)�C(13) 1.519(4) 1.518(5) 1.501(6)
C(13)�C(14) 1.525(5) 1.520(5) 1.497(6)
C(14)�C(15) 1.527(4) 1.522(5) 1.465(7)
C(15)�C(16) – 1.517(5) 1.540(7)
C(16)�C(17) – – 1.529(5)
M�Cen[a] 2.061 2.061 2.049


2.040 2.042 2.037
C(1)�C(6) 2.286 2.284 2.275


Cl-Ti-Cl 96.98(3) 97.41(4) 97.54(5)
Cen-Ti-Cen 121.1 121.1 121.4
C(1)-C(11)-C(6) 96.9(2) 96.6(2) 96.6(3)
C(12)-C(11)-C(11+n) 102.2(2) 108.6(2) 109.9(3)
C(1)-C(11)-(12) 113.5(2) 112.2(2) 114.1(3)
C(1)-C(11)-C(11+n) 112.6(2) 112.9(2) 113.6(3)
C(6)-C(11)-(12) 115.5(2) 113.0(2) 111.5(3)
C(6)-C(11)-C(11+n) 116.7(2) 113.3(3) 110.5(3)
aCp-Cp[b] 65.6 65.7 65.6


[a] Cen denotes the centroid of the cyclopentadiene ring. [b] aCp–Cp
means the dihedral angles between two Cp planes.


Table 3. Selected bond lengths [�] and angles [8] for
(CH2)nC(C5H4)2ZrCl2 (n = 4, 5, 6).


n = 4 (7) n = 5 (8) n = 6 (9)


Zr�Cl(1) 2.436(2) 2.442(2) 2.441(1)
Zr�Cl(2) 2.429(2) 2.447(3) 2.433(1)
Zr�C(Cp) 2.442–2.589 2.455–2.572 2.446–2.539
C(Cp)�C(Cp) 1.36–1.46 1.397–1.427 1.369–1.422
C(bridge)�C(Cp) 1.50(2) 1.533(9) 1.537 (4)


1.55(2) 1.540(9) 1.530 (5)
C�C(cycloalkylidene) 1.51–1.55 1.515–1.550 1.474–1.544
M�Cen 2.197 2.199 2.171


2.185 2.184 2.184
C�C(bridgehead) 2.333 2.349 2.334


Cl-Zr-Cl 100.51(7) 99.48(7) 100.0(1)
Cen-Zr-Cen 116.6 116.4 116.3
C(Cp)-C(bridge)-C(Cp) 99.8(5) 99.7(5) 99.1(2)
aCp-Cp 71.2 69.9 69.5


Table 4. Ethylene polymerization with 4–12/MAO catalyst systems. Polymerization conditions: Al/M =


2500:1, temperature = 60 8C, monomer pressure = 1 atm, in 100 mL toluene. For 4–6 : catalyst concentration
= 3.0� 10�6


m, time = 15 min; for 7–12 : catalyst concentration = 1.0� 10�5
m, time = 30 min.


Catalyst 4 5 6 7 8 9 10 11 12


A[a] 27.0 37.4 19.5 0.46 1.00 1.40 0.03 0.02 0.30


[a] A: Activity in (kg PE) (mmol m)�1 h�1.
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magnitude higher than those of the corresponding zircono-
cenes and hafnocenes.


From Table 5, the temperature at which the activity of the
titanocenes is highest increases with an increase in the cyclo-
alkylidene bridge size (4, 60 8C; 5, 60 8C; 4, 70 8C), indicating


that the thermal stability of titanocene catalysts increases
with increasing length of the cycloalkylidene bridge. The
weight-average molecular weights are close to 106 at a low
temperature (30 8C) and decrease with increasing tempera-
ture. The GPC curves of the polyethylene obtained ap-
peared unimodal, and the molecular weight distribution
(MWD; Mw/Mn) values are close to 2 (2.07, 2.17, and 2.03
for 4, 5, and 6) at a higher temperature (70 8C), indicating
that they belong to single-site catalyst systems.


The silacyclopentylidene- and isopropylene-bridged met-
allocene complexes 13–16 gave similar results (Table 6). The
titanocenes 13 and 15 showed much higher activities than
the corresponding zirconocenes, especially at the lower tem-
perature. The activity of the silacyclopentylidene-bridged ti-
tanocene 13 decreased sharply with increasing temperature,
indicating its poor thermal stability. The molecular weights
of the polyethylene produced by the titanocenes 13 and 15
were also much higher than that by the zirconocenes 14 and
16. The MWDs were broader, especially for the isopropy-
lene-bridged zirconocene 16, which reached 14–17. The
GPC curves of the polyethylene obtained appeared general-
ly bimodal or trimodal, indicating decomposition of the cat-
alysts during polymerization.


Structure–activity relationships : It is now generally recog-
nized that zirconocene catalysts are much more active than
titanocenes and hafnocenes in olefin polymerization.[2,3] The
generally low activity of Ti can be attributed to its tendency
to be reduced or to exhibit poor thermal stability,[2c,16] while
the low activity of Hf complexes has been attributed to the


greater strength of the Hf�C bond compared to the Zr�C
bond[2c] or to kinetic reasons (slow olefin coordination and
insertion step).[2b] However, at a low temperature the titano-
cenes usually show higher activities than the zirconocenes
for polymerization of ethylene and even of propylene.[17,18]


A stereorigid bridged metallocene cation usually has closely
equivalent metal–centroid bond lengths and angles, as does
its neutral precursor[19] , and thus the latter structure may be
relied on as a model for the former, and for interpretation
of the polymerization results. To explain our polymerization
results and find the structure–activity relationships, especial-
ly the effects of the bridges of ansa-metallocene complexes,
the relevant geometrical parameters of unbridged metallo-
cene complexes [Cp2MCl2], dimethylsilylene-bridged metal-
locene complexes [(Me2Si)(C5H4)2MCl2], and isopropylene-
bridged metallocene complexes [(Me2C)(C5H4)2MCl2] (M =


Ti, Zr) are compared in Scheme 3 and Table 7. The incorpo-
ration of a bridging unit in the metallocene dichloride has
geometrical consequences that depend on the number and
nature of atoms in the bridge. For the purpose of discussion,
only systems that contained a single-atom bridging unit and
no other ring substituents were chosen for comparison.


For the zirconocenes, after introduction of a bridge the
Zr�Cen distances decrease slightly with the bridge shorten-
ing (2.203, 2.197, and 2.192 � for [Cp2ZrCl2], [Me2-


Si(C5H4)2ZrCl2], and [Me2C(C5H4)2ZrCl2], respectively), but
the effects are small because of the larger atomic radius of
zirconium. However, introduction of a bridge has significant
effects on the other geometrical parameters of ansa-metallo-
cene complexes. Introduction of a dimethylsilylene bridge
shortens the Cen�Cen distance (3.905 � versus 3.982 �), in-
creases the dihedral angle aCp-Cp (56.88 versus 53.58), de-


Table 5. Ethylene polymerization with cycloalkylidene-bridged titano-
cenes 4–6/MAO catalyst systems at various temperatures. Polymerization
conditions: Al/M = 2500:1, monomer pressure = 1 atm, in 100 mL tolu-
ene, catalyst concentration = 3.0 � 10�6


m, time = 15 min.


Catalyst Tp
[a][8C] Yield


[g]
Activity [(kg
PE) (mmol Ti)�1 h�1]


104 � Mw


[g mol–1][b]
Mw/
Mn


4 30 0.65 8.70 97.4 2.71
40 0.68 9.10 64.6 2.33
50 0.93 12.3 64.2 2.35
60 2.02 27.0 37.1 1.98
70 1.12 15.0 32.4 2.07


5 30 0.87 11.6 67.0 4.03
40 0.37 4.95 40.5 4.97
50 0.34 4.48 32.6 3.90
60 2.80 37.4 29.6 2.29
70 0.90 11.9 23.5 2.17


6 30 0.72 9.62 85.8 2.74
40 0.72 9.65 45.5 2.77
50 1.42 18.9 35.0 3.03
60 1.46 19.5 27.8 2.26
70 1.75 23.3 21.7 2.03


[a] Polymerization temperature. [b] Determined by GPC.


Table 6. Ethylene polymerization with 13~16/MAO catalyst systems. Pol-
ymerization conditions: Al M�1 = 2500, temperature = 60 8C, monomer
pressure = 1 atm, in 100 mL toluene. For 13 and 15 : catalyst concentra-
tion = 3.0 � 10�6


m, time = 15 min; for 14 and 16 : catalyst concentration
= 1.0� 10�5


m, time = 30 min.


Catalyst Tp
[a][8C] Yield


[g]
Activity [(kg PE)
(mmol Ti)�1 h�1]


104 � Mw


[gmol�1][b]
Mw/Mn


13 30 1.040 13.9 70.1 2.24
40 0.975 13.0 54.2 2.16
50 0.809 10.8 29.4 2.63
60 0.309 4.12 19.6 2.56
70 0.037 0.49


14 30 0.298 0.60 22.9 5.18
40 0.493 0.99 13.8 4.19
50 0.454 0.91 6.41 3.56
60 0.381 0.76 2.59 2.75


15 30 1.083 14.4 74.0 6.68
40 1.350 18.0 57.5 2.55
50 1.944 25.9 47.8 2.75
60 0.751 10.0 36.6 4.26
70 0.342 4.56 23.3 5.09


16 30 0.083 0.166 25.4 17.09
40 0.065 0.130 16.1 15.93
50 0.054 0.108 10.5 14.83
60 0.038 0.076


[a] Polymerization temperature. [b] Determined by GPC.
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creases aCen-Zr-Cen (125.48 versus 129.38), and increases
the D value (1.008 � versus 0.933 �; see Table 7). This in-
creases the reaction space of the metal centers and the cata-


lytic activity for ethylene poly-
merization. Introduction of a
short isopropylene bridge
makes the Cen�Cen distance
much shorter (3.730 �), in-
creases the dihedral angle
aCp-Cp further to 71.48, de-
creases aCen-Zr-Cen further
to 116.68, and increases the D
value to 1.152 �. The metal
atom moves out much further
than in the unbridged and di-
methylsilylene-bridged ana-
logues. Although the reaction
space of the metal center is fur-
ther increased, this makes the
stability of the isopropylene-
bridged zirconocene decrease
significantly. This has been fur-
ther confirmed by the broader
MWD values (14–17) and the
bimodal or trimodal GPC
curves of the polyethylene pro-
duced by the isopropylene-


bridged zirconocene 16. The view that the dimensions of the
short carbon-atom bridge do not match the coordination re-
quirement of the large zirconium atom can also explain why


Scheme 3. Comparison of relevant geometrical parameters of selected metallocene complexes.


Table 7. Relevant geometrical parameters [8 or �] of selected metallocene complexes.[a]


Complex f [8] C11�C21 [�] E�C [�] Cen�Cen [8] D [�] a [8] c [8] d [8] b [8] M�Cen [�] Ref.


[Cp2TiCl2] 3.747 0.853 131.0 85.3 58.5 2.059 12
[Me2Si(C5H4)2TiCl2] 89.5(1) 2.630 1.868(2) 3.741 0.898 128.7 19.2 90.1 51.2 2.075 14
[Me2C(C5H4)2TiCl2] 96.7(1) 2.276 1.523(2) 3.588 1.005 121.5 14.9 85.8 66.9 2.056 11
[(CH2)4C(C5H4)2TiCl2] 96.9(2) 2.286 1.534(4) 3.571 1.008 121.1 15.1 86.1 65.6 2.061 this work


1.520(4) 15.0 86.9 2.040
[(CH2)5C(C5H4)2TiCl2] 96.6(2) 2.284 1.534(4) 3.573 1.009 121.1 14.5 85.9 65.7 2.061 this work


1.525(4) 15.2 87.0 2.042
[(CH2)6C(C5H4)2TiCl2] 96.6(3) 2.275 1.517(5) 3.563 1.000 121.4 14.6 86.2 65.6 2.049 this work


1.530(5) 15.1 86.8 2.037
[(CH2)4Si(C5H4)2TiCl2]


[b] 90.7 1.863 3.736 0.889 129.1 18.6 87.9 55.7 2.069 18
[Cp2ZrCl2] 3.982 0.933 129.3 88.8 53.5 2.203 13
[Me2Si(C5H4)2ZrCl2] 93.2(2) 2.712 1.866(4) 3.905 1.008 125.4 18.2 88.9 56.8 2.197 14
[Me2C(C5H4)2ZrCl2] 99.8(2) 2.327 1.521(2) 3.730 1.152 116.6 14.2 86.0 71.4 2.192 11
[(CH2)4C(C5H4)2ZrCl2] 99.8(5) 2.333 1.50(2) 3.728 1.151 116.6 13.5 85.2 71.2 2.197 this work


1.55(2) 14.2 87.4 2.185
[(CH2)5C(C5H4)2ZrCl2] 99.7(5) 2.349 1.533(9) 3.725 1.155 116.4 14.6 86.5 69.9 2.199 this work


1.540(9) 14.5 87.1 2.184
[(CH2)6C(C5H4)2ZrCl2] 99.1(2) 2.334 1.537(4) 3.699 1.149 116.3 14.2 87.4 69.5 2.171 this work


1.530(5) 14.3 86.9 2.184
[(CH2)4Si(C5H4)2ZrCl2] 94.3(3) 1.878(7) 3.915 1.006 125.6 18.5 87.7 59.1 2.201 18


1.866(8)


[a] In the schematic representation of an ansa-metallocene molecule above,[20] f is the angle C(bridgehead)-E-C(bridgehead); d is the angle between the
M–Cen vector and the Cp plane; c is the angle between the E–C(bridgehead) vector and the Cp plane; b is the dihedral angle between the two Cp
planes; a is the angle Cen-M-Cen. [b] The average values are given, due to the existence of two independent molecules in the unit.
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the catalytic activities of other single carbon-atom bridged
zirconocenes are lower than those of single silicon-atom
bridged analogues for ethylene polymerization.[21]


For the titanocenes, after introduction of a dimethylsily-
lene bridge the Cen–Cen distance is nearly unchanged
(3.741 � versus 3.747 �), the aCen-Ti-Cen angle decreases
slightly (128.78 versus 131.08), and the D value increases
slightly (0.898 � versus 0.853 �), but the dihedral angle
aCp-Cp decreases from 58.58 to 51.28. The Ti�Cen distan-
ces increase more evidently than the unbridged titanocene
[Cp2TiCl2] (2.075 � versus 2.059 �), because the dimensions
of the large silicon-atom bridge do not match the coordina-
tion requirement of the small titanium atom. This means
that not only is the reaction space of the metal center not in-
creased, but the stability of the titanocene is also decreased
after being bridged with the dimethylsilylene group. Also,
the dimethylsilylene-bridged titanocenes show lower activity
for ethylene polymerization.[2,3, 8]


After introduction of an isopropylene bridge, the Ti�Cen
distances are nearly equal to those in the unbridged titano-
cene [Cp2TiCl2] (2.056 � versus 2.059 �), but much shorter
than those of the dimethylsilylene-bridged titanocene. This
indicates that the small bridging carbon atom and the small
titanium atom can be matched. Introduction of an isopropy-
lene bridge shortens the Cen�Cen distance (3.588 �), in-
creases the dihedral angle aCp-Cp to 66.98, decreases
aCen-Zr-Cen to 121.58, and increases the D value to
1.005 �. The reaction space of the metal centers is increased
significantly, but the stability of the isopropylene-bridged ti-
tanocene hardly decreases, due to the similar Ti�Cen distan-
ces (in comparison with [Cp2TiCl2]), smaller differences in
the dihedral angles and aCen-M-Cen (Db = 8.48, Da =


9.58, in comparison with [Cp2TiCl2]) than in the correspond-
ing zirconocene analogues (Db = 17.98, Da = 12.78, in
comparison with [Cp2ZrCl2]). So the isopropylene-bridged
titanocene 15 shows higher activity for ethylene polymeriza-
tion than even the corresponding zirconocene analogue 16.


Ethylidene(1-tetramethylcyclopentadienyl)(1-indenyl) di-
chlorozirconium/MAO has an ethylene polymerization ac-
tivity of about 104 (g PE) (mol Zr)�1 [C2H4]


�1 h�1), which is
four orders of magnitude lower than that of [Cp2ZrCl2]/
MAO[22] . The polyethylene produced has bimodal distribu-
tions, indicating two or more active species. The activity for
propylene polymerization is even lower (<104). In contrast,
the titanium analogue does polymerize propylene to high
molecular weight polymer. Analysis of the structure–cataly-
sis relationships further supported our views.


The cycloalkylidene-bridged titanocenes have similar geo-
metrical parameters to isopropylene-bridged titanocene 15.
However, the dihedral angles aCp-Cp are slightly de-
creased (65.6, 65.7, and 65.68 for 4–6, respectively, versus
66.98 for 15), but are still much larger than that of
[Cp2TiCl2]. The Cen�Cen distances (3.571, 3.573, and
3.563 � for 4–6 versus 3.588 � for 15) and the average M�
Cen distances (2.051, 2.052, and 2.043 � for 4–6, versus
2.056 � for 15) decrease with an increase in the bridging cy-
cloalkylidene ring size, due to the nonbonded interactions


between the cycloalkylidene bridges and cyclopentadienyl
groups. This greatly improves the stabilities of the cycloalky-
lidene-bridged titanocenes while retaining the large reaction
space of the metal center. This is consistent with the poly-
merization results. In particular, the cycloheptylidene-bridg-
ed titanocene 6 shows the highest activity at a higher tem-
perature (70 8C).


In an attempt to explain the polymerization results for si-
lacyclopentylidene-bridged metallocene complexes, Kim
et al.[18] recently reported the syntheses and structures of a
series of 1,1-silacycloalkylidene-bridged metallocene com-
plexes and found the 1,1-silacycloalkylidene-bridged titano-
cenes also exhibited remarkable activities in comparison
with the corresponding zirconocenes. The activities are also
higher than the acyclic dimethylsilylene-bridged analogue,
[Me2Si(C5H4)2TiCl2]. Their explanation was that the pres-
ence of silacycloalkylidene bridges increases the stabilities
of the titanocene complexes. This is consistent with our
viewpoint. By comparing the structural parameters, it can be
found that replacement of the dimethylsilylene bridge with
a silacyclopentylidene bridge causes different effects on the
titanocenes and zirconocenes. The dihedral angle increases
much more for the titanocene 13 (55.78 versus 51.28) than
for the zirconocene 14 (59.18 versus 56.88), indicating en-
largement of the reaction space of the metal center, espe-
cially for the titanocene. For the 1,1-silacyclopentylidene-
bridged titanocene, aCen-Ti-Cen also increases slightly
(129.18 versus 128.78), while the Ti�Cen distances (2.069
versus 2.075 �), the D value (0.889 versus 0.898 �), and the
Cen�Cen distance (3.736 versus 3.741 �) decrease slightly.
For the 1,1-silacyclopentylidene-bridged zirconocene, how-
ever, aCen-Zr-Cen (125.68 versus 125.48) and the D value
(1.006 versus 1.008 �) are nearly unchanged, whereas the
Zr�Cen distances (2.201 versus 2.197 �) and the Cen�Cen
distance (3.915 versus 3.905 �) decrease slightly. This indi-
cates that the presence of silacycloalkylidene bridges brings
the two Cp ligands closer together and increases the stabili-
ties of the titanocene complexes but has little effect on the
zirconocene complexes. Therefore the silacyclopentylidene-
bridged titanocene 13 shows higher activity at low tempera-
tures than the corresponding zirconocene analogue 14. How-
ever, because the dimensions of the large silicon-atom
bridge and the small titanium atom are unmatched, the tita-
nocene 13 still has a low thermal stability and the activity
for ethylene polymerization decreases sharply with increas-
ing temperature. At a higher temperature (70 8C) the activi-
ty is nearly comparable with that of the corresponding zirco-
nocene analogue 14.


Conclusion


A series of cycloalkylidene-bridged cyclopentadienyl metal-
locene complexes, [(CH2)nC(C5H4)2MCl2] (M = Ti, n = 4
(4), 5 (5), 6 (6); M = Zr, n = 4 (7), 5 (8), 6 (9); M = Hf, n
= 4 (10), 5 (11), 6 (12)), have been synthesized and applied
to ethylene polymerization. The cycloalkylidene-bridged ti-
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tanocene catalysts exhibit much higher activities than the
corresponding zirconocene and hafnocene analogues, and
have the highest activities at higher temperatures. In com-
parison, the 1,1-silacyclopentylidene-bridged metallocene
complexes [(CH2)4Si(C5H4)2MCl2] (M = Ti (13), Zr (14)),
and isopropylene-bridged metallocene complexes
[Me2C(C5H4)2MCl2] (M = Ti (15), Zr (16)) have also been
synthesized and applied to ethylene polymerization. In both
cases, the titanocene complexes exhibit much higher activi-
ties than the corresponding zirconocene analogues, especial-
ly at the lower temperature. The structure–activity relation-
ships study shows that the dimensions of the small carbon-
atom bridge match up well to the coordination requirement
of the small titanium atom, while the dimensions of the
large silicon-atom bridge match up well to the coordination
requirement of the large zirconium atom. Both of these
bridged complexes achieve the largest reaction space of the
metal center while retaining the stability of the metallocene
complexes, and show higher activities than the unbridged
and other bridged metallocene complexes. The introduction
of a cycloalkylidene or 1,1-silacyclopentylidene bridge, espe-
cially the bulky cycloheptylidene bridge, may increase the
stability of the ansa-titanocenes and increase their activity
for ethylene polymerization.


Experimental Section


General : All operations were carried out under an argon atmosphere
using standard Schlenk techniques. Toluene, hexane, and tetrahydrofuran
(THF) were purified by refluxing over a sodium/(C6H5)2CO system
under argon. Dichloromethane was distilled from P2O5. Polymerization
grade ethylene (Yanshan Petrochem. Co., China) was used without fur-
ther purification. 1H NMR spectra were recorded on a Bruker AC-P200
spectrometer. Mass spectra were measured on a VG7070E HF instru-
ment (EI, 70 eV; only important mass peaks are reported). Elemental
analyses were performed on a CHN Corder MF-3 analyzer.
(CH2)4C(C5H5)2 (1),[10] (CH2)5C(C5H5)2 (2),[10] [(Me2C)(C5H4)2TiCl2]
(15),[11] and [(Me2C)(C5H4)2ZrCl2] (16),[11] MCl4·2 THF (M = Ti, Zr,
Hf),[23] and (CH2)4SiCl2


[24] were prepared according to the literature
methods. MAO was prepared from Al2(SO4)3·18H2O and trimethylalumi-
num in the usual manner.[25]


Synthesis of (CH2)6C(C5H5)2 (3): The freshly distilled cyclopentadiene
(24 mL, 0.29 mol) was added to a suspension of NaOH powder (30 g) in
THF (60 mL). The mixture was stirred for 2 h. Cycloheptanone (17.0 mL,
0.145 mol) in THF (10 mL) was added dropwise and the mixture was stir-
red for 2 h. The resulting mixture was hydrolyzed and the organic layer
was separated, washed with water and dried (Na2SO4). The solvent was
removed in vacuo and the residue was distilled (b.p. 106–114 8C/
0.1 mmHg) to give 3 as yellow oil. Yield: 16.0 g (49.1 %); 1H NMR
(CDCl3, 25 8C, TMS): d = 1.54 (brs, 8H; CH2), 1.97–2.06 (m, 4 H; CH2),
2.75 (s), 2.95 (s) (total 4H; C5H5), 5.96–6.59 ppm (m, 6 H; C5H5).


Synthesis of [(CH2)4C(C5H4)2TiCl2] (4): A solution of nBuLi (6.65 mL,
14.56 mmol) in hexane at 0 8C was added to a solution of 1 (1.44 g,
7.28 mmol) in THF (20 mL). The mixture was stirred for 2 h at room
temperature. Then a solution of TiCl4·2 THF(2.22 g, 7.28 mmol) in THF
(15 mL) was added at 0 8C. After the mixture had been stirred for 8 h at
room temperature, the solvent was removed in vacuo. The residue was
extracted with CH2Cl2. Concentration and cooling of the CH2Cl2 solution
afforded 4 as black crystals. Yield: 1.2 g (52.4 %); m.p. 255 8C (decomp);
1H NMR (CDCl3, 25 8C, TMS): d = 6.95 (m, 4H; C5H4), 5.57 (m, 4H;
C5H4), 2.40–2.30 (m, 4H; CH2), 2.00–1.90 ppm (m, 4 H; CH2); EI-MS


(70 eV): m/z (%): 314 (62) [M+], 278 (100) [M+�HCl], 244 (22) [M+


�2Cl], 242 (70) [M+�2 HCl], 211 (15), 200 (18), 187 (11), 165 (15), 128
(19), 83 (29), 67 (28) [C5H7


+]; elemental analysis calcd (%) for
C15H16Cl2Ti (315.06): C 57.18, H 5.12; found: C 57.10, H 5.36.


Synthesis of [(CH2)5C(C5H4)2TiCl2] (5): Synthesis of 5 from 2, nBuLi,
and TiCl4·2THF was similar to that described for 4. Black crystals; yield:
1.0 g (37.9 %); m.p. 260 8C (decomp); 1H NMR (CDCl3, 25 8C, TMS): d =


6.96 (m, 4 H; C5H4), 5.63 (m, 4 H; C5H4), 2.30–2.20 (m, 4H; CH2), 1.90–
1.60 ppm (m, 6 H; CH2); EI-MS (70 eV): m/z (%): 328 (98) [M+], 292
(100) [M+�HCl], 256 (80) [M+�2 HCl], 224 (24), 211 (20), 200 (27), 187
(17), 165 (17), 128 (38), 118 (20, [TiCl2


+]), 81 (77) [C6H9
+]; elemental


analysis: calcd (%) for C16H18Cl2Ti (329.09): C 58.39, H 5.51; found: C
58.44, H 5.73.


Synthesis of [(CH2)6C(C5H4)2TiCl2] (6): Synthesis of 6 from 3, nBuLi,
and TiCl4·2THF was similar to that described for 4. Black crystals; yield:
1.0 g (36.5 %); m.p. 240 8C(decomp); 1H NMR (CDCl3, 25 8C, TMS): d =


6.95 (m, 4 H; C5H4), 5.62 (m, 4 H; C5H4), 2.42–2.3 2(m, 4H; CH2), 1.92–
1.67 ppm (m, 8 H; CH2); EI-MS (70 eV): m/z (%): 342 (47) [M+], 306
(71) [M+�HCl], 270 (55) [M+�2 HCl], 248 (22), 224 (27), 200 (29), 187
(21), 165 (23), 152 (33), 128 (41), 95 (78) [C7H11


+], 83 (63), 67 (30)
[C5H7


+], 41 (100) [C3H5
+]; elemental analysis calcd (%) for C17H20Cl2Ti


(343.12): C 59.51, H 5.87; found: C 59.42, H 5.63.


Synthesis of [(CH2)4C(C5H4)2ZrCl2] (7): Synthesis of 7 from 1, nBuLi,
and ZrCl4·2THF was similar to that described for 4. Yellow crystals;
yield: 0.53 g (18.5 %); m.p. 270 8C (decomp); 1H NMR (CDCl3, 25 8C,
TMS): d = 6.64 (m, 4H; C5H4), 5.71 (m, 4H; C5H4), 2.40–2.30 (m, 4 H;
CH2), 1.97–1.86 ppm (m, 4 H; CH2); EI-MS (70 eV): m/z (%): 356 (97)
[M+], 321 (26) [M+�Cl], 291 (40), 279 (47), 253 (42), 227 (42), 187 (19),
162 (33), 131 (100) [C5H4C5H7


+], 83 (77); elemental analysis calcd (%)
for C15H16Cl2Zr (358.42): C 50.26, H 4.50; found: C 50.29, H 4.51.


Synthesis of (CH2)5C(C5H4)2ZrCl2 (8): Synthesis of 8 from 2, nBuLi, and
ZrCl4·2 THF was similar to that described for 4. Yellow crystals; yield:
1.5 g (50.5 %); m.p. 272–274 8C; 1H NMR (CDCl3, 25 8C, TMS): d = 6.56
(m, 4H; C5H4), 5.69 (m, 4 H; C5H4), 2.33–2.22 (m, 4H; CH2), 1.80–1.64
(m, 4H; CH2), 1.63–1.52 pm (m, 2H; CH2); EI-MS (70 eV): m/z (%): 370
(100) [M+], 335 (31) [M+�Cl], 298 (47) [M+�2 HCl], 291 (35), 277 (59),
253 (39), 227 (43), 215 (21), 187 (20), 162 (41), 145 (19) [C5H4C6H9


+], 77
(20); elemental analysis calcd (%) for C16H18Cl2Zr (372.45): C 51.60, H
4.87; found: C 51.52, H 4.92.


Synthesis of [(CH2)6C(C5H4)2ZrCl2] (9): Synthesis of 9 from 3, nBuLi,
and ZrCl4·2THF was similar to that described for 4. Yellow crystals;
yield: 0.50 g (24.4 %); m.p. 241–242 8C; 1H NMR (CDCl3, 25 8C, TMS): d


= 6.65 (m, 4 H; C5H4), 5.76 (m, 4 H; C5H4), 2.45–2.35 (m, 4H; CH2),
1.92–1.68 ppm (m, 8 H; CH2); EI-MS (70 eV): m/z (%): 384 (35) [M+],
349 (10) [M+�Cl], 212 (12) [M+�2HCl], 291 (20), 277 (24), 253 (19),
227 (23), 162 (15), 83 (100), 41 (48); elemental analysis calcd (%) for
C17H20Cl2Zr (386.48): C 52.83, H 5.22; found: C 52.85, H 5.23.


Synthesis of [(CH2)4C(C5H4)2HfCl2] (10): Synthesis of 10 from 1, nBuLi,
and HfCl4·2 THF was similar to that described for 4. White crystals;
yield: 0.65 g (18.2 %); m.p. 228 8C (decomp); 1H NMR (CDCl3, 25 8C,
TMS): d = 6.55 (m, 4H; C5H4), 5.64 (m, 4H; C5H4), 2.43–2.31 (m, 4 H;
CH2), 1.99–1.87 ppm (m, 4 H; CH2); EI-MS (70 eV): m/z (%): 446 (69)
[M+], 410 (11) [M+�HCl], 381 (19), 367 (24), 353 (16), 315 (33), 250
(21), 165 (19), 155 (20), 131 (98) [C5H4C5H7


+], 115 (39) [C5H4C4H3
+], 67


(31) [C5H7
+], 41 (100) [C3H5


+]; elemental analysis calcd (%) for
C15H16Cl2Hf (445.69): C 40.42, H 3.62; found: C 40.44, H 3.91.


Synthesis of [(CH2)5C(C5H4)2HfCl2] (11): Synthesis of 11 from 2, nBuLi,
and HfCl4·2 THF was similar to that described for 4. White crystals;
yield: 0.55 g (15.0 %); m.p. 238 8C (decomp); 1H NMR (CDCl3, 25 8C,
TMS): d = 6.65 (m, 4H; C5H4), 5.76 (m, 4H; C5H4), 2.32–2.20 (m, 4 H;
CH2), 1.82–1.66 (m, 4 H; CH2), 1.66–1.53 ppm (m, 2H; CH2); EI-MS
(70 eV): m/z (%): 460 (21) [M+], 424 (6) [M+�HCl], 355 (9), 339 (9),
315 (13), 288 (10), 115 (17) [C5H4C4H3


+], 77 (18), 67 (18) [C5H7
+], 41


(100) [C3H5
+]; elemental analysis calcd (%) for C16H18Cl2Hf (459.71): C


41.80, H 3.95; found: C 41.89, H 4.13.


Synthesis of [(CH2)6C(C5H4)2HfCl2] (12): Synthesis of 12 from 3, nBuLi,
and HfCl4·2THF was similar to that described for 4. Light green crystals;
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yield: 0.91 g (24.0 %); m.p. 229 8C (dec.); 1H NMR (CDCl3, 25 8C, TMS):
d = 6.56 (m, 4 H; C5H4), 5.69 (m, 4H; C5H4), 2.52–2.33 (m, 4H; CH2),
1.90–1.62 ppm (m, 8 H; CH2); EI-MS (70 eV): m/z (%): 474 (9) [M+],
438 (4) [M+�HCl], 391 (5), 381 (6), 367 (7), 354 (5), 341 (10), 115 (19)
[C5H4C4H3


+], 91 (26), 77 (21), 55 (39), 41 (100) [C3H5
+]; elemental anal-


ysis calcd (%) for C17H20Cl2Hf (473.74): C 43.10, H 4.26; found: C 43.06,
H 4.34.


Synthesis of [(CH2)4Si(C5H4)2TiCl2] (13): A solution of nBuLi (4.60 mL,
10.6 mmol in hexane ) at 0 8C was added to a solution of freshly distilled
cyclopentadiene (0.88 mL, 10.6 mmol) in THF (30 mL). The mixture was
stirred for 0.5 h at room temperature and then cooled to 0 8C,
(CH2)4SiCl2 (0.07 mL, 5.3 mmol) was added. The mixture was stirred for
3 h at room temperature and then cooled to 0 8C again; another portion
of nBuLi in hexane solution (4.60 mL, 10.6 mmol) was added. The mix-
ture was stirred for 6 h at room temperature. A solution of
TiCl4·2 THF(1.77 g, 5.3 mmol) in THF (20 mL) was added to the mixture,
which was then stirred for 10 h at room temperature. The solvent was re-
moved in vacuo and the residue was extracted with CH2Cl2. Concentra-
tion and cooling of the CH2Cl2 solution afforded 13 as black crystals.
Yield: 50 mg (3 %); m.p. 198 8C (decomp); 1H NMR (CDCl3, 25 8C): d =


7.21 (m, 4 H; C5H4), 5.96 (m, 4H; C5H4), 1.91 (m, 4 H; SiCH2), 1.25 ppm
(m, 4H; CH2); EI-MS (70 eV): m/z (%): 330 (32) [M+], 295 (11) [M+


�Cl], 294 (11) [M+�HCl], 258 (16) [M+�2 HCl], 211 (7) [M+


�Cl�(CH2)4Si], 176 (100) [M+�2 Cl�(CH2)4Si], 150 (17), 93 (18), 83
(26); elemental analysis calcd (%) for C14H16Cl2SiTi (331.14): C 50.78, H
4.87; found: C 50.45, H 4.84.


Synthesis of [(CH2)4Si(C5H4)2ZrCl2] (14): Synthesis of 14 from cyclopen-
tadiene, nBuLi, (CH2)4SiCl2, and ZrCl4·2 THF was similar to that de-
scribed for 13. Yellow powder; yield: 0.3 g (15.1 %); m.p. 236 8C
(decomp); 1H NMR (CDCl3, 25 8C): d = 6.96 (m, 4H; C5H4), 5.98 (m,
4H; C5H4), 1.90 (m, 4 H; SiCH2), 1.26 ppm (m, 4 H; CH2); EI-MS
(70 eV): m/z (%): 374 (100) [M++2], 372 (93) [M+], 336 (41) [M+


�HCl], 253 (69) [M+�Cl�(CH2)4Si], 218 (72) [M+�2 Cl�(CH2)4Si]), 93
(85); elemental analysis calcd (%) for C14H16Cl2SiZr (374.50): C 44.91, H
4.31; found: C 44.47, H 4.38.


Ethylene polymerization : Polymerizations were carried out in a 250-mL
glass reactor with a magnetic stirring bar at about 780 mmHg. Toluene
(100 mL) was introduced into the reactor, the temperature was raised to
the polymerization temperature, then the toluene was saturated with eth-
ylene. A prescribed amount of MAO and a given metallocene complex
dissolved in toluene were injected into the reactor, then the polymeriza-
tion was started. It was stopped by adding methanolic hydrochloric acid
solution (100 mL). The polymer product was washed with ethanol and
dried in vacuo at 60 8C. Number- and weight-average molecular weights
were obtained with a Waters 150C GPC instrument. The columns were
calibrated with polyethylene standards.


X-ray crystallography : Crystals of 4–9 suitable for single-crystal X-ray
analysis were obtained from CH2Cl2/hexane solution. Data collection was
performed on a Bruker Smart 1000 (4, 5, 6, 8) or an Enraf-Nonius CAD-
4 (7, 9) diffractometer using graphite-monochromated MoKa radiation
and w-2q scan. Empirical absorption corrections using the DIFBAS were
applied for 7 and 9, while semi-empirical absorption corrections were ap-
plied for 4, 5, 6, and 8. The structures were solved by direct methods and
refined by full-matrix least-squares. For all calculations the SDP-PLUS,
SHELXL-97, or Siemens SHELXTL-PC program system was used.
Table 8 contains the crystal data and a summary of X-ray data collection
details.


CCDC-212943 (4), CCDC-212944 (5), CCDC-212945 (6), CCDC-212946
(7), CCDC-212947 (8), and CCDC-212948 (9) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Table 8. Crystal data and summary of X-ray data collection


4 5 6 7 8 9


formula C15H16Cl2Ti C16H18Cl2Ti C17H20Cl2Ti C15H16Cl2Zr C16H18Cl2Zr C17H20Cl2Zr
Mw [g mol–1] 315.08 329.10 343.13 358.42 372.42 386.47
T [K] 293(2) 293(2) 293(2) 299(1) 293(2) 299(1)
crystal system triclinic monoclinic triclinic triclinic monoclinic triclinic
space group P1̄ P21/c P1̄ P1̄ P21/c P1̄
l [�] 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
a [�] 7.262(2) 7.553(3) 7.535(3) 8.271(3) 7.606(5) 7.622(2)
b [�] 8.122(3) 24.462(9) 8.392(3) 8.387(2) 25.187(17) 8.471(2)
c [�] 12.651(4) 8.225(3) 13.243(5) 11.018(2) 8.364(6) 13.468(3)
a [8] 78.910(5) 90 91.536(7) 70.15(2) 90 91.11(3)
b [8] 73.362(5) 107.981(6) 103.090(6) 75.69(2) 108.412(9) 103.56(3)
c [8] 72.733(5) 90 109.796(6) 81.64(2) 90 109.59(3)
V [�3] 678.0(4) 1445.4(9) 762.5(5) 695.0(1) 1520.4(18) 791.8(4)
Z 2 4 2 2 4 2
Dcalcd [g cm�3] 1.543 1.512 1.495 1.713 1.627 1.621
m [mm�1] 1.003 0.944 0.898 1.1453 1.058 1.0113
F(000) 324 680 356 360 752 392
crystal size [mm3] 0.30 � 0.25 � 0.20 0.30 � 0.25 � 0.20 0.30 � 0.25 � 0.20 0.30 � 0.35 � 0.40 0.35 � 0.30 � 0.10 0.30 � 0.30 � 0.50
2qmax [8] 50.06 50.06 50.04 50 50.04 50
measured reflections 2837 5880 3176 2120 6104 2894
unique reflections 2387 2538 2670 1937 2668 2731
observed reflections 2387 2538 2670 1792 2668 2565
[I>2s(I)] [I�3s(I)] [I�3s(I)]
parameters 163 172 181 163 172 181
goodness-of-fit on F2 1.007 1.117 1.051 1.23 (on F) 1.010 1.49 (on F)
R1, wR2 [I>2s(I)] 0.0370, 0.0925 0.0435, 0.0887 0.0458, 0.1128 0.087, 0.086 0.0614, 0.1471 0.045, 0.052
R1, wR2 (all data) 0.0495, 0.0979 0.0673, 0.0953 0.0713, 0.1301 [I�3s(I)] 0.0821, 0.1653 [I�3s(I)]
D1 [e ��3] 0.410/�0.362 0.364/�0.340 0.697/�0.359 1.53/�1.02 0.725/�1.155 0.95/�1.22
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Antioxidative Effects of Flavonols and Their Glycosides against the Free-
Radical-Induced Peroxidation of Linoleic Acid in Solution and in Micelles


Bo Zhou, Qing Miao, Li Yang, and Zhong-Li Liu*[a]


Introduction


Epidemiological, biological, and clinical studies have provid-
ed various lines of evidence in the past decade to indicate
that free-radical-induced oxidative damage of cell mem-
branes, DNA, and proteins might play a causative role in
aging and several degenerative diseases, such as cancer,
atherosclerosis, and cataract formation, and that antioxi-
dants, such as a-tocopherol (vitamin E), l-ascorbic acid (vi-
tamin C), and b-carotene, might have beneficial effects in
protecting against these diseases.[1] Therefore, inhibition of
free-radical-induced oxidative damage by supplementation
of antioxidants has become an attractive therapeutic strat-
egy to reduce the risk of these diseases.[2] Flavonoids, such


as flavones, flavanone, flavonols, flavanols, and isoflavones,
are naturally occurring polyphenolic compounds present in
vegetables, fruits, tea, and red wine and possess a wide
range of biological activities,[3] of which antioxidation has
been extensively explored.[4] One interesting example of fla-
vonoid activity is the so-called “French paradox”,[5] that is,
despite high fat intake, mortality from coronary heart dis-
ease is lower in some regions of France, a fact attributed to
the regular drinking of red wine which contains high levels
of flavonoids (approximately 200 mg per glass)[3a,6] and re-
sveratrol (0.1–15 mgL�1).[7] These compounds have been
proved to be good antioxidants against low-density lipopro-
tein (LDL) peroxidation,[3b, 4a] a process believed to be criti-
cal in the risk of human atherosclerosis,[1h, 8] as well as to
possess cancer chemopreventive activity.[3b, 9] We have re-
cently found that flavanols isolated from green-tea leaves
are good antioxidants against free-radical-initiated lipid per-
oxidation in solution,[10] in micelles,[11] in human red blood
cells,[12] in human low-density lipoprotein,[13] and in rat liver
microsomes,[14] and that the antioxidant activity of these fla-
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National Laboratory of Applied Organic Chemistry
Lanzhou University, Lanzhou, Gansu 730000 (P.R. China)
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Abstract: The antioxidative effect of
flavonols and their glycosides against
the peroxidation of linoleic acid has
been studied in homogeneous solution
(tBuOH/H2O, 3:2) and in sodium dode-
cyl sulfate and cetyl trimethylammoni-
um bromide micelles. The peroxidation
was initiated thermally by the water-
soluble initiator 2,2’-azobis(2-methyl-
propionamidine) dihydrochloride, and
the reaction kinetics were studied by
monitoring the formation of linoleic
acid hydroperoxides. The synergistic
antioxidant effect of the flavonols with
a-tocopherol (vitamin E) was also stud-
ied by following the decay kinetics of
a-tocopherol and the a-tocopheroxyl
radical. Kinetic analysis of the antioxi-
dative process demonstrates that the


flavonols are effective antioxidants in
solution and in micelles, either alone or
in combination with a-tocopherol. The
antioxidative action involves trapping
the initiating radicals in solution or in
the bulk-water phase of the micelles,
trapping the propagating lipid peroxyl
radicals on the surface of the micelles,
and regenerating a-tocopherol by re-
ducing the a-tocopheroxyl radical. It
was found that the antioxidant activity
of the flavonols and their glycosides
depends significantly on the position
and number of the hydroxy groups, the


oxidation potential of the molecule,
and the reaction medium. The flavo-
nols bearing ortho-dihydroxy groups
possess significantly higher antioxida-
tive activity than those without such
functionalities, and the glycosides are
less active than their parent aglycones.
The activity of the flavonols is higher
in micelles than in solution, while the
activity of a-tocopherol is lower in mi-
celles than in solution. This is because
the predominant factor for controlling
the activity is the hydrogen-bonding in-
teraction of the antioxidant with the
micellar surface in the case of hydro-
philic flavonols, while it is the inter-
and intramicellar diffusion in the case
of lipophilic a-tocopherol.


Keywords: antioxidation · flavo-
nols · peroxides · radical reactions ·
reaction mechanisms
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vanols depends significantly on the structure of the mole-
cules and the initiation conditions.[10–14] It was also found
that these green-tea flavanols and resveratrol might interact
with a-tocopherol (vitamin E) synergistically to enhance the
antioxidant activity.[15,16] Therefore, it is of interest to extend
this research and study the structure–activity relationships
of other dietary flavonoids and their glycosides, since many
dietary flavonoids exist in the form of glycosides.[17] We
report herein a quantitative kinetic study of the antioxida-
tive behavior of a set of typical flavonols and their glyco-
sides against linoleic acid peroxidation in solution and in mi-
celles, with emphasis placed on the structure–activity rela-
tionships and the mechanistic details of the antioxidation,
including the synergistic interaction between these flavonols
and a-tocopherol (vitamin E). The flavonols studied were
myricetin (MY), quercetin (Q), quercetin galactopyranoside
(QG), quercetin rhamnopyranoside (QR), rutin (R), morin
(MO), kaempferol (K), and kaempferol glucoside (KG).
The peroxidation was thermally initiated at physiological
temperature by a water-souble azo initiator, 2,2’-azobis(me-
thylpropionamidine) dihydrochloride (AAPH), and con-


ducted either in tert-butyl alcohol/water (3:2) solution or
in sodium dodecyl sulfate (SDS) and cetyl trimethylammoni-
um bromide (CTAB) micelles to study the effect of micro-
environment on the reaction. The interaction of these com-
pounds with a-tocopherol (TOH, vitamin E) was also inves-
tigated.


Results


Inhibition of linoleic acid peroxidation by flavonols and
their glycosides in solution : Peroxidation of linoleic acid or
its esters gives different hydroperoxides depending on the
reaction conditions.[18] Hydroperoxide substitution at the C-
9 or C-13 positions produces either trans,trans- or cis,trans-
conjugated dienes, which are the major products in the ab-
sence of antioxidants or in the presence of small amount of
antioxidants, for example, millimolar concentrations of a-to-
copherol.[18a,b] It was found recently that these conjugated
dienes were formed from the rapid b scission of the primari-
ly formed bisallylic 11-peroxyl radical,[18c,d] and the kinetical-


ly controlled product, that is,
the nonconjugated 11-substitut-
ed hydroperoxide, might
become the major product in
the presence of high concentra-
tions of antioxidant, for exam-
ple, molar concentrations of a-
tocopherol.[18d] These experi-
mental observations have been
rationalized recently by theo-
retical calculations.[19] The pres-
ent experiment used very small
amounts of the antioxidants
(micromolar a-tocopherol and/
or flavonols and their glyco-
sides), hence the production of
the nonconjugated 11-hydroper-
oxide should be negligible, and
the conjugated hydroperoxides
were the predominant products.
The latter showed a characteris-
tic ultraviolet (UV) absorption
at 235 nm[20] that was used to
monitor the formation of the
total hydroperoxides formed
during the peroxidation after
separation of the reaction mix-
ture by high-performance liquid
chromatography (HPLC).


A set of representative kinet-
ic curves of the total hydroper-
oxide formation during the per-
oxidation of linoleic acid in
tBuOH/H2O (3:2) solution is
shown in Figures 1 and 2. It can
be seen from the figures that,
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upon AAPH initiation, the concentration of linoleic acid hy-
droperoxides increased quickly and linearly with time in the
absence of antioxidants (line a in Figures 1 and 2), a result
indicating the fast peroxidation of the substrate. The slope
of the line corresponds to the rate of propagation, Rp, of the
peroxidation. The formation of the hydroperoxides was re-
markably inhibited by the addition of a-tocopherol (TOH)
during the so-called “inhibition period” or “induction
period” (line b in Figure 2). During the inhibition period,
the concentration of the hydroperoxides also increased ap-
proximately linearly with time, and the slope of this line was
designated as Rinh, the value of which reflects the antioxida-
tive potential of the antioxidant. After the inhibition period,
the rate of hydroperoxide formation increased to close to


the original rate of the propagation, a result indicating the
exhaustion of the antioxidant. The turning point from the in-
hibition period to the restoration of fast peroxidation relates
to the inhibition time, tinh, which is also an indication of the
efficacy of the antioxidants. Addition of only the flavonols
and their glycosides (FOHs) to the solution decreased the
rate of hydroperoxide formation from Rp to Rinh, but no in-
hibition period was observed (lines b–f in Figure 1). The an-
tioxidant activity can be expressed by the percentage inhibi-
tion of the peroxidation, Pinh = (Rp�Rinh)/Rp �100 %, which
follows the sequence MY>Q>K�MO>QG�QR>R�
KG (see Table 1 below).


Figure 2 shows the antioxidative effect of representative
FOHs in the presence of a-tocopherol (TOH) in solution.
The addition of TOH produced a typical kinetic curve for a
chain-breaking antioxidative reaction, with a clear inhibition
period (line b in Figure 2) as reported previously.[10] Interest-
ingly, the addition of FOHs, which showed no inhibition
period in the absence of TOH, remarkably prolonged the in-
hibition period of TOH (lines c–g in Figure 2). This demon-
strates a synergistic antioxidation effect of FOHs and TOH
(see below).


Inhibition of linoleic acid peroxidation by flavonols and
their glycosides in micelles : It has been recognized that anti-
oxidant activity in homogenous solutions may not parallel
that in heterogeneous media, let alone the activity in vivo.[21]


To bridge the gap between chemical and biological activities,
it is essential to understand and evaluate the dependence of
the antioxidant activity upon the microenvironment of the
reaction media. A general methodology for this is to carry
out the reaction in membrane mimetic systems, such as mi-
celles and artificial bilayers.[22] Therefore, the antioxidative
effect of FOHs was investigated in sodium dodecyl sulfate
(SDS) and cetyl trimethylammonium bromide (CTAB) mi-
celles, as shown in Figures 3 and 4, respectively. It can be


Figure 1. Representative kinetic curves for the formation of total hydro-
peroxides (LOOH) during the peroxidation of LH in tert-butyl alcohol/
water (3:2) solution at 37 8C, initiated with AAPH and inhibited with fla-
vonols and their glycosides (FOHs). [LH]0 =0.1 mol L�1, [AAPH]0 =


10 mmol L�1, [FOHs]0 =20 mmol L�1. a) Uninhibited reaction, b) reaction
inhibited with MY, c) reaction inhibited with Q, d) reaction inhibited
with QG, e) reaction inhibited with MO, f) reaction inhibited with K.
Curves of other FOHs are not shown for clarity.


Figure 2. Representative kinetic curves for the formation of total hydro-
peroxides (LOOH) during the peroxidation of LH in tert-butyl alcohol/
water (3:2) solution at 37 8C, initiated with AAPH and inhibited with
TOH and FOHs. [LH]0 =0.1 mol L�1, [AAPH]0 =10 mmol L�1, [TOH]0 =


20 mmol L�1, [FOHs]0 =20 mmol L�1. a) Uninhibited reaction, b) reaction
inhibited with TOH, c) reaction inhibited with MY and TOH, d) reaction
inhibited with Q and TOH, e) reaction inhibited with QG and TOH,
f) reaction inhibited with MO and TOH, g) reaction inhibited with K and
TOH. Curves of other FOHs are not shown for clarity.


Figure 3. Representative kinetic curves for the formation of total hydro-
peroxides (LOOH) during the peroxidation of linoleic acid (LH) in SDS
micelles (0.1 mol L�1) at pH 7.4 and 37 8C, initiated with AAPH and in-
hibited by flavonols and their glycosides (FOHs). [LH]0 =15.2 mmol L�1,
[AAPH]0 =6.3 mmol L�1, [FOHs]0 =10 mmol L�1. a) Uninhibited peroxi-
dation, b) reaction inhibited with MY, c) reaction inhibited with Q, d) re-
action inhibited with QG, e) reaction inhibited with MO, f) reaction in-
hibited with K. Curves of other FOHs are not shown for clarity.
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seen from Figure 3 that the antioxidative behavior of the fla-
vonols in SDS micelles is distinctly different from that in the
homogeneous solution. All of the FOHs, which showed no
inhibition period in solution, exhibited clear inhibition peri-
ods in SDS micelles and behaved well as chain-breaking an-
tioxidants. Similar results were obtained in CTAB micelles
(Figure 4), but the kinetic parameters in the two micelles
were appreciably different. The details will be discussed in
the following sections.


Figures 5 and 6 show the antioxidative effect of FOHs in
the presence of TOH in SDS and CTAB micelles, respec-
tively. A comparison of Figures 5 and 6 with Figure 2 clearly
indicates that the antioxidant synergism of FOHs with TOH


is much more pronounced in the micelles than in the homo-
geneous solution, especially in the case of Q and MY, which
almost completely inhibited the peroxidation for a very long
time. For example, the inhibition period produced by TOH
and Q in combination in SDS micelles was 293 min, which is
much longer than the sum of the inhibition periods pro-
duced by TOH (78 min) and Q (90 min) when they were
used individually under the same experimental conditions.
The mechanistic details of this antioxidant synergism will be
discussed in the following sections.


Decay kinetics of a-tocopherol and the a-tocopheroxyl radi-
cal : To rationalize the mechanism of the antioxidant syner-
gism of TOH and the FOHs, the decay kinetics of TOH and
the a-tocopheroxyl radical (TOC) in the absence and pres-
ence of quercetin (Q) were studied. The decay of TOH was
determined by HPLC separation of the reaction mixture,
followed by electrochemical determination of the amount of
remaining TOH. Representative results are illustrated in
Figures 7 and 8. It was found that the decay of TOH was ap-
proximately linear in the absence of Q in the solution and in
SDS and CTAB micelles (line a in Figure 7, lines a and c in
Figure 8), in accordance with the kinetic demand for chain-
breaking antioxidation reactions (see Equation (8) below).
The decay rates were 9.0 � 10�9, 1.6 � 10�9, and 4.1 �
10�9 mol L�1 in solution and in SDS and CTAB micelles, re-
spectively, due to the different rates of initiation in these
media (see below). On the other hand, the decay of TOH in
the presence of Q was different in the solution and in the
micelles. In the solution the decay of TOH was only slightly
reduced by the coexistent Q (line b in Figure 7), while it was
significantly diminished in the micelles, especially in SDS
micelles (line b in Figure 8). The decay rates of TOH in the
presence of Q were determined to be 7.5 � 10�9, 0.5 � 10�9,


Figure 4. Representative kinetic curves for the formation of total hydro-
peroxides (LOOH) during the peroxidation of linoleic acid (LH) in
CTAB micelles (15 mmol L�1) at pH 7.4 and 37 8C, initiated with AAPH
and inhibited by flavonols and their glycosides (FOHs). [LH]0 =


15.2 mmol L�1, [AAPH]0 =6.3 mmol L�1, [FOHs]0 =10 mmol L�1. a) Unin-
hibited peroxidation, b) reaction inhibited with MY, c) reaction inhibited
with Q, d) reaction inhibited with QG, e) reaction inhibited with MO,
f) reaction inhibited with K. Curves of other FOHs are not shown for
clarity.


Figure 5. Representative kinetic curves for the formation of total hydro-
peroxides (LOOH) during the peroxidation of linoleic acid (LH) in SDS
micelles (0.1 mol L�1) at pH 7.4 and 37 8C, initiated with AAPH and in-
hibited with TOH and FOHs. [LH]0 =15.2 mmol L�1, [AAPH]0 =


6.3 mmol L�1, [FOHs]0 =10 mmol L�1, [TOH]0 = 7.5 mmol L�1. a) Uninhib-
ited peroxidation, b) reaction inhibited with TOH, c) reaction inhibited
with MY and TOH, d) reaction inhibited with Q and TOH, e) reaction
inhibited with QG and TOH, f) reaction inhibited with MO and TOH,
g) reaction inhibited with K and TOH. Curves of other FOHs are not
shown for clarity.


Figure 6. Representative kinetic curves for the formation of total hydro-
peroxides (LOOH) during the peroxidation of linoleic acid (LH) in
CTAB micelles (15 mmol L�1) at pH 7.4 and 37 8C, initiated with AAPH
and inhibited with TOH and FOHs. [LH]0 =15.2 mmol L�1, [AAPH]0 =


6.3 mmol L�1, [FOHs]0 =10 mmol L�1, [TOH]0 =10 mmol L�1. a) Uninhib-
ited peroxidation, b) reaction inhibited with TOH, c) reaction inhibited
with MY and TOH, d) reaction inhibited with Q and TOH e) reaction in-
hibited with QG and TOH, f) reaction inhibited with MO and TOH,
g) reaction inhibited with K and TOH. Curves of other FOHs are not
shown for clarity.
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and 3.0 �10�9 molL�1 in solution and in SDS and CTAB mi-
celles, respectively.


The a-tocopheroxyl radical (TOC) was produced by oxidiz-
ing TOH with PbO2, and its decay kinetics were determined
by stopped-flow electron paramagnetic resonance (EPR)
spectroscopy as described previously.[15, 16] TOC is much more
persistent in micelles than in homogenous solutions,[16,23] a
fact that makes it easy to determine the reaction kinetics of
the radical by EPR spectroscopy at ambient temperatures in
micelles. As shown in Figure 9, TOC decayed fairly slowly in
SDS micelles with a rate constant of 75 m


�1 s�1. Addition of
Q remarkably increased the decay of TOC, the kinetics of
which were found to be pseudo first order in the presence of
a large excess of Q (line b in Figure 9). Plotting this first-
order rate constant, kobs, against the concentration of Q gave
a straight line (Figure 10), from which the bimolecular rate
constant between TOC and Q, that is, the rate for the a-toco-


pherol regeneration reaction (see Equation (12) below), was
obtained as 64 m


�1 s�1.


Discussion


Reaction kinetics of lipid peroxidation : It has been proven
that the reaction kinetics of lipid peroxidation in micelles
and biomembranes follow the same rate law as those in ho-
mogenous solutions;[22,24] therefore, the same rate law was
accepted in solution and micelles. The kinetics of linoleic
acid (LH) peroxidation initiated by azo compounds and its
inhibition by a chain-breaking antioxidant (AH) have been
discussed in detail previously.[10,11a, 22, 24] The rate of propaga-
tion (Rp) and the rate of peroxide formation in the inhibi-
tion period (Rinh) are given by Equations (1) and (2), respec-
tively.


d½LOOH�=dt ¼ Rp ¼ ½kp=ð2ktÞ1=2�Ri
1=2½LH� ð1Þ


Rinh ¼ kpRi½LH�=ðn kinh½AH�Þ ð2Þ


Figure 7. Decay of a-tocopherol (TOH) during the inhibition of linoleic
acid peroxidation in tert-butyl alcohol/water (3:2) solution at 37 8C, initi-
ated with AAPH and inhibited with TOH in the absence (a) and pres-
ence (b) of quercetin (Q). [LH]0 =0.1 mol L�1, [AAPH]0 =10 mmol L�1,
[TOH]0 =20 mmol L�1, [Q]0 =20 mmol L�1.


Figure 8. Decay of a-tocopherol (TOH) during the inhibition of linoleic
acid peroxidation in micelles at 37 8C, initiated with AAPH and inhibited
with TOH and quercetin (Q). a) Decay of TOH in the absence of Q in
SDS micelles (0.1 mol L�1), b) decay of TOH in the presence of Q in
SDS micelles (0.1 mol L�1), c) decay of TOH in the absence of Q in
CTAB micelles (15 mmol L�1), d) decay of TOH in the presence of Q in
CTAB micelles (15 mmol L�1). [LH]0 =15.2 mmol L�1, [AAPH]0 =


6.3 mmol L�1, [TOH]0 =7.5 mmol L�1 (SDS), [TOH]0 =10 mmol L�1


(CTAB), [Q]0 =10 mmol L�1.


Figure 9. Decay of a-tocopheroxyl radical (TOC) in SDS micelles
(0.2 mol L�1) at pH 7.4 and room temperature under air in the absence
(a) and presence (b) of quercetin (0.21 mmol L�1). The inset shows the
EPR spectrum of TOC obtained under fast flow.


Figure 10. Plot of the pseudo-first-order rate constants, kobs, of the decay
of TOC versus the initial concentration of quercetin in SDS micelles
(0.2 mol L�1).
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Here kp, kt, and kinh are rate constants for the chain propa-
gation [Eq. (3)], chain termination [Eq. (4)] and chain inhib-
ition by the antioxidant [Eq. (5)], respectively, Ri is the ap-
parent rate of chain initiation [Eq. (6)], and n is the stoi-
chiometric factor (see below).


LOOC þ LH kp
�!LOOHþ LC ð3Þ


2 LOOC 2kt
�!molecular products ð4Þ


LOOC þAH kinh
�!LOOHþAC ð5Þ


Ri ¼ 2kge½R�N¼N�R� ð6Þ


Although the radical generation rate, Ri, of AAPH is
known as (1.4�0.2) � 10�6[AAPH] s�1 at 37 8C for protein-
containing solutions and liposomal dispersions,[25,26] the cage
effect parameter, e, varies appreciably depending on the
medium and the concentrations of the antioxidant and the
initiator.[25] Therefore, the Ri value is generally determined
by the inhibition period and/or by the decay rate of TOH
[Eqs. (7) and (8), respectively].


Ri ¼ n½AH�0=tinh ð7Þ


Ri ¼ �n d½AH�=dt ð8Þ


Here, n is the stoichiometric factor that designates the
number of peroxyl radicals trapped by each antioxidant mol-
ecule. Since the n value of a-tocopherol is generally as-
sumed to be 2,[22,24] the Ri value can be determined from the
inhibition period and/or the decay rate of a-tocopherol.


The kinetic chain length (kcl) defines the number of chain
propagations initiated by each initiating radical and is given


by Equations (9) and (10) for the uninhibited and inhibited
peroxidations, respectively. The kinetic parameters deduced
from Figures 1–6 are listed in Tables 1–3.


kclp ¼ Rp=Ri ð9Þ


kclinh ¼ Rinh=Ri ð10Þ


Micellar effects on the initiation and antioxidation : It can
be seen from Figures 1–8 and Tables 1–3 that the reaction
medium exerts significant effects on the rate of initiation,
the rate of propagation, and the antioxidant activity of a-to-
copherol (TOH) and flavonols and their glycosides (FOHs).


The Ri values calculated from the inhibition periods
[Eq. (7)] are 1.6 � 10�8, 3.1 � 10�9, and 8.3 �10�9 molL�1 in so-
lution and in SDS and CTAB micelles, respectively. These
values are in reasonable agreement with the values of 1.8 �
10�8, 3.2 � 10�9, and 8.2 � 10�9 mol L�1, respectively, that were
obtained from the decay of TOH [Eq. (8)]. The values in so-
lution and in CTAB micelles are very close to the value of
(1.4�0.2) � 10�6[AAPH] s�1 reported previously for liposo-
mal dispersions,[25,26] with the concentrations of AAPH
taken as 10 and 6.3 mmol L�1 in solution and in the micelles,
respectively, in the present experiments. However, the Ri


value of AAPH in SDS micelles is significantly smaller than
that in CTAB micelles. This can be understood because
AAPH is positively charged, hence it is prone to being ad-
sorbed onto the surface of the SDS micelles; this, in turn, re-
duces the effective initiation, due to the cage effect.


The inhibition rate constant, kinh, for the antioxidation re-
action [Eq. (5)] by TOH in tert-butyl alcohol/water solution
was calculated to be 4.9 � 105


m
�1 s�1 by taking kp =100 m


�1 s�1


at 37 8C.[27] This value is close to the value obtained in tert-


Table 1. Inhibition of AAPH-initiated peroxidation of linoleic acid by flavonols and their glycosides (FOHs) and a-tocopherol (TOH) in solution.[a,b]


Antioxidant Rp/10�8 Rinh/10�8 tinh/102 kinh
[c]/105 kclp kclinh Pinh SE%


[mol L�1 s�1] [mol L�1 s�1] [s] [L mol�1 s�1] [%] [%]


none 14.3 9.0
MY 3.8 2.4 73
Q 8.2 5.1 43
R 12.4 7.7 13
QG 11.4 7.1 20
QR 11.7 7.3 18
MO 9.2 5.8 36
K 9.1 5.7 36
KG 12.6 7.9 12
TOH 14.8[d] 1.7 25.2 4.9 9.3 1.1
MY + TOH 10.3[d] 1.2 45.0 3.1 6.5 0.8 78
Q + TOH 9.0[d] 1.3 37.2 3.6 5.7 0.8 48
R + TOH 12.2[d] 1.8 28.7 3.1 7.7 1.1 14
QG + TOH 12.4[d] 3.2 31.5 1.5 7.8 2.0 25
QR + TOH 16.5[d] 1.8 29.9 2.9 10.4 1.2 19
MO + TOH 12.3[d] 2.0 34.8 2.5 7.7 1.2 38
K + TOH 11.4[d] 3.1 33.6 1.9 7.2 1.9 33
KG + TOH 11.4[d] 2.2 27.3 2.8 7.2 1.4 8


[a] In tBuOH/H2O (3:2) mixed solvent at 37 8C initiated with AAPH (10 mmol L�1). The initial concentrations of linoleic acid, FOHs and TOH were
0.1 mol L�1, 20 mmol L�1, and 20 mmol L�1, respectively. Data are the averages of three determinations with a deviation of less than �10%. [b] The Ri


value was taken as 1.6� 10�8 mol L�1 s�1; see text for further details. [c] Calculated from Equation (2) by taking the kp value as 100 L mol�1 s�1.[27] [d] Rate
of propagation after exhaustion of the antioxidants.
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butyl alcohol (5.1� 105
m
�1 s�1) that was reported previous-


ly[26] but is remarkably smaller than that obtained in chloro-
benzene (3.2 � 106


m
�1 s�1).[23] This decrease of the kinh value


in the polar solvent is expected since the strong hydrogen-
bonding ability of tert-butyl alcohol with TOH would make
the antioxidation reaction more difficult.[27–29] On the other
hand, the kinh value in micelles (3.6� 104 and 2.0 � 104


m
�1 s�1


in SDS and CTAB micelles, respectively, for kp =


37 m
�1 s�1[30]) was more than one order of magnitude smaller


than that in tert-butyl alcohol. Obviously, this lower reactivi-
ty of TOH in micelles cannot be explained by the hydrogen-
bonding interaction of water with TOH since water is not as
good a hydrogen-bond acceptor as tert-butyl alcohol. The
solute hydrogen-bond basicity parameters, bH


2, of water and


Table 2. Inhibition of AAPH-initiated peroxidation of linoleic acid by flavonols and their glycosides (FOHs) in micelles.[a,b]


Micelle FOHs Rp/10�8 Rinh/10�8 tinh/103 kinh
[c]/104 n kclp kclinh Pinh


[mol L�1 s�1] [mol L�1 s�1] [s] [L mol�1 s�1] [%]


SDS none 7.1 22.9
SDS MY 2.8[d] 0.7 5.5 2.5 1.7 9.0 2.3 75
SDS Q 3.9[d] 1.1 5.4 1.7 1.7 12.6 3.5 72
SDS R 3.3[d] 2.2 2.9 1.4 0.9 10.6 7.1 33
SDS QG 3.4[d] 2.2 2.4 1.6 0.7 11.0 7.1 35
SDS QR 3.7[d] 2.4 2.4 1.5 0.7 11.9 7.7 35
SDS MO 5.8[d] 1.6 4.5 1.6 1.4 18.7 5.1 72
SDS K 6.3[d] 1.9 4.7 1.1 1.5 20.3 6.1 70
SDS KG 5.9[d] 2.9 1.6 1.8 0.5 19.0 9.4 51
CTAB none 18 21.7
CTAB MY 8.2[d] 1.2 6.3 1.4 5.2 10.0 1.4 85
CTAB Q 5.7[d] 1.5 4.7 1.4 3.9 6.9 1.8 74
CTAB R 4.8[d] 4.1 2.8 0.8 2.3 5.8 4.9 15
CTAB QG 5.1[d] 3.3 3.5 0.8 2.9 6.1 4.0 35
CTAB QR 6.3[d] 3.1 3.2 0.8 2.7 7.6 3.7 51
CTAB MO 13.6[d] 1.5 2.6 1.8 2.2 16.4 1.8 89
CTAB K 16.1[d] 2.6 3.6 1.1 3.0 19.4 3.1 84
CTAB KG 16.4[d] 7.9 1.4 0.8 1.2 19.8 9.5 52


[a] The reaction conditions and the initial concentration of substrates are the same as those described in the legends of Figures 3 and 4 for reactions con-
ducted in SDS and CTAB micelles, respectively. The calculations were based on the total reaction volume. Data are the averages of three reproducible
determinations with a deviation of less than �10 %. [b] The Ri values were taken as 3.1 and 8.3 nmol L�1 s�1 in SDS and CTAB micelles, respectively;
see the text for further details. [c] Calculated from Equation (2) by taking the kp value as 37 Lmol�1 s�1.[30] [d] Rate of propagation after exhaustion of
the antioxidants.


Table 3. Inhibition of AAPH-initiated peroxidation of linoleic acid by flavonols and their glycosides (FOHs) and a-tocopherol (TOH) in micelles.[a,b]


Micelle Antioxidant Rp/10�8 Rinh/10�8 tinh/103 kinh
[c]/104 n’[d] kclp kclinh SE%


[mol L�1 s�1] [mol L�1 s�1] [s] [L mol�1 s�1] [%]


SDS TOH 7.8[e] 0.6 4.7 3.6 2.0 24 1.9
SDS MY + TOH 5.1[e] 0.2 19.5 3.1 3.0 16.5 0.6 91
SDS Q + TOH 4.3[e] 0.2 17.6 3.7 2.7 13.9 0.6 75
SDS R + TOH 2.7[e] 0.3 10.1 2.9 1.8 8.7 1.0 33
SDS QG + TOH 2.8[e] 0.3 6.9 4.9 1.1 9.0 1.0 0
SDS QG + TOH 4.3[e] 0.4 6.8 4.2 1.1 13.9 1.3 0
SDS MO + TOH 5.7[e] 0.3 12.8 2.7 2.0 18.4 1.0 40
SDS K + TOH 4.5[e] 0.2 12.6 3.9 2.0 14.5 0.6 34
SDS KG + TOH 7.0[e] 0.4 6.2 4.3 1.0 22.6 1.3 0
CTAB TOH 22[e] 1.8 2.3 2.0 2.0 27 2.1
CTAB MY + TOH 12.3[e] 0.3 11.0 3.0 4.6 14.8 0.4 28
CTAB Q + TOH 6.8[e] 0.4 8.5 2.7 3.5 8.2 0.5 21
CTAB R + TOH 4.8[e] 0.9 4.6 2.2 1.9 5.7 1.1 0
CTAB QG + TOH 6.9[e] 1.3 5.2 1.6 2.2 8.3 1.6 0
CTAB QR + TOH 6.5[e] 1.1 5.1 1.9 2.1 7.8 1.3 0
CTAB MO + TOH 14.7[e] 0.4 5.2 5.0 2.2 17.7 0.5 0
CTAB K + TOH 16.8[e] 0.4 7.6 3.1 3.2 20.2 0.5 29
CTAB KG + TOH 15.0[e] 0.4 3.2 6.8 1.3 18.1 0.5 0


[a] The reaction conditions and the initial concentration of substrates are the same as those described in the legends of Figures 5 and 6 for reactions con-
ducted in SDS and CTAB micelles, respectively. The calculations were based on the total reaction volume. Data are the averages of three reproducible
determinations with a deviation of less than �10 %. [b] The Ri values were taken as 3.1 and 8.3 nmol L�1 s�1 in SDS and CTAB micelles, respectively;
see the text for further details. [c] Calculated from Equation (2) by taking the kp value as 37 L mol�1 s�1.[30] [d] n’=Ritinh/([FOH]0 + [TOH]0). [e] Rate of
propagation after exhaustion of the antioxidants.
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tert-butyl alcohol were reported to be 0.38 and 0.49, respec-
tively.[31] Therefore, it must be a consequence of the physical
separation and the slow diffusion rate of the lipid peroxyl
radicals and TOH in the interior of the micelles.[32,33] Castle
and Perkins[32] and we[33] have proven previously that inter-
and intramicellar diffusions are the rate-limiting steps for
the antioxidation reaction conducted in micelles. Indeed, the
kinh value of TOH in SDS micelles (3.6� 104


m
�1 s�1) is about


two times larger than that in CTAB micelles (2.0 �
104


m
�1 s�1) because the microviscosity in the interior of


CTAB micelles is 2.6 times larger than that in SDS mi-
celles;[34] this makes the intramicellar diffusion slower in
CTAB micelles. In addition, since lipid peroxyl radicals are
polar (dipole moment of approximately 2.6 Debye) and
electrophilic,[24] they should move to the surface of micelles
and be subject to intermicellar diffusion[32,33] more quickly in
SDS than in CTAB micelles, so as to react with TOH whose
reactive phenoxyl functional group resides on the surface of
the micelle.[32]


Antioxidative activity of the flavonols and their glycosides :
It cab be seen from Figure 1 and Table 1 that the addition of
flavonols and their glycosides (FOHs) decreased the rate of
hydroperoxide formation and the kinetic chain length, but
no inhibition period was observed in the homogeneous so-
lution. This indicates that, in solution, FOHs can trap the in-
itiating radicals (ROOC) derived from the thermal decompo-
sition of AAPH but are unable to trap the propagating lino-
leic acid peroxyl radicals (LOOC), probably because the
latter reaction is too slow to compete with the former reac-
tion in solution. This behavior is similar to that reported
previously for green-tea polyphenols in homogeneous so-
lution.[10] The antioxidative efficacy can be assessed by the
percentage inhibition (Pinh) or the kinetic chain length in the
inhibition period (kclinh) and follows the sequence MY>


Q>K�MO>QG�QR>R�KG.
It is worth noting that the antioxidation behavior of


FOHs in micelles is distinctly different from that in homoge-
neous solution. In SDS and CTAB micelles all the flavonols
and their glycosides showed clear inhibition periods in
which the rate of propagation and the kinetic chain length
are remarkably reduced. This indicates that these flavonols
and their glycosides are able to trap the propagating linoleic
acid peroxyl radicals in micelles and behave well as chain-
breaking antioxidants. This might be due to the fact that
these flavonols and their glycosides can bind to the Stern
layer of the micelles by hydrogen-bonding interactions, con-
centrated on the micellar surface, hence facilitating their in-
teraction with the lipid peroxyl radical whose polar phenox-
yl group also resides in the surface of the micelle.[32] It can
be seen from Table 2 that the rate constant for trapping the
propagating peroxyl radicals, kinh, of these flavonols and
their glycosides is in the range of 0.8–2.5 �104


m
�1 s�1 in both


SDS and CTAB micelles. These values are comparable to
those of TOH (3.6 � 104 and 2.0 �104


m
�1 s�1 in SDS and


CTAB micelles, respectively; see Table 3), to those of re-
sveratrol and its analogues (0.5–3.1 �104


m
�1 s�1 in mi-


celles),[16] and to those of green-tea polyphenols (0.3–3.7 �
104


m
�1 s�1 in micelles).[11a]


The antioxidant efficacy of these FOHs in micelles can be
assessed by comparing their inhibition times (tinh) and/or
kclinh values. This comparison gives the efficacy sequence
MY>Q>K�MO>QG�QR�R>KG, which is similar to
the sequence in the homogeneous solution.


Antioxidant synergism of flavonols and their glycosides with
a-tocopherol : It can be seen from Figures 1–6 and Tables 1
and 3 that addition of flavonols and their glycosides (FOHs)
together with a-tocopherol (TOH) significantly increased
the inhibition period of the latter, even if no inhibition
period could be observed when the FOHs was used alone.
This antioxidant synergism can be quantified by the percent-
age increment of the inhibition period when the two antioxi-
dants are used in combination with reference to the sum of
the inhibition periods when the two antioxidants are used
individually; this vale is termed the synergistic efficiency,
SE% [Eq. (11)].[35]The antioxidant synergism of a-tocopher-


SE% ¼ ftinhðTOHþ FOHÞ�½tinhðTOHÞ
þtinhðFOHÞ�g=½tinhðTOHÞ þ tinhðFOHÞ� � 100


ð11Þ


ol (TOH) with coexistent antioxidants, such as l-ascorbic
acid (vitamin C),[26] green-tea polyphenols,[11, 15] and resvera-
trol analogues,[16] has been extensively studied and rational-
ized as due to the reduction of the a-tocopheroxyl radical
(TOC) by the coexistent antioxidant to regenerate TOH. The
prolonged decay of TOH in the presence of Q (Figures 7
and 8) and, especially, the stopped-flow EPR spectroscopy
experiments (Figures 9 and 10) demonstrate clearly that Q
can also reduce TOC to regenerate TOH [Eq. (12)], hence
providing a rationale for the antioxidant synergism.


TOC þ FOH kreg
�!TOHþ FOC ð12Þ


It should be pointed out in this context, however, that this
a-tocopherol regeneration reaction may not be adequate to
explain the antioxidant synergism. The steady-state concen-
tration of TOC during the antioxidation reaction in SDS mi-
celles can be estimated as 0.06 mmol L�1;[36] hence the rate of
TOH regeneration by Q is calculated to be 0.04 �
10�9 mol L�1 s�1 if the kreg value [Eq. (12), the rate for the a-
tocopherol regeneration] of Q in SDS micelles is taken as
64 m


�1 s�1 (see above) and the initial concentration of Q as
10 mmol L�1. Obviously, this rate of regeneration can only
account for approximately 4 % of the rate decrease of the
decay of TOH (from 1.6 � 10�9 mol L�1 s�1 in the absence of
Q to 0.5 �10�9 mol L�1 s�1 in the presence of Q; Figure 8),
hence the increase of the inhibition period [Eqs. (7) and
(8)]. Therefore, there must be an additional mechanism re-
sponsible for the remarkable antioxidant synergism of Q
with TOH.


It can be seen from Figures 1 and 2 and Table 1 that al-
though the FOHs did not produce inhibition periods in so-
lution, they significantly prolonged the inhibition period of
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TOH when the FOHs were used together with the latter.
Comparison of the percentage inhibition, Pinh, with the syn-
ergistic efficiency, SE%, demonstrates that these two param-
eters are almost the same within the experimental deviation
for every FOH. Since the inhibition period is inversely pro-
portional to the initial concentration of AAPH,[22] that is,
the rate of initiation, the reduced rate of the initiation due
to the trapping of initiating radicals by the FOHs must be
the predominant factor for the antioxidant synergism in the
solution.


The same mechanism should also play an important role
in the antioxidant synergism of TOH with FOHs in micelles.
In the case of Q in SDS micelles, for example, the reduced
initiation contributes 72 % of the antioxidant synergism,
while the TOH regeneration contributes only 4 %. This is in
good agreement with the 75 % synergistic efficiency of TOH
and Q calculated from the inhibition period (Tables 2 and
3). Other FOHs showed similar results, as listed in Tables 2
and 3. It should be pointed out, however, that if the FOH
itself can produce an inhibition period, the diminished rate
of propagation in the inhibition period, Rinh, would be
caused not only by the reduced initiation but also by the in-
hibited propagation [Eq. (5)]. In this case the calculated Pinh


value would no longer reflect the true value of the reduced
inhibition; hence, in some cases the value of Pinh is apprecia-
bly larger than the value of SE%.


Antioxidation mechanism of flavonols and their glycosides :
Based on the above discussions the antioxidation mecha-
nism of flavonols and their glycosides (FOHs) in micelles
might involve trapping the initiating radical (ROOC) that re-
duces the effective initiation, trapping the propagating lino-
leic acid peroxyl radical (LOOC) that produces the inhibition
period, and reducing the a-tocopheroxyl radical (TOC) that
regenerates TOH, therby prolonging the inhibition period,
as depicted in Scheme 1. On the other hand, in homogene-
ous solutions the FOHs can only trap the initiating radicals


to reduce the effective initiation. This, in turn, reduces the
rate of propagation and decreases the kinetic chain length.
The antioxidant synergism with TOH is caused by the re-
duction of the rate of initiation and/or by the regeneration
of TOH, depending on the reaction medium and the struc-
ture of the FOH, as discussed in the previous section.


Structure–activity relationship : It can be seen from the re-
sults listed in Tables 1–3 that the antioxidative activity of
MY and Q is appreciably higher than MO and K. That is,
the molecules bearing an ortho-diphenoxyl functionality
possess higher activity than those bearing no such function-
ality. The higher activity of flavonoids bearing ortho-diphe-
noxyl functionality on the B ring has been reported pre-
viously.[4b, i, m,n] This can be understood because the oxidation
intermediate of MY and Q, the ortho-hydroxy phenoxyl rad-
ical, is more stable due to the intramolecular hydrogen-
bonding interaction, as evidenced recently from both experi-
ments[4b, 37] and theoretical calculations.[38] The theoretical
calculation showed that the hydrogen bond in the ortho-hy-
droxy phenoxyl radical is approximately 4 kcal mol�1 stron-
ger than that in the parent catechol and that the bond disso-
ciation energy (BDE) of catechol is 9.1 kcal mol�1 lower
than that of phenol and 8.8 kcal mol�1 lower than that of re-
sorcinol.[38a] In addition, it should be easier to further oxi-
dize the ortho-hydroxy phenoxyl radical and/or ortho-semi-
quinone radical anion to form the ortho-quinone intermedi-
ate and/or product.[37,39] (Scheme 2). The fact that the stoi-
chiometric factor, n, of MY and Q in micellles is larger than
one (Table 2) suggests that the second peroxyl radical must
be involved in the antioxidation reaction that leads to the
formation of the corresponding ortho-quinones, as shown in
Scheme 2.


It can also be seen that the flavonol glycosides (R, QG,
QR, KG) possess appreciable lower antioxidant activity
than their aglycones (Q and K) in solution and in micelles.
It has been reported that the hydroxy group at position 3 is
required for the maximal radical scavenging activity of fla-
vonols.[40] Theoretical calculations also indicated that the O�
H bond with the lowest BDE value in these flavonols (MY,
Q and K) is that of the 3-OH group on ring C.[8d] For exam-
ple, the BDE values of the O�H bond at positions 3, 4’, 3’,
7, and 5 in myricetin (MY) were calculated to be 26.9, 29.1,
33.2, 42.4, and 44.9 kcal mol�1, respectively; thus, the order
of preference of the position from which a hydrogen atom is
most likely to be abstracted in the MY molecule should be
3, 4’, 3’, 7, and 5.[8d] In addition, the 3-OH group of quercetin
is highly effective in stabilizing the reaction intermediate
radical anion and allows the formation of the p-quinonoid
structure[4l] as exemplified in Scheme 2. Obviously, blocking
position 3 by binding with a sugar residue will decrease the
activity of the molecule. Introduction of a sugar to the flavo-
nols would make them more hydrophilic,[41a] and hence in-
hibit them from reaching the micellar surface and reacting
with the lipophilic peroxyl radicals residing on the interior
of the micelle. It has been pointed out that the partition be-
tween the water and oil phases is an important factor for


Scheme 1. Antioxidative and TOH-regeneration reactions of FOH in mi-
celles.
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the antioxidant activity of flavonoids in membranes and in
lipid bilayers, and the flavonoid partitioned more in the
water phase possesses less activity.[41b–d] The lower activity of
QG than Q in phospholipid bilayers has been reported pre-
viously.[4j] Our recent results also show that flavonol glyco-
sides are less active than their aglycones in the inhibition of
lipid peroxidation of human low-density lipoprotein[42] and
erythrocyte ghosts.[43]


It is also noticeable that the antioxidative activity of
FOHs is correlated with the electrochemical behavior of the
molecule. The oxidation peak potential, Epa, was reported to
be 0.02, 0.11, 0.17, and 0.20 V (versus a saturated calomel
electrode (SCE)) for MY, Q, K, and MO, respectively,[4h]


and the introduction of a sugar to flavonoids increases their
oxidation potential. For example, the oxidation potentials at
pH 7, E7, of Q and R were reported to be 0.33[44] and
0.6 V[45] (versus a normal hydrogen electrode (NHE)), re-
spectively, and their half-peak oxidation potentials, Ep/2 are
0.03 and 0.18 V (versus an SCE), respectively.[46] Therefore,
the increase of the oxidation potential correlates well with
the decrease of the antioxidative activity in the sequence of
MY>Q>K>MO>R. This correlation suggests that elec-
tron-transfer antioxidation might take place simultaneously


with the direct hydrogen-abstraction reaction, as exempli-
fied in Scheme 2. It is well known that phenoxides undergo
electron-transfer oxidation more easily to produce relatively
stable phenoxide radical anions in alkaline media. The acid
dissociation constants, pK1, of Q, K and, R were reported to
be 6.7, 8.2, and 7.1, respectively.[45] This demonstrates that
these FOHs can partially dissociate under our experimental
conditions (pH 7.4) and the electron-transfer reaction is
therefore feasible. Cooperation between hydrogen-abstrac-
tion and electron-transfer processes in antioxidation reac-
tions by phenolic antioxidants has recently been discusse-
d.[38a, 47] It has been pointed out that the relative contribution
of hydrogen abstraction and electron transfer in the antioxi-
dation of flavanols depends on the experimental conditions,
such as the character of the attacking radical, the pH value,
and the stability of the intermediate radical species.[47] In the
present case the hydrogen abstraction might take place first
from the 3-OH group because this O�H bond is the weakest
O�H bond in the flavonols,[8d] and the electron transfer
might take place first from the 4’-phenolate of the B ring be-
cause the 4’-OH group is the most acidic in the molecule.[47]


The proposed mechanism is depicted in Scheme 2.


Scheme 2. Antioxidation reactions of quercetin (Q) by hydrogen abstraction and electron transfer.
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Conclusion


Flavonols and their glycosides (FOHs), that is, MY, Q, MO,
K, R, QG, QR, and KG, are effective antioxidants against li-
noleic acid peroxidation in solution and micelles. The reac-
tion medium exerts significant influence on the antioxidant
activity of FOHs and the synergistic antioxidation mecha-
nism between TOH and the FOHs. The activity of flavonols
is higher in micelles than in solution, while the activity of a-
tocopherol is lower in micelles than in solution. This is be-
cause the predominant factor of controlling the activity is
the hydrogen-bonding interaction of the antioxidant with
the micellar surface in the case of hydrophilic flavonols,
while it is the inter- and intramicellar diffusion in the case
of lipophilic a-tocopherol. The observation that flavonols
and their glycosides bearing ortho-diphenoxyl and 3-hydroxy
functionalities possess remarkably higher antioxidant activi-
ty than those without such functionalities gives us useful in-
formation for antioxidant drug design.


Experimental Section


Materials : QR, QG, and KG were isolated from apple peels and green-
tea leaves, respectively, by consecutive extraction with methanol, water,
and ethyl acetate and chromatographic separation on a Sephadex LH-20
column, with reference to procedures reported previously.[48] Their struc-
tures and purity were confirmed by 1H and 13C NMR spectra and HPLC.
MY and Q (from Sigma), R (from Aldrich), MO (from Tokyo Kaset
Kogyo), K (from Fluka), TOH (from Merck), and linoleic acid (from
Sigma) were purchased with the highest purity available and used as re-
ceived. 2,2’-Azobis(2-methylpropioamidine) dihydrochloride (AAPH;
from Aldrich) was used as received. The surfactants SDS and CTAB
were recrystallized from ethyl alcohol and acetone/water (9:1), respec-
tively.


Determination of linoleic acid hydroperoxide quantities : Aliquots of the
reaction mixture were taken out of an open vessel at appropriate time in-
tervals and subjected to HPLC analysis on a Gilson liquid chromato-
graph with a ZORBAX ODS reversed-phase column (6 � 250 mm,
Du Pont Instruments), then eluted with methanol/water (9:1), for the ex-
periments conducted in homogeneous solution, or with methanol/water
(5:1) for the experiments conducted in micelles. The flow rate was set at
1.0 mL min�1. A Gilson 116 UV detector was used to monitor the total li-
noleic acid hydroperoxides at 235 nm. Every determination was repeated
three times and the experimental deviations were within �10%.


Determination of a-tocopherol quantities : The procedure was the same
as that described above for the determination of linoleic acid hydroper-
oxides, except that a Gilson 142 electrochemical detector set at +


700 mV (versus an SCE) was used for monitoring TOH. The column was
eluted with methanol/formic acid (99:1) containing sodium perchlorate
(50 mmol L�1) as the supporting electrolyte for the experiment conducted
in homogeneous solution or with methanol/propan-2-ol/formic acid
(80:20:1) for the experiment conducted in micelles.


Determination of a-tocopheroxyl radical quantities : EPR spectroscopy
measurements were carried out on a Bruker ER200D spectrometer oper-
ated in the X-band with 100 kHz modulation, modulation amplitude of
0.25 mT, time constant of 0.2 s, and microwave power of 25 mW. A flat
quartz flow cell (0.4 � 5.5� 60 mm) was used for the stopped-flow deter-
mination of the reaction kinetics as described previously.[33] The a-toco-
pheroxyl radical was generated by vigorously stirring a-tocopherol
(1 mmol L�1) and excess lead oxide with a Vortex mixer for 3 min in SDS
(0.2 mol L�1) micelles at pH 7.4 and room temperature.
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A Density Functional Study on a Biomimetic Non-Heme Iron Catalyst:
Insights into Alkane Hydroxylation by a Formally HO�FeV=O Oxidant


Arianna Bassan,*[a] Margareta R. A. Blomberg,[a] Per E. M. Siegbahn,[a] and
Lawrence Que, Jr.[b]


Introduction


Mononuclear, non-heme iron enzymes are involved in a
wide variety of key biological processes that start with di-
oxygen activation.[1,2] Intense biochemical investigations
have been dedicated to clarifying catalysis by these enzymes,
in which the active site hosts an iron complex with a coordi-
nation environment dominated by oxygen and nitrogen li-
gands (i.e., histidine, aspartate, glutamate, tyrosine).[3] Much
experimental effort has been devoted to investigation of
synthetic complexes aimed at mimicking the chemistry of
non-heme iron oxygenases.[1] Biomimetic complexes may


not only provide useful insights into the enzymatic activity,
but they can also serve as new powerful bio-inspired cata-
lysts.


Interesting catalytic activity has been observed for a
family of non-heme iron complexes represented by [FeII-
(tpa)(CH3CN)2]


2+ , in which TPA is the tetradentate tripodal
tris(2-pyridylmethyl)amine ligand. These catalysts utilize
H2O2 to carry out stereospecific alkane hydroxylation as
well as olefin epoxidation and cis-dihydroxylation,[4–6] the
last-named being a reaction not previously known to be ef-
fected by a synthetic iron complex. Isotopic labeling experi-
ments provide compelling evidence for the probable in-
volvement of a formally iron(v)–oxo species in these oxida-
tions. For example, it has been observed that alkane hydrox-
ylation occurs with complete retention of stereochemistry,
but with some incorporation of 18O from added H2


18O into
the alcohol product.[4] The extent of label incorporation
from H2


18O depends on the strength of the alkane C�H
bond: the stronger the bond, the more oxygen from water is
incorporated. These experiments suggest the involvement of
a highly selective metal-based oxidant capable of introduc-
ing water into the product. It is thus proposed that the
active oxidant is a HO�FeV=O species derived from O�O


[a] Dr. A. Bassan, Prof. M. R. A. Blomberg, Prof. P. E. M. Siegbahn
Department of Physics, SE-10691
Stockholm (Sweden)
Fax: (+46) 8-55378600
E-mail : arianna@physto.se


[b] Prof. L. Que, Jr.
Department of Chemistry and Center for Metals in Biocatalysis
University of Minnesota, Minneapolis, Minnesota 55455 (USA)


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author: Cartesian coordi-
nates of stationary points and tables with absolute energies.


Abstract: The reactivity of [HO�
(tpa)FeV=O] (TPA = tris(2-pyridyl-
methyl)amine), derived from O�O
bond heterolysis of its [H2O�(tpa)-
FeIII�OOH] precursor, was explored by
means of hybrid density functional
theory. The mechanism for alkane hy-
droxylation by the high-valent iron–
oxo species invoked as an intermediate
in Fe(tpa)/H2O2 catalysis was investi-
gated. Hydroxylation of methane and
propane by HO�FeV=O was studied by
following the rebound mechanism asso-
ciated with the heme center of cyto-
chrome P450, and it is demonstrated


that this species is capable of stereo-
specific alkane hydroxylation. The
mechanism proposed for alkane hy-
droxylation by HO�FeV=O accounts
for the experimentally observed incor-
poration of solvent water into the
products. An investigation of the possi-
ble hydroxylation of acetonitrile (i.e.,
the solvent used in the experiments)


shows that the activation energy
for hydrogen-atom abstraction by
HO�FeV=O is rather high and, in fact,
rather similar to that of methane, de-
spite the similarity of the H�CH2CN
bond strength to that of the secondary
C�H bond in propane. This result indi-
cates that the kinetics of hydrogen-
atom abstraction are strongly affected
by the cyano group and rationalizes the
lack of experimental evidence for sol-
vent hydroxylation in competition with
that of substrates such as cyclohexane.


Keywords: density functional
calculations · homogeneous
catalysis · hydroxylation · iron ·
O�O activation
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heterolysis of its [Fe(tpa)(H2O)(OOH)]2+ precursor, which
is formed from the reaction of [FeII(tpa)(CH3CN)2]


2+ and
H2O2 (Scheme 1). The [Fe(tpa)(OOH)]2+ species has indeed
been characterized and found to have a low-spin ground
state.[7,8] The coordination of water as the sixth ligand in the
FeIII(OOH) complex provides the mechanism for water in-
corporation into the proposed HO�FeV=O oxidant. Isotopic
labeling results for olefin oxidation provide strong support
for this mechanism. As in Fe(tpa)-catalyzed alkane hydroxy-
lation, there is some incorporation of label from H2


18O into
the epoxide product. More persuasively, the cis-diol product
shows the incorporation of one oxygen atom from H2O2 and
one oxygen atom from H2O, a result that requires the sole
involvement of the HO�FeV=O moiety having one oxygen
atom from water and one oxygen atom from hydrogen per-
oxide.[5]


This type of high-valent iron–oxo intermediate has been
invoked in the catalysis of some non-heme iron enzymes,
namely, the Rieske-type dioxygenases, which catalyze cis-di-
hydroxylation of aromatic compounds.[9,10] The proposed
mechanism involving a formally iron(v)–oxo species also has
similarities to the heme chemistry of cytochrome P450, for
which a similar high-valent iron–oxo species, namely, [(PorC)-
FeIV=O]+ is suggested as the key oxidizing intermediate.[11]


Previous theoretical studies have demonstrated the feasi-
bility of O�O bond heterolysis leading to the HO�FeV=O
species.[12] The present study is aimed at gaining mechanistic
insight into the steps subsequent to HO�FeV=O formation,
that is, the transformations leading to substrate oxidation.
Here we consider specifically the hydroxylations of methane
and propane, which occur by slightly different routes that
depend on the strength of the C�H bond being cleaved. The
hydroxylation of acetonitrile was also studied, since it is the
solvent used in the experiments.


Computational Methods


Density functional theory (DFT) was employed to explore how the high-
valent iron–oxo species HO�FeV=O can react with alkanes and acetoni-
trile. The B3LYP functional,[13] which includes the Becke three-parameter
exchange[14] and the Lee, Yang, and Parr correlation functionals,[15] was
used.


The energy profiles and the structures included in the present study were
obtained by means of the quantum chemical programs Jaguar 4.2[16] and
Gaussian 98.[17] Fully optimized transition states were obtained by evalua-
tion of the second derivatives with respect to the nuclear coordinates
(Hessian) of approximate transition-state structures. Second derivatives
were essential for confirming that the optimized transition state was char-
acterized by only one imaginary frequency corresponding to the normal
mode associated with the reaction coordinate. Hessians for reactants, in-
termediates, and transition states were also needed to derive the zero-
point effects and the thermal corrections necessary for determining
Gibbs free energies. The thermochemical analysis, which uses standard
expressions for an ideal gas in the canonical ensemble, treated the
normal modes within the harmonic approximation. The corrections to
the Gibbs free energies were computed with respect to a supercluster in-
cluding both the iron complex and the substrate. Account has be taken
of the fact that this type of approach may lead to underestimation of the
actual energy barrier because some loss of entropy is neglected.


An effective core potential was used to describe iron.[18] In the geometry
optimizations and Hessian evaluations all other atoms were described by
a standard double zeta basis set, denoted lacvp in Jaguar. The final
B3LYP energies for the fully optimized structures were computed by
using a large basis set with polarization functions an all atoms (denoted
lacv3p** in Jaguar[16]). In the present work, free energies are reported
with inclusion of zero-point and thermal effects, evaluated for a tempera-
ture of 298.15 K. Spin populations obtained with the lacvp basis set are
reported.


Concerning spin populations and oxidation states, the oxidation state of a
mononuclear metal complex does not require careful analysis of the
wave function, but in general follows more or less directly from the input
specification of total charge on the basis of general conventions. Excep-
tions might occur where, for example, an expected iron(iv) state instead
becomes an iron(iii) state with a ligand radical. This situation is easily
recognized from the computed spin populations. If an unrealistic oxida-
tion state were to appear for some intermediate in the calculations, this
can easily be judged because the energy is too high. Furthermore, for
high-spin iron complexes the spin distribution on the metal does not
strictly correspond to the number of d electrons expected from the oxida-
tion state. A typical case is iron(iii), which in the high-spin state (S =5/2)
gives rise to a spin population of about 4 on the metal, with the remain-
ing spin density delocalized an the ligands. When an iron–oxo moiety is
present, the convention is to assign the oxidation state of iron by consid-
ering the oxo ligand to be an oxide anion (O2�), while the spin distribu-
tions are more easily interpreted in terms of the electronic configuration
associated with the Fe=O double bond, which resembles the electronic
configuration of triplet dioxygen.[19,20]


To reproduce the polarization effects of acetonitrile, which is the solvent
used in the experiments,[4,5] the self-consistent reaction field as imple-
mented in Jaguar was employed.[21,22] The solvent was modeled as a mac-
roscopic continuum with dielectric constant e =36.64, and the solute was
placed in a cavity contained in this continuous medium. The probe radius
used for acetonitrile molecules was 2.155 �. Final energies of the opti-
mized structures were corrected for the solvent effects by employing the
lacvp basis set. As explained below, the investigation of oxo–hydroxo tau-
tomerization, which involves strong hydrogen bonds, required a slightly
different procedure to account for the polarization induced by the sol-
vent. In this case, geometry optimizations in solution were necessary.


The accuracy of the B3LYP functional can be ascertained from bench-
mark tests on a wide array of molecules (radicals, non-hydrogen systems,
hydrocarbons, substituted hydrocarbons, and inorganic hydrides)[23–25] and
transition-metal systems.[26–30] From the available data, it can be deter-
mined that an error of about 3–5 kcal mol�1 could affect the energy pro-
files reported in the present investigation. However, such an accuracy
should be sufficient to discriminate among different reaction mecha-
nisms.[31,32] Note that other theoretical studies on TPA complexes[33] and
similar systems[34] indicate that the chosen hybrid functional is capable of
predicting the proper spin for the ground state. In the present work the
performance of B3LYP is compared to a G2MP2 extrapolation scheme
for some probe reactions, namely, hydrogen-atom abstraction from pro-
pane, methane, and acetonitrile by the hydroperoxyl radical. The opti-
mized geometries obtained from the B3LYP approach described above
were used to calculate the energies on the basis of G2MS [Eq. (1)]:[35]


EðG2MSÞ ¼ E½CCSDðTÞ=6-31GðdÞ� þ E½MP2=6-311þGð2df,2pÞ��
E½MP2=6-31GðdÞ�


ð1Þ


The free energy G(G2MS) was then obtained by using the corrections
(i.e., solvent, zero-point, and thermal) derived from the B3LYP ap-
proach. In one case, the more accurate G2 energies based on the MP4/6-
311G(d,p) level were calculated; the expressions for the corrections in
the G2 scheme are described in ref. [36].


A case of spin contamination was encountered in the study on the low-
spin state for the high-valent iron–oxo species. An approximate correc-
tion to the energy was therefore derived from the energies of the low-
spin (“broken symmetry”) and high-spin states together with the Heisen-
berg spin Hamiltonian formalism.[37]
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Results and Discussion


Experiments on alkane hydroxylation and olefin oxidation
with the non-heme Fe(tpa) catalyst suggested a mechanism
involving a formally HO�FeV=O intermediate, formed by
O�O heterolysis of its H2O�FeIII�OOH precursor
(Scheme 1).[4–6] Theoretical studies based on DFT have dem-


onstrated the viability of the O�O heterolytic cleavage,
which affords the high-valent iron–oxo species. [12] The pres-
ent theoretical study goes further and investigates the reac-
tivity of HO�FeV=O toward alkanes. A description of the
high-valent iron–oxo species is presented first. Then the re-
action mechanism for the hydroxylation of methane and
propane is discussed. Finally hydroxylation of acetonitrile is
examined, since it is the solvent used in the experiments and


its C�H bond strength is comparable to the secondary C�H
bond strength of propane (vide infra).


The HO�FeV(tpa)=O species : Previous theoretical studies
demonstrated that a high-valent iron–oxo species can be
generated by O�O heterolysis of the [Fe(tpa)-
(H2O)(OOH)]2+ precursor, in which the presence of a water
molecule in the octahedral coordination sphere of the metal
complex promotes O�O bond cleavage. [12] The product of
the cleavage is the cis-HO�FeV=O species depicted in Fig-
ure la, in which the hydroxo ligand and the free water mole-
cule are generated during O�O heterolysis of the peroxo
ligand. The ground state for the high-valent iron–oxo species
is a quartet (S=3/2), which is calculated to have a rather
short Fe�O bond (1.66 �) and a longer Fe�OH bond
(1.77 �). Our calculations show that unpaired spin density is
distributed mainly within the HO�FeV=O unit with spin
populations of 1.58 on the Fe atom, 1.00 on the oxo atom,
and 0.44 on the hydroxo oxygen atom. This spin distribution
is not unlike that found for compounds I of heme peroxi-
dases and cytochrome P450, and related model com-
plexes.[38–40] The iron centers in the high-valent heme com-
plexes are also formally FeV, but are better described as
FeIV=O coupled to a porphyrin radical cation. The descrip-
tion of the S=1 FeIV=O center is analogous to that in triplet
O2: two unpaired electrons are accommodated in two p* or-
bitals with spin populations of about 1 on both the metal
and the oxo group.[19,20] The unpaired electron on the por-
phyrin radical then interacts weakly with the S= 1 FeIV=O
center to afford almost degenerate quartet and doublet
states. In the ground state of the biomimetic non-heme iron
complex, the third unpaired electron is instead ferromagnet-
ically coupled to the other two unpaired spins and thus
lowers the total energy by maximizing the exchange interac-
tion. Although this unpaired electron is mainly localized on


Scheme 1. Proposed mechanism for alkane hydroxylation and olefin oxi-
dation by [FeII(tpa)(CH3CN)2]


2+ and H2O2.


Figure 1. a) The cis-HO�FeV(tpa)=O species in which the oxo group occupies the position trans to the amine nitrogen atom. b) The cis-HO�FeV(tpa)=O
species in which the oxo group occupies the position trans to one of the aromatic nitrogen atoms (for clarity only part of the TPA ligand is depicted).
c) Transition state for oxo–hydroxo tautomerization mediated by a water molecule. Bond lengths in � are shown together with the corresponding spin
densities and relative energies.
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iron, some spin density is delocalized on the hydroxo ligand,
owing to transfer of spin density from the hydroxo ligand to
the metal atom. The electronic structure of the HO�FeV=O
species can thus be described by two extremes: in one reso-
nance form the metal center has oxidation state five with
three unpaired electrons on the Fe=O moiety. The other res-
onance form consists of the metal center with oxidation
state four (S=1) and the OH ligand with a hole, which is
ferromagnetically coupled to attain the S=3/2 state. There
are ample precedents for oxoiron(iv) moieties with S= 1
states in biological and biomimetic heme centers[41–43] and,
more recently, in synthetic non-heme iron complexes as
well, including [FeIV(O)(tpa)]2+ .[44–46]


Two tautomers are possible for the cis-HO�FeV=O spe-
cies: as illustrated in Figure la the oxo group can occupy the
position trans to the sp3 amine nitrogen or trans to one of
the aromatic nitrogen atoms (Figure lb). The two complexes,
which have very similar structural parameters and spin den-
sities, differ by less than 1 kcal mol�1 in energy and can be
considered as almost degenerate. Conversion between the
two structures may be mediated by the hydrogen-bonding
water molecule, which serves as a proton shuttle. A highly
symmetric transition state for the oxo–hydroxo tautomeriza-
tion involving the water molecule was located; the geometri-
cal details and spin populations for this transition state are
reported in Figure lc. A barrier of 14.2 kcal mol�1 was ob-
tained for oxo–hydroxo tautomerization.


The tautomerization was also investigated by using a dif-
ferent model, in which a molecule of acetonitrile (i.e. , the
solvent) forms a hydrogen bond with water (Figure 2a). In
this way the transition state, which involves the H3O


+ ion,
should be stabilized by the hydrogen-bonding solvent. Intro-
duction of polarization effects of the medium proved to be
essential for locating the minima, and therefore the tauto-
merization with the model depicted in Figure 2a was investi-
gated by optimizing geometries in solution (see Computa-
tional Methods). With this type of computational approach
only an approximate transition state was located (Fig-
ure 2b), for which the thermal effects of the Gibbs free
energy could not be evaluated. The structures of the cis-
HO�FeIV=O species and the transition state obtained with
the small model (Figure la and c) are rather similar to the
corresponding strucatures obtained with the larger model
(Figure 2a and b). However, the presence of acetonitrile
with a hydrogen bond to the water molecule significantly
lowers the barrier for oxo–hydroxo tautomerization. The
computed activation energy for the large model, corrected
for thermal effects from the small model, is 10.5 kcal mol�1.
Since O�O heterolysis was found to be endergonic by
5.1 kcal mol�1 with respect to the [Fe(tpa)(OOH)]2+ reac-
tant,[12] it can be concluded that the tautomerization reaction
involves a total barrier of 15.6 kcal mol�1.


Alkane hydroxylation : The reactivity of HO�FeV=O toward
alkanes was studied by exploring the hydroxylation of me-
thane and propane. In the case of propane, formation of
2-propanol was investigated. Since the hydrogen-bonding


water molecule of Figure 1 is not involved in the reaction
pathway leading to the hydroxylated products, the model for
the present investigation does not contain water in the
second coordination shell of the metal complex. Further-
more, the reactivity of the slightly more stable tautomer
with the oxo group in the position trans to the amine nitro-
gen atom (Figure la) is discussed; it has been verified that
the two tautomers behave very similarly. The reactive spe-
cies (M-reac) is thus the cluster of Figure 3, in which the
alkane is located in the second coordination sphere of the
HO�FeV=O complex. The electronic structure and geometry
of HO�FeV=O is not significantly perturbed by the presence
of the substrate as compared to the HO�FeV=O species of
Figure la. There are, however, some differences for some of
the bond lengths and for the computed spin densities. These
differences can be attributed mainly to the loss of the rather
strong hydrogen bond between the hydroxo ligand and the
water molecule.


The mechanism for alkane hydroxylation was explored by
following the rebound paradigm, which first involves ab-
straction of a hydrogen atom from the alkane to give an
alkyl radical (Scheme 2).[47,48] Subsequently, the radical re-
bound step gives the final hydroxylated product and a com-
plex in which the metal center has changed its oxidation
state from FeV to FeIII. Because the chemical transforma-
tions described below involve different spin states of the
iron complex, it is important to note that for HO�FeV=O


Figure 2. The model used to account for the strong polarization effects of
the solvent (i.e., acetonitrile) in oxo–hydroxo tautomerization. The struc-
tures of a) HO�FeV(tpa)=O and b) the approximate transition state were
obtained by means of geometry optimizations in solution. Bond lengths
in � are shown together with the corresponding spin densities; for clarity
only part of the TPA ligand is depicted.
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two states other than the quartet ground state are possible:
the doublet (S=1/2) and the sextet (S=5/2). As shown in
Table 1, which reports the most important structural param-
eters and the spin distributions for the three spin states, the
sextet and the doublet states are more than 10 kcal mol�1


higher in energy than the quartet ground state.


Two electronic configurations arise when S= 1/2, and they
can be interpreted in terms of the two possible couplings of
the three unpaired electrons characterizing the ground state
(S=3/2) of the iron–oxo moiety. Either the two p* electrons
are antiferromagnetically coupled, or alternatively the un-
paired d electron can be antiferromagnetically coupled to


the two p* electrons. Although the two doublet states of
HO�FeV=O have different electronic configurations, they
are found to differ by only 1.3 kcal mol�1, lying at + 12.4
and +13.7 kcal mol�1 with respect to the quartet ground
state. As a comparison, for cytochrome P450 the doublet
state, which is almost degenerate with the quartet state, has
the two unpaired p* electrons antiferromagnetically coupled
to an unpaired electron localized an the porphyrin ligand,
giving a total spin of S=1/2.


While the hS2i expectation values for the quartet and the
sextet states indicate negligible spin contamination, the dou-
blet states are heavily contaminated by higher spin states.
As explained in the section on Computational Methods, ap-
proximate corrections to the energies of the two states with
a high-level of spin contamination were estimated from the
Heisenberg spin Hamiltonian formalism. Corrections of
about 6.4 and 6.8 kcal mol�1 were obtained (see Table 1),
which destabilize the doublet states even more with respect
to the quartet ground state.


Methane hydroxylation : The three potential-energy surfaces
(S=1/2, 3/2, 5/2), which are quite different in energy on the
reactant side, become energetically very similar along the
reaction pathway leading to the hydroxylated alkane. For
methane hydroxylation the energy profiles of the rebound
mechanism along the doublet and the quartet potential-
energy surfaces are illustrated in Figure 4. When the quartet
state is considered, the first step of the hydroxylation passes
through the transition state M-tsab (Figure 5a), in which one
hydrogen atom of methane is abstracted by the oxo group
of the metal complex. During this transformation a radical
develops on the substrate, as indicated by the spin density of
0.68 computed on methane in the transition state (Fig-
ure 5a). The hydrogen-atom abstraction implies reduction of


the metal from iron(v) to
iron(iv) and the formation of a
new OH ligand. The transition
state of Figure 5a decays to an
intermediate in which iron is
coordinated by two hydroxo li-
gands, and the methyl radical is
located in the second coordina-
tion shell of the metal complex
(M-FeIV). The structural details
and the spin distribution com-
puted for this intermediate are
reported in Figure 5b. The spin
density of iron has not changed
significantly with respect to that
obtained for the HO�FeV=O
species: the spin densities are


1.67 in the reactant and 1.66 in the iron(iv)–hydroxo inter-
mediate. So the formation of the methyl radical (spin popu-
lation at C1: 1.04) occurs concomitantly with the loss of un-
paired spin density at the terminal oxo and hydroxo ligands
of the oxidant. While the computed spin population of 1.67
in the reactant can be interpreted in terms of the electronic


Figure 3. The reactant in methane hydroxylation, in which the alkane is
located in the second coordination shell of the metal complex. Spin den-
sities and bond lengths in � are shown.


Scheme 2. The rebound mechanism in alkane hydroxylation by
HO�FeV=O.


Table 1. Comparison of geometrical parameters and spin densities of the three possible spin states for HO�
FeV=O: doublet (S=1/2), quartet (S=3/2), and sextet (S= 5/2). Relative energies are also reported. O1 refers
to the oxo group, and O2 to the oxygen atom of the hydroxo ligand (see Figure 3).


d(Fe�O1) [�] d(Fe�O2H) [�] Spin(Fe) Spin(O1) Spin(O2) DE [kcal mol�1]


doublet 1.74 1.77 1.58 �0.80 0.30 12.4 +6.4 (18.8)[a]


doublet’ 1.68 1.80 0.21 1.25 �0.48 13.7 +6.8 (20.5)[a]


quartet 1.67 1.79 1.67 1.08 0.29 0.0
sextet 1.72 1.86 2.97 1.01 0.71 17.4


[a] For the quartet and the sextet states, the hS2i expectation values (3.78 and 8.80, respectively) indicate a low
level of spin contamination; for the doublet states the spin contamination (the hS2i expectation values are 1.79
and 1.77) affects the relative energies, whose corrections of 6.4 and 6.8 kcal mol�1 were estimated from the
Heisenberg spin Hamiltonian formalism.[37]
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structure associated with the short Fe=O double bond, the
new spin density of 1.66 reflects the intermediate spin state
(S=1) of iron(iv) in an octahedral environment, which
yields two unpaired d electrons on iron. As usual some spin
density is delocalized on the ligands and in particular on the
two OH groups. The rearrangement of the electronic struc-
ture during hydrogen-atom abstraction also explains the
lengthening of the Fe�O bond length from 1.67 � in the
FeV=O species to 1.78 � in the iron(iv)–hydroxo species of
Figure 5b.


The energy diagram in Fig-
ure 4a shows that the computed
barrier for hydrogen-atom ab-
straction is 17.0 kcal mol�1.
Zero-point effects lower the
barrier by 4.2 kcal mol�1, while
thermal effects, in particular the
entropy contribution, increase it
by 3.3 kcal mol�1. With respect
to the HO�FeV=O species, hy-
drogen-atom abstraction occurs
with an endergonicity of
5.2 kcal mol�1.


The iron(iv)–hydroxo inter-
mediate of Figure 5b is almost
degenerate with the corre-
sponding doublet structure, in
which the unpaired electron on
the methyl group is antiferro-
magnetically coupled with the


two unpaired d electrons of iron. Because of the weak cou-
pling between the unpaired d electrons and the unpaired
electron of the substrate, the doublet species is only
1.1 kcal mol�1 higher in energy than the corresponding quar-
tet, as illustrated in the energy diagrams of Figure 4 (be-
cause of the small energy difference, effects of spin contami-
nation were neglected in this case). The doublet state of the
iron(iv)–hydroxo intermediate can be formed by hydrogen-
atom abstraction along the doublet surface via transition
state M’-tsab (Figure 5c). Because of the broken-symmetry


Figure 4. Energy profiles for the rebound mechanism of methane hydroxylation along the quartet potential-energy surface (S=3/2; a) and the doublet
potential-energy surface (S =1/2; b). Free energies in kcal mol�1 are reported.


Figure 5. a) Transition state for hydrogen-atom abstraction in methane hydroxylation along the quartet poten-
tial-energy surface (S=3/2). b) The iron(iv)–hydroxo intermediate formed by hydrogen-atom abstraction (S=


3/2). c) Transition state for hydrogen-atom abstraction in methane hydroxylation along the doublet potential-
energy surface (S =1/2). Bond lengths in � and spin densities are shown. For clarity the TPA ligand is only
partially depicted.
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correction in the reactant, the energy barrier associated with
the S=1/2 hydrogen-atom abstraction step disappears. A
comparison between M’-tsab of Figure 5c and the corre-
sponding transition state on the quartet surface (Figures 5c
and a) shows that the transition state with S=1/2 resembles
the reactant structure (i.e. , hydrogen-atom abstraction has
proceeded only to a small extent), while the transition state
with S= 3/2 is more similar to the iron(iv)–hydroxo inter-
mediate. It is difficult to derive the exact activation energy
associated with hydrogen-atom abstraction when S=1/2 due
to the high degree of spin contamination. However, the dou-
blet potential-energy surface does not involve reaction path-
ways lower than the quartet one. Low-energy pathways
could not be located on the sextet potential-energy surface
either. For example, the sextet iron(iv)–hydroxo intermedi-
ate is found to lie 5.8 kcal mol�1 above the corresponding
quartet state M-FeIV.


After hydrogen-atom abstraction, the methyl radical com-
bines with one of the OH groups in the subsequent rebound
step to generate the final product. Two different pathways
are possible at this stage of the reaction. The methyl radical
can recombine with the hydroxo ligand originating from the
oxo group (O1), or the rebound process can involve O2 of
the other OH ligand (see labeling in Figure 5b). Both these
chemical transformations involve activation energies that
are lower than the barriers obtained for hydrogen-atom ab-
straction. When the rebound step on the quartet potential-
energy surface is considered, the recombination with O1
passes through transition state M-tsreb1, which is
5.6 kcal mol�1 higher in energy than the reactant HO�
FeV=O species. The recombination of the methyl radical
with O2 involves a barrier of 9.3 kcal mol�1 (M-tsreb2 in Fig-
ure 4a). The different activation energies obtained for the
two possible recombinations originate from solvent correc-
tions added to the free energies (see Computational Meth-
ods). While the rebound step involving O1 is favored by the
presence of the solvent, the solvent corrections increase the
activation energy for the rebound step involving O2.


Although different in energy, the two transition states
have rather similar structural parameters, as shown in Fig-
ures 6a and b, in which the most important distances are
highlighted together with spin populations. The two transi-
tion states are characterized by a rather long distance (2.8–
2.9 �) between the methyl carbon and oxygen atoms. They
decay to two different products: the FeIII complex in which
bound methanol occupies the position trans to the amine ni-
trogen atom, and that in which it is situated trans to one of
the aromatic nitrogen atoms. As shown in the energy dia-
gram of Figure 4, the hydroxylation reaction along the quar-
tet surface is exergonic by 49.5 kcal mol�1 for both products.


When the doublet potential-energy surface is explored, it
is estimated that the recombinations with O1 or with O2
have almost zero barriers with respect to the iron(iv)–hy-
droxo intermediate. It follows that hydrogen-atom abstrac-
tion and the rebound step along the doublet surface may be
considered to occur in a concerted fashion. The fast rebound
step results from the favorable coupling between the singly


occupied methyl orbital and the unpaired electrons of the
iron(iv)–hydroxo species. In the doublet state of the
iron(iv)–hydroxo intermediate two unpaired electrons
occupy the d orbitals of iron, and they are antiferromagneti-
cally coupled with the unpaired electron located on the
methyl radical. During the formation of the C�O bond in
the rebound step (see Figure 6), one electron is donated to
iron, which changes its oxidation state from four to
three.[40,47] . The b-electron of the methyl radical thus has the
proper spin to complete the double occupation of one of the
d orbitals. The electron transfer associated with C�O bond
formation leads to the low-spin FeIII product with S=1/2. In
the quartet state, the unpaired electron of the methyl radical
is ferromagnetically coupled with the two d electrons on
iron. This a-electron is then donated to an empty d orbital
during C�O bond formation leading to the quartet FeIII


product, which is characterized by three unpaired electrons
on the metal center.


Figure 7 summarizes relative energies, structural parame-
ters, and spin distributions for the two possible products (M-
prod1, M-prod2) in their corresponding quartet and doublet
states. The ground state of the product is neither the doublet
nor the quartet; it is the sextet FeIII complex (S=5/2).[49]


Still, the rebound step for S=5/2 is estimated to involve a
barrier which is higher than those for S= 1/2 and S= 3/2,
and therefore the reaction along the sextet potential-energy
surface was not investigated in detail. Figure 7 also shows
that the doublet FeIII complex is more stable than the corre-
sponding quartet structure. Because of the shapes of the po-
tential-energy surfaces, spin crossing from the quartet to the
doublet or sextet states is expected at a late stage of the hy-
droxylation reaction. Exactly where the crossing occurs
could not be determined.


The product in which methanol occupies the position
trans to one of the aromatic nitrogen atoms (M-prod2) is in
general favored over the other product (M-prod1), especial-
ly in the doublet and sextet cases, because the stronger hy-


Figure 6. a) Transition state for recombination (S= 3/2) of the methyl rad-
ical with the oxygen atom (O1) trans to the amine nitrogen atom.
b) Transition state for recombination (S= 3/2) of the methyl radical with
the oxygen atom (O2) trans to one of the aromatic nitrogen atoms. The
spin populations of the metal complex and of the substrate are shown to-
gether with bond lengths in �. For clarity the TPA ligand is only partially
depicted.
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droxo ligand (relative to methanol) is located trans to the
weaker amine nitrogen atom (relative to pyridine). Interest-
ingly, opposite entropy and solvent effects are obtained for
the different spin states of the two products. The entropy
gives rise to a larger energy difference between the high-
spin states and the low-spin states,[50] in contrast to the sol-
vent effects, which stabilize the low-spin states with respect
to the high-spin states.


The energy diagrams of Figure 4 show that the hydrogen-
atom abstraction step, which passes over a barrier of
17 kcal mol�1, is rate-determining for methane hydroxylation
by the HO�FeV=O species. Since formation of the high-
valent iron–oxo complex was computed to be endergonic by
5.1 kcal mol�1, a final activation energy of about
22 kcal mol�1 is obtained.


The computed pathways for the biomimetic, non-heme,
high-valent, iron–oxo species show some resemblance to
those of the widely studied compound I of heme enzymes.
The energy profiles for the rebound mechanism with the
TPA catalyst (Figure 4) can be compared to those for cyto-
chrome P450 proposed by Shaik et al.[40,47] Interestingly, hy-
drogen-atom abstraction leads to the iron(iv)–hydroxo inter-
mediate in the TPA catalyst, while an iron(iii)–hydroxo spe-
cies is instead formed in cytochrome P450; however, a radi-
cal on the porphyrin ligand is also present ([(PorC)FeIIIOH]+).
The recombination step is thus associated with electron
transfer to the porphyrin in the case of P450, while the elec-
tron is transfered to the metal in the rebound step of the
Fe(tpa) system. As in the case of cytochrome P450, for
which the high- and low-spin states have been suggested to
play a key role in the reactivity of compound I (two-state re-
activity),[40] the rebound mechanism for the HO�FeV=O spe-


cies in Fe(tpa) may also involve
the quartet and doublet poten-
tial-energy surfaces (Figure 4).
In both systems, the doublet
surfaces support a concerted
mechanism, while the quartet
surfaces favor a stepwise mech-
anism. However, it is important
to point out that the two states
are almost degenerate for [(PorC)-
FeIVO]+ , while they differ by
more than 10 kcal mol�1 in the
HO�FeV=O species.


Propane hydroxylation : A
lower barrier for propane hy-
droxylation is found due to the
weaker secondary C�H bond.
The reaction mechanism of pro-
pane hydroxylation again starts
with hydrogen-atom abstraction
by the oxo group. This step in-
volves transition state P-tsab
(Figure 8), which lies 7 kcal
mol�1 higher in energy than the


HO�FeV=O reactant. Similarly to hydrogen-atom abstrac-
tion in methane hydroxylation, a radical starts to develop on
propane in the transition state, as indicated by the computed
spin populations in Figure 8b. However, the transition state
does not decay to a radical intermediate, but instead leads
directly to the hydroxylated product, in which propanol is
located in the first coordination shell of the metal complex
(Figure 9). In contrast to the methane case, in which the
methyl radical could be optimized in the presence of the
high-valent iron–oxo intermediate (M-FeIV in Figure 5 b),
the hydrogen-atom abstraction step for propane does not


Figure 7. The two products of methane hydroxylation by HO�FeV=O. Some relevant structural details such as
Fe�O distances (d) and Fe-O-H angles (a) are reported for the three possible spin states (S =1/2, 3/2, 5/2).
Spin densities and relative energies are also given.


Figure 8. Transition state for hydrogen-atom abstraction from propane
along the quartet potential-energy surface (S=3/2). Relevant bond
lengths in � and spin densities are reported.
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give any propyl radical and iron(iv)–hydroxo complex. The
nascent propyl radical immediately reacts with the nascent
iron(iv)–hydroxo species by forming a new C�O bond and
thus propanol. This difference may initially appear counter-
intuitive, since the primary methyl radical would be expect-
ed to be more reactive than the secondary isopropyl radical.
However, this counterintuitive behavior could be rational-
ized in terms of the ionization potentials of the alkyl radi-
cals, as discussed previously for MMO.[51] In this argument,
formation of the C�O bond implies that an electron is do-
nated by the alkyl radical to the metal center,[40,47] which is
reduced to FeIII. The different behaviors of the two alkanes
can be understood in terms of the computed lower ioniza-
tion potential of the propyl radical (170 kcal mol�1) versus
the methyl radical (227 kcal mol�1), which thereby drives the
transition state of Figure 8 directly toward the formation of
propanol. The low ionization potential favors electron trans-
fer to the metal complex and thus the immediate formation
of the hydroxylated species without the involvement of a
radical species.


The calculations show that the transition-state structure of
Figure 8 (S= 3/2) directly yields product P-prod1 of Fig-
ure 9a, in which propanol results from the rebound of the
nascent propyl radical with the oxygen atom O1 coming
from the oxo group, which is derived from the oxidant (i.e. ,
H2O2). Formation of propanol incorporating not only O1
but also O2 (i.e., the oxygen atom of the OH group originat-
ing from water) can occur for the doublet state. When the
S= 1/2 potential-energy surface is examined, it is found that
hydrogen-atom abstraction by doublet HO�FeV=O does not


involve any significant barrier.
The potential-energy surface
around the approximate transi-
tion state is rather flat, and the
nascent propyl radical can
rebind without significant
energy barriers with either one
of the two OH groups, most
likely giving without selectivity
either of the two complexes of
Figure 9 (P-prod1 and P-
prod2). Exploration of the po-
tential-energy surface indicated
that electron transfer associated
with the hydrogen-atom ab-
straction (see Scheme 2) occurs
at an early stage of the process.
This observation may explain
why recombination with O2
(i.e., the OH ligand of HO�
FeV=O) is possible along the
doublet potential-energy sur-
face: the orientation of propane
is still favorable for interaction
of the nascent propyl radical
with O2 of the OH group. This
means that a pathway leading


to propanol exists on the doublet potential-energy surface,
and it implies a spin transition of the quartet iron(v)–oxohy-
droxo species to the doublet state, followed by hydrogen-
atom abstraction to give propanol. However, the doublet
state of the HO�FeV=O reactant is estimated to lie rather
high in energy (see Table 1), and the transformations involv-
ing the quartet spin state are thus more probable. Interest-
ingly, calculations also indicate that in the vicinity of the
transition state with S=3/2 (Figure 8), a spin crossing con-
nects the doublet and the quartet potential-energy surfaces
as sketched in the energy diagram of Figure 10. The exact
position of the spin crossing could not be located.


Similarly to the methane case, propane hydroxylation is
highly exergonic, as indicated in the energy profile of
Figure 10, which shows the free energy changes leading to
the two products P-prod1 and P-prod2. As summarized in
Figure 9, the species in which propanol occupies the position
trans to one of the aromatic nitrogen atoms (P-prod2 of
Figure 9) is always more stable than the other complex.
Among the three possible spin states (S= 1/2, 3/2, 5/2), the
sextet state is always more stable than the doublet and quar-
tet states. As noted above for methanol, entropy effects sta-
bilize the high-spin states,[50] while solvent effects favor the
low-spin states.


In summary, according to the energy profiles of Figure 10
the iron(iii)–propanol species of Figure 9a can be formed
along the quartet or doublet potential-energy surfaces,
where finally a spin transition brings the metal complex to
the more stable sextet state. The other tautomer (Figure 9 b)
can instead be formed with S=1/2 and then decay to the


Figure 9. The two products of propane hydroxylation by HO�FeIV=O. Some relevant structural details are re-
ported for the three possible spin states (S=1/2, 3/2, 5/2). Spin densities and relative energies are also shown.
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more stable sextet state. The HO�FeV=O species is thus ca-
pable of hydroxylating secondary alkanes with sufficiently
low barriers. In the previous theoretical study, the formation
of the high-valent iron–oxo species was computed to be en-
dergonic by 5.1 kcal mol�1.[12] When this value is added to
the calculated activation energy of 7 kcal mol�1, a final barri-
er of only 12.1 kcal mol�1 for propanol formation by HO�
FeV=O is obtained.


Hydrogen-atom abstraction—C�H bond strength versus ac-
tivation energy : The computed energy profiles for methane
and propane hydroxylation (Figures 4 and 10) show that hy-
drogen-atom abstraction requires a higher activation energy
for methane than for the weaker secondary C�H bond of
propane. For hydroxylation of the primary C�H bond of
propane, hydrogen-atom abstraction has a barrier which is
about 4 kcal mol�1 higher than that of the secondary C�H
bond but still lower than that of methane. This result agrees
with the bond dissociation energies of the primary C�H
bond in propane, which is computed to be 97.1 kcal mol�1


and compared to the other two bond dissociation energies
in Table 2. Since it is clear that for alkanes the C�H bond
strength alone drives the abstraction step by the iron(v)–oxo
species, it might be expected that acetonitrile (i.e., the sol-
vent used in the experiments) should also be hydroxylated
by the biomimetic species, because the C�H bond strength
of acetonitrile is in fact very similar to the computed bond
dissociation energy (BDE) of the secondary C�H bond of
propane (Table 2). However, such a reaction has not been
experimentally observed. To shed light on the possible inter-
action between the iron(v)–oxo intermediate and the sol-
vent, the rebound mechanism was probed with acetonitrile
as substrate. A slightly larger model than was employed for
propane and methane had to be used, since acetonitrile


tends to form a hydrogen bond with the hydroxo group of
HO�FeV=O. Two molecules of CH3CN were therefore in-
cluded in the model: one representing the substrate and one
forming a hydrogen bond to the hydroxo ligand of HO�
FeV=O. This type of model prevents the hydrogen bond be-
tween the substrate and the oxidant from affecting the ener-
getics of the rebound process. Hence, the computed activa-
tion energies for the hydrogen-atom abstraction and for the
rebound step can be directly compared to the corresponding
energies of the other two substrates investigated in the pres-
ent work.


Although the C�H bond strengths of propane and aceto-
nitrile are very similar, the computed activation energies for
hydrogen-atom abstraction by the oxo group differ by more
than 10 kcal mol�1: the computed energy barriers are
7.0 kcal mol� for propane and 18.3 kcal mol�1 for acetonitrile
(Table 2). The transition state associated with hydrogen-
atom abstraction from CH3CN (S= 3/2) is shown in
Figure 11 with relevant bond lengths and spin populations.
This structure subsequently decays to a stable radical in
which the electron is delocalized over the cyano group, as
already inferred from the computed spin population of the
transition state. The computed energetics for the entire re-
bound process are displayed in Figure 12.


Hydrogen-atom abstraction from CH3CN requires an acti-
vation energy comparable to that obtained for methane.
Also, the C�H and O�H bond lengths of the transition state
shown in Figure 11 resemble the corresponding ones of


Figure 10. Energy diagram for propane hydroxylation by HO�FeV=O.
Solid line: S=3/2 (quartet), dotted line: S=1/2 (doublet). P’-prod1 and
P’-prod2 correspond to the doublet state of the TPA complex.


Table 2. Computed bond dissociation energies (BDE) of methane, pro-
pane (secondary CH bond), and acetonitrile. Activation and reaction en-
ergies corresponding to hydrogen-atom abstraction by HO�FeV=O are
reported.


CH4 H3CCH2CH3 H3CCN


BDE[a] [kcal mol�1] 101.6 92.7 92.4
DG� [kcal mol�1] 17.0 7.0 18.3
DG [kcal mol�1] 5.2 – �2.5


[a] BDEs are corrected for solvent effects (e =36.64).


Figure 11. Transition state for hydrogen-atom abstraction from acetoni-
trile (S=3/2). Relevant bond lengths in � and spin densities are report-
ed.
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methane (Figure 5) rather than those of propane (Figure 8).
However, the energy change of the hydrogen-atom abstrac-
tion step yielding the iron(iv)–hydroxo species and a radical
on the substrate parallels the C�H BDE, as derived from
the computed energies gathered in Table 2. A comparison
with the propyl radical cannot be made, since the corre-
sponding intermediate following hydrogen-atom abstraction
from propane is not stable and evolves directly to the hy-
droxylated product. The calculations show that, while the
activation energy of hydrogen-atom abstraction from al-
kanes correlate with the corresponding C�H bond strength,
the energy barrier of the same step with acetonitrile as sub-
strate does not depend entirely on the C�H bond strength,
but is strongly affected by the presence of the cyano group.


The three substrates, methane, propane, and acetonitrile,
give rise to an equivalent energy pattern when a simpler hy-
drogen-atom abstraction reaction is explored. More specifi-
cally, abstraction by the hydroperoxyl radical was investigat-
ed, and the corresponding energetics are summarized in
Figure 13. Again, the activation energy for hydrogen-atom


abstraction from acetonitrile is more similar to that of meth-
ane than that for propane. On the other hand, the free
energy changes of the reaction match the trend of the com-
puted C�H BDEs of the three substrates. The computed
energy difference for acetonitrile is somewhat lower than
that of propane because the products (i.e., the radical and
hydrogen peroxide) are characterized by a new hydrogen
bond between the cyano group and H2O2.


This small model system was used to compare the per-
formance of B3LYP with the G2MS extrapolation scheme in
deriving the activation energies for hydrogen-atom abstrac-
tion from methane, propane, and acetonitrile (see Computa-
tional Methods).[35] These calculations confirm the B3LYP
energy pattern and showed again that the energy barrier for
hydrogen-atom abstraction for CH3CN is comparable to
that for CH4. Because the difference between the two meth-
ods is somewhat larger for acetonitrile (Figure 13), the more
accurate G2 calculation was performed for this substrate;[36]


it yielded an activation energy of 22.9 kcal mol�1, which
compares to 20.3 kcal mol�1 obtained with the B3LYP
method. Therefore, the activation barriers for hydrogen-
atom abstraction are rather well reproduced (within the ex-
pected accuracy) by the B3LYP functional, as was already
found in other studies on similar systems.[52,53] This simple
reaction corroborates the conclusions obtained from the
study on the hydrogen-atom abstraction by the high-valent
iron–oxo species, which showed that the thermodynamic
and kinetic profiles of hydrogen-atom abstraction for meth-
ane and propane correlate with the corresponding BDE. In
the case of acetonitrile, the hydrogen-atom abstraction step
involves not only C�H bond cleavage, but also an electronic
reorganization on the CN group, whereby the radical be-
comes partially delocalized. Such an electronic rearrange-
ment is likely to be the origin of the rather high barrier
computed for hydrogen-atom abstraction in acetonitrile, al-
though its C�H bond strength is similar to that of the secon-
dary C�H bond of propane.


Alkane hydroxylation—a comparison between theory and
experiment : The theoretical findings can be compared with
the experimental results collected for alkane hydroxylation
by the Fe(tpa) catalyst.[4] Cyclohexane was used in the ex-
periments, and propane is a suitable model for the larger
alkane: in both cases secondary C�H bonds are involved in
hydrogen-atom abstraction by the high-valent iron–oxo spe-
cies, and therefore similar barriers are expected for cyclo-
hexane and propane.[54] The principal experimental evidence
pointing toward the involvement of an iron(v)–oxo species
in alkane hydroxylation is the incorporation of 18O when the
reaction is carried out in the presence of H2


18O. For exam-
ple, oxidation of cyclohexane with H2


16O2 in the presence of
labeled solvent (H2


18O) gives cyclohexanol with about 30 %
18O incorporation.


The energy profiles of Figure 10 indicate that hydrogen-
atom abstraction from propane leads to recombination with
the oxo group (P-prod1), but they also show that recombi-
nation can involve O2 of the hydroxo ligand (P-prod2). Re-


Figure 12. Energy diagram for acetonitrile hydroxylation by HO�FeV=O
(S=3/2).


Figure 13. Energetics for a probe hydrogen-atom abstraction step with
three different substrates. B3LYP (bold) and G2 MS activation energies
in kcal mol�1 are compared.
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combination with O2 of the hydroxide, which would corre-
spond to the labeled oxygen coming from the solvent, leads
to the incorporation of 18O in the alcohol. As explained
above, recombination with O2 must involve the doublet po-
tential-energy surface, either through a quartet-to-doublet
spin transition on the reactant side or by spin crossing in the
vicinity of the transition state. Because the doublet iron(v)–
oxo species lies rather high in energy, we favor hydrogen-
atom abstraction on the quartet surface and spin transition
to the doublet surface in the vicinity of the transition state.
On the other hand, recombination with the hydroxide origi-
nating from the oxo group, which is derived from H2O2, may
occur along both the quartet and the doublet potential-
energy surfaces. It is expected that the chemical transforma-
tion along the quartet potential-energy surface, which corre-
sponds to the ground state of the HO�FeV=O species, is
faster since it involves no spin crossing, and it follows that
incorporation of the oxo oxygen atom is preferred over in-
corporation of the solvent oxygen atom. This result is
indeed in agreement with experiment.


Incorporation of labeled oxygen might also involve a dif-
ferent pathway, that is, oxo–hydroxo tautomerization occur-
ring prior to alkane hydroxylation. If this reaction occurs,
the oxo group responsible for hydrogen-atom abstractions
might contain oxygen derived from water. As discussed
above, the tautomerization reaction mediated by a water
molecule has a barrier of about 10 kcal mol�1. Importantly,
the barrier computed for propane hydroxylation
(7 kcal mol�1) is lower than that of the competing tautomeri-
zation, that is, incorporation of the oxygen atom originating
from hydrogen peroxide should be favored. In light of the
accuracy of the present calculations, oxo–hydroxo tautome-
rization cannot be excluded as a viable pathway accounting
for the experimental oservation of solvent incorporation in
the product. The exact ratio of incorporation of solvent
oxygen cannot be predicted from the present model, be-
cause spin crossing is involved and because the calculated
energies are subject to an uncertainty of 3–5 kcal mol�1,
which, for example, makes it hard to completely disregard
the competing tautomerization. It can be concluded that the
involvement of the low-spin state (i.e. , S=1/2) and possibly
of oxo–hydroxo tautomerization determine the degree of in-
corporation of solvent oxygen, while the high-spin state (S=


3/2) leads only to incorporation of oxygen originating from
hydrogen peroxide.


Note that the suggested mechanism of Figure 10 does not
involve any long-lived radical intermediates along the reac-
tion pathway. Hydrogen-atom abstraction is in fact followed
directly by C�O bond formation. The nascent alkyl radical
present at the transition state for hydrogen-atom abstraction
must have a very short lifetime, since the next step (rebound
step) occurs with zero barrier. The recombination can be
compared to the the epimerization process, with an estimat-
ed rate of 108–109 s�1.[55–57] According to transition-state
theory, this rate approximately corresponds to a barrier of
6 kcal mol�1. It follows that alkane hydroxylation by the
high-valent iron–oxo species occurs with retention of config-


uration at the carbon atom because epimerization is slower
than recombination. This conclusion agrees with experi-
ments showing that the Fe(tpa) catalyst is able to carry out
stereospecific hydroxylation of alkanes.[4]


The investigation on the hydroxylation of acetonitrile
shows that hydrogen-atom abstraction, that is, the slow step
of the reaction, requires a rather high energy barrier. In
particular, the computed activation energy (DG� =


18.3 kcal mol�1) is as high as that obtained for methane
(DG� = 17.0 kcal mol�1), and much higher than the activa-
tion energy for propane (DG� =7 kcal mol�1). This result
confirms the available experimental data showing that hy-
droxylation of acetonitrile does not compete with substrate
oxidation. Indeed the comparable barriers for C�H bond
cleavage of methane and acetonitrile suggest that methane
hydroxylation may not be experimentally attainable with
the Fe(tpa)/H2O2 system. Another possible reaction that
might occur between acetonitrile and the iron–oxo species is
the formation of acetonitrile N-oxide. Since the calculations
indicate that the transition-state structure corresponding to
the N�O bond formation lies rather high in energy (ca.
30 kcal mol�1), this reaction can also be disregarded.


Conclusions


Hybrid DFT was employed to shed light an the reactivity of
the high-valent iron–oxo species HO�(tpa)FeV=O with al-
kanes. The HO�(tpa)FeV=O species was previously pro-
posed to be an intermediate in the oxidative catalysis of
iron TPA complexes[4,5,1257] aimed at mimicking non-heme
iron oxygenases. For example, a similar intermediate is sug-
gested to be involved in the cis-dihydroxylation reaction cat-
alyzed by the Rieske-type dioxygenases.[10]


Hydroxylation of methane and propane to methanol and
2-propanol was explored according to the two-step rebound
mechanism, which has been widely discussed by other inves-
tigators for the heme case.[40,47] The rebound mechanism in-
volves first a hydrogen-atom abstraction generating the
alkyl radical and the HO�(tpa)FeIV�OH species (see
Scheme 2), and second recombination of the alkyl radical
with one of the hydroxo ligands. Two different spin states
are relevant for alkane hydroxylation by HO�FeV=O: the
quartet (S=3/2) and the doublet (S=1/2) states. The ground
state for the HO�FeV=O species is the quartet, and the dou-
blet lies rather high in energy. However, in the rebound
mechanism the doublet potential-energy surface crosses the
quartet surface. For both methane and propane, the slow
step of the chemical transformations leading to the alcohols
is hydrogen-atom abstraction. Due to the weaker secondary
C�H bond of propane, hydrogen-atom abstraction for this
alkane has a lower barrier than the corresponding reaction
for the C�H bond of methane (see Figures 4 and 10). In the
case of methane, the transition state associated with hydro-
gen-atom abstraction decays to the iron(iv)–hydroxo inter-
mediate, which has a very short lifetime; on the doublet sur-
face a zero barrier is computed for the recombination with
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the hydroxo ligand. The transition state for hydrogen-atom
abstraction from propane leads directly to the product, that
is, 2-propanol. Thus, the nascent propyl radical has a very
short lifetime, and this accounts for the stereospecific alkane
hydroxylation observed experimentally. Although recombi-
nation with the hydroxide originating from the oxo ligand is
preferred, recombination with the other hydroxo ligand
(i.e., that originating from the solvent water) can also occur.
This explains the incorporation of oxygen from water in the
alcohol, as observed experimentally. It was found that incor-
poration of solvent oxygen may also involve another com-
peting pathway, that is, oxo–hydroxo tautomerization of
HO�(tpa)FeIV=O occurring prior to alkane hydroxylation.


Finally, the calculations indicate that hydroxylation of the
solvent acetonitrile is kinetically inhibited because of the
rather high activation barrier associated with hydrogen-
atom abstraction, which is computed to be about
10 kcal mol�1 higher than that for propane hydroxylation.
This agrees with the experimental observation that solvent
hydroxylation does not interfere with the hydroxylation of
secondary C�H bonds of alkanes.
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Expanding the World of Endohedral Fullerenes—The Tm3N@C2n
(39�n�43) Clusterfullerene Family


Matthias Krause,* Joanna Wong, and Lothar Dunsch[a]


Introduction


Endohedral fullerenes are a relatively new class of com-
pounds. They are composed of encaged atoms, ions, or clus-
ters within a closed carbon cage. Both the host fullerenes
and the encaged species show a variety of unexpected elec-
tronic and structural properties.[1,2] In fact, many fullerene
cages are accessible only in endohedral form, as for exam-
ple, the IPR-obeying C74 (IPR = isolated pentagon rule) and
the non-IPR fullerene C66.


[3,4] In endohedral monometallo-
fullerenes the encaged rare earth element thulium has a va-
lence state of +2, whereas it exhibits a +3 valence state in
the metal and usually also in solution and in coordination
compounds.[5,6] Another remarkable property of endohedral
fullerenes is their ability to stabilise reactive species as in
the cases of atomic nitrogen in N@C60 or a trigonal Sc3 clus-
ter in Sc3@C82.


[7–10]


The discovery of Sc3N@C80 in 1999 opened the gate to a
new class of endohedral fullerenes with an encaged trimetal
nitride cluster.[11] Trimetal nitride clusterfullerenes are dis-


tinguished by several promising properties, for example, out-
standing high yields relative to empty, mono- and dimetallo-
fullerenes, a high thermal stability and a long term stability
in air.[11–15] Currently scandium is the most commonly used
metal in the synthesis of trimetal nitride clusterfullerenes.
The Sc3N family consists of Sc3N@C80, Sc3N@C78, and
Sc3N@C68.


[11,16, 17] All other known trimetal nitride clusterful-
lerenes including Y3N,[15] Tb3N,[18] Lu3N


[19] and Ho3N,[13] and
the mixed metal clusters ErSc2N


[20] and Er2ScN[14] have been
limited to a C80 fullerene cage.


Recently a second isomer of Sc3N@C80 based on a D5h C80


cage was discovered.[21] Both Sc3N@C80 isomers (I and II)
were separated and characterised by optical and vibrational
spectroscopy.[22] It is important to clarify whether a similar
coexistence of two cage isomers exists in other M3N@C80


clusterfullerene samples. Another open question worth ad-
dressing is whether clusterfullerenes with cages different to
those presently known can be prepared and isolated.


In this paper the isolation of six new clusterfullerenes, the
Tm3N@C2n (39�n�43) family, is reported. Their chemical
identity and purity were established by mass spectrometry.
The optical energy gaps and the electronic absorptions were
determined by visible-NIR spectroscopy. The cage isomers
of Tm3N@C80 (I), Tm3N@C80 (II), and Tm3N@C78 were ana-
lysed by chromatographic retention times, and visible-NIR
and FTIR spectroscopy.


[a] Dr. M. Krause, J. Wong, Prof. Dr. L. Dunsch
Leibniz-Institute for Solid State and Materials Research Dresden
Institute of Solid State Research
Group of Electrochemistry and Conducting Polymers
Postfach 270116, 01171 Dresden (Germany)
Fax: (+49) 351-465-9745
E-mail : m.krause@ifw-dresden.de


Abstract: A new family of endohedral
fullerenes, based on an encaged trithu-
lium nitride (Tm3N) cluster, was syn-
thesised, isolated and characterised by
HPLC, mass spectrometry, and visible-
NIR and FTIR spectroscopy. Tm3N
clusterfullerenes with cages as small as
C76 and as large as C88 were prepared
and six of them were isolated. Tm3N@
C78 is a small clusterfullerene. The two
isomers of Tm3N@C80 (I and II) were


the most abundant structures in the
fullerene soot. Tm3N@C82, Tm3N@C84,
and Tm3N@C86 represent a new series
of higher clusterfullerenes. All six iso-
lated Tm3N clusterfullerenes were clas-


sified as large energy-gap structures
with optical energy gaps between ~1.2
and ~1.75 eV. Tm3N@C80 (I) and
Tm3N@C80 (II) were assigned to the
C80 cages C80:7 (Ih) and C80:6 (D5h). For
Tm3N@C78, the analysis pointed to an
elliptical carbon cage with C78:1 (D3)
or C78:4 (D3h) being the probable struc-
tures.


Keywords: fullerenes · high-
pressure liquid chromatography ·
IR spectroscopy · mass
spectrometry · thulium
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Results and Discussion


The chromatogram and the mass spectrum of the fullerene
extract give evidence for the formation of Tm3N clusterful-
lerenes with cages as small as C76 and as large as C88


(Figure 1). Tm3N@C80 represents the most abundant fraction
in the fullerene extract. Among the Tm3N clusterfullerenes


Tm3N@C84 was the second most abundant. Furthermore,
Tm3N@C78, Tm3N@C82 and Tm3N@C86 were formed with
smaller but still separable amounts. Tm3N@C76 and Tm3N@
C88 were detected in the extract. In addition to trithulium ni-
tride and empty fullerenes, thulium mono- and dimetalloful-
lerenes, Tm@C2n (41�n � 47) and Tm2@C2n (41�n�46),
were detected.


Chemical identities and purities of the isolated Tm3N clus-
terfullerenes were established by the chromatograms and
mass spectra given in Figures 2 and 3. The isolated Tm3N
clusterfullerenes, like other endohedral structures, were
stable throughout the chromatographic separation and
under laser desorption time-of-flight (LD-TOF) conditions.
The sample purities were ~99 % for Tm3N@C78, �99 % for
Tm3N@C80 (I and II), �90 % for Tm3N@C82, �95 % for
Tm3N@C84 and ~80 % for Tm3N@C86. The last sample con-
tained some nonseparable Tm3N@C88 as the main impurity.
The presence of oxides could be ruled out. As in the case of
the Sc3N clusterfullerenes,[21,22] two stable C80 based struc-


tures exist for Tm3N. The minor Tm3N@C80 (II) isomer
made up 15–20 % of the entire Tm3N@C80 fraction. This is
the same content as that of Sc3N@C80 (II) in the whole
Sc3N@C80 fraction.[22]


Under identical experimental conditions, the retention
times of the major and the minor Tm3N@C80 isomer are
very similar to those of the Sc3N@C80 isomers I and II:
38.5 min and 40.8 min for the Tm3N clusterfullerenes com-
pared to 38.8 and 40.5 min for the Sc3N clusterfullerenes.[22]


This is a strong indication that the electronic and geometric


Figure 1. a) Chromatogram of the Tm3N fullerene extract and scheme of
the first separation stage into three main fractions labelled fr 1, fr 2 and
fr 3. The sharp peak around 5 min is due to hydrocarbon byproducts.
b) Positive ion LD-TOF mass spectrum of the fullerene extract. The
numbers in both a) and b) label the following Tm3N fullerenes: 1=


Tm3N@C76, 2=Tm3N@C78, 3= Tm3N@C80, 4 =Tm3N@C82, 5=Tm3N@C84,
6= Tm3N@C86, 7=Tm3N@C88.


Figure 2. Chromatograms of isolated Tm3N@C78, Tm3N@C80 (I and II),
Tm3N@C82, Tm3N@C84 and Tm3N@C86; linear combination of two 4.6�
250 mm Buckyprep columns; flow rate 1.6 mL min�1, injection volume
100 mL, 30 8C.


Figure 3. Positive ion LD-TOF mass spectra of isolated Tm3N@C78,
Tm3N@C80 (I and II), Tm3N@C82, Tm3N@C84 and Tm3N@C86.
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structures are similar to those of Sc3N@C80 (I and II). This
correlation implies a charge transfer of six electrons from
the Tm3N cluster to the C80 cages and an almost spherical
charge distribution of the fullerene. However, even after ac-
counting for a charge transfer of six electrons, the retention
times of the other four Tm3N clusterfullerenes are much too
high, indicating significant contributions of dipole–dipole
and quadrupole–quadrupole interactions to the overall re-
tention time. This is particularly pronounced for Tm3N@C78.
Its retention time of 50.6 min is much greater than that of
Sc3N@C78 (36.6 min)[22] and would suggest an incredible
charge transfer of 13 electrons. Aberrantly high dipole and/
or quadrupole moments are presumably responsible for the
very large retention time of Tm3N@C78. A nonspherical
charge distribution caused by an elongated elliptical cage,
the likeliest examples being C78:1 (D3) or C78:4 (D3h),[23] can
account for the retention behaviour of Tm3N@C78.


Visible-NIR spectra of Tm3N@C80 (I), Tm3N@C80 (II),
and Tm3N@C78 are presented along with those of their Sc3N
counterparts in Figure 4, and those of the three higher
Tm3N clusterfullerenes are shown in Figure 5 below. Select-
ed visible-NIR data are listed in Table 1. No absorptions
beyond 1100 nm were observed for the Tm3N clusterfuller-
ene family members. The lowest energetic transitions, which
are the measure for the optical energy gap, were found be-
tween 1.18 eV for Tm3N@C86 and 1.76 eV for Tm3N@C80


(I). Since an energy gap value of 1.0 eV marks the border-
line between large and low energy-gap fullerenes, the isolat-
ed Tm3N@C2n family members are classified as large
energy-gap fullerenes. To some extent the energy-gap order-
ing of the Tm3N clusterfullerenes can be correlated with


their abundance in the fullerene soot. Both Tm3N@C80 iso-
mers have significantly larger energy gaps and are formed in
greater abundance than Tm3N@C84, which in turn has a
larger gap and higher abundance than Tm3N@C86. Only
Tm3N@C78 and Tm3N@C82 are less abundant than expected
from their energy gaps, which are of the same order as that
of Tm3N@C80 (II). These exceptions could be due to kinetic
reasons, as no thermodynamic equilibrium is established
during the fullerene formation. Hence it seems possible, that
the most abundant Tm3N@C80 (I) clusterfullerene is formed
at the cost of the nearest neighbour cage sizes Tm3N@C78


and Tm3N@C82.


For structure analysis of the isolated Tm3N@C2n cluster-
fullerenes, the isolated pentagon isomers have to be consid-
ered in a first approximation, that is, 5 C78, 7 C80, 9 C82, 24 C84,
and 19 C86 cages. In order to reveal similarities and differen-
ces in the carbon cage structures, the visible-NIR signatures
of Tm3N@C80 (I), Tm3N@C80 (II) and Tm3N@C78 were com-
pared to those of their Sc3N counterparts (Figure 4). These


absorptions are predominantly
due to p–p* carbon-cage transi-
tions and depend on the
carbon-cage geometry and its
charge state. For Tm3N@C80 (I)
and Sc3N@C80 (I) only slightly
different wavelengths were ob-
served for the absorption onset,
the lowest energetic absorption
and the strongest visible-NIR
absorptions: 780 and 820 nm,
705 and 735 nm, and 407 and a


band pair centred at 401 nm, respectively. A close resem-
blance was also found between the visible-NIR spectra of
Tm3N@C80 (II) and Sc3N@C80 (II): the onsets were 900 and
920 nm, the longest wavelength absorptions appeared at 820
and 780 nm, respectively; the strongest absorption of
Tm3N@C80 (II) at 460 nm can be correlated with the
medium intense Sc3N@C80 (II) absorptions at 472 and
426 nm. Significant differences were found between the visi-
ble-NIR spectra of Tm3N@C78 and Sc3N@C78. The first was
observed in the spectral range around 400 nm, at which the
Tm3N compound showed a medium intense absorption
band, whereas Sc3N@C78 exhibited an absorption minimum.


Table 1. Characteristic visible-NIR absorptions and absorption onset of Tm3N@C78, Tm3N@C80 (I) and (II),
Tm3N@C82, Tm3N@C84 and Tm3N@C86.


Tm3N@C78 Tm3N@C80 (I) Tm3N@C80 (II) Tm3N@C82 Tm3N@C84 Tm3 N@C86


l [nm] l [nm] l [nm] l [nm] l [nm] l [nm]


strongest absorptions 400 sh 407 m 460 s 490 sh 480 sh 460 m
590 sh 540 sh 625 sh 620 sh 610 m 590 m


675 w 710 sh 710 sh
lowest energetic
absorption


750 w 705 w 820 vw 750 vw 900 vw 1050 vw


onset 850 780 900 950 1050 1250


Figure 4. Visible-NIR spectra of Tm3N@C80 (I), Tm3N@C80 (II) and
Tm3N@C78 dissolved in toluene, 10 mm path length, 2 nm resolution in
comparison to the response of Sc3N@C80 (I), Sc3N@C80 (II), and
Sc3N@C78.
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A second discrepancy was found around 600 nm, at which
the Tm3N@C78 spectrum showed a medium intense absorp-
tion band at 590 nm, whereas an absorption minimum was
found for Sc3N@C78. From these comparisons, the visible-
NIR signatures indicate that Tm3N@C80 (I) and Sc3N@C80


(I) as well as Tm3N@C80 (II) and Sc3N@C80 (II) have similar
carbon cages and electronic structures. On the other hand
these comparisons imply different cage structures for
Tm3N@C78 and Sc3N@C78, as indicated first by their ex-
tremely different HPLC retention times.


No trimetal nitride clusterfullerenes higher than C80 have
been isolated and characterised so far. Hence, the visible-
NIR signatures of Tm3N@C82, Tm3N@C84 and Tm3N@C86


(Figure 5) were compared to those of endohedral dimetallo-


fullerenes: Tm2@C82 (I, II, III),[24] Er2@C82 (I, III),[24] Sc2@
C84 (I: Cs, II: C2v, III: D2d),[25] Dy2@C84 (I, III),[26] Sc2@C86


(II)[27] and Er2@C86 (I, II, III).[28] No reasonable correspond-
ence was found between the Tm3N clusterfullerene spectra
and those of the dimetallofullerenes. How this conclusion
was achieved is illustrated in detail for the C84-based fuller-
enes. Sc2@C84 (I, II) and Dy2@C84 (I) have NIR absorptions
at 1200 nm and 1750 nm, respectively, and their onsets are
at around 1400 and 2000 nm.[25, 26] Sc2@C84 (III) and Dy2@C84


(III) exhibit a strong NIR absorption at 880 nm and an
onset at around 1200 nm. These signatures are characteristic
for the C84 dimetallofullerenes. Tm3N@C84 has no NIR ab-
sorptions and an onset of 1050 nm. It might be indicated
that different carbon cages can be stabilised depending on
whether two metal ions or a trimetal nitride cluster are pres-
ent in the formation process.


FTIR spectroscopy in combination with group theory pro-
vides direct structural information about the carbon cage
and the encaged trimetal nitride cluster.[15,22] The FTIR spec-
tra of Tm3N@C80 (I), Tm3N@C80 (II) and Tm3N@C78 are dis-
played in Figure 6 along with the spectra of Sc3N@C80 (I),[22]


Sc3N@C80 (II)[22] and Sc3N@C78.
[29] The infrared selection


rules for the C78 and C80 IPR isomers are given in Table 2.
Almost identical vibrational structures of Sc3N@C80 (I) and
Tm3N@C80 (I), and of Sc3N@C80 (II) and Tm3N@C80 (II), re-
spectively, are evident from Figure 6. The detailed analysis
leads to five groups of tangential cage modes for both C80


(I) isomers, labelled as B, C, D, F and H according to refer-
ences [15,22] and one strong radial cage mode around


Figure 5. Visible-NIR spectra of Tm3N@C82, Tm3N@C84 and Tm3N@C86,
parameters as in Figure 4.


Figure 6. FTIR spectra of a) Sc3N@C80 (I), b) Tm3N@C80 (I), c) Sc3N@C80


(II), d) Tm3N@C80 (II), e) Sc3N@C78 and f) Tm3N@C78; 500 accumula-
tions, 2 cm�1 resolution; capital letters refer to the line group classifica-
tion introduced for Sc3N@C80 in references [15, 22]; the corresponding
line groups of M3N@C80 (M=Sc, Tm) isomers (I) and M3N@C80 (M=Sc,
Tm) isomers (II) are marked by solid arrows; the dashed arrows indicate
the nas(ScN, TmN) mode shift ; fingerprint lines of Tm3N@C78 and Sc3N@
C78 are marked by dotted arrows; a CS2 mode in the spectrum of Sc3N@
C78


[29] is denoted by an asterisk.


Table 2. Infrared selection rules for the five IPR isomers of C78 and the
seven IPR isomers of C80 fullerene. For C2v isomers the axes were de-
fined that more atoms are located in the (yz) mirror plane than in the
(xz) plane.


Cage isomer[30] Symmetry group IR active vibrations


C78:1 D3 37 A2 + 76 E
C78:2 C2v 59 A1 + 56 B1 + 57 B2


C78:3 C2v 60 A1 + 56 B1 + 57 B2


C78:4 D3h 20 A2’’ + 38 E’
C78:5 D3h 19 A2’’ + 37 E1’


C80:1 D5d 12 A2u + 23 E1u


C80:2 D2 58 B1 + 58 B2 + 58 B3


C80:3 C2v 62 A1 + 57 B1 + 59 B2


C80:4 D3 38 A2 + 78 E
C80:5 C2v 61 A1 + 57 B1 + 59 B2


C80:6 D5h 13 A2’’ + 23 E1’
C80:7 Ih 6 F1u
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500 cm�1. The number of lines within these groups is slightly
larger for Tm3N@C80 (I) than for Sc3N@C80 (I), most notably
in the tangential mode groups C and F, and for the strong
radial cage mode. Some weak lines in the Sc3N spectrum
have medium intense counterparts in the Tm3N@C80 (I)
spectrum. This is particularly apparent in the tangential
mode group D. The FTIR spectra of the C80 (II) isomers
have signatures similar to the C80 (I) isomers, and their most
intense line groups are closely related to those of the C80 (I)
isomers. The tangential mode groups A and I of Tm3N@C80


(II) and Sc3N@C80 (II) are not present in the spectra of the
first isomers, and the line groups F have significantly lower
intensities in the C80 (II) than in both C80 (I) isomer spectra.
Similar to the tendency seen for the C80 (I) isomers, the line
group splitting is stronger for Tm3N@C80 (II) than for
Sc3N@C80 (II), and some weak Sc3N@C80 (II) lines corre-
spond to medium intense lines in the Tm3N@C80 (II) spec-
trum. The total numbers of infrared active lines, including
all lines with relative intensities from 100 % down to 2 %,
are 39 and 46 cage modes for Tm3N@C80 (I) and Tm3N@C80


(II), respectively. These numbers are higher than those
found in Sc3N@C80 (I) and Sc3N@C80 (II) by approximately
10.[22] According to the selection rules (Table 2), only the
highest symmetric C80 cage isomers C80:1, C80:6, and C80:7
can account for the small number of infrared active lines.
The final isomer assignment is based on the close spectral
resemblance with their Sc3N@C80 counterparts: Tm3N@C80


(I) is assigned to the C80 isomer C80:7 with Ih symmetry, and
Tm3N@C80 (II) is assigned to C80:6 (D5h). Schematic struc-
ture models of both Tm3N@C80 isomers are shown in Figure 7.


There is one major difference between the Tm3N@C80 and
the Sc3N@C80 infrared spectra. The strongest low-energy in-
frared line of Tm3N@C80 (I and II) was found at approxi-
mately 710 cm�1, that is, at ~110 cm�1 higher than for
Sc3N@C80 (I and II). For the Sc3N@C80 clusterfullerenes, this
line was assigned to the antisymmetric ScN stretching vibra-
tion of the Sc3N cluster.[15,22] Due to their comparably high
intensities and their strong metal dependences, the Tm3N@
C80 lines around 710 cm�1 are assigned to the antisymmetric
thulium–nitrogen stretching mode, nas(TmN). The detailed
analysis of nas(TmN) and its implications for the geometric
and electronic structure of the Tm3N cluster is subject of
further investigations.


In contrast to the FTIR spectra of Tm3N@C80 and Sc3N@
C80 (I, II), those of Tm3N@C78 and Sc3N@C78 show signifi-
cant differences from each other (Figure 6). Both spectra ex-
hibit several prominent lines, indicated by dotted arrows,
that are completely absent in the other spectrum. Therefore,
identical C78 cage isomers can be excluded. By using a line
fit model, 60 infrared active lines were found for Tm3N@C78


within a range of relative intensities from 2 to 100 %. This is
very close to the number of infrared active modes of the
two highest symmetric C78 cages C78:4 (D3h) and C78:5 (D3h)
(see Table 2). On the other hand this number is larger than
the number of Sc3N@C78 infrared lines. As 173 and 174
modes are infrared allowed for the C2v isomers C78:2 and
C78:3, both cages are excluded as possible structures of


Tm3N@C78. The cage C78:5 (D3h), previously found for
Sc3N@C78, can also be excluded due to the significant differ-
ences in the FTIR spectra of Tm3N@C78 and Sc3N@C78.
Hence the cage isomers C78:1 (D3) or C78:4 (D3h) are the
two possible carbon cages of Tm3N@C78. Their ellipsoidal
shape could account for the significant larger HPLC reten-
tion time compared to Sc3N@C78. The conclusion is also con-
sistent with the visible-NIR analysis. The final isomer assign-
ment is a matter of forthcoming spectroscopic and theoreti-
cal investigations.


Conclusion


A new family of trimetal nitride clusterfullerenes, the
Tm3N@C2n (39�n�43) family, has been explored. It is the
largest clusterfullerene family characterised so far. As in the
Sc3N family, the C80-based Tm3N@C80 isomers (I: Ih and II:
D5h) were formed in the greatest abundance. Trimetal ni-
tride clusterfullerenes with cages greater than C80 were iso-
lated for the first time. All isolated Tm3N structures were
classified as large energy-gap fullerenes. The observed


Figure 7. Schematic structure models of a) Tm3N@C80 (I; Ih) and b)
Tm3N@C80 (II; D5h); the thulium atoms are drawn in black, the carbon
atoms are in grey and the nitrogen atoms are hidden by the central
carbon atoms; trigonal planar geometry and orientation of the Tm3N
cluster are still to be confirmed.
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energy-gap ordering could partly account for the ordering of
the observed abundances. The idea of a general coexistence
of two C80 cage isomers of Ih and D5h symmetry in trimetal
nitride clusterfullerene samples was supported by this study.
For Tm3N@C78 clusterfullerene a carbon cage structure dif-
ferent from that of Sc3N@C78 was established. The analysis
pointed to an elliptical carbon cage, with C78:1 (D3) or C78:4
(D3h) being the probable structures.


Experimental Section


The fullerene soot was prepared by a modified Kr�tschmer–Huffman arc
burning method. Mixtures of thulium metal or oxide and graphite
powder were pressed into the holes of graphite rod electrodes in a molar
ratio of 1:12.5. As source of nitrogen 20 mbar NH3 were added to the re-
actor atmosphere of 200 mbar He.[12–14] Non-fullerene hydrocarbon by-
products were extracted from the soot with acetone. The as purified soot
was soxhlet extracted by CS2 for 20 h. On average 500 mg fullerenes were
obtained per burning. In this process approximately 3 g of carbon rods
were consumed. Fullerene separation was done by multistage high per-
formance liquid chromatography (HPLC) with pure toluene as the
eluent. In the first stage, the soot extract was separated into three frac-
tions by using a linear combination of two analytical 4.6� 250 mm Bucky-
Prep columns (Nacalai Tesque). Tm3N@C80 (I) and Tm3N@C80 (II) were
isolated in 1 to 2 runs from the first fraction using a flow rate of
1.6 mL min�1 and an injection volume of 250 mL. Tm3N@C78 and Tm3N@
C82 were isolated from fraction 2 by two stages on a semi-preparative
10� 250 mm Buckyclutcher column applying a flow rate of 1 mL min�1,
and an injection volume of 100 mL. Tm3N@C84 and Tm3N@C86 were iso-
lated from the third fraction by one additional step on the BuckyPrep
columns and another on the BuckyClutcher column. A UV detector set
to 320 nm was used for fullerene detection. The purities of the isolated
samples were checked by HPLC runs and laser desorption time-of-flight
(LD-TOF) mass spectrometry analysing both, negative and positive ions.
The following clusterfullerene amounts were isolated in our study by
processing a 10 mg fullerene extract: 2 mg Tm3N@C80 (I), 400 mg Tm3N@
C80 (II), 150 mg Tm3N@C78, 200 mg Tm3N@C84, 50 mg Tm3N@C82, and
100 mg Tm3N@C86. Visible-NIR spectra of clusterfullerene solutions in
toluene were recorded on a UV-visible-NIR 3101-PC spectrometer (Shi-
madzu, Japan) by using quartz cells of 1 mm layer thickness. For FTIR
measurements Tm3N@C80 (I and II; 200 mg) and Tm3N@C78 (150 mg) dis-
solved in toluene (1 mL) were used to drop-coat KBr single-crystal disks.
Residual solvent was removed by heating the polycrystalline films in a
vacuum of 2� 10�6 mbar at 235 8C for 3 h. The FTIR spectra were record-
ed at room temperature on an IFS 66v spectrometer (Bruker, Germany).
These three Tm3N clusterfullerenes were isolated in sufficiently high
yields and were stable in the solid state. Tm3N@C84 proved to be less
stable in solid form, and the isolated amounts of Tm3N@C82 and Tm3N@
C86 were too small for a reliable FTIR analysis.
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Polyoxometalate-Supported Y– and YbIII–Hydroxo/Oxo Clusters from
Carbonate-Assisted Hydrolysis


Xikui Fang,[a] Travis M. Anderson,[a] Cristiano Benelli,[b] and Craig L. Hill*[a]


In memory of Professor Jingfu Liu


Introduction


The rational self-assembly of modular and multicomponent
systems into larger structures or materials with useful prop-
erties continues to be as important technologically as it is
challenging to achieve. In this context, the formation of lan-
thanide–hydroxo/oxo clusters with noteworthy spectroscop-
ic, magnetic, and catalytic properties is of interest.[1] Current
efforts to synthesize new Ln–hydroxo/oxo clusters (Ln= lan-
thanide) are stimulated by the potential to develop synthetic
nucleases for the hydrolysis of phosphate diester bonds, in-
cluding the robust bonds of nucleic acids.[2] A common ap-
proach for the synthesis of such complexes is to utilize che-
lating ligands such as amino acids, ketonates, carboxylates,
and alkoxides to control the hydrolysis of the metal ions.[3]


The choice of bridging ligand(s) is critical in that the ligands


not only provide appropriate electron-donor character and
symmetry, they also stabilize the cluster by electrostatically
or sterically counteracting the tendency for further aggrega-
tion. On the other hand, the LnIII and Y ions generally dis-
play large and variable coordination numbers (CN=8–12)
and show minimal stereochemical preferences due to the
small energy differences associated with the various coordi-
nation geometries.[4] This makes it difficult to control the co-
ordination environment of the LnIII centers and therefore
impedes fine-tuning of the electronic, spectroscopic, and
magnetic properties of such clusters. As a result, a crucial
but challenging step towards rational design lies in selective
incorporation of LnIII ions into these highly organized archi-
tectures with the assistance of highly predisposed ligands.


Herein we report two such hydroxo/oxo clusters support-
ed by the multidentate polyoxotungstate ligand, a-
[P2W15O56]


12�, derived from the parent Wells–Dawson a-
[P2W18O62]


6� by controlled base degradation. The trivacant
complex, a-[P2W15O56]


12�, has seven terminal oxo groups in
the M3 (or “cap”; M=metal ion) region produced by base-
associated hydrolysis, which can be readily used for metal
ion coordination. However, the incorporation of metal ions
into all three vacant sites has been limited to the first two
rows of transition metals to date except for a uranium poly-
oxometalate (POM) recently reported by Pope et al. ,
[(UO2)12(m3-O)4(m2-H2O)12(P2W15O56)4]


32�.[5] Representative


[a] X. Fang, Dr. T. M. Anderson, Prof. C. L. Hill
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Abstract: Carbonate-assisted hydrolysis
of Y or YbIII ions in the presence of
the trivacant Wells–Dawson polyoxo-
anion, a-[P2W15O56]


12�, produced two
polyoxometalate-supported Y– or
YbIII–hydroxo/oxo clusters, which have
been characterized by single-crystal X-
ray structure determination. The struc-
ture of the Y complex consists of a dis-
torted Y4(OH)4 cubane cluster en-
capsulated by two lacunary a-


[P2W15O56]
12� units, while the Yb clus-


ter features a hexametallic core cen-
tered around a m6-oxo atom with each
YbIII


3 triangular face capped by an oxo
or a hydroxo group. Magnetization
measurements of the ytterbium(iii) de-


rivative suggested that intermolecular
dipolar exchange is present at low tem-
peratures (below 15 K). Despite its ab-
sence in the structures themselves, con-
trol experiments show that carbonate
not only functions in the hydrolysis, it
also influences the structure of the
complexes by complexation to yttrium
and the f-block elements.


Keywords: carbonate · cluster
compounds · lanthanides ·
polyoxometalates · self-assembly
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examples of metal incorporation into a-[P2W15O56]
12�/16� in-


clude [P4W30M4O112]
16� (M=CoII, CuII, ZnII, MnII, or


FeIII),[6–10] a di-iron(iii)-substituted analogue [Fe2-
(NaOH2)2(P2W15O56)2]


16�,[11] [P2W15M3O62]
9� (M= V or


Nb),[12–15] a polyoxothiometalate [(H2P2W15O56)4-
{Mo2O2S2(H2O)2}4{Mo4S4O4(OH)2(H2O)}2]


12�,[16] and recently
reported Ti complexes (dimeric [TiP2W15O55OH]2


14�, tetra-
meric [Ti3P2W15O57.5(OH)3]4


24� and [(P2W15Ti3O60.5)4]
36�).[17]


This work represents the first example of the incorporation
of lanthanide ions into the trivacant Wells–Dawson-type
polyanion system. The unusual stabilization forces observed
for the bridging hydroxo/oxo moieties further distinguish
these new complexes from the examples above.


Results and Discussion


Synthesis and characterization : The two new POM-sup-
ported hydroxo/oxo clusters, [{Y4(m3-OH)4(H2O)8}-
(a-P2W15O56)2]


16� (1) and [{Yb6(m6-O)(m3-OH)6(H2O)6}-
(a-P2W15O56)2]


14� (2), were prepared from controlled hydrol-
ysis in aqueous solutions. The reaction of a-[P2W15O56]


12�


with YCl3 or Yb(NO3)3 in an aqueous Na2CO3 solution
(0.1 m) afforded a slurry, from which 1 and 2 were obtained
in 22.8 and 35.2 % yields, respectively, after recrystallization.
Both complexes have been characterized by 31P NMR and
IR spectroscopy, and the solid-state structures of 1 and 2
were established by elemental analysis and single-crystal
X-ray diffraction. Carbonate not only functions as a hydrol-
ysis reagent and buffer in which the lacunary polyoxoanion
is relatively stabilized, it also facilitates the formation of a
wide range of bridging hydroxo units which fortify the lan-
thanide–hydroxo/oxo cluster framework.


The structure of 1 is composed of two a-[P2W15O56]
12� li-


gands encapsulating a central tetranuclear [Y4(OH)4]
8+ unit


(Figure 1a). Bond valence sum (BVS) calculations unequivo-
cally establish that all four m3-bridging oxygen atoms are
monoprotonated (BVS~1.2; Table 1).[18] In the polycationic
[Y4(OH)4]


8+ unit, the four YIII ions are linked by the m3-OH
bridges to form a highly distorted cubane-like core, elongat-
ed along the direction of the four phosphorus atoms, with
two short and four long Y�Y contacts of 3.482 and 3.845 �,
respectively (Figure 1b). The molecule appears to be centro-
symmetric because the central hydroxo–lanthanide core is
disordered over two equally weighted orientations in the
crystal, which are related by the crystallographic inversion
center. There are two distinct yttrium sites in 1 for each ori-
entation, both of which have a triangularly distorted dodeca-
hedral geometry. Three triply bridging hydroxo groups, two
oxygen atoms from two different WO6 octahedra, one
oxygen atom from a PO4 tetrahedron, and two terminal
aqua ligands complete each coordination sphere. The Y1
and Y4 atoms are ligated by two oxygen atoms from two
edge-sharing WO6 octahedra, while two corner-sharing WO6


octahedra on the opposite side of the same hexa-tungsten
belt serve as the linking groups for Y2 and Y3 (Figure 1).
Thus, anion 1 has approximate C2 symmetry with the two-


fold axis bisecting the Y1-Y4 and Y2-Y3 vectors. The
31P NMR spectra of 1 shows two peaks at �3.65 and
�14.00 ppm (Figure 2) for the two pairs of proximal and
distal P atoms, respectively, in the two a-[P2W15O56]


12� units,
consistent with the X-ray structure analysis. Finally we note
that for each a-[P2W15O56]


12� unit, there are still two termi-
nal W=O groups on the trivacant face that remain unassoci-
ated and therefore may serve as vacant coordination sites
for further structure derivatization.


Figure 1. a) Complex 1 with the [Y4(m3-OH)4(H2O)8]
8+ cubane cluster


shown in ball-and-stick representation (Y, large gray spheres; OH, small
hatched spheres; H2O, small white spheres) with the top and bottom
faces capped by two a-[P2W15O56]


12� trivacant POM units shown in poly-
hedral representation (WO6 octahedra, gray; central PO4 tetrahedra,
hatched). The alternative positions of the disordered O and Y atoms are
not shown. b) A perspective view of the Y4 core showing all of the bridg-
ing oxygen atoms; the aqua ligands have been omitted for clarity (m2-
bridging oxo, small black spheres).


Table 1. Bond valence sum (BVS) analysis for selected metal centers and
oxygen sites in 1 and 2.


Complex Metal BVS[a] Assigned Oxygen BVS[a] Assigned
center oxidation


state
atom protonation


state


1 m3-O1d 1.22 OH
m3-O2d 1.29 OH
m3-O3d 1.19 OH
m3-O4d 1.20 OH
m2-O50 2.17 O


2[b] Yb1 3.03 +3 m3-O56 1.87 O
Yb2 2.97 +3 m3-O57 1.21 OH
Yb3 2.99 +3 m3-O58 1.27 OH


m3-O59 1.17 OH
m6-O60 1.57 O


[a] Values calculated using the method of I. D. Brown, ref. [18]. [b] There
are three ytterbium sites in the asymmetric unit.
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The isolation of 1 firmly establishes that the cubane-like
Ln4(m3-OH)4 unit, like those observed in organolanthanide
chemistry,[3] can function as a structural building block for
larger complexes. It also shows the versatility of the a-
[P2W15O56]


12� ligand as previous sandwich-type complexes
([M4(H2O)2(a-P2W15O56)2]


12�/16�)[6–10] have four d-block metal
ions (M) encapsulated between the two a-[P2W15O56]


12�


units in a planar fashion. In addition, the formation of 2
from the hydrolytic reaction of YbIII further illustrates the
versatility of this ligand as three
YbIII cations now occupy the
“holes” left by the three signifi-
cantly smaller WVI cations.[19]


Once again, the hydroxo/oxo
bridges play an essential role in
stabilizing the framework of 2.


The structure of 2 is com-
posed of two a-[P2W15O56]


12�


units bridged by a [Yb6(m6-
O)(m3-OH)6(H2O)6]


10+ cluster.
This YbIII–hydroxo/oxo unit
contains a central m6-oxygen
atom (O60) in an M6 octahedral
coordination environment.
Each YbIII


3 triangular face is fur-
ther capped by a m3-oxygen
atom (Figure 3). Bond valence
sum calculations were used to
determine the oxidation state
of the Yb centers and the pro-
tonation state of the bridging
oxygen atoms (Table 1). Like
those in 1, all m3-bridging
oxygen atoms were determined
to be hydroxo groups except
for the two on the top and
bottom faces (O56 and O56a),


which are terminal oxygen atoms from the PO4 tetrahedra
and remain unprotonated (Table 1). Although we assign the
central m6-O atom (O60) as oxo, its calculated BVS value
(1.57) lies between that for an ideal hydroxo (~1.2) and oxo
(~2.0) atom. This more likely reflects the unusual M6 coor-
dination environment and the commensurately less defensi-
ble BVS calculation than partial protonation. A similar
hexa-metal core was reported in a cyanide-bridged chain
polymer, [{Yb6(m6-O)(m3-OH)8(dmf)16(m-CN)Pd(m-
CN)(CN)2}


6]n (3).[20] However, in 2 the two faces used for
linking the POM ligands are capped by the terminal oxo
groups (P=O) of the a-[P2W15O56]


12� units instead of hy-
droxo groups in 3, suggesting a specific role for the POM
units in the formation and/or stabilization of the central Yb6


core. The structure of 2 exhibits D3d symmetry, with each C2


axis perpendicular to one of the three mirror planes contain-
ing the main C3 axis (Figure 3a).


The 31P NMR spectrum of 2 exhibits only one rather
sharp peak at �14.2 ppm (Dn1=2


= 19.4 Hz), which is attribut-
ed to the two distal P atoms (Figure 2). The signal for the
two proximal phosphorus atoms are too broadened for de-
tection, due to the close proximity of these phosphorus
atoms to the paramagnetic YbIII centers. This is rarely seen
in ytterbium(iii)-substituted polyoxoanion complexes. In
most cases, the interaction between the unpaired electrons
from YbIII and the nuclear spin of the phosphorus atoms
often leads to broad but still observable signals.[21] On the
other hand, the two distal phosphorus atoms are not strong-
ly affected, as seen from their sharp peak and minor shift


Figure 2. 31P NMR of the sodium salts of 1 and 2 (0.01 mol L�1 in D2O;
referenced to 85 % H3PO4).


Figure 3. a) The structure of 2 (WO6 octahedra, gray; central PO4 tetrahedra, hatched; Yb, large gray spheres;
OH, small hatched spheres; H2O, small white spheres). b) The central hexanuclear [Yb6(m6-O)(m3-OH)6(m3-
O)2]


6+ unit of 2 ; the aqua ligands have been omitted for clarity (m3- and m6-bridging oxo, small black spheres).
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from their diamagnetic positions (�14.00 ppm for 1 and
�13.8 ppm for a-[P2W15O56]


12�).[22]


A noteworthy solid-state structural feature of 2 (in a
mixed (CH3)2NH2


+ and NH4
+ salt) is that the individual


molecules are interlaced with each other in a manner that
generates small one-dimensional tunnels along the crystallo-
graphic c axis (Figure 4). However, BET measurements with
N2 sorption/desorption show this crystalline material has a
very low surface area (<2 m2 g�1). This can be attributed
either to the small dimensions of the tunnel or to the pres-
ence of hydrogen bonding with the (CH3)2NH2


+ and NH4
+


cations proximal to the POM units.


Magnetic studies : The temperature dependence of the mag-
netic susceptibility of compound 2 is shown in Figure 5 in
the form of a cT versus T plot (c=molar magnetic suscepti-


bility, T= temperature). At 300 K, cT is equal to
14.25 cm3 mol�1 K which is the value expected for six mag-
netically insulated YbIII ions (6 �2.57 cm3 mol�1 K) in the
2F7=2


ground state. The magnetic data have been analyzed by
using a classical crystal-field approach: the temperature de-
pendence of the magnetic susceptibility has been fitted as-
suming a local C2v symmetry in the coordination sphere of
each Yb ion. The best-fit parameters Bk


q are B2
0 = 499.5,


B2
2 = 686.4, B4


0 =�155.2, B4
2 = 414.6, B4


4 = 106.3, B6
0 =�15.3,


B6
2 = 140.7, B6


4 = 105.0, B6
6 =�103.4 cm�1, which have a split-


ting of the Kramers� doublets in the 2F7=2
ground multiplet of


226, 662, and 928 cm�1 with respect to the ground state and
are all well inside the range of reported splittings.[23,24] The
fit nicely reproduces the experimental pattern from room
temperature down to approximately 10 K. Below this tem-
perature the observed susceptibilities are lower than the cal-
culated ones. The discrepancies observed in the low temper-
ature region may be due to some kind of magnetic interac-
tion between the YbIII ions. The analysis of the magnetic in-
teractions for this ion are made more complex by the pres-
ence of an orbital contribution in its ground state that
prevents the use of an isotropic Heisenberg–Dirac–Van
Vleck (HDVV) Hamiltonian. Since the presence of a super-
exchange mechanism can be ruled out, the magnetic interac-
tion can be due to either an intracluster and/or an interclus-
ter dipolar exchange. It could be possible to treat the intra-
cluster dipolar interaction in an analytical way.[25] However,
the complexity of this cluster (6 ions involving at least 12
different interactions) makes the calculation very difficult
because of the total number of involved states. It is possible
to calculate the influence of the dipolar intramolecular inter-
action by making some approximations. Due to the energy
separation of the three Kramers doublets, the magnetic be-
havior in the low-temperature region could be due only to
the doublet with the lowest energy, as at 15 K the highest
energy levels are substantially depopulated. It is therefore
possible to treat the low-energy doublet with a fictitious
spin of 1=2 and an effective g factor. The second approxima-
tion is to consider the intramolecular dipolar interaction as
isotropic. This means that in any case the calculations are in-
dicative of the presence of this kind of exchange mechanism,
but the procedure does not give any fully reliable parame-
ters. On the other hand, the intermolecular dipolar exchange
has been taken into account with the classical mean-field ap-
proach.


The intramolecular-exchange coupling constant was fixed
to the value calculated according to the mean Yb�Yb dis-
tances observed in the crystal structure. All attempts to re-
produce the low-temperature pattern with the intramolecu-
lar interaction were unsuccessful, while the calculation
based on the intermolecular approach gave interesting re-
sults as shown in Figure 6. The values used to calculate the
curve were g=1.8, with an intermolecular interaction value
of ~0.01 cm�1. It is possible to conclude that the magnetic
behavior of the Yb6 cluster can be described on the basis of
the thermal depopulation within the ground multiplet from
room temperature down to 15 K. Below this temperature


Figure 4. Packing diagram of 2 visualized along the crystallographic c
axis. The countercations and the solvent H2O molecules have been omit-
ted for clarity; the polyoxoanion ligands are shown in wireframe notation
whereas the central Yb-based cores are in space-filling notation.


Figure 5. Temperature dependence of the cT values in the 300–1.5 K tem-
perature range for 2 : experimental (&) and calculated values (^).
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the magnetic behavior is described by an intermolecular ex-
change which is operative between the different clusters.


The role(s) of carbonate : One of the goals of this work was
to determine what kind of role(s) the carbonate is playing in
the formation of lanthanide (especially late-group lantha-
nide) complexes with polyoxoanions. Carbonate has not
been previously used in the preparations of lanthanide–hy-
droxo clusters, most likely because the carbonate salts have
low solubility and are not easily displaced by other ligands.
Generally, finite-sized lanthanide–hydroxo complexes are
isolated with the use of N-containing supporting ligands.[3]


These ligands contribute to the higher water solubility of
the lanthanide complexes in part because of the additional
hydrogen-bonding interactions involving the N atom(s).[1a]


The nucleophilic environment afforded by the a-
[P2W15O56]


12� anion at its vacant sites may inhibit carbonate
from entering the coordination sphere of the Ln ions, in
contrast to the situation previously described in which car-
bonate has a stronger coordinating ability than the support-
ing ligands. However, several lines of evidence suggest that
the self-assembly of 1 and 2 is at least partly influenced by
the pre-coordination of carbonate to the Ln ions.[26] First, it
is well known that carbonate can play an important role in
the environmental fate of f-block metal ions due to its
strong and facile coordination to these metals.[27] We recent-
ly reported a carbonate-encapsulated sandwich compound
in which strong bonds to carbonate actually stabilize the
structure.[28] Carbonate appears to play a role in the forma-
tion of 1 and 2 even in the presence of the nucleophilic poly-
oxoanion ligands. Second, control experiments using NaOH
at an adjusted comparable pH as the hydrolysis reagent af-
forded compounds with completely different structures from
those seen in 1 and 2.[29] This suggests that the carbonate
ligand is critical to the formation of the hydroxo–lantha-
nide-cluster core (perhaps as a templating agent) and is not
just a hydrolysis reagent.


Conclusion


We present a new carbonate-assisted hydrolysis route to lan-
thanide–hydroxo/oxo clusters. These new structural families
illustrate that this particular polyoxoanion ligand is quite
versatile in supporting lanthanide clusters and stabilizing
them. Although it is still not entirely clear what structural
function(s) carbonate has in these reactions, given the wide
range of lacunary POMs that can be employed as ligands
for cationic clusters, we anticipate this general methodology
may lead to the preparation of many new hydroxo–lantha-
nide cluster complexes.


Experimental Section


All reagents and metal salts were used as obtained from Aldrich. The
polyoxotungstate ligand Na12[a-P2W15O56]·18H2O was prepared according
to the literature method.[22]


Na16[{Y4(m3-OH)4(H2O)8}(a-P2W15O56)2]·42 H2O (Na1): A sample of
YCl3·6H2O (0.28 g, 0.92 mmol) was dissolved in water (10 mL) and aque-
ous Na2CO3 (1 m, 1 mL) was added with stirring. Solid Na12[a-
P2W15O56]·18H2O (1.00 g, 0.23 mmol) was then added to the mixture in
small portions over a period of 20 min with vigorous stirring. After stir-
ring for another 60 min, the solution was heated to 60 8C for 30 min and
then cooled to room temperature. Any insoluble material present was re-
moved by centrifugation. Solid NaCl (1.5 g) was added to the solution
slowly and the mixture was cooled in an ice–water bath. After several
hours, the slightly oily precipitate was separated and washed with ethanol
(5 mL). The solid was then dried under suction. The crude product was
dissolved in 5 mL of hot water and the solution was saturated with NaCl
(~0.1 g). After cooling at 5 8C for several days, colorless crystals (0.24 g)
were manually separated from the residual oily solid (yield 22.8 %). Dif-
fraction-quality crystals were obtained by recrystallization from a dilute
NaCl solution. Attempts to scale-up the reaction were unsuccessful, pro-
ducing only an oily mixture of the target product and some unknown by-
product(s). 31P NMR (0.01 mol L�1 in D2O; referenced to 85% H3PO4):
d=�3.65 (Dn1=2


=8.5 Hz) and �14.00 ppm (Dn1=2
=7.6 Hz); IR (KBr): ñ=


1083 (s), 1028 (m), 940 (s), 925 (s), 907 (s), 878 (s), 817 (vs), 726 cm�1


(vs); elemental analysis calcd (%) for H20Na16O124P4W30Y4·42 H2O: Na
4.03, P 1.36, W 60.5, Y 3.90; found: Na 4.10, P 1.33, W 59.9, Y 3.93.


Na14[{Yb6(m6-O)(m3-OH)6(H2O)6}(a-P2W15O56)2]·45 H2O (Na2): A sample
of Yb(NO3)3·5H2O (0.42 g, 0.94 mmol) was dissolved in water (10 mL)
and aqueous Na2CO3 (1 m, 1 mL) was added with stirring. The slurry was
heated to 80 8C and then solid Na12[a-P2W15O56]·18H2O (1.00 g,
0.23 mmol) was added in small portions over a period of 20 min with vig-
orous stirring. The solution was maintained at 80 8C for 30 min and then
cooled to room temperature. Any insoluble material present was re-
moved by centrifugation. The solution was placed in an ice–water bath,
solid NaCl (1.5 g) was added and the precipitate was collected by suction
filtration on a medium frit. The crude product was dissolved in hot water
(10 mL). The solution was then saturated with NaCl (~0.3 g) and cooled
to 5 8C. This recrystallization procedure was repeated twice until a pure
product was obtained (yield 35.2 %). 31P NMR (0.01 mol L�1 in D2O; ref-
erenced to 85% H3PO4): d =�14.20 ppm (Dn1=2


=19.4 Hz); IR (KBr): ñ=


1088 (s), 1050 (m), 1014 (w), 998 (w, sh), 938 (vs), 905 (vs), 820 (vs),
726 cm�1 (vs); elemental analysis calcd (%) for H18Na14O125P4W30Yb6·
45H2O: Na 3.27, P 1.26, W 56.1, Yb 10.56; found: Na 3.32, P 1.23, W
55.9, Yb 10.63. Due to the solubility problems, diffraction-quality crystals
were obtained as a mixed salt of (CH3)2NH2


+ and NH4
+ . First, the


sodium salt was converted to the ammonium salt by adding NH4Cl to an
aqueous solution of Na2. The precipitate was collected in a sintered-glass
filter funnel and thoroughly dried in air. Then the ammonium salt (1.0 g)
was dissolved in warm H2O (15 mL) upon the addition of a small amount
of (CH3)2NH2Cl. Slow evaporation of the above solution at room temper-


Figure 6. Temperature dependence of the cT values in the 15–1.5 K tem-
perature range for 2 : experimental (&) and calculated values (^).
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ature resulted in diffraction-quality crystals in 2 days. IR and 31P NMR
spectroscopy confirmed that the structure of 2 is maintained after the ion
exchange and recrystallization steps.


X-ray crystallographic structure determination : Crystal data collection
and refinement parameters for 1 and 2 are given in Table 2. Suitable crys-
tals were coated with Paratone N oil, suspended on a small fiber loop,
and placed in a cooled nitrogen stream at 173 K on a Bruker D8


SMART APEX CCD sealed-tube diffractometer with graphite-mono-
chromated MoKa (0.71073 �) radiation. A sphere of data was measured
using a series of combinations of f and w scans with 10 s frame exposures
and 0.38 frame widths. Data collection, indexing, and initial cell refine-
ments were all handled using SMART software.[30] Frame integration and
final cell refinements were carried out using SAINT software.[31] The
final cell parameters were determined from least-squares refinement on
9540 and 7965 reflections for 1 and 2, respectively. The SADABS pro-
gram was used to carry out absorption corrections.[32] The structure was
solved using Direct Methods and difference Fourier techniques
(SHELXTL, V6.12).[33] All metal atoms were refined anisotropically.
Scattering factors and anomalous dispersion corrections were taken from
the International Tables for X-ray Crystallography.[34] Structure solution,
refinement, and generation of publication materials were performed by
using SHELXTL, V6.12 software.[33]


Complex 1 crystallizes in space group P1̄ making the molecule appear to
be centrosymmetric. Therefore the central yttrium–hydroxo/oxo unit con-
taining the yttrium, m3-OH, and terminal water molecules was taken to
have two equally-weighted orientations related by the crystallographic in-
version center. The model refined satisfactorily when these disordered
atoms were set at half occupancy. Attempts to solve the structure assum-
ing the alternative non-centrosymmetric space group P1 produced the
same structure with the same kind of disorder. Therefore the centrosym-
metric space group P1̄ was retained for the final refinements. Further de-
tails of the crystal structure investigations for 1 may be obtained from
the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldsha-
fen, Germany (fax: (+49) 7247-808-666; e-mail : crysdata@fiz-karlsruhe.
de) on quoting the depository number CSD-414282.


In both 1 and 2, not all of the cationic counterions and the lattice water
molecules could be located due, in part, to disorder. In addition, in 2, the
inherent difficulty in distinguishing NH4


+ from H2O in the electron-den-
sity difference maps also prevented their definitive assignment. There-
fore, thermogravimetric and elemental analysis were used to determine
the number of water molecules and countercations, respectively. CCDC-
246002 contains the supplementary crystallographic data for 2. This data
can be obtained free of charge from the Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Physical measurements : Infrared spectra (2 % sample in KBr) were car-
ried out on a Nicolet 510 FTIR instrument. Elemental analyses were per-
formed by Kanti Labs in Mississauga, Canada. The 31P NMR data were
collected on a Varian Inova 400 MHz instrument with chemical shifts re-
ported relative to 85% phosphoric acid. Spectral parameters: pulse
width, 13 ms; delay, 5 s; sweep width, �25000 Hz; acquisition time, 1.2 s.
Typical sample concentrations were about 0.01 m. A polycrystalline
powder of Na2 was used to measure the magnetic properties. The mag-
netization data were determined using a static field of 1.0 and 10 kOe
with a Cryogenic S600 SQUID magnetometer. The diamagnetic contribu-
tion of the sample holder was negligible (<0.1% of the signal) while the
diamagnetic contribution of the compound was estimated using Pascal�s
constants.
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Efficient Synthesis of Thioesters and Amides from Aldehydes by Using an
Intermolecular Radical Reaction in Water


Hisanori Nambu, Kayoko Hata, Masato Matsugi, and Yasuyuki Kita*[a]


Introduction


Thioesters are synthetically as well as biologically important
compounds.[1] Their “active” esters are highly reactive
toward various nucleophiles so that they can be utilized in a
wide range of synthetic transformations. They have been
used as useful intermediates in the synthesis of amides[2]


(peptides,[3] b-lactams[4]), esters[5] (b-lactones[6]), ketones[7]


and carboxylic acids.[8] The reduction of thioesters to alde-
hydes[9] and sulfides[10] can be accomplished with various re-
ductive agents. In addition, they have been employed as
substrates in stereoselective aldol reactions[11] and as build-
ing blocks of heterocyclic compounds.[12]


Furthermore, thioesters have been frequently utilized as
useful intermediates for the syntheses of various natural
products.[13] Accordingly, many thioesterification procedures
have been reported. The general synthetic method is the
direct coupling of a thiol with the parent carboxylic acid and
an activating agent,[14] or the coupling of a heavy metal thio-
late with an acid chloride or an acid anhydrate.[15] A disul-
fide[16] or a thiocyanate[17] can be used as a source of the
thiol moiety to prepare the thioesters. If the thioester is
used as the intermediate for the synthesis of thiols or of
their sulfur-containing derivatives, the approach will consist
of the coupling of the alkali metal thiocarboxylates with are-
nediazonium salts[18] or diaryliodonium salts.[19] Under these


circumstances, the direct synthesis of thioesters from alde-
hydes using thioanions or thiyl radicals would be a useful
method.[20] Especially, no one has reported the thioesterifica-
tion with aldehydes using thiyl radicals except for Takagi�s
report.[21] This method is concise, but has some disadvantag-
es from the viewpoint of reagent efficiency. Namely, a large
amount of the aldehyde is required, since the aldehyde must
be used not only as the reagent, but also as the solvent. We
now wish to report the effective intermolecular radical reac-
tion of C�S bond formation in a micellar system using the
combination of a water-soluble radical initiator (Figure 1)[22]


and surfactant[23] in water.[24] Our present method readily
produced useful pentafluorophenyl thioesters, which has al-
ready been successfully utilized by Davis et al.,[2a] in high
yields, and the reaction was carried out under mild condi-
tions.[25] Therefore, much attention is being devoted to this
reaction from the viewpoint of green chemistry.[26]


[a] Dr. H. Nambu, K. Hata, Dr. M. Matsugi, Prof. Dr. Y. Kita
Graduate School of Pharmaceutical Sciences, Osaka University
1-6, Yamada-oka, Suita, Osaka 565-0871 (Japan)
Fax: (+81) 6-6879-8229
E-mail : kita@phs.osaka-u.ac.jp


Keywords: aldehydes · amidation ·
radical reactions · surfactants ·
thioesters


Abstract: The combination of the water-soluble radical initiator, 2,2’-azobis[2-(2-
imidazolin-2-yl)propane] dihydrochloride (VA-044) and the surfactant, cetyltri-
methyl-ammonium bromide (CTAB), was found to be the most suitable condition
for the effective and direct synthesis of useful active thioesters (pentafluorophenyl
thioesters) in water. In addition, the direct amidation of aldehydes was achieved
by the addition of the amines to the thioesterification reaction mixture in water.


Figure 1. Water-soluble radical initiators.


Chem. Eur. J. 2005, 11, 719 – 727 DOI: 10.1002/chem.200400754 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 719


FULL PAPER







Results and Discussion


First, we examined the possibility of thioesterifications in
water using 3-phenylpropionaldehyde (1a) and dipentafluoro-
phenyl disulfide (2 a) with various water-soluble azo-type in-
itiators and a catalytic amount of CTAB as the first chosen
surfactant (Table 1). As a result, we could confirm the for-
mation of thioesters in these systems. Especially, VA-044
was found to be the most effective initiator among the ini-
tiators listed in Table 1 (entry 1). A side-reaction occurred


when the typical radical initiator AIBN was used (entry 6);
when Et3B, a known radical initiator for low reaction tem-
peratures, was used the reaction hardly proceeded (entry 7).
In the presence of the galvinoxyl free radical as a radical
scavenger, the thioesterification did not occur at all
(entry 2), and hence this reaction would proceed via a radi-
cal mechanism. Next, we investigated the effect of surfac-
tants on the reaction using VA-044 as the initiator. The cati-
onic surfactants (CTAC, CTAHSO4) gave the thioesters in
good yields (entries 9 and 10). On the contrary, the anionic
surfactant (SDS), the nonionic surfactant (Triton X-100) and
phase-transfer catalyst (Et4N


+Br�) did not give satisfactory
results (entries 11–13). In the
absence of the surfactant, the
reaction did not proceed at all
(entry 8). These results clearly
show that the addition of cati-
onic surfactants is effective for
this thioesterification.[27]


The solvent effect on this re-
action by using 1 a, 2 a, VA-044
and CTAB is shown in Table 2.
From these results, water was
found to be the best solvent for


the thioesterification. The reaction did not proceed in ben-
zene or under neat conditions (entries 1–3). In addition,
when the radical initiators AIBN, V-70 L[28] and Et3B were
used in benzene, the yields of the thioester were lower than
the former case (entries 4–6).


The utility of the pentafluorophenyl thioester have been
already reported by Davis et al. The amidation of the penta-
fluorophenyl thioester occurred more effectively than that
of the phenyl thioester.[2a] Therefore, we tried to develop a
novel synthetic methodology for the active and useful penta-


fluorophenyl thioesters. We in-
vestigated this thioesterification
using the various disulfides 2 a–
c, and pentafluorophenyl thiol
(2 a’) as the sulfur source
(Table 3). The thioesterifica-
tions with pentafluorophenyl di-
sulfide (2 a) gave the corre-
sponding thioesters in good
yields. On the other hand, the
reaction with diphenyl disulfide
(2 b), dibenzyl disulfide (2 c) or
pentafluorophenyl thiol (2 a’)
gave the thioesters in lower
yields. We clarified that the
most effective sulfur source for
this thioesterification is the
pentafluorophenyl disulfide.
These results indicated that the
yields of the thioesters might be
affected by the difference in the
S�S bond dissociation energies
with these disulfides.


We then investigated the generality of this thioesterifica-
tion with various aldehydes using pentafluorophenyl disul-
fide (2 a), VA-044 and CTAB in water, which was the most
effective condition. These results are summarized in Table 4.
Under these conditions, the aliphatic aldehydes 1 a–d
smoothly reacted and gave the corresponding thioesters
3 aa–da in good yields (Table 4, entries 1–4). Similarly, we in-
vestigated this thioesterification using various aromatic alde-
hydes 1 e–k. These aldehydes with electron-releasing func-
tional groups 1 g–i smoothly reacted and gave the corre-
sponding thioesters 3 ga–ia in good yields (Table 4, en-
tries 7–9). When benzaldehyde (1 e) and p-anisaldehyde (1 f)


Table 1. Effect of various initiators and additives.


Entry Initiator Additive T [8C] t [h] Yield [%]


1 VA-044 CTAB 50 18 73
2[a] VA-044 CTAB 50 24 NR[f]


3 VA-061 CTAB 80 2 decomposition
4 V-501 CTAB 70 24 32
5 V-50 CTAB 60 24 45
6 AIBN CTAB 80 12 37
7 Et3B CTAB RT to 50 24 trace
8 VA-044 none 50 24 NR[f]


9 VA-044 CTAC[b] 50 24 67
10 VA-044 CTAHSO4


[c] 50 24 63
11 VA-044 SDS[d] 50 24 18
12 VA-044 Triton X-100[e] 50 24 16
13 VA-044 Et4N


+Br� 50 24 trace


[a] Reaction was carried out with galvinoxyl free radical (2 equiv). [b] CTAC: cetyltrimethylammonium chlo-
ride. [c] CTAHSO4: cetyltrimethylammonium hydrogen sulfate. [d] SDS: sodium dodecyl sulfate. [e] Triton X-
100: polyoxyethylene(10) isooctylphenylether. [f] NR: no reaction.


Table 2. Effect of various solvents and initiators.


Entry Initiator Solvent Additive T [8C] t [h] Yield [%]


1 VA-044 H2O CTAB 50 18 73
2 VA-044 neat CTAB 50 24 trace
3 VA-044 benzene CTAB 50 24 NR
4 AIBN benzene none 80 24 32
5 V-70L benzene none 50 24 29
6 Et3B benzene none RT 24 trace
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were treated under the same conditions, the corresponding
thioesters (3 ea, 3 fa) were obtained in moderate yields
(Table 4, entries 5 and 6). The addition of 1.5 equivalents of
VA-044 brought about an improvement in the yields of the
thioesters (3 ea, 3 fa). On the other hand, the thioesterifica-
tion of the aromatic aldehydes with an electron-withdrawing
substituent (1 j, 1 k) did not proceed at all (entries 10, 11).
These results of the thioesterifications might be affected by
the stabilities of the acyl radical[29] intermediates formed
from the aldehydes.[30]


A plausible reaction mechanism of this thioesterification
is shown in Scheme 1. First, the disulfide 2 dissociates with
the initiator (VA-044) to give the thiyl radical A. Secondly,
the hydrogen in the aldehyde 1 is trapped by the thiyl radi-
cal A, and then the acyl radical B is formed. The acyl radical
reacts with the disulfide 2 or thiyl radical A, and the thioes-
terification 3 is achieved.[31] The thiol 2’, produced by the re-
action of the thiyl radical A and aldehyde 1, regenerates the
thiyl radical with the initiator, and this thiyl radical A takes
part in the reaction cycle again, whereas, the nucleophilic
alkyl radicals prepared by the initiator did not trap the hy-
drogen of the aldehyde as reported by Chatgilialoglu
et al.[29] The experimental results supporting this radical
cycle mechanism are shown in Scheme 2. Disulfide 2 a react-
ed with the olefin compound to give the addition product
under this reaction condition [Eq. (1)]; and this reaction did
not proceed at all without the radical initiator, VA-044.
These results clearly show that disulfide is dissociated with
the initiator (VA-044) and the thiyl radical is generated. Di-
sulfide 2 a was prepared from thiol 2 a’ under the same con-
ditions [Eq. (2)], and the thioesterification with 1 a and thiol
2 a’ instead of disulfide 2 a under the same conditions pro-
ceeded to give the corresponding thioester 3 aa in 29 % yield
[Eq. (3)]. These results clearly show that the thiyl radicals
are prepared from the thiols.


Since the mechanism showed that the amount of disulfide
to aldehyde was theoretically 0.5 equivalents, we examined
the thioesterification with a decreased equivalent of disul-
fide. These results are summarized in Table 5. When some
aldehydes (1 b, 1 h, 1 i) were treated with 0.5–0.6 equivalents
disulfide 2 a, the corresponding thioesters (3 ba, 3 ha, 3 ia)


were obtained in good yields (entries 2b, 2c, 4b, 5b). Howev-
er, the thioesterification with 1 a and 1 g with 0.5–0.6 equiva-
lents of 2 a produced only in moderate yields (entries 1b,
3b).


Pentafluorophenyl thioesters produced by our method are
relatively stable and highly active carbonyl compounds. We
then investigated the synthesis of various useful compounds


Table 3. Thioesterification by using some disulfides.


Entry Aldehyde Sulfur source
R1-CHO R2 =C6F5 R2 =Ph R2 =Bn C6F5SH


1 73[a] (3aa) 44 (3ab) 41 (3 ac) 29 (3aa)


2 88[b] (3ba) 26 (3 bb) 24 (3bc)


3 56 (3ca) 47 (3 cb) 38 (3cc)


[a] Reaction time: 18 h. [b] Reaction time: 8 h.


Table 4. Thioesterification using various aromatic aldehydes and disul-
fides.


Entry Aldehyde Product t [h] Yield [%]


1 3 aa 18 73


2 3ba 8 88


3 3ca 3 75


4 3da 12 86


5 3 ea 24 47 [54][a]


6 3 fa 24 56 [68][a]


7 3 ga 24 72


8 3ha 8 95


9 3 ia 24 90


10 24 NR


11 24 NR


[a] 1.5 Equivalents of VA-044 were used.
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from active pentafluorophenyl thioesters (Scheme 3). Pri-
mary and secondary amines 4 a, 4 b smoothly reacted with
thioesters 3 aa, 3 da to give the corresponding amides 5 aa,
5 db in quantitative yields. In particular, the amidation of
the thioester group of 3 da bearing an ester group proceeded
in a chemoselective manner. Moreover, methyl ester 6 a was
quantitatively obtained when the alcohol (MeOH) was used
as a nucleophile, and the hydrolysis of 3 aa smoothly pro-
ceeded to give the corresponding carboxylic acid 7 a in
quantitative yield. In addition, the other reaction to a
ketone from the pentafluorophenyl thioesters 3 aa, 3 fa was
similarly achieved by the coupling reactions reported by
Liebeskind[7h] or Fukuyama.[7f] The treatment of thioester
3 aa and 3 fa with a Pd catalyst furnished the corresponding
phenyl ketone 8 a in 96 % yield, and the corresponding p-
methoxyphenyl ketone 8 f in 90 % yield. Thus, we clarified
that pentafluorophenyl thioesters were useful intermediates
in organic synthesis.


Finally, we investigated the direct amidation of aldehydes
via the pentafluorophenyl thioester intermediates. The gen-
eral synthetic method of amides is the direct coupling of
amines with the parent carboxylic acid and an activating
agent.[32] In contrast, a few methods involving the direct syn-
thesis of amides from aldehydes have been reported. In
these reports, metal oxidative amidations with aldehydes
and amines using Ni, Pd, Ru or Rh catalysts have been ach-
ieved.[33] Especially, no one has reported the direct synthesis
of amides from aldehydes using a radical initiator except for
Mark��s report.[34] Their method is convenient, but highly
toxic CCl4 was used as the reaction solvent. On the other
hand, the reaction solvent used in our method is water,
therefore, our method has the advantage of cost, safety and
environmental concern.


We have also examined the direct amidation of aldehydes
using a one-pot synthetic methodology (Table 6). The addi-
tion of three equivalents of amines 4 a, 4 b to the mixture of


Scheme 1. The plausible thioesterification reaction mechanism.


Scheme 2. The experimental results supporting the mechanism.


Table 5. Thioesterification with decreased equivalent of disulfide 2a.


Entry Aldehyde Disulfide (equiv) t [h] Yield [%]


1a 1 18 73


b 0.6 24 48
2a 1 8 88
b 0.6 8 85
c 0.5 18 78


3a 1 24 72


b 0.5 24 51


4a 1 8 95


b 0.5 24 81


5a 1 24 90


b 0.5 24 87


Scheme 3. The synthesis of various useful compounds from pentafluoro-
phenyl thioesters; [a] CuTC: copper(i) thiophene-2-carboxylate.
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the thioesterification reaction (2 a, VA-044 and CTAB) af-
forded the corresponding amides 5 in good yields. As these
yields of amide compounds 5 reflect the thioesterification
ones, the amidation yields are efficiently quantitative.


Conclusion


In summary, we found that the combination of a water-solu-
ble radical initiator, VA-044, and cationic surfactant, CTAB,
is an ideal reaction system to accomplish C�S bond forma-
tion in water. This method is effective for the synthesis of
active thioesters under mild conditions, and could be applied
to the thioesterification of various aldehydes. In addition,
the pentafluorophenyl thioester, which was prepared by our
method, has valuable properties, since we have clarified that
it has a high activity toward various nucleophiles. We also
have achieved the direct amidation of aldehydes using a
one-pot synthetic methodology. These reactions occur under
mild conditions in water, therefore, our procedure may find
widespread use in organic chemistry.


Experimental Section


General methods : All melting points were measured by using a B�chi
545 apparatus and are uncorrected. The IR absorption spectra were re-
corded using a Shimadzu FT/IR-8400 spectrometer with KBr pellets. The
1H and 13C NMR spectra were measured in CDCl3 by using JEOL JNM-
AL 300 spectrometers with TMS or CHCl3 as the internal standard. The
19F NMR spectra were measured in CDCl3 by using VARIAN VXR-200
spectrometers with hexafluorobenzene (�162.9 ppm) as the internal stan-
dard. Merck silica gel 60 (70–230 mesh ASTM) and Fuji Silysia Chemical
silica gel BW-300 were used for the column chromatography and flash
column chromatography. Anhydrous CH2Cl2 was distilled from P2O5. An-
hydrous THF was distilled from sodium/benzophenone under nitrogen.


Compound 1 a was purified by flash chromatography on silica gel
(hexane/EtOAc 10:1). Compound 1d was prepared according to the liter-


ature procedure.[35] All other commer-
cially available compounds were used
without further purification.


Bis(2,3,4,5,6-pentafluorophenyl) disul-
fide (2 a):[36] Pentafluorobenzenethiol
(5.0 g, 25.0 mmol) was added to a so-
lution of sodium perborate monohy-
drate (5.0 g, 50.0 mmol) in HOAc/H2O
(62.5 mL HOAc + 25 mL H2O) at
room temperature. After the reaction
mixture was stirred for 2 h, HOAc and
water were evaporated off, and to the
residue was added EtOAc and water.
The organic layer was washed with
water, saturated aqueous NaHCO3


and brine. The organic layer was dried
with MgSO4 and concentrated. The
residue was purified by column chro-
matography on silica gel (hexane only)
to afford 2a (5.0 g, 12.5 mmol, quant.)
as pale yellow crystals. M.p. 52.6–
52.7 8C (lit.[36a] m.p. 50–51 8C); IR
(KBr): ñ = 1638, 1514, 1489, 1094,
982 cm�1; 19F NMR (188 MHz,


CDCl3): d = �160.42 (dt, J= 21.5, 4.5 Hz, 4F), �148.78 (t, J =21.5 Hz,
2F), �132.34 (dt, J=21.5, 4.5 Hz, 4F).


General procedure for the preparation of pentafluorophenyl thioester
(3 aa–ia), phenyl thioester (3 ab, bb, eb, fb) and benzyl thioester (3 ac, bc,
ec, fc): VA-044 (48.5 mg, 0.15 mmol) was added to a solution of alde-
hydes (1 a–i) (0.30 mmol), disulfide (2a–c) (0.30 mmol) and CTAB
(21.9 mg, 0.060 mmol) in H2O (3 mL) at room temperature. The reaction
mixture was then stirred and heated to 50 8C. After 3 h, an additional
amount of the initiator VA-044 (48.5 mg, 0.15 mmol) was added to the re-
action mixture. The progress of the reaction was monitored by TLC. The
reaction mixture was then extracted with EtOAc, and the organic layer
was washed with brine, dried with Na2SO4 and concentrated. The residue
was purified by column chromatography on silica gel (hexane/EtOAc
50:1!4:1) to afford the pure thioesters 3.


(S)-(2,3,4,5,6-Pentafluorophenyl) 3-phenylpropanethioate (3 aa): obtained
in 73 % as colorless crystals; m.p. 68.7–68.8 8C; IR (KBr): ñ = 1736,
1514, 1495 cm�1; 1H NMR (300 MHz, CDCl3): d = 3.05 (s, 4 H), 7.19–
7.34 (m, 5 H); 13C NMR (75.5 MHz, CDCl3): d = 31.2, 45.2, 102.8 (dt, J=


21.5, 4.4 Hz), 126.7, 128.4 (2 C), 128.8 (2C), 137.9 (dm, J=257 Hz, 2C),
139.2, 142.9 (dm, J =258 Hz), 147.0 (ddd, J=250, 10.6, 4.4 Hz, 2C), 191.6;
19F NMR (188 MHz, CDCl3): d = �161.55 (t, J =21.3 Hz, 2F), �150.40
(t, J= 21.3 Hz, 1F), �131.55 (d, J =21.3 Hz, 2F); HRMS (FAB): m/z :
calcd for C15H9F5OSNa: 355.0192, found: 355.0206 [M+Na]+ ; elemental
analysis calcd (%) for C15H9F5OS: C 54.22, H 2.73; found: C 54.06, H
2.91.


(S)-(2,3,4,5,6-Pentafluorophenyl) undecanethioate (3 ba): obtained in
88% as colorless oil; IR (KBr): ñ = 2926, 2856, 1732, 1514, 1493 cm�1;
1H NMR (300 MHz, CDCl3): d = 0.88 (t, J =6.5 Hz, 3H), 1.27 (br s,
14H), 1.74 (quint, J =7.3 Hz, 2 H), 2.73 (t, J=7.3 Hz, 2H); 13C NMR
(75.5 MHz, CDCl3): d = 14.1, 22.7, 25.5, 28.8, 29.2, 29.3, 29.4, 29.6, 31.9,
43.8, 103.2 (dt, J =21.5, 4.4 Hz), 137.9 (dm, J=256 Hz, 2C), 142.7 (dm,
J =257 Hz), 147.0 (ddd, J =249, 11.2, 4.4 Hz, 2C), 192.5; 19F NMR
(188 MHz, CDCl3): d = �161.67 (t, J=21.3 Hz, 2F), �150.60 (t, J =


21.3 Hz, 1F), �132.06 (d, J =21.3 Hz, 2F); elemental analysis calcd (%)
for C17H21F5OS: C 55.42, H 5.75; found: C 55.50, H 5.64.


(S)-(2,3,4,5,6-Pentafluorophenyl) cyclohexanecarbothioate (3 ca): ob-
tained in 75 % as colorless crystals; m.p. 41.7–41.8 8C; IR (KBr): ñ =


2936, 2858, 1730, 1514, 1493 cm�1; 1H NMR (300 MHz, CDCl3): d =


1.22–1.41 (m, 3H), 1.49–1.62 (m, 2H), 1.67–1.71 (m, 1 H), 1.81–1.87 (m,
2H), 2.02–2.07 (m, 2H), 2.68 (tt, J=11.1, 3.6 Hz, 1H); 13C NMR
(75.5 MHz, CDCl3): d = 25.4 (2C), 25.6, 29.4 (2C), 52.7, 103.4 (dt, J=


21.5, 4.4 Hz), 137.9 (dm, J =255 Hz, 2C), 142.7 (dtt, J=257, 13.7, 5.0 Hz),
147.1 (ddd, J=249, 10.6, 4.4 Hz, 2C), 195.8; 19F NMR (188 MHz, CDCl3):
d = �161.82 (dt, J =21.3, 4.6 Hz, 2F), �150.90 (t, J= 21.3 Hz, 1F),


Table 6. Direct amidation of aldehydes in one-pot synthesis.


Entry Aldehyde Thioester Amine[a] Product Amide
yield [%] yield [%]


1a (73) 4a 5 aa 71


b 4 b 5ab 70
2a (88) 4a 5ba 82
b 4 b 5 bb 76
3a (86) 4a 5da 84
b 4 b 5 db 75


4a (95) 4a 5ha 83 [93][b]


b 4 b 5 hb 87 [91][b]


[a] Amine 4 a : cyclohexylamine. 4b : piperidine. [b] Five equivalents of amine were used.
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�132.18 (d, J =21.3 Hz, 2F); elemental analysis calcd (%) for
C13H11F5OS: C 50.32, H 3.57; found: C 50.43, H 3.67.


Ethyl 7-oxo-7-[(2,3,4,5,6-pentafluorophenyl)sulfanyl]heptanoate (3 da):
obtained in 86 % as colorless oil; IR (KBr): ñ = 2937, 2866, 1734, 1732,
1514, 1493 cm�1; 1H NMR (300 MHz, CDCl3): d = 1.26 (t, J =7.2 Hz,
3H), 1.37–1.47 (m, 2H), 1.67 (quint, J =7.3 Hz, 2 H), 1.77 (quint, J=


7.3 Hz, 2H), 2.32 (t, J=7.3 Hz, 2 H), 2.75 (t, J =7.3 Hz, 2H), 4.13 (q, J=


7.2 Hz, 2 H); 13C NMR (75.5 MHz, CDCl3): d = 14.3, 24.5, 25.1, 28.3,
34.0, 43.5, 60.4, 103.1 (dt, J =21.2, 4.4 Hz), 137.9 (dm, J= 255 Hz, 2C),
142.8 (dtt, J= 257, 13.4, 5.0 Hz), 147.0 (ddd, J=249, 11.2, 4.4 Hz, 2C),
173.5, 192.2; 19F NMR (188 MHz, CDCl3): d = �161.58 (dt, J =21.5,
4.5 Hz, 2F), �150.43 (t, J =21.5 Hz, 1F), �132.10 (d, J =21.5 Hz, 2F); ele-
mental analysis calcd (%) for C15H15F5O3S: C 48.65, H 4.08; found: C
48.91, H 4.16.


(S)-(2,3,4,5,6-Pentafluorophenyl) benzenecarbothioate (3 ea): obtained in
47% as colorless crystals; m.p. 40.7–40.8 8C; IR (KBr): ñ = 1697, 1514,
1495 cm�1; 1H NMR (300 MHz, CDCl3): d = 7.53 (t, J=7.4 Hz, 2 H),
7.68 (t, J=7.4 Hz, 1H), 8.03 (d, J=7.4 Hz, 2H); 13C NMR (75.5 MHz,
CDCl3): d = 102.7 (dt, J=21.2, 4.4 Hz), 127.9 (2C), 129.0 (2C), 134.6,
135.1, 137.9 (dm, J=256 Hz, 2C), 142.9 (dtt, J=258, 13.4, 5.0 Hz), 147.4
(ddd, J =250, 11.2, 4.4 Hz, 2C), 185.0; 19F NMR (188 MHz, CDCl3): d =


�161.52 (t, J=21.5 Hz, 2F), �150.18 (t, J=21.5 Hz, 1F), �131.59 (d, J=


21.5 Hz, 2F); elemental analysis calcd (%) for C13H5F5OS: C 51.32, H
1.66; found: C 51.23, H 1.85.


(S)-(2,3,4,5,6-Pentafluorophenyl) 4-methoxybenzenecarbothioate (3 fa):
obtained in 56 % as colorless crystals; m.p. 54.5–54.6 8C; IR (KBr): ñ =


1697, 1601, 1514, 1495 cm�1; 1H NMR (300 MHz, CDCl3): d = 3.90 (s,
3H), 6.97 (d, J =9.0 Hz, 2H), 7.98 (d, J= 9.0 Hz, 2 H); 13C NMR
(75.5 MHz, CDCl3): d = 55.7, 103.2 (dt, J= 21.2, 4.4 Hz), 114.3 (2C),
127.9, 130.4 (2C), 137.9 (dm, J=256 Hz, 2C), 142.8 (dt, J =257, 13.7 Hz),
147.5 (ddd, J= 249, 10.6, 4.4 Hz, 2C), 164.9, 183.4; 19F NMR (188 MHz,
CDCl3): d = �161.75 (dt, J= 21.5, 6.0 Hz, 2F), �150.56 (t, J =21.5 Hz,
1F), �131.68 (dt, J =21.5, 4.5 Hz, 2F); elemental analysis calcd (%) for
C14H7F5O2S: C 50.30, H 2.11; found: C 50.29, H 2.24.


(S)-(2,3,4,5,6-Pentafluorophenyl) 3,4-dimethoxybenzenecarbothioate
(3 ga): obtained in 72% as colorless crystals; m.p. 116.0–116.1 8C; IR
(KBr): ñ = 1692, 1593, 1514, 1493 cm�1; 1H NMR (300 MHz, CDCl3): d


= 3.95 (s, 3H), 3.98 (s, 3 H), 6.95 (d, J =8.5 Hz, 1H), 7.44 (d, J =2.0 Hz,
1H), 7.74 (dd, J=8.5, 2.0 Hz, 1 H); 13C NMR (75.5 MHz, CDCl3): d =


56.0, 56.2, 103.0 (t, J =21.5 Hz), 109.7, 110.4, 122.9, 127.9, 137.8 (dm, J=


256 Hz, 2C), 142.7 (dm, J=257 Hz), 147.4 (ddd, J =249, 11.2, 4.4 Hz, 2C),
149.2, 154.5, 183.5; 19F NMR (188 MHz, CDCl3): d = �161.70 (t, J =


20.0 Hz, 2F), �150.44 (t, J =20.0 Hz, 1F), �131.69 (d, J =20.0 Hz, 2F); el-
emental analysis calcd (%) for C15H9F5O3S: C 49.46, H 2.49; found: C
49.46, H 2.55.


(S)-(2,3,4,5,6-Pentafluorophenyl) 2,4,6-trimethoxybenzenecarbothioate
(3 ha): obtained in 95% as colorless crystals; m.p. 154.3–154.4 8C; IR
(KBr): ñ = 1663, 1612, 1578, 1510, 1487, 1475 cm�1; 1H NMR (300 MHz,
CDCl3): d = 3.85 (s, 3 H), 3.87 (s, 6 H), 6.11 (s, 2 H); 13C NMR
(75.5 MHz, CDCl3): d = 55.6, 56.1 (2C), 90.7 (2C), 104.7 (dt, J =21.2,
4.4 Hz), 109.1, 137.7 (dm, J=255 Hz, 2C), 142.5 (dtt, J =257, 13.7,
5.0 Hz), 147.2 (ddd, J =249, 10.6, 4.4 Hz, 2C), 159.8 (2C), 164.3, 183.5;
19F NMR (188 MHz, CDCl3): d = �162.31 (t, J =21.5 Hz, 2F), �151.66
(t, J=21.5 Hz, 1F), �131.79 (d, J =21.5 Hz, 2F); elemental analysis calcd
(%) for C16H11F5O4S: C 48.74, H 2.81; found: C 48.66, H 2.84.


(S)-(2,3,4,5,6-Pentafluorophenyl) 2,4,6-trimethylbenzenecarbothioate
(3 ia): obtained in 90% as colorless crystals; m.p. 160.5–160.6 8C; IR
(KBr): ñ = 1692, 1514, 1497 cm�1; 1H NMR (300 MHz, CDCl3): d = 2.31
(s, 3H), 2.38 (s, 6 H), 6.90 (s, 2H); 13C NMR (75.5 MHz, CDCl3): d =


18.9 (2C), 21.2, 103.1 (t, J =21.8 Hz), 128.7 (2C), 134.2 (2C), 135.7, 138.0
(dm, J =257 Hz, 2C), 140.7, 143.0 (dm, J =258 Hz), 147.2 (ddd, J =250,
11.0, 4.4 Hz, 2C), 191.1; 19F NMR (188 MHz, CDCl3): d = �161.38 (t, J=


20.5 Hz, 2F), �150.21 (t, J =20.5 Hz, 1F), �131.97 (d, J =20.5 Hz, 2F); el-
emental analysis calcd (%) for C16H11F5OS: C 55.49, H 3.20; found: C
55.33, H 3.20.


(S)-Phenyl 3-phenylpropanethioate (3 ab):[37] obtained in 44 % as color-
less crystals; m.p. 48.4–48.5 8C (lit.[37] m.p. 49–50 8C); IR (KBr): ñ = 1707,
1477, 1441 cm�1; 1H NMR (300 MHz, CDCl3): d = 2.93–3.06 (m, 4H),


7.19–7.33 (m, 5 H), 7.35–7.42 (m, 5H); 13C NMR (75.5 MHz, CDCl3): d =


31.4, 45.1, 126.4, 127.6, 128.4 (2C), 128.6 (2C), 129.2 (2C), 129.4, 134.5
(2C), 139.9, 196.7.


(S)-Phenyl undecanethioate (3 bb): obtained in 26 % as colorless oil; IR
(KBr): ñ = 2924, 2853, 1711, 1477, 1466, 1441 cm�1; 1H NMR (300 MHz,
CDCl3): d = 0.88 (t, J =6.6 Hz, 3H), 1.27 (br s, 14 H), 1.71 (quint, J=


7.5 Hz, 2H), 2.64 (t, J=7.5 Hz, 2H), 7.40 (s, 5H); 13C NMR (75.5 MHz,
CDCl3): d = 14.1, 22.7, 25.6, 29.0, 29.2, 29.3, 29.4, 29.5, 31.9, 43.7, 128.0,
129.1 (2C), 129.3, 134.5 (2C), 197.6; elemental analysis calcd (%) for
C17H26OS: C 73.33, H 9.41, S 11.52; found: C 73.59, H 9.37, S 11.24.


(S)-Phenyl benzenecarbothioate (3 eb):[17a, 18b,19, 20] obtained in 35% as col-
orless crystals; m.p. 55.6–55.7 8C (lit.[18b, 19] m.p. 54–55 8C, lit.[17a] m.p. 55–
56 8C); IR (KBr): ñ = 1680, 1580, 1477, 1441 cm�1; 1H NMR (300 MHz,
CDCl3): d = 7.44–7.54 (m, 7 H), 7.61 (t, J= 7.3 Hz, 1 H), 8.03 (d, J =


7.3 Hz, 2 H); 13C NMR (75.5 MHz, CDCl3): d = 127.3, 127.5 (2C), 128.8
(2C), 129.3 (2C), 129.5, 133.7, 135.1 (2C), 136.6, 190.2.


(S)-Phenyl 4-methoxybenzenecarbothioate (3 fb):[17a, 38] obtained in 47%
as colorless crystals; m.p. 93.6–93.7 8C (lit.[38] m.p. 93–95 8C, lit.[17a] m.p.
94–95 8C); IR (KBr): ñ = 1666, 1599, 1506, 1477, 1439 cm�1; 1H NMR
(300 MHz, CDCl3): d = 3.87 (s, 3H), 6.95 (d, J =8.7 Hz, 2H), 7.43–7.52
(m, 5 H), 8.00 (d, J =8.7 Hz, 2H); 13C NMR (75.5 MHz, CDCl3): d =


55.5, 113.9 (2C), 127.6, 129.2 (2C), 129.3, 129.4, 129.7 (2C), 135.2 (2C),
164.0, 188.6; elemental analysis calcd (%) for C14H12O2S: C 68.83, H 4.95,
S 13.13; found: C 68.94, H 5.07, S 12.92.


(S)-Benzyl 3-phenylpropanethioate (3 ac): obtained in 41% as pale
yellow oil; IR (KBr): ñ = 1688, 1495, 1454 cm�1; 1H NMR (300 MHz,
CDCl3): d = 2.84–2.90 (m, 2H), 2.96–3.02 (m, 2H), 4.12 (s, 2 H), 7.15–
7.31 (m, 10 H); 13C NMR (75.5 MHz, CDCl3): d = 31.4, 33.2, 45.2, 126.4,
127.2, 128.3 (2C), 128.5 (2C), 128.6 (2C), 128.8 (2C), 137.6, 139.9, 197.8;
elemental analysis calcd (%) for C16H16OS: C 74.96, H 6.29, S 12.51;
found: C 75.23, H 6.55, S 12.34.


(S)-Benzyl undecanethioate (3 bc): obtained in 24 % as colorless oil; IR
(KBr): ñ = 2924, 2853, 1693, 1495, 1454 cm�1; 1H NMR (300 MHz,
CDCl3): d = 0.88 (t, J =6.7 Hz, 3H), 1.25 (br s, 14 H), 1.66 (quint, J=


7.5 Hz, 2H), 2.56 (t, J= 7.5 Hz, 2 H), 4.11 (s, 2H), 7.21–7.32 (m, 5H);
13C NMR (75.5 MHz, CDCl3): d = 14.1, 22.7, 25.6, 28.9, 29.2, 29.3, 29.4,
29.5, 31.9, 33.1, 43.8, 127.2, 128.6 (2C), 128.8 (2C), 137.7, 198.9; elemental
analysis calcd (%) for C18H28OS: C 73.92, H 9.65, S 10.96; found: C
74.22, H 9.66, S 10.74.


(S)-Benzyl benzenecarbothioate (3 ec):[20, 39] obtained in 32% as colorless
crystals; m.p. 36.6–36.7 8C (lit.[39b] m.p. 34.5–35.5 8C, lit.[39c] m.p. 38–39 8C);
IR (KBr): ñ = 1661, 1580, 1495, 1448 cm�1; 1H NMR (300 MHz, CDCl3):
d = 4.32 (s, 2 H), 7.25–7.47 (m, 7 H), 7.56 (t, J =7.3 Hz, 1H), 7.97 (d, J=


7.1 Hz, 2 H); 13C NMR (75.5 MHz, CDCl3): d = 33.3, 127.3 (2C), 127.3,
128.6 (2C), 128.7 (2C), 129.0 (2C), 133.5, 136.7, 137.5, 191.3.


(S)-Benzyl 4-methoxybenzenecarbothioate (3 fc):[40] obtained in 38% as
colorless crystals; mp 51.0–51.1 8C (lit.[40] m.p. 51–52 8C); IR (KBr): ñ =


1657, 1601, 1508, 1495, 1454 cm�1; 1H NMR (300 MHz, CDCl3): d = 3.86
(s, 3H), 4.30 (s, 2H), 6.91 (d, J =8.9 Hz, 2H), 7.24–7.39 (m, 5 H), 7.94 (d,
J =8.9 Hz, 2 H); 13C NMR (75.5 MHz, CDCl3): d = 33.2, 55.5, 113.8 (2C),
127.2, 128.6 (2C), 129.0 (2C), 129.5 (2C), 129.6, 137.7, 163.8, 189.8.


1,2-Bis-pentafluorophenylsulfanylethyl acetate : VA-044 (24.4 mg,
0.075 mmol) was added to a solution of 2 a (60.0 mg, 0.151 mmol), vinyl
acetate (139 mL, 1.51 mmol) and CTAB (11.0 mg, 0.030 mmol) in H2O
(3.0 mL) at room temperature. The reaction mixture was then stirred and
heated to 50 8C. After 6 h, the reaction mixture was extracted with
EtOAc, and the organic layer was washed with brine, dried with Na2SO4


and concentrated. The residue was purified by column chromatography
on silica gel (hexane/EtOAc 20:1) to afford the title compound as color-
less crystals (65.6 mg, 0.135 mmol, 90 %). M.p. 74.3–74.4 8C; IR (KBr): ñ


= 1759, 1639, 1485, 1371 cm�1; 1H NMR (300 MHz, CDCl3): d = 2.03 (s,
3H), 3.08 (dd, J= 14.4, 9.5 Hz, 1 H), 3.78 (dd, J =14.4, 3.7 Hz, 1 H), 5.91
(dd, J =9.5, 3.7 Hz, 1H); 13C NMR (75.5 MHz, CDCl3): d = 20.3, 29.7
(2C), 39.0, 77.3, 104.1–108.0 (2C), 135.5–140.5 (4C), 144.3–150.0 (4C),
169.0; 19F NMR (188 MHz, CDCl3): d = �161.31 (br, 2F), �160.92 (br,
2F), �152.00 (br, 1F), �149.69 (br, 1F), �132.76 (d, J =24.4 Hz, 2F),
�131.29 (d, 22.9 Hz, 2F).
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Preparation of bis(2,3,4,5,6-pentafluorophenyl) disulfide (2 a) by using
pentafluorobenzenethiol (2 a’), VA-044 and CTAB : VA-044 (65.0 mg,
0.20 mmol) was added to a solution of 2a’ (80.0 mg, 0.40 mmol) and
CTAB (29.3 mg, 0.080 mmol) in H2O (4 mL) at room temperature. The
reaction mixture was then stirred and heated to 50 8C. After 20 min, the
reaction mixture was extracted with EtOAc, and the organic layer was
washed with brine, dried with Na2SO4 and concentrated. The residue was
purified by column chromatography on silica gel (hexane only) to afford
2a (68.5 mg, 0.17 mmol, 86%) as pale yellow crystals.


Preparation of pentafluorophenyl thioester (3 aa) by using pentafluoro-
benzenethiol (2 a’): VA-044 (48.5 mg, 0.15 mmol) was added to a solution
of 1 a (40.3 mg, 0.30 mmol), 2a’ (120 mg, 0.60 mmol) and CTAB (21.9 mg,
0.060 mmol) in H2O (3 mL) at room temperature. The reaction mixture
was then stirred and heated to 50 8C. After 3 h, an additional amount of
VA-044 (48.5 mg, 0.15 mmol) was added to the reaction mixture. After
24 h, the reaction mixture was extracted with EtOAc, and the organic
layer was washed with brine, dried with Na2SO4 and concentrated. The
residue was purified by column chromatography on silica gel (hexane/
EtOAc 50:1) to afford 3 aa (28.9 mg, 0.087 mmol, 29%) as colorless crys-
tals.


N-Cyclohexyl-3-phenylpropanamide (5 aa):[41] Cyclohexylamine (4 a)
(18.9 mL, 0.165 mmol) and Et3N (23.0 mL, 0.165 mmol) were added to a
solution of 3aa (49.8 mg, 0.150 mmol) in dry CH2Cl2 (1.5 mL) at room
temperature under a nitrogen atmosphere. The reaction mixture was
then stirred for 5 min and concentrated. The residue was purified by
column chromatography on silica gel (hexane/EtOAc 2:1) to afford 5 aa
(34.7 mg, 0.15 mmol, quant.) as colorless crystals. M.p. 111.9–112.0 8C
(lit.[41] m.p. 110–111 8C); IR (KBr): ñ = 3302, 2934, 2853, 1636,
1543 cm�1; 1H NMR (300 MHz, CDCl3): d = 0.94–1.18 (m, 3H), 1.23–
1.40 (m, 2H), 1.55–1.68 (m, 3H), 1.80–1.85 (m, 2 H), 2.43 (t, J =7.6 Hz,
2H), 2.95 (t, J =7.6 Hz, 2H), 3.67–3.79 (m, 1H), 5.19 (br d, 1 H), 7.17–
7.30 (m, 5H); 13C NMR (75.5 MHz, CDCl3): d = 24.8 (2C), 25.5, 31.9,
33.1 (2C), 38.8, 48.0, 126.2, 128.4 (2C), 128.5 (2C), 140.9, 171.0; elemental
analysis calcd (%) for C15H21NO: C 77.88, H 9.15, N 6.05; found: C
77.59, H 9.05, N 5.96.


Ethyl 7-oxo-7-tetrahydropyridin-1(2H)-ylheptanoate (5 db): Piperidine
(4b) (16.3 mL, 0.165 mmol) and Et3N (23.0 mL, 0.165 mmol) were added
to a solution of 3 da (55.6 mg, 0.150 mmol) in dry CH2Cl2 (1.5 mL) at
room temperature under a nitrogen atmosphere. The reaction mixture
was then stirred for 5 min and concentrated. The residue was purified by
column chromatography on silica gel (hexane/EtOAc 1:1) to afford 5db
(38.3 mg, 0.15 mmol, quant.) as colorless oil. IR (KBr): ñ = 2936, 2856,
1732, 1643, 1443 cm�1; 1H NMR (300 MHz, CDCl3): d = 1.25 (t, J =


7.2 Hz, 3 H), 1.33–1.43 (m, 2 H), 1.49–1.71 (m, 10 H), 2.28–2.34 (m, 4H),
3.39 (t, J =5.4 Hz, 2 H), 3.54 (t, J =5.4 Hz, 2 H), 4.12 (q, J =7.2 Hz, 2 H);
13C NMR (75.5 MHz, CDCl3): d = 14.2, 24.6, 24.8, 25.1, 25.6, 26.6, 29.0,
33.2, 34.2, 42.7, 46.7, 60.2, 171.3, 173.8; elemental analysis calcd (%) for
C14H25NO3: C 65.85, H 9.87, N 5.49; found: C 65.42, H 9.71, N 5.22.


Methyl 3-phenylpropionate (6 a):[42] K2CO3 (27.6 mg, 0.20 mmol) was
added to a solution of 3aa (66.5 mg, 0.20 mmol) in dry MeOH (1 mL)
under a nitrogen atmosphere. The reaction mixture was stirred at 50 8C
for 30 min. To the reaction mixture, a saturated aqueous NH4Cl and
EtOAc were added, and the organic layer was separated and the aqueous
layer extracted with EtOAc. The organic layer was washed with brine,
dried with Na2SO4 and concentrated. The residue was purified by column
chromatography on silica gel (hexane/EtOAc 2:1) to afford 6 a (32.8 mg,
0.20 mmol, quant.) as colorless oil. IR (KBr): ñ = 3028, 2952, 2928, 2858,
1740, 1497, 1437 cm�1; 1H NMR (300 MHz, CDCl3): d = 2.63 (t, J =


7.8 Hz, 2H), 2.95 (t, J= 7.8 Hz, 2 H), 3.66 (s, 3 H), 7.18–7.21 (m, 3H),
7.24–7.31 (m, 2 H); 13C NMR (75.5 MHz, CDCl3): d = 31.0, 35.7, 51.6,
126.3, 128.3 (2C), 128.5 (2C), 140.5, 173.3.


3-Phenyl-1-propionic acid (7 a):[43] KOH (16.8 mg, 0.30 mmol) was added
to a solution of 3aa (66.5 mg, 0.20 mmol) in acetone/H2O (1 mL acetone
+ 1 mL H2O). The reaction mixture was stirred at 50 8C for 1 h. To the
reaction mixture was extracted with EtOAc. The organic layer was
washed with 1n aqueous HCl and brine. The organic layer was dried
with Na2SO4 and concentrated. The residue was purified by column chro-
matography on silica gel (hexane/EtOAc/HOAc 75:25:1) to afford 7 a


(30.0 mg, 0.20 mmol, quant.) as colorless crystals. M.p. 47.6–47.7 8C
(lit.[43a] m.p. 47–48 8C, lit.[43b] m.p. 47–49 8C); IR (KBr): ñ = 3028, 2932,
1709, 1454, 1413, 1219 cm�1; 1H NMR (300 MHz, CDCl3): d = 2.69 (t,
J =7.8 Hz, 2H), 2.96 (t, J =7.8 Hz, 2 H), 7.20–7.32 (m, 5H), 11.6 (br s,
1H); 13C NMR (75.5 MHz, CDCl3): d = 30.6, 35.6, 126.4, 128.3 (2C),
128.6 (2C), 140.1, 179.1.


1,3-Diphenylpropan-1-one (8 a):[44] According to the reported prcedure,[7h]


8a can be obtained in 96 % yield as colorless crystals. M.p. 66.6–66.7 8C
(lit.[44a] m.p. 67–69 8C, lit.[44b] mp 70–71 8C); IR (KBr): ñ = 2927, 1686,
1597, 1495, 1448, 1205 cm�1; 1H NMR (300 MHz, CDCl3): d = 3.07 (t,
J =7.7 Hz, 2H), 3.30 (t, J =7.7 Hz, 2 H), 7.18–7.32 (m, 5H), 7.41–7.57 (m,
3H), 7.95 (d, J= 7.3 Hz, 2H); 13C NMR (75.5 MHz, CDCl3): d = 30.1,
40.4, 126.1, 128.0 (2C), 128.4 (2C), 128.5 (2C), 128.5 (2C), 128.6 (2C),
133.0, 136.8, 141.3, 199.2.


Ethyl 4-(4-methoxybenzoyl)butanoate (8 f):[45] According to the reported
prcedure,[7f] 8 f can be obtained in 90 % yield as colorless crystals. M.p.
56.5–56.6 8C (lit.[45b] m.p. 56–58 8C, lit.[45a] m.p. 58.5–59 8C); IR (KBr): ñ =


2982, 2960, 1734, 1668, 1602, 1281, 1259, 1186, 1175 cm�1; 1H NMR
(300 MHz, CDCl3): d = 1.25 (t, J=7.2 Hz, 3H), 2.06 (quint, J =7.2 Hz,
2H), 2.42 (t, J=7.2 Hz, 2 H), 3.00 (t, J =7.2 Hz, 2H), 3.87 (s, 3H), 4.14
(q, J =7.2 Hz, 2H), 6.93 (d, J= 8.9 Hz, 2 H), 7.95 (d, J =8.9 Hz, 2H);
13C NMR (75.5 MHz, CDCl3): d = 14.2, 19.6, 33.4, 37.1, 55.4, 60.3, 113.6
(2C), 129.9, 130.2 (2C), 163.4, 173.3, 198.0.


General procedure for the preparation of amide (5) from aldehyde (1 a,
b, d, h): VA-044 (48.5 mg, 0.15 mmol) was added to a solution of alde-
hydes (1 a, b, d, h) (0.30 mmol), 2 a (119 mg, 0.30 mmol) and CTAB
(21.9 mg, 0.060 mmol) in H2O (3 mL) at room temperature. The reaction
mixture was then stirred and heated to 50 8C. After 3 h, an additional
amount of the initiator VA-044 (48.5 mg, 0.15 mmol) was added to the re-
action mixture. The progress of the reaction was monitored by TLC.
After the completion of the thioesterification, amine (4 a or 4b)
(0.90 mmol) was added to the thioesterification mixture, and the reaction
mixture was stirred at 50 8C for 30 min. The reaction mixture was then
extracted with EtOAc, and the organic layer was washed with brine,
dried with Na2SO4 and concentrated. The residue was purified by column
chromatography on silica gel (hexane/EtOAc 3:1!100 % EtOAc) to
afford the pure amides 5.


3-Phenyl-1-tetrahydropyridin-1(2H)-ylpropan-1-one (5 ab):[46] obtained in
70% as pale yellow oil; IR (KBr): ñ = 2936, 2855, 1643, 1441 cm�1;
1H NMR (300 MHz, CDCl3): d = 1.40–1.65 (m, 6 H), 2.61 (t, J =8.0 Hz,
2H), 2.96 (t, J= 8.0 Hz, 2H), 3.33 (t, J=5.5 Hz, 2 H), 3.55 (t, J =5.5 Hz,
2H), 7.16–7.31 (m, 5H); 13C NMR (75.5 MHz, CDCl3): d = 24.5, 25.5,
26.4, 31.6, 35.2, 42.8, 46.7, 126.1, 128.4 (2C), 128.5 (2C), 141.4, 170.6.


N-Cyclohexylundecanamide (5 ba): obtained in 82 % as colorless crystals;
m.p. 81.2–81.3 8C; IR (KBr): ñ = 3298, 2920, 2851, 1638, 1551 cm�1;
1H NMR (300 MHz, CDCl3): d = 0.88 (t, J =6.6 Hz, 3H), 1.03–1.44 (m,
19H), 1.58–1.73 (m, 5H), 1.88–1.94 (m, 2H), 2.13 (t, J=7.6 Hz, 2H),
3.71–3.83 (m, 1 H), 5.26 (br d, 1H); 13C NMR (75.5 MHz, CDCl3): d =


14.1, 22.7, 24.9 (2C), 25.6, 25.9, 29.3, 29.3, 29.4, 29.5, 29.6, 31.9, 33.3 (2C),
37.2, 48.0, 172.2; elemental analysis calcd (%) for C17H33NO: C 76.34; H
12.44; N 5.24; found: C 76.05; H 12.25; N 5.17.


1-Tetrahydropyridin-1(2H)-ylundecan-1-one (5 bb): obtained in 76% as
colorless oil; IR (KBr): ñ = 2924, 2853, 1649, 1433 cm�1; 1H NMR
(300 MHz, CDCl3): d = 0.88 (t, J=6.5 Hz, 3 H), 1.26 (br s, 14H), 1.53–
1.64 (m, 8 H), 2.31 (t, J =7.7 Hz, 2H), 3.39 (t, J =5.3 Hz, 2 H), 3.54 (t, J=


5.3 Hz, 2 H); 13C NMR (75.5 MHz, CDCl3): d = 14.1, 22.7, 24.6, 25.5,
25.6, 26.6, 29.3, 29.4, 29.5, 29.6, 29.6, 31.9, 33.5, 42.6, 46.8, 171.6; elemen-
tal analysis calcd (%) for C16H31NO: C 75.83; H 12.33; N 5.53; found: C
75.34; H 12.15; N 5.25.


Ethyl 7-(cyclohexylamino)-7-oxoheptanoate (5 da): obtained in 84% as
colorless crystals; m.p. 69.9–70.0 8C; IR (KBr): ñ = 3296, 2932, 2855,
1736, 1638, 1541 cm�1; 1H NMR (300 MHz, CDCl3): d = 1.04–1.43 (m,
7H), 1.25 (t, J =7.2 Hz, 3 H), 1.57–1.74 (m, 7 H), 1.88–1.93 (m, 2H), 2.14
(t, J= 7.4 Hz, 2 H), 2.30 (t, J =7.4 Hz, 2H), 3.69–3.82 (m, 1H), 4.12 (q,
J =7.2 Hz, 2H), 5.46 (br d, 1H); 13C NMR (75.5 MHz, CDCl3): d = 14.2,
24.5, 24.8 (2C), 25.4, 25.5, 28.6, 33.2 (2C), 34.0, 36.6, 48.0, 60.2, 171.8,
173.6; elemental analysis calcd (%) for C15H27NO3: C 66.88; H 10.10; N
5.20; found: C 66.71 H, 9.98; N 5.15.
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N-Cyclohexyl-2,4,6-trimethoxybenzamide (5 ha): obtained in 83% as col-
orless crystals; m.p. 147.1–147.2 8C; IR (KBr): ñ = 3287, 2932, 2851,
1649, 1607, 1589, 1454 cm�1; 1H NMR (300 MHz, CDCl3): d = 1.15–1.26
(m, 3 H), 1.35–1.48 (m, 2H), 1.59–1.75 (m, 3H), 1.99–2.04 (m, 2 H), 3.79
(s, 6H), 3.80 (s, 3H), 3.93–4.05 (m, 1 H), 5.63 (br d, 1H), 6.09 (s, 2H);
13C NMR (75.5 MHz, CDCl3): d = 24.8 (2C), 25.7, 33.0 (2C), 48.2, 55.4,
56.0 (2C), 90.8 (2C), 109.5, 158.5 (2C), 161.9, 164.7; elemental analysis
calcd (%) for C16H23NO4: C 65.51; H 7.90; N 4.77; found: C 65.35; H
7.77; N 4.76.


Tetrahydropyridin-1(2H)-yl(2,4,6-trimethoxyphenyl)methanone (5 hb):
obtained in 87 % as colorless crystals; m.p. 122.3–122.4 8C; IR (KBr): ñ =


2936, 2853, 1632, 1607, 1589, 1435 cm�1; 1H NMR (300 MHz, CDCl3): d


= 1.47 (br s, 2H), 1.61–1.64 (m, 4 H), 3.19 (t, J =5.5 Hz, 2 H), 3.74 (br s,
2H), 3.78 (s, 6H), 3.81 (s, 3 H), 6.11 (s, 2 H); 13C NMR (75.5 MHz,
CDCl3): d = 24.8, 25.7, 26.4, 42.4, 47.7, 55.4, 55.8 (2C), 90.6 (2C), 108.0,
157.4 (2C), 161.7, 165.2; elemental analysis calcd (%) for C15H21NO4: C
64.50; H 7.58; N 5.01; found: C 64.36; H 7.57; N 4.94.
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Aldol Condensations Over Reconstructed Mg–Al Hydrotalcites:
Structure–Activity Relationships Related to the Rehydration Method


S�nia Abell�,[a] Francesc Medina,*[a] Didier Tichit,[b] Javier P�rez-Ram�rez,[c]


Johan C. Groen,[d] Jesffls E. Sueiras,[a] Pilar Salagre,[a] and Yolanda Cesteros[a]


Introduction


In recent years, hydrotalcite-like compounds (HTlcs) have
been used in numerous reactions and applications, such as
catalyst precursors or supports, ion-exchangers, stabilisers
and adsorbents.[1–3] These materials are layered double hy-
droxides with the general formula [M2+


nM
3
m(OH)2(n+m)]


m+


[Ax�]m/x·y H2O, where M2+ and M3+ are divalent and triva-
lent metal cations, respectively, A represents the x-valent
anion (typically carbonate) required to compensate the net
positive charge of the brucite-like layers, and y is the
number of water molecules in the interlayer space. The ratio
m/(m+ n) may vary from 0.17 to 0.33, depending on the par-
ticular combination of divalent and trivalent metals.


Thermal decomposition of Mg–Al HTlcs leads to a well-
dispersed mixture of magnesium and aluminium oxides
(MgAlO). These mixed oxides show a memory effect, a
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Abstract: Two different rehydration
procedures in the liquid or gas phase
have been applied to reconstruct mixed
oxides derived from calcined hydrotal-
cite-like materials to be used as cata-
lysts for aldol condensation reactions.
The as-synthesized hydrotalcite, its de-
composition product, as well as the re-
constructed solids upon rehydration
were characterized by XRD, N2 ad-
sorption, He pycnometry, FTIR, SEM,
TEM, 27Al MAS-NMR and CO2-TPD
(TPD= temperature-programmed de-
sorption). Compared to the Mg–Al
mixed oxide rehydrated in the gas
phase (HT-rg), that rehydrated in the
liquid phase (HT-rl) exhibits a superior
catalytic performance with respect to
the aldol condensation of citral with
ketones to yield pseudoionones and in


the self-aldolization of acetone. The
textural properties of HT-rl and HT-rg
differ strongly and determine the cata-
lytic behavior. A memory effect led to
a higher degree of reconstruction of
the lamellar structure when the mixed
oxide was rehydrated in the gas phase
rather than in the liquid phase, al-
though liquid-phase rehydration under
fast stirring produced a surface area
that was 26 times greater. This contrasts
to typical statements in the literature
claiming a higher degree of reconstruc-
tion in the presence of large amounts
of water in the medium. CO2-TPD


shows that the number of OH� groups
and their nature are very similar in
HT-rg and HT-rl, and cannot explain
the markedly different catalytic behav-
ior. Accordingly, only a small fraction
of the available basic sites in the rehy-
drated samples is active in liquid-phase
aldol condensations. Our results sup-
port the model in which only basic
sites near the edges of the hydrotalcite
platelets are partaking in aldol reac-
tions. Based on this, reconstructed ma-
terials with small crystallites (produced
by exfoliation during mechanical stir-
ring), that is, possessing a high external
surface area, are beneficial in the reac-
tions compared to larger crystals with a
high degree of intraplatelet porosity.


Keywords: rehydration · aldol
reaction · layered compounds ·
memory effect · stirring speed
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property by which they can recover the original lamellar
structure if they come into contact with water vapour or are
immersed in water under a decarbonated atmosphere. This
leads to meixnerite (magnesium aluminium hydroxide hy-
drate), that is, HTlcs intercalated with OH� as compensating
anions in the interlayer.[4] These rehydrated materials have
been applied to a number of base-catalysed reactions on ac-
count of their Brønsted basic character.[5–7] Applications in-
clude self- and cross-aldol condensation of aldehydes and
ketones,[8–11] Knoevenagel and Claisen–Schmidt condensa-
tions,[12–14] Michael additions,[15] etc.


It has been clearly established that the precalcination
temperature is a determining parameter governing the re-
construction, which is complete when the formation of a
spinel-like phase, for example, MgAl2O4 in case of Mg–Al
HTlc, is avoided. Reconstruction cannot be completed if
this phase has been formed, even after several days of rehy-
dration.[16,17]


The catalytic performance of reconstructed HTlcs as a
function of the rehydration procedure applied is not well-
understood. Corma and co-workers[18,19] approached this
aspect by carrying out the rehydration of calcined Mg–Al
hydrotalcite in a stream of nitrogen saturated with water
vapour (gas-phase rehydration), or, alternatively, by adding
water directly to the calcined material (liquid-phase rehy-
dration). Both samples, which had a very similar level of re-
generation with regard to the layered structure according to
XRD, displayed practically the same activity in the conden-
sation reactions of citral and acetone or methyl ethyl
ketone.[19] However, in the condensation reaction of citral
and methyl ethyl ketone, a higher selectivity for methylpseu-
doionones was obtained with the gas-phase rehydrated
sample, which suggests a comparatively larger ratio of
Brønsted to Lewis basic sites in the latter sample compared
to the liquid-phase rehydrated sample.


Experiments that employed the two types of rehydration
procedure over decomposed Mg–Al HTlc have also been
performed by de Jong and co-workers.[20–22] In these studies,
rehydration in water vapour led to a lower crystallinity and
specific surface area than rehydration by immersion (57
versus 200 m2 g�1). The as-synthesized hydrotalcites dis-
played specific surface areas in the range of 90–100 m2 g�1.
A similar observation was also reported by Figueras
et al. ;[10,23–25] the surface area of the mixed oxide (95 m2 g�1)
decreased to 20 m2 g�1 after rehydration of the sample in the
vapour phase, which led to a restoration of the layered
structure. According to these authors, this accounted for a
limitation of the rehydration process by the diffusion of
water within the particles, and the surface corresponds to
the external area of the crystals.


These features suggest that the rehydration process of the
crystallites is certainly a key parameter governing the
number and the strength of active OH� sites in base-cata-
lysed reactions. Accordingly, the present study was under-
taken to derive structure–activity relationships in differently
reconstructed Mg-Al-HTlcs for various aldol condensation
reactions, such as citral and acetone or 2-butanone, to


obtain pseudoionone or methyl-pseudoionone, respectively,
and in the self-aldolization of acetone.


Results and Discussion


Material characterization


Chemical composition : Analysis of the as-synthesized
sample, HT-as, by inductively coupled plasma (ICP) spec-
trometry as well as by thermogravimetry (TG) revealed the
following chemical composition: [Mg0.777Al0.223(OH)2]-
(CO3)0.113·0.575 H2O, indicating the good agreement between
the nominal ratio in the liquid and the actual ratio in the
solid. The amount of sodium in the as-synthesized hydrotal-
cite was less than 0.1 wt %, indicating that washing of the
solid after filtration was effective. Furthermore, nitrogen
was not detected by elemental analysis.


X-ray diffraction : Figure 1 shows the XRD patterns of the
as-synthesized Mg–Al hydrotalcites (HT-as), calcined hydro-
talcite (HT-c), rehydrated hydrotalcite in the gas phase


(HT-rg) and rehydrated hydrotalcite in the liquid phase
(HT-rl) (at 500 rpm for 1 h). The as-synthesized sample
shows a pure hydrotalcite phase (JCPDS 22-700). Upon cal-
cination of the material at 723 K, the layered structure was
destroyed and a mixed oxide phase Mg(Al)Ox was obtained,
corresponding to the periclase structure (JCPDS 87-0653).
After calcination and intercalation of OH� ions by rehydra-
tion in the gas and liquid phases, the original layered struc-
ture was recovered, which corresponded to meixnerite
(JCPDS 35-0965). However, the XRD pattern of HT-rl
shows broader peaks than that of HT-rg, indicating a lower
crystallinity, namely as a consequence of the lower crystal-
lite size in the former sample (see microscopy). This can be
tentatively attributed to the effect of mechanical stirring


Figure 1. X-ray diffraction patterns of the materials investigated in this
study.
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during the rehydration process in the liquid phase, which
can break and exfoliate the hydrotalcite-like platelets to in-
crease the surface area of the solid, and/or to the mechanism
of water diffusion in the galleries.


N2 adsorption : N2 adsorption experiments were performed
to derive detailed information on pore size distributions.
Upon calcination of HT-as, the porosity substantially in-
creases leading to a more pronounced hysteresis loop in the
isotherm of HT-c (Figure 2), which indicates formation of
extra (meso)porosity. This result is supported by the higher
surface area and total pore volume in HT-c (210 m2 g�1)
compared to HT-as (57 m2 g�1) (Table 1). In addition, forma-
tion of some microporosity in HT-c can also be concluded.


Application of the BJH model to the adsorption branch
of the isotherm further indicates that thermal decomposition


of the as-synthesized hydrotalcite induces the development
of additional porosity covering a broad range of pore sizes,
with a maximum at ~50 nm.


Interestingly, the pore-size distribution in HT-c is similar
to that in HT-as (Figure 3). This led to the conclusion, in


particular, that the smaller mes-
opores which have been created
extend into lower pore sizes. It
is thought that these lower pore
sizes are probably responsible
for the significant increase in
BET surface area. This porosity
development upon calcination
is in agreement with results pre-
viously reported by de Jong and
co-workers.[21]


Rehydration in the liquid or
gas phases leads to remarkable
differences in the porous char-
acteristics of the obtained mate-
rial. The sample rehydrated in
the gas phase (HT-rg) does not
show a significant porosity, but
has a low BET surface area
(15 m2 g�1) and pore volume
(0.1 cm3 g�1). A similar but less
dramatic decrease in the BET
surface area (from 253 to
57 m2 g�1) was observed in ref-
erence [21], and possibly results
from slightly different rehydra-
tion conditions. Contrarily, re-
hydration in the liquid phase
(HT-rl) leads to a remarkable
BET surface area of 270 m2 g�1,
which is even higher than the
surface area of the calcined ma-
terial, whereas the pore volume
of HT-rl is slightly lower than


in the calcined material. This result suggests a markedly dif-
ferent porous structure for both materials, as confirmed by
the BJH pore size distribution in Figure 3, which shows that
the majority of pores are smaller than 50 nm with a distribu-
tion centered at �10 nm, without any appreciable micro-


Figure 2. N2 adsorption isotherms of the different samples.


Table 1. Textural and chemical properties of the materials.


Sample SBET
[a] Smeso


[b] Vmicro
[b] Vp


[c] 1He
[d] H[e] C[e]


[m�2 g�1] [m�2 g�1] [cm�3 g�1] [cm�3 g�1] [gcm�3] [%] [%]


HT-as 57 57 0.00 0.4 1.93 4.04 1.79
HT-c 210 180 0.01 0.8 2.73 0.88 0.35
HT-rg 15 15 0.00 0.1 2.15 4.36 0.49
HT-rl 270 270 0.00 0.7 2.56 3.24 1.03


[a] BET method. [b] t method. [c] Volume at p/p0 = 0.99. [d] He pycnometry. [e] Elemental analysis.


Figure 3. BJH pore size distribution derived from the adsorption branch
of the N2 adsorption isotherms.
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porosity. Although no details were provided by de Jong and
co-workers[20] on the pore size evolution upon rehydration
of Mg–Al HTlc in the liquid phase, the increase in surface
area accompanied by a decreased pore volume suggests a
similar change in the porous characteristics.


The difference in the porous characteristics of the liquid-
phase rehydrated material could be produced by exfoliation
of the meixnerite crystals during the mechanical stirring.
This was investigated in additional experiments by changing
the stirring speed and the rehydration time (Table 2); how-
ever, the same magnet was always used.


As expected, a higher surface area for the rehydrated ma-
terials was observed when the stirring speed was increased
from 100 to 700 rpm. This can be explained by the higher
degree of exfoliation obtained by the rupture of particles.
When a stirring speed of 700 rpm was used with different re-
hydration times, the same effect was detected.


Helium pycnometry (Table 1) provides information on the
real (skeleton) density of the material, independently of the
accessible porosity. As expected, the density of the calcined
material (2.73 g cm�3) is much higher than that of the as-syn-
thesized hydrotalcite (1.93 g cm�3). The density of the rehy-
drated hydrotalcites presents important differences: it is
higher in HT-rl (2.56 g cm�3) than in HT-rg (2.15 g cm�3).
This fact can be explained taking into account the structure
of the reconstructed hydrotalcites. If the rehydration proce-
dures would lead to total reconstruction, HT-rl and HT-rg
should possess a very similar density to HT-as. However, the
densities obtained in the rehydrated hydrotalcites lie be-
tween those of HT-as and HT-c, which strongly suggests that
the layered structure was partially recovered. That the den-
sity in HT-rg (2.15 g cm�3) is lower than that in HT-rl
(Table 1) indicates a more efficient reconstruction in the
gas-phase rehydrated sample, in agreement with the results
of XRD and other techniques described below. In contrast
to a previous hypothesis,[24] this indicates that the diffusion
of water within the particles is not the limiting factor of the
rehydration process. The low surface area of HT-rg is proba-
bly caused by steric hindrance produced by the OH� and
water molecules in the interlayer space.


Thermogravimetric analysis : Figure 4 shows the thermogra-
vimetric analysis of the as-synthesized and rehydrated sam-


ples. The decomposition profiles are in good agreement with
those in the literature for hydrotalcite-like compounds,[26, 27]


with a total weight loss in the range of 34–45 %. Similar be-
havior was observed for the three samples, with two distinct
weight-loss processes. The first weight loss at temperatures
below 473 K is attributed to the loss of physically adsorbed
and interlayer water molecules, whereas the second weight
loss (473–773 K) originates from the dehydroxylation of the
brucite-like sheets and decomposition of carbonates in the
interlayer. The first weight loss of �18 % for the rehydrated
samples is similar in both cases. However, the second weight
loss was 5 % higher in HT-rg (21.7 %) than in HT-rl
(16.8 %). This indicates a similar amount of water molecules,
but an increase of compensating OH� ions between the bru-
cite-like sheets of the sample rehydrated in the gas phase
compared to that rehydrated in the liquid phase. This nicely
indicates that the degree of rehydration in the gas phase is
higher than in the liquid phase. Accordingly, the degree of
reconstruction was estimated to be 94 % in HT-rg and 83 %
in HT-rl. These results are in agreement with the C and H
elemental analysis of the samples in Table 1 that show a
4.36 wt % and 3.24 wt % of hydrogen for HT-rg and HT-rl,
respectively. The carbon content in the samples indicates
that not all the carbonates are decomposed during the calci-
nation process. Furthermore, the increase in the amount of
carbon detected in HT-rl, indicates a major contamination
with CO2 during rehydration in liquid phase.


IR spectroscopy: Figure 5 shows the IR spectra of the dried
samples. The FTIR spectra of various hydrotalcite-like ma-
terials have been widely discussed elsewhere.[3,28–33] The
spectrum of HT-as exhibits a typical broad band at
3471 cm�1, which is attributed to the stretching mode of hy-
drogen-bonded hydroxy groups from the brucite-like layers
and interlayer water. The shoulder at �3000 cm�1 is as-
signed to hydrogen bonding between water and carbonate in
the interlayer, whereas the band at 1643 cm�1 is the H2O
bending vibration. The vibration of the carbonates (asym-
metric stretching, n3) appears at 1374 cm�1 and could be as-
signed to interlayer carbonates (chelating or bridging biden-


Table 2. Effect of the stirring speed and time over rehydrated hydrotal-
cites.


Sample Rehydration Stirring SBET
[a] Reconstruction[b]


time [h] speed [rpm] [m�2 g�1] [%]


HT-rl-100 1 100 203 66
HT-rl-300 1 300 229 74
HT-rl 1 500 270 83
HT-rl-700A 1 700 374 89
HT-rl-700B 0.16 700 241 67
HT-rl-700C 6 700 401 92


[a] BET method. [b] Calculated by TGA.


Figure 4. Thermogravimetric analysis of the as-synthesized and rehydrat-
ed hydrotalcites.
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tate). The vibration at 1515 cm�1 is ascribed to a reduction
in the symmetry caused by the presence of monodentate
carbonates (nasym O-C-O) interacting with Mg2+ , as reported
elsewhere,[3,29–30] whereas the band at 1740 cm�1 is the bend-
ing mode of water. The low frequency region shows a band
at about 560 cm�1, corresponding to the translation modes
of hydroxy groups, influenced by Al3+ cations. The band at
870 cm�1 is characteristic for the out-of-plane deformation
of carbonate (n2), whereas the in-plane bending is located at
680 cm�1 (n4). Calcination of this material (Figure 5, HT-c)
shows that water has been virtually removed (see C and H
analysis in Table 1) because of the disappearance of the
bands at 1643 (corresponding to the water bending vibra-
tion), 1739 (water bending vibration restricted in the inter-
layer) and 3050 cm�1 (interaction H2O-CO3


2� in the interlay-
er). The intensity of the band at about 3470 cm�1 also de-
creases by dehydroxylation. The carbonate band suffers
from a rearrangement in the interlamellar space, the band at
1374 cm�1 decreases in intensity and two peaks at about
1515 and about 1400 cm�1 are observed because of the inter-
action between CO3


2� and Mg2+ . The band at 1458 cm�1 is
attributed to the adsorbed carbonate upon thermal decom-
position. It can be concluded that the applied calcination
temperature is not sufficient to completely eliminate hy-
droxyls and carbonates, although the hydrotalcite phase is
destroyed. This fact is in agreement with the results in
Table 1, which show 0.35 wt % and 0.88 wt% of carbon and
hydrogen, respectively, in the calcined sample. The bands
below 1000 cm�1 are the vibration modes for Mg–O and Al–
O in the mixed oxide formed.[32] The band at 457 cm�1 is at-


tributed to the vibrations of the
MgO and Al2O3. Exposure of
the calcined sample to a flow of
wet gas (HT-rg in Figure 5) in-
duces a recovery of the hydro-
talcite-like structure. The same
effect occurs when the calcined
sample is rehydrated in the
liquid phase (HT-rl in Figure 5).
The bands at 3050 and
1640 cm�1 reappear in both
cases, showing a significantly
larger amount of water mole-
cules when rehydration is car-
ried out in the gas phase. This
means that the reconstruction
of the hydrotalcite-like struc-
ture is greater than in the liquid
phase. In the high-energy
region, a band at 634 cm�1 is
present and could be assigned
to the Mg–OH translation.[32]


The bands at 770 and 1066 cm�1


can be assigned to the transla-
tion and deformation modes re-
spectively, of the hydroxy
groups influenced by the Al3+


ions. The band at 1370 cm�1, which is recovered as a sym-
metric peak, corresponds also to interlayer carbonate
(mainly bidentate carbonates),[30] indicating that a significant
amount of carbonates is still present after calcination/rehy-
dration (probably, by introduction of CO3


2� in the recovery
process). This result is in agreement with C,H analysis
(Table 1): where the amount of carbon and hydrogen and is
1.03 wt % and 3.24 wt %, respectively, in HT-rl and
0.49 wt % and 4.36 wt %, respectively, in the HT-rg samples.
Figure 5 also shows the spectrum of the liquid-phase rehy-
drated sample after CO2 adsorption at 353 K (HT-rl-CO2 in
Figure 5), under the same conditions as the CO2-TPD
(TPD= temperature-programmed desorption) experiments.
The only difference between this latter sample and HT-rl is
the shoulder at about 1485 cm�1, which is assigned to the
symmetric O-C-O stretching mode of bicarbonate anions.
When CO2 is adsorbed on a base and at pH values up to 8,
CO3


2� formation is more favourable than HCO3
� forma-


tion.[34] Accordingly, before adsorption of CO2, a rehydrated
sample shows a carbonate peak because only stronger basic
sites are evaluated. After CO2 adsorption, bicarbonates
result from remaining weaker OH� groups.


Scanning electron microscopy : SEM images were recorded
to investigate the morphology of the different samples
(Figure 6). The micrograph of the as-synthesized hydrotal-
cite shows a well-developed layered structure. The mixed
oxide obtained upon calcination at 723 K maintains the la-
mellar structure and the morphology seems to be similar to
that of HT-as. When rehydration was performed in the


Figure 5. Fourier-transform infrared spectra of the different samples.
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liquid phase, a sample with a high degree of exfoliation was
obtained, as mentioned above. The shape is preserved with
respect to the as-synthesized material, and the smaller parti-
cles generated by mechanical stirring in the rehydration pro-
cedure formed very thin platelets. Contrarily, HT-rg is built
of complex aggregates of hydrotalcite platelets that are sig-
nificantly thicker than those in HT-rl. This is in agreement
with the higher crystallinity (XRD) and markedly lower sur-
face area (N2 adsorption) of HT-rg.


Transmission electron microscopy: HRTEM was performed
to obtain further information on the different morphologic
features of the samples (Figure 7). The results are in agree-
ment with those obtained by other characterization techni-
ques. In the calcined sample (HT-c), clearly discernible pla-
telets are shown. This suggests that the platelet morphology
does not collapse, even if the layered hydrotalcite structure
is no longer present. HT-rg presents much thicker platelets
than HT-rl, indicating a relatively high degree of sintering in
the former sample. Moreover, the micrographs suggest a
better reconstruction of the lamellar phase in HT-rg than in
HT-rl (see also Figure 8). The crystalline phase is observed
over a much wider range, which is in agreement with our
previous observations.


Nuclear magnetic resonance of 27Al : The as-synthesized
sample shows the majority of Al in octahedral positions, as
evidenced by the signal at d�10 ppm in Figure 9. The small
contribution at d�80 ppm is attributed to a spinning side
band. Upon calcination, the contribution of tetrahedrally co-
ordinated Al increases at the expense of the octahedrally
coordinated Al, correlating with the collapse of the lamellar
structure. Rehydration in both liquid and gas phases shows
a partial recovery of the initial as-synthesized pattern, sug-


gesting that the (partial) recon-
struction of the HTlc structure,
which (based on the signal in-
tensities) is less complete in
HT-rl (AlOh/AlTd = 3.9) than in
HT-rg (AlOh/AlTd = 4.4), in
good agreement with the TGA
and XRD results.


Temperature-programmed de-
sorption of CO2 : CO2-TPD is
typically applied to determine
the density and strength of
basic sites in mixed oxides de-
rived from the calcination of
hydrotalcites.[35–37] To establish a
correlation between the catalyt-
ic activity and the textural and
basic properties, experiments
were carried out over both re-
hydrated samples. From the
TPD of CO2 in Figure 10, two
peaks were identified indicating


that two types of basic sites can be distinguished in the rehy-
drated Mg–Al mixed oxides. The main peak is centered
around 673–693 K, whereas the other one has its maximum
at �823 K. The total number of basic sites is higher
(803.9 mmol gcat


�1) when rehydration is carried out in the


Figure 6. Scanning electron micrographs of the as-synthesized and rehydrated hydrotalcites.


Figure 7. Low-magnification transmission electron micrographs of the as-
synthesized and rehydrated hydrotalcites.
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liquid phase (HT-rl) than when
it is carried out in the gas phase
(HT-rg) (437.7 mmol gcat


�1).
Based on the CO2 profiles, the
basic nature of the OH� ions
appears to be similar in HT-rl
and HT-rg, but the number of
basic sites in HT-rl is double
that in HT-rg (Table 2). The
contribution of the smaller
peak with respect to the total
number of basic sites is about
20 % in both cases. The CO2


uptake results from different
types of carbonate coordination
in the interlayer space. In this
sense, different species have
been identified, such as mono-


dentate, bidentate, or bicarbonate anions. Monodentate and
bidentate carbonate formation involves low-coordinate
oxygen anions, which are in turn thus strong basic sites.[38,39]


Bicarbonate requires surface hydroxy groups. We suggest
that the first peak, which decomposes at temperatures of
about 700 K, can be attributed to the contribution of mainly
bidentate carbonates, together with bicarbonate species, on
the catalyst surface, whereas the smaller peak above 800 K
is attributable to monodentate species. This result is in
agreement with our FT-IR results. Taking into account the
TGA results and comparing the amount of OH� with the
amount of CO2 desorbed (Table 2), the proportion of basic
sites detected by the CO2 molecules is approximately 13 %
and 30 % for HT-rg and HT-rl, respectively, despite the
higher degree of reconstruction, and thus the higher number
of OH� groups in HT-rg (see Figure 4). This indicates that
1) not all of the total OH� groups are probed by CO2 mole-
cules and 2) the OH� groups in the HT-rl sample are more
accessible (owing to the higher porosity and specific surface
area). Under our experimental conditions, it is probable that
the OH� ions probed by CO2 are located at the edges of the
platelets. From the quantification in Table 3, the CO2 ad-
sorption with respect to the bulk Al content shows that ap-
proximately 11.6 % and 24.5 % of the OH� sites, for HT-rg
and HT-rl, respectively, are also evaluated.


These results are in fair agreement with those determined
from thermogravimetric analysis. The higher accessibility
shown by the HT-rl sample could be explained by the fact


Figure 8. High-magnification transmission electron micrographs of the rehydrated hydrotalcites.


Figure 9. 27Al MAS-NMR spectra of the as-synthesized, calcined, and re-
hydrated samples.


Figure 10. CO2 uptake during temperature-programmed desorption ex-
periments over the rehydrated hydrotalcites. CO2 adsorption at 353 K for
1 h.


Table 3. Quantification of the CO2-TPD profiles for the rehydrated hy-
drotalcites.


Sample Peak at Peak at Total CO2 CO2/Al ratio[a]


693 K [%] 823 K[%] evolved[mmol g�1]


HT-rg 80 20 438 0.116 (0.023)[b]


HT-rl 78 22 804 0.245 (0.054)[b]


[a] Mol of total adsorbed CO2 per mol of Al in the HT. [b] Between
brackets, contribution of peak at 823 K.
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that it has approximately 18 times more surface area than
HT-rg (Table 1). Taking into account the higher SBET of HT-
rl, the difference in basicity is just incremental. This is
strong evidence that only the edges of the platelets are oper-
ative, namely, the active sites in aldol condensations (see the
section on structure–activity relationships). Therefore, intui-
tively there are two factors that are related: porosity and
crystal size, although it seems that the relatively small crys-
tal size is the activity-directing factor in these reactions. In
accordance with these results, Figure 11 shows a representa-
tive structure that highlights the main differences between
HT-rg and HT-rl.


Catalytic performance


It is well known that the first step in the aldol condensation
reaction is the extraction of a proton from the a-carbon
atom of a ketone/aldehyde by a basic site of the catalyst to
generate a reactive enolate. The nucleophilic enolate attacks
the carbonyl group of the substrate to produce an intermedi-
ate alkoxide. Subsequently, the alkoxide deprotonates a
water molecule, and thus creates a hydroxide and a b-hy-
droxyaldehyde or aldol product. After that and depending
on the reaction conditions, a
dehydration process may occur
to yield the final conjugated al-
dehyde. In this sense, materials
obtained from hydrotalcite-like
compounds, which show both
Lewis and Brønsted basic sites,
are efficient in this type of reac-
tions. This work examines aldol
condensations between citral
and acetone or citral and
methyl ethyl ketone (MEK), as
well as the self-aldolization of
acetone over reconstructed hy-
drotalcite-like materials. A sim-
plified scheme for these reac-
tions is represented in
Scheme 1. Preliminary tests
with HT-as and HT-c in the
condensation reaction between
citral and acetone at 333 K
have shown virtually no activity
over these catalysts over a
period of 24 h. These materials
mainly contain Lewis basic
sites, which are inactive in the
reaction. Rehydration of HT-c
leads to a certain degree of con-
version, whose absolute value strongly depends on the rehy-
dration procedure applied. This fact is in agreement with
the data reported in the literature where, for the self-con-
densation of acetone, the meixnerite obtained by rehydra-
tion of Mg–Al mixed oxides, is more active than its hydroxy-
carbonate precursors (hydrotalcites).[4] It seems that Brønst-


ed basic OH� ions sites play a vital role in this type of reac-
tions.


Influence of the rehydration procedure : Figure 12 shows the
conversion versus reaction time for HT-rg and HT-rl cata-
lysts for the citral/acetone and citral/methyl ethyl ketone


Figure 11. Schematic representation of the different reconstruction mech-
anism in HT-rl and HT-rg based on physico-chemical characterization re-
sults.


Scheme 1. Reactions in the aldol condensation between citral and acetone and aldolization of acetone.
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(MEK) reactions and the self-condensation of acetone to di-
acetone alcohol (DAA). A molar ketone/citral ratio of 4.4:1
was used, and the main products for the aldol reaction be-
tween acetone and citral were a mixture of cis- and trans-
pseudoionone. No b-hydroxyketone was observed under
these reaction conditions. The aldol reaction between citral
and MEK provided four isomers arising from the double
attack of the two carbanions of MEK. The selectivity of the
desired products of these reactions was always higher than
95 %.


As mentioned above, two types of solid can be obtained
according to the different rehydration procedures of the cal-
cined hydrotalcites : HT-rl (by immersion in decarbonated
liquid water at a stirring speed of 500 rpm for 1 h, and wash-
ing with ethanol) and HT-rg (by contacting with a flow of
argon saturated with water vapour). For the gas-phase rehy-
drated samples, the flow was maintained for 10, 15, and
48 h, to obtain solids with differing amounts of water. The
loss of water detected by TGA was 29, 39, and 41 wt %, re-
spectively. The best result was achieved over the HT-rg
sample containing approximately 39 % water that gave a
conversion of 4.3 % in 1 h and 8.7 % after 2.5 h in the self-al-
dolization of acetone. These results are not in agreement
with those previously reported (23 % of conversion at 273 K
in 1–3 h).[8] This could be explained by the lower surface
areas achieved under our rehydration conditions in the gas
phase. Furthermore, other previous results with gas-phase
rehydrated hydrotalcites in this kind of reactions showed
that the presence of alkali metal ions (sodium), retained
during the synthesis of the hydrotalcite, could improve the
catalytic activity.[41] For the citral/MEK reaction, practically
no activity was detected when the reaction was carried out
over the gas-phase rehydrated catalysts. For the citral/ace-
tone reaction, only 4.5, 5, and 3.5 % of citral conversion was
observed, even after a reaction period of 23 h, using HT-rg
with 29, 39, and 41 wt % of water, respectively. In contrast,
over HT-rl, the conversion of citral was 81 % in only 5 min.
This fact indicates a dramatic difference in the catalytic
properties of HT-rg and HT-rl, although characterization of


the samples has indicated the degree of rehydration, which,
in principle, should favour the catalyst activity by creation
of active OH� groups, is higher in HT-rg. Similar differences
in performance between HT-rg and HT-rl samples have
been observed in the aldol condensation between citral/
MEK and the self-condensation reaction of acetone. The
conversion of citral over HT-rl was 62 % after a reaction
period of 3 h. That the citral/MEK reaction is slower than
the citral/acetone reaction is attributed to the fact that
MEK is larger than acetone as well as the different acidic
character of the a-hydrogen atom in these ketones. For the
self-condensation of acetone to DAA using HT-rl as catalyst,
the thermodynamic equilibrium (23 %) was achieved in less
than 0.5 h. Table 4 shows the initial reaction rates for HT-rg,


and different HT-rl catalysts, used for these aldol condensa-
tions at T = 333 K. The data in Table 4 show the beneficial
effect of mechanical stirring during the rehydration process.
The increase of the surface area of the samples also produ-
ces an increase in the catalytic activity. These results confirm
that HT-rl samples are more active than HT-rg, accounting
on one hand for its greater amount of accessible sites as pre-
viously shown. On the other hand, sites of higher strength
should be also present, though hardly proved by TPD in
CO2 experiments, because the demanding condensation re-
action between citral/MEK only occurs with the samples re-
hydrated in liquid phase.


Influence of the reaction temperature : Previous results for
these types of reactions showed that citral was strongly ad-
sorbed on the catalyst surface when working at low temper-
atures, indicating that a reaction temperature of about
333 K is needed to avoid this undesirable adsorption leading
to decreased catalytic activity.[19]


In this work, the aldol condensation of citral and acetone
was tested at different temperatures (283, 303, and 333 K)
over HT-rl. As expected, Figure 13 shows that the reaction
took place quickly when the temperature was increased to
333 K (96 % of conversion in 30 min), whereas 24 h were
necessary for a 91 % conversion of citral at 283 K. No
change in the product selectivity was observed at the differ-
ent reaction temperatures studied. An apparent activation
energy of 25 kJ mol�1 was derived from the slope of the Ar-
rhenius plot in Figure 14. This low value for the activation
energy could indeed indicate the strong adsorption of the re-


Figure 12. Conversion versus time for the reaction of citral/acetone at
333 K, citral/MEK at 333 K, and self-aldolization of acetone at 273 K
over the rehydrated hydrotalcites. Table 4. Initial reaction rates and conversion level after 1 h for citral/


ketone condensation over HT-rl and HT-rg at 333 K.


Sample Ketone Initial rate[a] Conversion of
[mmolcitral gcat


�1 h�1] citral [wt %]


HT-rg acetone 0.41 1
HT-rl acetone 398.7 97.7
HT-rl-100 acetone 300.8 83.2
HT-rl-700A acetone 437.5 99.2
HT-rl-700C acetone 461 99.9
HT-rl MEK 152.3 49.1


[a] Determined at 5 min of reaction.
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agents on the catalyst surface. This fact is also confirmed by
the brown color acquired for the catalysts at the end of the
reaction, even at higher temperatures, instead of the white
color in the fresh catalyst.


Structure–activity relationships


Our results show that basic OH� ions are required in the re-
hydrated hydrotalcite to obtain high activities in aldol con-
densation reactions; however, these active OH� are located
near the edges of the platelets. This finding supports the
suggestion of de Jong and co-workers[22] who stated that
only 5 % of the hydroxy ions of the rehydrated samples are
active enough to carry out the reaction. By preparing and
testing hydrotalcites with a different platelet size using dif-
ferent ageing conditions,[40] we produced a disordered HT
structure that increased the basic strength. We then went a
step further and customized an enhanced rehydration proce-
dure, first by carrying out the ageing at room temperature
and after that, with a liquid-phase rehydration process, with
stirring. Consequently, higher surface areas between 200 and
400 m2 g�1 (depending on the variation of time and the stir-


ring speed during rehydration) were obtained owing to the
lower platelet size as well as the porosity within the parti-
cles, as supported by microscopy and N2 adsorption results.
The formation of smaller platelets increases the number of
OH� ions near the edges, which contributes more to the en-
hanced activity. When the rehydration procedure was car-
ried out in the gas phase, the size of the platelets was larger,
although the degree of rehydration was higher. Although
the CO2-TPD results do not explain the differences in activi-
ty because the strength of the OH� groups in HT-rg and
HT-rl is similar, not all of the total OH� groups are probed
by CO2 during the TPD experiments. These OH� groups in
the HT-rl samples are more accessible for CO2 molecules
and for reactants than those in the HT-rg sample.


Conclusion


This work clearly demonstrates the inactivity of as-synthe-
sized Mg–Al hydrotalcite and the product derived from its
thermal decomposition in aldol condensation reactions, and
highlights the active nature of Brønsted basic sites in pro-
ducing superior catalytic performances. To this end, two re-
hydration procedures were applied to a Mg–Al mixed
oxide: in the gas phase (HT-rg) or the liquid phase (HT-rl).
TGA, XRD, 27Al NMR spectroscopy, electron microscopy,
and FT-IR analyses show that the rehydration of HT-rg is
more efficient than that of HT-rl, with the subsequent
higher degree of lamellar structure reconstruction in the
former sample. Because the rehydration process leads to a
meixnerite-like material that contains Brønsted basic sites
(OH�) in the interlayer spaces, HT-rg samples can be con-
sidered to have a higher activity than HT-rl samples in aldol
condensation reactions. Nevertheless, HT-rl samples show
higher activity than HT-rg samples, indicating that the rehy-
dration method is a crucial step in the activation of the cal-
cined hydrotalcite. Gas-phase rehydration produces a virtu-
ally complete reconstruction of the layered structure; how-
ever, the final material shows a low specific surface area.
This fact means an extreme reduction in the number of ex-
posed active sites owing to a limited accessibility. The specif-
ic surface area obtained for the HT-rl samples depends on
the rehydration procedure. By increasing the rehydration
time and the stirring speed, materials with surface areas ap-
proximately 13 and 26 times higher than those of the HT-rg
samples are obtained. This fact leads to an increased
number of exposed basic sites, and thus to an improved cat-
alytic activity. This is supported by CO2-TPD, which shows
that there are more basic sites accessible probed by CO2 in
HT-rl. We can conclude that the strong difference in surface
areas for the two different types of rehydrated samples, the
number of basic sites and their accessibility are the main
factors for enhancing the catalytic activity of these reactions.
Therefore, this provides an approach for the preparation of
active catalysts for aldol condensation reactions and, in gen-
eral, for enhancing the catalytic activity of hydrotalcites by
controlling the rehydration process.


Figure 13. Conversion of citral in the aldol condensation between citral/
acetone at different temperatures.


Figure 14. Arrhenius plot of the aldol condensation between citral and
acetone over HT-rl.
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Experimental Section


Materials : Mg–Al hydrotalcite (molar Mg/Al ratio = 3:1) was prepared
by a coprecipitation method at constant pH (10�0.2) of an aqueous so-
lution of Mg(NO3)2·6 H2O (0.75 m) and Al(NO3)3·9H2O (0.25 m) and a
second solution of NaOH/Na2CO3 (2 m). Both solutions were mixed drop-
wise under stirring at 298 K. After addition of the reactants, the slurry
was aged at 298 K for 15 h under vigorous stirring. The precipitate
formed was filtered and thoroughly washed with large amounts of deion-
ized water to remove Na+ and NO3


� ions. This step is essential because
Na impurities can bias the catalytic performance of the rehydrated sam-
ples by changing the basic properties of the surface.[41] The solid was then
dried at 373 K for 18 h to yield the as-synthesized hydrotalcite (HT-as).


The HT-as sample was thermally decomposed in air at 723 K for 15 h to
obtain the corresponding Mg–Al mixed oxide (HT-c). This material was
rehydrated in both gas and liquid phases. Gas-phase rehydration was car-
ried out by treating the calcined sample in an argon flow saturated with
water at room temperature for 15 h (40 mL min�1) to yield HT-rg (differ-
ent amounts of water in the sample were also achieved by varying the
contact time of the saturated flow (for 10 and 48 h)). Another series of
mixed oxides were rehydrated in decarbonated water (1 g of sample in
100 mL of water) for 1 h at room temperature and under mechanical stir-
ring (500 rpm). After the rehydration process, the sample was filtered,
washed with ethanol, and dried under argon to yield HT-rl. Some varia-
tions in the stirring speed (100, 300 and 700 rpm) and rehydration time
(10 min and 5 h) were also performed.


Methods : The chemical composition of the samples was determined by
ICP-OES in a Perkin-Elmer Plasma 400. The samples were diluted in
10% HNO3 before analysis. C,N,H analysis was performed in a Carlo
Erba EA1108.


Powder X-ray diffraction patterns were collected in a SiemensD5000 dif-
fractometer with Bragg–Brentano geometry with nickel-filtered CuKa ra-
diation (l = 0.1541 nm). Data were collected in the 2q range of 5 to 708
with an angular step of 0.058 at 3 s per step, resulting in a scan rate of
18min�1.


N2 adsorption and desorption isotherms at 77 K were measured on a
Quantachrome Autosorb-6B. Prior to analysis, the samples were degassed
in vacuum at 393 K for 16 h. The BET, t plot and BJH models (applied
to the adsorption branch of the isotherm using cylindrical pore geometry)
were used to derive information on the specific surface area, micro- and
mesoporosity and pore size distribution, respectively.


Helium pycnometry measurements were performed at 293 K in a Quan-
tachrome pentapycnometer in order to determine the real density of the
samples.


Thermal analysis was performed in a Labsys/Setaram TG DTA/DSC
thermobalance, equipped with a programmable temperature furnace. The
sample (50 mg) was heated from room temperature up to 1173 K in
argon (80 cm3 STP min�1) at 5 K min�1.


Infrared spectra were recorded on a Bruker-Equinox-55 FTIR spectrom-
eter. The spectra were acquired by accumulating 64 scans at 4 cm�1 reso-
lution in the range of 400–4000 cm�1. Samples were prepared by mixing
the powdered solids with pressed KBr disks (blank) in a ratio of 15:85.
The different samples were stored under argon to avoid absorption of
CO2. The calcined sample was analyzed in flowing Ar at 723 K in an in-
situ cell with the diffuse reflectance (DRIFT) mode.


Scanning electron microscopy images were recorded at 5 kV in a JEOL
JSM-6700F field-emission microscope. Samples were coated with palladi-
um to create contrast.


Transmission electron microscopy was carried out on a Philips CM30UT
electron microscope with a field emission gun as the source of electrons
operated at 300 kV. Samples were mounted on Quantifoil carbon poly-
mer supported on a copper grid by placing a few droplets of a suspension
of the ground sample in ethanol on the grid, followed by drying at ambi-
ent conditions.
27Al MAS-NMR experiments were performed at 9.4 T on a Varian VXR-
400 S spectrometer operating at 104.2 MHz with a pulse width of 1 ms.


The narrow bore magnet (50 mm) was fitted with a high-speed magic
angle spinning (MAS) Doty probe. The samples were spun in 4 mm zir-
conia rotors with a spinning frequency of 8 kHz. A total of 4000 scans
were collected with a sweep width of 100 kHz and an acquisition time of
0.2 s. An acquisition delay of 1 s between successive accumulations was
selected to avoid saturation effects. The 27Al chemical shifts were refer-
enced to [Al(H2O)6]


3+ .


The basic properties of the samples were determined by TPD of CO2 in
a Thermo Finnigan TPDRO1100 equipped with a programmable temper-
ature furnace and a TCD detector. The gas outlet was coupled to a quad-
rupole mass spectrometer Pfeiffer GSD300. A method similar to that of
Padmasri et al.[42] was applied. Typically, �100 mg of solid was placed be-
tween quartz wool in a quartz reactor, pre-treated in argon at 373 K for
1 h, and then cooled to 353 K, prior to the adsorption of CO2 at this tem-
perature. After adsorption of CO2 (3 vol. % CO2 in He;
20 cm3 STP min�1) for 60 min, the catalyst was treated in He
(20 cm3 STP min�1) for 45 min at 373 K to remove the physically adsorbed
CO2. The CO2 uptake was measured by treating the sample from room
temperature up to 1173 K at a heating rate of 10 Kmin�1 and recording
the results with a TCD detector. Peak deconvolution was performed by
using the software of the equipment, and the number of Brønsted basic
sites was determined assuming that one molecule of CO2 adsorbs on each
basic site.


Catalyst testing : Aldol condensation reactions were performed in a 100-
mL round-bottom flask equipped with a magnetic stirrer and a condenser
system in argon under CO2-free conditions. For a typical reaction be-
tween citral (40.8 mmol) and ketone (180 mmol), a ketone/citral ratio of
4.4:1 was used. This solution was stirred at the desired temperature and
1 g of catalyst was added. The reaction was carried out in the range of
283–333 K. For the self-aldol condensation of acetone (0.25 mol), 1 g of
catalyst was also used and the reaction was conducted at 273 K. Samples
were taken at regular time intervals and were analysed off-line by gas
chromatography (GC) using a FID detector and an ULTRA2 column
(15 m� 0.32 mm � 0.25 mm). Tetradecane was used as the internal stan-
dard. Citral, pseudoionone, acetone (95 %) and 2-butanone (MEK) were
purchased from Aldrich and were used without further purification.
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Ab Initio Study of the Complexes of Halogen-Containing Molecules RX
(X=Cl, Br, and I) and NH3: Towards Understanding the Nature of Halogen
Bonding and the Electron-Accepting Propensities of Covalently Bonded
Halogen Atoms


Jian-Wei Zou,*[a] Yong-Jun Jiang,[a] Ming Guo,[b] Gui-Xiang Hu,[a] Bing Zhang,[b]


Hai-Chun Liu,[b] and Qing-Sen Yu[a]


Introduction


Intermolecular noncovalent interactions between halogen
atoms and lone-pair-possessing atoms (frequently N and O)
have elicited much interest during the last decade due to
their importance in the fields of molecular recognition,[1]


crystal engineering,[2] and possibly in biological systems.[3] It
has been shown that the behavior of halogen atoms, which
act as electron-acceptor sites with respect to an electron-


donor molecule, closely resembles the behavior of heteroa-
tom-bound hydrogen atoms (i.e. , hydrogen-bond donors) in
many aspects, and the term “halogen bonding” has been
suggested to stress its similarity with hydrogen bonding.[1a,4]


Halogen bonding in dihalogen systems has been exten-
sively studied.[4a,5,6] Legon and co-workers[4a, 5] have success-
fully characterized a number of prereactive complexes
formed between dihalogen molecules and electron-donor
molecules by using Fourier transform microwave spectrosco-
py with the aid of a pulsed nozzle. Theoretical investigations
into the charge-transfer and electron donor–acceptor inter-
actions of halogen-bonded complexes[6] have usually been
performed by using methods proposed by Mulliken and
Person.[7] More recently, interactions between carbon-bound
halogen atoms and electron donors have been perceived
and proven to be an essential driving force for crystal engi-
neering and supramolecular self-assembly.[1,2] Moreover, it
has been demonstrated that some carbon-bound halogen
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Abstract: Ab initio calculations have
been performed on a series of com-
plexes formed between halogen-con-
taining molecules and ammonia to gain
a deeper insight into the nature of hal-
ogen bonding. It appears that the dihal-
ogen molecules form the strongest hal-
ogen-bonded complexes with ammonia,
followed by HOX; the charge-transfer-
type contribution has been demonstrat-
ed to dominate the halogen bonding in
these complexes. For the complexes in-
volving carbon-bound halogen mole-
cules, our calculations clearly indicate
that electrostatic interactions are
mainly responsible for their binding en-
ergies. Whereas the halogen-bond


strength is significantly enhanced by
progressive fluorine substitution, the
substitution of a hydrogen atom by a
methyl group in the CH3X···NH3 com-
plex weakened the halogen bonding.
Moreover, remote substituent effects
have also been noted in the complexes
of halobenzenes with different para
substituents. The influence of the hy-
bridization state of the carbon atom
bonded to the halogen atom has also


been examined and the results reveal
that halogen-bond strengths decrease
in the order HC�CX>H2C=CHX�
O=CHX�C6H5X>CH3X. In addition,
several excellent linear correlations
have been established between the in-
teraction energies and both the amount
of charge transfer and the electrostatic
potentials corresponding to an electron
density of 0.002 au along the R�X axis;
these correlations provide good models
with which to evaluate the electron-ac-
cepting abilities of the covalently
bonded halogen atoms. Finally, some
positively charged halogen-bonded sys-
tems have been investigated and the
effect of the charge has been discussed.


Keywords: ab initio calculations ·
charge transfer · electrostatic
potential · halogen bonds ·
molecular complexes
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atoms, when interacting with appropriate electron-donor
molecules, can yield stabilization effects whose strengths are
comparable to, or even larger than, those of competitive hy-
drogen bonds.[1b, 8] However, theoretical studies of halogen
bonding in systems other than those involving dihalogen
molecules have been limited. To reveal the nature of the
short contacts observed in the database of crystal structures
(e.g., Cl···Cl and halogen···electronegative (N and O) atom),
Price et al.[9] and Allen and co-workers[10] have performed
some intermolecular perturbation theory calculations on the
complexes formed between chlorine-containing molecules
and electron-donating ones. Meille and co-workers[11] con-
ducted a theoretical calculation on the halogen-bonded com-
plexes formed between fluoroalkyl halides and ammonia
and examined the effect of increasing fluorine substitution
on the halogen bonding. More recently , Romaniello and
Lelj[12] analyzed the halogen bond between CF3I adducts
and several electron donors; to explore the solvent effect on
the NMR spectra, Glaser et al.[13] examined theoretically the
halogen bonding between some haloarenes and DMSO;
Wong and co-workers[14] have devoted themselves to eluci-
dating the blue-shifting properties of halogen bonding.
These theoretical calculations have revealed that the most
important contribution to the intermolecular interactions of
halogen atoms is electrostatic, whereas the contribution
from charge-transfer-type interactions is minor and even
negligible in some cases. In addition, to provide a qualitative
understanding of the electron-accepting nature of carbon-
bound halogen atoms, the molecular-surface electrostatic
potentials (ESP) of some halogen-containing molecules
have been reported.[15–17] The results clearly reveal that
there is a positive cap at the end regions of the halogen
atoms along the C�X (X=Cl, Br, and I) bond vectors.


Herein we report the results of ab initio calculations per-
formed on the halogen-bonded complexes formed by ammo-
nia, a representative electron-donor molecule, and a series
of halogen-containing molecules with a general formula RX,
where X= Cl, Br, and I, and R represents F, Cl, Br, I, H,
HO, H2N, H3C, FH2C, F2HC, F3C, MeH2C, Me2HC, Me3C,
CH2=CH, HC�C, HC(O), MeC(O), phenyl, 4-NH2-phenyl,
4-F-phenyl, 4-NO2-phenyl, and 4-pyridyl. The purpose of
this effort was to explore systematically the effect of the
chemical environment of the halogen atom on the halogen
bonding, and in particular, to provide some quantitative in-
sight into this specific nonbonding intermolecular interac-
tion.


In addition, it is well known that when one of the two
partners in a hydrogen-bonded complex bears an electric
charge, the resulting hydrogen bond is significantly stronger
than that between the two neutral species. This charge-as-
sisted phenomenon, to some degree, supports the electro-
static nature of hydrogen bonding.[18,19] Hence, several halo-
gen-bonded complexes involving chlorine- and bromine-con-
taining cations have also been considered in order to ac-
quire a deeper understanding of halogen bonding.


Computational Details


All computations were performed with the Gaussian 98 suite of pro-
grams.[20] The geometries of all the monomers and dimers, including all
electrons, were fully optimized by using Moller–Plesset second-order per-
turbation theory. Dunning�s basis set, Aug-cc-PVDZ, was used to study
the RX···NH3 (X= Cl and Br) systems. This level of theory was thought
to be adequate for reasonably weak nonbonded interactions, and was
used in recent theoretical studies of halogen-bonded complexes formed
between dihalogen molecules and H2O or H2S.[5a, 21–23] Nevertheless, for
selected systems, single-point calculations using the MP2(full)/Aug-cc-
PVDZ geometries were carried out at the MP2(full)/Aug-cc-PVTZ and
CCSD(T)/Aug-cc-PVDZ levels of theory to check the convergence. For
the iodine-containing systems, the Lanl2DZ basis set, augmented by one
set of six d polarization functions (Lanl2DZ*) with the following expo-
nents, aC =aN =aO =aF =0.80, aCl =0.75, aBr =0.39, and aI =0.29, was
used. Recent theoretical calculations which used this modified effective
core potential (ECP) basis set have been shown to give reasonably good
results for the pyridine–I2 complex[24] and those of carbonyl compounds
with dihalogen molecules.[25–27] The MP2(full)/Lanl2DZ* level of theory
was also employed for the calculations on the RBr···NH3 complexes to
ensure that the halogen bonds of these three different donors (RX) are
comparable. The halogen bonding energy (DEHalB) of each complex was
calculated as the difference between the total energy of the complex and
the sum of the total energies of the monomers, that is, DEHalB =ERX+EN-


H3�ERX···NH3. The basis set superposition error (BSSE) was incorporated
into the calculations in order to obtain the corrected interaction energies
by using the counterpoise (CP) technique developed by Boys and Bernar-
di.[28] Atomic charges were computed by means of natural (NPA) and
Mulliken population analyses as well as by the electrostatic potential-
fitted method (Chelpg). Finally, electrostatic potentials, and electronic
densities if necessary, at some given points were obtained in order to
evaluate the electrostatic contribution to the halogen bonds.


Results and Discussion


Geometries : Table 1 shows the optimized equilibrium X···N
distances, d(X···N), for all complexes and the variations in
the R�X distances upon complex formation, that is, the dif-
ference between the R�X distances in the RX···NH3 com-
plex and that in the isolated RX. As can be seen from
Table 1, the internuclear distances d(Cl···N) range from 2.27
to 3.35 � and d(Br···N) from 2.32 to 3.24 � at the
MP2(full)/Aug-cc-PVDZ level of theory, and values of
d(Br···N) range from 2.37 to 3.25 � and d(I···N) from 2.52 to
3.25 � at the MP2(full)/Lanl2DZ* level of theory. Although
the d(Br···N) and d(I···N) values for all of the complexes are
smaller than the sum of the van der Waals (VDW) radii of
the halogen and nitrogen atoms, the internuclear distances
d(Cl···N) in the complexes MeCH2Cl···NH3, Me2CHCl···NH3,
and Me3CCl···NH3 are calculated to be 3.313, 3.336, and
3.349 �, respectively, which are slightly larger than the sum
of the VDW radii of the chlorine and nitrogen atoms
(3.30 �). This implies very weak halogen bonding in these
three complexes.


For most of the complexes studied, it has been shown that
the optimized equilibrium R�X···N contacts are nearly
linear. The aRXN angles are all greater than 1728 except
for the MeCOBr···NH3 complex in which a significant depar-
ture from linearity occurs (aRXN=160.38). Moreover, our
calculations reveal that in the four complexes formed be-
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tween acyl chloride or acyl bromide and NH3, the angles be-
tween the X···N internuclear line and the local C3v axis of
NH3 (aXNHc, where Hc is the center of mass of the three
hydrogen atoms of ammonia) are 146.0 (HCOCl), 124.5
(MeCOCl), 168.9 (HCOBr), and 120.78 (MeCOBr), whereas
for the other complexes, they are all larger than 1708. This
structural feature may be ascribed to the effect of the strong
polarity of the carbonyl group on the electrostatic distribu-
tion of the halogen atom: on one hand, the site with the
most positive electrostatic potential on the surface of the
halogen atom might deviate from the C�X axis; on the
other hand, secondary interactions (i.e. , the weak N�H···X
hydrogen bond) might become non-negligible because of
the change in the electrostatic distribution. Interestingly, for
the HCOBr···NH3 and MeCOBr···NH3 complexes, the re-
sults of the calculations at the MP2/Lanl2dz* level indicate
that both the C�Br�N and the Br�N�Hc atomic arrange-
ments are highly linear. This can be explained by the fact
that the weak secondary interactions are underestimated by
the relatively small basis set. Nevertheless, it has been found
that the d(Br···N) values obtained by these two different
methods correlate well with each other; the correlation co-
efficient is 0.991 and the average absolute error is only
0.036 �, which demonstrates the applicability of the
Lanl2dz* basis set, especially for larger systems for which
high-level calculations become prohibitively expensive.


From the data in Table 1, it can be seen that the intermo-
lecular distances are significantly affected by the chemical
environment of the halogen atoms. Because there is consis-
tency between the variations in the intermolecular distances


and interaction energies, the pertinent discussion will be in-
corporated into the next section.


The variation in the X�H bond length in the X�H···Y
system upon complex formation is another important struc-
tural feature of the hydrogen bond. For most hydrogen-
bonded systems, the X�H bond is elongated when binding
to a hydrogen acceptor;[29] however, in a rather limited
number of cases, in which the hydrogen bonds are known as
improper and blue-shifting hydrogen bonds,[19] they exhibit
opposite behavior. Recently, the nature of the X�H bond
contraction (and blue shift) has elicited great interest for
theoretical chemists. In the most recent work, Wong and co-
workers[14] investigated the blue-shifting nature of the halo-
gen bond as a result of the remarkable parallels in the prop-
erties of XH···B and YX···B systems. Actually, several halo-
gen-containing molecules, such as CF3Cl and CF3Br, were
predicted to have reduced C�X bond lengths when interact-
ing with an electron donor (e.g., NH3, H2O). Here, our cal-
culated results (see Table 1) for these two complexes,
CF3Cl···NH3 and CF3Br···NH3, are in agreement with those
given in reference [14]. However, for the analogous CF3I
system, the C�I bond length is shown to increase by 3.8 m�
upon complexation with NH3. Furthermore, we found that
there are many cases (nearly half the systems investigated)
in which the R�X bond is observed to shrink, that is, the
blue-shifting phenomenon for halogen-bonded complexes is
more frequent than one might expect. In addition, some sys-
tems even exhibit opposite behavior on changing the halo-
gen atom X. Hence, the nature of the blue-shifting halogen
bond and the discrepancy between this and the blue-shifting


Table 1. Optimized equilibrium X···N distances, d(X···N), for all complexes and the variations in the R�X distances upon complex formation.[a]


RCl···NH3 (BS1)[b] RBr···NH3 (BS1)[b] RBr···NH3 (BS2)[b] RI···NH3 (BS2)[b]


R = d(Cl···N) Dd(R�Cl) d(Br···N) Dd(R�Br) d(Br···N) Dd(R�Br) d(I···N) Dd(R�I)


F- 2.2694 0.0729 2.3221 0.0664 2.3751 0.0554 2.5280 0.0460
Cl- 2.5375 0.0479 2.4535 0.0754 2.5369 0.0570 2.6090 0.0576
Br- 2.5062 0.0667 2.5681 0.0546 2.6381 0.0563
I- 2.7070 0.0546
HO- 2.6490 0.0242 2.5816 0.0328 2.6093 0.0314
H2N- 2.9607 0.0057 2.8681 0.0110 2.8821 0.0113
H- 3.2245 0.0015 3.1398 0.0044 3.1458 0.0047 3.1407 0.0100
H3C- 3.2771 �0.0011 3.1371 0.0009 3.1939 0.0017 3.1744 0.0050
FH2C- 3.1911 �0.0034 3.0998 �0.0045 3.1298 �0.0039 3.1327 �0.0019
F2HC- 3.1153 �0.0058 3.0412 �0.0064 3.0443 �0.0065 3.0572 �0.0044
F3C- 3.0291 �0.0063 2.9560 �0.0019 2.9310 �0.0031 2.9395 0.0038
MeH2C- 3.3125 �0.0029 3.1660 �0.0016 3.2294 �0.0021 3.2177 0.0013
Me2HC- 3.3359 �0.0046 3.1794 �0.0039 3.2494 �0.0050 3.2418 �0.0035
Me3C- 3.3490 �0.0055 3.1797 �0.0055 3.2539 �0.0068 3.2502 �0.0056
CH2=CH- 3.2094 �0.0026 3.1049 �0.0000 3.1306 �0.0003 3.1463 0.0039
HC�C- 3.0181 0.0033 2.9426 0.0096 3.0509 0.0120 2.9475 0.0234
phenyl- 3.1808 �0.0030 3.0846 0.0001 3.1015 0.0003 3.1214 0.0045
4-NH2-phenyl- 3.2088 �0.0029 3.1013 0.0003 3.1142 0.0000 3.1375 0.0046
4-F-phenyl- 3.1623 �0.0020 3.0659 0.0012 3.0722 0.0012 3.0940 0.0063
4-NO2-phenyl- 3.1199 �0.0028 3.0366 0.0011 3.0401 0.0008 3.0619 0.0071
4-pyridyl- 3.1383 �0.0034 3.0541 0.0005 3.0586 0.0005
HC(O)- 3.2196 �0.0111 3.1568 �0.0147 3.1678 �0.0174
MeC(O)- 3.2757 �0.0098 3.2420 �0.0118 3.2142 �0.0218


[a] All values are given in �. [b] BS1: MP2(full)/Aug-cc-PVDZ; BS2: MP2(full)/Lanl2DZ*.
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hydrogen bond require further study. This is beyond the
scope of the present work.


Interaction energies : We have tested the MP2/Aug-cc-
PVDZ level of theory by performing single-point calcula-
tions on selected RBr···NH3 complexes with a larger basis
set (Aug-cc-PVTZ) and with a higher-level correlation
method [CCSD(T)]. The interaction energies calculated
without (DEHalB) and with BSSE corrections (DEHalB+BSSE)
are listed in Table 2. A comparison of the DEHalB values cal-
culated by the MP2/Aug-cc-PVDZ method and those calcu-
lated by the MP2/Aug-cc-PVTZ method shows that the in-
teraction energies are insensitive to the basis set. With the
exception of FBr···NH3 and HOBr···NH3, for which DEHalB


values vary by 1.47 and 0.47 kcal mol�1, respectively, with in-
creasing basis set, all the RBr···NH3 complexes considered
show little variation in the interaction energies obtained by
the two methods (less than 0.23 kcal mol�1). When the BSSE
term is incorporated, the maximal change is 0.62 kcal mol�1


(FBr···NH3), and the average absolute difference between
the DEHalB+BSSE values obtained at the two levels is only
0.25 kal mol�1. Similar results were found when comparing
the DEHalB values calculated at the MP2/Aug-cc-PVDZ and
CCSD(T)/Aug-cc-PVDZ levels of theory, although the dif-
ferences are somewhat larger for the relatively strong dihal-
ogen and HOBr complexes. These results, together with
those of previous studies[5a,21–23] on halogen-bonded com-
plexes, have led us to believe that the MP2/Aug-cc-PVDZ


level should be adequate, and for relatively large systems,
this level may be a good compromise between accuracy and
calculation cost. Furthermore, we found that the values of
DEHalB and DEHalB+BSSE calculated at the MP2/Aug-cc-
PVDZ level correlate very well with the corresponding
values calculated at the MP2/Aug-cc-PVTZ and CCSD(T)/
Aug-cc-PVDZ levels (the correlation coefficients are all
larger than 0.997), which indicates further the reasonability
of the MP2/Aug-cc-PVDZ method, especially in describing
the relative halogen-bond strength.


For comparison, the MP2(full)/Lanl2DZ* calculations
were also employed for the RBr···NH3 complexes. It appears
that the MP2/Lanl2DZ* method always yields lower DEHalB


values than the MP2/Aug-cc-PVDZ method except with
BrF, CF3Br, and 4-nitrobromobenzene, for which the MP2/
Lanl2DZ*-calculated DEHalB values are slightly larger. The
MP2/Lanl2DZ* calculations systematically give lower inter-
action energies because the relatively small basis set often
poorly describes the polarization and dispersion terms of
the weak interactions. For this reason, for the RBr···NH3


complexes, all the calculated results will hereafter refer to
the values obtained with the higher-level (MP2/Aug-cc-
PVDZ) calculations unless otherwise specified. In spite of
this, a good linear correlation has been obtained between
the interaction energies determined by these two different
approaches, with or without the BSSE correction; the corre-
lation coefficients for the uncorrected and corrected DEHalB


values are 0.997 and 0.996, and the mean absolute errors are


Table 2. Calculated interaction energies without (DEHalB) and with BSSE corrections (DEHalB+BSSE).[a]


RBr···NH3 RCl···NH3 RI···NH3


MP2/BS1[b] MP2/BS2[b] CCSD(T)[c] MP2/BS3[b] (MP2/BS1)[b] (MP2/BS3)[b]


R = DEHalB DEHalB


+BSSE
DEHalB DEHalB


+BSSE
DEHalB DEHalB DEHalB


+BSSE
DEHalB DEHalB


+BSSE
DEHalB DEHalB


+BSSE


F- 17.20 14.16 18.67 14.78 15.07 17.49 14.11 12.46 11.75 19.44 16.02
Cl- 11.74 8.69 11.59 8.21 10.01 11.01 8.53 6.81 6.07 14.85 12.03
Br- 10.08 6.94 9.98 6.50 8.53 9.54 7.19 13.35 10.61
I- 10.67 8.43
HO- 9.16 6.83 9.63 7.19 7.79 9.08 6.95 5.43 4.05
H2N- 4.80 3.02 4.88 3.30 4.10 4.28 2.98 2.29 1.45
H- 2.84 1.67 3.00 1.85 2.60 2.32 1.53 1.20 0.69 4.29 3.35
H3C- 2.17 0.92 2.25 1.10 1.88 1.31 0.51 0.52 0.07 3.19 2.22
FH2C- 2.98 1.65 3.03 1.78 2.70 2.35 1.48 1.50 0.92 4.14 3.11
F2HC- 3.89 2.43 3.86 2.48 3.63 3.60 2.59 2.19 1.52 5.47 4.29
F3C- 5.21 3.53 5.13 3.55 4.93 5.38 4.16 3.19 2.37 7.70 6.25
MeH2C- 1.88 0.66 1.89 0.87 1.62 1.02 0.23 0.38 �0.09 2.69 1.75
Me2HC- 1.68 0.48 0.81 0.00 0.27 �0.23 2.36 1.41
Me3C- 1.54 0.36 0.70 �0.15 0.26 �0.26 2.18 1.20
CH2=CH- 2.83 1.46 2.61 1.63 2.52 2.18 1.27 1.18 0.61 3.93 2.90
HC�C- 5.42 3.64 5.34 3.76 5.01 5.42 4.17 3.20 2.34 6.22 4.83
phenyl- 2.98 1.56 2.32 1.31 1.36 0.66 4.07 2.94
4-NH2-phenyl- 2.53 1.16 1.50 0.50 1.05 0.38 3.75 2.63
4-F-phenyl- 3.24 1.78 2.75 1.70 1.60 0.87 4.59 3.42
4-NO2-phenyl- 3.92 2.43 4.06 2.97 2.15 1.38 5.47 4.25
4-pyridyl- 3.55 2.09 3.16 2.10 1.87 1.15
HC(O)- 2.76 1.49 2.90 1.72 2.60 2.28 1.44 1.60 1.02
MeC(O)- 2.32 0.97 2.39 1.28 2.14 1.56 0.73 1.30 0.68


[a] All values are given in kcal mol�1. [b] BS1: MP2(full)/Aug-cc-PVDZ; BS2: MP2(full)/Aug-cc-PVTZ; BS3: MP2(full)/Lanl2DZ*. [c] CCSD(T):
CCSD(T)/Aug-cc-PVDZ.
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0.537 and 0.277 kcal mol�1, respectively, which shows once
again that the MP2/Lanl2DZ* results are, at least in a rela-
tive sense, acceptable.


As follows from the data in Table 2, the halogen-bond
strengths (DEHalB) vary over a broad range, roughly from 0.2
to 20 kcal mol�1. This energy span is comparable to the
strengths of neutral hydrogen bonds.[30] Note that some
chlorine-bonded systems give negative DEHalB values when
the BSSE correction is included. Although the chlorine-con-
taining molecules and the ammonia are weakly bound in
these complexes, as revealed by long intermolecular distan-
ces (the values are larger than the sum of the VDW radii as
presented above), the BSSE substantially overcorrects the
interaction energy. This is not surprising since the counter-
poise method is controversial[31] and the BSSE-corrected in-
teraction energies have frequently been found to be inferior
to the uncorrected ones.[32] As expected, the dihalogen sys-
tems, which have been extensively studied in the context of
charge-transfer interactions, have the strongest halogen
bonds.[4a,5,6] Our own calculations on these systems show
that 1) the DEHalB values are above 6 kcal mol�1, 2) the het-
erodihalogen molecules with large dipole moments have
large interaction energies, that is, they decrease in the order
IF>BrF> ICl> IBr>BrCl (MP2/Lanl2DZ* result) and
BrF>ClF>BrCl (MP2/Aug-cc-PVDZ result), and 3) for the
homodihalogen systems, the interaction energies decrease in
the order I2>Br2>Cl2. These findings are in agreement
with previous publications[6e] in which the results have been
rationalized on the basis of the first-order approximation of
the charge redistribution effect.


The complexes involving HOX and NH2X have not been
examined previously. In principle, multiple minima are pos-
sible in such systems (and also in other complexes), however
in this work we consider only the minimum associated with
the halogen bond, although in some cases, this may not be
the global minimum on the potential energy surface. For the
halogen-bonded complexes formed between HOX and am-
monia, it has been revealed that the interaction energies are
reasonably large, 5.43 kcal mol�1 for HOCl···NH3 and
9.16 kcal mol�1 for HOBr···NH3. These values, although
smaller than those for dihalogen systems, are significantly
larger than those for complexes involving carbon-bound hal-
ogen atoms (see Table 2). Similar results were observed for
the intermolecular distances: the d(X···N) values for the
HOCl···NH3 and HOBr···NH3 complexes were estimated to
be 2.649 and 2.582 �, similar to those of the complexes of
dihalogen molecules and significantly less than those for
carbon-bound halogen systems, which are all predicted to be
greater than 3.0 �. However, in the case of NH2X···NH3


complexes, although their intermolecular distances
[d(X···N)] are somewhat short (<3.0 �), the uncorrected in-
teraction energies are 2.29 kcal mol�1 for NH2Cl···NH3 and
4.80 kcal mol�1 for NH2Br···NH3, which are not as large as
one might expect. These DEHalB values are markedly lower
than the corresponding values for the HOX···NH3 com-
plexes, and even lower than those of some carbon-bound
halogen complexes (e.g., CF3X).


Recent studies[1b, 8] of carbon-bound halogen systems have
indicated that some of them are capable of yielding reasona-
bly strong halogen-bonded complexes with appropriate elec-
tron donors. We address, first, the effect of the hybridization
state of the carbon atom bonded to the halogen atom on
halogen bonding. It has been revealed that the intermolecu-
lar distances vary in the order HC�CX<H2C=CHX�O=


CHX�C6H5X<CH3X, while the binding energies vary in
the reverse order. That is, sp-hybridized carbon-bound halo-
gen atoms form the strongest halogen bond, followed by
sp2- and then sp3-hybridized carbon-bound halogen atoms.
This behavior very much resembles that of the correspond-
ing hydrocarbons as hydrogen-bond donors.[33] In addition to
the hybridization, substitution may significantly affect the
halogen-bond strength. In a recent publication, Meille and
co-workers[11] explored the effect of progressive fluorine
substitution by examining the complexes formed between
fluoromethyl iodides and ammonia. Indeed, they found that
the halogen-bond energies increase with increasing fluorine
substitution, which closely parallels the hydrogen bonding in
the corresponding fluoromethanes as hydrogen-bond
donors. By performing calculations with the Lanl2DZ* basis
set we estimated the DEHalB values to be 3.2 kcal mol�1 for
the CH3I···NH3 complex and 7.7 kcal mol�1 for CF3I···NH3,
which are very similar to previous results[11] (3.1 and
7.3 kcal mol�1, respectively). On going from CH3I to CF3I,
the binding energy is enhanced by 0.8–2.2 kcal mol�1 with
progressive fluorine substitution, whereas these increments
are estimated to be a little smaller for fluoromethyl bro-
mides (0.7–1.3 kcal mol�1) and for fluoromethyl chlorides
(0.6–1.0 kcal mol�1). Variations in the N···X distances, which
are shortened by 0.04–0.12 � with increasing fluorine substi-
tution, were also observed.In the same way we examined
the effect of methyl substitution and discerned the reverse
trend to that observed with fluorine substitution, that is, as
the number of methyl groups increases, the interaction
energy decreases and the intermolecular distance increases.
In particular, for the CH3Cl···NH3 complex, which is reason-
ably weak as indicated by its long intermolecular distance
and small binding energy, the halogen-bond strengths
appear to be negligibly small when the hydrogen atoms in
CH3Cl are replaced by methyl groups. The interaction ener-
gies even become negative if the BSSE correction is taken
into account, so higher-level calculations seem necessary to
determine the accurate binding energies of these systems.


The complexes of several para-substituted halobenzenes
have also been investigated. We noted that remote substitu-
tion effects also work on the halogen bond. While electron-
withdrawing fluoro and nitro substituents enhance the halo-
gen-bond strength, with the latter having a larger effect, the
electron-donating amino substituent slightly reduces the in-
teraction energy. For example, the DEHalB values of the com-
plexes of iodobenzene, 4-F-, 4-NO2-, and 4-NH2-iodoben-
zene with ammonia are 4.07, 4.59, 5.47, and 3.75 kcal mol�1,
respectively; the corresponding values for the bromoben-
zene series are 2.98, 3.24, 3.92, and 2.53 kcal mol�1 and 1.36,
1.60, 2.15, and 1.05 kcal mol�1 for the chlorobenzene series.
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Similarly, we examined the case of 4-X-pyridine (X=Cl and
Br) for which somewhat larger interaction energies have
been observed than for the corresponding halobenzene (by
ca. 0.5 kcal mol�1 regardless of X), which has been ascribed
to the electron-withdrawing effect of the nitrogen atom in
the aromatic ring. In addition, the halogen bond lengths in-
crease in the order 4-NO2-C6H4X<C6H4NX<4-F-C6H4X<


C6H5X<4-NH2-C6H4X, which is the reverse of the trend in
the interaction energy.


As a result of the good consistency between the interac-
tion energies and the intermolecular distances, as presented
above, we explored the quantitative relationship between
them. Plots of the interaction energies (DEHalB) versus the
intermolecular distances [d(N···X)] are displayed in Figure 1


in which the three lines represent the quadratic polynomial
regression analysis. These nonlinear relationships suggest
that the halogen bonds are much stronger when they are
very short. Similar findings were found in previous studies
of hydrogen-bonded systems.[32,34, 35] For example, Espinosa
et al.[34] systematically examined 83 X�H···O hydrogen
bonds by X-ray charge density and ab initio methods and re-
vealed that the relationship between the hydrogen-bonding
energies and the H···O distances appeared to be nonlinear.


Charge transfer and electrostatic interactions : It has been
well documented that charge transfer plays a crucial role in
halogen bonding in dihalogen systems.[6] However for rela-
tively weak halogen-bonded complexes between fluoroalkyl
halides and ammonia or other electron donors, the most im-
portant contribution to the intermolecular interactions has
been demonstrated to be electrostatic.[11]We consider first
the situation of RBr···NH3 as a representative complex.
Table 3 summarizes the amount of charge that is transferred
(QCT) from ammonia to the bromine-containing molecules,
as determined by Mulliken and natural population analyses,
and by the molecular electrostatic potential-fitted method
(Chelpg). As can be seen from the table, the QCT values are


method-dependent. The values obtained by the Mulliken ap-
proach are less reliable: the monomer NH3, which acts as
the electron donor and should lose electrons upon complex
formation, is predicted to be negatively charged (i.e., it re-
ceives electrons from RBr) in some complexes, for example,
PhBr···NH3. Szefczyk et al.[36] recently studied several Lewis
acid–base complexes to determine the optimal method for
evaluating the magnitude of intermolecular charge transfer.
It was concluded that the amount of charge transfer deter-
mined by the Chelpg approach closely matched the availa-
ble experimental values, and therefore it was thought to be
the most reasonable method. However, in our systematic in-
vestigations of halogen-bonded complexes, the charge trans-
fer in the BrCl···NH3 complex was calculated to be 253 me
by the Chelpg method, which is larger than that in the
BrF···NH3 (245 me) and Br2···NH3 (244 me) complexes, in
disagreement with previous conclusions.[6] Moreover, the
amount of charge transfer in the weak HBr···NH3 complex
was determined to be 131 me, which is considerably larger
than that for complexes of comparable or larger bond
strength. Evidently, this value is seriously overestimated. In
contrast, the NPA method yields no abnormal results, al-
though the amount of transferred charge obtained by using
this approach is systematically underestimated.[36] As the
amount of charge transfer determined by the NPA method
is deemed to be more reliable, at least in a relative sense,
these values will be used in the following discussion.


Besides the method-dependence, it has also been shown
that the amount of charge transfer is dependent on the com-
putation level. In fact, for the RBr···NH3 complexes, the QCT


values obtained by using the NPA method at the MP2(full)/
Lanl2dz* level of theory and those at the MP2(full)/Aug-cc-
PVDZ level of theory differ significantly from each other
(Table 3). The exact amount of charge transfer is trivial,
however, since we are concerned more with the relative
magnitudes than with the absolute QCT values. Moreover,
the QCT values calculated at these two different levels are
shown to highly correlate with the correlation coefficient
being as high as 0.998.


Our MP2(full)/Aug-cc-PVDZ calculations indicate that
the QCT(NPA) values for the BrF···NH3, BrCl···NH3, and
Br2···NH3 complexes are 149, 108, and 92 me, and 63 and
20 me for the HOBr···NH3 and NH2Br···NH3 complexes, re-
spectively. This order of decreasing QCT values is fully con-
sistent with the variation in the interaction energies of these
five complexes (series I). A further examination of the rela-
tionship between the interaction energies and the amount of
charge transfer shows that there is an excellent linear corre-
lation (Figure 2, the solid line) for this series of complexes.
These findings, in conjunction with previous studies of the
complexes of dihalogen systems, demonstrate that charge
transfer plays a dominant role in the halogen bonding in
these complexes.


For the complexes involving HBr and the carbon-bound
bromine molecules (series II), the calculations indicate that
the amount of charge transfer is very small or even negligi-
ble (in the range of 2–14 me), although there is a rough


Figure 1. Dependence of the interaction energy on the intermolecular dis-
tance d(X···N) for halogen-bonded RX···NH3 complexes.
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linear correlation between the interaction energies
and the amount of charge transfer, as presented in
Figure 2 (the dotted line). However, it is evident
that this correlation deviates from that for the com-
plexes of series I. These results, together with the
literature data for some of the complexes in series
II, provide evidence that the halogen bonding in
these complexes mainly results from an electrostatic
contribution rather than from charge transfer.


Molecular electrostatic potentials not only allow a
qualitative understanding of the electrostatic charge
distribution within a molecule, but they have also
been proven to be very effective for quantitatively
predicting various noncovalent interactions, such as
hydrogen bonding[37] and cation–p interactions.[38]


To gain a deeper insight into the electrostatic contri-
bution to the binding energy, and especially to seek
an optimal measure of the electrostatic contribution
in bromine-containing molecules, the electrostatic
potentials at some given sites have been calculated
for the monomer RBr. In view of the relatively
good linearity of the R�Br···N arrangement in the
halogen-bonded complexes, we considered first the
point along the R�X bond vector at which the dis-
tance from the bromine atom is equal to the VDW
radius of bromine (1.95 �, Pauling�s definition).[39]


For those complexes that are not perfectly linear,
the corresponding point along the Br···N axis was
considered for each complex. It appears that the cal-
culated ESP values at these two different points are
almost equivalent (the relative difference is no
more than 5 %) except for in the MeCOBr···NH3


complex which has a somewhat large difference due
to a significant deviation of R�Br···N from linearity
(vide supra). As the position along the R�X bond
vector is easier to locate and independent of the ge-
ometry of the complex, the electrostatic potential at
a given point along this axis is thought to be a good
parameter for describing the electrostatic contribu-
tion of the bromine atom in the bromine-containing
species.


For comparison, the Bondi radius of bromine[39]


and that established by Nyburg and Faerman,[40]


1.85 and 1.54 �, respectively, were also used in the
calculations of the electrostatic potentials. The latter
is considerably smaller than the Bondi and Pauling
radii as the so-called “polar flattening effect”[10] of
the halogen atoms has been taken into account.
Moreover, we also computed the electrostatic po-
tentials at the points along the R�Br axis at which
the electronic densities correspond to 0.001, 0.002,
0.003, 0.005, and 0.008 au, respectively. The ESP
values calculated by the MP2/Aug-cc-PVDZ
method at the above-mentioned sites are also listed
in Table 3. We can see from these data that the elec-
tron density at the site along the R�Br axis at which
the distance from the bromine atom in RBr is equalTa
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to Pauling�s VDW radius for bromine lies between 0.002
and 0.003 au, and is between 0.003 and 0.005 au at a distance
equal to Bondi�s radius and between 0.005 and 0.008 au at a
distance equal to Nyburg and Faerman�s radius. However,
despite their different definitions and the fact that they cor-
respond to different electronic densities, the electrostatic po-
tentials at these sites are shown to closely correlate with one
another (the correlation coefficients are all greater than
0.98). This means that these electrostatic potentials, which
have been derived by using different criteria, whether dis-
tance-based or density-based, are almost equally effective
when used to describe the relative electrostatic contribution
to the halogen bonds. In particular, the so-called “polar flat-
tening effect”, although helpful to our understanding of the
experimentally observed halogen-bonded geometries,[10,41] is
completely unimportant for describing the electron-accept-
ing propensities of the halogen-containing molecules.


For the complexes of series II, correlation analyses were
carried out on the interaction energies and the derived elec-
trostatic potentials. Good linear relations were obtained and
the density-based electrostatic potentials yield slightly better
results than those obtained by the distance-based methods.
In fact, the electrostatic potentials on the isodensity contour
maps, especially on the 0.001 au electron-density contour,
which is commonly viewed as the molecular surface,[42] have
been proven to be very suitable for describing the molecular
electrostatic distribution and the underlying derived param-
eters have been successfully used to characterize the hydro-
gen-bond-donating or -accepting abilities of a com-
pound.[43–45] However, for some of the bromine-containing
molecules considered, the electrostatic potentials that corre-
spond to an electron density of 0.001 au along the R�Br axis
are negative and their interactions with ammonia are pre-
dicted to be repulsive, whereas the electrostatic potentials
corresponding to an electron density of 0.002 au are all posi-
tive and so their use in the evaluation of the electrostatic
contribution of the halogen-containing species to the halo-
gen bonding seems more appropriate. Moreover, in some


previous publications,[46,47] the 0.002 au electron-density con-
tour has indeed been designated as the molecular surface.
For these reasons, the electrostatic potentials that corre-
spond to the 0.002 au electron density along the R�X axis
are considered to be the optimal descriptor of the electro-
static contribution to the binding energy and will, according-
ly, be used in the following discussion.


Figure 3 presents a plot of the interaction energy versus
the calculated ESP0.002 value. Although there is a pretty
good linear correlation for the complexes of series I (the


solid line), again, the relation is different to that for the
complexes of series II (the dotted line). It can be readily ap-
preciated from Figure 3 that the interaction energies for the
complexes of series I will be underestimated by the relation-
ship established for the complexes of series II, which dem-
onstrates, from another aspect, that charge transfer may
play a crucial role in the halogen bonding in the complexes
that involve dihalogen, HOX, and NH2X molecules as elec-
tron acceptors. Note here that although the NH2Br···NH3


complex exactly conforms to the correlations for the com-
plexes of series I, it does not deviate seriously from those es-
tablished for the complexes of series II (see Figure 2 and
Figure 3). This suggests that charge transfer and electrostatic
interactions may play an approximately equal role in deter-
mining the halogen-bond strength in this complex.


In view of the importance of both charge transfer and
electrostatic contributions, a two-parameter model that re-
lates the interaction energy with the amount of charge trans-
fer and the electrostatic potential has been established
[Eq. (1)]. The multiple correlation coefficient is as high as
0.998. Figure 4 (the solid line) presents the relationship be-
tween the calculated DEHalB values and those predicted by
Equation (1).


DEHalB ¼ 64:1032QCTþ0:0857ESP0:002þ0:8507


N ¼ 22, R ¼ 0:998, Sd ¼ 0:2813
ð1Þ


Figure 2. The interaction energy as a function of the amount of charge
transfer.


Figure 3. The interaction energy as a function of the electrostatic poten-
tial corresponding to an electron density of 0.002 au along the R�X axis.
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This excellent two-parameter correlation indicates that
almost all the variations in the binding energy can be ex-
plained by the charge transfer and the electrostatic terms,
and it also provides a good quantitative model with which
to evaluate the electron-accepting propensities of the cova-
lently bonded halogen atoms. Furthermore, we considered
the effect of including the BSSE correction, and obtained a
correlation equation [Eq. (2)] as high in quality as Equa-
tion (1) (see Figure 4, the dotted line).


DEHalBþBSSE ¼ 51:6111QCTþ0:0790ESP0:002�0:3232


N ¼ 22, R ¼ 0:994, Sd ¼ 0:3686
ð2Þ


This equation predicts the electrostatic contribution to be
slightly more important than does Equation (1); it does not,


however, actually affect the evaluation of the electron-ac-
cepting ability of RBr. We also considered the method-de-
pendence, that is, the results obtained at the MP2/Lanl2DZ*
level of theory. The resulting excellent correlations, Equa-
tion (3) and Equation (4), were not drastically different to
those obtained at the MP2/Aug-cc-PVDZ level of theory,
which further supports the rationality of the results obtained
by this relatively low-level method.


DEHalB ¼ 72:4340QCTþ0:1051ESP0:002�0:1272


N ¼ 22, R ¼ 0:998, Sd ¼ 0:2477
ð3Þ


DEHalBþBSSE ¼ 53:8153QCTþ0:0997ESP0:002�0:8350


N ¼ 22, R ¼ 0:998, Sd ¼ 0:2190
ð4Þ


Similarly, the halogen-bonded complexes of chlorine- and
iodine-containing molecules with ammonia have been exam-
ined. Table 4 gives the calculated QCT and ESP0.002 values for
these complexes. These data clearly indicate that both the
amount of charge transfer and the electrostatic potential at
the position along the R�X axis with an electron density of
0.002 au increase in the order RI>RBr>RCl. Note that the
ESP0.002 values for the (CH3)nCH3�nCl (n=1–3) complexes
are quite small or negative, which suggests that the electro-
static interactions in these three complexes, whilst not repul-
sive as the electrostatic potentials suggest, are basically neg-
ligible. This, together with very small amounts of charge
transfer, indicates that their halogen-bond strengths are
fairly weak, which is in accordance with the calculated inter-
action energies. Quantitatively, excellent relationships be-
tween the interaction energy and both the amount of charge
transfer and the electrostatic potential have also been ob-


Figure 4. Plots of the interaction energies calculated by the MP2/Aug-cc-
PVDZ method with and without BSSE correction versus those predicted
by Equation (1) and Equation (2).


Table 4. The calculated QCT and ESP0.002 values for the RCl···NH3 and RI···NH3 complexes.


RCl···NH3 (Aug-cc-PVDZ) RI···NH3 (Lanl2DZ*)
R = QCT (NPA) [e] ESP0.002 [kcal mol�1]] QCT (NPA) [e] ESP0.002 [kcal mol�1]]


F- 0.13762 60.88 0.10340 91.49
Cl- 0.05722 39.15 0.09258 72.35
Br- 0.08527 60.91
I- 0.06999 48.10
HO- 0.03303 33.55
H2N- 0.00861 15.67
H- 0.00151 14.62 0.01310 37.90
H3C- 0.00156 3.84 0.01194 24.54
FH2C- 0.00155 13.81 0.01399 33.00
F2HC- 0.00358 23.33 0.01869 42.65
F3C- 0.00529 33.59 0.02850 56.41
MeH2C- 0.00153 0.60 0.01036 20.04
Me2HC- 0.00164 �1.99 0.00971 16.32
Me3C- 0.00190 �3.96 0.00969 13.68
CH2=CH- 0.00237 10.74 0.01335 31.00
HC�C- 0.00559 31.72 0.02647 54.13
phenyl- 0.00298 10.33 0.01482 30.33
4-NH2-phenyl- 0.00260 5.13 0.01389 24.73
4-F-phenyl- 0.00326 13.64 0.01635 34.39
4-NO2-phenyl- 0.00418 22.77 0.01902 43.84
4-pyridyl- 0.00376 17.83
HC(O)- 0.00179 18.90
MeC(O)- 0.00007 11.38
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tained [Eq. (5) and Eq. (6)]. A comparison of Equation (1)
with Equation (5) (the Aug-cc-PVDZ level), in combina-
tion with the comparison of Equation (3) with Equation (6)
(the Lanl2DZ* level), reveals that the relative contribu-
tion of the charge transfer component to the halogen bond-
ing becomes more important on going from RCl to RBr to
RI.


RCl � � �NH3 : DEHalB ¼ 55:2261QCTþ0:0789ESP0:002þ0:3163


N ¼ 21, R ¼ 0:997, Sd ¼ 0:2389


ð5Þ


RI � � �NH3 : DEHalB ¼ 100:8081QCTþ0:0873ESP0:002�0:1936


N ¼ 18, R ¼ 0:996, Sd ¼ 0:4770


ð6Þ


Halogen bonding in charged halogen-containing systems : It
has been revealed in previous studies[19,31a] of hydrogen
bonds that when one of the two partners in a complex bears
an electric charge, the hydrogen bond is considerably stron-
ger than the corresponding neutral complex. This so-called
charge-assisted hydrogen bond can even have an interaction
energy of as much as 40 kcal mol�1 (e.g., the [F�H···F]�


system[48]). To elucidate the influence of charge on halogen
bonding, especially on the electron-accepting abilities of the
halogen atom when the system is positively charged, several
complexes involving chlorine- and bromine-containing cati-
ons have been designed, although some of them may rarely
be observed in real systems. The six halogenated carboca-
tions and eight halogenated alkylammonium cations that
have been studied in this work are presented in Table 5, to-
gether with the calculated interaction energies (with and
without BSSE correction), the internuclear X···N distances,
the amount of charge transfer, and the electrostatic poten-
tials (0.002 au). As one would expect, the charged com-
plexes have reasonably short intermolecular X···N distances
(<3.0 �) and large interaction energies, which demonstrates


that charge has a significant effect on the halogen bonding.
This behavior very much resembles that of hydrogen
bonds.[31a] The halogen bonds of the CH2


+�X···NH3 com-
plexes have the greatest charge; their strengths (uncorrected
interaction energies) are predicted to be 15.40 kcal mol�1 for
X=Cl and 18.26 kcal mol�1 for X=Br, which are compara-
ble to those of dihalogen systems. The halogen-bond
strengths become somewhat weaker as methyl groups re-
place the hydrogen atoms bonded to the carbocations owing
to the hyperconjugation effects of the methyl group on the
carbocations. For instance, the DEHalB values for the
CH3CH+�Cl and (CH3)2C


+�Cl complexes are calculated to
be 13.12 and 9.46 kcal mol�1, that is, lower than that of the
CH2


+�Cl···NH3 complex by 2.3 and 5.9 kcal mol�1, respec-
tively. Similarly, we examined some halogen-containing am-
monium systems. The results indicate that the interaction
energies of the halogen-bonded complex of the chlorome-
thylammonium system and its bromo analogue are 8.46 and
11.73 kcal mol�1, respectively. As the distance between the
halogen atom and the positively charged nitrogen atom in
the ammonium cation increases, the strengths of the halogen
bonds weaken significantly; for example, the DEHalB values
for the complexes of NH3


+�CH2Cl and NH3
+�CH2CH2Cl


are 8.46 and 5.86 kcal mol�1, respectively, and the inter-
molecular Cl···N distances are 2.86 and 2.94 �, respectively.
In addition, some aromatic systems have also been investi-
gated. Our calculations predict that the interaction energies
of the complexes of the 4-NH3


+-chlorobenzene and 4-Cl-py-
dridinium cations are 5.34 and 7.61 kcal mol�1; these interac-
tion energies are 4.3 and 5.7 kcal mol�1, respectively, higher
than the DEHalB values of the corresponding neutral com-
plexes.


In the same way, we computed the amount of charge
transfer in these charged complexes and the electrostatic po-
tentials of the halogen-containing monomers. Although the
additional positive charge alters greatly the electrostatic po-
tentials of the halogen-containing molecules, it does not
change the nonspherical distribution of the electrostatic po-


tential on the surface of the hal-
ogen atom. The most positive
electrostatic potentials are still
concentrated at the head of the
C�X axis, which is consistent
with the good linearity of the
C�X···N arrangement in these
charged complexes. As for the
charge transfer, it has been
noted that the QCT values, de-
spite being larger than those for
the corresponding neutral com-
plexes, are remarkably lower
than those of the neutral com-
plexes of comparable strengths
(cf. the data in Table 4 and
Table 5). This allows us to
conclude that for the charged
halogen-bonded complexes,


Table 5. The charged systems studied, together with their calculated interaction energies (with and without
BSSE correction), internuclear distances, amount of the charge transfer, and the electrostatic potentials at an
electron density of 0.002 au along the R�X axis.


RX d(X···N) [�] DEHalB


[kcal mol�1]
DEHalB + BSSE
[kcal mol�1]


QCT [e] ESP0.002


[kcal mol�1]


CH2
+-Cl 2.7528 15.40 14.22 0.01859 154.52


CH2
+-Br 2.7493 18.26 16.10 0.03350 158.60


CH3CH+-Cl 2.7907 13.12 11.99 0.01638 139.97
CH3CH+-Br 2.7728 15.99 13.91 0.03131 144.59
(CH3)2C


+-Cl 2.8172 9.46 8.36 0.01565 108.72
(CH3)2C


+-Br 2.7187 13.08 10.91 0.03947 116.08
NH3


+-CH2Cl 2.8559 8.46 7.48 0.01331 106.61
NH3


+-CH2Br 2.7705 11.73 9.75 0.0324 113.69
NH3


+-CH2CH2Cl 2.9436 5.86 5.00 0.00924 82.55
NH3


+-CH2CH2Br 2.8496 8.69 6.89 0.02380 89.97
4-Cl-pyridinium 2.8901 7.61 6.57 0.01182 98.04
4-Br-pyridinium 2.8157 10.43 8.47 0.02822 104.95
4-NH3


+-chlorobenzene 2.9702 5.34 4.37 0.00810 75.21
4-NH3


+-bromobenzene 2.8965 7.69 5.91 0.01989 82.05
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the major contribution comes from electrostatic interac-
tions.


Like the neutral complexes, good two-parameter models
have also been developed to relate the binding energies of
the charged complexes to the amount of charge transfer and
the electrostatic potentials [Eq. (7) and Eq. (8)].


X ¼ Cl : DEHalB ¼ 1:3621QCTþ0:1281ESP0:002�4:7110


N ¼ 7, R ¼ 0:996, Sd ¼ 0:3976
ð7Þ


X ¼ Br : DEHalB ¼ 47:2827QCTþ0:1304ESP0:002�4:2311


N ¼ 7, R ¼ 0:997, Sd ¼ 0:3631
ð8Þ


Whereas the coefficients of the ESP0.002 term in these two
equations are larger than those in the equations established
above (Equations (5) and (1), respectively) for the neutral
complexes, those of the QCT term are smaller. Hence the
overwhelming contribution of the electrostatic interaction to
the halogen bonding in the charged complexes is further
confirmed.


Finally, it is worth pointing out here that the energy de-
composition analysis of interaction energies using the popu-
lar Morokuma method[49] and other approaches, such as the
block-localized wave-function method,[50] may similarly pro-
vide an insight into the nature of halogen bonding. Howev-
er, we believe that the correlation models established in this
work will help to improve our understanding of the elec-
tron-accepting abilities of halogen atoms in different chemi-
cal environments.


Conclusions


A series of halogen-bonded complexes formed between co-
valently-bonded halogen atoms and a representative elec-
tron donor, ammonia, have been examined at different
levels of theory to gain a deeper insight into halogen bond-
ing. The theoretical calculations described herein have dem-
onstrated that for halogen-bonded systems involving dihalo-
gen molecules as well as HOX, the charge-transfer-type con-
tribution is predominant in halogen bonding, whereas for
complexes RX, where R=H, H3C, FH2C, F2HC, F3C, CH2=


CH, HC�C, HC(O), MeC(O), phenyl, 4-NH2-phenyl, 4-F-
phenyl, 4-NO2-phenyl, and 4-pyridyl, the interaction energy
mainly stems from electrostatic interactions. The results for
the NH2X complex indicate that charge transfer and electro-
static interactions play an approximately equal role in deter-
mining the halogen-bond strength.


For carbon-bound halogen systems, the influence of the
hybridization state of the carbon atom bonded to the halo-
gen and substitution upon the electron-accepting ability of
the halogen atom has been explored. It has been disclosed
that 1) sp-hybridized carbon-bound halogen atoms form the
strongest halogen bond, followed by sp2- and then sp3-hybri-
dized carbon-bound halogen atoms, which very much resem-
bles the behavior of the corresponding hydrocarbons as hy-


drogen-bond donors; 2) whereas the halogen-bond strength
is significantly enhanced by progressive fluorine substitution,
the substitution of a hydrogen atom by a methyl group in
the CH3X···NH3 complex weakens the halogen bonding in
the CH3X···NH3 complex; 3) the remote substituent effect
also works although it is less significant. Finally, some posi-
tively charged systems have been investigated to explore the
effect of charge on halogen bonding. As expected, the
charged complexes have significantly larger interaction ener-
gies than the corresponding neutral complexes, which indi-
cates the electrostatic nature of the halogen bond in carbon-
bound halogen systems.
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Low-Melting, Low-Viscous, Hydrophobic Ionic Liquids: Aliphatic
Quaternary Ammonium Salts with Perfluoroalkyltrifluoroborates


Zhi-Bin Zhou, Hajime Matsumoto,* and Kuniaki Tatsumi[a]


Introduction


In recent years, ionic liquids (ILs) have received a consider-
able upsurge of interest as new media for organic reac-
tions,[1] biocatalytic transformations,[2] and separation tech-
nologies,[3] and as potential electrolytes for various electro-
chemical devices, such as Li-ion batteries,[4,5] dye-sensitized
solar cells,[6] electrochemical actuators, electrochromic win-
dows, and numerical displays.[7] This is mainly attributable
to their superior properties over conventional volatile or-
ganic solvents and electrolytes, such as nonvolatility, non-
flammability, high thermal stability, and wide liquid
ranges.[1–3,5,8]


Currently, the basic understanding and applications of ILs
are largely governed by imidazolium systems because the
ILs based on the imidazolium cations, especially 1,3-dialkyli-
midazolium cations, have been empirically demonstrated to
afford low viscosities and high conductivities, which are the
key requirements for ILs as new reaction media or electro-


lytes to replace conventional materials.[1–8] However, these
ILs cannot be used as electrolytes for high-energy electro-
chemical devices, such as 4 V class Li batteries (i.e. Li metal
or carbon used as anode material) because of the electro-
chemical instability of the 1,3-dialkylimidazolium cations
(i.e. the cathodic limit is �1 V versus Li+/Li, which ex-
cludes the use of Li metal or carbon as anode).[4,9] Com-
pared with the 1,3-dialkylimidazolium cations, saturated
quaternary ammoniums are more resistant against oxidation
and reduction, thereby their ILs with electrochemically
stable anions, such as bis(trifluoromethanesulfonyl)imide
[(CF3SO2)2N]� (TFSI�), have much larger electrochemical
windows than the corresponding 1,3-dialkylimidazolium
compounds.[9] Furthermore, recent studies have shown that
the ILs based on the quarternary ammonium (QA) and
robust anions, such as TFSI� and [BF4]


� , have sufficient
electrochemical stability to support them as possible safety
electrolytes (nonvolatile and nonflammable) for high-energy
devices, such as Li batteries[10–12] and double-layer capaci-
tors,[13] and for electropositive metal deposition, such as Li
and Eu.[9b,14]


Besides a large electrochemical window, high ionic con-
ductivity and fast ion mobility (including the doped ions
such as Li+ for Li batteries) are the additional requirements
for ILs as supporting electrolytes in high-energy devices.
This means that the viscosity of ILs must be as low as possi-


[a] Dr. Z.-B. Zhou, Dr. H. Matsumoto, Dr. K. Tatsumi
Research Institute for Ubiquitous Energy Devices
National Institute of Advanced Industrial Science and Technology
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Abstract: A novel class of low-melting,
hydrophobic ionic liquids based on rel-
atively small aliphatic quaternary am-
monium cations ([R1R2R3NR]+ , where-
in R1, R2, R3 = CH3 or C2H5, R = n-
C3H7, n-C4H9, CH2CH2OCH3) and per-
fluoroalkyltrifluoroborate anions
([RFBF3]


� , RF = CF3, C2F5, n-C3F7, n-
C4F9) have been prepared and charac-
terized. The important physicochemical
and electrochemical properties of these
salts, including melting point, glass
transition, viscosity, density, ionic con-


ductivity, thermal and electrochemical
stability, have been determined and
comparatively studied with those based
on the corresponding [BF4]


� and
[(CF3SO2)2N]� salts. The influence of
the structure variation in the quaterna-
ry ammonium cation and perfluoroal-


kyltrifluoroborate ([RFBF3]
�) anion on


the above physicochemical properties
is discussed. Most of these salts are liq-
uids at 25 8C and exhibit low viscosities
(58–210 cP at 25 8C) and moderate con-
ductivities (1.1–3.8 mS cm�1). The elec-
trochemical windows of these salts are
much larger than those of the corre-
sponding 1,3-dialkyimidazolium salts.
Additionally, a number of [RFBF3]


�


salts exhibit plastic crystal behavior.


Keywords: electrochemistry · ionic
liquids · perfluoroalkyltrifluoro-
borates · plastic crystals ·
quaternary ammonium
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ble and the anion involved in the ILs must have weakly co-
ordinating ability to depress ion pairing. Therefore, the QA
cation involved should be small because large ones have
been found to result in high viscosities.[15–17] To date, al-
though a large number of QA salts with a wide variety of
anions have been reported,[12–33] very few of them appear to
satisfy the above requirements. This is mainly due to a lack
of anions, which not only have chemical and electrochemical
stability but which can also form low-melting and low-vis-
cous ILs with relatively small QA cations (total C atoms
�10). For instance, several known electrochemically stable
anions tend to form either high-melting (e.g. >100 8C for
high symmetry [BF4]


� ,[20, 22,23] [PF6]
� ,[22,24] [AsF6]


�[22]) or very
highly viscous salts (e.g. >300 cP for [BF4]


� ,[13,25] and
>1300 cP at 25 8C for large and rigid bis(oxalato)borate
[BOB]�[26]) with small QA cations, whereas those that can
form low-melting and low-viscous ILs with small QA cations
(e.g. trifluoro-N-(trifluoromethylsulfonyl)acetamide
[(CF3SO2)(CF3CO)N]� ,[9c,27] di-
cyanamide [N(CN)2]


�[28]) suffer
from electrochemical instability.
Until recently, the development
of stable, low-melting and low-
viscous QA salts has been
almost limited to the anion
TFSI�[9–13,16,29, 30] because this
fluoroanion not only possesses
chemical and electrochemical
stability[9–13,21] but it also com-
bines low symmetry, high flexi-
bility, and a weakly coordinat-
ing nature,[34,35] all of which are
beneficial to the reduction of
the cohesive forces of the salts,
thus lowering the melting point
and viscosity. To further explore
and extend the potential appli-
cations of the QA-based ILs in
electrochemical devices and
other emerging research fields,
such as enzyme-catalyzed reac-
tions[30] and classic C�C formation (e.g. Heck and Suzuki
coupling reactions),[36] new robust anions that can form low-
melting and low-viscous ILs with small QA cations are cer-
tainly needed.


Very recently, we found that a new class of chemically
and electrochemically stable and weakly coordinating fluo-
roanions, namely perfluoroalkyltrifluoroborates ([RFBF3]


�)
(RF = CF3, C2F5, n-C3F7, n-C4F9),[37–42] can form low-melting
and low-viscous ILs, even with large 1,3-dialkylimidazolium
cations (<77 cP at 25 8C)[43–45] and relatively small aliphatic
QA cations (58–86 cP at 25 8C).[46] More importantly, they
are more resistant toward hydrolysis than their [BF4]


� ana-
logues on account of their hydrophobicity.[43–45] Encouraged
by these results, we herein report the systematic synthesis
and characterization of a series of new hydrophobic and
low-melting salts based on relatively small aliphatic QA cat-


ions ([R1R2R3NR]+ , wherein R1, R2, R3 = CH3 or C2H5, R
= n-C3H7, n-C4H9, CH2CH2OCH3) and perfluoroalkyltri-
fluoroborate anions ([RFBF3]


� , RF = CF3, C2F5, n-C3F7, n-
C4F9). Most of them are liquids at 25 8C, and exhibit low vis-
cosities, moderate conductivities, and good electrochemical
stability. For comparison, the corresponding QA salts with
two representative anions, [BF4]


� and TFSI� , were also syn-
thesized and characterized.


Results and Discussion


Synthesis and characterization : In the present study, 36 qua-
ternary ammonium (QA) salts, comprising the relative small
QA cations [R1R2R3NR]+ (R1, R2, R3 = CH3 or C2H5, R =


n-C3H7, n-C4H9, CH2CH2OCH3) with the fluoroanions
[RFBF3]


� (RF = CF3, C2F5, n-C3F7, n-C4F9), [BF4]
� , and


TFSI� , were synthesized according to Scheme 1. The synthe-


sized QA salts are presented in Table 1. For convenience, a
special notation for the QA cations is used (see Scheme 1):
“N” denotes the QA cations and each number in the sub-
script denotes the number of carbons in each alkyl substitu-
ent. The subscript, “1O2”, denotes the methoxyethyl
(CH3OCH2CH2) substituent.


ILs are usually prepared from halide salts as the source of
the cation component. In this case, it is very difficult to
avoid halide impurities in the resulting ILs. It is well known
that the presence of halide impurities in the resultant ILs
significantly alters the physicochemical properties of the
ILs.[47] To depress halide contamination, the new salts
[R1R2R3NR][RFBF3] in the present study were prepared via
a modified route by neutralization of aqueous solutions of
[R1R2R3NR][OH] with aqueous solutions of H[RFBF3]
(Scheme 1). The aqueous [R1R2R3NR][OH] salts were pro-


Scheme 1.
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duced by anion exchange of the corresponding
[R1R2R3NR]Br salts, which were synthesized by reaction of
trialkylamines with an equivalent of the appropriate alkyl
bromide in anhydrous acetone in an autoclave. The excep-
tion was N111.1O2Br, which was directly prepared at room
temperature. Aqueous H[RFBF3] was prepared by cation ex-
change of the corresponding K[RFBF3].[38] The salts based
on [BF4]


� and TFSI� were similarly prepared, except aque-
ous H[BF4] and aqueous H[TFSI] were used instead of
aqueous H[RFBF3]. All the salts prepared by this modified
method (Table 1) were found to contain less than 30 ppm of
Br� and K+ ions, as estimated by fluorescence X-ray spec-
trometry. In addition, the [RFBF3]


� and TFSI� salts are im-
miscible with water to some extent, and this allows these
salts to be separated directly from the aqueous phase. The
final yields of the prepared salts ranged from moderate to
high (66–92 %). In the [RFBF3]


� series, an increase in the
length of the perfluoroalkyl (RF) chain in the [RFBF3]


� gen-
erally resulted in an increase in the yield, as expected by the
increased hydrophobicity.


The newly prepared salts in Table 1 were characterized by
1H, 19F, and 11B NMR, FAB-MS, and elemental analysis. All
the characterization data are consistent with the expected
compositions and structures. The water content in the
[RFBF3]


� and TFSI� salts was less than 50 ppm after drying
at 70 8C and 0.02 Torr for 24 h owing to their hydrophobicity,
whereas the [BF4]


� salts are miscible with water and still
contained an appreciable amount of water (�400–600 ppm),
even after rigorously drying at 80 8C and 0.02 Torr for 48 h.
In our experience, it is rather difficult to reduce the water
content any further in these hydrophilic liquids because
drying at a higher temperature gives rise to a hydrolysis re-
action between the [BF4]


� and the residual water.
The thermal properties of these prepared salts, including


the QA bromide, were determined by differential scanning
calorimetry (DSC), and thermal gravimetric analysis
(TGA). For the salts that are liquids at 25 8C, the fundamen-
tal properties including density (d), dynamic viscosity (h),
ionic conductivity (k), and electrochemical stability, were
also determined. Some of the characterization data are pre-


Table 1. Thermal properties of various prepared salts.


Entry Salts Tg
[a] Tc


[b] Ts-s
[c] Tm


[d] DSm
[e] Td


[f]


[8C] [8C] [8C] [8C] [Jmol�1 K�1] [8C]


1 N1223[CF3BF3] �40, �30, �21 95 7.4 252
2 N1224[CF3BF3] �40 �3 9.5 212
3 N111.1O2[CF3BF3] 51 77 33.3 186
4 N112.1O2[CF3BF3] �7 8 28.8 163
5 N122.1O2[CF3BF3] �22 29.9 174
6 N222.1O2[CF3BF3] 10 60.7 210
7 N1223[C2F5BF3] �67, �40 54 29.3 315
8 N1224[C2F5BF3] �49 15 32.7 320
9 N111.1O2[C2F5BF3] 30 38.4 326
10 N112.1O2[C2F5BF3] �117 �76, �65 �33 57.9 307
11 N122.1O2[C2F5BF3] �113 322
12 N222.1O2[C2F5BF3] �98 -63, �51 3 88.4 345
13 N1223[n-C3F7BF3] �53, 25 57 15.7 315
14 N1224[n-C3F7BF3] �58 50 41.1 307
15 N111.1O2[n-C3F7BF3] �86 23 45.9 284
16 N112.1O2[n-C3F7BF3] �113 291
17 N122.1O2[n-C3F7BF3] �112 275
18 N222.1O2[n-C3F7BF3] �33 6 30.7 351
19 N1223[n-C4F9BF3] 12, 24 54 17.9 273
20 N1224[n-C4F9BF3] �76, 3 60 29.6 314
21 N111.1O2[n-C4F9BF3] 50 54.4 307
22 N112.1O2[n-C4F9BF3] �110 �56 �28 60.2 283
23 N122.1O2[n-C4F9BF3] �108 287
24 N222.1O2[n-C4F9BF3] �11 11 26.1 305
25 N1223[BF4] 186 13.6 393
26 N1224[BF4] 165 20.6 392
27 N111.1O2[BF4] 54[g] 45.8 376
28 N112.1O2[BF4] �97[h] �26 4[i] 55.0 377
29 N122.1O2[BF4] �95 �51 8[j] 61.0 372
30 N222.1O2[BF4] 56 57.0 372
31 N1223[TFSI] �21, �2 14 15.8 404
32 N1224[TFSI] �93 �44 9 87.6 400
33 N111.1O2[TFSI] 37 85.6 382
34 N112.1O2[TFSI] �96[k] 388
35 N122.1O2[TFSI] �95 390
36 N222.1O2[TFSI] �82 �43 20 81.3 386


[a] Glass transition temperature determined by DSC on heating. [b] Crystallization temperature determined by DSC on heating. [c] Solid–solid transition
temperature determined by DSC on heating. [d] Melting point determined by DSC on heating. [e] Entropy of melting (DSm = DHm/Tm, where DHm is
melting enthalpy at Tm [K]). [f] Decomposition temperature determined by TGA. [g] 64.[19b] [h] �97;[19b] [i] 13.[19b] [j] 9.[13] [k] �93.[25]
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sented in Tables 1–3. The influence of the structure variation
in the cation and anion on the above properties will be de-
tailed in the following sections.


Phase transition : The solid–liquid phase transitions of these
QA salts were investigated by differential scanning calorim-
etry (DSC). The data for the glass transition temperature
(Tg), crystallization temperature (Tc), solid–solid transition
(Ts–s), and melting point (Tm), if appropriate, are collected
in Table 1. In general, four types of phase transition behav-
ior were observed for these QA salts on heating. The typical
DSC traces for these four types of behavior are exemplified
in Figure 1. The first type of behavior is characterized by


the salts that have a single melting transition (Figure 1a, en-
tries 5, 6, 9, 21, 25–27, 30, and 33 in Table 1). The second
type of behavior is represented by a number of salts that ex-
hibited one or multiple solid–solid transitions (Ts–s) before
melting (Figure 1b and c, entries 1–4, 7, 8, 13–15, 18–20, 24,
and 31 in Table 1). As can be seen in Table 1, most of the
[RFBF3]


� salts show this behavior; however, such behavior
was not observed among the [BF4]


� salts. The unique prop-
erty associated with this behavior will be detailed below.
The third type of behavior is represented by the salts that
only exhibited glass transitions at a very low temperature in
the range �95 to �113 8C without melting (Figure 1d, en-
tries 11, 16, 17, 23, 34, and 35 in Table 1). The fourth type of
behavior was observed in the remaining salts (entries 10, 12,
22, 28, 29, 32, and 36 in Table 1). A typical DSC trace for
this behavior is shown in Figure 1e. On heating, these salts
showed a glass transition (Tg) at a very low temperature
(from �95 to �117 8C) to form a supercooled liquid, which
then crystallized (Tc, observed as an exothermic peak) at a
relatively high temperature, followed by a melting transition
(Tm) as the temperature increased further.


The melting entropies (DSm) of the prepared salts are also
presented in Table 1. Timmermans[48] reported that plastic


crystal phases in simple molecular compounds typically have
a DSm<20 J K�1 mol�1. Recently, MacFarlane[29] and co-
workers reported that it is more appropriate to modify this
criterion to �40 J K�1 mol�1 when a relative large and flexi-
ble anion (e.g. TFSI�) exists in the ionic compound. This
new criterion appears to be applicable to the [RFBF3]


� salts
(RF = CF3, C2F5, n-C3F7, n-C4F9), as these new anions con-
taining a perfluoroalkyl (RF) chain may have higher degrees
of freedom than those with simple symmetry (e.g. [BF4]


�[23]


and [PF6]
�[24]), and the salts with the former anions, there-


fore, may afford higher residual entropies of melting than
those with the latter anions. Thus, it seems reasonable that
many of the [RFBF3]


� salts, which show solid–solid transi-
tions with a DSm<40 JK�1 mol�1 (Table 1), are exhibiting
varying extents of plastic crystal behavior. It is of current in-
terest to explore conductive organic plastic crystals as an
all-solid-state electrolyte for high-energy devices, such as Li
batteries.[49,50] Therefore, our future work will investigate the
conductivity behavior of these salts and mixtures with their
corresponding lithium salts. Among the salts to be investi-
gated, N1223[CF3BF3] (entry 1) and N1223[C2F5BF3] (entry 7)
may be the particularly interesting ones that enter a plastic
crystal phase at a low temperature (��40 8C for entry 7
and ��21 8C for entry 1) and exist in this phase up to a
high temperature (95 8C for entry 1 and 54 8C for entry 7)
before melting. The plastic crystal phase within these tem-
perature regions is very suitable for practical applications
because the electrolytes in many electrochemical devices are
required to operate in an ambient temperature range (from
�40 to 80 8C).


Melting point : It was reported that the melting point (Tm)
of a compound is determined by the strength of its crystal
lattice, which in turn is controlled by three main factors: in-
termolecular forces, molecular symmetry, and the conforma-
tional degrees of the freedom of a molecule.[51] For aliphatic
QA salts, the influence of structure variation in the cation
and anion on the Tm has been investigated previous-
ly.[15–17,22–24,27–29,31] Generally, low symmetry and a relatively
large size of the cation combined with low symmetry and ef-
fective charge distribution in the anion favor destabilization
of the packing efficiency in the crystal lattice of the QA
salts, thus decreasing the strength of the crystal lattice which
in turn lowers the Tm. Additionally, introducing an alkyl
ether to the QA cation also tends to depress the Tm in some
cases.[9,19,25, 26]


Therefore, on the basis of this knowledge, we tried to pre-
pare low-melting QA salts from QA cations with relatively
low symmetry and/or having an alkyl ether substituent, as
shown in Scheme 1. Indeed, low melting points were ach-
ieved for most of the salts in our study (Table 1). With the
exceptions of N1223[BF4] and N1224[BF4], all the prepared
salts have a Tm of <100 8C, 23 are liquids at room tempera-
ture, most of the liquids are those containing an alkyl ether
(CH3OCH2CH2) substituent in the cation.


Figure 2 shows the observed Tm of these salts. As a gener-
al trend, for each anion, the salts with cations of higher sym-


Figure 1. DSC traces on heating for a) N122.1O2[CF3BF3], b) N1224[n-
C3F7BF3], c) N1223[CF3BF3], d) N122.1O2[C2F5BF3], and e) N112.1O2[C2F5BF3].
Inset: an enlarged trace for e) N112.1O2[C2F5BF3] in the temperature range
close to Tg.
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metry show a higher Tm than those with cations of lower
symmetry. For example, the [N2222]


+ salts with [RFBF3]
� (RF


= C2F5, n-C3F7, n-C4F9) decompose directly at a high tem-
perature (278–290 8C) instead of melting;[38] however, replac-
ing the [N2222]


+ of these salts with [N1223]
+ , which has a


lower symmetry but the same formula weight, lowers the Tm


to the low-melting range (54–97 8C). This is also true for the
TFSI salts. For example, N2222[TFSI] (105–109 8C)[16,17] versus
N1223[TFSI] (14 8C). Likewise, the salts with lower symmetry
[N112.1O2]


+ and [N122.1O2]
+ (containing three different sub-


stituents) generally exhibit a lower Tm than the correspond-
ing salts with higher symmetry [N111.1O2]


+ and [N222.1O2]
+


(containing two different substituents). Exchanging the
[N1223]


+ of the salts for the larger [N1224]
+ generally gave rise


to a further decrease of the Tm (e.g. entry 1 versus 2, 7
versus 8, 13 versus 14, 25 versus 26, 31 versus 32 in Table 1).
Likewise, for the same cation, all the salts with lower sym-
metry, [RFBF3]


� and TFSI� , exhibit a lower Tm than those
with higher symmetry [BF4]


� .
Another notable effect on the Tm of the aliphatic QA salt


is to introduce a methoxyethyl (CH3OCH2CH2) group to the
QA cation, which was also observed in other publica-
tions.[19, 25,26] However, the reasons for this effect are not well
understood. To gain an insight into the influence of the alkyl
ether chain on the Tm of the aliphatic QA salt, we therefore
carried out a comparative study of the Tm of the [N1224]


+


salts with those of the [N122.1O2]
+ salts. As shown in Figure 2,


for all the [N1224]
+ salts, replacing the n-butyl group in the


[N1224]
+ with an isoelectronic methoxyethyl (CH3OCH2CH2)


group resulted in a significant decrease in the Tm in all
cases. For example, N122.1O2[BF4] (8 8C) versus N1224[BF4]
(165 8C), N122.1O2[CF3BF3] (�22 8C) versus N1224[CF3BF3]
(�3 8C), and only Tg (�95 to �113 8C) for the [N122.1O2]


+


salts with [RFBF3]
� (RF = C2F5, n-C3F7, n-C4F9, entries 11,


17, and 23) and TFSI� (entry 35). In addition, the salts with
the cations [N111.1O2]


+ , [N112.1O2]
+ , and [N222.1O2]


+ also show a
low Tm. Moreover, low-melting events have also been ob-
served in the QA salts containing other alkyl ether groups,
such as methoxymethyl (CH3OCH2), ethoxymethyl


(CH3CH2OCH2), and ethoxyethyl
(CH3CH2OCH2CH2).[9,19, 25,26] Given that the alkyl ether
group is more flexible but more polar than its isoelectronic
alkyl group, and the flexibility tends to lower the Tm, where-
as the polarity has an opposite effect, a tentative explana-
tion for the lower Tm for the QA salts containing an alkyl
ether group is that the better flexibility of the alkyl ether
group might prevail over its polarity and thus plays a deci-
sive role in determining the Tm.


Glass transition : Figure 3 shows the glass transition temper-
ature (Tg) of the salts in Table 1. It appears that the Tg of
these QA salts is mainly governed by the strength of ion in-


teractions, the ion size, as well as the flexibility and polariza-
bility of the anion. As seen in Figure 3, the Tg of the salts
with large [RFBF3]


� (�117 to �98 8C, RF = C2F5, n-C3F7, n-
C4F9) are all lower than those with the small [BF4]


� (�97 8C
for entry 28 and �95 8C for entry 29) or the large, but a
little polarizable TFSI� (�82 to �96 8C), and much lower
than those with the large nonfluorinated and more rigid and
polarizable [BOB]� (it comprises two rigid five-member
rings and each of them contains two carbonyl (C=O) groups,
Tg = �36 to �44 8C).[26]


For the same cation, the Tg regularly increases in the
order [C2F5BF3]


�< [n-C3F7BF3]
�< [n-C4F9BF3]


�< [BF4]
��


TFSI�! [BOB]� . A similar trend was also observed in the
related imidazolium salts.[44,45] This trend strongly suggests
that 1) replacing the [BF4]


� with a larger [RFBF3]
� weakens


the electrostatic interactions (including possible hydrogen
bonding) between the cation and anion in the salt, which in
turn decreases the Tg, 2) the decrease of the electrostatic in-
teractions dominates over the increase of van der Waals in-
teractions in the [RFBF3]


� salts (RF = C2F5, n-C3F7, n-C4F9)
owing to the extremely low polarizability of fluorine atom,
and 3) the ion interactions in the salts with the small [BF4]


�


are influenced by the electrostatic interactions to a greater
extent than by van der Waals interactions, while those in the


Figure 2. Melting point of various salts.


Figure 3. Glass transition temperature of various ionic liquids.
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[RFBF3]
� salts (RF = C2F5, n-C3F7, n-C4F9) are more under


the control of van der Waals interactions rather than electro-
static interactions because the Tg increased as the size of the
[RFBF3]


� increased.
On the other hand, one may note that the TFSI� salts


show a slightly higher Tg than the corresponding [BF4]
�


salts, and a much higher Tg than the corresponding [RFBF3]
�


salts (Figure 3 and Table 1), although the TFSI� has a much
better flexibility and charge distribution than the [BF4]


�


salts and would be expected to give a lower Tg for the corre-
sponding salts. This result may be attributed to 1) the size of
the TFSI� is much larger than that of the [BF4]


� , and 2) the
partially fluorinated TFSI� (it contains two sulfonyl (-SO2-)
groups) is more polarizable than the perfluorinated [BF4]


�


and highly perfluorinated [RFBF3]
� , both of which signifi-


cantly trade off the flexibility and charge distribution of the
TFSI� and tend to increase the attractive forces (i.e. van -
der Waals interactions) in the TFSI� salts, thus raising the
Tg. Moreover, comparing the Tg of the nonfluorinated
[BOB]� salts with that of the perfluorinated [n-C4F9BF3]


�


salts (the size of the [n-C4F9BF3]
� should be larger than that


of the [BOB]� viz. [B(C2O4)]�) more clearly manifests the
significant impact of rigidity and polarizability of the anion,
for example, N112.1O2[BOB] (�36 8C)[26] versus N112.1O2[n-
C4F9BF3] (�110 8C).


For the same anion, the Tg value of all the salts increased
as the cation size increased, as expected by the increased
van der Waals interactions. Because the glass transition tem-
perature (Tg) is a qualitative signature of ion mobility in ILs
and a low Tg is a sign of high ion mobility,[16b, 25, 26] the lower
Tg of the [RFBF3]


� salts compared to that of the [BF4]
� salts


may partly explain why the former exhibit lower viscosities
than the latter (see the viscosity section below).


Thermogravimetric analysis : The thermal stability of the
salts was determined by TGA. Figure 4 shows the decompo-
sition temperature (Td) of the QA salts in Table 1. As
shown in Figure 4, the salts containing TFSI� and [BF4]


� are


more stable than those containing [RFBF3]
� , irrespective of


the cations, and the thermal stability of these salts generally
increases in the order [CF3BF3]


�< [n-C3F7BF3]
�� [n-


C4F9BF3]
�� [C2F5BF3]


�< [BF4]
��TFSI� . This trend indi-


cates that the anion has a significant impact on the thermal
stability of the QA salts, as observed in the imidazolium
salts with these anions.[45] Figure 5 displays thermogravimet-


ric traces of six [N1224]
+ salts with different anions as exam-


ples to illustrate the different decomposition behavior of
these salts during pyrolysis. The thermal stability order and
decomposition behavior of these QA salts with [RFBF3]


� is
concurrent with our recent observations with the corre-
sponding imidazolium salts.[45] The lower thermal stability of
the [RFBF3]


� salts, relative to those containing [BF4]
� and


TFSI� , is essentially attributed to the pyrolysis of [RFBF3]
�


at a low temperature.[45] We will now describe the decompo-
sition of the N1224[CF3BF3] in detail, as exemplified by the
family of [RFBF3]


� salts. As seen in Figure 5, N1224[CF3BF3]
exhibited a distinct two-stage decomposition behavior, as
observed in the related imidazolium salts.[45] It started to de-
compose at �200 8C, and �18 % of the weight loss was ob-
served up to 300 8C, which corresponds to the elimination of
a CF2 moiety from this salt, most probably [CF3BF3]


�!
[BF4]


� + other products (formed from CF2 carbene). Subse-
quently, the weight of the residue remained almost constant
until �380 8C. It began to decompose again above �390 8C,
and the subsequent decomposition behavior of the residue
was exactly in agreement with that of N1224[BF4]. Similar de-
composition behavior was also observed in the other QA
salts with [CF3BF3]


� . These results strongly indicate that de-
composition of the [CF3BF3]


� salts is initiated from the py-
rolysis of [CF3BF3]


� .
For a constant anion, it seems that the variation in the


QA cation has less effect on the thermal stability of the cor-
responding salts, with the exception of the [CF3BF3]


� series,
where the salts containing the methoxyethyl group in theFigure 4. Thermal stability of various ionic liquids.


Figure 5. TGA traces of the [N1224]
+ salts with [RFBF3]


� (RF = CF3, C2F5,
n-C3F7, n-C4F9), [BF4]


� , and TFSI� .
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QA cation show less thermal stability than their tetraalkyl-
ammonium analogues, as shown in Figure 4.


Density : Figure 6 shows the densities of the liquid QA salts
based on the [RFBF3]


� (RF = CF3, C2F5, n-C3F7, n-C4F9),
[BF4]


� , and TFSI� at 25 8C. The density (d) lies in the range


1.16–1.55 g mL�1. Because a number of the liquid salts have
a methoxyethyl (CH3OCH2CH2) group in their cation, the
density trend is more noticeable for these salts. As seen in
Figure 6, for a given anion, the densities of the trialkyl(2-
methoxyethyl)ammonium salts decreased when the formula
weight (Mw) of the cation increased. The densities of the tri-
alkyl(2-methoxyethyl)ammonium salts are a little higher
than those of the [N1224]


+ salts with the same anion. For ex-
ample, keeping the [C2F5BF3]


� constant, the density falls in
the order 9 ([N111.1O2]


+)>10 ([N112.1O2]
+)>11 ([N122.1O2]


+)>
12 ([N222.1O2]


+)>8 ([N1224]
+).


On the other hand, for a given cation, the density gradual-
ly increased as the bulkiness of the fluoroanion increased in
the order [BF4]


�< [CF3BF3]
�< [C2F5BF3]


�< [n-C3F7BF3]
�<


[n-C4F9BF3]
��TFSI� . This trend is consistent with our


recent results for the related imidazolium ILs.[45] Moreover,
as shown in Figure 5, in the family of the trialkyl(2-methox-
yethyl)ammonium ([Nxyz.1O2]


+) with [CnF2n+1BF3]
� (n = 0–


4), it seems that the density decreased linearly with increas-
ing number of CH2 units in the [Nxyz.1O2]


+ , and linearly in-
creased with increasing the number of CF2 units in the
[CnF2n+1BF3]


� (n = 0–4). By a simple regression analysis,
the densities of these 15 liquids can be expressed linearly
[Eq. (1)], for m = 6–9, n = 0–4; r2 = 0.998, where m and n
represent the number of carbon atoms in the cation and
anion, respectively.


d ðg mL�1Þ ¼ 1:38� 0:024 m þ 0:058 n ð1Þ


Viscosity : The viscosity of the QA salts is essentially deter-
mined by the strength of ion interactions (mainly including


the electrostatic and van der Waals interactions), ion size,
and by the polarizability and flexibility of the anion.
Figure 7 shows the viscosities (h) of the liquid salts based on
the [RFBF3]


� (RF = CF3, C2F5, n-C3F7, n-C4F9), [BF4]
� , and


TFSI� (Table 2) at 25 8C. The viscosities of the [RFBF3]
� and


TFSI� series of ILs are in the range 58–210 cP, all of which
are significantly lower by >100 cP than those of the [BF4]


�


salts (335 cP for entry 28 and 426 cP for entry 29 at 25 8C),
and much lower than those of the QA salts with the non-
fluorinated [BOB]� (>1300 cP at 25 8C[26]).


Figure 6. Density of various liquid salts at 25 8C. Figure 7. Viscosity of various liquid salts at 25 8C.


Table 2. Density, viscosity, and specific conductivity of liquid salts at
25 8C (water content: <50 ppm in [RFBF4]


� and TFSI� salts, and 400–
600 ppm in the [BF4]


� salts).


Entry[a] Salts d[b] h[c] k[d]


[g mL�1] [cP] [mS cm�1]


2 N1224[CF3BF3] 1.18 210 2.1
4 N112.1O2[CF3BF3] 1.27 97 2.5
5 N122.1O2[CF3BF3] 1.25 108 3.0
6 N222.1O2[CF3BF3] 1.22 151 2.0
8 N1224[C2F5BF3] 1.25 104 2.3
10 N112.1O2[C2F5BF3] 1.33 58 3.8
11 N122.1O2[C2F5BF3] 1.31 68 3.2
12 N222.1O2[C2F5BF3] 1.28 87 2.4
15 N111.1O2[n-C3F7BF3] 1.41 76 2.5
16 N112.1O2[n-C3F7BF3] 1.39 70 2.6
17 N122.1O2[n-C3F7BF3] 1.37 88 1.9
18 N222.1O2[n-C3F7BF3] 1.34 91 1.8
22 N112.1O2[n-C4F9BF3] 1.45 102 1.5
23 N122.1O2[n-C4F9BF3] 1.42 118 1.3
24 N222.1O2[n-C4F9BF3] 1.40 135 1.1
28 N112.1O2[BF4] 1.21 335[e] 1.7[f]


29 N122.1O2[BF4] 1.20 426 1.3
31 N1223[TFSI] 1.42 94 2.2
32 N1224[TFSI] 1.38 120 1.6
34 N112.1O2[TFSI] 1.45 60 3.1
35 N122.1O2[TFSI] 1.42 69 2.6
36 N222.1O2[TFSI] 1.40 85 2.1


[a] In accord with the entries in Table 1. [b] Density. [c] Viscosity. [d] Spe-
cific conductivity. [e] 1.7.[25] [f] �335.[25]
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The lower viscosities for the [RFBF3]
� and TFSI� ILs than


those of the [BF4]
� salts may be explained by the decreased


ion interactions and increased ion mobility owing to im-
proved charge distribution, lower symmetry, and lower po-
larizability for the [RFBF3]


� salts, and to improved charge
distribution, larger flexibility, and lower symmetry for the
TFSI� salts. Notwithstanding that the [BOB]� is among the
most weakly coordinating anions,[53] the extremely high vis-
cosities were observed for all [BOB]� salts,[26] which is essen-
tially attributed to high rigidity (comprising two five-mem-
bered rings) and some polarizability (containing four car-
bonyl (C=O) groups) and large size of the [BOB]� , as dis-
cussed for the Tg. The first factor reduces the flexibility and
the latter two ones increase the van der Waals interactions
in the salts, all of which in turn significantly increase the vis-
cosity. These impressive examples based on the [BOB]� and
its derivatives clearly indicate that an anion with high rigidi-
ty and polarizability and large size is not suitable for form-
ing low-viscous ILs, despite its weakly coordinating abili-
ty.[26]


In the family of the fluoroborate ([RFBF3]
� and [BF4]


�)
ILs, for a given cation, the viscosities show the increasing
order [C2F5BF3]


�< [n-C3F7BF3]
�< [CF3BF3]


�< [n-
C4F9BF3]


�! [BF4]
� , with the exception of N222.1O2[CF3BF3].


It is very interesting to note that this order of viscosity is ex-
actly consistent with that of the Tg (i.e. the lower the Tg, the
more fluid the ILs), with the exception of the salts contain-
ing the [CF3BF3]


� (no Tg observed). These results further
suggest that the ion interactions in the salts with relative
large [RFBF3]


� (RF = C2F5, n-C3F7, n-C4F9) are essentially
determined by van der Waals interactions, and a very large
anion in this class (e.g. [n-C4F9BF3]


�) is therefore unsuitable
for forming low-viscous ILs, despite its good charge distribu-
tion and extremely low polarizability. The most unexpected
result is that the salts with the smaller [CF3BF3]


� show a
higher viscosity than those with the larger [RFBF3]


� (RF =


C2F5, n-C3F7). It appears that 1) ion interactions in the
former are stronger than those in the latter and are still
under the influence of the electrostatic interactions owing to
the small size of the [CF3BF3]


� , as in the case of the [BF4]
�


salts; and 2) the [RFBF3]
� with a longer RF group (RF =


C2F5, n-C3F7) have more degrees of freedom than the
[CF3BF3]


� , thus lowering the viscosity. The lowest viscosities
for the [C2F5BF3]


� salts are essentially attributed to a good
charge distribution and medium size for the [C2F5BF3]


� .
As shown in Figure 7, for the same cation, the viscosity


values of the TFSI� salts are nearly equivalent to those of
the most fluid [C2F5BF3]


� series (e.g. N112.1O2[TFSI] (60 cP)
versus N112.1O2[C2F5BF3] (58 cP) and N122.1O2[TFSI] (69 cP)
versus N122.1O2[C2F5BF3] (68 cP)), although the [TFSI]� has a
larger size than the [C2F5BF3]


� . It seems that improved flex-
ibility and charge delocalization of the [TFSI]� plays a dom-
inant role over its size and polarizability in determining the
viscosity. All the above results indicate that the viscosities of
the QA salts are strongly dependent on the type of anion
present. Therefore, in the search of more low-viscous QA
salts, new stable anions, especially fluoroanions with rela-


tively low symmetry, high flexibility, and good charge distri-
bution, are expected to be discovered and investigated in
future.


The structure variation in the cation also influences the
viscosity. For the same anion, the viscosities of the QA salts
containing a methoxyethyl (CH3OCH2CH2) group are gen-
erally lower than those of the tetraalkylammonium salts
(e.g. entries 9–12 versus 8). This may be attributable to
having a flexible methoxyethyl group in the QA cation that
results in an increase in the ion mobility, as the Tg of the
former group of salts is lower than that of the latter one
(Figure 3). In the family of QA salts containing a methox-
yethyl group, the viscosity increased as the cation size in-
creased in the order [N112.1O2]


+ , [N111.1O2]
+< [N122.1O2]


+<


[N222.1O2]
+ , as expected by the increase of van der Waals in-


teractions. This trend suggests that, to reduce the viscosity
of the QA salts further, the cation involved should be small-
er, or at least not larger, than those used in this study.


It should be noted that the viscosities of all the QA salts
in the present study are all remarkably higher than those of
the related 1,3-dialkylimidazolium salts with a similar for-
mula weight.[43–45] For example, the viscosity of the
N112.1O2[CF3BF3] (Mw 269) is 97 cP at 25 8C, which is �
1.3 times greater than that of the 1-methyl-2-methoxyethyli-
midazolium salt with [CF3BF3]


� (43 cP at 25 8C, Mw


278).[44,45] It seems that the almost flat shape and good
charge distribution of the imidazolium ring plays a critical
role in lowering the viscosity. This may explain why the five-
membered cyclic QA cations, N-alkyl-N-methylpyrrolidini-
um, are preferred to the acyclic QA cations to form ILs in
recent studies.[11, 12,29] The reason is that the former cations
show a quasiflat shape to some extent and can form more
fluid ILs than acyclic QA cations containing the same
number of carbon atoms, for example, P13[TFSI] ([P13]


+ N-
methyl-N-propylpyrrolidinium, 63 cP at 25 8C) versus
N1124[TFSI] (110 cP at 25 8C).[16c] Therefore, it seems reason-
able that [RFBF3]


� could form low-viscous ILs with the pyr-
rolidinium cations.


Conductivity : It appears that the ionic conductivities of
these QA salts are mainly governed by their viscosities and
formula weight. Figure 8 shows the specific conductivities
(k) of the liquid salts based on the [RFBF3]


� (RF = CF3,
C2F5, n-C3F7, n-C4F9), [BF4]


� , and TFSI� at 25 8C (Table 2).
For a given anion, the conductivity values decreased in the
order [N112.1O2]


+> [N122.1O2]
+>N1223, [N222.1O2]


+> [N1224]
+


with the exception of the N122.1O2[CF3BF3], as expected by
the increased viscosity (Figure 7), and formula weight be-
cause the number of the ion carriers per unit volume gener-
ally decreased with increasing formula weight. For a given
cation, the conductivity decreased in the order [C2F5BF3]


�>


TFSI� , [n-C3F7BF3]
� , [CF3BF3]


�> [n-C4F9BF3]
�� [BF4]


� .
This trend strongly indicates that an anion, which has a
large formula weight (e.g. TFSI� , [n-C4F9BF3]


�) or results in
high viscosity (e.g. [BF4]


� , [CF3BF3]
�), is unfavorable for


producing highly conductive ILs. Among these QA salts, the
N112.1O2[C2F5BF3] (entry 10) exhibits the highest conductivity
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(3.8 mS cm�1 at 25 8C) because it has the lowest viscosity
(58 cP at 25 8C) and a relatively low formula weight.


On the other hand, all the QA salts in this study show
much lower conductivities than the imidazolium salts with a
similar formula weight, for example, the most conductive
QA salt N112.1O2[C2F5BF3] (3.8 mS cm�1 and 57 cP at 25 8C,
Mw 319) versus the 1-methyl-2-methoxyethylimidazolium
salt with [C2F5BF3]


�[45] (6.1 mS cm�1 and 38 cP at 25 8C, Mw


328). This is mainly caused by the higher viscosities for the
former (57 cP at 25 8C) than for the latter[45] (38 cP at 25 8C).
Therefore, one of the significant challenges in developing
conductive QA salts is how to reduce their viscosity even
further.


Electrochemical stability : The electrochemical stability of
most QA salts was investigated by linear sweep voltamme-
try (LSV) on a glassy carbon electrode under the same con-
ditions. The cathodic and anodic limits (Ecathodic and Eanodic


(V) versus ferrocene (Fc)/ferrocenium (Fc+) redox couple)
were arbitrarily defined as the potential at which the current
density reached 1 mA cm�2 in the first scan and IR drop (i.e.
a voltage drop associated with the electrical resistance of
the electrolyte) was negligible on account of moderate con-
ductivities. The respective Ecathodic and Eanodic and electro-
chemical windows (DE (V) = Eanodic�Ecathodic) for these QA
salts are summarized in Table 3, including previously report-
ed values for N1114[TFSI][9b, 16c] and [C2mmi][CF3BF3]
([C2mim]+ = 1-ethyl-3-methylimidazolium)[44,45] . Figure 9
displays the polarization curves of seven salts, which mainly
manifests the impact of the cation structure on the Ecathodic


(i.e. the significant influence of having a methoxyethyl
group in the QA cations and the sizes of these cations on
the cathodic stability).


In general, the cathodic stability of the QA salts with
electrochemically stable anions, such as [BF4]


� , TFSI� , and
[PF6]


� , is essentially limited by the decomposition of the
QA cation. The tetraalkylammonium cations show almost


the same cathodic stability, irrespective of the alkyl substitu-
ents in the cation.[20,21] These are also the cases for our QA
salts. For example, the two tetraalkylammonium cations,
[N1114]


+ and [N1224]
+ , show nearly the same Ecathodic value (�


�3.4 V). For the same cation, the Ecathodic values of the QA
salts were little affected by the anion species, for example,
all the [N122.1O2]


+ salts with various anions ([RFBF3]
� ,


[BF4]
� , and TFSI�) show a nearly equivalent Ecathodic value


(�3.3 to �3.4 V). However, the cathodic stability of the
salts in this study is highly dependent on the nature of the
cations, as indicated by their different Ecathodic values


Figure 8. Specific conductivity of various liquid salts at 25 8C; the data in
parentheses is formula weight (Mw) of the cation.


Table 3. Cathodic and anodic limits (Ecathodic and Eanodic versus Fc+/Fc at
1 mA cm�2) and electrochemical windows (DE) for various ionic liquids
determined on a glassy carbon electrode.


Salts Ecathodic Eanodic DE
[V] [V] [V]


N1114[TFSI] �3.35 2.50 5.85
N1224[CF3BF3] �3.43 2.32 5.75
N1224[C2F5BF3] �3.43 2.21 5.64
N1224[TFSI] �3.44 2.25 5.69
N111.1O2[n-C3F7BF3] �2.75 2.24 4.99
N111.1O2[TFSI][a] �2.71 2.36 5.07
N112.1O2[CF3BF3] �2.95 2.21 5.16
N112.1O2[TFSI] �3.13 2.35 5.48
N122.1O2[CF3BF3] �3.38 2.32 5.70
N122.1O2[C2F5BF3] �3.32 2.29 5.61
N122.1O2[n-C3F7BF3] �3.33 2.28 5.61
N122.1O2[n-C4F9BF3] �3.44 2.21 5.65
N122.1O2[BF4] �3.40 2.24 5.63
N122.1O2[TFSI] �3.33 2.34 5.67
N222.1O2[CF3BF3] �3.41 2.29 5.70
N222.1O2[C2F5BF3] �3.41 2.22 5.63
N222.1O2[TFSI] �3.44 2.29 5.73
[C2mmi][CF3BF3] �2.49 2.14 4.63


[a] Melted at 35 8C and determined at room temperature (supercooled).


Figure 9. Linear sweep voltammogram of various ionic liquids on a glassy
carbon electrode (surface area: 7.85 � 10�3 cm�2) in the first scan at 25 8C;
scan rate: 50 mV s�1; counterelectrode: Pt wire; potential (V) was refer-
red to ferrocene (Fc)/ferrocenium (Fc+) redox couple in each salt; the
data for [C2mim][CF3BF3] ([C2mim]+ = 1-ethyl-3-methylimidazolium)
were obtained from the literature.[44–45]
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(Table 3 and Figure 9). All the QA cations exhibit better
cathodic stability than the [C2mim]+ in the following order
(Table 3): [C2mim]+ (��2.5 V)< [N111.1O2]


+ (��2.7 to
�2.8 V)< [N112.1O2]


+ (��3.0 to �3.1 V)< [N122.1O2]
+ (��3.3


to �3.4 V)< [N1114]
+ (��3.4 V) � [N222.1O2]


+ � [N1224]
+ (�


�3.4 V). This order clearly indicates that replacing the alkyl
in the tetraalkylammonium cations with an isoelectronic
alkyl ether tends to reduce the cathodic stability of the cati-
ons, which is more pronounced for the small cations, for ex-
ample, [N1114]


+ (��3.4 V) versus [N111.1O2]
+ (��2.7 to


�2.8 V), whereas increasing the sizes of trialkyl(methoxy-
ethyl)ammonium cations tends to increase their cathodic
stability, as indicated by the increased Ecathodic values. A pre-
liminary explanation for these results is that there are some
electrostatic interactions occurring between the lone-pair
electrons of oxygen atom of the methoxyethyl group and
positive charge nitrogen atom in the cation, which probably
increases the cathodic stability of the positively charged ni-
trogen atom through decreasing positive charge density on
the nitrogen atom; however, it reduces the cathodic stability
of the methoxyethyl group owing to a decrease of electron
density on its oxygen atom. These interactions are stronger
for the smaller trialkyl(methoxyethyl)ammonium on account
of its higher charge density. Thus, the lower cathodic stabili-
ty for the small trialkyl(methoxyethyl)ammonium cations
may be caused by electroreduction of the methoxyethyl
group in the cation at a relative high potential, while in-
creasing the trialkyl(methoxyethyl)ammonium size may ef-
fectively “bury” the positive charge on the nitrogen atom of
the ammonium, which in turn decreases the interactions
mentioned above, thus inhibiting the decomposition of the
methoxyethyl group (i.e. increasing the cathodic stability of
the cation), as indicated by the highest Ecathodic values for the
[N222.1O2]


+ . These explanations have some support from re-
sults reported by Aurbach and co-workers,[53] in which the
authors have identified that the electroreduction of the
N4444[ClO4] solutions of ether solvents, such as DME
(CH3OCH2CH2OCH3) and THF, was essentially associated
with the decomposition of the [N4444]


+ ; however, addition of
Li+ ions to this electrolyte caused the electroreduction of
DME and THF to precede that of the [N4444]


+ owing to the
pronounced interactions between the small Li+ and the
ether solvents. From these results, we may conclude that
having an alkyl ether chain in the small QA cations is unfav-
orable for producing electrochemically stable QA salts. The
distinctive cathodic stability of the tetraalkylammoniums
(e.g. [N1114]


+ and [N1224]
+) and large trialkyl(methoxyethyl)-


ammonium (e.g. [N222.1O2]
+) may favor their salts with elec-


trochemically stable anions as promising candidates for elec-
trolytes in high-energy devices.


For anodic stability, as shown in Figure 9 and Table 3, all
the QA salts are obviously more resistant toward oxidation
than [C2mmi][CF3BF3]. This result suggests that the anodic
stability of the former is determined by the involved anions,
while that of the latter is essentially limited by the decompo-
sition of the cation [C2mmi]+ . This result is in keeping our
previous conclusion that both the cathodic and anodic stabil-


ity of 1,3-dlialkyimidazolium salts with electrochemically
stable anions, such as [RFBF3]


� , [BF4]
� , and TFSI� , are lim-


ited by the cations but not by the anions.[43,45] However, as
seen in Figure 9 and Table 3, the anodic stability of these
anions is hardly distinguishable, since the Eanodic values for
these QA salts are very close and show some dependence
on the cations. Additionally, it should be noted that the pre-
viously reported improved anodic stability for the inorganic
fluoroanion, [BF4]


� , than for the organic fluoroanion,
TFSI� , was not observed in this study.[13,21,22] This may be at-
tributed to the presence of relatively high amounts of water
in our [BF4]


� salts (400–600 ppm), which reduces the anodic
stability of the salts, as reported in the literature.[54]


Conclusion


A novel family of low-melting, hydrophobic ionic liquids
containing small aliphatic quaternary ammoniums
([R1R2R3NR]+ , wherein R1, R2, R3 = CH3 or C2H5, R = n-
C3H7, n-C4H9, CH2CH2OCH3) and perfluoroalkyltrifluoro-
borates ([RFBF3]


� , RF = CF3, C2F5, n-C3F7, n-C4F9) has
been prepared and characterized. Most of them are liquids
at room temperature and exhibit much lower viscosities
(58–210 cP at 25 8C) than those with [BF4]


� (335–426 cP at
25 8C) owing to the relatively lower symmetry and better
charge distribution of the [RFBF3]


� . Many of them exhibit
plastic crystal behavior, which has a fundamental impor-
tance in all-solid-state electrolytes. More importantly, all
these quaternary ammonium salts exhibit improved cathodic
and anodic stability, hence larger electrochemical windows,
than the corresponding 1,3-dialkyimidazolium salts. Because
of these desirable properties, these new salts not only enrich
the existing arsenal of quaternary ammonium ionic liquids,
but may also serve as new media for some special organic
and biocatalytic reactions and as electrolytes for high-
energy devices and electrochemical processes in which the
1,3-dialkylimidazolium salts cannot operate.


Experimental Section


General : The following reagents and materials were used as received: di-
methylethylamine, diethylmethylamine, triethylamine, 1-bromopropane,
1-bromobutane, 2-bromoethyl methyl ether (Tokyo Kasei); 30 % aqueous
trimethylamine; anhydrous diethyl ether, acetone, and tetrahydrofuran
(H2O<30 ppm) (Wako Pure Chem.); bis(trifluoromethanesulfonyl)imide
acid (Central Glass); 48% aqueous tetrafluoroboric acid (Aldrich);
acidic cation-exchange and basic anion-exchange resins (Mitsubishi
Chem., ion exchange capacity>2.0 meq. mL�1).


Potassium perfluoroalkyltrifluoroborates K[RFBF3] (RF = CF3, C2F5, n-
C3F7, and n-C4F9)


[38, 40] were prepared and purified according to the re-
ported procedures.
1H, 19F, and 11B NMR spectra were recorded on a JEOL JNM AL400
spectrometer operating at 399.65, 376.05, and 128.15 MHz, respectively.
[D4]Methanol was used the as solvent for the halide salts, and [D6]ace-
tone for the salts based on [RFBF3]


� , [BF4]
� , and TFSI� . Chemical shift


values are reported relative to the TMS internal reference for 1H, and ex-
ternal references CCl3F in [D6]acetone for 19F (dF = 0.00) and BF3·Et2O
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in CDCl3 for 11B (dB = 0.00). FAB-MS were measured on a JEOL JMS-
HX110/110A spectrometer. Elemental analysis (C, H, and N) was per-
formed at the Center for Organic Elemental Microanalysis of Kyoto Uni-
versity.
The water content in the liquid salts was determined by Karl-Fischer ti-
tration (Mitsubishi Chem., model CA-07).


The amounts of residual halide and potassium ions in the liquid salts
were approximately estimated by a fluorescence X-ray spectrometer
(JEOL, model JSX-3201) and revealed to be less than 30 ppm.


Phase transition analysis : The calorimetric measurements were per-
formed with a differential scanning calorimeter (Perkin Elmer Pyris 1
DSC equipped with a liquid nitrogen cryostatic cooling) in the tempera-
ture range �150 8C to a predetermined temperature. An average sample
weight of 5–10 mg was sealed in an aluminum pan, and then heated and
cooled at a rate of 10 8C min�1 under a flow of helium. The glass transi-
tion temperature (Tg, onset of the heat capacity change), crystallization
temperature (Tc, onset of the exothermic peak), solid–solid transition
temperature (Ts-s, onset of the endothermic peak), and melting point (Tm,
onset of the endothermic peak) were taken during heating in the second
heating–cooling cycle.


Thermal gravimetric analysis (TGA): TGA was performed on a thermal
analysis system (Seiko Instruments, TG/DTA 6200). An average sample
weight of 5 mg was placed in a platinum pan and heated at 10 8C min�1


from �40 8C to 600 8C under a flow of nitrogen. The onset of decomposi-
tion was defined as the decomposition temperature (Td).


Viscosity : The viscosity was measured with a spindle viscometer equip-
ped with a thermostated water bath (Brookfield, model DV-III + , cone
spindle: CP-52) at 25 8C. The measurements have a precision of �2 %.


Density : The density was the mean of three measurement values, which
were approximately determined by measuring the weight of three sepa-
rate samples (1.0 mL) at 25 8C. The relative standard uncertainty of the
mean density was less than 5%.


Specific conductivity : The ionic conductivity (k) of the neat liquid salts
was measured by a conductivity meter (Radiometer Analytical, model
CDM230) in a sealed conductivity cell at 25 8C.


Electrochemical stability : Linear sweep voltammetry (LSV) was per-
formed with an automatic polarization system (ALS model600) in an
argon-filled glove box (O2 and water <5 ppm), with a 5 mL beaker-type
three-electrode cell equipped with a glassy carbon electrode (surface
area: 7.85 � 10�3 cm�2), a Pt wire counterelectrode, and an I3


�/I� reference
electrode consisting of Pt wire/0.015 mol dm�3 I2 + 0.060 mol dm�3 [(n-
C3H7)4N]I in [C2mim]TFSI ([C2mim]+ 1-ethyl-3-methylimidazolium). The
potential was referred to ferrocene (Fc)/ferrocenium (Fc+) redox couple
in each salt. The data for each salt were collected in the first cathodic
and anodic scan at 25 8C.


Procedure for quaternary ammonium bromides ([QA][Br]):


N,N-Diethyl-N-methyl-N-(n-propyl)ammonium bromide (N1223Br): This
compound was prepared in 0.30-mol scale in a 300 mL autoclave (Taiatsu
Techno) by reaction of 1-bromopropane (37.0 g, 0.30 mol) with a small
excess of ethyldimethylamine (27.0 g, 0.31 mol) in anhydrous acetone at
100 8C and �6 mPa for 12 h. The cooled red suspension was then poured
into diethyl ether (150 mL). After filtration, the obtained solid was
washed with diethyl ether (2 � 25 mL), and recrystallized twice from ace-
tone to afford N1223Br (50 g, yield 80 %) as a white solid. Tm = 270 8C
(decomp); 1H NMR: d = 1.02 (t, J = 7.2 Hz, 3H), 1.33 (t, J = 7.2 Hz,
2� 3H), 1.78 (m, 2 H), 3.00 (s, 3H), 3.23 (m, 2H), 3.38 ppm (q, J =


7.3 Hz, 2 � 2H).


N-(n-Butyl)-N,N-diethyl-N-methylammonium bromide (N1224Br): The
same procedure was followed as described for N1223Br, except for the use
of 1-bromobutane (41.1 g, 0.30 mol) instead of 1-bromopropane. Recrys-
tallization twice from acetone/tetrahydrofuran (65:35) gave N1224Br (54 g,
yield 80%) as a white solid. Tm = 179 8C; Td = 236 8C; 1H NMR: d =


1.02 (t, J = 7.4 Hz, 3H), 1.33 (t, J = 7.4 Hz, 2 � 3H), 1.40 (m, 2H), 1.71
(m, 2 H), 2.99 (s, 3H), 3.25 (m, 2H), 3.36 ppm (m, 2� 2 H).


N,N,N-Trimethyl-N-(2-methoxyethyl)ammonium bromide (N111.1O2Br): 2-
Bromoethyl methyl ether (56.0 g, 0.40 mol) was added at room tempera-
ture to a solution of 30% aqueous trimethylamine (100 g solution,


0.51 mol amine). The reaction mixture was stirred at room temperature
for three days. The excess amine and water was removed by evaporation
at 70 8C under reduced pressure. The residual solid was washed with di-
ethyl ether (2 � 25 mL). Recrystallization twice from acetone/2-butanol
(75:25) gave N111.1O2Br (50.5 g, yield 85%) as a white solid. Tm = 149 8C;
Td = 253 8C; 1H NMR: d = 3.21 (s, 3� 3 H), 3.40 (s, 3H), 3.62 (s, 2H),
3.82 ppm (s, 2 H).


N-Ethyl-N,N-dimethyl-N-(2-methoxyethyl)ammonium bromide
(N112.1O2Br): The same procedure was followed as described for N1223Br,
except ethyldimethylamine (22.7 g, 0.31 mmol) and 2-bromoethyl methyl
ether (41.7 g, 0.30 mol) were used. Recrystallization twice from acetone/
2-butanol (85:15) gave N112.1O2Br (50 g, yield 78%) as a white solid. Tm =


64 8C; Td = 249 8C; 1H NMR: d = 1.37 (t, J = 7.2 Hz, 3H), 3.14 (s, 2�
3H), 3.39 (s, 3H), 3.50 (q, 2� 2 H), 3.58 (t, J = 4.8 Hz, 2H), 3.81 ppm (s,
2H).


N,N-Diethyl-N-methyl-N-(2-methoxyethyl)ammonium bromide
(N122.1O2Br): The same procedure was followed as described for N1223Br,
except diethylmethylamine (27.0 g, 0.31 mol) and 2-bromoethyl methyl
ether (41.7 g, 0.30 mol) were used. Recrystallization twice from acetone
gave N122.1O2Br (52 g, yield 76%) as a white solid. Tm = 85 8C; Td =


236 8C; 1H NMR: d = 1.35 (t, J = 7.2 Hz, 2� 3 H), 3.08 (s, 3H), 3.39 (s,
3H), 3.48 (q, J = 7.1 Hz, 2� 2H), 3.58 (t, J = 4.8 Hz, 2H), 3.82 ppm (s,
2H).


N,N,N-Triethyl-N-(2-methoxyethyl)ammonium bromide (N222.1O2Br): The
same procedure was followed as described for N1223Br, except triethyl-
amine (31.4 g, 0.31 mol) and 2-bromoethyl methyl ether (41.7 g, 0.30 mol)
were used. Recrystallization twice from acetone/tetrahydrofuran (70:30)
gave N222.1O2Br (yield 80%) as a white solid. Tm = 106 8C; Td = 224 8C;
1H NMR: d = 1.30 (t, J = 7.4 Hz, 3 � 3H), 3.38 (s, 3H), 3.43 (q, J =


7.2 Hz, 3 � 2H), 3.51 (t, J = 4.8 Hz, 2 H), 3.77 ppm (s, 2 H).


Procedure for aqueous solutions of perfluoroalkyltrifluoroborate acid
(H[RFBF3]) and quaternary ammonium hydroxide ([QA][OH]):
Aqueous H[RFBF3]: Aqueous H[RFBF3] was prepared by passing the cor-
responding K[RFBF3] (RF = CF3, C2F5, n-C3F7, n-C4F9) through a column
filled in acidic ion-exchange resin, as described in the literature.[38] The
concentration of the aqueous H[RFBF3], determined by acid–base titra-
tion, was �0.2 mol dm�3. The resultant solution was collected in a PFA
bottle, and stored in a refrigerator until required.


Aqueous [QA][OH]: The same procedure was followed for aqueous
H[RFBF3] as described above, except that the basic anion-exchange resin
and the corresponding quaternary ammonium bromide ([QA][Br]) were
used. The concentration of the aqueous [QA][OH] was �0.2 mol dm�3.
The solution was collected in a plastic bottle, and stored in a refrigerator
until required.


Procedure for quaternary ammonium salts with perfluoroalkyltrifluoro-
borate ([QA][RFBF3]): The [QA][RFBF3] salts were prepared in
30 mmol scale as follows: aqueous [QA][OH] was neutralized with equi-
molar aqueous H[RFBF3] (RF = CF3, C2F5, n-C3F7, n-C4F9) in a PFA
flask until the pH was �6–7. The mixture was concentrated to �15 mL
at 40 8C by evaporation under reduced pressure. The liquid salt precipi-
tated in the bottom was separated directly, washed with deionized water
(5 mL) and toluene (10 mL) in turn, and dried at 70 8C for 24 h under
vacuum (0.03 Torr) to afford a colorless or pale yellow liquid (water con-
tent <50 ppm). The solid salt was collected by filtration, dried under
vacuum, and recrystallized from 2-butanol to afford a white product.


N,N-Diethyl-N-methyl-N-(n-propyl)ammonium trifluoromethyltrifluoro-
borate (N1223[CF3BF3]): Yield: 75%, white solid; 1H NMR: d = 1.01 (t, J
= 7.4 Hz, 3H), 1.42 (t, J = 7.4 Hz, 2� 3 H), 1.87 (m, 2H). 3.13 (s, 3 H),
3.38 (m, 2H), 3.53 ppm (q, J = 7.3 Hz, 2� 2 H); 19F NMR: d = �74.6 (q,
2J(B,F) = 32.6 Hz, 3F; CF3), �155.5 ppm (q, 1J(B,F) = 39.6 Hz, 3 F;
BF3); 11B NMR: d = �0.49 ppm (qq, 1J(B,F) = 39.0 Hz, 2J(B,F) =


32.3 Hz); FAB-MS: m/z (%): 130 (100) [N1223]
+ , 137 (100) [CF3BF3]


� ; el-
emental analysis calcd (%) for C9H20BF6N (267.06): C 40.5, H 7.6, N 5.2;
found: C 40.3, H 7.4, N 5.3.


N-(n-Butyl)-N,N-diethyl-N-methylammonium trifluoromethyltrifluorobo-
rate (N1224[CF3BF3]): Yield: 77 %, colorless liquid; 1H NMR: d = 0.99 (t,
J = 7.2 Hz, 3 H), 1.40 (t, J = 7.2 Hz, 2� 3 H), 1.44 (t, J = 7.4 Hz, 2H),
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1.81 (m, 2 H), 3.12 (s, 3H), 3.38 (m, 2 H), 3.50 ppm (q, J = 7.3 Hz, 2�
2H); 19F NMR: d = �74.6 (q, 2J(B,F) = 31.6 Hz, 3 F; CF3), �155.5 ppm
(q, 1J(B,F) = 38.6 Hz, 3F; BF3); 11B NMR: d = �0.48 ppm (qq, 1J(B,F)
= 39.9 Hz, 2J(B,F) = 32.3 Hz); FAB-MS: m/z (%): 144 (100) [N1224]


+ ,
137 (100) [CF3BF3]


� ; elemental analysis calcd (%) for C10H22BF6N
(281.09): C 42.7, H 7.9, N 5.0; found: C 42.7, H 7.6, N 5.0.


N,N,N-Trimethyl-N-(2-methoxyethyl)ammonium trifluoromethyltrifluoro-
borate (N111.1O2[CF3BF3]): Yield: 80%, white solid; 1H NMR: d = 3.37
(s, 3� 3 H), 3.40 (s, 3 H), 3.78 (s, 2H), 3.95 ppm (s, 2 H); 19F NMR: d =


�74.6 (q, 2J(B,F) = 31.6 Hz, 3F; CF3), �155.5 ppm (q, 1J(B,F) =


38.6 Hz, 3F; BF3); 11B NMR: d = �0.52 ppm (qq, 1J(B,F) = 39.9 Hz,
2J(B,F) = 32.3 Hz); FAB-MS: m/z (%): 118 (100) [N111.1O2]


+ , 137 (100)
[CF3BF3]


� ; elemental analysis calcd (%) for C7H16BF6NO (255.01): C
33.0, H 6.3, N 5.5; found: C 32.7, H 6.3, N 5.6.


N-ethyl-N,N-Dimethyl-N-(2-methoxyethyl)ammonium trifluoromethyltri-
fluoroborate (N112.1O2 [CF3BF3]): Yield: 66%, pale yellow liquid;
1H NMR: d = 1.44 (t, J = 7.2 Hz, 3 H), 3.26 (s, 2 � 3H), 3.39 (s, 3H),
3.62 (q, J = 7.2 Hz, 2 H), 3.69 (t, J = 4.8 Hz, 2 H), 3.91 ppm (s, 2H);
19F NMR: d = �74.7 (q, 2J(B,F) = 31.6 Hz, 3 F; CF3), �155.0 ppm (q,
1J(B,F) = 39.6 Hz, 3 F; BF3); 11B NMR: d = �0.53 ppm (qq, 1J(B,F) =


39.0 Hz, 2J(B,F) = 32.3 Hz); FAB-MS: m/z (%): 132 (100) [N112.1O2]
+ ,


137 (100) [CF3BF3]
� ; elemental analysis calcd (%) for C8H18BF6NO


(269.03): C 35.7, H 6.7, N 5.2; found: C 35.3, H 6.7, N 5.3.


N,N-Diethyl-N-methyl-N-(2-methoxyethyl)ammonium trifluoromethyltri-
fluoroborate (N122.1O2[CF3BF3]): Yield: 70%, colorless liquid; 1H NMR: d


= 1.41 (t, J = 7.2 Hz, 2� 3H), 3.20 (s, 3 H), 3.38 (s, 3 H), 3.59 (q, J =


7.3 Hz, 2 � 2H), 3.68 (t, J = 4.8 Hz, 2H), 3.90 (s, 2H); 19F NMR: d =


�74.7 (q, 2J(B,F) = 32.6 Hz, 3F; CF3), �155.3 ppm (q, 1J(B,F) =


38.7 Hz, 3F; BF3); 11B NMR: d = �0.49 ppm (qq, 1J(B,F) = 38.9 Hz,
2J(B,F) = 32.3 Hz); FAB-MS: m/z (%): 146 (100) [N122.1O2]


+ , 137 (100)
[CF3BF3]


� ; elemental analysis calcd (%) for C9H20BF6NO (283.06): C
38.2, H 7.1, N 5.0; found: C 38.0, H 7.1, N 5.1.


N,N,N-Triethyl-N-(2-methoxyethyl)ammonium trifluoromethyltrifluoro-
borate (N222.1O2[CF3BF3]): Yield: 85%, white solid; 1H NMR: d = 1.38
(t, J = 7.2 Hz, 3 � 3H), 3.38 (s, 3 H), 3.54 (q, J = 7.2 Hz, 3 � 2H), 3.63 (t,
J = 4.8 Hz, 2H), 3.87 ppm (s, 2 H); 19F NMR: d = �74.6 (q, 2J(B,F) =


31.5 Hz, 3 F; CF3), �155.4 ppm (q, 1J(B,F) = 39.6 Hz, 3 F; BF3);
11B NMR: d = �0.48 ppm (qq, 1J(B,F) = 39.0 Hz, 2J(B,F) = 32.3 Hz);
FAB-MS: m/z (%): 160 (100) [N222.1O2]


+ , 137 (100) [CF3BF3]
� ; elemental


analysis calcd (%) for C10H22BF6NO (297.09): C 40.4, H 7.5, N 4.7;
found: C 40.5, H 7.5, N 4.7.


N,N-Diethyl-N-methyl-N-(n-propyl)ammonium pentafluoroethyltrifluoro-
borate (N1223[C2F5BF3]): Yield: 90 %, white solid; 1H NMR: d = 1.02 (t,
J = 7.4 Hz, 3H), 1.42 (t, J = 7.2 Hz, 2 � 3H), 1.86 (m, 2 H), 3.15 (s, 3H),
3.38 (t, 2 H), 3.53 ppm (q, J = 7.2 Hz, 2� 2H); 19F NMR: d = �83.1 (s,
3F; CF3), �135.9 (q, 2J(B,F) = 19.3 Hz, 2F; CF2), �153.1 ppm (q,
1J(B,F) = 41.0 Hz, 3F; BF3); 11B NMR: d = 0.21 ppm (qt, 1J(B,F) =


40.6 Hz, 2J(B,F) = 19.86 Hz); FAB-MS: m/z (%): 130 (100) [N1223]
+ , 187


(100) [C2F5BF3]
� ; elemental analysis calcd (%) for C10H20BF8N (317.07):


C 37.9, H 6.4, N 4.4; Found: C 37.8, H 6.1, N 4.5.


N-(n-Butyl)-N,N-diethyl-N-methylammonium pentafluoroethyltrifluoro-
borate (N1224[C2F5BF3]): Yield: 88%, colorless liquid; 1H NMR: d = 0.99
(t, J = 7.2 Hz, 3 H), 1.40 (t, J = 7.4 Hz, 2 � 3H), 1.46 (t, J = 7.2 Hz,
2H), 1.81 (m, 2H), 3.12 (s, 3H), 3.38 (m, 2H), 3.50 ppm (q, J = 7.2 Hz,
2� 2H); 19F NMR: d = �83.0 (s, 3F; CF3), �135.8 (q, 2J(B,F) = 19.9 Hz,
2F; CF2), �152.8 ppm (q, 1J(B,F) = 39.6 Hz, 3 F; BF3); 11B NMR: d =


0.21 ppm (qt, 1J(B,F) = 40.6 Hz, 2J(B,F) = 19.9 Hz); FAB-MS: m/z (%):
144 (100) [N1224]


+ , 187 (100) [C2F5BF3]
� ; elemental analysis calcd (%) for


C11H22BF8N (331.1): C 39.9, H, 6.7, N 4.2; found: C 39.7, H, 6.4, N 4.2.


N,N,N-Trimethyl-N-(2-methoxyethyl)ammonium pentafluoroethyltrifluor-
oborate (N111.1O2[C2F5BF3]): Yield: 86 %, white solid; 1H NMR: d = 3.37
(s, 3� 3 H), 3.40 (s, 3 H), 3.76 (s, 2H), 3.94 ppm (s, 2 H); 19F NMR: d =


�83.0 (s, 3F; CF3), �135.8 (q, 2J(B,F) = 19.3 Hz, 2 F; CF2), �153.0 ppm
(q, 1J(B,F) = 39.6 Hz, 3F; BF3); 11B NMR: d = 0.22 ppm (qt, 1J(B,F) =


40.9 Hz, 2J(B,F) = 19.1 Hz); FAB-MS: m/z (%): 118 (100) [N111.1O2]
+ ,


187 (100) [C2F5BF3]
� ; elemental analysis calcd (%) for C8H16BF8NO


(305.02): C 31.5, H 5.3, N 4.6; found: C 31.2, H 5.2, N 4.6.


N-Ethyl-N,N-dimethyl-N-(2-methoxyethyl)ammonium pentafluoroethyl-
trifluoroborate (N112.1O2 [C2F5BF3]): Yield: 88 %, pale yellow liquid;
1H NMR: d = 1.45 (t, J = 7.2 Hz, 3 H), 3.28 (s, 2 � 3H), 3.39 (s, 3H),
3.64 (q, J = 7.2 Hz, 2 H), 3.71 (t, J = 4.8 Hz, 2 H), 3.92 ppm (s, 2H);
19F NMR: d = �83.0 (s, 3F; CF3), �135.8 (q, 2J(B,F) = 19.3 Hz, 2 F;
CF2), �152.7 ppm (q, 1J(B,F) = 40.7 Hz, 3F; BF3); 11B NMR: d =


0.21 ppm (qt, 1J(B,F) = 40.9 Hz, 2J(B,F) = 19.1 Hz); FAB-MS: m/z (%):
132 (100) [N112.1O2]


+ , 187 (100) [C2F5BF3]
� ; elemental analysis calcd (%)


for C9H18BF8NO (319.04): C 33.9, H 5.7, N 4.4; found: C 33.7, H 5.6, N
4.3.


N,N-Diethyl-N-methyl-N-(2-methoxyethyl)ammonium pentafluoroethyl-
trifluoroborate (N122.1O2[n-C2F5BF3]): Yield: 90 %, colorless liquid;
1H NMR: d = 1.41 (t, J = 7.2 Hz, 2 � 3H), 3.19 (s, 3H), 3.39 (s, 3H),
3.59 (q, J = 7.2 Hz, 2� 2 H), 3.67 (t, J = 4.8 Hz, 2H), 3.91 ppm (s, 2H);
19F NMR: d = �83.0 (s, 3F; CF3), �135.8 (q, 2J(B,F) = 20.3 Hz, 2 F;
CF2), �152.8 ppm (q, 1J(B,F) = 40.7 Hz, 3F; BF3); 11B NMR: d =


0.15 ppm (qt, 1J(B,F) = 40.8 Hz, 2J(B,F) = 19.1 Hz); FAB-MS: m/z (%):
146 (100) [N122.1O2]


+ , 187 (100) [C2F5BF3]
� ; elemental analysis calcd (%)


for C10H20BF8NO (333.07): C 36.1, H 6.1, N 4.2; found: C 35.8, H 5.9, N
4.1.


N,N,N-Triethyl-N-(2-methoxyethyl)ammonium pentafluoroethyltrifluoro-
borate (N222.1O2[C2F5BF3]): Yield: 90%, colorless liquid; 1H NMR: d =


1.37 (t, J = 7.2 Hz, 3� 3H), 3.38 (s, 3H), 3.56 (q, J = 7.2 Hz, 3� 2H),
3.63 (t, J = 4.8 Hz, 2 H), 3.87 ppm (s, 2H); 19F NMR: d = �83.0 (s, 3 F;
CF3), �135.8 (q, 2J(B,F) = 19.4 Hz, 2F; CF2), �153.0 ppm (q, 1J(B,F) =


39.7 Hz, 3F; BF3); 11B NMR: d = 0.19 ppm (qt, 1J(B,F) = 40.9 Hz,
2J(B,F) = 19.1 Hz); FAB-MS: m/z (%): 160 (100) [N222.1O2]


+ , 187 (100)
[C2F5BF3]


� ; elemental analysis calcd (%) for C11H22BF8NO (347.1): C
38.1, H 6.4, N 4.0; found: C 38.1, H 6.4, N 4.0.


N,N-Diethyl-N-methyl-N-(n-propyl)ammonium (heptafluoro-n-propyl)tri-
fluoroborate (N1223[n-C3F7BF3]): Yield: 88%, white solid; 1H NMR: d =


1.01 (t, J = 7.4 Hz, 3H), 1.41 (t, J = 7.2 Hz, 2 � 3H), 1.88 (m, 2H), 3.15
(s, 3H), 3.38 (m, 2 H), 3.53 (q, J = 7.2 Hz, 2� 2 H); 19F NMR: d = �80.5
(s, 3F; CF3), �127.6 (s, 2F; BCCF2-), �133.8 (s, 2F; CF2B), �152.4 ppm
(q, 1J(B,F) = 40.7 Hz, 3F; BF3); 11B NMR: d = 0.25 ppm (qt, 1J(B,F) =


40.3 Hz, 2J(B,F) = 19.9 Hz); FAB-MS: m/z (%): 130 (100) [N1223]
+ , 237


(100) [C3F7BF3]
� ; elemental analysis calcd (%) for C11H20BF10N (367.08):


C 36.0, H 5.5, N 3.8; found: C 35.8, H 5.2, N 3.9.


N-(n-Butyl)-N,N-diethyl-N-methylammonium (heptafluoro-N-propyl)tri-
fluoroborate (N1224[n-C3F7BF3]): Yield: 88%, white solid; 1H NMR: d =


0.99 (t, J = 7.2 Hz, 3 H), 1.40 (t, J = 7.4 Hz, 2� 3 H), 1.46 (t, J = 7.4 Hz,
2H), 1.82 (m, 2H), 3.12 (s, 3H), 3.38 (m, 2H), 3.50 ppm (q, J = 7.2 Hz,
2� 2H); 19F NMR: d = �80.4 (s, 3F; CF3), �127.5 (s, 2 F; BCCF2-),
�133.7 (s, 2F; CF2B), �152.3 ppm (q, 1J(B,F) = 40.0 Hz, 3 F; BF3);
11B NMR: d = 0.25 ppm (qt, 1J(B,F) = 40.6 Hz, 2J(B,F) = 19.1 Hz);
FAB-MS: m/z (%): 144 (100) [N1224]


+ , 237 (100) [C3F7BF3]
� ; elemental


analysis calcd (%) for C12H22BF10N (381.11): C 37.8, H 5.8, N 3.7; found:
C 37.7, H 5.6, N 3.9.


N,N,N-Trimethyl-N-(2-methoxyethyl)ammonium (heptafluoro-n-propyl)-
trifluoroborate (N111.1O2[n-C3F7BF3]): Yield: 88 %, colorless liquid;
1H NMR: d = 3.36 (s, 3 � 3 H), 3.40 (s, 3H), 3.77 (s, 2 H), 3.95 ppm (s,
2H); 19F NMR: d = �80.5 (s, 3 F; CF3), �127.6 (s, 2F; BCCF2-), �133.7
(s, 2F; CF2B), �152.3 ppm (q, 1J(B,F) = 39.6 Hz, 3F; BF3); 11B NMR: d


= 0.25 ppm (qt, 1J(B,F) = 40.6 Hz, 2J(B,F) = 19.0 Hz); FAB-MS: m/z
(%): 118 (100) [N111.1O2]


+ , 237 (100) [C3F7BF3]
� ; elemental analysis calcd


(%) for C9H16BF10NO (355.03): C 30.5, H 4.5, N 4.0; found: C 30.4, H
4.5, N 4.2.


N-ethyl-N,N-dimethyl-N-(2-methoxyethyl)ammonium (heptafluoro-n-pro-
pyl)trifluoroborate (N112.1O2[n-C3F7BF3]): Yield: 90 %, pale yellow liquid;
1H NMR: d = 1.45 (t, J = 7.1 Hz, 3 H), 3.28 (s, 2 � 3H), 3.39 (s, 3H),
3.65 (q, J = 7.1 Hz, 2 H), 3.72 (t, J = 4.6 Hz, 2 H), 3.93 ppm (s, 2H);
19F NMR: d = �80.5 (s, 3F; CF3), �127.5 (s, 2F; BCCF2-), �133.6 (s,
2F; CF2B), �152.3 ppm (q, 1J(B,F) = 40.6 Hz, 3F; BF3); 11B NMR: d =


0.26 ppm (qt, 1J(B,F) = 40.6 Hz, 2J(B,F) = 19.0 Hz); FAB-MS: m/z (%):
132 (100) [N112.1O2]


+ , 237 (100) [C3F7BF3]
� ; elemental analysis calcd (%)


for C10H18BF10NO (369.05): C 32.5, H 4.9, N 3.8; found: C 32.3, H 4.7, N
4.1.
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N,N-Diethyl-N-methyl-N-(2-methoxyethyl)ammonium (heptafluoro-n-
propyl)trifluoroborate (N122.1O2[n-C3F7BF3]): Yield: 90%, colorless liquid;
1H NMR: d = 1.41 (t, J = 7.3 Hz, 2 � 3H), 3.20 (s, 3H), 3.38 (s, 3H),
3.59 (q, J = 7.2 Hz, 2� 2 H), 3.67 (t, J = 4.8 Hz, 2H), 3.91 ppm (s, 2H);
19F NMR: d = �80.3 (s, 3F; CF3), �127.5 (s, 2F; BCCF2-), �133.7 (s,
2F; CF2B), �152.3 ppm (q, 1J(B,F) = 38.7 Hz, 3F; BF3); 11B NMR: d =


0.25 ppm (qt, 1J(B,F) = 40.6 Hz, 2J(B,F) = 19.0 Hz); FAB-MS: m/z (%):
146 (100) [N122.1O2]


+ , 237 (100) [C3F7BF3]
� ; elemental analysis calcd (%)


for C11H20BF10NO (383.08): C 34.5, H 5.3, N 3.7; found: C 34.8, H 5.4, N
3.6.


N,N,N-Triethyl-N-(2-methoxyethyl)ammonium (heptafluoro-n-propyl)tri-
fluoroborate (N222.1O2[n-C3F7BF3]): Yield: 90 %, colorless liquid;
1H NMR: d = 1.38 (t, J = 7.2 Hz, 3 � 3H), 3.38 (s, 3H), 3.56 (q, J =


7.3 Hz, 3� 2 H), 3.64 (t, J = 4.6 Hz, 2 H), 3.88 ppm (s, 2H); 19F NMR: d


= �80.4 (s, 3 F; CF3), �127.5 (s, 2F; BCCF2-), �133.7 (s, 2 F; CF2B),
�152.5 ppm (q, 1J(B,F) = 40.7 Hz, 3 F; BF3); 11B NMR: d = 0.24 ppm
(qt, 1J(B,F) = 40.3 Hz, 2J(B,F) = 19.1 Hz); FAB-MS: m/z (%): 160 (100)
[N222.1O2]


+ , 237 (100) [C3F7BF3]
� ; elemental analysis calcd (%) for


C12H22BF10NO (397.11): C 36.3, H 5.6, N 3.5; found: C 36.3, H 5.5, N 3.6.


N,N-Diethyl-N-methyl-N-(n-propyl)ammonium (nonafluoro-n-butyl)tri-
fluoroborate (N1223[n-C4F9BF3]): Yield: 90%, white solid; 1H NMR: d =


1.01 (t, J = 7.4 Hz, 3H), 1.42 (t, J = 7.2 Hz, 2 � 3H), 1.86 (m, 2H). 3.15
(s, 3H), 3.38 (m, 2H), 3.53 ppm (q, J = 7.2 Hz, 2� 2 H); 19F NMR: d =


�80.9 (s, 3F; CF3), �123.9 (s, 2F; BCCCF2-), �125.9 (s, 2 F; BCCF2-),
�133.1 (s, 2F; CF2B), �152.2 ppm (q, 1J(B,F) = 40.6 Hz, 3 F; BF3);
11B NMR: d = 0.25 ppm (qt, 1J(B,F) = 40.3 Hz, 2J(B,F) = 19.0 Hz);
FAB-MS: m/z (%): 130 (100) [N1223]


+ , 287 (100) [C4F9BF3]
� ; elemental


analysis calcd (%) for C12H20BF12N (417.09): C 34.6, H 4.8, N 3.4; found:
C 34.3, H 4.7, N 3.4.


N-(n-Butyl)-N,N-diethyl-N-methylammonium (nonafluoro-n-butyl)tri-
fluoroborate (N1224[n-C4F9BF3]): Yield: 92%, white solid; 1H NMR: d =


0.99 (t, J = 7.4 Hz, 3 H), 1.40 (t, J = 7.4 Hz, 2� 3 H), 1.46 (t, J = 7.2 Hz,
2H), 1.82 (m, 2H), 3.14 (s, 3H), 3.41 (m, 2H), 3.52 ppm (q, J = 7.2 Hz,
2� 2H); 19F NMR: d = �80.9 (s, 3 F; CF3), �123.8 (s, 2F; BCCCF2-),
�125.8 (s, 2 F; BCCF2-), �133.0 (s, 2F; CF2B), �152.2 ppm (q, 1J(B,F) =


38.6 Hz, 3F; BF3); 11B NMR: d = 0.25 ppm (qt, 1J(B,F) = 40.3 Hz,
2J(B,F) = 20.0 Hz); FAB-MS: m/z (%): 144 (100) [N1224]


+ , 287 (100)
[C4F9BF3]


� ; elemental analysis calcd (%) for C13H22BF12N (431.12): C
36.2, H 5.1, N 3.3; found: C 36.0, H 5.0, N 3.5.


N,N,N-Trimethyl-N-(2-methoxyethyl)ammonium (nonafluoro-n-butyl)tri-
fluoroborate (N111.1O2[n-C4F9BF3]): Yield: 90%, white solid; 1H NMR: d


= 3.37 (s, 3 � 3H), 3.40 (s, 3H), 3.80 (s, 2 H), 3.96 ppm (s, 2H); 19F NMR:
d = �80.9 (s, 3F; CF3), �123.8 (s, 2F; BCCCF2-), �125.8 (s, 2F; BCCF2-
), �133.0 (s, 2F; CF2B), �152.2 ppm (q, 1J(B,F) = 38.6 Hz, 3F; BF3);
11B NMR: d = 0.25 ppm (qt, 1J(B,F) = 40.3 Hz, 2J(B,F) = 19.0 Hz);
FAB-MS: m/z (%): 118 (100) [N111.1O2]


+ , 287 (100) [C4F9BF3]
� ; elemental


analysis calcd (%) for C10H16BF12NO (405.04): C 29.7, H 4.0, N 3.5;
found: C 29.4, H 3.9, N 3.7.


N-Ethyl-N,N-dimethyl-N-(2-methoxyethyl)ammonium (nonafluoro-n-but-
yl)trifluoroborate (N112.1O2[n-C4F9BF3]): Yield: 90%, pale yellow liquid;
1H NMR: d = 1.46 (t, J = 7.4 Hz, 3 H), 3.29 (s, 2 � 3H), 3.39 (s, 3H),
3.65 (q, J = 7.3 Hz, 2 H), 3.72 (t, J = 4.8 Hz, 2 H), 3.93 ppm (s, 2H);
19F NMR: d = �80.9 (s, 3 F; CF3), �123.8 (s, 2F; BCCCF2-), �125.8 (s,
2F; BCCF2-), �133.0 (s, 2F; CF2B), �152.5 ppm (q, 1J(B,F) = 38.1 Hz,
3F; BF3); 11B NMR: d = 0.25 ppm (qt, 1J(B,F) = 40.3 Hz, 2J(B,F) =


19.9 Hz); FAB-MS: m/z (%): 132 (100) [N112.1O2]
+ , 287 (100) [C4F9BF3]


� ;
elemental analysis calcd (%) for C11H18BF12NO (419.06): C 31.5, H 4.3, N
3.3; found: C 31.2, H 4.3, N 3.7.


N,N-Diethyl-N-methyl-N-(2-methoxyethyl)ammonium (nonafluoro-n-but-
yl)trifluoroborate (N122.1O2[n-C4F9BF3]): Yield: 91%, colorless liquid;
1H NMR: d = 1.41 (m, 2 � 3H), 3.21 (m, 3 H), 3.38 (m, 3H), 3.60 (q, J =


7.2 Hz, 2� 2 H), 3.67 (t, J = 4.8 Hz, 2 H), 3.91 ppm (s, 2H); 19F NMR: d


= �80.9 (s, 3F; CF3), �123.8 (s, 2F; BCCCF2-), �125.8 (s, 2F; BCCF2-),
�133.1 (s, 2F; CF2B), �152.3 ppm (q, 1J(B,F) = 38.7 Hz, 3 F; BF3);
11B NMR: d = 0.23 ppm (qt, 1J(B,F) = 40.3 Hz, 2J(B,F) = 19.0 Hz);
FAB-MS: m/z (%): 146 (100) [N122.1O2]


+ , 287 (100) [C4F9BF3]
� ; elemental


analysis calcd (%) for C12H20BF12NO (433.09): C 33.3, H 4.7, N 3.2;
found: C 33.1; H 4.6, N 3.1.


N,N,N-Triethyl-N-(2-methoxyethyl)ammonium (nonafluoro-n-butyl)tri-
fluoroborate (N222.1O2[n-C4F9BF3]): Yield: 92 %, colorless liquid;
1H NMR: d = 1.36 (t, J = 7.2 Hz, 3 � 3H), 3.36 (s, 3H), 3.54 (q, J =


7.2 Hz, 3� 2 H), 3.63 (t, J = 4.6 Hz, 2 H), 3.86 ppm (s, 2H); 19F NMR: d


= �80.9 (s, 3F; CF3), �123.8 (s, 2F; BCCCF2-), �125.8 (s, 2F; BCCF2-),
�133.0 (s, 2F; CF2B), �152.3 ppm (q, 1J(B,F) = 40.6 Hz, 3 F; BF3);
11B NMR: d = 0.23 ppm (qt, 1J(B,F) = 40.6 Hz, 2J(B,F) = 19.1 Hz);
FAB-MS: m/z (%): 160 (100) [N222.1O2]


+ , 287 (100) [C4F9BF3]
� ; elemental


analysis calcd (%) for C13H22BF12NO (447.12): C 34.9, H 5.0, N 3.1;
found: C 34.9, H 4.8, N 3.2.


Procedure for quaternary ammonium salts with tetrafluoroborate ([QA]
[BF4]): The [QA][BF4] salts were prepared in a 50 mmol scale as follows:
aqueous [QA][OH] was neutralized with equimolar aqueous H[BF4] in a
PFA flask until the pH was �6–7. The solution was evaporated at 30–
40 8C under reduced pressure to give a viscous liquid or solid. If a viscous
liquid was obtained, it was dried at 40 8C for 48 h at room temperature
under vacuum (0.03 Torr), then dissolved in anhydrous acetone (60 mL),
and filtered through a PTFE membrane filter (0.2 mm). The collected so-
lution was evaporated and dried at 80 8C for 48 h under vacuum
(0.03 Torr), yielding a pale yellow or colorless liquid (water content:
�400–600 ppm). If a solid product was obtained, it was recrystallization
from 2-butanol/methanol to give a white solid.


N,N-Diethyl-N-methyl-N-(n-propyl)ammonium tetrafluoroborate
(N1223[BF4]): Yield: 88 %, white solid; 1H NMR: d = 1.01 (t, J = 7.2 Hz,
3H), 1.39 (t, J = 7.2 Hz, 2� 3H), 1.86 (m, 2 H), 3.13 (s, 3H), 3.37 (m,
2H), 3.53 ppm (q, J = 7.3 Hz, 2 � 2H); 19F NMR: d = �150.0 ppm (s);
11B NMR: d = �0.23 ppm (s); FAB-MS: m/z (%): 130 (100) [N1223]


+, 87
(100) [BF4]


� ; elemental analysis calcd (%) for C8H20BF4N (217.06): C
44.3, H 9.3, N 6.5; found: C 43.8, H 9.1, N 6.4.


N-(n-Butyl)-N,N-diethyl-N-methylammonium tetrafluoroborate
(N1224[BF4]): Yield: 91 %, white solid; 1H NMR: d = 0.99 (t, J = 7.4 Hz,
3H), 1.41 (t, J = 7.2 Hz, 2 � 3H), 1.47 (t, J = 7.4 Hz, 2 H), 1.82 (m, 2H),
3.15 (s, 3H), 3.41 (m, 2H), 3.53 ppm (q, J = 7.3 Hz, 2 � 2H); 19F NMR: d


= �150.2 ppm (s); 11B NMR: d = 0.21 ppm (s); FAB-MS: m/z (%): 144
(100) [N1223]


+ , 87 (100) [BF4]
� ; elemental analysis calcd (%) for


C9H22BF4N (231.09): C 46.8, H 9.6, N 6.1; found: C 46.5, H 9.5, N 6.0.


N,N,N-Trimethyl-N-(2-methoxyethyl)ammonium tetrafluoroborate
(N111.1O2[BF4]): Yield: 89%, white solid; 1H NMR: d = 3.34 (s, 3� 3H),
3.40 (s, 3 H), 3.74 (s, 2 H), 3.92 ppm (s, 2H); 19F NMR: d = �149.3 ppm
(s); 11B NMR: d = �0.23 ppm (s); FAB-MS: m/z (%): 118 (100)
[N111.1O2]


+ , 87 (100) [BF4]
� ; elemental analysis calcd (%) for


C6H16BF4NO (205.01): C 35.2, H 7.9, N 6.8; found: C 35.2, H 7.9, N 6.8.


N-Ethyl-N,N-dimethyl-N-(2-methoxyethyl)ammonium tetrafluoroborate
(N112.1O2[BF4]): Yield: 90 %, pale yellow liquid; 1H NMR: d = 1.42 (t, J
= 7.2 Hz, 3 H), 3.24 (s, 2� 3 H), 3.39 (s, 3H), 3.62 (q, J = 7.2 Hz, 2H),
3.69 (t, J = 4.8 Hz, 2 H), 3.90 ppm (s, 2 H); 19F NMR: d = �149.5 ppm
(s); 11B NMR: d = �0.25 ppm (s); FAB-MS: m/z (%): 132 (100)
[N112.1O2]


+ , 87 (100) [BF4]
� ; elemental analysis calcd (%) for


C7H18BF4NO (219.03): C 38.4, H 8.3, N 6.4; found: C 38.4, H 8.8, N 6.4.


N,N-Diethyl-N-methyl-N-(2-methoxyethyl)ammonium tetrafluoroborate
(N122.1O2[BF4]): Yield: 90 %, colorless liquid; 1H NMR: d = 1.39 (t, J =


7.2 Hz, 2� 3 H), 3.15 (s, 3H), 3.38 (s, 3H), 3.57 (q, J = 7.3 Hz, 2 � 2H),
3.63 (t, J = 4.8 Hz, 2 H), 3.88 ppm (s, 2 H); 19F NMR: d = �149.8 ppm
(s); 11B NMR: d = �0.25 ppm (s); FAB-MS: m/z (%): 146 (100)
[N122.1O2]


+ , 87 (100) [BF4]
� ; elemental analysis calcd (%) for


C8H20BF4NO (233.06): C 41.2, H 8.7, N 6.0; found: C 40.9, H 9.2, N 6.0.


N,N,N-Triethyl-N-(2-methoxyethyl)ammonium tetrafluoroborate
(N222.1O2[BF4]): Yield: 92 %, white solid; 1H NMR: d = 1.38 (t, J =


7.2 Hz, 3 � 3H), 3.38 (s, 3H), 3.54 (q, J = 7.2 Hz, 3� 2 H), 3.64 (t, J =


4.8 Hz, 2 H), 3.87 ppm (s, 2H); 19F NMR: d = �150.3 ppm (s);
11B NMR: d = �0.23 ppm (s); FAB-MS: m/z (%): 160 (100) [N222.1O2]


+ ,
87 (100) [BF4]


� ; elemental analysis calcd (%) for C9H22BF4NO (247.09):
C 43.8, H 9.0, N 5.7; found: C 43.9, H 9.4, N 5.7.


Procedure for quaternary ammonium salts with bis(trifluoromethanesul-
fonyl)imide ([QA][TFSI]): The same procedure was followed as used for
the [QA][RFBF3] salts, as described above, except commercial H[TFSI]
was used instead of aqueous H[RFBF3].
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N,N-Diethyl-N-methyl-N-(n-propyl)ammonium bis(trifluoromethanesul-
fonyl)imide (N1223[TFSI]): Yield: 85%, colorless liquid; 1H NMR: d =


1.02 (t, J = 7.4 Hz, 3H), 1.43 (t, J = 7.2 Hz, 2 � 3H), 1.90 (m, 2H), 3.18
(s, 3H), 3.38 (m, 2H), 3.55 ppm (q, J = 7.3 Hz, 2� 2 H); 19F NMR: d =


�78.9 ppm (s); elemental analysis calcd (%) for C10H20F6N2O4S2 (410.4):
C 29.3, H 4.9, N 6.8; found: C 29.1, H 4.9, N 6.9.


N-(n-Butyl)-N,N-diethyl-N-methylammonium bis(trifluoromethanesul-
fonyl)imide (N1224[TFSI]): Yield: 87%, colorless liquid; 1H NMR: d =


0.99 (t, J = 7.4 Hz, 3 H), 1.42 (t, J = 7.2 Hz, 2� 3 H), 1.46 (t, J = 7.4 Hz,
2H), 1.84 (m, 2H), 3.18 (s, 3H), 3.43 (m, 2H), 3.56 ppm (q, J = 7.3 Hz,
2� 2H); 19F NMR: d = �78.9 ppm (s); elemental analysis calcd (%) for
C11H22F6N2O4S2 (424.42): C 31.1, H 5.2, N 6.6; found: C 31.1, H 5.3, N
6.6.


N,N,N-Trimethyl-N-(2-methoxyethyl)ammonium bis(trifluoromethanesul-
fonyl)imide (N111.1O2[TFSI]): Yield: 87%, white solid; 1H NMR: d = 3.39
(m, 4 � 3H), 3.80 (s, 2 H), 3.96 ppm (s, 2 H); 19F NMR: d = �78.9 ppm
(s); elemental analysis calcd (%) for C8H16F6N2O5S2 (398.34): C 24.1, H
4.1, N 7.0; found: C 24.1, H 4.1, N 7.0.


N-Ethyl-N,N-dimethyl-N-(2-methoxyethyl)ammonium bis(trifluorome-
thanesulfonyl)imide (N112.1O2[TFSI]): Yield: 85%, colorless liquid;
1H NMR: d = 1.47 (t, J = 7.2 Hz, 3 H), 3.31 (s, 2 � 3H), 3.39 (s, 3H),
3.67 (q, J = 7.2 Hz, 2 H), 3.74 (t, J = 4.8 Hz, 2 H), 3.94 ppm (s, 2H);
19F NMR: d = �78.9 ppm (s); elemental analysis calcd (%) for
C9H18F6N2O5S2 (412.37): C 26.2, H 4.4, N 6.8; found: C 26.1, H 4.4, N 6.8.


N,N-Diethyl-N-methyl-N-(2-methoxyethyl)ammonium bis(trifluorome-
thanesulfonyl)imide (N122.1O2[TFSI]): Yield: 86%, colorless liquid;
1H NMR: d = 1.44 (t, J = 7.2 Hz, 2 � 3H), 3.24 (s, 3H), 3.39 (s, 3H),
3.62 (q, J = 7.3 Hz, 2� 2 H), 3.71 (t, J = 4.8 Hz, 2H), 3.92 ppm (s, 2H);
19F NMR: d = �78.9 ppm (s); elemental analysis calcd (%) for
C10H20F6N2O5S2 (426.4): C 28.2, H 4.7, N 6.6; found: C 27.9, H 4.8, N 6.6.


N,N,N-Triethyl-N-(2-methoxyethyl)ammonium bis(trifluoromethanesulfo-
nyl)imide (N222.1O2[TFSI]): Yield: 88 %, colorless liquid; 1H NMR: d =


1.40 (t, J = 7.2 Hz, 3� 3H), 3.38 (s, 3H), 3.57 (q, J = 7.2 Hz, 3� 2H),
3.67 (t, J = 4.8 Hz, 2H), 3.89 ppm (s, 2 H); 19F NMR: d = �78.9 ppm
(s); elemental analysis calcd (%) for C11H22F6N2O5S2 (440.42): C 30.0, H
5.0, N 6.4; found: C 29.8, H 4.7, N 6.1.
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Preparation and Multicolor Electrochromic Performance of a WO3/Tris-
(2,2’-bipyridine)ruthenium(ii)/Polymer Hybrid Film


Masayuki Yagi,* Koji Sone, Miki Yamada, and Saori Umemiya[a]


Introduction


There has been much interest in developing low-cost materi-
als with multiple reflective or transmissive colors suitable
for electronic devices, such as displays,[1,2] smart windows,[3,4]


and electronic paper.[5,6] Electrochromic materials may be
ideally suited to meet the needs of these emerging applica-
tions: they are cheap and simple to produce, and they can
provide reasonable contrast in multiple colors.[6–8] Tungsten
trioxide (WO3) is a promising electrochromic material can-
didate for these devices, available at low-cost, with a simple
procedure for film preparation.[9,10] Although WO3 films can


[a] Prof. Dr. M. Yagi, K. Sone, M. Yamada, S. Umemiya
Faculty of Education and Human Sciences and Center
for Transdisciplinary Research
Niigata University, 8050 Ikarashi-2
Niigata 950–2181 (Japan)
Fax: (+81) 25-262-7151
E-mail : yagi@ed.niigata-u.ac.jp


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. XRD data, an
SEM image of a WO3 film, and figures related to the influence of the
hybridization of [Ru(bpy)3]


2+ on the electrochromic performance of
the WO3/HxWO3 redox are available.


Abstract: A tungsten trioxide (WO3)/
tris(2,2’-bipyridine)ruthenium(ii)
([Ru(bpy)3]


2+ ; bpy= 2,2’-bipyridine)/
poly(sodium 4-styrenesulfonate) (PSS)
hybrid film was prepared by electrode-
position from a colloidal triad solution
containing peroxotungstic acid (PTA),
[Ru(bpy)3]


2+ , and PSS. A binary so-
lution of [Ru(bpy)3]


2+ and PTA
(30 vol% ethanol in water) gradually
gave an orange precipitate, possibly
caused by the electrostatic interaction
between the cationic [Ru(bpy)3]


2+ and
the anionic PTA. The addition of PSS
to the binary PTA/[Ru(bpy)3]


2+ so-
lution remarkably suppressed this pre-
cipitation and caused a stable, colloidal
triad solution to form. The spectropho-
tometric measurements and lifetime
analyses of the photoluminescence
from the excited [Ru(bpy)3]


2+ ion in
the colloidal triad solution suggested
that the [Ru(bpy)3]


2+ ion is partially
shielded from electrostatic interaction
with anionic PTA by the anionic PSS
polymer chain. The formation of the
colloidal triad made the ternary


[Ru(bpy)3]
2+/PTA/PSS solution much


more redox active. Consequently, the
rate of electrodeposition of WO3 from
PTA increased appreciably by the for-
mation of the colloidal triad, and fast
electrodeposition is required for the
unique preparation of this hybrid film.
The absorption spectrum of the
[Ru(bpy)3]


2+ ion in the film was close
to its spectrum in water, but the photo-
excited state of the [Ru(bpy)3]


2+ ion
was found to be quenched completely
by the presence of WO3 in the hybrid
film. The cyclic voltammogram (CV) of
the hybrid film suggested that the
[Ru(bpy)3]


2+ ion performs as it is ad-
sorbed onto WO3 during the electro-
chemical oxidation. An ohmic contact
between the [Ru(bpy)3]


2+ ion and the
WO3 surface could allow the electro-
chemical reaction of adsorbed
[Ru(bpy)3]


2+ . The composition of the


hybrid film, analyzed by electron probe
microanalysis (EPMA), suggested that
the positive charge of the [Ru(bpy)3]


2+


ion could be neutralized by partially re-
duced WO3


� ions, in addition to Cl�


and PSS units, based on the charge bal-
ance in the film. The electrostatic inter-
action between the WO3


� ion and the
[Ru(bpy)3]


2+ ion might be responsible
for forming the electron transfer chan-
nel that causes the complete quenching
of the photoexcited [Ru(bpy)3]


2+ ion,
as well as the formation of the ohmic
contact between the [Ru(bpy)3]


2+ ion
and WO3. A multicolor electrochromic
performance of the WO3/[Ru(bpy)3]


2+/
PSS hybrid film was observed, in which
transmittances at 459 and 800 nm could
be changed, either individually or at
once, by the selection of a potential
switch. Fast responses, of within a few
seconds, to these potential switches
were exhibited by the electrochromic
hybrid film.Keywords: electrochemistry ·


electrochromic material · hybrid
film · ruthenium · tungsten trioxide
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be prepared by several techniques, for example, vacuum
evaporation,[11] chemical vapor deposition,[12] sol–gel precipi-
tation,[13] spin-coating,[14] sputtering,[9] and electrodeposi-
tion,[15] simple and low-cost procedures should be selected
for emerging applications.


Electrochemical reduction of a WO3 film in an acidic so-
lution yields a blue film of HxWO3, according to Equa-
tion (1).


WO3 þ xe� þ xHþ Ð HxWO3 ð1Þ


HxWO3 has about 1/3 lower absorption in the range of
~400–500 nm relative to that at ~700–800 nm. Its hybridiza-
tion with another electrochromic material, showing absorp-
tion in the ~400–500 nm range, could produce a promising
electrochromic material with reasonable contrast in multiple
colors. Tris(2,2’-bipyridine)ruthenium(ii) ([Ru(bpy)3]


2+) is a
very stable compound with intense absorption in the metal-
to-ligand charge-transfer (MLCT) band at 453 nm in aque-
ous solution, which is reversibly removed by oxidation to
RuIII. A bilayer of WO3 and the [Ru(bpy)3]


2+ ion dispersed
in a polymer film could be a possible design for multicolor
electrochromic devices. However, the charge transport rate
in [Ru(bpy)3]


2+-dispersed polymer films is not very fast be-
cause the charge transport in the films is basically diffusion-
controlled (the apparent diffusion constant is ~10�9–
10�12 cm2 s�1).[16–18] We prepared a WO3/[Ru(bpy)3]


2+/PSS
(PSS =poly(sodium 4-styrenesulfonate)) hybrid film by
simple electrodeposition from a colloidal triad solution con-
taining peroxotungstic acid (PTA), the [Ru(bpy)3]


2+ ion,
and PSS.[19] Herein, we report the formation of the colloidal
triad solution, a unique preparation of a WO3/[Ru(bpy)3]


2+/
PSS hybrid film, and its multicolor electrochromic perform-
ance with quick response times and high contrast.


Results and Discussion


Investigation of a colloidal triad solution of [Ru(bpy)3]
2+ ,


PTA, and PSS : A binary solution of [Ru(bpy)3]
2+ (1 mm)


and PTA (25mm) in a water/ethanol mix (30 vol% ethanol)
gradually gave an orange precipitate, which is possibly
formed by electrostatic interaction between the cationic
[Ru(bpy)3]


2+ and the anionic PTA. The addition of PSS to
the binary PTA/[Ru(bpy)3]


2+ solution suppressed this pre-
cipitation and resulted in a stable, colloidal triad solution.
This is illustrated by the absorption spectral changes shown
in Figure 1A and B. In the absence of PSS, the absorption
spectrum of the binary solution just after preparation (ab-
sorption spectrum (a) at 0 min in Figure 1A) exhibited a
maximum at lmax =459 nm, compared with lmax =453 nm for
an aqueous [Ru(bpy)3]


2+ solution. The absorbance at lmax


increased with time due to clouding of the solution, up to
20 min, and thereafter decreased due to the formation of
the precipitate, giving an almost colorless solution at
300 min (Figure 1A, spectrum d). The MLCT-excited
[Ru(bpy)3]


2+ ion is known to emit intense phosphorescence


at 590 nm in water at room temperature. In parallel with the
absorption spectral measurement of the binary solution, a
photoluminescence spectral change was also measured, but
emission was not observed at all, as shown by the emission
spectrum in Figure 1A. The solution did not emit even
before the formation of the precipitate (at 20 min), showing
that the photoexcited [Ru(bpy)3]


2+ ion is completely
quenched by the presence of PTA in the binary solution.
This could be ascribed to the strong interaction between
[Ru(bpy)3]


2+ and PTA, most possibly by an electrostatic
force. On the other hand, in the presence of PSS, the ab-
sorption spectra of the ternary solution ([Ru(bpy)3]


2+ , PTA,
and PSS) gave absorption maxima at lmax =454 nm (Fig-
ure 1B). With increased aging time, the maximum absorb-
ance slightly increased and shifted to 459 nm, at which it re-
mained even after 300 min. Correspondingly, the photolumi-
nescence spectra gave intense emission at lmax =595 nm,
which slightly decreased in intensity at 210 min and then re-
mained stable after 300 min (Figure 1B). This is in contrast
to the complete quenching observed in the binary solutions.


To investigate the microscopic environment around the
[Ru(bpy)3]


2+ ions in the colloidal triad solution, the emis-


Figure 1. Absorption spectral change and emission spectral change (Iem:
relative emission intensity) of a solution (30 vol % ethanol in water) con-
taining 1mm [Ru(bpy)3]


2+ and 25 mm PTA: A) in the absence of PSS, and
B) in the presence of 30mm PSS. The solution was diluted by 30 times
just before the measurements. The spectra were taken at a) 0, b) 20,
c) 210, and d) 300 min aging time of the solution.
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sion decay was measured to determine the lifetime (t) of
the photoexcited [Ru(bpy)3]


2+ ions. The lifetime measure-
ments are summarized in Table 1, which also includes the
absorption and emission spectrophotometric data. A single-
exponential fit of the emission decay of the excited
[Ru(bpy)3]


2+ ion in a water/ethanol (30 vol %) mix gave a
lifetime of 560 ns at room temperature. The emission decay
of a binary [Ru(bpy)3]


2+/PSS solution was analyzed by
means of a double-exponential fit, yielding a major long-life-
time component (t1 = 770 ns, 87.3 %) and a minor short-life-
time component (t2 =119 ns, 12.7 %). The major long-life-
time component was 1.4 times longer than that of the
[Ru(bpy)3]


2+ ion in water/ethanol. This could be the result
of a decrease in the nonradiative decay process by p–p in-
teractions between the bpy ligands of [Ru(bpy)3]


2+ and the
4-styrenesulfonate units of PSS.[20] The minor short-lifetime
component could be generated by a concentration-quench-
ing that occurs when complexes are concentrated in an
anionic domain formed by PSS. The emission decay of the
ternary [Ru(bpy)3]


2+/PTA/PSS solution at an aging time of
20 min was also analyzed by a double-exponential fit, yield-
ing a major long-lifetime component (786 ns, 85.3 %) and a
minor short-lifetime component (136 ns, 14.7 %). The life-
times and fractions of both the long- and short-lifetime com-
ponents are close to those of the binary [Ru(bpy)3]


2+/PSS
solution. They did not change when the ternary solution
turned into the colloidal triad solution after aging for
300 min. These results could suggest that the emitting
[Ru(bpy)3]


2+ ions are interacting with PSS by p–p and elec-
trostatic interactions in the colloidal triad solution.


The relative emission yield (Frel) of the [Ru(bpy)3]
2+ ion


in the colloidal triad solution at 300 min was 0.56 versus a
value of 1.00 for the [Ru(bpy)3]


2+ ion in the water/ethanol
mixture. The former value was 42 % of Frel (1.32) for the
binary [Ru(bpy)3]


2+/PSS solution, implying that 42 % of the
[Ru(bpy)3]


2+ complex content in the colloidal solution is
emitting in the PSS domain. It can be concluded that
[Ru(bpy)3]


2+ ions are partially shielded from electrostatic
interaction with PTA molecules by the anionic PSS polymer
chain, suppressing precipitation in the ternary solution.


The formation of the colloidal triad can also be monitored
by using a simple electrochemical technique. Figure 2 shows
the cyclic voltammogram (CV) of the ternary [Ru(bpy)3]


2+/
PTA/PSS solution at different aging times. The CV taken at
zero aging (Figure 2a) showed poor electrochemical reactivi-
ty in a reductive scan. As the aging time increased, the
redox response at �0.5 V became clearly concomitant with


the growth of the cathodic current below �0.8 V; the cause
of this behavior can be assigned to reduction of PTA and/or
protons.[21] The growth of the cathodic current was synchro-
nous with the spectrophotometrically observable formation
of the colloidal triad. The formation of the colloidal triad
made the ternary [Ru(bpy)3]


2+/PTA/PSS solution much
more redox active. Possibly the [Ru(bpy)3]


2+ ion prompts
the aggregation of PTA, resulting in an increase of the
redox potential of PTA to WO3.


The current densities at �1.0 V in the CVs of
[Ru(bpy)3]


2+/PTA/PSS solutions, prepared by using PTA
solutions of different freshness, are plotted versus aging
time in Figure 3, which includes the corresponding data for
a PTA/PSS solution. The current density for the PTA/PSS
solution did not change with aging time up until about
500 min, whereas the current density decreased for the
[Ru(bpy)3]


2+/PTA/PSS solutions, and reached around �2.0
to �2.5 mA cm�2 when the colloid was matured under the
conditions employed. The decrease was observed over a
shorter aging time when older PTA stock solutions were
used (about 420, 300, and 120 min for one-, four-, and
seven-day-old PTA, respectively). Thus, the formation of the
[Ru(bpy)3]


2+/PTA/PSS colloidal triad depended on the
freshness of the PTA used.


Electrodeposition and characterization of a WO3/
[Ru(bpy)3]


2+/PSS hybrid film : A WO3/[Ru(bpy)3]
2+/PSS


hybrid film was successfully produced by a potentiostatic


Table 1. Summary of absorption and emission data of [Ru(bpy)3]
2+ in various solutions at 25 8C.


Aging Absorption Emission
System[a] time labs


max lem
max Frel t1 (%) t2 (%) Aspect


[min] [nm] [nm] [ns] [ns]


[Ru(bpy)3]
2+/PTA/PSS 20 454 595 0.64 786 (85.3) 136 (14.7) solution


300 459 595 0.56 764 (84.6) 160 (15.4) colloidal solution
[Ru(bpy)3]


2+/PTA 20 459 n.e.[b] 0 n.e. solution
[Ru(bpy)3]


2+/PSS 20 453 595 1.32 770 (87.3) 119 (12.7) solution
[Ru(bpy)3]


2+ 20 453 590 1.00 560 (100) solution


[a] 30 vol % ethanol in water. The concentrations of [Ru(bpy)3]
2+ , PTA, and PSS are 0.033, 0.83, and 1.0mm, respectively. [b] n.e. represents no emission.


Figure 2. Change in the cyclic voltammogram of a ternary solution (1 mm


[Ru(bpy)3]
2+ , 25mm PTA, and 30 mm PSS) with aging time (a) 0, b) 175,


and c) 330 min), measured at 100 mV s�1. A four-day-old PTA solution
was used.
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electrodeposition (�0.45 V versus Ag/AgCl) from the colloi-
dal triad solution of [Ru(bpy)3]


2+/PTA/PSS. However, elec-
trodeposition from the ternary solution, before the forma-
tion of the colloidal triad, did not yield a homogeneous
hybrid film of sufficient thickness, showing that the forma-
tion of the colloidal triad is important for preparation of a
homogeneous hybrid film. This can be explained by the ki-
netics of the electrodeposition. The current–time curves
during the potentiostatic electrodeposition (up to
1.0 C cm�2) from the ternary solution at different aging
times are shown in Figure 4. The cathodic current densities


for solutions aged for short times (0 and 3 h) are low
(~�0.059 to �0.20 mAcm�2 after aging for 3 h) relative to
those for long-aged solutions (~�0.61 to �0.73 mA cm�2 for
10 h-aging), in which the colloidal triad has formed. The fast
electrochemical reduction of PTA to WO3 could be required
to incorporate the complex into the hybrid film.


The film thickness was measured by using scanning elec-
tron microscopic and interference spectroscopic techni-
ques.[22] The plot of the film thickness versus the charge per


unit area (Q in C cm�2) applied during the electrodeposition
is shown in Figure 5; it is a straight line with a slope of
0.56�0.024 mmC�1 cm2, indicating that the film thickness is


easily controlled by Q. To check the uniformity of the film
thickness, it was measured at different points in the film by
means of a small monitoring spotlight (circle with roughly a
2 mm diameter). The thickness of the film (prepared by
1.0 C cm�2 electrodeposition) was constant at 0.62�
0.026 mm at the different positions.


The visible absorption spectrum of the hybrid film exhib-
ited a maximum at lmax =459 nm, based on the MLCT tran-
sition of [Ru(bpy)3]


2+ (Figure 6a). This maximum is very
close to that (lmax =453 nm) observed in water (Figure 6b).
A plot of the absorbance at 459 nm versus Q gave a linear
relationship (inset of Figure 6), showing no gradation of the
confinement of [Ru(bpy)3]


2+ ions in the film from the
indium tin oxide (ITO)/film interface to the film surface.


Figure 3. Plots of the current density (j) at �1.0 V for cyclic voltammo-
grams of ternary [Ru(bpy)3]


2+/PTA/PSS solutions, measured under the
same conditions as shown in Figure 2. The solutions used are indicated in
the legend.


Figure 4. Current density–time curves during the electrodeposition of
films from ternary solutions (1 mm [Ru(bpy)3]


2+ , 25 mm PTA, and 30 mm


PSS) having different aging times of a) 0, b) 3, c) 8.5, and d) 10 h. The po-
tentiostatic conditions were �0.45 V versus Ag/AgCl up to 1.0 C cm�2.


Figure 5. A plot of the film thickness (d) of WO3/[Ru(bpy)3]
2+/PSS


hybrid films versus the amount of charge per unit area (Q) passed during
electrodeposition under the conditions given for Figure 4.


Figure 6. Absorption spectra of a) the WO3/[Ru(bpy)3]
2+/PSS hybrid film


and b) [Ru(bpy)3]
2+ in water. The inset shows the plot of absorbance at


459 nm versus Q, under the conditions given for Figure 4.
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The coverage, GRu (in molcm�2), of [Ru(bpy)3]
2+ ions on the


electrode is related to the absorbance by the Lambert–Beer
law: Absorbance=eGRu � 103, where e (in m


�1 cm�1) is the
molecular absorption coefficient of [Ru(bpy)3]


2+ in the
hybrid film at 459 nm. The slope (0.50�0.04 C�1 cm2) of the
line provides GRu/Q= 3.4 �10�8 molC�1, assuming e of
[Ru(bpy)3]


2+ in water is 14 600 m
�1 cm�1 at lmax = 453 nm.


The photoluminescence spectrum of the hybrid film was
measured at the 459 nm excitation, but emission was not de-
tected at all in the range of ~500–800 nm, in contrast to the
intense photoluminescence at 590 nm observed in water.
The photoanodic current generated at the rest potential
(0.4 V versus the saturated calomel reference electrode,
SCE) by visible light irradiation indicated that the quench-
ing of photoexcited [Ru(bpy)3]


2+ ions occurs by means of an
oxidative mechanism by a WO3 matrix.[19] Such efficient
quenching was not caused by a simple physical adsorption
of the [Ru(bpy)3]


2+ ion onto WO3 particles.[19] This result
implies that there is some interaction between [Ru(bpy)3]


2+


and WO3 causing an electron transfer channel to form from
the excited state, possibly to a conduction band of WO3.


A WO3 film on an ITO electrode gave a typical n-type
semiconductor CV, in which any redox wave was not ob-
served above 0.26 V of its flat band (FB) potential (Fig-
ure 7a). The redox below 0.26 V is based on HxWO3/WO3


with an electrochromic performance of blue/colorless. A CV
of the WO3/[Ru(bpy)3]


2+/PSS film on an ITO electrode ex-
hibited a reversible redox wave at 1.03 V on a RuII/RuIII


redox, which is nearly equal to its redox potential (1.06 V)
measured in aqueous solution, in addition to the redox wave
of HxWO3/WO3 (Figure 7b). The potential at the initial rise
of cathodic current on the reduction of WO3 to HxWO3,
shifted from 0.26 to 0.09 V by hybridization with the
[Ru(bpy)3]


2+ ion. As for the potential shift, a possible ex-
planation could be that the over-potential for the reduction
of WO3 increases by some kinetic factor. However, the


cathodic current at �0.5 V was larger (faster reduction)
than that for the WO3 film, which does not suggest an over-
potential increase by some kinetic factor. Another explana-
tion is the shift of the FB potential of WO3 by interaction
with [Ru(bpy)3]


2+ . To evaluate this FB potential shift, the
redox response (redox potential =0.16 V) between Prussian
Blue (PB: ferric ferrocyanide, FeII–FeIII) and Prussian White
(PW: FeII–FeII) was investigated on the WO3 film or the
WO3/[Ru(bpy)3]


2+/PSS hybrid film. The CV of the WO3/PB
bilayer film-coated electrode exhibited a clear redox wave
between PB and PW at 0.16 V, but the CV of the (WO3/
[Ru(bpy)3]


2+/PSS)/PB bilayer-coated electrode did not ex-
hibit this at all.[23] This result demonstrated that the redox
between PB and PW is disturbed by the WO3/[Ru(bpy)3]


2+/
PSS, but not by the WO3 base layer. The hybridization of
WO3 with [Ru(bpy)3]


2+ is considered to shift down the FB
potential of WO3 (0.26 to 0.09 V), preventing the electro-
chemical reduction of PB.


The anodic peak current at 1.03 V, due to RuII/RuIII in the
hybrid film, increased linearly with the scan rate, v (in
V s�1), not with v1/2, in the range of ~5–100 mV s�1. This
shows that the [Ru(bpy)3]


2+ ion performs as it is adsorbed
on the WO3 surface during the electrochemical reaction in
the film. An ohmic contact between [Ru(bpy)3]


2+ ions and
the WO3 surface could allow the electrochemical reaction of
adsorbed [Ru(bpy)3]


2+ ions. The slope of the straight line
gave a coverage on the electrode of GRu =1.3 �
10�8 mol cm�2, based on the equation, ip =n2F2AvGRu/4RT,
where ip, n, F, A, R, and T are the peak current (in A),
number of electrons, Faraday constant, electrode area
(1 cm2), gas constant, and temperature (298 K), respectively.
This value of GRu was identical to that calculated from ab-
sorbance data, showing that the fraction of the electroactive
complex is nearly 100 % in the CV measurements.


The X-ray diffraction (XRD) spectra of the WO3/
[Ru(bpy)3]


2+/PSS hybrid film and the WO3 film were mea-
sured. In neither of these XRD patterns was a peak for any
crystalline WO3 observed, aside from a very weak peak for
the ITO substrate. This shows that amorphous WO3 exists in
the hybrid and WO3 films. However, when these films were
sintered at 550 8C, X-ray peaks due to crystalline phases
were detected at 2q(8)=11.0, 22.0, 23.3, 23.7, 24.5 and 33.1
(see Figure S1 in the Supporting Information).


Scanning electron microscopy (SEM) was used to see the
morphological features of the hybrid film. The � 500 image
at the bulk surface of the hybrid film displays a homogene-
ous morph (Figure 8a), and the magnified image of this
shows the WO3 particles with ~150–500 nm diameter (Fig-
ure 8b). A significant clue to reveal the mode of electro-
deposition of the hybrid film was found when the surface
near the film-edge was observed. The SEM image of this
edge surface displayed the film growing along the film sur-
face (Figure 8c). This mode of growth can lead to a lamina-
tion layer structure of the film (Figure 8d). This lamination
layer structure can be observed in WO3 films prepared from
either a 25 mm PTA solution or a 25 mm PTA/30 mm PSS so-
lution (see Figures S2 and S3 in the Supporting Informa-


Figure 7. Cyclic voltammograms of a) a WO3 film and b) a WO3/
[Ru(bpy)3]


2+/PSS hybrid film, both dipped in a 0.1m KNO3 aqueous so-
lution (pH 1.2) and measured at 100 mV s�1.
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tion), showing that the electrodeposition of WO3 from the
PTA solution yields the structure regardless of the presence
of PSS under the conditions employed.


The local element analysis on the film surface was con-
ducted by an EPMA technique. A wavelength-dispersive
characteristic X-ray (WDX) spectrum of the WO3/
[Ru(bpy)3]


2+/PSS hybrid film revealed peaks due to ele-
ments W, Ru, and Cl[24] from their lmax values, in addition to
peaks due to In and Sn (originating from the ITO sub-
strate), as shown in Figure 9A. The assignment of the peak
at 5.37 � is somewhat unclear, and it could possibly be due
to either a Ka band for S or to some minor band for W.
This assignment is crucial, because the presence of an S ele-
ment signal is evidence of the presence of PSS in the film
and possibly a measure of the local content of PSS. To iden-
tify the peak at 5.37 �, the WDX spectrum of the hybrid
film was measured carefully from 5.2 to 5.6 � with a higher
resolution. It exhibited two distinguishable peaks at 5.35
and 5.37 � (Figure 9B), and was reasonably deconvoluted to
two Gaussian bands that are shown by dotted lines in spec-
trum a; one is a broad band with lmax =5.347 � and a half
bandwidth l1/2 =0.042 �, and the other is a sharp band with
lmax =5.368 � and l1/2 =0.009 �. These broad and sharp
bands were assigned to the elements W and S by comparison
with lmax and l1/2 for W and S standards, as shown in spec-
tra b and c of Figure 9B, respectively. For the W and S stand-
ards, lmax = 5.349 �, l1/2 =0.041 �, and lmax =5.371 �, l1/2 =


0.010 �, respectively. The mapping measurement of S on
the film surface, based on the Ka band for S at 5.368 �, re-
vealed that S was homogeneously distributed in the film.
These results corroborate the fact that PSS is homogeneous-
ly incorporated in the hybrid film.


The deconvolution of a Ka band for S from the WDX
spectrum allowed elemental analysis to be carried out. The


molar ratio of W:Ru:Cl:S was 130:6.2:0.31:1. This was given
from the intensity ratio of La bands of W and Ru, at 1.48
and 4.85 �, respectively, a Ka band of Cl at 4.73 �, and a
deconvoluted Ka band of S at 5.368 �. The elemental analy-
sis indicated that there was a higher content of cationic
[Ru(bpy)3]


2+ than the sum of the contents of anionic Cl�


and PSS units, even when the peak intensity error is consid-
ered. The positive charge of the [Ru(bpy)3]


2+ ions must be
compensated by some sort of anionic species, to account for
charge balance in the hybrid film. The positive charge of the
[Ru(bpy)3]


2+ ion could be neutralized by a partially reduced
WO3


� ion that could be stabilized by electrostatic interac-


Figure 8. SEM images of a WO3/[Ru(bpy)3]
2+/PSS hybrid film. a) Bulk


surface (� 500, scale bar 10 mm), b) magnified bulk surface (� 20000, scale
bar 1 mm), c) surface near edge (� 500, scale bar 10 mm), and d) surface at
edge (� 500, scale bar 10 mm).


Figure 9. A) A wavelength dispersive characteristic X-ray (WDX) spec-
trum (I : Intensity) of the WO3/[Ru(bpy)3]


2+/PSS hybrid film. The spec-
trum between 4.0 and 6.0 � was scaled up five times in intensity. B) A
highly resolved WDX spectrum in the range of ~5.2–5.6 � of a) the
WO3/[Ru(bpy)3]


2+/PSS hybrid film, b) a tungsten standard, and c) a
sulfur standard. In a), the dotted curves are deconvoluted Gaussian
bands, and the dashed line is a simulation spectrum. The Gaussian bands
were deconvoluted by using the converted energy dispersive spectrum.
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tion with the [Ru(bpy)3]
2+ ions in the film. This electrostatic


interaction might be responsible for the electron transfer
channel that causes the complete quenching of the photoex-
cited [Ru(bpy)3]


2+ ion, as well as the formation of the
ohmic contact between the [Ru(bpy)3]


2+ ion and WO3.


Multicolor electrochromic performance of the WO3/
[Ru(bpy)3]


2+/PSS hybrid film : The multicolor electrochro-
mic performance of the WO3/[Ru(bpy)3]


2+/PSS hybrid film
is shown by the transmittance spectra in Figure 10. Under


an applied potential of �0.5 V, the color of the film was
green with low transmittance (T) values of 30 and 33 % at
459 and 800 nm, responsible for absorptions by [Ru(bpy)3]


2+


and HxWO3, respectively. On applying 0.4 V, T at wave-
lengths greater than 550 nm increased to more than 86 %
due to oxidation of HxWO3 to WO3, giving a yellow film. In
a successive potential switch to 1.5 V, T at 459 nm increased
to 78 %, resulting in a colorless film. Figure 11 shows the T


changes caused by switching the applied potential in a dual-
wavelength mode of 459 and 800 nm. The transmittance at
800 nm decreased from 89 to 34 % with a potential switch
from 0.4 to �0.5 V, and reversed back to the original T
value by switching the potential back to 0.4 V (Figure 11a).
Although T at 459 nm underwent an 8 % change during this
potential switch due to an absorption tail of HxWO3, this
change was very low relative to that at 800 nm (55 %). Con-
versely, T at 459 nm increased from 39 to 77 % by a poten-
tial switch from 0.4 to 1.5 V, and was returned to the original
T value by switching back to 0.4 V, while there was no
change in the T value at 800 nm during these switches (Fig-
ure 11a). Thus, the transmittance values at 459 and 800 nm
can be individually changed by potential switches. Simulta-
neous and reversible changes in T at 459 and 800 nm can be
caused by a potential switch between �0.5 V and 1.5 V (Fig-
ure 11b). The quick response (less than a few seconds) of
each change in transmittance was demonstrated. These fast-
response changes in transmittance in the dual-wavelength
mode are the special features of this WO3/[Ru(bpy)3]


2+/PSS
hybrid film. Such performance characteristics can not be ob-
tained by using an additive combination of a WO3 film and
[Ru(bpy)3]


2+-dispersed solid films.
Preliminary, potential-step chronoamperometric measure-


ments for the hybrid film revealed very fast charge transport
by oxidation of RuII to RuIII, with an apparent diffusion con-
stant (Dapp) of ~1.5–3.2 �10�7 cm2 s�1, depending on the ter-
minal potential, in the potential step from 0.4 V (initial po-
tential) to ~1.3–1.8 V (terminal potential). The Dapp values
are two to five orders of magnitude higher than those in
[Ru(bpy)3]


2+/polymer films (~10�9–10�12 cm2 s�1),[16–18] which
are well studied as electrochromic films under the compara-
tive conditions of 1 mm film thickness and 2.3 � 10�8 mol of
[Ru(bpy)3]


2+ ion coverage. In [Ru(bpy)3]
2+/polymer films,


charge transport is basically diffusion-controlled, and Dapp is,
in principle, independent of the terminal potential if it is suf-
ficiently higher than the redox potential of RuII/RuIII. This
result implies a specific mechanism of charge transport in
the hybrid film, detailed studies on which will be reported
elsewhere.[25]


Conclusion


The preparation of a WO3/[Ru(bpy)3]
2+/PSS hybrid film was


reported. It was formed by simple electrodeposition on an
ITO electrode from a colloidal triad solution containing per-
oxotungstic acid, [Ru(bpy)3]


2+ , and PSS. The formation of
the colloidal triad solution was investigated in detail by
using UV/Vis absorption, emission spectroscopic, and elec-
trochemical techniques. PSS suppressed the precipitation
that is possibly caused by the cationic [Ru(bpy)3]


2+ and
anionic PTA, to give a stable, colloidal triad solution. The
hybrid film was characterized by using UV/Vis absorption,
spectroscopic, electrochemical, scanning electron microscop-
ic, and electron probe microanalysis techniques. The hybrid
film demonstrated a quick response in its multicolor electro-


Figure 10. Transmittance spectra of the WO3/[Ru(bpy)3]
2+/PSS hybrid


film on applying potentials of a) �0.5 V, b) 0.4 V, or c) 1.5 V, versus SCE.


Figure 11. The transmittance change of the WO3/[Ru(bpy)3]
2+/PSS hybrid


film by potential switches of 0.4 V!�0.5 V!0.4 V!1.5 V!0.4 V (a),
and �0.5 V!1.5 V!�0.5 V (b). Full and open circles are transmittance
changes at 459 and 800 nm, respectively.
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chromic performance. The hybrid film is expected, as a mul-
ticolor electrochromic material, to find application in elec-
tronic devices such as displays, smart windows, and electron-
ic papers. The preparation technique could initiate produc-
tion of a wide range of WO3-based films, hybridized with
functional molecules and polymers.


Experimental Section


Materials : [Ru(bpy)3]Cl2·6H2O and PSS (MW=70000) were purchased
from Aldrich Chemical Co., Inc. and used as-received. Tungsten powder
and hydrogen peroxide (30 %) were purchased from Kanto Kagaku Co.,
Ltd.


Preparations :Preparation of the colloidal triad solution of [Ru(bpy)3]
2+ ,


PTA, and PSS : In the preparation of a PTA solution, tungsten powder
(0.92 g, 5.0 mmol) was dissolved in the hydrogen peroxide solution
(30 %), and then excess hydrogen peroxide was decomposed by Pt black.
Ethanol was added to stabilize the PTA solution, finally giving a water/
ethanol mixture (30 vol % ethanol) containing 50mm PTA.[26] This so-
lution was used as a stock solution. [Ru(bpy)3]


2+ and PSS solutions were
added to this PTA stock solution to prepare a solution containing 1mm


[Ru(bpy)3]
2+ , 25 mm PTA, and 30 mm PSS. After standing the solution at


room temperature, it turned into a colloidal triad solution of
[Ru(bpy)3]


2+ , PTA, and PSS. The standing time depended on the fresh-
ness of the PTA stock solution. More than 10 h were needed to give the
colloidal triad solution if very fresh PTA stock solution (several hours
old) was used, whereas 5 h were needed if four-day-old PTA solution was
used. However, two-week-old PTA solution no longer produced a colloi-
dal triad solution, but rather led immediately to precipitation.


Preparation of the WO3/[Ru(bpy)3]
2+/PSS hybrid film : A conventional,


single-compartment electrochemical cell was equipped with an ITO
working electrode, an Ag/AgCl reference electrode, and a platinum wire
counter electrode for the electrodeposition. Typically, the WO3/
[Ru(bpy)3]


2+/PSS hybrid film was electrodeposited from the colloidal
triad solution (1 mm [Ru(bpy)3]


2+ , 25mm PTA, and 30 mm PSS), with stir-
ring, on an ITO electrode under the potentiostatic conditions: �0.45 V
versus Ag/AgCl, up to 1.0 C cm�2. The hybrid film was cathodically polar-
ized at �0.5 V versus SCE in a 0.1 m HNO3 aqueous solution, to complete
the electrodeposition of PTA. As a comparison, a WO3 film was pre-
pared on an ITO electrode under the same conditions from a water/etha-
nol mix (30 vol % ethanol) containing 25 mm PTA and 30mm PSS.


Measurements : For spectrophotometrical measurements, the colloidal
triad solution was diluted by 30 times just before the measurement was
taken, to gain a spectroscopically analyzable spectrum. UV/Vis absorp-
tion and emission spectra were measured by a photodiode-array spectro-
photometer (Shimadzu, Multispec-1500) and a fluorescence spectrometer
(Hitachi F-4010), respectively. The lifetime of the photoexcited
[Ru(bpy)3]


2+ ion was analyzed from the phosphorescence decay at
590 nm, measured by a time-correlated, single-photon counting apparatus
(IBH, 5000F), equipped with a nanoflash lamp. To measure the film
thickness, a spectrophotometer with a charge-coupled device (CCD)
(Lambda vision, SA-100) and film thickness analysis software (Lambda
vision, TF-Lab) were used. X-ray diffraction (MAC Science, MX labo),
scanning electron microscopy (JEOL, JSM-6400), and electron probe mi-
croanalysis (Shimadzu, EPMA-8750) characterization techniques were
used. Cyclic voltammograms were measured by using a single-compart-
ment electrochemical cell equipped with an ITO, or the hybrid film-
coated ITO working electrode, an Ag/AgCl or SCE reference electrode,
and a platinum wire counter electrode. All the electrochemical experi-
ments were carried out under an argon atmosphere by using an electro-
chemical analyzer (Hokuto Denko, HZ-3000). Spectroelectrochemical
measurements were conducted by combining the photodiode array spec-
trophotometer with the electrochemical analyzer.
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Phase Relationships and Thermodynamic Interactions of Isotactic
Poly(1-butene) and Organic Solvent Systems**


Urszula Domańska* and Marta Karolina Kozłowska[a]


Introduction


To predict the various thermodynamic properties of petrole-
um mixtures that are necessary for processing design in both
the production and refining of crude oils, accurate knowl-
edge of their basic physical properties and phase equilibria
is important. Most of the methods used in the predictions
and correlations of the thermodynamic properties of fuel ad-
ditives, such as ethers or alcohols, which can enhance the
octane rating and reduce pollution effects, may incur signifi-
cant errors. The work described herein deals only with
binary mixtures of a polymer additive, which can be used to
enhance the lubricating properties of gasoline and motor
oils. The properties investigated were the solid–liquid equili-
bria (SLE) and the activity coefficients in saturated solution.
An accurate estimation of the solubilities of the polymer ad-


ditives is important in a number of reservoir engineering
calculations of the modified gasoline. Thus an estimation of
the interactions between isotactic poly(1-butene) and hydro-
carbons representative of petrol is very important if the
physical properties of gasoline are to be improved.


Isotactic poly(1-butene), iPBu-1, is a crystalline polyolefin
and is a major commodity polymer; it has excellent physical
properties and can improve the properties of polymer
blends. The polymorphic transformations[1] of isotactic iPBu-
1 increase its possible applications. Firstly, properly moulded
and processed objects made from iPBu-1 have very good re-
sistance to creep and environmental stress cracking.[2a]


Moreover, in some cases, such as in low temperature appli-
cations, iPBu-1 is preferred to isotactic polypropylene and
poly(4-methyl-1-pentene) in the production of house fur-
nishing, electrical apparatus and automotive parts in which
high impact resistance is needed.[2b] It has also been found
that the polybutene group compound can be applied to wa-
terproof telecommunication cables.[2c]


Isotactic poly(1-butene) can exist in several different crys-
talline forms which differ in their chain conformation and,
as a result, their unit-cell geometry and symmetry.[1e–l] How-
ever, only Forms I and II have been detected in melt-crystal-
lised samples in quiescent conditions. Form I[1a, f, i] has a hex-
agonal unit cell and is obtained by the spontaneous crystal–


Abstract: Isotactic crystalline low-mo-
lecular-weight poly(1-butene), iPBu-1,
was synthesised by using a metallocene
catalyst. The molecular weight was de-
termined by GPC. The chemical struc-
ture of iPBu-1 was verified by using
high-temperature 13C NMR spectrosco-
py and the thermal properties by differ-
ential scanning calorimetry (DSC). The
(solid+liquid) equilibria, SLE, of iPBu-1
with different hydrocarbons (n-hexa-
decane, 1-heptene, 1-heptyne, cyclo-
pentane, cyclohexane, cycloheptane, cy-
clooctane, benzene and propylbenzene)


were studied by a dynamic method. By
performing these experiments over a
large concentration range, the tempera-
ture–mole fraction phase diagrams of
the polymer–solvent systems could be
constructed. From these diagrams it
was found that iPBu-1 had the highest
solubility in small-ring cycloalkanes


and the lowest in n-hexadecane, 1-hep-
tyne and benzene in the mole fraction
range measured. The excess Gibbs
energy models were used to describe
the nonideal behaviour of the liquid
phase and to estimate the solubility of
iPBu-1 in the whole mole fraction
range. Activity coefficients at infinite
dilution of polymer and solvent were
determined from the solubility meas-
urements and were predicted by using
the UNIFAC FV model and molecular
Monte Carlo simulations.
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crystal transformation of Form I’ or II. Form I exhibits a
high crystalline density and a melting temperature about
13 K higher than that of Form II. Form II[1e, g] has a tetrago-
nal unit cell and is the kinetically favoured form obtained
by melt crystallisation. Upon ageing at room temperature, it
slowly transforms into the more stable Form I.[1b, d] Form I’
has an untwinned hexagonal unit cell and can be obtained
by melt crystallisation of an iPBu-1 solution or by polymeri-
sation of 1-butene.[1d] The crystal forms and possible trans-
formations of iPBu-1 as well as the influence of n-alkanes
on polymer behaviour have been discussed in a previous
paper.[3]


Recent industrial applications of poly(1-butene) have in-
creased the demand for physicochemical and thermodynam-
ic data for this polymer. The thermodynamic phase behav-
iour of a polymer–solvent system is very important in every
polymer application. Phase diagrams of many polymer–sol-
vent diluent systems have been determined visually or by
other optical techniques, such as optical microscopy and
light scattering,[4] and also by differential scanning calorime-
try (DSC).[5] Furthermore, of these methods, being fast and
precise, thermal analysis is the most convenient one by
which to study the transformations of iPBu-1 in polymer sol-
utions. DSC is a well-known experimental technique by
which to study (solid+liquid) demixing (crystallisation)[4c]


and the vitrification[4a, 5b, 5d] of (liquid+liquid) demixed poly-
mer solutions. Berghmans and co-workers[5] have also used
DSC to determine the (liquid+liquid) equilibrium tempera-
ture. Their results were in very good agreement with the op-
tical observations.


The main focus of this work was to obtain a low-molecu-
lar-weight isotactic poly(1-butene) and to determine experi-
mentally the (solid+liquid) phase diagrams of the SLE of
iPBu-1 with different hydrocarbons at normal pressure by
using a dynamic method. The organic solvents that have
been studied are important components of gasoline and
motor oils. One of the challenges in engineering is to predict
solid–liquid phase transitions in poly(1-olefin) solutions.
These data are usually difficult to predict or correlate with
the equations of state. The SAFT equation of state has been
found to represent fluid–liquid and solid–liquid phase transi-
tions only in high-pressure polyolefin solutions.[6] Group-
contribution activity coefficient models have been used to
describe the nonideal behaviour of the liquid phase of semi-
crystalline polymers with different degrees of crystallinity
and molecular weight in different solvents.[7] Recently, new
entropic polymer models which predict solvent activity coef-
ficients in binary systems that contain polymers have been
developed.[8] The shape of the phase diagrams of polymer
blends is strongly influenced by the molecular-weight distri-
bution of the polymers, especially for low-molecular-weight
polymers. A useful discussion has been presented on the use
of group-contribution activity coefficient models [the
UNIFAC and entropic-FV (free volume) models] to predict
the solubility and liquid-phase nonideality of polymers.[7]


The main aim of the work described herein was to use
excess Gibbs energy models to correlate the liquidus curve
of a semicrystalline polymer in solvent and to estimate the
polymer solubility for the whole mole fraction from 0 to 1.
Finally, the polymer activity coefficients are discussed.


Results and Discussion


Synthesis of poly(1-butene): Isotactic iPBu-1 (Figure 1) was
produced as fine white granules of various diameters. The
high-temperature 13C NMR spectrum of the product is
shown in Figure 2. There are four peaks in the aliphatic
region. The peaks observed at d= 40.0 and 34.8 ppm have
been assigned to the main chain carbons C1 and C2, respec-
tively. The peak observed at d=27.6 ppm was assigned to
C3, which is the side chain methylene carbon directly
bonded to the main chain of the isotactic structure. The
peak observed at d= 10.4 ppm was assigned to C4, which is
the methyl carbon in the ethylene side chain. This data is in


Abstract in Polish: Przeprowadzono syntezę izotaktycznego,
krystalicznego poli(1-butenu), iPBu-1, o niskim ciężarze
cząsteczkowym stosując katalizator metalocenowy. Wyzna-
czono rozkład ciężarów cząsteczkowych za pomocą chroma-
tografii żelowej (GPC). Strukturę nowo otrzymanego polime-
ru zweryfikowano przy użyciu wysokotemperaturowego
13C NMR oraz różnicowej kalorymetrii skaningowej (DSC).
Następnie zbadano stosując metodę dynamiczną rozpusz-
czalność iPBu-1 w 9 różnych węglowodorach (n-heksadekan,
1-hepten, 1-heptyn, cyklopentan, cykloheksan, cykloheptan,
cyklooktan, benzen, n-propylobenzen), będących związkami
modelowymi składników benzyny. Dla tych układów otrzy-
mano wykresy fazowe T - x, z których wynika, iż iPBu-1 wy-
kazuje najlepszą rozpuszczalność w cykloalkanach o małym
pierścieniu, a najgorszą w n-heksadekanie, 1-heptynie lub
benzenie. Do opisu odchyleń od doskonałości fazy ciekłej za-
stosowano modele nadmiarowej energii Gibbsa. Mając para-
metry korelacji krzywych likwidusu wyznaczono rozpusz-
czalność iPBu-1 we wszystkich węglowodorach w całym za-
kresie ułamka molowego. Wyznaczano także współczynniki
aktywności polimeru i rozpuszczalnika w rozcieńczeniu nie-
skończenie wielkim z pomiarów rozpuszczalności oraz z
przewidywania modelem UNIFAC FV i metodą symulacji
molekularnej Monte Carlo.


Figure 1. The chemical structure of the isotactic poly(1-butene).
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good agreement with the low-temperature 13C NMR spec-
trum of iPBu-1 reported in the literature.[9] Thus the main
information on the isotacticity of the synthesised polymer is
provided by the 13C NMR spectra and the melting tempera-
ture of the isomer. It is well known that the melting temper-
ature is strongly dependent on the configurational regularity
of the chain. The melting temperature of the syndiotactic
poly(1-butene) is about 325 K,[9] whilst isotactic poly(1-
butene) (Form II) melts at 363.5 K.[3] The molecular-mass
distribution of iPBu-1 obtained after 24 h of reaction, as de-
termined by gel-permeation chromatography, is presented in
Table 1.


Differential scanning calorimetry : Multiple endotherms
were detected in the first heating cycle of the DSC experi-
ments performed on pure iPBu-1.[3] This was attributed to
the solid–liquid phase transition at the melting temperature
and to the solid–solid phase transition of the well-known
polymorphic forms: Form II!Form I’. After the next few
heating cycles for the same sample, one new endotherm was
detected,[3] which was attributed to the transformation of
iPBu-1 into the new high-temperature crystalline form:
Form I. Table 2 lists the melting parameters for the
(solid+liquid) phase transition of Form I: the onset temper-
ature and enthalpy were obtained from the DSC thermo-
gram after the fifth heating cycle of pure iPBu-1 of 100 %
crystallinity per unit of polymer.[3] The melting parameters for
the (solid+liquid) and solid–solid phase transitions of Form


II!Form I’ and the onset temperatures and enthalpies, were
discussed in our previous paper.[3] The molar volume for the
twinned hexagonal modification (Form I) was assumed to
be 20 % lower [Vm1(I)sc =49.13 cm3 mol�1] than the molar
volume of the tetragonal modification (Form II) [Vm1(II)sc =


61.41 cm3 mol�1] which was calculated from Equation (1),[10]


where Vm1a is the molar volume of the rubbery amorphous
polymer at 298.15 K (Vm1a = 65.24 cm3 mol�1) and c is the
degree of crystallinity (0<c�1). The degree of crystallinity
c for Form I is 0.62.[3] The molar volumes for the hydrocar-
bons (n-hexadecane, 1-heptene, 1-heptyne, cyclopentane, cy-
clohexane, cycloheptane, cyclooctane, benzene and propyl-
benzene) are presented in Table 3.


Vmla=Vmlsc ¼ 1ð1�0:0103cÞ ð1Þ


(Solid+liquid) equilibria : Dynamic experiments were per-
formed over a large concentration range at 291–398 K in
order to construct phase diagrams for the (iPBu-1+hydro-
carbon) system. The experimental data correspond to the
crystalline form (Form I) of iPBu-1. The melting tempera-
ture of Form I (376.83 K) of pure iPBu-1 was measured
after the fifth heating cycle. The results of the solubility
measurements, the equilibrium temperatures, TI, and the
corresponding activity coefficients, g1, at specific mole frac-
tions of the crystallographic modification of iPBu-1 (Form I)
x1, are presented in Table 4. The solid–liquid equilibria dia-
grams of iPBu-1 (1)+n-hexadecane, n-octadecane,[3] and cy-
clooctane (2) are shown as examples in Figure 3 for the con-
centration range measured.


Figure 2. High-temperature 13C NMR spectrum of iPBu-1.


Table 1. Molecular characteristics of iPBu-1.[a]


t [h] 24


Mn [Da] 18708
Mw [Da] 35102
Mw/Mn 1.8760


[a] t, reaction time in hours; Mn, number average molecular weight of
polymer; Mw, weight average molecular weight of polymer; Mw/Mn, poly-
dispersity index.


Table 2. Physical constants[a] for iPBu-1 (Form I) per polymer unit.[3]


Tfus,1(I) [K] DfusH1(I) [J mol�1] Vm1(I)sc
[b] [cm3 mol�1]


376.83 4348.78 49.13


[a] Tfus,1(I), melting temperature; DfusH1(I), enthalpy of fusion;
Vm1(I)sc


298.15, molar volume for 62% crystallinity. [b] At 298.15 K. The
unit mol refers to the monomer.


Table 3. Molar volumes of solvents, Vm
298.15.[11a]


Solvent Vm
298.15 [cm3 mol�1] Solvent Vm


298.15 [cm3 mol�1]


n-hexadecane 294.11[11b] cycloheptane 121.70[11c]


1-heptene 141.76 cyclooctane 134.83[11d]


1-heptyne 132.05[11b] benzene 89.41
cyclopentane 94.72 propylbenzene 140.41[11e]


cyclohexane 108.75


Figure 3. The solubilities of iPBu-1 in three hydrocarbons (n-hexadecane,
n-octadecane,[3] and cyclooctane). The solid lines are derived from poly-
nomial correlations.
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The experimental phase diagrams of the SLE that have
been investigated in this work are mainly characterised by
the following:


1. Negative deviations from ideality were found for all of
the mixtures. Thus, the solubility was higher than the
ideal one and the activity coefficients were much less
than one, g1 !1 (see Table 4).


2. Generally, the solubility of iPBu-1 decreases as the
number of carbon atoms in the solvent increases (see
Figure 3 and Figure 4); the polymer was observed to
have the highest solubility in cyclopentane (Table 4) in
the measured mole fraction range.


3. iPBu-1 is more soluble in cycloheptane than in 1-hep-
tene or 1-heptyne (Figure 5), especially at higher concen-
trations. This may be explained by the fact that a poly-


Table 4. Experimental solid–liquid equilibrium temperatures, T, and the experimental activity coefficients, g1, for the polymer in [iPBu-1[a] (1)+hydrocar-
bon (2)] systems.


x1 TI [K] g1 x1 TI [K] g1 x1 TI [K] g1


n-hexadecane
0.0007 292.0 2.55 × 10�49 0.0038 334.0 1.18 × 10�22 0.0087 347.5 5.47 × 10�15


0.0008 292.1 2.68 × 10�49 0.0046 334.4 1.71 × 10�22 0.0091 347.2 7.81 × 10�15


0.0011 307.2 3.66 × 10�39 0.0050 335.9 1.27 × 10�21 0.0115 347.8 4.00 × 10�14


0.0014 310.1 2.73 × 10�37 0.0053 337.7 1.40 × 10�20 0.0130 351.6 8.09 × 10�13


0.0017 318.3 4.62 × 10�32 0.0059 341.5 2.39 × 10�18 0.0155 356.4 3.82 × 10�10


0.0020 321.2 2.63 × 10�30 0.0064 342.1 5.01 × 10�18 0.0183 360.0 3.47 × 10�08


0.0025 327.6 2.29 × 10�26 0.0074 343.0 1.46 × 10�17 1.0000 376.8[b] 1.00
0.0029 329.4 2.49 × 10�25 0.0078 346.4 1.36 × 10�15


1-heptene
0.0011 280.5 1.03 × 10�57 0.0013 310.4 4.73 × 10�37 0.0016 321.0 2.31 × 10�30


0.0011 295.2 3.17 × 10�47 0.0013 313.0 2.08 × 10�35 0.0018 329.2 3.08 × 10�25


0.0011 296.6 2.77 × 10�46 0.0014 315.0 4.40 × 10�34 0.0019 330.9 2.99 × 10�24


0.0012 300.6 1.34 × 10�43 0.0014 316.7 5.20 × 10�33 1.0000 376.8[b] 1.00
0.0013 304.3 3.85 × 10�41 0.0015 318.7 9.04 × 10�32


1-heptyne
0.0008 291.5 1.15 × 10�49 0.0013 318.4 6.53 × 10�32 0.0021 331.4 5.18 × 10�24


0.0009 298.5 7.31 × 10�45 0.0013 320.1 8.12 × 10�31 0.0023 332.7 2.92 × 10�23


0.0009 299.5 3.11 × 10�44 0.0016 322.4 1.92 × 10�29 0.0024 335.6 3.19 × 10�21


0.0011 303.5 1.39 × 10�41 0.0016 324.8 6.32 × 10�28 0.0026 336.0 2.91 × 10�21


0.0011 308.8 5.03 × 10�38 0.0017 325.3 2.32 × 10�27 0.0026 337.0 1.08 × 10�20


0.0011 310.0 2.91 × 10�37 0.0019 328.8 1.53 × 10�25 1.0000 376.8[b] 1.00
0.0012 316.1 2.28 × 10�33 0.0020 329.6 4.21 × 10�25


cyclopentane
0.0010 298.7 9.05 × 10�45 0.0010 300.7 2.08 × 10�43 0.0017 305.0 8.93 × 10�41


0.0010 299.4 2.59 × 10�44 0.0013 302.8 3.87 × 10�42 1.0000 376.8[b] 1.00
cyclohexane


0.0010 304.2 4.39 × 10�41 0.0019 311.6 1.74 × 10�36 0.0026 317.7 1.25 × 10�32


0.0013 306.3 9.45 × 10�40 0.0021 312.9 1.11 × 10�35 0.0027 318.6 4.23 × 10�32


0.0016 310.5 4.59 × 10�37 0.0023 315.2 3.44 × 10�34 1.0000 376.8[b] 1.00
cycloheptane


0.0014 306.5 8.62 × 10�47 0.0042 326.0 1.26 × 10�27 0.0077 340.5 4.45 × 10�19


0.0016 307.6 5.02 × 10�39 0.0049 328.0 1.89 × 10�26 0.0086 340.9 7.55 × 10�19


0.0017 313.0 1.67 × 10�35 0.0051 330.2 4.48 × 10�25 0.0089 342.0 2.97 × 10�18


0.0021 314.7 1.68 × 10�34 0.0053 330.4 5.06 × 10�25 0.0109 344.4 6.55 × 10�17


0.0023 316.4 1.91 × 10�33 0.0058 334.5 1.53 × 10�22 0.0128 353.6 1.25 × 10�11


0.0028 319.5 1.58 × 10�31 0.0059 335.4 5.34 × 10�22 1.0000 376.8[b] 1.00
0.0034 320.4 5.00 × 10�31 0.0076 339.3 8.82 × 10�20


cyclooctane
0.0018 316.4 2.68 × 10�33 0.0057 332.3 6.95 × 10�24 0.0118 347.6 4.32 × 10�15


0.0021 318.2 2.96 × 10�32 0.0065 335.8 8.67 × 10�22 0.0133 348.5 1.36 × 10�14


0.0027 320.7 9.97 × 10�31 0.0080 339.6 1.32 × 10�19 0.0158 352.2 1.60 × 10�12


0.0039 325.8 1.03 × 10�27 0.0085 342.3 5.22 × 10�18 0.0165 354.4 2.66 × 10�11


0.0042 327.3 8.66 × 10�27 0.0092 343.5 2.34 × 10�16 0.0187 355.6 1.09 × 10�10


0.0050 328.7 4.88 × 10�26 0.0097 345.2 2.23 × 10�16 0.0232 357.1 6.59 × 10�10


0.0054 330.5 6.24 × 10�25 0.0111 345.5 3.00 × 10�16 1.0000 376.8[b] 1.00
benzene


0.0012 320.1 8.84 × 10�31 0.0020 327.3 1.77 × 10�26 0.0032 335.8 1.61 × 10�21


0.0012 322.5 2.70 × 10�29 0.0028 334.3 2.41 × 10�22 1.0000 376.8[b] 1.00
propylbenzene


0.0001 321.2 8.21 × 10�29 0.0022 325.5 1.26 × 10�27 0.0072 328.7 3.61 × 10�26


0.0006 322.9 1.04 × 10�28 0.0033 327.3 1.06 × 10�26 1.0000 376.8[b] 1.00
0.0009 323.6 1.96 × 10�28 0.0050 328.4 3.15 × 10�26


0.0017 324.7 4.83 × 10�28 0.0057 328.5 3.54 × 10�26


[a] The crystallographic phase of iPBu-1, Form I. [b] DSC measurements.
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mer is a macromolecule built from chains that are swol-
len when the solvent concentration in the mixture is low.
Cycloheptane is an example of a cyclic solvent that pen-
etrates into the macromolecule’s chains. The chains
straighten as the solvent content in the mixture increases
and a macromolecule is more soluble in a linear solvent
even with double or triple carbon�carbon bonds (see
Figure 5).


4. iPBu-1 is more soluble in cyclohexane than in benzene
or propylbenzene (see Figure 4).


5. Generally, the differences in the solubilities of iPBu-1 in
the various hydrocarbons in the measured mole fraction
range are noticeable but very small.


The solubility measurements of crystalline polymers are
usually presented as the temperature, T, as a function of the
weight fraction of the polymer, which is more appropriate
for high-molecular-weight compounds. The solubilities of


iPBu-1 in three different hydrocarbons (an alkane, a cycloal-
kane and an aromatic solvent) are compared in Figure 6 to-
gether with a correlation of the liquidus curves.


Correlation of solid–liquid equilibria : From the equality of
the fugacities of the polymer in the crystalline (S) and so-
lution (L) phases we have Equation (2), where x1 is the
mole fraction of the polymer, g1 is the activity coefficient of
the polymer in solution, fS is the fugacity of the solid poly-
mer and fL is the fugacity of the subcooled liquid polymer,
which is used as the standard state fugacity to which g1


refers.


f S ¼ x1g1f L ð2Þ


The solubility of a polymer (1) in a liquid that undergoes
a solid–solid phase transition before fusion may be ex-
pressed in a very general manner by Equation (3). The solu-
bility equation at temperatures below that of the phase tran-
sition must include the effect of the transition.[12] The result
for the first-order transition is given in Equation (3), where
x1, g1, DfusH1, DfusCp1, Tfus,1 and T represent the mole fraction,
activity coefficient, enthalpy of fusion (100 % crystallinity),
the difference between the heat capacity of the polymer in
the solid and liquid states at the melting temperature, the
melting temperature of the solute (1) and the equilibrium
temperature, respectively. DtrH1 (100% crystallinity) and
Ttr,1 represent the enthalpy of the solid–solid transition and
the transition temperature of the polymer, respectively.
Equation (3) is valid for simple eutectic mixtures with com-
plete immiscibility in the solid phase and full miscibility in
the liquid phase. In this work the eutectic point for all the


Figure 4. The solubilities of iPBu-1 in three hydrocarbons (cyclohexane,
benzene and propylbenzene). The solid lines are derived from poly-
nomial correlations.


Figure 5. The solubilities of iPBu-1 in three hydrocarbons (1-heptene, 1-
heptyne and cycloheptane). The solid lines are derived from polynomial
correlations.


Figure 6. The solubilities of iPBu-1 in three hydrocarbons (n-hexadecane,
cyclooctane or benzene) presented as the temperature versus weight frac-
tion of iPBu-1. The solid lines are derived from the correlation with the
UNIQUAC equation.
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measured systems was at very low temperatures, that is,
below the melting point of the solvent, and at very low poly-
mer concentrations (close to zero). Physical data for 62 %
crystalline iPBu-1 per unit and for the hydrocarbon solvents
are presented in Table 2 and Table 3, respectively. The
molar volume of the crystalline, twinned Form I was as-
sumed to be 20 % lower than that of Form II, as was dis-
cussed previously. DfusCp1 for the crystallographic form (I) is
the difference between the solid and liquid state heat ca-
pacities at the melting temperature. The values of the solid
and liquid heat capacities at 298.15 K were calculated by a
group-contribution method and were extrapolated to the
melting temperature of the polymer. The results are present-
ed in Table 5. The need to use the DfusCp1 term in Equa-


tion (3) when the solubility is to be evaluated at low temper-
atures has been discussed previously.[7] For a semicrystalline
polymer, Equations (2) and (3) may be presented as Equa-
tion (4),[6b, 7] where c is the degree of crystallinity of the solid
semicrystalline polymer and u is the degree of polymeri-
sation. The degree of polymerisation is given by u= Mn/
Mmer =333.43. The chemical potential of the polymer and
lnx1g1 are proportional to the degree of polymerisation, u.


�ln x1g1 ¼
DfusH1


R


�
1
T
� 1


T fus,1


�


þDtrH1


R


�
1
T
� 1


T tr,1


�
�DfusCp1


R


�
ln


T
T fus,1


þT fus,1


T
�1
� ð3Þ


ln
f S


f L ¼ ln x1g1 ¼ c � u
�


ln
f S


f L


�
cryst:unit ð4Þ


In this study three correlating equations were used to de-
scribe the Gibbs excess energy, GE: the Wilson,[13a] UNI-
QUAC[13b] and NRTL[13c] models. The exact mathematical
forms of these equations were presented in our previous
paper.[13d] The pure component structural parameters r
(volume parameter) and q (surface parameter) in the UNI-
QUAC equation were obtained by means of the following
simple relationships [Eq. (5) and Eq. (6)],[13e] where Vmi is
the molar volume of the pure component i at 298.15 K
(Form I), Z is the coordination number, assumed to be
equal to 10, and li is the bulk factor; it was assumed that li =


0 for chain-like molecules and li =1 for cyclohydrocarbons.
Model parameters were found by minimisation of the objec-


tive function W using Marquardt’s algorithm [Eq. (7)],[14]


where n is the number of experimental points and Texp
i and


Tcal
i denote, respectively, the experimental and calculated


equilibrium temperatures corresponding to the concentra-
tion x1i. P1 and P2 are the model parameters that result from
the minimisation procedure. The root-mean-square devia-
tion of temperature was defined by Equation (8).


ri ¼ 0:029281Vmi ð5Þ


qi ¼
ðZ�2Þri


Z
þ 2ð1�liÞ


Z
ð6Þ


W ¼
Xn


i¼1


½Ti
exp�Ti


calðx1i,P1,P2Þ�2 ð7Þ


sT ¼
�Xn


i¼1


ðTi
exp�Ti


calÞ2
n�2


�
0:5 ð8Þ


The calculations were carried out by using the molar vol-
umes for the polymer and hydrocarbons presented in
Table 2 and Table 3, respectively. Each equation that was
used has two adjustable parameters per binary mixture
except for the NRTL equation in which an additional pa-
rameter, a12, a constant of proportionality similar to the non-
randomness constant, was set to a12=a21 =0.8, 0.95 or 0.5.


Equation (3) was used for the correlation of the experi-
mental points on the assumption that the mixtures under
study exhibit a single eutectic; this was confirmed in our
previous work in which the solubilities of iPBu-1 in n-alka-
nes were measured by the DSC method.[3] In particular the
eutectic point for the (iPBu-1+n-tricosane) system was de-
scribed in detail.[3]


Table 6 shows the results of the correlation of the solubili-
ty data obtained by using the Wilson, UNIQUAC and
NRTL equations. The values of the model parameters are
shown together with the corresponding root-mean-square
deviations, sT. For the cyclic and aromatic hydrocarbons, an
acceptable description of the (solid+liquid) equilibrium was
obtained with all three equations and the average standard
deviation, sT, was 2.5 K. Note, however, that for most of the
systems tested the best mathematical description was ob-
tained by using the UNIQUAC model.


The SLE data for solutions with high concentrations of
polymer are very difficult to measure experimentally. Thus
the results of the correlations may be used to estimate the
solubility of such solutions. In fact, this is the easiest way to
estimate the solubility of the polymer at higher concentra-
tions. The results obtained with the UNIQUAC and Wilson
equations are presented in Table 7. For example, for ben-
zene mole fractions x1 =0.5 and x1 =0.8 the transition tem-
peratures are 376.0 and 376.6 K, respectively.


As expected, the lower the temperature, the lower the sol-
ubility and, as can be seen from Equation (3), the lower the
fS/fL ratio. Figure 7, Figure 8 and Figure 9 show the variation
of the logarithm of the activity of the solid polymer per
structural unit (for crystalline Form I) versus Tfus/T, as ex-
pressed by Equation (3), which represents a measure of the


Table 5. Heat capacities [J mol�1 K�1] at 298.15 K and at the melting tem-
perature.[a]


Cpl
S(298.15 K)[b] Cpl


L(298.15 K)[b] Cpl
S[Tm1(I)][c] Cpl


L[Tm1(I)][c] DfusCpl(I)[d]


97.2 118.65 120.91 131.72 10.81


[a] Cpl
S, in the solid phase; Cpl


L, in the liquid phase; DfusCpl, difference be-
tween the solid and liquid heat capacities of the polymer at the melting
temperature per unit of polymer. [b] Calculated by the group-contribution
method.[10] [c] Calculated from the polynomial.[10] [d] Calculated at the
melting temperature.[10]
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polymer subcooling. These curves exhibit minimal concave
character similar to the results obtained with the total solu-
bility equation (without the term for the solid–solid phase
transition) by Harismiadis and co-workers.[7] The logarithm
of iPBu-1 activity per structural unit, ln (fS/fL)cryst.unit, in all
hydrocarbons decreases monotonically with decreasing mole
fraction of the polymer (see Figure 7, Figure 8 and
Figure 9).


The infinite dilution activity coefficients could also be ob-
tained by extrapolating values of the correlation of the ex-
perimental data. By using two equations, UNIQUAC and


Table 6. Correlation of the solubility data, the SLE, of [iPBu-1 (1)+hydrocarbon (2)] by means of the Wilson, UNIQUAC and NRTL equations: values
of parameters and measures of the standard deviations.


Parameters [J mol�1] Deviations [K]
Solvent Wilson UNIQUAC NRTL[a] Wilson UNIQUAC NRTL[a]


g12–g11 Du12 Dg12 sT
[b] sT


[b] sT
[b]


g12–g22 Du21 Dg21


hexadecane 1440.66
�1294.27


4613.33
�2450.41


�10172.70
9687.95


9.5 5.2 8.1


1-heptene �333.22
297.86


– �10198.36
10968.58


13.0 – 9.1


1-heptyne �1019.86
927.28


– �8893.27[c]


9678.53[c]
12.0 – 9.3[c]


cyclopentane �1089.93
965.80


1557.02
�834.82


�14150.70[d]


�15185.11[d]
0.84 0.60 0.58[d]


cyclohexane �1063.39
953.60


2416.83
�1335.43


�10055.50
�5221.71


2.2 0.78 0.96


cycloheptane �915.71
823.79


3080.42
�1708.97


�10240.72
9113.04


6.1 2.9 4.7


cyclooctane �1035.94
943.61


2493.73
�1502.22


�10 087.75
8086.90


3.6 1.6 3.9


benzene �2690.94
2490.80


3523.25
�1348.31


�9905.44
8902.73


4.4 1.0 3.8


propylbenzene – �1006.66
1566.68


– – 2.5 –


[a] Calculated with the third nonrandomness parameter a=0.8. [b] According to Equation (3) in the text. [c] Calculated with the third nonrandomness
parameter a=0.95. [d] Calculated with the third nonrandomness parameter a= 0.5.


Table 7. Predicted solid–liquid equilibrium temperatures, TI (crystallo-
graphic phase, Form I), for [iPBu-1 (1)+hydrocarbon (2)] systems.


x1 TI [K] x1 TI [K]


n-hexadecane
0.035 371.8 0.500 376.1
0.100 374.9 0.700 376.3
0.300 375.5


1-heptene
0.038 360.0 0.500 376.1
0.100 370.2 0.700 376.5
0.300 375.0


1-heptyne
0.043 362.2 0.500 376.0
0.100 370.4 0.700 376.3
0.300 375.0


cyclopentane
0.020 346.2 0.500 376.0
0.049 363.6 0.700 376.5
0.200 373.7


cyclohexane
0.021 349.0 0.500 376.0
0.050 365.0 0.700 376.5
0.200 373.8


cycloheptane
0.100 370.8 0.500 376.0
0.300 375.1 0.800 376.6


cyclooctane
0.100 370.6 0.500 376.0
0.300 375.1 0.700 376.5


benzene
0.020 354.6 0.500 376.0
0.063 367.8 0.800 376.6
0.200 373.7


propylbenzene
0.020 348.5 0.500 376.0
0.073 368.0 0.800 376.6
0.300 374.9


Figure 7. The logarithm of the activity of the solid polymer in saturated
solutions of n-hexadecane, cyclopentane, cyclooctane and propylbenzene
per structural unit versus Tfus/T. The degree of crystallinity is 62 %.
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Wilson, the “experimental” activity coefficients at infinite
dilution of polymer, glexp


¥, and solvent, g2exp
¥, were calculat-


ed for x1 =0 and x2 = 0, respectively.
Many combinatorial-free-volume expressions have been


proposed for polymer solutions in the last 10 years. The
UNIFAC-FV model was used in this work to predict the sol-
vent activity coefficients, g2exp


¥, at infinite dilution.[5a,b] For
comparison, the molecular Monte Carlo simulation (MS)
method was also used to study the polymer–solvent systems
following a method proposed by Sheng et al.[15] for bead-
spring polymers dissolved in a monomeric solvent as a func-
tion of the number of beads in the polymer. The chain-in-
crement method was used for chain lengths up to 60. The
simple expression for g2pred


¥, the activity coefficient of a sol-
vent in polymer, according to Sheng et al. is shown in the
footnotes to Table 8. The solvent weight-fraction activity co-
efficients, W2exp


¥ and W2pred
¥, were calculated and are pre-


sented in Table 8 together with other values discussed
above. However, only the activity coefficients at infinite di-
lution obtained by using the Wilson equation are given be-
cause the other values differ from the predicted one (for the
solvent) about 90 % of the time. For example, in cyclopen-
tane g2exp


¥=4.51 (UNIQUAC model) whilst the predicted
value, g2pred


¥
, is 0.0127. Wilson’s equation appears to provide


a good representation of the excess Gibbs energies for a va-
riety of miscible mixtures and is particularly useful for solu-
tions with nonpolar solvents. One can assume that the best
description would be obtained from a correlation of the ex-
perimental data by using the local composition model with a
free volume term (LCM FV), however the results given by
the Wilson model are acceptable.


The values of the polymer activity coefficients, presented
in Table 8 as lng1exp


¥, are very small and range from �62 to
�111. Values of the experimental solvent activity coeffi-
cients, g2exp


¥, are comparable with solutions of other poly-
mers, for example, 0.0287 for iPBu-1/n-hexadecane and
0.0262 for iPBu-1/cyclohexane, whilst values of 0.0882 and
0.0095 are given for polyethylene(PE: 7400)/n-dodecane[17a]


and PE(35 000)/cyclohexane, respectively.[17a] The experi-
mental solvent weight-fraction activity coefficients at


Figure 8. The logarithm of the activity of the solid polymer in saturated
solutions of cyclohexane and benzene per structural unit versus Tfus/T.
The degree of crystallinity is 62 %.


Figure 9. The logarithm of the activity of the solid polymer in saturated
solutions of 1-heptene, 1-heptyne and cycloheptane per structural unit
versus Tfus/T. The degree of crystallinity is 62 %.


Table 8. Activity coefficients for iPBu-1 solutions with hydrocarbons at infinite dilution.[a]


Solvent Lng1exp
¥ [b] g2exp


¥ [b] g2pred
¥ [c]/AD [%] g2pred


¥ [d]/AD [%] W2exp
¥ [e] W2pred


¥ [f]


n-hexadecane �88.3 0.0287 – 0.0532/85.5 2.37 –
1-heptene �96.9 0.0263 0.0214/18.6 0.0230/12.2 5.00 4.09
1-heptyne �79.9 0.0315 – 0.0226/28.3 6.12 –
cyclopentane �111 0.0230 0.0127/44.8 0.0165/28.4 6.13 3.39
cyclohexane �96.9 0.0262 0.0139/46.9 0.0198/24.7 5.83 3.09
cycloheptane �91.0 0.0279 – 0.0230/17.3 5.31 –
cyclooctane �77.6 0.0323 – 0.0263/18.5 5.39 –
benzene �61.9 0.0399 0.0184/53.9 0.0183/54.0 9.55 4.40


[a] Lng1exp
¥, logarithm of the experimental polymer activity coefficients; g2exp


¥, experimental, and g2pred
¥, predicted (with the UNIFAC-FV model or by


using the molecular-simulation-based equation) solvent activity coefficients; AD, absolute percentage deviation between experimental and predicted
values; W2exp


¥, experimental, and W2pred
¥, predicted (with the UNIFAC-FV model) weight-fraction activity coefficients. [b] Calculated from the correlation


with the Wilson equation. [c] Calculated according to the formula g2pred
¥=W2pred


¥M2


M1
, assuming the solvent weight fraction is equal to zero; W2pred


¥ was pre-
dicted by using the UNIFAC FV model at room temperature (298.15 K).[16] [d] Predicted according to the molecular-simulation-based equation g2pred


¥=


4.391/n,[15] where n is the ratio between the polymer and the solvent molecular weights. [e] Calculated according to the formula W2exp
¥= g2exp


¥M2


M1
, assuming


the solvent weight fraction is equal to zero.[16] [f] Values predicted by the UNIFAC FV model at room temperature (298.15 K).[16]
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298.15 K, W2exp
¥, presented in Table 8 are, for example, 5.83


for iPBu-1/cyclohexane and 9.55 for iPBu-1/benzene. These
data are comparable to the literature values for polyisobuty-
lene (PIB) at 323.2 K: 4.56 for PIB(53000)/cyclohexane[17b]


and 5.90 PIB(53000)/benzene.[17c] Recently it was stated[17a]


that the infinite dilution solvent weight-fraction-based activi-
ty coefficients, W2pred


¥, of a polyolefin could be assumed to
be constant (4.39), independent of the system, the polymer
molecular weight and temperature. This is valid for poly-
mers like PE and PIB with normal and cycloalkanes.[17a] Our
values range from 2.37 (n-hexadecane) to 6.13 (cyclopen-
tane). Both models, UNIFAC FV and MS, underestimate
the infinite dilution solvent activity coefficients measured in
the experimental procedure (correlated values) with the ex-
ception of n-hexadecane (MS method).


Conclusion


Isotactic low-molecular-weight poly(1-butene) was obtained
by using a metallocene catalyst. The characteristics of the
polymer were established by GPC, 13C NMR spectroscopy
and DSC. The temperature and enthalpy of fusion of the
crystallographic form (I) of the polymer were determined.
Polymer iPBu-1 was used directly to study the mutual influ-
ence of different hydrocarbons on the macromolecule in
binary mixtures using the dynamic method presented in our
previous work.[3] From the thermodynamic point of view
Form I has to be accepted as the stable form relative to
Forms II and I’ (metastable forms).[3] On the basis of the dy-
namic method, the main conclusion found was that the solu-
bility of iPBu-1 in different hydrocarbons increases as the
solvent molecular weight decreases. No miscibility gap in
the liquid phase was observed for iPBu-1 in nine different
hydrocarbons in the range of the experiment. It has been
shown that the correlation of the SLE in polymer solutions
with activity coefficient models can be obtained with reason-
able accuracy although the results were much worse than
those obtained for typical organic mixtures. High negative
deviations from ideality were observed, which are typical of
polymer solutions. Figure 10 shows as an example the com-
plete calculated liquidus curve of iPBu-1 in cyclooctane to-
gether with experimental points and calculated ideal solubil-
ity.


In most reports in the literature the effects of the heat ca-
pacities at the melting point were neglected. It has been
shown herein that it is possible to extrapolate DfusCp1 to the
melting temperature and perform the calculations more
properly. Qualitative predictions of polymer-–solution solu-
bility at higher temperatures and concentrations have also
been presented. The accuracy of the predictions depended,
as expected, on the model used to describe the nonideality
of the liquid phase (here Wilson and UNIQUAC work quite
well) and also on the solid polymer data. The predicted sol-
ubilities were very similar in the different solvents, which
are considered to be model components of gasoline. The sol-
ubility data of gasoline additives should result in improved


physical properties of gasoline and motor oil ; this will be
the subject of further investigations on such systems.


Experimental Section


Materials : 1-Butene (99+ %, 106-98-9), toluene (99.5+ %, 108-88-3), n-
hexadecane (99%, 544-76-3), 1-heptene (97%, 592-76-7), 1-heptyne
(98%, 628-71-7), cycloheptane (99%, 291-64-5), benzene (99%, 71-43-2)
and propylbenzene (98%, 103-65-1) were purchased from Aldrich Chem-
ical Company. Cyclopentane (99.8%, 287-92-3) was purchased from
Merck & Co., Inc. and cyclohexane (99%, 110-82-7) from Int. Enzymes
Limited. Cyclooctane (>99%, 292-64-8) was purchased from Janssen
Pharmaceutica Products, L.P. 1,2-Ethylenebis(5-indenyl)zirconium di-
chloride (catalyst) and methylaluminoxane (MAO), 30 wt.% solution in
toluene (Al 5100/30T, pure, 120144-90-3), were purchased from WITCO
Eurocen. All the solvents were fractionally distilled over different drying
reagents to a mass-fraction purity better than 0.998 and 0.999. Liquids
were stored over freshly activated molecular sieves of type 4A (Union
Carbide).


Synthesis of poly(1-butene): Low-molecular-weight isotactic poly(1-
butene) was synthesised as follows: the reaction was carried out under
conditions free of water and oxygen. An autoclave (600 mL) equipped
with stirrer, thermocouple, heating jacket, manometer and pressure
gauges was filled with dry 1-butene (2 atm), solvent (toluene, 300 mL)
and MAO (2.0 × 10�2 mol) and after 10 min of mixing a catalyst (2.0×
10�5 mol) was added. The reaction was carried out for 1, 1.5, 2 or 24 h at
303.15 K.[3] The reaction was completed by the addition of methanol and
then the mixture was washed with 5 % HCl/methanol solution to remove
any residual catalyst. The differences in the molecular-mass distribution
after the different reaction times were not significant. In this paper the
final form of the polymer obtained after 24 h of reaction was used.


Gel-permeation chromatography: The molecular-mass distribution of
iPBu-1 obtained after 24 h is presented in Table 1. GPC was performed
at 408.15 K with a Waters GPC 150CV chromatograph equipped with a
Styragel HT4 MS column by using atactic polystyrene as the standard
and 1,2,4-trichlorobenzene as the eluent.
13C NMR spectroscopy: The high-temperature 13C NMR spectrum was
obtained on a VARIAN GEMINI-200BB spectrometer at 413.15 K using


Figure 10. Schematic diagram of the (solid+liquid) equilibrium for the
[iPBu-1(1)+cyclooctane (2)] binary mixture. The solid line is derived
from the correlation by the UNIQUAC equation. The dotted line repre-
sents ideal solubility.
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4 mm o.d. tubes inset in 5 mm o.d. tubes. In the thinner one was pure
iPBu-1 and in the thicker one was dimethyl sulfoxide (DMSO) used as
the internal reference. Also the low-temperature 13C NMR spectrum was
obtained on the same apparatus using 5 mm tubes with deuteriated ben-
zene as the solvent and TMS as the internal reference. The sample con-
centrations were approximately 50 mg/2.5 mL.


Differential scanning calorimetry : The thermal properties of iPBu-1 were
studied by using a Differential Scanning Microcalorimeter Perkin-Elmer
Pyris 1 calibrated against an indium sample with 99.9999 mol % purity.
Five scans were performed from room temperature to 393.15 K and the
samples then cooled with air. All heating cycles were performed at a rate
of 2 K min�1. The calorimetric accuracy was �1 % and the calorimetric
precision was 0.5%.


Dynamic method : Solid+liquid equilibrium temperatures were deter-
mined by using a dynamic method which has been described in detail
previously.[18] The samples (the mixtures of iPBu-1 and a solvent) placed
in a thermostatted, Pyrex glass cell were first heated quickly to achieve
dissolution and then after crystallisation in the solvent the samples were
heated again very slowly (at less than 2 K h�1 near the equilibrium tem-
perature) with continuous stirring. The temperature at which the crystal
disappeared during the second or third heating cycle was detected visual-
ly and measured with an electronic thermometer P 500 (DOSTMANN
electronic GmbH) with the probe totally immersed in the thermostatted
liquid. The accuracy of the temperature measurements was �0.01 K. The
error in the mole fraction did not exceed dx1 = 0.0005.
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Synthesis of a New Chiral Source, (1R,2S)-1-Phenylphospholane-2-carboxylic
Acid, via a Key Intermediate a-Phenylphospholanyllithium Borane Complex:
Configurational Stability and X-ray Crystal Structure of an
a-Monophosphinoalkyllithium Borane Complex


Xiang-Min Sun,[a] Kei Manabe,[a] William W.-L. Lam,[a] Nobuyuki Shiraishi,[a]


Jun Kobayashi,[a] Motoo Shiro,[b] Hiroaki Utsumi,[c] and Shu Kobayashi*[a]


Introduction


The design and synthesis of chiral phosphine ligands have
played significant roles in the development of efficient tran-
sition-metal-catalyzed asymmetric reactions.[1] Among them,
P-stereogenic tertiary phosphines provide one of the most


important and promising ligands.[2] On the other hand, pro-
line is an efficient chiral source because it can be a ligand or
a starting material of ligands for metal catalysts in asymmet-
ric reactions,[3] and, in addition, proline itself can be an ef-
fective organocatalyst for several asymmetric transforma-
tions such as aldol, Mannich, and Michael reactions.[4] In
aiming to develop a new chiral source, we designed a new
type of P-stereogenic phosphine, (1R,2S)-1-phenylphospho-
lane-2-carboxylic acid (1), which is a phosphorus analogue
of proline and is expected to have similar steric factors and
different electronic effects than proline.[5] A retrosynthetic
route to compound 1 is outlined in Scheme 1, in which 1
would be obtained from its borane complex 2 by deborona-
tion, and 2 would be obtained from the phenylphospholane
borane complex 3 by deprotonation–carboxylation through
a key intermediate, namely the a-monophosphinoalkyllithi-
um borane complex 4.


a-Monophosphinoalkyllithium borane complexes are
some of the most important intermediates for the synthesis


[a] X.-M. Sun, Prof. Dr. K. Manabe, Dr. W. W.-L. Lam, N. Shiraishi,
J. Kobayashi, Prof. Dr. S. Kobayashi
Graduate School of Pharmaceutical Sciences
The University of Tokyo
Hongo, Bunkyo-ku, Tokyo 113–0033 (Japan)
Fax: (+81)3-5684-0634
E-mail : skobayas@mol.f.u-tokyo.ac.jp


[b] M. Shiro
X-ray Research Laboratory
Rigaku Corporation
Matsubaracho 3–9–12, Akishima, Tokyo 196–8666 (Japan)


[c] H. Utsumi
JEOL Ltd.
Musashino 3–1–2, Akishima, Tokyo 196–8558 (Japan)


Abstract: A synthetic route to enantio-
merically pure (1R,2S)-1-phenylphos-
pholane-2-carboxylic acid (1), which is
a phosphorus analogue of proline, has
been established. A key step is the de-
protonation–carboxylation of the 1-
phenylphospholane borane complex 3
by using sBuLi/1,2-dipiperidinoethane
(DPE). Configurational stability of the
key intermediate, the amine-coordinat-
ed a-phosphinoalkyllithium borane
complex 4, was investigated by employ-
ing lithiodestannylation–carboxylation
of both diastereomers of the 1-phenyl-
2-trimethylstannylphospholane borane
complex 7 in the presence of several


kinds of amines, and as a result, 4 was
found to be configurationally labile
even at �100 8C. The key intermediate,
the DPE-coordinated trans-1-phenyl-2-
phospholanyllithium borane complex 9,
was isolated, and the structure was
identified by X-ray crystal structure
analysis. This is the first X-ray crystal
structure determined for an a-mono-
phosphinoalkyllithium borane complex.


Remarkably, the alkyllithium complex
is monomeric and tricoordinate at the
lithium center with a slightly pyrami-
dalized environment, and the existence
of a Li�C bond (2.170 E) has been
confirmed. Moreover, 1H–7Li HOESY
and 6Li NMR analyses suggested the
structure of 9 in solution as well as the
existence of an equilibrium between 9,
its cis isomer, and the ion pair 8 at
room temperature, which was extreme-
ly biased towards 9 at �100 8C. Finally,
1 was used as a chiral ligand in a palla-
dium-catalyzed allylic substitution, and
the desired product was obtained in
high yield with good enantioselectivity.


Keywords: asymmetric allylic
substitution · boranes ·
carboxylation · chiral phosphine ·
deprotonation · transmetalation
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of chiral phosphines including P-stereogenic phosphine li-
gands.[6] To develop an efficient stereoselective synthetic
route to 1, however, deeper understanding of the stereo-
chemical behavior and structure of the phosphinoalkyllithi-
um borane complexes is desirable. Although there are sever-
al papers dealing with the stereochemical behavior of alkyl-
lithium compounds such as a-oxyalkyllithium compounds
and a-aminoalkyllithium compounds,[7] only one paper on
that of a-phosphinoalkyllithium borane complexes at �20 8C
has been reported.[8a] Furthermore, X-ray crystal structural
information on these compounds is completely lacking
except that of the bis(dimethylphosphino)methyllithium
borane complex, which forms an independent anion (with
no carbon–lithium bond) stabilized by the two adjacent
Me2(BH3)P groups.[9] Herein, we report the synthesis of a
new chiral source 1, and the configurational stability and the
structure of the key intermediate a-monophosphinoalkyl-
lithium 4. A preliminary study on the asymmetric catalysis
using 1 is also presented.


Results and Discussion


Synthesis of enantiomerically pure 1: To find an efficient
method for synthesizing enantiomerically pure 1, we first in-
vestigated deprotonation–carboxylation reactions of 3 in the
absence or presence of an amine at �78 8C.[10] The reaction
was conducted as follows: to an Et2O solution of an amine,
a hexane–cyclohexane solution of sBuLi was added at
�78 8C, and after 1 h, an Et2O solution of 3 was added.
After 1.5 h, the mixture was trapped with CO2 (gas). Ac-
cordingly (Table 1), when 1,2-dipiperidinoethane (DPE) was
used as the ligand for lithium, the 1-phenylphospholane-2-
carboxylic acid borane complex, (� )-2-mixture (a mixture
of the two diastereomers), was obtained in high yield; how-
ever, the diastereoselectivity was low (Table 1, entry 3).[11]


The use of different amines did not affect the diastereoselec-
tivity.
In spite of extensive efforts, it was revealed at this stage


that the diastereoselective synthesis of the trans-1-phenyl-
phospholane-2-carboxylic acid borane complex ((� )-2) was
difficult to achieve. We then tried to obtain diastereomeri-
cally pure material by fractional recrystallization. Fortunate-


ly, (� )-2 (trans/cis=>100/1) was obtained by simple recrys-
tallization from CHCl3 (Scheme 2). The relative stereochem-
istry was determined by X-ray structure analysis of (� )-2.[12]


Furthermore, enantiomerically pure 2 was obtained after op-
tical resolution with quinine in good yield. Esterification
with (+)-menthol was performed to determine the absolute
configuration of 2 ([Eq. (1); DCC=dicyclohexylcarbodi-
imide, DMAP=4-dimethylaminopyridine]). Although sig-
nificant epimerization occurred at the asymmetric carbon


Scheme 1. Design and retrosynthesis of 1.


Table 1. Deprotonation–carboxylation of 3.


Entry Amine[a] Yield [%] trans :cis[b]


1 – 39 1.6:1
2 TMEDA 61 1.6:1
3 DPE 91 1.5:1
4 PMDETA 41 1.7:1
5 HMTETA 25 1.6:1


[a] Abbreviations: TMEDA= tetramethylethylenediamine; DPE=1,2-di-
piperidinoethane; PMDETA=pentamethyldiethylenetriamine;
HMTETA=hexamethyltriethylenetetramine. [b] Determined by
1H NMR analysis after converting to the corresponding methyl esters.


Scheme 2. Synthesis of optically pure 1.
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center, X-ray crystal analysis of cis-6 revealed the 1R,2S
configuration of 2.[12] The deboronation reaction of 2 pro-
ceeded smoothly in the presence of pyrrolidine to afford
enantiomerically pure 1.[13] We have thus established a syn-
thetic route to enantiomerically pure 1, and it is noted that
this procedure is easily applicable to a large-scale prepara-
tion of the new chiral source (Scheme 2).


Configurational stability and structure of a-monophosphi-
noalkyllithium 4 : To clarify the origin of the diastereoselec-
tivity in the deprotonation–carboxylation of 3, we next in-
vestigated the configurational stability of the key intermedi-
ate 4. The two diastereomers of 4 would be generated from
the corresponding 2-trimethylstannyl derivatives 7 by tin–
lithium transmetalation (lithiodestannylation).[14] The prepa-
ration of (� )-7 is outlined in Equation (2). Deprotonation


of 3 with sBuLi–tetramethylethylenediamine (TMEDA) fol-
lowed by trapping with trimethyltin chloride gave (� )-trans-
7 and (� )-cis-7. The relative configuration was determined
by X-ray crystal structure analysis of (� )-cis-7.[12]


Lithiodestannylation–carboxylation of (� )-trans-7 and
(� )-cis-7 was conducted as follows: to an Et2O solution of
7, a hexane solution of nBuLi was added in the absence or
presence of an amine at �78 8C or �100 8C. After 5 min, the
mixture was trapped with CO2 (gas). Accordingly (Table 2),


the carboxylic acid borane complex (� )-2-mixture was ob-
tained not as a single diastereomer, but as a mixture. Stan-
nanes (� )-trans-7 and (� )-cis-7 gave almost the same trans/
cis ratios. This result indicates that both diastereomers of 4
are configurationally labile even at �100 8C, contrary to
many other organolithium compounds, and in equilibrium
presumably via ion pair 8 (Scheme 3).[15] It is also worth-
while to mention that, although addition of some different
amines improved the yields,[16] the structure of the amine li-
gands did not affect the diastereoselectivity of the reactions,
similar to the examples in Table 1.


Definitive structural information on the lithiated species
was obtained from the X-ray crystal structure analysis of the
DPE-coordinated trans-1-phenyl-2-phospholanyllithium
borane complex 9, which was recrystallized from Et2O–
hexane (Figure 1).[17] In the crystal structure, the tetrahedral
carbanionic carbon is directly connected to lithium (Li-C-2
2.170 E) through a covalent bond, and 9 adopts a trans con-
figuration (Li and Ph are trans to each other). Interestingly,
9 is monomeric and contains a tricoordinate lithium center
with a slightly pyramidalized environment (angle sum at Li
351.98) presumably due to steric constraints.[18,19] It is noted


Table 2. Lithiodestannylation–carboxylation of 7.


Entry Substrate Amine[a] Yield [%] trans :cis[b]


1[c] trans-7 – 41 1.6:1
2 trans-7 TMEDA 79 1.5:1
3 trans-7 DPE 19 1.7:1
4 trans-7 PMDETA 79 1.6:1
5 trans-7 HMTETA 80 1.7:1
6[c] cis-7 – 8 1.7:1
7 cis-7 TMEDA 82 1.5:1
8 cis-7 DPE 11 1.6:1
9 cis-7 PMDETA 78 1.6:1
10 cis-7 HMTETA 83 1.7:1


[a] Abbreviations see Table 1, footnote [a]. [b] Determined by 1H NMR
analysis after converting to the corresponding methyl esters. [c] The reac-
tion was performed at �78 8C.


Scheme 3. The stereochemical behavior.


Figure 1. X-ray crystal structure of 9. P: pink; B: yellow; Li: green; N:
blue.
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that the structure contrasts with the previously reported
crystal structure of a bis(dimethylphosphino)methyllithium
borane complex, in which no carbon–lithium bond exists.[9a,b]


To understand the stereochemical behavior of 4 in so-
lution, crystals of 9 were dissolved in [D10]Et2O, and


1H, 13C,
31P, 6Li, and 7Li NMR studies of the solution were per-
formed.[20] The 1H–7Li HOESY spectrum[21] of 9 showed
strong NOE enhancements of the 7Li nuclei by the proton
at C-2 (d=0.32 ppm, d, J=4.4 Hz), BH3 (d=0.44–0.90, m),
and some on the DPE ligand at room temperature
(Figure 2). Similar strong NOE enhancements were ob-


served at �100 8C. This result strongly suggests the presence
of the Li-C�2 bond and the cis arrangement of BH3 and Li
as seen in 9. On the other hand, the 6Li NMR spectrum of
the sample prepared from 6Li-labeled 9 showed one singlet
(d=0.81 ppm) at room temperature (Figure 3). At lower
temperatures it shifted downfield, broadened, and finally
split into a doublet (1.16 ppm, 2J6Li31P=2.3 Hz).[22] Although
we have not obtained conclusive evidence, all these results
are consistent with the assumption that a fast equilibrium
exists between 4 and the ion pair 8 at room temperature
(Scheme 3),[23] and that at �100 8C the equilibrium becomes
slower on the NMR time scale and is extremely biased to-
wards the trans isomer 4a.
From these results we assume the mechanism of the car-


boxylation of 4 as follows. Although there is an equilibrium
between 4a, 4b, and 8 and the equilibrium is biased to 4a at
low temperature in solution, 4a and 4b could react with
CO2 at a different rate to give the ratios observed, but more
reasonably, CO2 would react better with the more reactive
independent trigonal anion 8, and thereby, the different
bulkiness of the two substituents (Ph and BH3 groups) at
the phosphorus center would affect the diastereoselectivi-


ty.[24] Although further studies are needed to obtain more
definitive evidence, this mechanism is in accord with the
constant diastereoselectivity regardless of the amines used.


Application of 1 for asymmetric catalysis : With enantiomer-
ically pure 1 in hand, we applied it to asymmetric catalysis.
A preliminary study revealed that when 1 was used in the
palladium-catalyzed allylic substitution[1a,b] of 10 in the pres-
ence of N,O-bis(trimethylsilyl)acetamide (BSA) and sodium
acetate, the desired product 11 was obtained in high yield
with relatively good enantioselectivity ([Eq. (3)]; dba=di-
benzylideneacetone). Although further optimization is
needed, this result indicates that 1 can construct an effective
asymmetric environment around the palladium atom, and
will be a useful chiral source.


Conclusion


A synthetic route to the new chiral source 1 has been estab-
lished. It has been also shown that the 1-phenyl-2-phospho-
lanyllithium borane complex 4 is configurationally labile


Figure 2. 1H–7Li HOESY of 9 in [D10]Et2O.


Figure 3. Variable-temperature 6Li NMR of 6Li-9 in [D10]Et2O.
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even at �100 8C. Furthermore, the crystal structure of the
DPE-coordinated phospholanyllithium borane complex 9
has been determined by X-ray analysis, showing the exis-
tence of a Li�C bond. This is the first X-ray crystal structure
of an a-monophosphinoalkyllithium borane complex, and
interestingly, the complex is monomeric and contains a
three-coordinate lithium center. Furthermore, 1H–7Li
HOESY and 6Li NMR analyses of 9 were conducted. It was
suggested that a DPE-coordinated phospholanyllithium
borane complex such as 9 also existed in solution, and that
an equilibrium between 4 and the ion pair 8 existed at room
temperature and was biased towards the trans isomer 4a at
�100 8C. This work provides valuable stereochemical and
structural information towards gaining a better understand-
ing of the chemistry of a-phosphinoalkyllithium borane
complexes, and will contribute to the development of useful
methods for the synthesis of chiral phosphines. Finally, 1
was successfully used as a ligand in a palladium-catalyzed al-
lylic substitution reaction.


Experimental Section


General methods : Tetramethylsilane (d=0) was used as an internal stan-
dard for the 1H NMR spectra and CDCl3 (d=77.0) for the 13C NMR
spectra. H3PO4 (CDCl3 solution) was used as an external standard for the
31P NMR spectra. LiCl (H2O solution) was used as an external standard
for the 6Li and 7Li NMR spectra. [D10]Et2O distilled from sodium benzo-
phenone ketyl was used as a solvent for the NMR study. Commercially
available dry Et2O was used as a solvent for the deprotonation–carboxy-
lation, for the lithiodestannylation–carboxylation, and for the preparation
of the 1-phenyl-2-trimethylstannylphospholane borane complex.


Preparation of the 1-phenyl-2-phospholane borane complex 3 : 1,4-Dibro-
mobutane (48 mL, 0.40 mol) was slowly added to a stirred suspension of
Mg (24 g, 0.99 mol) in THF at 0 8C under an argon atmosphere over a
period of 30 min, and the mixture was allowed to warm to room tempera-
ture. After the mixture was stirred for 4 h, the flask was immersed in an
ice-bath and dichlorophenylphosphine (0.40 mol in THF (100 mL)) was
added over 30 min. The ice-bath was removed and the mixture was stir-
red for 12 h at ambient temperature. The flask was again immersed in an
ice-bath. After BH3–THF complex (400 mL of 1.0m THF solution,
0.40 mol) was added over 1 h, the ice-bath was removed and the mixture
was stirred for 12 h. The flask was immersed in an ice-bath, and 1n aq.
HCl (100 mL) was slowly added. The organic layer was separated, and
the aqueous layer was extracted with EtOAc three times. The combined
extracts were washed with brine, dried over Na2SO4, concentrated, and
purified by column chromatography (SiO2, hexane/AcOEt=10:1–6:1).
Distillation under reduced pressure (b.p. 157–160 8C/6 mmHg) gave 3
(29 g, 40%). Colorless oil; 1H NMR (400 MHz, CDCl3): d=0.81 (br q,
J=96.6 Hz, 3H), 1.97–2.09 (m, 8H), 7.41–7.49 (m, 3H), 7.69–7.72 ppm
(m, 2H); 13C NMR (100 MHz, CDCl3): d=26.74 (d, J=37.2 Hz), 27.42,
128.69 (d, J=9.0 Hz), 130.96 (d, J=2.5 Hz), 131.16 (d, J=43.8 Hz),
131.27 ppm (d, J=8.2 Hz); 31P NMR (122 MHz, CDCl3): d=27.82 ppm
(q, J=51.3 Hz); IR (KBr): ñ=2930, 2871, 2374, 1635, 1438, 1111,
1054 cm�1; MS (ESI): m/z : 179 ([M+H+]); elemental analysis calcd (%)
for C10H16BP: C 67.47, H 9.06; found: C 67.48, H 9.17.


Typical experimental procedure for the deprotonation–carboxylation of 3
in Et2O : sBuLi (0.87m in hexane–cyclohexane solution, 1.5 mmol) was
added at �78 8C over 5 min to a stirred solution of an amine (1.5 mmol)
in Et2O (2 mL). After 60 min, 3 (1 mmol in Et2O (2 mL)) was added
within 5 min, and then after 90 min, CO2 (gas) was bubbled through the
mixture for 3 h. After addition of aqueous 1n HCl (5 mL), the mixture
was extracted with CH2Cl2 three times and purified by column chroma-
tography (SiO2, hexane/AcOEt=6:1 to 1:1, then AcOEt). The yields and


the diastereomer ratios of 1-phenylphospholane-2-carboxylic acid ((� )-2-
mixture) are listed in Table 1. The diastereomeric ratio was determined
by 1H NMR spectroscopy after converting 2 to the corresponding methyl
ester. The relative stereochemistry was determined by X-ray structure
analysis of the trans-1-phenylphospholane-2-carboxylic acid borane com-
plex ((� )-2), which was obtained by recrystallization of (� )-2-mixture
from CHCl3. trans-1-Phenylphospholane-2-carboxylic acid borane com-
plex ((� )-2): white solid; m.p. 131.0–131.1 8C; 1H NMR (400 MHz,
CDCl3): d=0.77 (br q, J=116 Hz, 3H), 1.90–2.02 (m, 1H), 2.14–2.39 (m,
5H), 3.26–3.33 (m, 1H), 7.46–7.55 (m, 3H), 7.74–7.79 ppm (m, 2H);
13C NMR (100 MHz, CDCl3): d=26.24 (d, J=1.7 Hz), 26.38 (d, J=
37 Hz), 29.96 (d, J=5 Hz), 46.45 (d, J=25.5 Hz), 129.13 (d, J=10.7 Hz),
129.82 (d, J=46 Hz), 131.38 (d, J=9 Hz) 131.73 (d, J=2.5 Hz),
175.39 ppm (d, J=3.2 Hz); 31P NMR (122 MHz, CDCl3): d=38.72 ppm
(d, J=47.4 Hz); IR (KBr): ñ=2940, 2378, 1707, 1422, 1067 cm�1; MS
(ESI): m/z 245 ([M+Na+]); elemental analysis calcd (%) for
C11H16BO2P: C 59.50, H 7.26; found: C 59.41, H 7.34.


Methyl 1-phenylphospholane-2-carboxylate borane complex : Me3SiCHN2


(0.75 mmol, 2m hexane solution) was added at 0 8C to a stirred solution
of (� )-2-mixture (0.5 mmol) in MeOH–benzene (4.5 mL). After 10 min,
the reaction mixture was diluted with MeOH (10 mL) and then further
stirred until the color completely disappeared. The crude ester was con-
centrated, and was purified by PTLC (SiO2, hexane/AcOEt=4:1). Yield:
96% (trans :cis=1.5:1). The diastereomer ratio was determined by
1H NMR spectroscopy (trans : d=3.74, 3H, s; cis : d=3.10, 3H, s).


trans-Form : white solid; m.p. 80.1–81.2 8C; 1H NMR (300 MHz, CDCl3):
d=0.71 (q, J=102 Hz, 3H), 1.93–2.38 (m, 6H), 3.24–3.34 (m, 1H), 3.74
(s, 3H), 7.45–7.56 (m, 3H), 7.73–7.79 ppm (m, 2H); 13C NMR (75 MHz,
CDCl3): d=26.26, 26.48 (d, J=36.6 Hz), 29.89 (d, J=5.0 Hz), 46.04 (d,
J=26.0 Hz), 52.12, 128.99 (d, J=9.9 Hz), 130.01 (d, J=46.6 Hz), 131.24
(d, J=9.4 Hz), 131.54 (d, J=2.5 Hz), 170.26 ppm (d, J=3.1 Hz);
31P NMR (122 MHz, CDCl3): d=39.31 ppm (d, J=59.5 Hz); IR (KBr):
ñ=3064, 2959, 2937, 2922, 2365, 2334, 1746, 1439, 1205, 1152, 1066,
1051 cm�1; MS (ESI): m/z 259 ([M+Na+]); elemental analysis calcd (%)
for C12H18BO2P: C 61.06, H 7.69; found: C 60.79, H 7.67.


cis-Form : white solid; m.p. 76.1–77.9 8C; 1H NMR (300 MHz, CDCl3): d=
0.95 (q, J=94.7 Hz, 3H), 1.98–2.46 (m, 6H), 3.10 (s, 3H), 3.31–3.39 (m,
1H), 7.42–7.55 (m, 3H), 7.67–7.74 ppm (m, 2H); 13C NMR (75 MHz,
CDCl3): d=25.77 (d, J=36.0 Hz), 26.02, 30.13 (d, J=3.1 Hz), 46.01 (d,
J=26.63 Hz), 51.60, 126.67 (d, J=44.1 Hz), 128.49 (d, J=9.4 Hz),
131.93 Hz (d, J=2.5 Hz), 132.57 Hz (d, J=9.3 Hz), 170.15 ppm (d, J=
5.0 Hz); 31P NMR (122 MHz, CDCl3): d=36.5 ppm (d, J=60.8 Hz); IR
(KBr): ñ= 2959, 2390, 2365, 2332, 1735, 1434, 1202, 1061 cm�1; MS
(ESI): m/z 259 ([M+Na+]); elemental analysis calcd (%) for
C12H18BO2P: C 61.06, H 7.69; found: C 60.97, H 7.79.


Enantiomeric resolution with quinine : Quinine (54.27 g, 167.3 mmol) and
Et2O (300 mL) were added at room temperature to a stirred solution of
trans-1-phenylphospholane-2-carboxylic acid (� )-2 (37.14 g, 167.3 mmol)
in CHCl3 (600 mL). The solution was stirred at room temperature for 3 h
and then at 0 8C for 2 h. The white precipitate was collected and dis-
solved in CHCl3, and Et2O (CHCl3/Et2O�2:1) was then added. The so-
lution was stirred at room temperature for 3 h and then at 0 8C for 2 h,
and the resulting white precipitates were collected. After repeating this
dissolution–precipitation–collection procedure four more times, a white
cotton-like solid 5 was obtained in 36% yield (33.21 g). [a]25D =�143.68
(c=1.00 in CHCl3).


(1R,2S)-1-Phenylphospholane-2-carboxylic acid borane complex (2): To
a suspension of the quinine salt 5 (3.32 g, 6.1 mmol) in CH2Cl2 was added
2n aq. HCl (25 mL), and the mixture was stirred for 30 min. The product
was extracted with CH2Cl2, concentrated, and purified by column chro-
matography (SiO2, hexane/AcOEt=2:1 to 1:1) to afford 2 (1.22 g, 90%
yield, 100% ee). The ee was determined by chiral HPLC (chiralpak AD,
hexane/2-PrOH=100:1, 1.0 mLmin�1, RT1R,2S=30 min; RT1S,2R=25 min)
after converting to the methyl ester. White solid; m.p. 112.5–113.5 8C;
[a]27D =�163.68 (c=1.12 in EtOH); 1H NMR (300 MHz, CDCl3): d=0.73
(br d, J=88.7 Hz, 3H), 1.90–2.37 (m, 6H), 3.23–3.33 (m, 1H), 7.45–7.55
(m, 3H), 7.72–7.78 ppm (m, 2H); 13C NMR (75 MHz, CDCl3): d=26.22
(d, J=1.9 Hz), 26.25 (d, J=37.2 Hz), 29.95 (d, J=5.6 Hz), 46.64 (d, J=
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25.4 Hz), 129.08 (d, J=10.0 Hz), 129.77 (d, J=46.6 Hz), 131.33 (d, J=
10.0 Hz), 131.68 (d, J=2.4 Hz), 175.49 ppm (d, J=3.8 Hz); 31P NMR
(122 MHz, CDCl3): d=38.77 ppm (d, J=40.1 Hz); IR (KBr): ñ= 2952,
2398, 2355, 1699, 1418, 1300, 1063 cm�1; MS (ESI): m/z: 245.1 ([M+Na+]);
elemental analysis calcd for C11H16BO2P: C 59.50, H 7.26; found:
C 59.33, H 7.24.


Methyl (1R,2S)-1-phenylphospholane-2-carboxylate borane complex :
Colorless prisms; m.p. 109–111 8C; [a]28D =�166.68 (c=1.17 in CHCl3);
1H NMR (300 MHz, CDCl3): d=0.70 (q, J=107.1 Hz, 3H), 1.95–2.04 (m,
1H), 2.12–2.38 (m, 5H), 3.23–3.34 (m, 1H), 3.76 (s, 3H), 7.45–7.56 (m,
3H), 7.73–7.79 ppm (m, 2H); 13C NMR (75 MHz, CDCl3): d=26.37 (d,
J=1.3 Hz), 26.55 (d, J=36.6 Hz), 29.97 (d, J=5.0 Hz), 46.14 (d, J=
26.0 Hz), 52.27, 129.06 (d, J=9.9 Hz), 130.11 (d, J=46.6 Hz), 131.32 (d,
J=9.4 Hz), 131.61 (d, J=2.5 Hz), 170.36 ppm (d, J=3.1 Hz); 31P NMR
(122 MHz, CDCl3): d=39.23 ppm (d, J=60.8 Hz); IR (KBr): d=3064,
2959, 2875, 2373, 1741, 1438, 1206 cm�1; MS (ESI): m/z: 259.1 ([M+Na+]);
elemental analysis calcd (%) for C12H18BO2P: C 61.06, H 7.69; found:
C 61.07, H 7.77.


Determination of the absolute configuration of 2 : The absolute configu-
ration of 2 was determined by X-ray crystal structure analysis of the (+)-
menthyl ester of the (1R,2R)-1-phenylphospholane-2-carboxylic acid
borane complex cis-6. (+)-Menthol (234.4 mg, 1.5 mmol), DMAP
(7.8 mg, 0.05 mmol) in CH2Cl2 (5 mL), and DCC (247.4 mg, 1.2 mmol)
were added to a solution of (1R,2S)-1-phenylphospholane-2-carboxylic
acid borane complex 2 (222.0 mg, 1 mmol). The mixture was stirred for
6 h at room temperature, quenched with 1n aq. HCl (3 mL), extracted
with CH2Cl2, concentrated, and purified by PTLC (SiO2, hexane/
AcOEt=10:1) to afford trans-6 (51%) and cis-6 (43%).


(+)-Menthyl (1R,2S)-1-phenylphospholane-2-carboxylate borane com-
plex (trans-6): More polar than cis-6, colorless needles; m.p. 94.5–95.5 8C;
[a]20D =++69.98 (c=1.00 in EtOH); 1H NMR (300 MHz, CDCl3): d=0.30–
2.36 (m, 27H), 3.16–3.26 (m, 1H), 4.69–4.78 (m, 1H), 7.45–7.56 (m, 3H),
7.73–7.80 ppm (m, 2H); 13C NMR (75 MHz, CDCl3): d=16.37, 20.73 ,
22.01, 23.46, 26.07 (d, J=23.61 Hz), 26.33 (d, J=36.6 Hz), 30.10 (d, J=
5.6 Hz), 31.47, 34.19, 40.85, 46.24 (d, J=26.7 Hz), 47.04, 75.81, 128.97 (d,
J=11.3 Hz), 130.58 (d, J=49.3 Hz), 131.31 (d, J=9.4 Hz), 131.42 (d, J=
2.4 Hz), 169.24 ppm (d, J=3.1 Hz); 31P NMR (122 MHz, CDCl3): d=


37.17 ppm (d, J=52.3 Hz); IR (KBr): ñ=2957, 2872, 2397, 2360, 1724,
1443 cm�1; MS (ESI): m/z 383.2 ([M+Na+]); elemental analysis calcd
(%) for C21H34BO2P: C 70.01, H 9.51; found: C 69.82, H 9.29.


(+)-Menthyl (1R,2R)-1-phenylphospholane-2-carboxylate borane com-
plex (cis-6): Less polar than trans-6, colorless needles; m.p. 128.2–
128.3 8C; [a]20D =++32.38 (c=1.00 in EtOH); 1H NMR (300 MHz, CDCl3):
d=0.20–2.39 (m, 27H), 3.24–3.33 (m, 1H), 4.23–4.31 (m, 1H), 7.43–7.51
(m, 3H), 7.72–7.79 ppm (m, 2H); 13C NMR (75 MHz, CDCl3): d=15.46,
20.87, 21.89, 22.70, 25.23 (d, J=7.5 Hz), 27.78 (d, J=36.0 Hz), 31.20,
31.77 (d, J=1.9 Hz), 33.95, 40.42, 46.23, 46.54 (d, J=27.3 Hz), 127.18 (d,
J=43.5 Hz), 128.68 (d, J=10.0 Hz), 131.97 (d, J=2.5 Hz), 133.23 (d, J=
10.0 Hz), 169.13 ppm (d, J=3.7 Hz); 31P NMR (122 MHz, CDCl3): d=


35.24 ppm (d, J=55.9 Hz); IR (KBr): ñ=2957, 2863, 2397, 1716,
1439 cm�1; MS (ESI): m/z : 383.2 ([M+Na+]); elemental analysis calcd
(%) for C21H34BO2P: C 70.01, H 9.51; found: C 69.88, H 9.30.


(1R,2S)-1-Phenylphospholane-2-carboxylic acid (1): Pyrrolidine (8 mL)
was added to a solution of (1R,2S)-1-phenylphospholane-2-carboxylic
acid borane complex 2 (0.90 g, 4.0 mmol) in benzene (8 mL). The so-
lution was stirred for 6 h at 40 8C, and concentrated, and the residue was
dissolved in CH2Cl2 (2 mL). 1n aq. HCl (15 mL) was added to decom-
pose the pyrrolidine–borane complex, and then the product was extract-
ed with CH2Cl2 and purified by column chromatography (SiO2, hexane/
AcOEt=1:1) to afford 1 (84%). White solid; m.p. 69.8–69.9 8C; [a]28D =


�120.58 (c=0.60 in EtOH); 1H NMR (300 MHz, CDCl3): d=1.72–2.26
(m, 6H), 3.10–3.16 (m, 1H), 7.25–7.52 ppm (m, 5H); 13C NMR (75 MHz,
CDCl3): d=26.80 (d, J=14.26 Hz), 28.69 (d J=3.77 Hz), 31.16, 48.97 (d,
J=21.1 Hz), 128.09, 128.55 (d, J=5.6 Hz), 130.32 (d, J=16.2 Hz), 140.07
(d, J=24.8 Hz), 182.42 ppm (q, J=16.8 Hz); 31P NMR (122 MHz,
CDCl3): d=9.72 ppm; IR (KBr): ñ=3184, 2945, 1718, 1433, 1142 cm�1;
HRMS (ESI): m/z calcd for C11H13O2P ([M+H+]) 209.0731, found
209.0735.


Preparation of 1-phenyl-2-trimethylstannylphospholane borane complex
(7): To a stirred solution of TMEDA (11.89 g, 102 mmol) in Et2O, sBuLi
(115.7 mL of 0.88m hexane–cyclohexane solution, 102 mmol) was added
at �78 8C, and then after 1 h, 3 (12.14 g in 130 mL of Et2O) was added.
After 1.5 h, trimethylstannyl chloride (23.10 g in Et2O (70 mL)) was
added, and the mixture was further stirred for 12 h and allowed to warm
to room temperature slowly. Then, 1n aq. HCl (200 mL) was added to
quench the reaction. The organic layer was separated, and the aqueous
layer was extracted with EtOAc three times. The combined extracts were
washed with water twice, dried over Na2SO4, concentrated, and purified
by column chromatography (SiO2, hexane/Et2O=10:1–6:1). The two dia-
stereomers were separated by fractional recrystallization (trans-7 from
hexane first, cis-7 from Et2O), followed by the column chromatography
of the mother liquor (SiO2, hexane/Et2O=50:1). Yields: 56% (trans-7),
39% (cis-7).


trans-1-Phenyl-2-trimethylstannylphospholane borane complex (trans-7):
colorless prisms; m.p. 90.5–90.6 8C; 1H NMR (300 MHz, CDCl3): d=


0.11–1.30 (m, 13H), 1.72–2.45 (m, 6H), 7.40–7.50 (m, 3H), 7.69–7.77 ppm
(m, 2H); 13C NMR (75 MHz, CDCl3): d=�8.37, 22.40 (d, J=18.0 Hz),
27.48 (d, J=34.1 Hz), 28.79 (d, J=2.5 Hz), 31.92 (d, J=1.9 Hz), 128.70
(d, J=9.9 Hz), 130.81 (d, J=2.5 Hz), 131.41 (d, J=9.4 Hz), 133.08 ppm
(d, J=42.8 Hz); 31P NMR (122 MHz, CDCl3): d=32.83 (q, J=65.6 Hz);
IR (KBr): ñ=2952, 2373, 1436, 1059 cm�1; MS (ESI): m/z: 363 ([M+Na+]);
elemental analysis calcd (%) for C13H24BPSn: C 45.81, H 7.10; found:
C 45.59, H 7.15.


cis-1-Phenyl-2-trimethylstannylphospholane borane complex (cis-7): col-
orless prisms; m.p. 103.6–104.2 8C; 1H NMR (300 MHz, CDCl3): d=


�0.17 (s, 9H), 0.38–1.37 (m, 4H), 1.63–1.85 (m, 2H), 2.03–2.41 (m, 4H),
7.37–7.49 (m, 3H), 7.65–7.72 ppm (m, 2H); 13C NMR (75 MHz, CDCl3):
d=�9.77, 23.51 (d, J=23.6 Hz), 26.50 (d, J=34.7 Hz), 28.53 (d, J=
1.9 Hz), 32.58, 128.59 (d, J=9.3 Hz), 131.21 (d, J=2.5 Hz), 132.32 (d, J=
9.3 Hz), 132.34 ppm (d, J=47.2 Hz); 31P NMR (122 MHz, CDCl3): d=


34.75 ppm (q, J=36.2 Hz); IR (KBr): ñ=3049, 2970, 2945, 2858, 2370,
2332, 1437, 1061 cm�1; MS (ESI): m/z : 363 ([M+Na+]); elemental analy-
sis calcd (%) for C13H24BPSn: C 45.81, H 7.10; found: C 45.71, H 7.02.


Typical experimental procedure for the lithiodestannylation–carboxyla-
tion in Et2O : nBuLi (1.49m hexane solution, 1.5 mmol) was added to a
stirred solution of an amine (1.5 mmol) in Et2O (4 mL) at �100 8C over
5 min. After 5 min, 1-phenyl-2-trimethylstannylphospholane borane com-
plex 7 (0.5 mmol in 5 mL of Et2O solution) was added over 5 min, and
then after 5 min CO2 (gas) was bubbled through the mixture for 30 min.
H2O–MeOH (1:1, 5 mL) followed by 1n aq. HCl (5 mL) were added.
The mixture was extracted with CH2Cl2 three times, and purified by
PTLC (SiO2, hexane/Et2O=20:1, then hexane/AcOEt=1:1). The yields
and the diastereomer ratios of 2-mixture are listed in Table 2.


Preparation of the single crystals of DPE-coordinated trans-1-phenyl-2-
phospholanyllithium (9): sBuLi (0.87m hexane–cyclohexane solution,
1.53 mmol) was added at �78 8C to a stirred solution of 1,2-dipiperidino-
ethane (DPE, 0.33 g, 1.70 mmol) in Et2O (2 mL). After 30 min, 3
(1.13 mmol in Et2O (2 mL)) was added, and the reaction mixture became
turbid yellow over 1.5 h. After warming to about 40 8C, the turbid so-
lution became clear, and the mixture was filtered through a glass filter
(G4). After about 12 h at �48 8C, light yellow crystals appeared. The
light yellow crystals were washed with Et2O and then hexane (twice),
and were stored in a mineral oil. 9 : 1H NMR (600 MHz, [D10]Et2O,
0.147m): d=0.32 (d, J=4.4 Hz, 1H), 0.80 (q, J=250 Hz, 3H), 1.37 (s,
4H), 1.58 (t, J=5.5 Hz, 8H), 1.66–1.72 (m, 2H), 1.82–1.85 (m, 1H), 1.95–
2.00 (m, 1H), 2.17–2.25 (m, 1H), 2.37–2.47 (m, 13H), 7.10–7.17 (m, 3H),
7.57–7.60 ppm (m, 2H); 13C NMR (125 MHz, [D10]Et2O, 0.147m): d=


13.8, 25.07, 26.10, 27.37 (d, J=2.1 Hz), 30.55 (d, J=43.39 Hz), 34.73 (d,
J=5.1 Hz), 56.16, 57.00, 128.02 (d, J=7.3 Hz), 128.45 (d, J=2.1 Hz),
131.29 ppm (d, J=8.3 Hz), another signal of a carbon was covered by the
otherNs signal; 31P NMR (122 MHz, [D10]Et2O0): d=28.67 ppm (q, J=
91.1 Hz); 6Li NMR (88 MHz, [D10]Et2O, 0.0938m): d=0.81 (rt), 1.16 ppm
(2J(6Li,31P)=2.3 Hz, �100 8C); 7Li NMR (233 MHz, [D10]Et2O, 0.147m):
d=0.91 (s, rt), 1.22 ppm (s, �100 8C). 6Li-labeled 9 was prepared by using
sBu6Li (0.66m hexane solution) instead of sBuLi according to the same
procedure.
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Typical experimental procedure for the palladium-catalyzed allylic substi-
tution in toluene : Dimethylmalonate (0.06 mL, 0.525 mmol) was added
to a mixture of 1,3-diphenyl-2-propenyl acetate (126 mg, 0.5 mmol),
[Pd(dba)2] (5.8 mg, 0.01 mmol), chiral phosphine 1 (4.2 mg, 0.02 mmol),
and sodium acetate (2.1 mg, 0.025 mmol) in toluene (1 mL). The mixture
was stirred for 5 min at room temperature, further stirred for 5 min at
0 8C, and then BSA (185 mL, 0.75 mmol) was added. After the reaction
mixture had been stirred for 6 h at 0 8C, the reaction was quenched with
water (2 mL), and the product was extracted with CH2Cl2 and purified by
PTLC (SiO2, hexane/AcOEt=6:1). The ee was determined by chiral
HPLC, and the absolute configuration was determined by comparison of
the elution order of the chiral HPLC assay with literature values (chiral-
pak AD, hexane/2-PrOH=19:1, 1.0 mLmin�1).[25] Yield: 86%, 77% ee
(S).
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A General Method for the Synthesis of Bastaranes and Isobastaranes:
First Total Synthesis of Bastadins 5, 10, 12, 16, 20, and 21


Elias A. Couladouros,*[a, b] Emmanuel N. Pitsinos,[b] Vassilios I. Moutsos,[b] and
Georgios Sarakinos[b]


Introduction


Bastadins are an ever-growing family of marine natural
products isolated from sponges of the order Verongida.[1]


Apart from open-chain bastadins 1 and 2 and biphenylyl
bastadin 3, they are macrocyclic bis-diaryl ethers and, de-
pending on the relative orientation of their diaryl ether seg-
ments, are further classified either as bastaranes or isobas-
taranes (Figure 1). They feature unique a-oximino amides,
both of E configuration, and an unprecedented mixture of
mono- and di-o-brominated diarylethers, biosynthetically de-


rived through oxidative phenolic coupling of tyramine–tyro-
sine units in an apparently combinatorial fashion.[1h,2] The
pluralism of their macrocyclic framework substitution pat-
tern parallels a diverse and important biological profile, in-
cluding anticancer[1d,f,k] and antimicrobial activity,[1b,k,3] inhi-
bition of inosine-5’-phosphate dehydrogenase,[1h] inhibition
of lipoxygenases,[4] and specific interaction with intracellular
calcium channels.[1i,l, 5]


Due to the this last property, they are considered useful
chemical probes for related biological studies,[6] albeit only
bastadins 5, 10 and 19 are commercially available in pure
form. Although chemical synthesis could in principle allevi-
ate this problem, the preparation of such diaryl ethers (i.e.
o-heteroatom-substituted) remains a challenge, despite
recent methodological advances.[7] Thus, even the copper(ii)-
promoted coupling of boronic acids with phenols, which has
been haled as a general solution for the construction of
diaryl ethers due to its versatility and mild conditions em-
ployed,[7b] is not applicable in the case of bastadins. To ad-
dress this problem, ingenious biomimetic approaches, em-
ploying either a thallium trinitrate[8] or a chemoenzymatic-
mediated phenolic oxidative dimerization,[9] have been suc-
cessfully attempted. Nonetheless, the prerequisite of di-o-
brominated precursors restricts their applicability to the
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Abstract: A general strategy for the
synthesis of twenty naturally occurring
bastadins (all but bastadin 3) is pre-
sented. A key retrosynthetic disconnec-
tion of the two amide bonds, common
in all target molecules, bisects the mac-
rocyclic core into two diaryl ether frag-
ments, an a,w-diamine (western part)
and an a,w-dicarboxylic acid (eastern
part). Efficient preparation of the syn-
thetically challenging o-mono or dibro-
mo-substituted diaryl ether linkages
was achieved employing the diaryl io-
donium salt method. Regarding the


western part, variations of the aliphatic
chain were more efficiently secured by
the preparation of two different a,w-
aminonitrile moieties. Cobalt boride
mediated reduction of the nitrile func-
tionality established the required di-
amines and, at the same time, provided
the necessary variation of the aromat-
ic-ring bromination pattern. Regarding


the eastern part, two different dicar-
boxyl precursors had to be prepared in
order to accommodate bromination-
pattern variations. Coupling and subse-
quent macrolactamization of different
combinations of these key intermedi-
ates may lead at will to any member of
this family of marine natural products.
Four bastaranes (bastadins 5, 10, 12
and 16) and two isobastaranes (basta-
dins 20 and 21) were synthesized as a
demonstration of the flexibility and ef-
ficiency of the approach presented.


Keywords: diaryl ethers · hyperva-
lent compounds · natural products ·
oximino amides · total synthesis
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preparation of open chain bastadins and the per-o-brominat-
ed bastadin 6. Furthermore, alternative methodologies have
only been successful, thus far, in the preparation of non-nat-
ural bastarane intermediates and derivatives.[10]


As part of a project aiming to develop a general and flexi-
ble synthetic strategy towards bastadins, we have recently
demonstrated the efficiency of a rarely employed method,[11]


the coupling of phenols with an aryl iodonium salt (1a,
Scheme 1), to yield either mono- or di-o-brominated diaryl
ethers and its utility for the construction of bastarane deriv-
atives.[12] In this manuscript we present in detail the evolu-
tion of our strategy and demonstrate its generality by the
first total syntheses of group B and C bastaranes (basta-
dins 5, 10, 12, and 16), as well as isobastaranes (bastadins 20
and 21) from common, advanced synthetic intermediates.


Results and Discussion


Retrosynthetic analysis : A key disconnection at the two
amide bonds reduces all macrocyclic bastadins into two suit-
ably substituted precursors, namely a,w-diamine 2 and a,w-
dicarboxylic acid 3 (Scheme 2). In order to ensure a topo-
logically controlled coupling and subsequent macrolactami-
zation between these entities, their terminal functionalities
should be selectively differentiated. Therefore, diaryl ether
4, possessing one primary carboxyl and one ester group at
each end, respectively, was envisioned as the appropriate
key intermediate for the eastern part of both bastaranes and
isobastaranes. However, to guarantee that all variations at
the Y3-position will be accessible, two versions (4a and 4b)
of this advanced intermediate should be prepared.


Abstract in Greek:


Figure 1. Naturally occurring bastadins (except bastadin 3).


Scheme 1. Application of the diaryl iodonium salt method for the prepa-
ration of bastadin precursors.
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On the other hand, diaryl ether 5a, terminated at each
end with a nitrile group and a protected amine, respectively,
could serve as the common building block for the western
part of all target molecules. Thus, regiospecific o-bromina-
tion[13] was anticipated to secure variations at the Y2-posi-
tion, while variations at the Y1-position could be conven-
iently achieved at this advanced stage concomitant with ni-
trile group reduction by cobalt boride.[12, 14] In addition, re-
garding the W�Z region (Groups A, B or C in Figure 1),
model studies have shown that the benzylic hydroxyl group
could lead either to the respective aliphatic or olefinic deriv-
ative, providing thus a possible common entry to all varia-
tions of this part of the molecule.[12b, 15] Nevertheless, use of
the more easily accessible deoxy analogue 5b (vide infra)
for the preparation of isobastaranes and group C bastaranes
might be preferable, since the efficiency of a parallel
straightforward approach would counterbalance the benefit
of a divergent common route.


Both the a-oximino ester (in the case of 4a,b) and the ni-
trile groups (in the case of 5a,b) can be retrosynthetically
reduced to a formyl one, revealing benzaldehydes 6a,b and
7a,b respectively, as key synthetic intermediates. These can
be easily obtained by the coupling of an aryl iodonium salt
with the appropriate phenols (8a,b or 9a,b respectively).
Further application of the o-specific phenolic bromination
and olefin dihydroxylation (racemic, for 8a,b, or asymmetric
variant, for 9a,b) transformations reveals the protected p-
bromo- and p-vinyl-phenols (10 and 11) as the required
starting materials.


With regard to the exact nature of the iodonium saltKs
phenol group protection, although, in preliminary studies,
the more widely used methoxy derivative (1a, Scheme 1) al-
lowed us entry to the bastaranic framework, efficient final
deprotection was problematic. Consequently, the benzyloxy
derivative (1b, Scheme 2) was opted for the total synthesis
of bastadins as a compromise between saltKs accessibility
and ease of deprotection. It should be noted that even
though this derivative has been employed in synthesis be-
fore,[11d] no detailed protocol for its preparation from p-ben-
zyloxybenzaldehyde (12) was available and considerable ex-
perimentation was required to establish a reproducible
one.[16]


Finally, the synthetic potential of esters 4a,b for the prep-
aration of open chain bastadins 1 and 2 is evident. Thus, the
flexibility of the iodonium salt method allows for the con-
ception of a convergent and common retrosynthetic scheme
encompassing all naturally occurring bastadins except for
bastadin 3.


Synthesis of eastern part precursors : The required mono- or
di-o-brominated phenols 8a,b were easily obtained from 4-
bromophenol (10) in six steps and 78 % overall yield.[12a]


Treatment of either phenol with iodonium salt 1b in the
presence of potassium carbonate in DMF furnished in excel-
lent yield the corresponding diaryl ethers 6a or 6b
(Scheme 3). Transformation of the formyl group to the de-
sired a-oximino ester (16a or 16b) was accomplished by a
four-step sequence amenable to large-scale work. Thus,


Scheme 2. General retrosynthetic analysis for bastaranes and isobastaranes.
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Knoevenagel condensation with dimethyl malonate followed
by sodium borohydride mediated olefin reduction[17] and
subsequent treatment with butylisonitrite/sodium methoxide
furnished oximes 15a or 15b, respectively.[18] To complete
the sequence, the resulting oximes were converted to the
corresponding O-benzyl derivatives. Gratifyingly, inspection
of the 13C NMR spectra revealed that both oxime 16a and
16b had the required E configuration.[19]


At this stage, regiospecific o-bromination of the benzyl-
oxy-substituted aromatic ring of 16a or 16b was attempted
by using N-bromosuccinimide (NBS) in acetonitrile.[20] The
reaction required reflux temperature to proceed and was ac-
companied by loss of the acetonide protective group. More
important, however, was the finding that bromination, al-
though regiospecific, had occurred meta- rather than ortho-
to the benzyloxy substituent to yield 17a or 17b, respective-
ly. Phenol deprotection and subsequent bromination prom-
ised a possible solution to this unexpected obstacle.[13] How-
ever, since this protection was necessary for subsequent syn-
thetic steps, investigation of this possibility was postponed.


Towards installing the remaining a-oximino acid function-
ality, the acetonide protective group of 16a or 16b was hy-
drolyzed to the corresponding free diol (18a or 18b), of
which the primary hydroxy group was selectively protected
and the secondary one was subsequently oxidized to yield,
upon treatment with O-benzylhydroxylamine, bis-oxime in-


termediates 20a or 20b, respectively. Although, inspection
of their 13C NMR spectra revealed that introduction of the
second oxime was less stereoselective than that of the first
one, separation of the Z/E isomers was not possible until
subsequent TBAF-mediated (TBAF= tetrabutyl ammonium
fluoride) silyl ether protective group cleavage. Disappoint-
ingly, the desired (E,E)-bis-oxime 21a was obtained in 24 %
yield whilst the E,Z-isomer 22a was formed in 69 % from
20a. Similarly, the (E,E)-bis-oxime 21b was obtained in
11 % yield whilst the E,Z-isomer 22b was formed in 88 %
from 20b. Since oximes are know to isomerize thermally,
photochemically, or upon treatment with acid, we decided
to overlook this issue at this point hoping that, if necessary,
it will be possible to rectify oxime configuration at a latter
stage of the synthesis.[19,21] Thus, 22a or 22b was oxidized to
the corresponding carboxylic acid 23a or 23b.


Having served its purpose, it was now time to remove the
phenol benzyl ether protective group in order to pave the
way for the crucial o-specific bromination. The presence of
two O-benzyl-protected oximes in the same molecule made
this task far from trivial. Thus, hydrogenolysis or treatment
with boron tribromide in thioanisole resulted in cleavage of
all benzyl ethers. Gratifyingly, it was found that selective de-
protection could be achieved in excellent yield with tri-
fluoroacetic acid (TFA) in the presence of pentamethylben-
zene. More important, under the reaction conditions com-


Scheme 3. Preparation of eastern part precursors. Y3=H (a series); Y3=Br (b series). Reagents and conditions: a) K2CO3, imidazole, 1b, DMF, 80 8C,
96% (6a), 98 % (6b); b) piperidine, dimethyl malonate, Ac2O, THF, 80 8C, 99% (13a), 97% (13b); c) NaBH4, MeOH:CH3CN (1:1), 0 8C to RT, 86%
(14a), 83% (14b); d) NaOMe, BuONO, MeOH, 0 8C, 88 % (15a), 87% (15b); e) K2CO3, imidazole, BnBr, DMF, RT, 91 % (16a), 88% (16b); f) NBS,
CH3CN, 90 8C, 52 % (17a), 56 % (17b); g) 1n HCl(aq.), THF, RT, 99 %; h) TBSCl, imidazole, DMF, 0 8C to RT, 88% (19a), 89 % (19b); i) KBr, TEMPO,
0.3m NaOCl(aq), NaHCO3, H2O/CH2Cl2, 0 8C; BnONH2·HCl, pyridine, EtOH, RT, 96% (20a), 93 % (20b); j) 1.0m TBAF, THF, RT, 24% (21a) and 69 %
(22a) or 11 % (21b) and 88% (22b); k) KBr, TEMPO, 0.3m NaOCl(aq), NaHCO3, H2O/CH3CN, 0 8C, 96% (23a), 98% (23b), 97% (25a), 98% (25b);
l) pentamethylbenzene, TFA, 0 8C, 94% (24a), 96% (24b); m) NBS, CH3CN, 0 8C, 100 %; n) Boc2O, DMAP, THF, 0 8C to RT, 81%; o) 1n NaOH, THF/
MeOH/H2O, 0 8C, 85 %.
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plete isomerization of the oxime configuration occurred.
Thus, inspection of the 13C NMR spectra of 24a and 24b in-
dicated that both products had now the desired E,E geome-
try and were identical in all respects with the phenols ob-
tained in the same fashion from alcohols 21a or 21b. Regio-
specific nuclear o-bromination with NBS in acetonitrile was
now uneventful and proceeded in excellent yield at 0 8C to
afford the eastern part precursors of bastaranes, acids 4a
and 4b.


To be employed in the preparation of isobastaranes the
acid and ester moieties of these building blocks had to be in-
terchanged. To this end, acid 4a was converted to the corre-
sponding tert-butyl ester 26a by treatment with (Boc)2O/
DMAP (Boc=butoxycarbonyl, DMAP=4-dimethylamino
pyridine) in THF[22] with concomitant phenol protection.
Subsequent selective saponification[23] afforded acid 27a, a
building block for the eastern part of isobastaranes basta-
din 20 and 21.


Synthesis of western part precursors : Preparation of phenol
9a, required for the construction of western part precursors
of group B bastadins, was achieved in eight steps and 58 %
overall yield starting from p-benzyloxybenzaldehyde
(12).[12b] It should be noted that the stereogenic center em-
bedded in this building block and ultimately defining the
chirality of the whole synthetic sequence was established by
asymmetric dihydroxylation using the Sharpless protocol.[24]


The enantioselectivity of this transformation was determined
spectroscopically (1H NMR spectroscopy; Mosher ester de-
rivative) to be �97 % ee.[12b]


On the other hand, phenol 9b, required for the prepara-
tion of isobastaranes and group C bastaranes, was prepared
very efficiently by bromination and subsequent protection
of tyramine.[9]


Coupling of phenol 9a or phenol 9b with iodonium salt
1b furnished in good yield the corresponding diaryl ethers
7a or 7b (Scheme 4). Sodium borohydride reduction of


these aldehydes, conversion of the resulting alcohols (28a or
28b) to the corresponding iodides and subsequent displace-
ment by cyanide anion provided nitriles 29a or 29b. Then,
the now redundant benzyl ether protection was hydrogeno-
lyzed to yield phenols 5a or 5b, respectively. Sodium boro-
hydride reduction in the presence of CoCl2 completed the
preparation of western-part building blocks securing at the
same time diversity at the Y1-position. Thus, dibromoamine
30a was obtained as a 1:1 mixture with its monobromo
counterpart 31a. This mixture, or the corresponding mixture
of amines 30b/31b, was easily separated after coupling with
the desired eastern part precursors (vide infra).


Apparently, coupling of these building blocks (compounds
4, 27 and 30, 31) in a combinatorial fashion, should furnish
after a few steps, all naturally occurring bastaranes and iso-
bastaranes together with some unnatural (or not yet isolat-
ed) analogues. A few examples are given below.


Total synthesis of group B bastaranes : Coupling of the mix-
ture of amine pair 30a/31a with acid 4a provided after chro-
matographic separation “tetramers” 32 and 33 (Scheme 5).
At this stage, the o-position of phenols 32 and 33 was very
efficiently and specifically brominated. Products 34 and 35
were then subjected to saponification, TFA-mediated cleav-
age of the Boc group, and macrolactamization. Subsequent
TBAF-mediated cleavage of the tert-butyl dimethyl silyl
(TBS) group afforded protected bastadins 10 (compound
36) and 12 (compound 37) respectively, in high yields. After
various attempts, the most reliable and reproducible depro-
tection protocol was found to be treatment with BBr3 in the
presence of thioanisole as cation scavenger,[25] resulting in
the fully deprotected final products, identical in all respects


Scheme 4. Preparation of western part precursors. X=H (a series); X=


OTBS (b series). Reagents and conditions: a) K2CO3, pyridine, 1b, 90 8C,
82% (7a), 85 % (7b); b) NaBH4, MeOH:THF (1:1), 0 8C to RT, 96 %
(28a), 98% (28b); c) PPh3, imidazole, I2, THF, RT; KCN, DMF, 40 8C,
86% (29a), 84 % (29b); d) H2, 10 % Pd/C, dioxane, RT, 95 % (5a), 98%
(5b); e) CoCl2·6 H2O, NaBH4, MeOH, 0 8C, 80% (estimated yield for 1:1
mixture).


Scheme 5. Synthesis of naturally occurring group B bastaranes. Reagents
and conditions: a) EDC, HOBt, iPr2EtN, DMF/CH2Cl2, 0 8C to RT, 68%
(32 :33=1:1); b) NBS, CH3CN, 0 8C, 75 % (34), 78% (35); c) LiOH,
MeOH/THF/H2O, RT; TFA/CH2Cl2, RT; PyBOP, iPr2EtN, DMF/CH2Cl2,
0 8C to RT; TBAF, THF, RT, 52 % (36), 61% (37); d) BBr3, thioanisole,
0 8C to RT, 48% (for bastadin 10), 51% (for bastadin 12); e) BnBr,
K2CO3, DMF, 83%; f) TEMPO, NaOCl, KBr, NaHCO3, CH3CN, 0 8C;
NaBH4, MeOH, 0 8C, 78 %.


E 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 406 – 421410


E. A. Couladouros et al.



www.chemeurj.org





(TLC, NMR) with the corresponding natural material.
Moreover, in order to ensure that the sensitive benzylic chir-
ality had not been compromised during the final, rather
harsh deprotection step, synthetic bastadin 10 was converted
to its tetrabenzyl derivative 38. Oxidation of the benzylic al-
cohol moiety and subsequent restoration by sodium borohy-
dride mediated reduction furnished the corresponding race-
mate 39. HPLC chromatography of 38, 39, and the corre-
sponding mixture on a chiral column (CHIRALPAKP AD-
H, hexane:2-propanol=60:40, 0.5 mL min�1) revealed
beyond any doubt the homochirality of the synthetically pre-
pared bastadin.[26a]


Thus, a combination of three out of the seven key inter-
mediates prepared gave, after seven chemical operations in
a parallel fashion, bastadins 10 and 12 in 6 % and 8 % over-
all yields (based on acid 4a), respectively.


Total synthesis of group C bastaranes : Similarly, coupling of
amine pair 30b/31b with acid 4b provided after chromato-
graphic separation “tetramers” 40 and 41 (Scheme 6). Re-


giospecific bromination of 40 led to intermediate 42. Depro-
tection of the carboxylic acid and amine moieties of 41 or
42 and subsequent macrolactamization furnished the diben-
zyl derivative 43 of bastadin 5 or the corresponding deriva-
tive 44 of bastadin 16. Finally, protective-group removal was
accomplished as above by treatment with BBr3 in the pres-
ence of thioanisole to yield free bastadin 5 or 16, respective-
ly in 5 % overall yield (based on acid 4b).[26b]


Total synthesis of isobastaranes : Coupling the same amine
pair 30b/31b with acid 27a provided, after chromatographic
separation, “tetramers” 45 and 46 (Scheme 7). The latter
was treated with TFA to remove the Boc and tert-butyl ester


protective groups and subsequent macrolactamization fur-
nished the protected isobastarane 47. Immediate deprotec-
tion, utilizing the above described protocol, afforded basta-
din 21 within five chemical operations and in 11 % total
yield. On the other hand, regiospecific bromination of 47
followed by deprotection afforded bastadin 20 within six
chemical operations and in 5 % total yield.[26b]


Conclusion


We have shown the applicability of our strategy towards the
total synthesis of bastadins. Practically, bastaranes of
groups B and C as well as isobastaranes and open chain bas-
tadins may be synthesized in a short, efficient, and highly
convergent way, by using advanced common intermediates.
Elaboration of the above encouraging results into a univer-
sal practical common route, including group A derivatives,
remains to be investigated.


Experimental Section


General : All reactions were carried out under a dry argon atmosphere
with anhydrous, freshly distilled solvents under anhydrous conditions
unless otherwise noted. All reactions were magnetically stirred with
Teflon stir bars, and temperatures were measured externally. Reactions
requiring anhydrous conditions were carried out in oven-dried (120 8C,
24 h) or flame-dried (vacuum < 0.5 Torr) glassware. Yields refer to chro-
matographically and spectroscopically (1H NMR spectroscopy) homoge-
neous materials. All reagents were obtained from Aldrich and used with-
out further purification. All reactions were monitored by thin-layer chro-
matography (TLC) carried out on 0.25 mm Merck silica gel plates (60F-
254). Merck silica gel (60, particle size 0.040–0.063 mm) was used for
flash column chromatography. Infrared spectra (IR) were recorded, as
neat films on potassium bromide plates, on Nicolet Magna FT-IR 550.
Mass spectra were recorded on an IonSpec Ultima FTMS (MALDI) or
an Agilent (ESI-TOF) instrument. Optical rotations were recorded with
a Perkin–Elmer 241 polarimeter. Nuclear magnetic resonance (NMR)
spectra were recorded on a Bruker AM-250 or a Bruker Avance DRX-
500 instrument as noted individually. Chemical shifts are measured in


Scheme 6. Synthesis of naturally occurring group C bastaranes. Reagents
and conditions: a) EDC, HOBt, iPr2EtN, DMF/CH2Cl2, 0 8C to RT, 58%
(40 :41=1:1); b) NBS, CH3CN, 0 8C, 75% (42); c) LiOH, MeOH/THF/
H2O, RT; TFA/CH2Cl2, RT; PyBOP, iPr2EtN, DMF/CH2Cl2, 0 8C to RT,
58% (43), 66 % (44); d) BBr3, thioanisole, 0 8C to RT, 43 % (for basta-
din 5), 41% (for bastadin 16).


Scheme 7. Synthesis of naturally occurring isobastaranes. Reagents and
conditions: a) EDC, HOBt, iPr2EtN, DMF/CH2Cl2, 0 8C to RT, 76%
(45 :46=1:1); b) TFA/CH2Cl2, pentamethylbenzene, RT; PyBOP, iPr2EtN,
DMF/CH2Cl2, 0 8C to RT, 55 %; c) BBr3, thioanisole, 0 8C to RT, 55 %
(for bastadin 21), 46% (for bastadin 20); d) NBS, CH3CN, 0 8C, 72%.
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parts per million (d) relative to the deuterated solvent used in the experi-
ment. Multiplicities are designated as singlet (s), doublet (d), triplet (t),
or multiplet (m). Broad or obscured peaks are indicated as “br” or “obs”
respectively.


General procedure for the preparation of 6a or 6b : Imidazole (13 mmol)
and potassium carbonate (42 mmol) were added to a solution of phenol
8a or 8b (21 mmol) in DMF (140 mL). The mixture was stirred at ambi-
ent temperature for 1 h and, after addition of iodonium salt 1b
(31 mmol), was heated at 808C for 6 h. The mixture was then poured into
water (250 mL) and extracted with EtOAc (3 Q 50 mL). The combined or-
ganic phases were washed with brine (50 mL), dried over Na2SO4, and
concentrated under reduced pressure. The residue thus obtained was pu-
rified by flash column chromatography (20 % EtOAc in hexanes).


Data for 6a : Yield 96% as colorless oil; 1H NMR (250 MHz, CDCl3):
d=9.71 (s, 1H; CHO), 7.51 (dd, J=8.6, 2.2 Hz, 1 H; ArH), 7.40 (d, J=
2.2 Hz, 1H; ArH), 7.32 (d, J=1.9 Hz, 1 H; ArH), 7.25–7.15 (m, 5 H;
ArH), 7.02 (d, J=8.6 Hz, 1 H; ArH), 6.99 (dd, J=8.6, 1.9 Hz, 1 H; ArH),
6.69 (d, J=8.6 Hz, 1 H; ArH), 5.13 (s, 2 H; OCH2Ph), 4.23–4.15 (m, 1H;
ArCH2CHCH2), 3.90 (dd, J=8.2, 6.0 Hz, 1H; ArCH2CHCHH), 3.52 (dd,
J=8.2, 7.1 Hz, 1H; ArCH2CHCHH), 2.83 (dd, J=13.8, 6.3 Hz, 1H;
ArCHH), 2.66 (dd, J=13.8, 6.3 Hz, 1H; ArCHH), 1.33 (s, 3H;
CH3CCH3), 1.26 ppm (s, 3 H; CH3CCH3); 13C NMR (62.5 MHz, CDCl3):
d=190.2, 154.8, 152.2, 146.3, 135.7, 134.7, 134.4, 130.4, 129.4, 128.6, 128.2,
128.1, 126.9, 119.3, 118.9, 114.1, 113.8, 109.3, 76.2, 70.8, 68.8, 38.9, 27.0,
25.7 ppm; IR (KBr): ñ=3094, 3072, 3035, 2990, 2940, 2876, 2835, 2737,
1696, 1602, 1583, 1509, 1491, 1459, 1439 cm�1; HR-MALDI-FTMS: m/z
[M+Na]+ calcd for C26H25BrO5: 519.0777; found: 519.0792.


Data for 6b : Yield 98% as colorless oil; 1H NMR (250 MHz, CDCl3):
d=9.71 (s, 1H; CHO), 7.52–7.43 (m, 5H; ArH), 7.40–7.26 (m, 3H;
ArH), 7.09 (d, J=8.3 Hz, 1H; ArH), 6.96 (d, J=1.7 Hz, 1 H; ArH), 5.31
(s, 2 H; OCH2Ph), 4.37–4.27 (m, 1 H; ArCH2CHCH2), 4.05 (dd, J=8.0,
6.0 Hz, 1 H; ArCH2CHCHH), 3.61 (dd, J=8.0, 7.1 Hz, 1H;
ArCH2CHCHH), 2.87 (dd, J=14.2, 6.9 Hz, 1 H; ArCHH), 2.77 (dd, J=
14.2, 5.4 Hz, 1 H; ArCHH), 1.42 (s, 3 H; CH3CCH3), 1.36 ppm (s, 3 H;
CH3CCH3); 13C NMR (62.5 MHz, CDCl3): d=190.1, 152.9, 147.1, 146.5,
138.1, 135.8, 133.6, 129.8, 128.4, 127.9, 127.3, 127.0, 117.7, 113.7, 112.7,
109.2, 75.4, 70.7, 68.4, 38.5, 26.7, 25.4 ppm; IR (KBr): ñ=3062, 3037,
2991, 2934, 2879, 2854, 2738, 1692, 1600, 1551, 1514, 1454 cm�1; HR-
MALDI-FTMS: m/z [M+Na]+ calcd for C26H24Br2O5: 596.9883; found:
596.9895.


General procedure for the preparation of 13a or 13b : A solution of alde-
hyde 6a or 6b (20 mmol), piperidine (40 mmol), dimethyl malonate
(22 mmol), and acetic anhydride (22 mmol) in THF (130 mL) was stirred
at 80 8C for 24 h. The mixture was allowed to cool to ambient tempera-
ture and was then poured into a saturated aqueous solution of ammonium
chloride (200 mL) and extracted with EtOAc (3 Q 50 mL). The combined
organic phases were washed with brine (50 mL), dried over Na2SO4, and
concentrated under reduced pressure. The residue thus obtained was pu-
rified by flash column chromatography (20 % EtOAc in hexanes) to yield
product 13a or 13b and some unreacted starting aldehyde 6a or 6b.


Data for 13a : Yield 99% (70 % conversion) as light yellow oil; 1H NMR
(250 MHz, CDCl3): d=7.57 (s, 1 H; ArCH=C), 7.47 (d, J=1.9 Hz, 1 H;
ArH), 7.32–7.18 (m, 5H; ArH), 7.14 (dd, J=8.6, 2.2 Hz, 1 H; ArH), 7.06
(dd, J=8.6, 1.9 Hz, 1 H; ArH), 6.96 (d, J=8.6 Hz, 1H; ArH), 6.96 (d, J=
2.2 Hz, 1 H; ArH), 6.74 (d, J=8.6 Hz, 1H; ArH), 5.11 (s, 2H; OCH2Ph),
4.30–4.20 (m, 1 H; ArCH2CHCH2), 3.97 (dd, J=8.2, 6.0 Hz, 1H;
ArCH2CHCHH), 3.76 (s, 3 H; COOCH3), 3.67 (s, 3H; COOCH3), 3.58
(dd, J=8.2, 7.1 Hz, 1H; ArCH2CHCHH), 2.88 (dd, J=13.8, 6.3 Hz, 1H;
ArCHHCHCH2), 2.72 (dd, J=13.8, 6.3 Hz, 1H; ArCHHCHCH2), 1.40 (s,
3H; CH3CCH3), 1.32 ppm (s, 3H; CH3CCH3); 13C NMR (62.5 MHz,
CDCl3): d=166.9, 164.4, 152.3, 151.6, 145.7, 141.5, 135.9, 134.4, 134.1,
129.2, 128.3, 127.8, 127.2, 126.8, 125.8, 123.5, 120.2, 118.7, 114.5, 113.5,
109.1, 76.1, 70.5, 68.6, 52.4, 38.8, 26.8, 25.5 ppm; IR (KBr): ñ=3092, 3066,
3034, 2986, 2951, 2877, 2824, 1760, 1739, 1629, 1602, 1576, 1512, 1489,
1455, 1435 cm�1; HR-MALDI-FTMS: m/z [M+Na]+ calcd for
C31H31BrO8: 633.1094; found: 633.1094.


Data for 13b : Yield 97 % (88 % conversion) as light yellow oil; 1H NMR
(250 MHz, CDCl3): d=7.58–7.46 (m, 5 H; ArCH=C, ArH), 7.43–7.29 (m,


3H; ArH), 7.08 (dd, J=8.5, 2.0 Hz, 1 H; ArH), 7.00 (d, J=8.5 Hz, 1 H;
ArH), 6.57 (d, J=2.0 Hz, 1H; ArH), 5.31 (s, 2 H; OCH2Ph), 4.39–4.29
(m, 1 H; ArCH2CHCH2), 4.10 (dd, J=8.2, 6.0 Hz, 1 H; ArCH2CHCHH),
3.78 (s, 3H; COOCH3), 3.65 (s, 3 H; COOCH3), 3.72–3.59 (obs m, 1 H;
ArCH2CHCHH), 2.92 (dd, J=14.1, 7.0 Hz, 1H; ArCHHCHCH2), 2.80
(dd, J=14.1, 5.5 Hz, 1H; ArCHHCHCH2), 1.46 (s, 3 H; CH3CCH3),
1.38 ppm (s, 3 H; CH3CCH3); 13C NMR (62.5 MHz, CDCl3): d=166.9,
164.5, 149.9, 147.3, 146.2, 141.7, 138.1, 136.2, 133.6, 128.5, 127.9, 127.1,
125.8, 125.5, 123.1, 117.9, 114.6, 114.4, 109.4, 75.7, 70.8, 68.6, 52.4, 38.7,
26.8, 25.5 ppm; IR (KBr): ñ=3092, 3069, 3037, 2990, 2953, 2879, 1731,
1629, 1604, 1576, 1550, 1515, 1457, 1439 cm�1; HR-MALDI-FTMS: m/z
[M+Na]+ calcd for C31H30Br2O8: 711.0199; found: 711.0191.


General procedure for the preparation of 14a or 14b : A stirred solution
of 13a or 13b (26 mmol) in a mixture of methanol (100 mL) and acetoni-
trile (100 mL) was treated at 0 8C with sodium borohydride (28 mmol).
The mixture was allowed to gradually warm up to ambient temperature
over 4 h and during this period two more portions of sodium borohydride
(10 mmol) were added in order to achieve complete consumption of the
starting material. The reaction mixture was then poured into a saturated
aqueous solution of ammonium chloride (200 mL) and extracted with
EtOAc (3 Q 50 mL). The combined organic phases were washed with
brine (50 mL), dried over Na2SO4, and concentrated under reduced pres-
sure. The residue thus obtained was purified by flash column chromatog-
raphy (30 % EtOAc in hexanes).


Data for 14a : Yield 86 % as colorless oil; 1H NMR (250 MHz, CDCl3):
d=7.47 (d, J=1.9 Hz, 1 H; ArH), 7.34–7.18 (m, 5H; ArH), 7.02 (dd, J=
8.6, 1.9 Hz, 1H; ArH), 6.93 (s, 1 H; ArH), 6.92 (s, 1H; ArH), 6.83 (s, 1 H;
ArH), 6.64 (d, J=8.6 Hz, 1H; ArH), 5.06 (s, 2 H; OCH2Ph), 4.30–4.19
(m, 1 H; ArCH2CHCH2), 3.97 (dd, J=8.2, 6.0 Hz, 1 H; ArCH2CHCHH),
3.68 (s, 6 H; COOCH3), 3.64–3.55 (m, 2 H; ArCH2CHCHH,
CH2CH(COOMe)2), 3.12 (d, J=7.8 Hz, 2H; CH2CH(COOMe)2), 2.92
(dd, J=14.1, 6.3 Hz, 1H; ArCHHCHCH2), 2.72 (dd, J=14.1, 6.3 Hz, 1 H;
ArCHHCHCH2), 1.42 (s, 3H; CH3CCH3), 1.35 ppm (s, 3 H; CH3CCH3);
13C NMR (62.5 MHz, CDCl3): d=168.8, 153.1, 148.7, 145.1, 136.6, 133.9,
133.3, 131.2, 128.9, 128.1, 127.5, 126.8, 125.2, 121.3, 117.2, 115.6, 112.5,
109.0, 76.2, 70.8, 68.6, 53.4, 52.3, 38.7, 33.7, 26.8, 25.5 ppm; IR (KBr): ñ=
3071, 3042, 2989, 2952, 2874, 1756, 1740, 1610, 1583, 1514, 1489, 1455,
1437 cm�1; HR-MALDI-FTMS: m/z [M+Na]+ calcd for C31H33BrO8:
635.1251; found: 635.1257.


Data for 14b : Yield 83 % as colorless oil; 1H NMR (250 MHz, CDCl3):
d=7.55–7.45 (m, 4 H; ArH), 7.42–7.27 (m, 3 H; ArH), 6.94 (d, J=7.7 Hz,
1H; ArH), 6.79 (br d, J=8.2 Hz, 1H; ArH), 6.29 (br s, 1H; ArH), 5.24 (s,
2H; OCH2Ph), 4.40–4.30 (m, 1H; ArCH2CHCH2), 4.08 (dd, J=7.5,
6.3 Hz, 1 H; ArCH2CHCHH), 3.65 (s, 6H; COOCH3), 3.70–3.52 (m, 2H;
ArCH2CHCHH, CH2CH(COOMe)2), 3.06 (d, J=7.8 Hz, 2 H;
CH2CH(COOMe)2), 2.92 (dd, J=14.1, 6.8 Hz, 1H; ArCHHCHCH2),
2.81 (dd, J=14.1, 5.4 Hz, 1H; ArCHHCHCH2), 1.46 (s, 3H; CH3CCH3),
1.40 ppm (s, 3 H; CH3CCH3); 13C NMR (62.5 MHz, CDCl3): d=168.7,
147.6, 146.3, 146.1, 137.5, 136.9, 133.4, 130.6, 128.2, 127.5, 127.1, 122.7,
117.8, 115.7, 114.5, 109.2, 75.5, 71.2, 68.4, 53.4, 52.2, 38.4, 33.8, 26.7,
25.4 ppm; IR (KBr): ñ=3093, 3067, 3037, 2987, 2952, 2936, 2870, 1758,
1737, 1612, 1593, 1551, 1516, 1460, 1434 cm�1; HR-MALDI-FTMS: m/z
[M+Na]+ calcd for C31H32Br2O8: 713.0356; found: 713.0365.


General procedure for the preparation of 15a or 15b : Sodium methoxide
(47 mmol) and BuONO (26 mmol) were added to a stirred solution of
14a or 14b (24 mmol) in methanol (300 mL) at 0 8C. The mixture was al-
lowed to stand at 0 8C for 24 h and then additional BuONO (13 mmol)
was added. After being kept at 0 8C for another 24 h, the reaction mix-
ture was poured into a saturated aqueous solution of ammonium chloride
(300 mL) and extracted with EtOAc (3 Q 100 mL). The combined organic
phases were washed with brine (50 mL), dried over Na2SO4, and concen-
trated under reduced pressure. The residue thus obtained was purified by
flash column chromatography (30 % EtOAc in hexanes).


Data for 15a : Yield 88 % as colorless foam; 1H NMR (250 MHz, CDCl3):
d=10.70–10.00 (br s, 1H; NOH), 7.38 (d, J=1.9 Hz, 1H; ArH), 7.24–7.07
(m, 5H; ArH), 7.00–6.87 (m, 3 H; ArH), 6.82 (d, J=8.2 Hz, 1H; ArH),
6.58 (d, J=8.6 Hz, 1 H; ArH), 4.94 (s, 2 H; OCH2Ph), 4.32–4.21 (m, 1H;
ArCH2CHCH2), 3.87 (dd, J=8.2, 6.0 Hz, 1 H; ArCH2CHCHH), 3.79 (s,
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2H; ArCH2C=NOH), 3.69 (s, 3 H; COOCH3), 3.53 (dd, J=8.2, 6.7 Hz,
1H; ArCH2CHCHH), 2.80 (dd, J=13.8, 6.3 Hz, 1H; ArCHHCHCH2),
2.64 (dd, J=13.8, 6.3 Hz, 1H; ArCHHCHCH2), 1.35 (s, 3H; CH3CCH3),
1.27 ppm (s, 3 H; CH3CCH3); 13C NMR (62.5 MHz, CDCl3): d=163.7,
153.2, 150.5, 148.5, 144.9, 136.7, 133.9, 133.0, 129.3, 129.0, 128.2, 127.5,
126.8, 125.6, 122.0, 117.2, 115.4, 112.5, 109.2, 76.2, 70.8, 68.4, 52.5, 38.6,
29.5, 26.7, 25.4 ppm; HR-MALDI-FTMS: m/z [M+Na]+ calcd for
C29H30BrNO7: 606.1098; found: 606.1095, .


Data for 15b : Yield 87 % as colorless foam; 1H NMR (250 MHz, CDCl3):
d=10.60–9.45 (br s, 1H; NOH), 7.56–7.45 (m, 4H; ArH), 7.43–7.25 (m,
3H; ArH), 6.89 (br s, 2 H; ArH), 6.46 (s, 1 H; ArH), 5.23 (s, 2 H;
OCH2Ph), 4.46–4.36 (m, 1H; ArCH2CHCH2), 4.07 (dd, J=8.2, 6.4 Hz,
1H; ArCH2CHCHH), 3.77 (s, 2H; ArCH2C=NOH), 3.75 (s, 3H;
COOCH3), 3.65 (dd, J=8.2, 6.5 Hz, 1 H; ArCH2CHCHH), 2.89 (dd, J=
14.2, 5.0 Hz, 1 H; ArCHHCHCH2), 2.80 (dd, J=14.2, 6.3 Hz, 1 H;
ArCHHCHCH2), 1.46 (s, 3H; CH3CCH3), 1.38 ppm (s, 3 H; CH3CCH3);
13C NMR (62.5 MHz, CDCl3): d=163.6, 150.7, 148.0, 146.2, 137.1, 136.8,
133.8, 130.8, 129.0, 128.6, 128.3, 127.6, 127.2, 123.1, 118.0, 115.5, 115.3,
109.5, 75.4, 71.3, 67.8, 52.4, 38.2, 29.6, 26.4, 25.0 ppm; HR-MALDI-
FTMS: m/z [M+Na]+ calcd for C29H29Br2NO7: 684.0203; found:
684.0229.


General procedure for the preparation of 16a or 16b : Oxime 15a or 15b
(25 mmol) was dissolved in DMF (70 mL), the solution was cooled at
0 8C and then potassium carbonate (38 mmol) and imidazole (10 mmol)
were added. The mixture was stirred for 30 min and then benzyl bromide
(27 mmol) was added. The reaction mixture was allowed to gradually
warm up to ambient temperature and after 12 h it was poured into water
(150 mL) and extracted with EtOAc (3 Q 30 mL). The combined organic
phases were washed with brine (30 mL), dried over Na2SO4, and concen-
trated under reduced pressure. The residue thus obtained was purified by
flash column chromatography (15 % EtOAc in hexanes).


Data for 16a : Yield 91% as light yellow oil; 1H NMR (250 MHz,
CDCl3): d=7.43 (d, J=1.9 Hz, 1 H; ArH), 7.33–7.14 (m, 10H; ArH),
6.98–6.90 (m, 3H; ArH), 6.85 (d, J=8.2, Hz, 1 H; ArH), 6.55 (d, J=
8.2 Hz, 1 H; ArH), 5.25 (s, 2H; OCH2Ph), 5.00 (s, 2H; OCH2Ph), 4.31–
4.20 (m, 1H; ArCH2CHCH2), 3.91 (dd, J=8.2, 6.0 Hz, 1 H;
ArCH2CHCHH), 3.82 (s, 2 H; ArCH2CNOBn), 3.79 (s, 3 H; COOCH3),
3.56 (dd, J=8.2, 7.1 Hz, 1H; ArCH2CHCHH), 2.87 (dd, J=13.8, 6.3 Hz,
1H; ArCHHCHCH2), 2.67 (dd, J=13.8, 6.3 Hz, 1H; ArCHHCHCH2),
1.38 (s, 3H; CH3CCH3), 1.31 ppm (s, 3 H; CH3CCH3); 13C NMR
(62.5 MHz, CDCl3): d=163.7, 153.4, 150.6, 148.7, 144.6, 136.7, 136.1,
133.8, 133.0, 129.3, 128.9, 128.4, 128.2, 127.6, 126.9, 125.8, 122.4, 116.8,
115.4, 112.3, 109.1, 77.8, 76.3, 70.8, 68.7, 52.7, 38.7, 30.5, 26.9, 25.6 ppm;
IR (KBr): ñ=3093, 3066, 3035, 2989, 2952, 2935, 2877, 1726, 1607, 1582,
1509, 1488, 1453, 1430 cm�1; HR-MALDI-FTMS: m/z [M+Na]+ calcd for
C36H36BrNO7: 696.1567; found: 696.1557.


Data for 16b : Yield 88% as light yellow oil; 1H NMR (250 MHz,
CDCl3): d=7.53–7.19 (m, 12 H; ArH), 6.88 (d, J=8.3 Hz, 1 H; ArH), 6.80
(dd, J=8.3, 1.6 Hz, 1H; ArH), 6.43 (d, J=1.6 Hz, 1 H; ArH), 5.24 (s,
2H; OCH2Ph), 5.23 (s, 2 H; OCH2Ph), 4.34–4.24 (m, 1H;
ArCH2CHCH2), 4.03 (dd, J=8.0, 6.0 Hz, 1 H; ArCH2CHCHH), 3.78 (s,
5H; ArCH2CNOBn, COOCH3), 3.61 (dd, J=8.0, 7.3 Hz, 1 H;
ArCH2CHCHH), 2.88 (dd, J=14.1, 6.8 Hz, 1H; ArCHHCHCH2), 2.74
(dd, J=14.1, 5.6 Hz, 1H; ArCHHCHCH2), 1.44 (s, 3 H; CH3CCH3),
1.36 ppm (s, 3 H; CH3CCH3); 13C NMR (62.5 MHz, CDCl3): d=163.6,
150.7, 147.9, 146.3, 146.1, 137.3, 137.1, 136.3, 133.4, 128.8, 128.3, 128.0,
127.9, 127.7, 127.2, 123.1, 118.0, 115.7, 115.3, 109.4, 77.5, 75.7, 71.4, 68.5,
52.6, 38.6, 30.6, 26.8, 25.5 ppm; HR-MALDI-FTMS: m/z [M+Na]+ calcd
for C36H35Br2NO7: 774.0672; found: 774.0655.


General procedure for the preparation of 17a or 17b : A stirred solution
of 16a or 16b (2.5 mmol) and NBS (3 mmol) in acetonitrile (30 mL) was
heated at reflux for 4 h. The reaction mixture was allowed to cool to am-
bient temperature and was then poured into a saturated aqueous solution
of sodium bicarbonate (30 mL) containing 5% w/v potassium iodide. The
mixture was extracted with EtOAc (3 Q 30 mL), and the combined organ-
ic phases were washed with saturated aqueous solution of Na2SO3


(30 mL) and brine (30 mL), dried over Na2SO4, and concentrated under


reduced pressure. The residue thus obtained was purified by flash column
chromatography (30 % EtOAc in hexanes + 3% methanol).


Data for 17a : Yield 52% as yellow oil ; 1H NMR (250 MHz, CDCl3): d=
7.47 (d, J=1.9 Hz, 1 H; ArH), 7.34–7.15 (m, 11 H; ArH), 6.98 (dd, J=8.4,
1.9 Hz, 1H; ArH), 6.70 (s, 1 H; ArH), 6.59 (d, J=8.4 Hz, 1 H; ArH), 5.25
(s, 2 H; OCH2Ph), 5.03 (s, 2H; OCH2Ph), 3.96 (s, 2H; ArCH2CNOBn),
3.96–3.63 (m, 2 H; ArCH2CHCH2, ArCH2CHCHH), 3.81 (s, 3H;
COOCH3), 3.50–3.43 (m, 1H; ArCH2CHCHH), 2.75–2.66 ppm (m, 4H;
ArCH2CHCH2, CHOH, CH2OH); HR-MALDI-FTMS: m/z [M+Na]+


calcd for C33H31Br2NO7: 734.0359; found: 734.0367.


Data for 17b : Yield 56% as yellow oil; 1H NMR (250 MHz, CDCl3): d=
7.52–7.18 (m, 13 H; ArH), 6.14 (s, 1 H; ArH), 5.20 (s, 2 H; OCH2Ph), 5.18
(s, 2H; OCH2Ph), 3.88 (br s, 3H; ArCH2CNOBn, ArCH2CHCH2), 3.75
(s, 3 H; COOCH3), 3.63 (dd, J=11.0, 3.3 Hz, 1H; ArCH2CHCHH), 3.46
(dd, J=11.0, 7.0 Hz, 1H; ArCH2CHCHH), 3.25 (br s, 1H; OH), 2.97
(br s, 1H; OH), 2.77–2.61 ppm (m, 2 H; ArCH2CHCH2); HR-MALDI-
FTMS: m/z [M+Na]+ calcd for C33H30Br3NO7: 811.9464; found:
811.9493,.


General procedure for the preparation of 18a or 18b : An aqueous so-
lution of HCl (1n, 100 mL) was added to a solution of 16a or 16b
(24 mmol) in THF (100 mL), and the mixture was stirred at ambient tem-
perature overnight. Approximately half of the solvent was evaporated
under reduced pressure and the remaining mixture was extracted with
EtOAc (3 Q 30 mL). The combined organic phases were washed with
brine (30 mL), dried over Na2SO4, and concentrated under reduced pres-
sure. The residue thus obtained was purified by flash column chromatog-
raphy (30 % EtOAc in hexanes + 3 % methanol).


Data for 18a : Yield 99 % as light yellow foam; 1H NMR (250 MHz,
CDCl3): d=7.48 (d, J=2.0 Hz, 1 H; ArH), 7.34–7.20 (m, 10H; ArH),
7.00–6.94 (m, 3H; ArH), 6.89 (d, J=8.3 Hz, 1H; ArH), 6.62 (d, J=
8.3 Hz, 1 H; ArH), 5.29 (s, 2H; OCH2Ph), 5.05 (s, 2H; OCH2Ph), 3.92–
3.84 (m, 1 H; ArCH2CHCH2), 3.86 (s, 2H; ArCH2CNOBn), 3.83 (s, 3 H;
COOCH3), 3.65 (dd, J=11.1, 3.3 Hz, 1 H; ArCH2CHCHH), 3.47 (dd, J=
11.1, 6.9 Hz, 1H; ArCH2CHCHH), 2.77–2.63 (m, 2H; ArCH2CHCH2),
2.20 ppm (br s, 2 H; 2 Q OH); 13C NMR (62.5 MHz, CDCl3): d=163.8,
153.4, 150.6, 148.7, 144.8, 136.8, 136.1, 134.0, 133.3, 129.4, 129.1, 128.5,
128.3, 127.7, 126.9, 125.8, 122.2, 117.1, 115.6, 112.6, 77.8, 72.8, 71.0, 65.8,
52.8, 38.5, 30.5 ppm; IR (KBr): ñ=3416, 3092, 3068, 3040, 2950, 2980,
1729, 1607, 1573, 1497, 1487, 1455, 1440 cm�1; HR-ESI: m/z [M+Na]+


calcd for C33H32BrNO7: 656.1260; found: 656.1254.


Data for 18b : Yield 99 % as light yellow foam; 1H NMR (250 MHz,
CDCl3): d=7.61–7.43 (m, 4H; ArH), 7.39–7.22 (m, 7H; ArH), 6.88 (d,
J=8.3 Hz, 1H; ArH), 6.79 (dd, J=8.3, 1.8 Hz, 1H; ArH), 6.66 (s, 1H;
ArH), 6.35 (d, J=1.8 Hz, 1 H; ArH), 5.22 (s, 4 H; 2 Q OCH2Ph), 3.93–3.80
(m, 1H; ArCH2CHCH2), 3.75 (s, 5 H; ArCH2CNOBn, COOCH3), 3.63
(dd, J=11.0, 3.2 Hz, 1H; ArCH2CHCHH), 3.46 (dd, J=11.0, 6.9 Hz, 1 H;
ArCH2CHCHH), 2.78 (br s, 2 H; 2Q OH), 2.75–2.60 ppm (m, 2H;
ArCH2CHCH2); 13C NMR (62.5 MHz, CDCl3): d=164.2, 163.8, 150.7,
149.5, 147.8, 146.3, 138.0, 137.1, 136.2, 133.6, 128.7, 128.4, 128.2, 128.1,
127.9, 127.7, 127.3, 123.2, 118.1, 116.1, 115.9, 115.0, 77.5, 72.4, 71.5, 65.7,
52.7, 38.3, 30.5 ppm; HR-ESI: m/z [M+H]+ calcd for C33H31Br2NO7:
714.0525; found: 714.0521.


General procedure for the preparation of 19a or 19b : A stirred solution
of diol 18a or 18b (25 mmol) and imidazole (40 mmol) in DMF (100 mL)
was cooled at 0 8C and then TBSCl (30 mmol) was added in small por-
tions. The mixture was stirred at this temperature for 3 h and was then al-
lowed to gradually warm up to ambient temperature. After 8 h the reac-
tion mixture was poured into a saturated aqueous solution of ammonium
chloride (100 mL) and extracted with EtOAc (3 Q 30 mL). The combined
organic phases were washed with water (50 mL) and brine (50 mL), dried
over Na2SO4, and concentrated under reduced pressure. The residue thus
obtained was purified by flash column chromatography (20 % EtOAc in
hexanes).


Data for 19a : Yield 88 % as colorless oil; 1H NMR (250 MHz, CDCl3):
d=7.46 (d, J=2.0 Hz, 1 H; ArH), 7.33–7.16 (m, 10H; ArH), 6.97 (dd, J=
8.4, 2.0 Hz, 1H; ArH), 6.92 (s, 2 H; ArH), 6.86 (d, J=8.2 Hz, 1H; ArH),
6.59 (d, J=8.4 Hz, 1 H; ArH), 5.26 (s, 2H; OCH2Ph), 5.02 (s, 2H;
OCH2Ph), 3.86–3.73 (m, 1 H; ArCH2CHCH2), 3.83 (s, 2H; ArCH2-
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CNOBn), 3.80 (s, 3 H; COOCH3), 3.57 (dd, J=9.9, 3.8 Hz, 1H;
ArCH2CHCHH), 3.43 (dd, J=9.9, 6.4 Hz, 1 H; ArCH2CHCHH), 2.68 (d,
J=6.5 Hz, 2 H; ArCH2CHCH2), 2.33 (d, J=4.5 Hz, 1 H; OH), 0.89 (s,
9H; tBuSi), 0.05 (s, 3 H; CH3Si), 0.04 ppm (s, 3H; CH3Si); 13C NMR
(62.5 MHz, CDCl3): d=164.3, 163.8, 153.2, 150.7, 148.7, 144.9, 136.8,
136.2, 134.0, 133.9, 129.4, 129.1, 128.5, 128.3, 128.2, 127.7, 127.0, 125.7,
122.3, 117.0, 115.6, 112.5, 77.9, 72.5, 71.0, 66.0, 52.8, 38.3, 30.6, 25.8, 3.7,
3.7 ppm; IR (KBr): ñ=3558, 3089, 3068, 3032, 2954, 2929, 2883, 2857,
1730, 1609, 1572, 1498, 1485, 1456, 1441 cm�1; HR-ESI: m/z [M+H]+


calcd for C39H46BrNO7Si: 748.2300; found: 748.2297.


Data for 19b : Yield 89 % as colorless oil; 1H NMR (250 MHz, CDCl3):
d=7.48–7.38 (m, 4 H; ArH), 7.35–7.16 (m, 8 H; ArH), 6.82 (d, J=8.3 Hz,
1H; ArH), 6.74 (dd, J=8.3, 1.7 Hz, 1 H; ArH), 6.38 (d, J=1.7 Hz, 1 H;
ArH), 5.17 (s, 2 H; OCH2Ph), 5.16 (s, 2 H; OCH2Ph), 3.85–3.71 (m, 1 H;
ArCH2CHCH2), 3.71 (s, 2 H; ArCH2CNOBn), 3.69 (s, 3H; COOCH3),
3.56 (dd, J=9.9, 4.0 Hz, 1 H; ArCH2CHCHH), 3.43 (dd, J=9.9, 6.3 Hz,
1H; ArCH2CHCHH), 2.71–2.57 (m, 2H; ArCH2CHCH2), 2.42 (br d, J=
2.3 Hz, 1H; OH), 0.89 (s, 9 H; tBuSi), 0.05 ppm (s, 6 H; CH3Si); 13C NMR
(62.5 MHz, CDCl3): d=163.5, 150.6, 147.6, 146.3, 146.2, 138.2, 137.1,
136.3, 133.5, 128.8, 128.3, 128.1, 127.9, 127.8, 127.6, 127.2, 123.0, 117.9,
115.7, 115.2, 77.4, 72.0, 71.4, 66.0, 52.5, 38.1, 30.5, 25.7, 18.1, 3.4, 3.4 ppm;
HR-ESI-TOF: m/z [M+H]+ calcd for C39H45Br2NO7Si: 826.1405; found:
826.1410.


General procedure for the preparation of 20a or 20b : Alcohol 19a or
19b (7.2 mmol) was dissolved in dichloromethane (80 mL). A solution of
KBr in water (4.3 mL, 0.5m ; 2.2 mmol) and a solution of TEMPO in di-
chloromethane (8 mL, 9 mm ; 72 mmol) were added to this mixture. An
aqueous solution of NaOCl (37 mL, 0.3m ; 11 mmol) containing NaHCO3


(1.1 g, 13 mmol) was added in small portions (over 1 h) to this vigorously
stirred mixture at 0 8C. The reaction was allowed to proceed for an addi-
tional hour and was then quenched by the addition of 2-propanol (1 mL).
EtOAc (150 mL) was added to the mixture and it was washed successive-
ly with water (50 mL) and brine (50 mL). The combined organic phases
were dried over Na2SO4 and concentrated under reduced pressure. The
residue thus obtained was dissolved in ethanol (25 mL) and treated at
ambient temperature with O-benzyl hydroxylamine hydrochloride (1.2 g,
7.4 mmol) and pyridine (0.6 mL, 7.4 mmol). The mixture was poured into
aqueous HCl (0.01n, 30 mL) and extracted with EtOAc (3 Q 30 mL). The
combined organic phases were washed with water (2 Q 30 mL) and brine
(30 mL), dried over Na2SO4, and concentrated under reduced pressure.
The residue thus obtained was purified by flash column chromatography
(20 % EtOAc in hexanes).


Data for 20a : Yield 96 % (ca. 3:1 mixture of isomers) as light yellow oil;
1H NMR (250 MHz, CDCl3): d=7.50 (d, J=2.0 Hz, 1 H; ArH), 7.48 (d,
J=2.0 Hz, 3 H; ArH), 7.38–7.16 (m, 60 H; ArH), 7.00–6.91 (m, 12H;
ArH), 6.86 (d, J=8.2 Hz, 3H; ArH), 6.56 (d, J=8.4 Hz, 3 H; ArH), 6.54
(2 d, J=8.4 Hz, 1 H; ArH), 5.26 (s, 8H; OCH2Ph), 6.56 (s, 2 H;
OCH2Ph), 6.54 (s, 6H; OCH2Ph), 5.03 (2 s, 6H; OCH2Ph), 5.02 (s, 2 H;
OCH2Ph), 4.42 (s, 6 H; CH2OTBS), 4.06(s, 2H; CH2OTBS), 3.83 (s, 6 H;
ArCH2CNOBn), 3.80 (s, 9H; COOCH3), 3.70 (s, 2 H; ArCH2CNOBn),
3.54 (2 s, 6 H; ArCH2CNOBn), 0.87 (s, 9 H; tBuSi), 0.85 (s, 27 H; tBuSi),
0.00 (s, 6H; CH3Si), �0.05 ppm (s, 18H; CH3Si); 13C NMR (62.5 MHz,
CDCl3): d=163.8, 160.8, 158.0, 153.2, 150.7, 148.8, 145.0, 137.9, 136.8,
136.8, 136.1, 134.0, 133.8, 133.1, 129.4, 129.1, 128.7, 128.5, 128.3, 128.3,
128.3, 128.1, 127.9, 127.7, 127.6, 127.0, 126.9, 125.7, 125.6, 122.3, 122.2,
116.9, 116.9, 115.6, 115.6, 112.3, 77.9, 75.9, 75.8, 71.0, 71.0, 62.9, 57.9, 52.8,
35.1, 30.6, 30.3, 25.8, 18.2, 4.0, 3.7 ppm; HR-ESI: m/z [M+H]+ calcd for
C46H51BrN2O7Si: 851.2722; found: 851.2721.


Data for 20b : Yield 93% (ca. 8:1 mixture of isomers) as light yellow oil;
1H NMR (250 MHz, CDCl3): d=7.54–7.44 (m, 36 H; ArH), 7.43–7.21 (m,
117 H; ArH), 6.87 (br d, J=8.3 Hz, 9 H; ArH), 6.79 (br dd, J=8.3, 2.0 Hz,
9H; ArH), 6.41 (br d, J=2.0 Hz, 9 H; ArH), 5.24 (br s, 36 H; OCH2Ph),
5.13 (s, 2H; OCH2Ph), 5.12 (s, 16H; OCH2Ph), 4.51 (s, 16H; CH2OTBS),
4.15 (s, 2H; CH2OTBS), 3.76 (s, 27 H; COOCH3), 3.75 (s, 16H; ArCH2-
CNOBn), 3.72 (s, 2H; ArCH2CNOBn), 3.58 (s, 18H; ArCH2CNOBn),
0.92 (s, 9H; tBuSi), 0.90 (s, 72 H; tBuSi), 0.07 (s, 6H; CH3Si), 0.02 ppm (s,
48H; CH3Si); 13C NMR (62.5 MHz, CDCl3): d=164.1, 160.5, 157.4, 151.2,
148.2, 146.9, 146.7, 138.3, 137.8, 137.7, 136.8, 134.0, 133.7, 129.3, 128.9,


128.7, 128.7, 128.6, 128.5, 128.4, 128.4, 128.3, 128.3, 128.3, 128.2, 127.7,
123.5, 123.5, 118.4, 116.3, 115.8, 78.0, 78.0, 75.6, 71.9, 63.7, 58.7, 53.1, 35.6,
31.1, 31.0, 26.3, 18.6, 4.3, 4.1 ppm; IR (KBr): ñ=3092, 3064, 3031, 2953,
2930, 2884, 2854, 1731, 1607, 1548, 1500, 1456 cm�1; HR-ESI: m/z
[M+H]+ calcd for C46H50Br2N2O7Si: 929.1827; found: 929.1834.


General procedure for the preparation of alcohols 21a, 21b, 22a, and
22b : A solution of silyl ether 20a or 20b (7.0 mmol) in THF (30 mL) was
treated for 30 min at ambient temperature with 1.0m solution of TBAF
in THF (7 mL). The reaction mixture was then poured into a saturated
aqueous solution of ammonium chloride (50 mL) and extracted with
EtOAc (3 Q 30 mL). The combined organic phases were washed with
water (20 mL) and brine (20 mL), dried over Na2SO4, and concentrated
under reduced pressure. The residue thus obtained was purified by flash
column chromatography (30 % EtOAc in hexanes) to yield, in order of
elution, 22a and 21a or 22b and 21b, respectively.


Data for 21a : Yield 24 % as colorless foam; 1H NMR (250 MHz, CDCl3):
d=7.50 (d, J=2.0 Hz, 1H; ArH), 7.43–7.18 (m, 15H; ArH), 7.04–6.95
(m, 3 H; ArH), 6.91 (d, J=8.1 Hz, 1 H; ArH), 6.59 (d, J=8.3 Hz, 1 H;
ArH), 5.31 (s, 2 H; OCH2Ph), 5.17 (s, 2 H; OCH2Ph), 5.04 (s, 2 H;
OCH2Ph), 4.10 (br s, 2H; CH2OH), 3.89 (s, 2 H; ArCH2CNOBn), 3.82 (s,
3H; COOCH3), 3.66 (s, 2 H; ArCH2CNOBn), 2.53 ppm (br s, 1H; OH);
13C NMR (62.5 MHz, CDCl3): d=163.7, 159.8, 156.8, 153.5, 150.5, 148.7,
144.6, 137.3, 136.6, 136.1, 133.7, 131.1, 129.3, 129.2, 128.7, 128.3, 128.2,
127.9, 127.8, 127.6, 126.8, 125.8, 122.3, 116.9, 116.0, 115.5, 112.4, 128.4,
128.1, 77.7, 76.1, 70.9, 62.4, 52.6, 31.2, 30.5 ppm; IR (KBr): ñ=3505, 3094,
3069, 3035, 2955, 2926, 2871, 1728, 1609, 1490, 1460 cm�1.


Data for 21b : Yield 11 % as colorless foam; 1H NMR (250 MHz, CDCl3):
d=7.53–7.44 (m, 4 H; ArH), 7.43–7.23 (m, 13 H; ArH), 6.90 (d, J=
8.3 Hz, 1 H; ArH), 6.83 (dd, J=8.3, 1.9 Hz, 1 H; ArH), 6.42 (d, J=1.9 Hz,
1H; ArH), 5.25 (s, 2H; OCH2Ph), 5.24 (s, 2 H; OCH2Ph), 5.17 (s, 2H;
OCH2Ph), 4.15 (s, 2H; CH2OH), 3.78 (s, 2 H; ArCH2CNOBn), 3.75 (s,
3H; COOCH3), 3.66 (s, 2 H; ArCH2CNOBn), 2.45 ppm (br s, 1H; OH);
13C NMR (62.5 MHz, CDCl3): d=163.6, 156.1, 150.7, 148.0, 146.3, 146.2,
137.1, 136.3, 135.6, 133.3, 128.8, 128.4, 128.3, 128.2, 128.0, 128.0, 127.9,
127.9, 127.7, 127.2, 123.2, 118.1, 115.8, 115.2, 77.5, 76.3, 71.4, 62.6, 52.6,
31.1, 30.5 ppm; IR (KBr): ñ=3500, 3096, 3069, 3035, 2955, 2931, 2876,
1733, 1609, 1555, 1505, 1456, 1439 cm�1.


Data for 22a : Yield 69 % as colorless foam; 1H NMR (250 MHz, CDCl3):
d=7.47 (d, J=2.0 Hz, 1H; ArH), 7.37–7.17 (m, 15H; ArH), 7.00–6.92
(m, 3 H; ArH), 6.88 (d, J=8.3 Hz, 1 H; ArH), 6.58 (d, J=8.3 Hz, 1 H;
ArH), 5.27 (s, 2 H; OCH2Ph), 5.12 (s, 2 H; OCH2Ph), 5.02 (s, 2 H;
OCH2Ph), 4.29 (br s, 2H; CH2OH), 3.84 (s, 2 H; ArCH2CNOBn), 3.80 (s,
3H; COOCH3), 3.53 ppm (s, 2H; ArCH2CNOBn); 13C NMR (62.5 MHz,
CDCl3): d=163.8,159.8, 153.6, 150.6, 148.7, 144.8, 137.5, 136.8, 136.1,
133.6, 132.1, 129.4, 128.7, 128.4, 128.2, 128.0, 127.9, 127.7, 126.9, 125.8,
122.3, 117.1, 115.6, 112.6, 109.5, 128.4, 128.3, 77.8, 76.1, 71.0, 58.5, 52.7,
36.5, 30.5 ppm; IR (KBr): ñ=3535, 3091, 3072, 3032, 2957, 2928, 2878,
1726, 1616, 1492, 1460 cm�1; HR-ESI: m/z [M+H]+ calcd for
C40H37BrN2O7: 737.1857; found: 737.1854.


Data for 22b : Yield 88 % as colorless foam; 1H NMR (500 MHz, CDCl3):
d=7.51–7.46 (m, 4 H; ArH), 7.40–7.25 (m, 13 H; ArH), 6.88 (d, J=
8.3 Hz, 1 H; ArH), 6.80 (dd, J=8.3, 1.9 Hz, 1 H; ArH), 6.33 (d, J=1.9 Hz,
1H; ArH), 5.23 (s, 4 H; 2Q OCH2Ph), 5.14 (s, 2H; OCH2Ph), 4.43 (s, 2 H;
CH2OH), 3.76 (s, 2 H; ArCH2CNOBn), 3.74 (s, 3 H; COOCH3), 3.59 ppm
(s, 2 H; ArCH2CNOBn); 13C NMR (125 MHz, CDCl3): d=163.7, 159.5,
150.6, 147.9, 146.3, 146.3, 137.4, 137.1, 136.8, 136.2, 133.1, 128.7, 128.4,
128.1, 128.0, 127.9, 127.7, 128.4, 127.3, 123.2, 118.2, 115.9, 115.0, 77.5,
76.1, 71.5, 58.3, 52.7, 36.0, 30.5 ppm; IR (KBr): ñ=3521, 3095, 3071, 3036,
2957, 2927, 2876, 1731, 1612, 1553, 1506, 1457, 1439 cm�1; HR-ESI-TOF:
m/z [M+H]+ calcd for C40H36Br2N2O7: 815.0962; found: 815.0961.


General procedure for the preparation of acids 23a, 23b, 25a, and 25b :
One of the above alcohols (4.6 mmol) was dissolved in acetonitrile
(140 mL) and a solution of KBr in water (2.8 mL, 0.5m ; 1.4 mmol) and a
solution of TEMPO in acetonitrile (2.9 mL, 16mm ; 46 mmol) were added.
To this stirred mixture was added in small portions (over 1 h) and at 0 8C
an aqueous solution of NaOCl (39 mL, 0.3m ; 11.5 mmol) containing
NaHCO3 (1.2 g, 13 mmol). The reaction was allowed to proceed for two
additional hours and was then quenched by addition of 2-propanol
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(2 mL). EtOAc (150 mL) was added to the mixture and it was washed
successively with water (50 mL) and brine (50 mL). The combined organ-
ic phases were dried over Na2SO4 and concentrated under reduced pres-
sure. The residue thus obtained was purified by flash column chromatog-
raphy (30 % EtOAc in hexanes + 2% AcOH) to yield the corresponding
carboxylic acid.


Data for 23a : Yield 96 % as colorless foam; 1H NMR (250 MHz, CDCl3):
d=7.49 (d, J=1.9 Hz, 1H; ArH), 7.41–7.18 (m, 15H; ArH), 7.05–6.88
(m, 4H; ArH), 6.59 (d, J=8.3 Hz, 1H; ArH), 5.28 (s, 4H; 2Q OCH2Ph),
5.04 (s, 2H; OCH2Ph), 3.86 (s, 2 H; ArCH2CNOBn), 3.82 (s, 3 H;
COOCH3), 3.72 ppm (s, 2H; ArCH2CNOBn); 13C NMR (62.5 MHz,
CDCl3): d=163.8, 153.8, 150.6, 149.7, 148.7, 144.8, 136.7, 136.1, 133.9,
130.6, 129.3, 129.2, 128.8, 128.7, 128.6, 128.4, 128.3, 127.6, 127.0, 125.9,
122.2, 117.0, 115.6, 112.5, 78.5, 77.9, 71.0, 52.8, 36.3, 30.5 ppm; IR (KBr):
ñ=3267, 3094, 3069, 3040, 2951, 2881, 1733, 1609, 1495, 1455 cm�1; HR-
ESI-TOF: m/z [M+H]+ calcd for C40H35BrN2O8: 751.1649; found:
751.1644.


Data for 23b : Yield 98 % as colorless foam; 1H NMR (500 MHz, CDCl3):
d=7.56–7.45 (m, 4H; ArH), 7.43–7.27 (m, 13 H; ArH), 6.94–6.90 (m,
1H; ArH), 6.86–6.83 (m, 1H; ArH), 6.38–6.34 (m, 1H; ArH), 5.28 (s,
2H; OCH2Ph), 5.27 (s, 2 H; OCH2Ph), 5.26 (s, 2H; OCH2Ph), 3.80 (br s,
2H; ArCH2CNOBn), 3.78 (s, 3 H; COOCH3), 3.72 ppm (s, 2 H; ArCH2-


CNOBn); 13C NMR (125 MHz, CDCl3): d=163.7, 161.4, 150.6, 149.3,
148.3, 146.3, 146.2, 137.1, 136.2, 135.8, 135.6, 134.9, 133.4, 128.7, 128.6,
128.4, 128.1, 128.0, 127.7, 127.3, 123.2, 118.2, 115.8, 114.8, 77.9, 77.5, 71.4,
52.8, 36.2, 30.5 ppm; HR-ESI-TOF: m/z [M+H]+ calcd for
C40H34Br2N2O8: 829.0755; found: 829.0749.


Data for 25a : Yield 97 % as colorless foam; 1H NMR (250 MHz, CDCl3):
d=7.54 (br s, 1H; ArH), 7.43–6.88 (m, 19H; ArH), 6.50 (br d, J=6.9 Hz,
1H; ArH), 5.32 (br s, 2H; OCH2Ph), 5.26 (br s, 2 H; OCH2Ph), 5.01 (br s,
2H; OCH2Ph), 3.86 (ABq, J=16.9 Hz, Dn=18.2 Hz, 2 H; ArCH2-
CNOBn), 3.81 ppm (br s, 5H; ArCH2CNOBn, COOCH3); 13C NMR
(62.5 MHz, CDCl3): d=163.6, 150.5, 148.6, 144.7, 153.1, 136.6, 136.1,
135.7, 133.9, 129.2, 128.4, 128.3, 128.3, 128.2, 128.1, 128.1, 127.5, 126.8,
125.5, 122.2, 116.8, 115.5, 112.2, 77.7, 70.8, 52.6, 30.4, 29.6 ppm; IR (KBr):
ñ=3347, 3069, 2920, 2852, 1714, 1674, 1615, 1515, 1495, 1460 cm�1.


Data for 25b : Yield 98 % as colorless foam; 1H NMR (250 MHz, CDCl3):
d=7.55–7.17 (m, 17H; ArH), 6.89 (br d, J=7.9 Hz, 1H; ArH), 6.81 (br d,
J=7.7 Hz, 1 H; ArH), 6.42 (br s, 1 H; ArH), 5.23 (s, 2 H; OCH2Ph), 5.21
(s, 4H; 2Q OCH2Ph), 3.74 ppm (br s, 7 H; 2Q ArCH2CNOBn, COOCH3);
13C NMR (125 MHz, CDCl3): d=163.2, 150.3, 147.5, 146.0, 145.9, 136.8,
135.9, 133.3, 128.5, 128.3, 128.0, 127.9, 127.7, 127.6, 127.3, 126.9, 122.7,
117.6, 115.5, 115.0, 77.2, 71.1, 52.3, 30.2, 29.3 ppm.


General procedure for the preparation of 24a or 24b : TFA (8 mL) was
added to a mixture of benzyl ether (0.9 mmol) and pentamethyl benzene
(2.7 g, 18 mmol) at 0 8C. The mixture was stirred at this temperature for
30 min and was then allowed to warm up to ambient temperature. After
2 h the mixture was evaporated under reduced pressure and the residue
was purified by flash column chromatography (30 % EtOAc in hexanes
+ 3% AcOH) to yield the corresponding free phenol.


Data for 24a : Yield 94% as white amorphous solid; 1H NMR (250 MHz,
CDCl3): d=7.53 (d, J=1.9 Hz, 1H; ArH), 7.42–7.20 (m, 10 H; ArH), 7.10
(dd, J=8.4, 1.9 Hz, 1H; ArH), 6.92 (br s, 1 H; ArH), 6.73 (br s, 1H;
ArH), 6.72 (d, J=8.2 Hz, 1H; ArH), 5.32 (br s, 2 H; OCH2Ph), 5.24 (br s,
2H; OCH2Ph), 3.86 (br s, 2H; ArCH2CNOBn), 3.80 (s, 2 H; ArCH2-
CNOBn), 3.78 ppm (s, 3H; COOCH3); 13C NMR (62.5 MHz, CDCl3): d=
163.7, 163.1, 152.1, 150.7, 145.7, 142.7, 136.1, 135.5, 134.4, 132.1, 129.6,
128.7, 128.4, 128.3, 128.2, 128.1, 125.7, 128.2, 119.2, 118.7, 116.3, 113.6,
78.5, 77.8, 52.7, 30.6, 29.4 ppm; HR-ESI-TOF: m/z [M+H]+ calcd for
C33H29BrN2O8: 661.1180; found: 661.1177.


Data for 24b : Yield 96% as white amorphous solid; 1H NMR (500 MHz,
CDCl3): d=7.48 (br s, 2 H; ArH), 7.43–7.21 (m, 10H; ArH), 6.92 (d, J=
8.2 Hz, 1 H; ArH), 6.83 (br d, J=8.2 Hz, 1 H; ArH), 6.33 (br s, 1 H; ArH),
5.31 (brs, 2H; OCH2Ph), 5.22 (brs, 2H; OCH2Ph), 3.86 (brs, 2H; ArCH2-
CNOBn), 3.74 ppm (br s, 5H; ArCH2CNOBn, COOCH3); 13C NMR
(125 MHz, CDCl3): d=163.7, 150.9, 147.7, 144.1, 143.2, 136.3, 135.4,
135.3, 133.7, 128.9, 128.5, 128.5, 128.3, 128.2, 128.0, 127.6, 124.2, 118.2,


115.9, 114.4, 78.6, 77.6, 52.7, 30.7, 29.5 ppm; HR-ESI-TOF: m/z [M+H]+


calcd for C33H28Br2N2O8: 739.0285; found: 739.0283.


General procedure for the preparation of 4a or 4b : A stirred solution of
the phenol (1.1 mmol) in acetonitrile (30 mL) was treated at 0 8C with N-
bromosuccinimide (195 mg, 1.1 mmol). After 1 h the reaction was
quenched by addition of an aqueous solution of potassium iodide (2 mL,
10% w/v) followed by addition of Na2SO3·7 H2O in small portions until
complete disappearance of the red color of the mixture. Water (30 mL)
was added and the mixture was extracted with EtOAc (3 Q 20 mL). The
combined organic extracts were washed with brine (10 mL), dried over
Na2SO4, and concentrated under reduced pressure. The residue was fur-
ther purified by flash column chromatography (30 % EtOAc in hexanes
+ 3% AcOH).


Data for 4a : Yield 100 % as light yellow foam; 1H NMR (250 MHz,
CDCl3): d=7.41 (br s, 1 H; ArH), 7.33–7.05 (m, 11H; ArH), 6.94 (br d,
J=8.4 Hz, 1 H; ArH), 6.57 (br d, J=1.4 Hz, 1H; ArH), 6.39 (br d, J=
8.4 Hz, 1 H; ArH), 5.21 (s, 2H; OCH2Ph), 5.03 (br s, 2H; OCH2Ph), 3.69
(br s, 5H; ArCH2CNOBn, COOCH3), 3.65 ppm (br s, 2 H; ArCH2-
CNOBn); 13C NMR (62.5 MHz, CDCl3): d=163.6, 151.4, 150.0, 143.6,
143.5, 135.9, 134.2, 133.9, 129.4, 128.7, 128.5, 128.3, 128.0, 128.3, 118.9,
118.6, 113.4, 110.2, 78.0, 76.5, 52.8, 30.2, 29.4 ppm; HR-ESI-TOF: m/z
[M+Na]+ calcd for C33H28Br2N2O8: 763.0090; found: 763.0076.


Data for 4b : Yield 100 % as light yellow foam; 1H NMR (500 MHz,
CDCl3): d=7.38 (br s, 2H; ArH), 7.30–7.08 (m, 10H; ArH), 6.97 (br s,
1H; ArH), 6.16 (br s, 1 H; ArH), 5.11 (br s, 2H; OCH2Ph), 5.03 (br s, 2H;
OCH2Ph), 3.70 (br s, 2 H; ArCH2CNOBn), 3.58 (br s, 3 H; COOCH3),
3.55 ppm (br s, 2 H; ArCH2CNOBn); 13C NMR (125 MHz, CDCl3): d=


166.6, 163.4, 150.0, 146.8, 143.7, 141.7, 137.1, 136.0, 135.6, 133.8, 128.9,
128.6, 128.5, 128.2, 128.1, 128.0, 127.1, 117.6, 113.7, 109.5, 77.8, 77.0, 52.7,
31.0, 30.2 ppm; HR-ESI-TOF: m/z [M+H]+ calcd for C33H27Br3N2O8:
816.9390; found: 816.9388.


Preparation of 26a : DMAP (24 mg, 0.2 mmol) and Boc2O (320 mg,
1.5 mmol) were added to a solution of acid 4a (300 mg, 0.41 mmol) in
THF (5 mL) cooled to 0 8C. The mixture was stirred at this temperature
for 12 h and then poured into water (10 mL) and extracted with EtOAc
(2 Q 5 mL). The combined organic phases were washed with brine
(10 mL), dried over Na2SO4, and concentrated under reduced pressure.
The residue thus obtained was purified by flash column chromatography
(10 % EtOAc in hexanes) to yield diester 26a (298 mg, 81%) as colorless
oil. 1H NMR (250 MHz, CDCl3): d=7.46 (d, J=2.1 Hz, 1 H; ArH), 7.36–
7.18 (m, 11 H; ArH), 7.02 (dd, J=8.4, 2.1 Hz, 1 H; ArH), 6.69 (d, J=
8.4 Hz, 1 H; ArH), 6.68 (d, J=1.9 Hz, 1H; ArH), 5.26 (s, 2H; OCH2Ph),
5.22 (s, 2H; OCH2Ph), 3.78 (s, 2 H; ArCH2C=N), 3.77 (s, 5H; ArCH2C=
N, COOCH3), 1.47 (s, 9 H; OC(CH3)3), 1.46 ppm (s, 9 H; OC(CH3)3);
13C NMR (62.5 MHz, CDCl3): d=164.3, 163.4, 162.0, 151.6, 151.1, 150.1,
149.5, 149.3, 138.5, 136.3, 135.5, 134.3, 133.5, 129.4, 128.6, 128.5, 128.4,
128.3, 128.2, 119.5, 119.2, 117.8, 113.9, 84.2, 82.8, 78.1, 77.8, 52.9, 30.7,
30.4, 27.9, 27.5 ppm; HR-ESI-TOF: m/z [M�H]� calcd for
C42H44Br2N2O10: 893.1290; found: 893.1279.


Preparation of acid 27a : A solution of the above diester (97 mg,
0.1 mmol) in a mixture of THF (5 mL) and MeOH (3 mL) was treated at
0 8C with a solution of NaOH in H2O (1n, 0.3 mL). The progress of the
reaction was monitored by TLC and upon completion it was quenched
by addition of acetic acid (0.5 mL). The mixture was poured into water
(10 mL) and extracted with EtOAc (4 Q 10 mL). The combined organic
phases were washed with brine (10 mL), dried over Na2SO4, and concen-
trated under reduced pressure. Further purification by flash column chro-
matography (30 % EtOAc in hexanes + 3 % acetic acid) afforded acid
27a (75 mg, 85%) as colorless oil. 1H NMR (500 MHz, CDCl3): d=7.58
(d, J=1.9 Hz, 1H; ArH), 7.46–7.37 (m, 8H; ArH), 7.34–7.30 (m, 3 H;
ArH), 7.15 (dd, J=8.4, 1.9 Hz, 1H; ArH), 6.82 (d, J=8.4 Hz, 1 H; ArH),
6.81 (s, 1H; ArH), 5.38 (s, 2H; OCH2Ph), 5.31 (s, 2H; OCH2Ph), 3.90 (s,
2H; ArCH2C=N), 3.86 (s, 2H; ArCH2C=N), 1.58 ppm (s, 18H; 2Q
OC(CH3)3); 13C NMR (125 MHz, CDCl3): d=163.5, 162.0, 151.5, 151.1,
150.0, 149.4, 148.9, 138.6, 136.2, 135.4, 134.9, 134.2, 133.5, 129.4, 128.6,
128.5, 128.5, 128.3, 128.2, 128.1, 119.6, 119.1, 117.8, 113.9, 84.2, 82.9, 78.4,
77.8, 30.4, 29.8, 27.9, 27.5 ppm; HR-ESI-TOF: m/z [M+Na]+ calcd for
C41H42Br2N2O10: 903.1098; found: 903.1122.
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General procedure for the preparation of 7a or 7b : Potassium carbonate
(48 mmol) was added to a solution of phenol 9a or 9b (8.0 mmol) in pyri-
dine (30 mL). The mixture was stirred at ambient temperature for 1 h
and, after addition of iodonium salt 1b (10 mmol), was heated at 90 8C
for 4 h. The mixture was then poured into water (100 mL) and extracted
with EtOAc (3 Q 30 mL). The combined organic phases were washed in
sequence with saturated aqueous CuSO4 solution (4 Q 30 mL) and brine
(30 mL), dried over Na2SO4, and concentrated under reduced pressure.
The residue thus obtained was purified by flash column chromatography
(15 % EtOAc in hexanes).


Data for 7a : Yield 82 % as colorless foam; [a]20
D =++7.0 (c=1.0 in


CH2Cl2); 1H NMR (250 MHz, CDCl3): d=9.70 (s, 1 H; CHO), 7.59 (br s,
2H; ArH), 7.47 (dd, J=8.2, 1.9 Hz, 1H; ArH), 7.40–7.25 (m, 5 H; ArH),
7.08 (d, J=8.2 Hz, 1H; ArH), 6.92 (d, J=1.9 Hz, 1H; ArH), 5.32 (s, 2 H;
CH2Ph), 4.92–4.74 (m, 2 H; ArCHOTBS, NHBoc), 3.39 (m, 1H;
CHHNHBoc), 3.07 (m, 1H; CHHNHBoc), 1.43 (s, 9H; tBuOCO), 0.90
(s, 9 H; tBuSi), 0.07 (s, 3 H; CH3Si), �0.03 ppm (s, 3 H; CH3Si); 13C NMR
(62.5 MHz, CDCl3): d=190.3, 155.7, 153.0, 147.8, 146.6, 142.8, 135.9,
130.5, 129.9, 128.6, 128.1, 127.2, 127.1, 118.0, 113.9, 113.1, 79.5, 72.1, 70.9,
48.9, 28.3, 25.7, 18.1, 3.2, 3.0 ppm; IR (KBr): ñ=3454, 3364, 3067, 3034,
2957, 2932, 2857, 2734, 1716, 1696, 1602, 1580, 1510, 1454, 1434 cm�1;
HR-MALDI-FTMS: m/z [M+Na]+ calcd for C33H41Br2NO6Si: 756.0962;
found: 756.0966.


Data for 7b : Yield 85% as colorless oil; 1H NMR (250 MHz, CDCl3):
d=9.74 (s, 1 H; CHO), 7.51–7.32 (m, 8H; ArH), 7.10 (d, J=8.3 Hz, 1 H;
ArH), 6.95 (d, J=1.9 Hz, 1H; ArH), 5.36 (s, 2H; CH2Ph), 4.66 (br m,
1H; NHBoc), 3.43–3.55 (m, 2H; CH2NHBoc), 2.80 (t, J=7.0 Hz, 2H;
ArCH2CH2), 1.46 ppm (s, 9H; tBuOCO); 13C NMR (62.5 MHz, CDCl3):
d=190.1, 155.6, 152.8, 146.9, 146.4, 139.4, 136.7, 135.7, 133.1, 129.8, 129.7,
128.3, 127.8, 127.1, 126.9, 117.7, 116.8, 113.7, 112.7, 78.9, 70.7, 41.0, 34.8,
28.1 ppm; IR (KBr): ñ=3436, 3355, 3070, 3035, 2980, 2934, 2859, 2736,
1694, 1601, 1579, 1511, 1458, 1436 cm�1; HR-ESI: m/z [M+Na]+ calcd for
C27H27Br2NO5: 626.0154; found: 626.0155.


General procedure for the preparation of 28a or 28b : Sodium borohy-
dride (1.6 mmol) was added in small portions to a stirred solution of al-
dehyde 7a or 7b (1.0 mmol) in a mixture of MeOH (5 mL) and THF
(5 mL) at 0 8C. After 30 min the reaction mixture was allowed to reach
ambient temperature and saturated aqueous NH4Cl solution (10 mL) was
carefully added. The mixture was extracted with EtOAc (3 Q 20 mL). The
combined organic phases were washed in sequence with water (30 mL)
and brine (30 mL), dried over Na2SO4, and concentrated under reduced
pressure. The residue thus obtained was purified by flash column chro-
matography (30 % EtOAc in hexanes).


Data for 28a : Yield 96% as amorphous white solid; [a]20
D =++10.5 (c=0.9


in CH2Cl2); 1H NMR (250 MHz, CDCl3): d=7.58 (br s, 2H; ArH), 7.53–
7.27 (m, 5H; ArH), 6.98 (d, J=8.6 Hz, 1 H; ArH), 6.92 (dd, J=8.6,
1.9 Hz, 1 H; ArH), 6.41 (d, J=1.9 Hz, 1H; ArH), 5.28 (s, 2H; CH2Ph),
4.90–4.74 (m, 2 H; ArCHOTBS, NHBoc), 4.49 (s, 2H; ArCH2OH), 3.40
(m, 1 H; CHHNHBoc), 3.08 (m, 1H; CHHNHBoc), 1.45 (s, 9H;
tBuOCO), 0.92 (s, 9H; tBuSi), 0.08 (s, 3H; CH3Si), �0.03 ppm (s, 3 H;
CH3Si); 13C NMR (62.5 MHz, CDCl3): d=155.8, 148.4, 147.2, 146.6,
142.4, 137.2, 134.3, 130.5, 128.5, 127.8, 127.3, 121.4, 118.3, 115.9, 113.0,
79.6, 72.3, 71.5, 64.8, 49.0, 28.4, 25.8, 18.2, 3.3, 3.1 ppm; IR (KBr): ñ=


3443, 3065, 3033, 2957, 2932, 2858, 1702, 1616, 1595, 1553, 1512, 1459,
1426 cm�1; HR-MALDI-FTMS: m/z [M+Na]+ calcd for C33H43Br2NO6Si:
758.1118; found: 758.1104.


Data for 28b : Yield 98 % as colorless foam; 1H NMR (250 MHz, CDCl3):
d=7.48 (br s, 1 H; ArH), 7.46 (br s, 1 H; ArH), 7.35–7.25 (m, 5H; ArH),
6.93 (d, J=8.3 Hz, 1H; ArH), 6.86 (dd, J=8.3, 1.6 Hz, 1 H; ArH), 6.45
(d, J=1.6 Hz, 1 H; ArH), 5.20 (s, 2H; CH2Ph), 5.01 (br t, J=4.1 Hz, 1H;
NHBoc), 4.36 (s, 2 H; ArCH2OH), 3.26–3.18 (br m, 2 H; CH2NHBoc),
3.15 (br s, 1H; OH), 2.65 (t, J=6.6 Hz, 2H; ArCH2CH2), 1.42 ppm (s,
9H; tBuOCO); 13C NMR (62.5 MHz, CDCl3): d=155.7, 147.3, 146.5,
146.2, 138.8, 136.8, 134.3, 132.9, 128.1, 128.0, 127.5, 127.1, 120.9, 117.9,
115.4, 112.6, 79.0, 71.1, 63.8, 41.0, 34.7, 28.1 ppm; IR (KBr): ñ=3422,
3550, 3066, 3037, 2978, 2933, 2868, 1692, 1616, 1598, 1549, 1512, 1455,
1426 cm�1; HR-MALDI-FTMS: m/z [M+Na]+ calcd for C27H29Br2NO5:
628.0305; found: 628.0202.


General procedure for the preparation of 29a or 29b : PPh3 (210 mg,
0.8 mmol), imidazole (82 mg, 1.2 mmol) and iodine (203 mg, 0.8 mmol)
were added to a stirred solution of alcohol 28a or 28b (0.41 mmol) in
THF (10 mL) at ambient temperature. After 30 min the solvent was re-
moved under reduced pressure and DMF (2 mL) and KCN (52 mg,
0.8 mmol) were added. The mixture was stirred at 40 8C for 30 min and
then was poured into saturated aqueous NH4Cl solution (10 mL) and ex-
tracted with EtOAc (3 Q 10 mL). The combined organic phases were
washed in sequence with water (20 mL) and brine (20 mL), dried over
Na2SO4, and concentrated under reduced pressure. The residue thus ob-
tained was purified by flash column chromatography (20 % EtOAc in
hexanes).


Data for 29a : Yield 86 % as amorphous white solid; [a]20
D =++8.7 (c=1.3


in CH2Cl2); 1H NMR (250 MHz, CDCl3): d=7.53 (s, 2H; ArH), 7.42–7.17
(m, 5 H; ArH), 6.89 (d, J=8.2 Hz, 1H; ArH), 6.82 (dd, J=8.2, 1.9 Hz,
1H; ArH), 6.21 (d, J=1.9 Hz, 1H; ArH), 5.16 (s, 2H; CH2Ph), 4.81 (t,
J=5.6 Hz, 1H; NHBoc), 4.70 (dd, J=7.1, 3.7 Hz, 1 H; ArCHOTBS), 3.40
(s, 2 H; ArCH2CN), 3.30 (m, 1 H; CHHNHBoc), 3.00 (m, 1 H;
CHHNHBoc), 1.38 (s, 9 H; tBuOCO), 0.85 (s, 9H; tBuSi), 0.02 (s, 3H;
CH3Si), �0.10 ppm (s, 3 H; CH3Si); 13C NMR (62.5 MHz, CDCl3): d=


155.8, 148.0, 147.4, 146.6, 142.6, 136.7, 130.5, 128.5, 127.9, 127.3, 122.7,
122.2, 118.1, 117.6, 116.1, 113.8, 79.6, 72.3, 71.4, 48.9, 28.4, 25.7, 22.9, 18.1,
3.3, 3.0 ppm; IR (KBr): ñ=3446, 3078, 3069, 3037, 2959, 2929, 2858, 2253,
1713, 1599, 1516, 1457, 1432 cm�1; HR-MALDI-FTMS: m/z [M+Na]+


calcd for C34H42Br2N2O5Si: 767.1122; found: 767.1152.


Data for 29b : Yield 84 % as colorless foam; 1H NMR (250 MHz, CDCl3):
d=7.46–7.23 (m, 7H; ArH), 6.95 (d, J=8.3 Hz, 1H; ArH), 6.88 (dd, J=
8.3, 1.6 Hz, 1 H; ArH), 6.28 (d, J=1.6 Hz, 1H; ArH), 5.22 (s, 2 H;
CH2Ph), 4.67 (br s, 1 H; NHBoc), 3.51 (s, 2H; ArCH2CN), 3.37–3.29 (m,
2H; CH2NHBoc), 2.75 (t, J=6.9 Hz, 2 H; ArCH2CH2), 1.42 ppm (s, 9H;
tBuOCO); 13C NMR (62.5 MHz, CDCl3): d=155.7, 147.3, 146.6, 139.2,
136.7, 133.2, 128.4, 128.2, 127.8, 127.3, 122.7, 122.1, 118.0, 116.0, 113.8,
79.5, 71.3, 41.3, 35.1, 28.3, 22.8 ppm; IR (KBr): ñ=3430, 3365, 3065, 3040,
2976, 2931, 2869, 2252, 1706, 1614, 1596, 1552, 1516, 1454, 1431 cm�1;
HR-ESI: m/z [M+H]+ calcd for C28H28Br2N2O4: 615.0494; found:
615.0490.


General procedure for the preparation of 5a or 5b : Pd/C (10 %, 120 mg)
was added to a degassed solution of benzyl ether 29a or 29b (0.32 mmol)
in dioxane (20 mL); the mixture was stirred under an atmosphere of hy-
drogen for 12 h at ambient temperature. Upon reaction completion, the
mixture was filtered through a Celite bed to remove catalyst and the fil-
trate was concentrated under reduced pressure to yield the corresponding
free phenol.


Data for 5a : Yield 95 % as colorless foam; [a]D
20=++8.5 (c=1.0 in


CH2Cl2); 1H NMR (250 MHz, CDCl3): d=7.61 (s, 2H; ArH), 7.05 (d, J=
8.2 Hz, 1 H; ArH), 6.96 (dd, J=8.2, 1.9 Hz, 1 H; ArH), 6.28 (d, J=1.9 Hz,
1H; ArH), 5.94 (br s, 1 H; ArOH), 4.90–4.74 (m, 2H; ArCHOTBS,
NHBoc), 3.55 (s, 2 H; ArCH2CN), 3.40 (m, 1H; CHHNHBoc), 3.10 (m,
1H; CHHNHBoc), 1.45 (s, 9 H; tBuOCO), 0.93 (s, 9H; tBuSi), 0.09 (s,
3H; CH3Si), �0.02 ppm (s, 3 H; CH3Si); 13C NMR (62.5 MHz, CDCl3):
d=157.8, 147.7, 145.4, 143.7, 143.4, 130.7, 123.3, 121.7, 118.1, 116.6, 113.2,
79.7, 72.3, 49.0, 29.7, 28.4, 25.8, 23.0, 18.2, 3.4, 3.1 ppm; IR (KBr): ñ=


3368, 2957, 2932, 2856, 2256, 1705, 1604, 1518, 1455 cm�1; HR-MALDI-
FTMS: m/z [M+Na]+ calcd for C27H36Br2N2O5Si: 677.0652; found:
677.0658.


Data for 5b : Yield 98% as colorless foam; 1H NMR (250 MHz, CDCl3):
d=7.46 (s, 2H; ArH), 7.04 (d, J=8.2 Hz, 1H; ArH), 6.95 (dd, J=8.2,
1.9 Hz, 1 H; ArH), 6.30 (d, J=1.9 Hz, 1H; ArH), 5.93 (br s, 1H; ArOH),
4.67 (br s, 1H; NHBoc), 3.56 (s, 2H; ArCH2CN), 3.43–3.35 (m, 2H;
CH2NHBoc), 2.81 (t, J=7.0 Hz, 2H; ArCH2CH2), 1.45 ppm (s, 9 H;
tBuOCO); 13C NMR (62.5 MHz, CDCl3): d=147.0, 145.3, 139.9, 133.4,
128.3, 123.2, 121.6, 118.1, 116.5, 113.1, 41.4, 35.3, 28.3, 23.0; IR (KBr): ñ=
3361, 2979, 2932, 2856, 2255, 1695, 1606, 1516, 1456, 1441 cm�1; HR-
MALDI-FTMS: m/z [M+Na]+ calcd for C21H22Br2N2O4: 546.9838;
found: 546.9848.


General procedure for the reduction of nitriles 5a,b : A vigorously stirred
solution of nitrile 5a or 5b (0.21 mmol) in MeOH (6 mL) was cooled in
an ice bath and CoCl2·6 H2O (catalytic amount, 5 mg) was added. NaBH4
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(20 mg, 0.53 mmol) was carefully added in small portions to this light
pink mixture in such a rate as to maintain the black precipitate of boride
that appeared following each addition. Upon completion of the reaction,
a saturated aqueous solution of NH4Cl (15 mL) was added, and the mix-
ture was stirred for an additional 15 min. The mixture was extracted with
EtOAc (4 Q 10 mL) and the combined organic phases were washed with
brine (10 mL), dried over Na2SO4, and concentrated under reduced pres-
sure. The mixture of amines 30a/31a or 30b/31b thus obtained as light
brown oil was used without further purification for coupling with the ap-
propriate acid.


General procedure for the coupling of acids 4a or 4b or 27a with amine
mixtures 30a/31a or 30b/31b : N,N-diisopropylethylamine (25 mL,
0.14 mmol), 1-hydroxybenzotriazole (20 mg, 0.15 mmol) and 1-[3-(dime-
thylamino)propyl]-3-ethylcarbodiimide hydrochloride (30 mg, 0.16 mmol)
were added to a stirred solution of acid (0.13 mmol) and the crude mix-
ture of amines (0.2 mmol) in a mixture of dichloromethane (10 mL) and
DMF (0.5 mL) at 0 8C. The mixture was stirred overnight and allowed to
gradually warm up to ambient temperature. Water (10 mL) was added
and the mixture was extracted with EtOAc (3 Q 10 mL). The combined
organic extracts were washed with brine (2 Q 5 mL), dried over Na2SO4,
and concentrated under reduced pressure; the residue was purified by
flash column chromatography (20 % EtOAc in hexanes).


Data for 32 : Yield 34% as colorless oil ; [a]20
D =++2.5 (c=0.95 in CH2Cl2);


1H NMR (500 MHz, CDCl3): d=7.62 (s, 1 H; ArH), 7.54 (s, 1H; ArH),
7.39–7.24 (m, 9H; ArH), 7.21 (d, J=7.5 Hz, 1H; ArH), 7.16 (s, 1 H;
ArH), 7.12 (d, J=8.4 Hz, 1 H; ArH), 6.94 (d, J=8.2, 1H; ArH), 6.86 (d,
J=8.4 Hz, 1H; ArH), 6.82 (d, J=8.2 Hz, 1H; ArH), 6.70 (d, J=8.4 Hz,
1H; ArH), 6.69–6.64 (m, 2 H; ArH, NHCO), 5.96 (br s, 1 H; ArOH), 5.61
(br s, 1 H; ArOH), 5.24 (s, 2H; OCH2Ph), 5.18 (s, 2H; OCH2Ph), 4.83
(br m, 1 H; NHBoc), 4.76 (br m, 1 H; ArCHOTBS), 3.86 (s, 2 H;
ArCH2C=N), 3.80 (s, 3H; COOCH3), 3.75 (s, 2 H; ArCH2C=N), 3.47–
3.35 (m, 3 H; CHHNHBoc, CH2CH2NHCO), 3.07–3.00 (m, 1H;
CHHNHBoc), 2.69 (t, J=6.9 Hz, 2 H; CH2CH2NHCO), 1.44 (s, 9 H;
OC(CH3)3), 0.91 (s, 9 H; SiC(CH3)3), 0.07 (s, 3H; CH3Si), �0.05 ppm (s,
3H; CH3Si); 13C NMR (125 MHz, CDCl3): d=163.5, 162.0, 155.7, 152.5,
151.6, 151.4, 150.0, 145.8, 143.6, 143.4, 143.0, 139.5, 136.3, 135.9, 134.4,
133.4, 131.2, 130.9, 129.6, 128.6, 128.5, 128.5, 128.3, 128.3, 128.2, 128.1,
126.1, 125.2, 118.9, 118.5, 118.3, 116.5, 113.5, 113.4, 109.8, 79.4, 77.9, 77.4,
72.6, 52.7, 48.9, 40.5, 34.7, 30.2, 28.8, 28.3, 25.7, �4.7, �5.0 ppm; IR
(KBr): ñ=3650, 3100, 3036, 2960, 2861, 1729, 1679, 1617, 1518, 1060,
1006 cm�1; HR-ESI-TOF: m/z [M+Na]+ calcd for C60H67Br3N4O12Si:
1323.1967; found: 1323.1956.


Data for 33 : Yield 34% as colorless oil ; [a]20
D =++3.7 (c=0.51 in CH2Cl2);


1H NMR (500 MHz, CDCl3): d=7.61 (br s, 2 H; ArH), 7.55 (s, 1 H; ArH),
7.41–7.26 (m, 9H; ArH), 7.18 (s, 1 H; ArH), 7.13 (d, J=8.4 Hz, 1 H;
ArH), 6.96 (d, J=8.1 Hz, 1 H; ArH), 6.76 (d, J=8.1, 1H; ArH), 6.72 (d,
J=8.4 Hz, 1 H; ArH), 6.69 (s, 1H; ArH), 6.66 (br t, J=6.0 Hz, 1H;
NHCO), 6.22 (s, 1H; ArH), 5.97 (br s, 1H; ArOH), 5.74 (br s, 1 H;
ArOH), 5.26 (s, 2H; OCH2Ph), 5.18 (s, 2H; OCH2Ph), 4.91 (br m, 1 H;
NHBoc), 4.81 (br m, 1H; ArCHOTBS), 3.87 (s, 2H; ArCH2C=N), 3.81
(s, 3 H; COOCH3), 3.76 (s, 2H; ArCH2C=N), 3.45–3.39 (m, 3 H;
CHHNHBoc, CH2CH2NHCO), 3.14–3.05 (m, 1H; CHHNHBoc), 2.64 (t,
J=6.9 Hz, 2H; CH2CH2NHCO), 1.46 (s, 9H; OC(CH3)3), 0.94 (s, 9H;
SiC(CH3)3), 0.11 (s, 3 H; CH3Si), 0.00 ppm (s, 3 H; CH3Si); 13C NMR
(125 MHz, CDCl3): d=163.5, 162.0, 155.7, 151.5, 151.3, 150.0, 147.9,
144.0, 143.6, 143.4, 143.3, 142.8, 136.3, 135.9, 134.4, 133.5, 130.4, 129.6,
128.6, 128.5, 128.4, 128.2, 128.1, 123.6, 119.0, 118.5, 118.1, 116.0, 113.6,
109.8, 77.9, 77.4, 72.1, 52.7, 48.8, 40.5, 34.7, 30.2, 28.8, 28.3, 25.7, �4.7,
�4.9 ppm; IR (KBr): ñ=3650, 3100, 3066, 3032, 2955, 2932, 2860, 1717,
1674, 1604, 1525, 1452, 1366, 1129, 1106 cm�1; HR-ESI-TOF: m/z
[M+Na]+ calcd for C60H66Br4N4O12Si: 1401.1072; found: 1401.1077.


Data for 40 : Yield 28 % as colorless oil; 1H NMR (500 MHz, CDCl3): d=
7.50 (s, 2 H; ArH), 7.46 (s, 1 H; ArH), 7.43–7.23 (m, 10H; ArH), 7.08 (s,
1H; ArH), 7.06 (d, J=8.2 Hz, 1H; ArH), 6.98 (d, J=8.2 Hz, 1H; ArH),
6.86 (d, J=8.2 Hz, 1 H; ArH), 6.82 (dd, J=8.2, 1.5 Hz, 1 H; ArH), 6.69 (t,
J=5.9 Hz, 1H; NHCO), 6.61 (d, J=1.3 Hz, 1 H; ArH), 6.31 (d, J=
1.3 Hz, 1H; ArH), 6.09 (br s, 1 H; ArOH), 5.70 (br s, 1H; ArOH), 5.22 (s,
2H; OCH2Ph), 5.18 (s, 2H; OCH2Ph), 4.61 (br s, 1H; NHBoc), 3.85 (s,


2H; ArCH2C=N), 3.76 (s, 3H; COOCH3), 3.69 (s, 2 H; ArCH2C=N),
3.47–3.43 (m, 2H; CH2NHCO), 3.39–3.31 (m, 2 H; CH2NHCO), 2.76
(br t, J=6.6 Hz, 2H; ArCH2CH2), 2.69 (t, J=7.0 Hz, 2 H; ArCH2CH2),
1.45 ppm (s, 9H; OC(CH3)3); 13C NMR (125 MHz, CDCl3): d=163.5,
161.9, 155.8, 151.5, 150.9, 150.2, 147.1, 145.6, 143.7, 143.5, 141.7, 136.8,
136.1, 134.0, 133.9, 133.3, 131.0, 129.1, 128.8, 128.6, 128.4, 128.3, 128.2,
127.2, 125.0, 119.6, 118.0, 117.8, 116.4, 114.0, 109.4, 77.9, 77.8, 52.8, 41.7,
40.7, 35.3, 34.9, 30.4, 28.9, 28.4 ppm; HR-ESI-TOF: m/z [M+Na]+ calcd
for C54H52Br4N4O11: 1271.0258; found: 1271.0211.


Data for 41: Yield 29% as colorless oil; 1H NMR (500 MHz, CDCl3): d=
7.50 (s, 2 H; ArH), 7.43 (s, 1 H; ArH), 7.40–7.25 (m, 11H; ArH), 7.08 (s,
1H; ArH), 6.98 (d, J=8.1 Hz, 1H; ArH), 6.78 (d, J=8.1 Hz, 1H; ArH),
6.68 (t, J=5.6 Hz, 1 H; NHCO), 6.31 (s, 1 H; ArH), 6.22 (s, 1H; ArH),
5.83 (br s, 1 H; ArOH), 5.22 (s, 2H; OCH2Ph), 5.18 (s, 2H; OCH2Ph),
4.74 (br s, 1 H; NHBoc), 3.85 (s, 2 H; ArCH2C=N), 3.76 (s, 3 H;
COOCH3), 3.69 (s, 2H; ArCH2C=N), 3.43–3.34 (m, 4H; 2 Q CH2NHCO),
2.84–2.73 (m, 2H; ArCH2CH2), 2.65 (t, J=6.8 Hz, 2H; ArCH2CH2),
1.45 ppm (s, 9H; OC(CH3)3); 13C NMR (125 MHz, CDCl3): d=163.5,
161.9, 155.8, 150.8, 150.2, 147.3, 147.1, 144.1, 143.7, 143.6, 141.7, 139.7,
136.8, 136.1, 133.9, 133.6, 133.3, 130.5, 128.7, 128.5, 128.3, 128.3, 128.2,
127.1, 123.7, 118.2, 117.8, 116.1, 113.9, 113.7, 109.4, 77.8, 77.7, 52.8, 41.4,
40.7, 35.2, 34.8, 30.4, 28.9, 28.4 ppm; HR-ESI-TOF: m/z [M+Na]+ calcd
for C54H51Br5N4O11: 1348.9363; found: 1348.9386.


Data for 46 : Yield 38% as colorless foam; 1H NMR (500 MHz, CDCl3):
d=7.48 (d, J=1.8 Hz, 1H; ArH), 7.44 (s, 1 H; ArH), 7.38–7.23 (m, 8 H;
ArH), 7.19–7.18 (m, 2H; ArH), 7.04–7.03 (m, 2H; ArH), 6.95 (d, J=
8.2 Hz, 1H; ArH), 6.84–6.79 (m, 3 H; ArH), 6.73–6.67 (m, 3H; NHCO,
ArH), 6.62 (d, J=1.8 Hz, 1H; ArH), 6.06 (br s, 1H; ArOH), 5.29 (s, 2H;
OCH2Ph), 5.08 (s, 2 H; OCH2Ph), 4.70 (br s, 1 H; NHBoc), 3.80 (br s, 4 H;
2Q ArCH2C=N), 3.46–3.30 (m, 4H; 2 Q CH2NHCO), 2.78–2.64 (m, 4 H;
2Q ArCH2CH2), 1.49 (s, 9H; OC(CH3)3), 1.49 (s, 9H; OC(CH3)3),
1.44 ppm (s, 9H; OC(CH3)3); 13C NMR (125 MHz, CDCl3): d=161.9,
161.8, 155.7, 151.7, 151.1, 151.0, 150.0, 148.9, 145.7, 143.3, 138.4, 136.2,
135.9, 134.1, 133.8, 133.2, 130.9, 130.0, 129.2, 129.0, 128.4, 128.2, 128.0,
125.0, 119.7, 119.2, 119.1, 118.3, 117.8, 117.6, 116.4, 113.8, 113.5, 84.1,
82.7, 77.7, 77.3, 41.5, 40.6, 35.1, 34.7, 30.3, 29.1, 28.3, 27.9, 27.4 ppm; HR-
ESI-TOF: m/z [M+Na]+ calcd for C62H67Br3N4O13: 1335.2147; found:
1335.2083.


General procedure for the regiospecific o-brominations : A stirred so-
lution of the phenol (15 mmol) in acetonitrile (2 mL) was treated at 0 8C
with N-bromosuccinimide (2.7 mg, 15 mmol). After 2 h the reaction was
quenched by addition of an aqueous solution of potassium iodide
(0.5 mL, 10% w/v). To the resulting mixture was added in small portions
Na2SO3·7 H2O until complete disappearance of its red color. Water
(10 mL) was added and the mixture was extracted with EtOAc (3 Q
10 mL). The combined organic extracts were washed with brine (10 mL),
dried over Na2SO4, and concentrated under reduced pressure. The resi-
due was further purified by flash column chromatography.


Data for 34 : Yield 75% as colorless oil; [a]20
D =++4.2 (c=4.6 in CH2Cl2);


1H NMR (500 MHz, CDCl3): d=7.64 (br s, 1H; ArH), 7.56 (d, J=1.6 Hz,
1H; ArH), 7.40–7.23 (m, 11H; ArH), 7.18 (d, J=1.4 Hz, 1H; ArH),
7.14–7.11 (m, 2 H; ArH), 6.86 (d, J=8.4 Hz, 1 H; ArH), 6.73 (t, J=
5.1 Hz, 1H; CH2NHCO), 6.72 (d, J=8.2 Hz, 1 H; ArH), 6.69 (d, J=
1.5 Hz, 1H; ArH), 6.60 (s, 1H; ArH), 6.22 (br s, 2H; 2Q ArOH), 5.25 (s,
2H; OCH2Ph), 5.21 (s, 2H; OCH2Ph), 4.89 (br m, 1H; NHBoc), 4.79
(br m, 1H; ArCHOTBS), 3.87 (s, 2 H; ArCH2C=N), 3.79 (s, 3 H;
COOCH3), 3.76 (s, 2H; ArCH2C=N), 3.45–3.37 (m, 3 H; CHHNHBoc,
CH2CH2NHCO), 3.09–2.99 (m, 1 H; CHHNHBoc), 2.66 (t, J=6.9 Hz,
2H; CH2CH2NHCO), 1.45 (s, 9H; OC(CH3)3), 0.93 (s, 9H; SiC(CH3)3),
0.09 (s, 3H; CH3Si), �0.03 ppm (s, 3 H; CH3Si); 13C NMR (125 MHz,
CDCl3): d=163.5, 162.1, 155.7, 152.0, 151.5, 151.3, 150.0, 143.9, 143.6,
143.3, 143.2, 140.1, 136.3, 135.9, 134.4, 133.5, 131.7, 131.3, 129.6, 128.7,
128.6, 128.5, 128.3, 128.2, 128.1, 128.0, 126.2, 119.0, 118.5, 117.8, 113.7,
113.6, 110.0, 109.7, 79.4, 77.9, 77.5, 72.6, 52.7, 49.0, 40.3, 34.6, 30.2, 28.8,
28.3, 25.7, �4.7, �5.0 ppm; HR-ESI-TOF m/z [M+Na]+ calcd for
C60H66Br4N4O12Si: 1401.1072; found: 1401.1075.


Data for 35 : Yield 78% as colorless oil; [a]20
D =++2.9 (c=7.3 in CH2Cl2);


1H NMR (500 MHz, CDCl3): d=7.60 (br s, 2 H; ArH), 7.55 (s, 1 H; ArH),


Chem. Eur. J. 2005, 11, 406 – 421 www.chemeurj.org E 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 417


FULL PAPERSynthesis of Bastaranes and Isobastaranes



www.chemeurj.org





7.39–7.25 (m, 9H; ArH), 7.17 (s, 1 H; ArH), 7.13 (d, J=8.4 Hz, 1 H;
ArH), 7.05 (s, 1H; ArH), 6.72 (d, J=8.4, 1H; ArH), 6.72 (d, J=8.4 Hz,
1H; ArH), 6.98 (br m, 2 H; ArH, CH2NHCO), 6.17 (s, 1H; ArH), 6.09
(br s, 1H; ArOH), 5.98 (br s, 1 H; ArOH), 5.25 (s, 2 H; OCH2Ph), 5.19 (s,
2H; OCH2Ph), 4.91 (br m, 1 H; NHBoc), 4.81 (br m, 1H; ArCHOTBS),
3.86 (s, 2H; ArCH2C=N), 3.80 (s, 3H; COOCH3), 3.75 (s, 2H; ArCH2C=
N), 3.47–3.34 (m, 3H; CHHNHBoc, CH2CH2NHCO), 3.13–3.05 (m, 1 H;
CHHNHBoc), 2.62 (t, J=6.9 Hz, 2 H; CH2CH2NHCO), 1.45 (s, 9 H;
OC(CH3)3), 0.93 (s, 9 H; SiC(CH3)3), 0.10 (s, 3H; CH3Si), �0.01 ppm (s,
3H; CH3Si); 13C NMR (125 MHz, CDCl3): d=163.6, 162.1, 155.8, 151.5,
151.3, 150.1, 147.5, 143.9, 143.6, 143.3, 141.6, 136.3, 135.9, 134.5, 133.6,
131.4, 130.6, 129.7, 128.8, 128.6, 128.5, 128.4, 128.3, 128.3, 128.2, 126.8,
119.1, 118.5, 117.9, 113.7, 113.0, 109.7, 109.5, 79.6, 78.0, 77.6, 72.2, 52.8,
48.9, 40.3, 34.7, 30.3, 28.9, 28.4, 25.7, �4.7, �4.9 ppm; HR-ESI-TOF: m/z
[M+Na]+ calcd for C60H65Br5N4O12Si: 1479.0177; found: 1479.0233.


Data for 42 : Yield 75 % as colorless oil; 1H NMR (500 MHz, CDCl3): d=
7.51 (s, 2 H; ArH), 7.46 (s, 1 H; ArH), 7.43–7.25 (m, 10H; ArH), 7.11 (s,
1H; ArH), 7.08 (s, 2H; ArH), 6.87 (d, J=8.3 Hz, 1H; ArH), 6.71 (t, J=
5.9 Hz, 1 H; NHCO), 6.55 (s, 1H; ArH), 6.31 (s, 1 H; ArH), 6.04 (br s,
1H; ArOH), 5.22 (s, 2 H; OCH2Ph), 5.21 (s, 2H; OCH2Ph), 4.62 (br s,
1H; NHBoc), 3.85 (s, 2 H; ArCH2C=N), 3.76 (s, 3 H; COOCH3), 3.69 (s,
2H; ArCH2C=N), 3.45–3.32 (m, 4H; 2Q CH2NHCO), 2.77 (br t, J=
7.7 Hz, 2 H; ArCH2CH2), 2.68 (t, J=7.0 Hz, 2H; ArCH2CH2), 1.44 ppm
(s, 9H; OC(CH3)3); 13C NMR (125 MHz, CDCl3): d=163.5, 162.0, 155.8,
151.2, 150.8, 150.2, 147.1, 144.3, 143.7, 143.1, 141.7, 136.7, 136.1, 136.1,
134.1, 133.9, 133.4, 131.7, 130.9, 129.2, 128.8, 128.6, 128.4, 128.3, 128.2,
127.8, 127.2, 120.0, 117.9, 117.2, 114.0, 109.9, 109.4, 77.9, 52.8, 41.7, 40.5,
35.3, 34.7, 30.4, 28.9, 28.4 ppm; HR-ESI-TOF: m/z [M+Na]+ calcd for
C54H51Br5N4O11: 1348.9363; found: 1348.9346.


Data for 48 : Yield 72 % colorless oil; 1H NMR (500 MHz, CDCl3): d=
7.51 (br s, 1H; ArH), 7.43 (br s, 1 H; ArH), 7.38–7.28 (m, 9 H; ArH),
7.22–7.20 (m, 2 H; ArH), 7.06–7.02 (m, 3 H; ArH), 6.86 (d, J=8.4 Hz,
1H; ArH), 6.70 (br t, J=6 Hz, 1 H; NHCO), 6.69 (d, J=8.3 Hz, 1 H;
ArH), 6.65 (br t, J=6 Hz, 1 H; NHCO), 6.57 (br s, 1 H; ArH), 6.49 (br s,
1H; ArH), 6.01 (br s, 1 H; ArOH), 5.89 (br s, 1 H; ArOH), 5.18 (s, 2 H;
OCH2Ph), 5.14 (s, 2 H; OCH2Ph), 3.85 (s, 2 H; ArCH2C=N), 3.67 (s, 2H;
ArCH2C=N), 3.60–3.56 (m, 2 H; CH2NHCO), 3.38–3.34 (m, 2H;
CH2NHCO), 2.78–2.76 (m, 2H; ArCH2CH2), 2.64–2.60 ppm (m, 2H;
ArCH2CH2); 13C NMR (125 MHz, CDCl3): d=162.3, 152.0, 151.5, 151.2,
151.1, 144.5, 143.6, 143.0, 142.7, 137.0, 136.4, 134.6, 134.1, 133.5, 131.6,
130.3, 129.5, 129.4, 129.2, 128.7, 128.6, 128.3, 128.0, 127.5, 121.0, 119.2,
118.8, 118.0, 116.4, 114.7, 113.7, 109.5, 109.4, 77.4, 40.6, 40.3, 34.9, 34.7,
28.9, 28.9 ppm; HR-ESI-TOF: m/z [M+H]+ calcd for C48H40Br4N4O8:
1116.9652; found: 1116.9623.


General procedure for the preparation of a,w-amino acids : In the case of
bastaranes, a solution of the protected a,w-amino acid (30 mmol) in a
mixture of THF (3 mL) and methanol (3 mL) was treated at 0 8C with an
aqueous solution of LiOH (3n, 0.2 mL) for 5 h. The residue obtained
after standard aqueous workup of the reaction was dissolved in dichloro-
methane (3 mL) and treated at 0 8C with TFA (1.5 mL). Evaporation of
the reaction mixture under reduced pressure provided the free a,w-
amino acid that was used in the next step without further purification.


In the case of isobastaranes, a solution of the protected a,w-amino acid
(56 mmol) and pentamethylbenzene (125 mg, 0.8 mmol) in dichlorome-
thane (3 mL) was treated at 0 8C with TFA (3 mL). The reaction mixture
was allowed to gradually warm up to ambient temperature and, after 2 h,
the solvent and excess TFA was removed under reduced pressure to pro-
vide the corresponding free a,w-amino acid that was used in the next
step without further purification.


General procedure for the macrolactamizations : N,N-diisopropylethyl-
amine (60 mL, 0.34 mmol), and benzotriazol-1-yloxytripyrrolidinophos-
phonium hexafluorophosphate (138 mg, 0.41 mmol) were added to a stir-
red solution of the a,w-amino acid (56 mmol) in a mixture of dichlorome-
thane (100 mL) and DMF (10 mL) at 0 8C. The temperature of the reac-
tion was maintained at 0 8C for 1 h and then the mixture was allowed to
gradually warm up to ambient temperature. After 24 h the reaction mix-
ture was poured into saturated aqueous solution of ammonium chloride
(100 mL) and extracted with EtOAc (5 Q 30 mL). The combined organic


extracts were washed sequentially with water (2 Q 20 mL) and brine
(20 mL), dried over Na2SO4, and concentrated under reduced pressure.


In the case of group B bastaranes, removal of the Boc protection was ac-
companied by partial loss of the TBS protective group. As a conse-
quence, the residue obtained after macrolactamization contained a mix-
ture of free and TBS-protected products that, for convenience, was not
separated at this stage. The crude mixture was treated with 1.0m solution
of TBAF in THF to afford after standard aqueous workup and flash
column chromatography (40 % EtOAc in hexanes) the desired product.


Data for 36 : Yield 52 % (from 34) as colorless oil; [a]20
D =++6.8 (c=0.44


in CH2Cl2); 1H NMR (500 MHz, CDCl3): d=7.65 (d, J=1.8 Hz, 1 H;
ArH), 7.56 (d, J=1.9 Hz, 1 H; ArH), 7.43–7.26 (m, 9 H; ArH), 7.24 (d,
J=1.8 Hz, 1 H; ArH), 7.17–7.13 (m, 3H; ArH), 7.01 (d, J=1.6 Hz, 1 H;
ArH), 6.98 (d, J=8.4 Hz, 1H; ArH), 6.96 (br t, J=6.3 Hz, 1H; NHCO),
6.75 (d, J=1.7 Hz, 1H; ArH), 6.69 (d, J=8.4 Hz, 1H; ArH), 6.60 (br t,
J=5.8 Hz, 1H; NHCO), 6.47 (d, J=1.6 Hz, 1 H; ArH), 5.20 (s, 2H;
OCH2Ph), 5.03 (ABq, J=11.6 Hz, Dn=15.8 Hz, 2H; OCH2Ph), 4.84 (dd,
J=6.5, 3.7 Hz, 1 H; CHOH), 3.79 (s, 2 H; ArCH2C=N), 3.77 (ABq, J=
13 Hz, Dn=27 Hz, 2H; ArCH2C=N), 3.73–3.68 (m, 1H; CHHNHCO),
3.42–3.26 (m, 3H; CH2NHCO, CHHNHCO), 2.62–2.52 ppm (m, 2H;
ArCH2CH2); 13C NMR (125 MHz, CDCl3): d=163.3, 162.2, 151.7, 151.5,
151.4, 151.4, 144.7, 143.5, 143.4, 142.7, 139.9, 136.3, 136.0, 134.6, 133.4,


Table 1. NMR data for bastadin 5 (500 MHz, [D6]acetone).


Position 13C 1H HMBC
d d


1 28.4 3.67 (s, 2H) H-36, H-38
2 152.5 N2OH, H-1
3 163.3 H-1
4 7.73 (br t, 1 H)
5 41.3 3.52–3.41 (m, 2H) H-6
6 34.8 2.84–2.74 (obs m, 2H) H-5, H-8, H-12
7 138.0 H-5, H-6, H-11
8 134.5 7.54 (d, J=1.9 Hz, 1H) H-6, H-12
9 114.5 H-8, H-11
10 152.3 H-8, H-11, H-12
11 121.2 7.00 (d, J=8.3 Hz, 1H)
12 130.6 7.22 (dd, J=8.3, 1.9 Hz, 1 H) H-6, H-8
14 144.6 H-19
15 144.4 H-17
16 110.4 H-17, 15-OH
17 128.7 7.14 (d, J=1.8 Hz, 1H) H-19, H-20
18 132.5 H-20, H-21
19 117.7 6.64 (d, J=1.8 Hz, 1H) H-17, H-20
20 35.0 2.84–2.74 (obs m, 2H) H-17, H-19, H-21
21 40.4 3.52–3.41 (m, 2H) H-20
22 7.32 (br t, 1 H)
23 164.5 H-25
24 151.9 H-25, N24OH
25 29.7 3.85 (s, 2H) H-27, H-31
26 138.8 H-25
27 134.5 7.63 (s, 1H) H-25, H-31
28 118.2 H-27
29 147.6 H-27, H-31
30 118.2 H-31
31 134.5 7.63 (s, 1H) H-25, H-27
33 145.6 H-38
34 142.9 H-36, H-38
35 109.8 H-36, 34-OH
36 128.0 7.18 (d, J=1.8 Hz, 1H) H-1, H-38
37 129.8 H-1, H-38
38 114.3 6.41 (d, J=1.8 Hz, 1H) H-1, H-36
N2OH 10.47 (s, 1H)
N24OH 11.32 (s, 1H)
15-OH 8.74 (s, 1H)
34-OH 8.70 (s, 1H)
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131.3, 131.2, 129.8, 129.1, 128.7, 128.6, 128.4, 128.3, 128.2, 127.4, 126.5,
121.2, 118.7, 118.6, 115.7, 115.2, 113.5, 109.7, 109.6, 77.5, 77.5, 72.4, 47.0,
40.1, 34.6, 29.1, 28.7 ppm; IR (KBr): ñ=3406, 3092, 3065, 3034, 2926,
2873, 2855, 1671, 1611, 1527, 1502, 1455 cm�1; HR-ESI-TOF: m/z
[M+Na]+ calcd for C48H40Br4N4O9: 1154.9421; found: 1154.9447.


Data for 37: Yield 61% (from 35) as colorless oil; [a]20
D =++1.5 (c=1.8 in


CH2Cl2); 1H NMR (500 MHz, CDCl3): d=7.64 (br s, 2H; ArH), 7.58 (d,
J=1.9 Hz, 1H; ArH), 7.43–7.37 (m, 4 H; ArH), 7.35–7.31 (m, 3H; ArH),
7.28 (s, 1H; ArH), 7.25 (d, J=1.9 Hz, 1H; ArH), 7.21–7.17 (m, 3 H;
ArH), 7.08 (br t, J=6.0 Hz, 1 H; NHCO), 7.01 (d, J=1.6 Hz, 1H; ArH),
6.72 (d, J=8.4 Hz, 1H; ArH), 6.68 (d, J=1.7 Hz, 1H; ArH), 6.60 (br t,
J=6.0 Hz, 1H; NHCO), 6.22 (d, J=1.6 Hz, 1 H; ArH), 5.21 (s, 2H;
OCH2Ph), 5.05 (ABq, J=12 Hz, Dn=21 Hz, 2H; OCH2Ph), 4.89 (dd, J=
7.1, 3.1 Hz, 1H; CHOH), 3.80 (ABq, J=13 Hz, Dn=30 Hz, 2 H;
ArCH2C=N), 3.80–3.75 (m, 3H; ArCH2C=N, CHHNHCO), 3.42–3.22 (m,
3H; CHHNHCO, CH2NHCO), 2.67–2.53 ppm (m, 2H; CH2CH2NHCO);
13C NMR (125 MHz, CDCl3): d=163.9, 162.2, 151.4, 151.3, 147.6, 144.0,
143.8, 143.1, 142.2, 141.5, 136.3, 135.9, 134.6, 133.7, 130.8, 130.6, 130.0,
128.9, 128.9, 128.7, 128.6, 128.4, 128.3, 128.2, 126.8, 119.0, 118.2, 117.9,
112.2, 109.4, 77.7, 77.5, 72.4, 47.3, 39.5, 34.3, 29.2, 28.6 ppm; IR (KBr):
ñ=3408, 3071, 3036, 2931, 2880, 1671, 1613, 1526, 1502, 1456 cm�1; HR-


ESI-TOF m/z [M+H]+ calcd for
C48H39Br5N4O9: 1210.8706; found:
1210.8738.


In the case of group C bastaranes and
isobastaranes, flash column chromato-
graphic purification (30 % EtOAc in
hexanes) of the residue obtained after
macrolactamization afforded the de-
sired product.


Data for 43 : Yield 58% as colorless
oil; 1H NMR (500 MHz, CDCl3): d=


7.53 (s, 2H; ArH), 7.48 (s, 1 H; ArH),
7.42–7.27 (m, 9H; ArH), 7.17 (s, 1H;
ArH), 7.13 (dd, J=8.0, 1.1 Hz, 1H;
ArH), 7.09–7.07 (m, 1 H; ArH), 7.02
(s, 1H; ArH), 7.00 (d, J=8.2 Hz, 1 H;
ArH), 6.71 (t, J=6.3 Hz, 1H; NHCO),
6.59 (s, 1H; ArH), 6.54 (t, J=6.0 Hz,
1H; NHCO), 6.34 (s, 1 H; ArH), 5.98
(br s, 1 H; ArOH), 5.94 (br s, 1H;
ArOH), 5.18 (s, 2 H; OCH2Ph), 4.80 (s,
2H; OCH2Ph), 3.79 (s, 2H; ArCH2C=
N), 3.72 (s, 2H; ArCH2C=N), 3.51–
3.47 (m, 2H; CH2NHCO), 3.33–3.29
(m, 2 H; CH2NHCO), 2.75 (t, J=
6.7 Hz, 2 H; ArCH2CH2), 2.54 ppm (t,
J=7.4 Hz, 2 H; ArCH2CH2); 13C NMR
(125 MHz, CDCl3): d=162.1, 162.0,
152.0, 151.0, 150.7, 147.0, 143.9, 142.7,
141.5, 137.4, 136.7, 136.3, 136.1, 134.3,
133.9, 133.6, 131.4, 129.6, 128.8, 128.6,
128.6, 128.4, 128.3, 128.2, 127.9, 127.4,
121.2, 117.9, 115.8, 115.1, 113.3, 113.1,
109.1, 77.7, 77.1, 40.4, 40.0, 35.0, 34.5,
29.3, 28.9 ppm; HR-ESI-TOF: m/z
[M�H]� calcd for C48H39Br5N4O8:
1192.8612; found: 1192.8566,.


Data for 44 : Yield 66% as colorless
oil; 1H NMR (500 MHz, CDCl3): d=


7.55 (s, 2H; ArH), 7.47 (s, 2 H; ArH),
7.42–7.24 (m, 8H; ArH), 7.18 (d, J=
1.6 Hz, 1 H; ArH), 7.13–7.11 (m, 2H;
ArH), 6.98 (d, J=8.2 Hz, 1 H; ArH),
6.81 (t, J=6.4 Hz, 1H; NHCO), 6.75
(dd, J=8.2, 1.7 Hz, 1H; ArH), 6.50 (t,
J=5.9 Hz, 1 H; NHCO), 6.39 (d, J=


1.7 Hz, 1 H; ArH), 6.31 (d, J=1.7 Hz, 1H; ArH), 5.98 (br s, 1H; ArOH),
5.72 (br s, 1 H; ArOH), 5.18 (s, 2H; OCH2Ph), 4.88 (s, 2H; OCH2Ph),
3.80 (s, 2H; ArCH2C=N), 3.74 (s, 2 H; ArCH2C=N), 3.53–3.49 (m, 2H;
CH2NHCO), 3.36–3.32 (m, 2H; CH2NHCO), 2.79 (t, J=7.0 Hz, 2 H;
ArCH2CH2), 2.60 ppm (t, J=7.5 Hz, 2 H; ArCH2CH2); 13C NMR
(125 MHz, CDCl3): d=162.3, 162.0, 151.9, 150.8, 147.4, 147.0, 144.0,
143.5, 141.5, 139.5, 136.8, 136.2, 134.0, 133.6, 130.1, 128.8, 128.6, 128.4,
128.3, 128.3, 128.2, 127.9, 123.7, 118.3, 117.8, 115.9, 113.1, 113.0, 109.0,
77.7, 77.4, 40.5, 39.7, 34.8, 34.4, 29.4, 28.8 ppm; HR-ESI-TOF: m/z
[M+H]+ calcd for C48H39Br5N4O8: 1194.8757; found: 1194.8757.


Data for 47: Yield 55 % (from 46) as colorless glass; 1H NMR (500 MHz,
CDCl3): d=7.48 (d, J=2.0 Hz, 1H; ArH), 7.41 (d, J=1.9 Hz, 1 H; ArH),
7.38–7.24 (m, 9H; ArH), 7.20–7.16 (m, 2 H; ArH), 7.02–6.96 (m, 2H;
ArH), 6.92 (d, J=8.2 Hz, 1H; ArH), 6.82 (d, J=8.3 Hz, 1 H; ArH), 6.77
(dd, J=8.2, 1.8 Hz, 1H; ArH), 6.69 (br t, J=6 Hz, 1 H; NHCO), 6.67–
6.61 (m, 2H; NHCO, ArH), 6.57 (d, J=1.8 Hz, 1 H; ArH), 6.54 (d, J=
1.8 Hz, 1H; ArH), 5.15 (s, 2H; OCH2Ph), 5.13 (br s, 1 H; ArOH), 5.11 (s,
2H; OCH2Ph), 5.10 (br s, 1H; ArOH), 3.83 (s, 2H; ArCH2C=N), 3.66 (s,
2H; ArCH2C=N), 3.57–3.54 (m, 2 H; CH2NHCO), 3.37–3.33 (m, 2 H;
CH2NHCO), 2.76–2.71 (m, 2H; ArCH2CH2), 2.64–2.60 ppm (m, 2H;
ArCH2CH2); 13C NMR (125 MHz, CDCl3): d=162.3, 162.2, 152.0, 151.7,
151.6, 151.3, 145.4, 143.7, 143.6, 143.0, 136.4, 134.7, 134.0, 133.5, 130.9,


Table 2. NMR data for bastadin 20 (500 MHz, [D6]DMSO).


Position 13C 1H COSY HMBC
d d


1 27.7 3.45 (s, 2H) H-36 H-36, H-38
2 151.2 N2OH, H-1
3 162.8 H-1, H-5
4 7.86 (t, J=6 Hz, 1 H) H-5
5 40.0 3.19–3.15 (m, 2H) H-4, H-6 H-6
6 33.5 2.5 (obs m) H-5 H-5, H-12, H-8
7 131.7 H-5, H-6
8 127.2 7.09 (d, J=2 Hz, 1H) H-12 H-6, H-12
9 110.4 H-8, 10-OH
10 144.8 H-12
11 143.3 H-12
12 117.1 6.35 (d, J=2 Hz, 1H) H-8 H-6, H-8
14 150.8 H-16,H-18,H-19
15 113.2 H-16, H-19
16 133.4 7.51 (d, J=2 Hz, 1H) H-18 H-18, H-20
17 137.3 H-20
18 129.5 7.10 (dd, J=8, 2 Hz, 1 H) H-16,H-19 H-16, H-20
19 120.4 6.83 (d, J=8.4 Hz, 1H) H-18
20 33.8 2.71–2.68 (m, 2H) H-21 H-16
21 39.8 3.40–3.36 (m, 2H) H-20,H-22 H-20
22 8.08 (t, J=6 Hz, 1 H) H-21
23 163.3 H-21, H-25
24 151.7 N24OH, H-25
25 28.4 3.70 (s, 2H) H-27 H-27, H-31
26 137.1 H-30
27 134.3 7.44 (d, J=2 Hz, 1H) H-25,H-31 H-25
28 113.2 H-27, H-30
29 150.8 H-27,H-30,H-31
30 120.4 6.80 (d, J=8.3 Hz, 1H) H-31
31 129.5 7.08 (dd, J=8, 2 Hz, 1 H) H-27,H-30 H-25, H-27
33 144.8 H-38
34 143.3 H-36, H-38
35 110.4 H-36, 34-OH
36 127.2 7.01 (d, J=2 Hz, 1H) H-1, H-38 H-1, H-38
37 128.9 H-1
38 116.9 6.29 (d, J=2 Hz, 1H) H-36 H-1, H-36
N2OH 11.70 (s, 1H)
N24OH 11.82 (s, 1H)
10-OH 9.84 (br s, 1 H)
34-OH 9.78 (br s, 1 H)
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130.2, 129.5, 129.3, 129.2, 128.8, 128.6, 128.3, 128.1, 128.0, 124.7, 120.4,
119.1, 118.5, 118.2, 117.4, 116.2, 114.5, 113.7, 109.5, 77.4, 77.3, 40.9, 40.3,
34.9, 34.7, 29.0, 28.9 ppm; HR-ESI-TOF: m/z [M+Na]+ calcd for
C48H41Br3N4O8: 1061.0367; found: 1061.0375.


General procedure for the deprotection of bastadins : A stirred solution
of the dibenzyl ether derivative of bastadin (5 mmol) in thioanisole
(2 mL) was cooled in an ice bath and a solution of BBr3 in dichlorome-
thane (1m, 400 mL) was added. The ice bath was removed and the reac-
tion was allowed to proceed at ambient temperature for 1 h. Aqueous
HCl (0.5m, 10 mL) was carefully added at 0 8C and, after stirring at ambi-
ent temperature for 45 min, the mixture was extracted with EtOAc (4 Q
10 mL). The combined organic phases were washed sequentially with
water (2 Q 10 mL) and brine (10 mL), dried over Na2SO4, and then con-
centrated under reduced pressure. Residual thioanisole was removed
under vacuum, and the oil thus obtained was purified by thin-layer chro-
matography (3 % MeOH in dichloromethane) to afford free bastadin.


Bastadin 10 : Yield 48 % as amorphous white solid; [a]20
D =�4.4 (c=0.16


in MeOH); 1H NMR (500 MHz, [D6]DMSO): d=11.13 (s, 1H; NOH),
10.88 (s, 1 H; NOH), 8.74 (br s, 2H; 2 Q ArOH), 7.69 (d, J=1.8 Hz, 1H;
ArH), 7.59 (d, J=1.8 Hz, 1H; ArH), 7.54 (br t, J=5.9 Hz, 1H; NHCO),
7.38 (br dd, J=6.4, 5.7 Hz, 1H; NHCO), 7.31 (dd, J=8.4, 1.8 Hz, 1H;
ArH), 7.27 (d, J=1.7 Hz, 1 H; ArH), 7.22 (dd, J=8.4, 1.9 Hz, 1 H; ArH),
7.15 (d, J=1.7 Hz, 1 H; ArH), 6.99 (d, J=8.4 Hz, 1H; ArH), 6.82 (d, J=
8.4 Hz, 1H; ArH), 6.69 (d, J=1.8 Hz, 1H; ArH), 6.63 (d, J=1.8 Hz, 1 H;
ArH), 4.91 (br s, 1 H; CHOH), 4.84 (br m, 1 H; CHOH), 3.81 (ABq, J=
13.4 Hz, Dn=28.8 Hz, 2H; ArCH2C=N), 3.74 (s, 2 H; ArCH2C=N), 3.55–
3.50 (m, 1H; CHHNHCO), 3.49–3.41 (m, 2H; CH2NHCO), 3.37–3.32
(m, 1 H; CHHNHCO), 2.71 ppm (t, J=7.0 Hz, 2 H; ArCH2CH2);
13C NMR (125 MHz, [D6]acetone): d=165.1, 165.0, 154.2, 153.7, 153.6,
153.1, 146.7, 145.7, 145.5, 142.7, 136.8, 135.9, 133.9, 132.7, 131.6, 131.3,
130.2, 130.1, 130.0, 128.9, 121.8, 121.8, 119.7, 119.4, 115.5, 115.4, 111.7,
111.5, 73.0, 49.0, 41.7, 36.2, 29.4 ppm; HR-MALDI-FTMS: m/z [M+Na]+


calcd for C34H28Br4N4O9: 974.8482; found: 974.8487.


Bastadin 12 : Yield 51 % as amorphous white solid; [a]20
D =�14 (c=0.17


in MeOH); 1H NMR (500 MHz, [D6]acetone): d=11.15 (s, 1 H; NOH),
10.88 (s, 1H; NOH), 8.74 (br s, 1 H; ArOH), 8.71 (br s, 1 H; ArOH), 7.72
(br s, 2H; ArH), 7.59 (d, J=2.1 Hz, 1 H; ArH), 7.54 (dd, J=6.1, 4.4 Hz,
1H; CH2NHCO), 7.50 (br t, J=5.8 Hz, 1H; CH2NHCO), 7.28 (dd, J=
4.4, 2.1 Hz, 1H; ArH), 7.27 (dd, J=4.0, 1.9 Hz, 1 H; ArH), 7.07 (d, J=
1.9 Hz, 1H; ArH), 6.85 (d, J=8.4 Hz, 1H; ArH), 6.66 (d, J=1.9 Hz, 1 H;
ArH), 6.37 (d, J=1.9 Hz, 1H; ArH), 5.11 (br d, J=4.4 Hz, 1 H; CHOH),
4.91–4.88 (m, 1H; CHOH), 3.88 (ABq, J=13.3 Hz, Dn=19.3 Hz, 2 H;
ArCH2C=N), 3.75 (s, 2H; ArCH2C=N), 3.57–3.52 (m, 1 H; CHHNHCO),
3.44–3.30 (m, 3 H; CHHNHCO, CH2NHCO), 2.70 ppm (t, J=2.7 Hz,
2H; ArCH2CH2); 13C NMR (125 MHz, [D6]acetone): d=165.3, 165.1,
153.7, 153.6, 153.2, 149.1, 147.0, 146.7, 145.9, 145.5, 144.0, 136.9, 136.0,
133.1, 132.7, 131.8, 131.4, 130.2, 128.5, 122.0, 119.5, 115.6, 114.2, 111.6,
111.5, 72.7, 49.0, 41.2, 35.8, 29.3 ppm; HR-MALDI-FTMS: m/z [M+Na]+


calcd for C34H27Br5N4O9: 1052.7587; found: 1052.7615.


Bastadin 5 : Yield 43% as amorphous white solid; for NMR data see
Table 1; HR-ESI-TOF: m/z [M�H]� calcd for C34H27Br5N4O8: 1012.7673;
found: 1012.7654.


Bastadin 16 : Yield 41 % as amorphous white solid; 1H NMR (500 MHz,
[D6]acetone): d=11.33 (s, 1 H; N24OH), 10.42 (s, 1 H; N2OH), 8.71 (s,
1H; ArOH), 8.00 (s, 1 H; ArOH), 7.70 (t, J=5.8 Hz, 1H; 4-NHCO), 7.62
(s, 2 H; H-27, H-31), 7.57 (s, 2 H; H-8, H-12), 7.41 (t, J=5.9 Hz, 1 H; 22-
NHCO), 7.18 (d, J=1.7 Hz, 1 H; H-36), 6.90 (d, J=8.1 Hz, 1 H; H-16),
6.76 (dd, J=8.1, 1.8 Hz, 1H; H-17), 6.38 (d, J=1.7 Hz, 1H; H-38), 6.33
(d, J=1.8 Hz, 1H; H-19), 3.92 (s, 2 H; H-25), 3.68 (s, 2 H; H-1), 3.51–3.47
(m, 2H; H-21), 3.41–3.37 (m, 2H; H-5), 2.88 (t, J=7.1 Hz, H-6),
2.73 ppm (t, J=7.1 Hz, H-20); 13C NMR (125 MHz, [D6]acetone): d=


165.7, 164.7, 153.7, 153.2, 149.0, 148.7, 147.0, 146.6, 146.2, 144.0, 142.0,
140.1, 135.6, 135.5, 131.9, 131.2, 129.2, 125.3, 119.6, 119.4, 118.3, 115.4,
114.7, 111.0, 42.0, 41.6, 36.1, 35.7, 29.3 ppm; HR-ESI-TOF: m/z[M+Na]+


calcd for C34H27Br5N4O8: 1036.7638; found: 1036.7643.


Bastadin 20 : Yield 46 % as amorphous white solid; for NMR data see
Table 2; HR-ESI-TOF: m/z [M+Na]+ calcd for C34H28Br4N4O8:
958.8533; found: 958.8519.


Bastadin 21: Yield 55% as amorphous white solid; for NMR data see
Table 3; HR-MALDI-FTMS: m/z [M+Na]+ calcd for C34H29Br3N4O8:
880.9428; found: 880.9422.


Data for 38 : Yield 83 % as colorless oil; 1H NMR (500 MHz, CDCl3): d=
7.69 (d, J=2.0 Hz, 1 H; ArH), 7.59 (d, J=1.8 Hz, 1H; ArH), 7.56 (d, J=
6.7 Hz, 2 H; ArH), 7.49 (d, J=6.7 Hz, 2H; ArH), 7.43–7.25 (m, 16 H;
ArH), 7.21–7.19 (m, 2H; ArH), 7.14 (dd, J=8.4, 2.0 Hz, 1 H; ArH), 7.11
(d, J=1.9 Hz, 1H; ArH), 6.98 (br t, J=6.4 Hz, 1 H; NHCO), 6.93 (d, J=
8.3 Hz, 1 H; ArH), 6.83 (d, J=1.9 Hz, 1H; ArH), 6.64 (br t, J=6.1 Hz,
1H; NHCO), 6.59 (d, J=8.4 Hz, 1 H; ArH), 6.55 (d, J=1.8 Hz, 1 H;
ArH), 5.21 (s, 2H; OCH2Ph), 5.19 (br s, 2 H; OCH2Ph), 5.10 (br s, 2 H;
OCH2Ph), 5.09 (br s, 2 H; OCH2Ph), 4.83 (dd, J=6.7, 3.4 Hz, 1H;
CHOH), 3.84 (ABq, J=13 Hz, Dn=22 Hz, 2 H; ArCH2C=N), 3.81 (s,
2H; ArCH2C=N), 3.74–3.69 (m, 1 H; CHHNHCO), 3.41–3.22 (m, 3 H;
CH2NHCO, CHHNHCO), 2.75 (br s, 1H; CHOH), 2.65–2.58 ppm (m,
2H; ArCH2CH2).


Table 3. NMR data for bastadin 21 (500 MHz, [D6]DMSO).


Position 13C 1H HMBC
d d


1 27.9 3.48 (s, 2H) H-36, H-38
2 151.6 H-1, N2OH
3 162.8 H-1, H-4, H-5
4 7.87 (t, J=6 Hz, 1H)
5 39.9 3.22–3.18 (m, 2 H) H-6
6 33.9 2.5 (obs m) H-5, H-8
7 131.0 H-5, H-6, H-11
8 119.8 6.52 (d, J=2 Hz, 1H) H-6, H-12
9 142.2 H-8, H-11, 10-OH
10 147.3 H-8, H-12, 10-OH
11 116.4 6.83 (d, J=8 Hz, 1H) 10-OH
12 125.0 6.78 (dd, J=8, 2 Hz, 1H) H-6, H-8
14 152.5 H-16, H-18, H-19
15 111.2 H-16, H-19
16 132.7 7.48 (d, J=2 Hz, 1H) H-18, H-20
17 135.3 H-19, H-20, H-21
18 129.3 7.01 (dd, J=8, 2 Hz, 1H) H-16, H-20
19 117.6 6.58 (d, J=8 Hz, 1H)
20 33.1 2.70–2.68 (m, 2 H) H-16,
21 39.1 3.41–3.37 (m, 2 H) H-20
22 8.02 (t, J=6 Hz, 1H)
23 163.6 H-21, H-22, H-25
24 152.5 H-25, N24OH
25 28.8 3.67 (s, 2H) H-27, H-31
26 134.4 H-25, H-28
27 129.4 7.05 (dd, J=8, 2 Hz, 1H) H-25, H-31
28 120.0 6.81 (d, J=8 Hz, 1H)
29 150.8 H-27, H-28, H-31
30 112.9 H-28, H-31
31 132.9 7.43 (d, J=2 Hz, 1H) H-27
33 144.7 H-38, 34-OH
34 143.0 H-36, H-38
35 110.4 H-36, 34-OH
36 126.7 7.04 (d, J=2 Hz, 1H) H-1, H-38
37 128.4 H-1
38 116.9 6.34 (d, J=2 Hz, 1H) H-1, H-36
N2OH 11.69 (s, 1H)
N24OH 11.79 (s, 1H)
10-OH 9.34 (br s, 1H)
34-OH 9.83 (br s, 1H)
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