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Introduction


There is a large interest in the development of highly lumi-
nescent biomaterials for biological applications such as bio-
ACHTUNGTRENNUNGlabelling, drug delivery, diagnostics of infectious and genetic
diseases and so forth.[1] Materials such as traditional organic
dyes,[2] quantum dots,[3] and metal nanoparticles[4] are widely
applied in biological analyses but have some limitations. Or-
ganic dyes have a number of known drawbacks such as
weak photostability, broad absorption and emission bands
and toxicity.[2] Various semiconductor quantum dots display
high photostability, size-dependent emissions, high quantum
yields and narrow emission bandwidths, and have successful-
ly been applied in biological applications.[3] However, the
quantum dots are still controversial because of their inher-
ent toxicity and chemical instability.[5] Moreover, their inher-


ent short-lived luminescence lifetimes may overlap with the
spontaneous background emission sources (natural fluores-
cence of biomolecules such as proteins is within 1–10 ns).
Noble-metal nanoparticles (e.g., gold nanoparticles), which
are known to scatter and absorb visible light, are potentially
suitable candidates for biosensors.[4] Though these noble-
metal nanoparticles are biocompatible, their optical proper-
ties in the visible region may overlap with natural proteins.
Halas et al.[6] addressed this issue by developing a gold
nanoshell over a silica sphere of submicron size for bioappli-
cations such as the integration of cancer imaging and thera-
py. Notwithstanding this progress, there is still a need for
more efficient biolabels with high photostability, biocompat-
ibility, optical properties and ultrasensitivity to bioassays.


In order to address these key issues, the development of
an alternative biomaterial through the use of lanthanide-
doped nanoparticles is gaining popularity due to the latter0s
unique luminescence properties, such as sharp absorption
and emission lines, high quantum yields, long lifetimes and
superior photostability.[7] In particular, lanthanide ions are
known to exhibit both efficient energy down- and upconver-
sion emission properties, where the downconversion process
is the conversion of higher energy photons into lower
energy photons, which is also widely exploited in quantum
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dots as well as in organic dyes.[8] In contrast, the upconver-
sion process converts lower energy photons through multi-
photon processes into higher energy photons, and is, in gen-
eral, based on sequential absorption and energy-transfer
steps.[9] One has to bear in mind that this event is different
from multiphoton absorption processes, which typically re-
quire high excitation densities.[9]


At present, there are only a select number of reports on
the use of lanthanide-based nanoparticles as potential biola-
bels that emit in the visible region, by either upconversion
or downconversion processes.[5] Examples include the bio-
conjugation of Ln3+-doped LaF3 nanoparticles to avidin by
our group,[10] and work done by Caruso and co-workers[11]


with the functionalization of LaPO4:Ce/Tb nanoparticles
with streptavidin for biotin–streptavidin binding studies. In
addition, a recent contribution from Li and co-workers[12]


demonstrates that an Er3+/Yb3+ upconverting nanoparticle
label can be used in fluorescence resonant energy transfer
(FRET)-type analyses, whereby the emission of the upcon-
verting nanoparticles is quenched by the energy-accepting
gold nanoparticles that are functionalised with biotin for
biotin–avidin detection and quantification. Although these
lanthanide-based articles prove the principle of bioconjuga-
tion, they have three main drawbacks. The first is long-term
stability: it has been reported that ionic bound stabilising li-
gands can be pH-dependent and thus can be protonated off
the surface of the nanoparticles in solution.[10] The second is
toxicity due to exposure of lanthanide ions to the body, and
finally, they emit only in the visible region. Only a few re-
ports have dealt with these issues by developing a silica
shell over the lanthanide-doped materials, such as silica-
coated YVO4:Eu nanoparticles functionalised with guanid ACHTUNGTRENNUNGin-
ACHTUNGTRENNUNGium for sodium channel targeting by Beaurepaire et al.,[13]


and silica-coated Gd2O3:Tb nanoparticles functionalised
with streptavidin by Louis et al.[14] Additionally, Niedbala
and co-workers have made upconverting, silica-coated, lan-
thanide-doped submicron-sized ceramic particles for DNA
assays.[15] The use of a silica coating over lanthanide-doped
nanoparticles is an attractive alternative because the surface
chemistry of silica spheres is well documented and silica is
known to have benign effects in biological systems.[16] Up-
converting and near-infrared (NIR)-emitting biolabels with
a silica coating would be beneficial because upconverting
materials can be excited with NIR light, which is outside the
luminescent absorption range of biomolecules, thus minimis-
ing the loss of excitation energy to the surrounding material
as compared with exciting with UV light.[5] Furthermore, ex-
citation and emission in the NIR region can minimise inter-
ferences from the autofluorescence of proteins. However,
these reports only showed emission in the visible region by
a downconversion process, and to the best of our knowledge,
there are no reports available on silica-coated lanthanide-
doped nanoparticles that have both near-infrared (l=750–
2000 nm) and upconverted emission.


Herein, we report a general and easy method for the
preparation of silica-coated LaF3:Ln nanoparticles and their
bioconjugation to FITC–avidin (FITC= fluorescein isothio-


cyanate). These silica-coated nanoparticles display several
non-overlapping emission lines that cover the visible to
near-infrared region (l=450–1650 nm) through downcon-
version as well as upconversion processes, which can, for in-
stance, be exploited in multiplexing applications.[17] The use
of luminescent silica-coated LaF3:Ln nanoparticles could
have a number of advantages as probes in bioapplications
over already existing biolabels:


1) LaF3 has a very low phonon energy and therefore mini-
mises the quenching of the excited-state lanthanide ions
and thus has a high quantum yield.[7]


2) A wide range of emission lines (l=450–1650 nm) can be
achieved by doping with selected lanthanide ions.


3) The codoping of the LaF3 nanoparticle core with Yb3+


ions (for upconversion) makes it possible to excite with a
light source at l=980 nm, which is outside the lumines-
cent absorption range of biological molecules, thus mini-
mising loss of excitation energy to the surrounding mate-
rial as compared with exciting with UV light.


4) Excitation at l=980 nm of the codoped Yb3+ and Tm3+


nanoparticles produces an emission line at l=800 nm
from Tm3+ ; this wavelength is within the window (l=
700–1300 nm) in which skin and other biological materi-
als are most transparent, as compared with UV-visible
light, thus allowing for deeper penetration of excitation
and easy escape of emitted light.[6]


5) Emission in the NIR region (from Yb3+ , Nd3+ , Er3+)
minimises interferences from the autofluorescence of
proteins.


6) Silica is highly biocompatible and its surface chemistry is
well documented for biological interactions.


7) The size of the silica shell can easily be adjusted to ease
the secretion of nanoparticles through the kidney.


8) Longer luminescent lifetimes (ms to ms range) allow for
gated time-resolved fluorescence. The consequence of
these long lifetimes is that the photo count per second is
low per single Ln3+ ion, but this is compensated for by
the fact that we have many thousands of Ln3+ ions per
nanoparticle.


Finally, non-size-dependent emissions (unlike quantum
dots), completely stable photocycles and well-established
Ln3+ doping procedures[7] make our approach attractive for
preparing alternative biolabels.


Results and Discussion


The nanoparticle core matrices used to achieve the range of
emission lines were as follows: La0.95Eu0.05F3 (LaF3:Eu),
La0.95Tb0.05F3 (LaF3:Tb), La0.95Nd0.05F3 (LaF3:Nd),
La0.75Yb0.20Er0.05F3 (LaF3:Yb,Er) and La0.75Yb0.20Tm0.05F3 (La-
F3:Yb,Tm). First, the use of Tb3+ and Eu3+ ions resulted in
green (l=541 nm) and red (l=591 and 612 nm) emissions,
respectively, by energy downconversion processes. Second,
the use of Nd3+ ions gave emission lines at l=870, 1070 and
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1350 nm and Er3+ ions gave an emission line at l=1540 nm
by energy downconversion processes. Additionally, the Er3+


ions gave green and red emissions and Tm3+ ions gave an
emission at l=800 nm by energy upconversion processes
when codoped with Yb3+ (lex=980 nm). The surface of the
silica-coated LaF3:Ln


3+ nanoparticles was modified with 3-
aminopropyltrimethoxysilane (APTMS), followed by reac-
tion with biotin–N-hydroxysuccinimide for subsequent spe-
cific binding to FITC-labelled avidin (FITC–avidin), of
which the FITC signal is monitored. The present work takes
advantage of our recently published procedure to improve
the upconversion and NIR emission of lanthanide ions in
sol–gel-derived thin films (SiO2, ZrO2 and Al2O3), of which
an important aspect is the effective separation of lanthanide
ions from the high phonon-energy matrix, from residual OH
groups and the absence of lanthanide-ion clustering.[18]


Shown in Scheme 1 is an outline of the step-wise prepara-
tion of the silica-coated LaF3:Ln


3+ nanoparticles, starting
from the citrate-stabilised LaF3:Ln


3+ precursor nanoparticle


as the core matrix, followed by the formation of the silica
shell by a modified Stçber process,[19] and then its subse-
quent bioconjugation to FITC–avidin. To further our earlier
work on the improvement of the upconverted and NIR
emission of lanthanide ions in sol–gel-derived thin films,[18]


silica-coated LaF3:Yb,Er, LaF3:Yb,Tm and LaF3:Nd (before
surface modification with APTMS) nanoparticles were
heated at 800 8C for 12 h to improve significantly their NIR
luminescence as well as upconversion efficiency.


The transmission electron microscopy (TEM) image
shown in Figure 1 is of the as-prepared silica-coated
LaF3:Nd nanoparticles, which clearly shows that almost all
the silica beads have a single core LaF3:Nd nanoparticle
(�5 nm) in their centre with an average shell thickness of
�17 nm (�5 nm). The LaF3:Nd core has a slightly higher
contrast than the silica shell. Figure 2a shows the emission
spectrum of the as-prepared silica-coated LaF3:Eu nanopar-
ticles, in which the major emission bands of the Eu3+ ions at


l=590 and 612 nm are assigned to the 5D0!7F1 and 5D0!
7F2 transitions. A detailed analysis of the emission spectrum
has been reported by us elsewhere.[7a] The effective lifetime
(defined in the Experimental Section) of 5.9 ms is from the
5D0 level (inset in Figure 2a) with an estimated quantum
yield of 88% based on the radiative lifetime of 6.9 ms.[7f]


Scheme 1. Schematic illustration of the preparation and bioconjugation
of silica-coated LaF3:Ln


3+ nanoparticles to FITC–avidin (not to scale).
APTMS = (CH3O)3�Si�ACHTUNGTRENNUNG(CH2)3�NH2.


Figure 1. TEM image of as-prepared silica-coated LaF3:Nd nanoparticles.
Scale bar = 20 nm.


Figure 2. a) Emission spectra of as-prepared silica-coated LaF3:Eu nano-
particles (lex=464 nm). Inset: decay curve for silica-coated LaF3:Eu
nanoparticles before surface modification (lex=464 nm, lem=591 nm).
b) Emission spectra of as-prepared silica-coated LaF3:Tb nanoparticles
(lex=485 nm). Inset: decay curve for silica-coated LaF3:Tb nanoparticles
before surface modification (lex=485 nm, lem=542 nm). a.u. = arbitrary
units.
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The emission spectrum of the as-prepared silica-coated
LaF3:Tb


3+ nanoparticles is shown in Figure 2b, in which the
most intense peak at l=545 nm corresponds to the 5D4!7F5


transition, and the peaks at l=586 and 623 nm correspond
to the 5D4!7F4 and 5D4!7F3 transitions, respectively. The
effective lifetime of 3.8 ms is from the 5D4 level (inset in Fig-
ure 2b) with an estimated quantum yield of 76% based on
the radiative lifetime of 4.9 ms.[7g]


Figure 3 shows the TEM image of silica-coated LaF3:Nd
nanoparticles after being heated at 800 8C for 12 h. The


beads have an average, slightly contracted shell thickness of
�15 nm (�5 nm) with no observable effects of particle
fusing. Figure 4a shows the emission spectrum of the silica-
coated LaF3:Nd nanoparticles, in which the emission peaks
at l=870, 1070 and 1330 nm are from 4F3/2 transitions to


4I13/
2,


4I11/2 and 4I9/2, respectively, with an effective luminescent
lifetime of 0.170 ms (inset in Figure 4a), suggesting a quan-
tum yield of several tens of percent. Due to the ability of
lanthanide ions to be excited indirectly through the sensi-
tised emission of another lanthanide ion, Figure 4b shows
the emission spectrum of silica-coated LaF3:Yb,Er nanopar-
ticles through sensitised emission from the Yb3+ to the Er3+


ions, by direct excitation of the Yb3+ ions at l=940 nm. The
importance of this spectrum demonstrates that though Er3+


has no absorption lines at this wavelength, this process re-
sults in the simultaneous, very weak emission of Yb3+ at l=
980 nm (attributed to the 2F5/2!2F7/2 transition) and the sen-
sitised emission of the Er3+ ions at l=1540 nm (4I13/2!4I15/2
transition), with an effective lifetime of 1.8 ms for the 4I13/2
level (inset in Figure 4b) suggesting a quantum yield of 10–
20%.


The emission spectrum of the silica-coated LaF3:Yb,Er
nanoparticles heated at 800 8C (Figure 5a) shows the upcon-
version emission of the Er3+ ions, with the peaks at l=515,
540 and 660 nm being assigned to the 2H11/2!4I15/2,


4S3/2!
4I15/2 and 4F9/2!4I15/2 transitions, respectively. Furthermore,
Figure 5b demonstrates the upconversion-emission spectrum
of heated silica-coated LaF3:Yb,Tm nanoparticles, in which
the emission band around l=800 nm is a result of the 3H4!
3H6 transition of Tm3+ ions. Moreover, a weak Tm3+ emis-
sion band at l=475 nm was observed and assigned to the
1G4!3H6 transition (inset in Figure 5b), and is also a result
of the upconversion process. Preliminary results into the
mechanism of the upconversion process suggest that it is oc-


curring through energy transfer (ET) rather than an excited-
state absorption (ESA) or photoavalanche (PA) process.[18b]


Shown in Figure 6 are the schematic diagrams of the energy
levels and possible energy-transfer processes of the silica-
coated LaF3:Yb,Er and LaF3:Yb,Tm nanoparticles. The
emissions of Er3+ at l=510, 540 and 660 nm are due to two-
photon processes. The emission of Tm3+ at l=795 nm is a
two-photon process and that at l=475 nm is a three-photon
process.


To test the ability of the core–shell silica nanoparticles to
be bound to a biochemical system, surface modification of
the silica shell with biotin was used as a model for nanopar-
ticle binding with FITC–avidin, and the extent of binding
was monitored by the FITC emission intensity. Due to the
biologically inert nature of silica, the shell had to be modi-
fied first in a two-step process in order to impart biotin ac-
tivity (see Scheme 1).


The emission spectrum of the bioconjugation of silica-
coated LaF3:Tb nanoparticles to FITC–avidin, which is


Figure 3. TEM image of silica-coated LaF3:Nd nanoparticles, before sur-
face modification, after being heated at 800 8C. Scale bar = 20 nm.


Figure 4. a) Emission spectra of silica-coated LaF3:Nd nanoparticles after
being heated at 800 8C (lex=514 nm). Inset: decay curve for silica-coated
LaF3:Nd nanoparticles, before surface modification, after being heated at
800 8C (lex=514 nm, lem=1070 nm). b) Emission spectra of silica-coated
LaF3:Yb,Er nanoparticles after being heated at 800 8C (lex=980 nm).
Inset: decay curve for silica-coated LaF3:Yb,Er nanoparticles, before sur-
face modification, after being heated at 800 8C (lex=940 nm, lem=


1540 nm).
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shown with the spectrum for non-biotinylated particles as
control particles, is shown in Figure 7. The emission spec-


trum shows an approximate 25-fold increase in FITC signal
relative to the control particles, clearly proving that specific
binding of avidin to the silica particles has been achieved,
and that the signal from the control particles is likely a
result of some physical adsorption of avidin onto the parti-
cles in a negligible amount. This is a conservative estimate
because control tests with APTES-modified beads showed
that the nonspecific binding is about twofold less than that
with the unmodified beads. This result is, however, superior
to the monolayer-stabilised Ln3+-doped LaF3 nanoparticles
previously reported by us.[10] Our previous work has shown
that coating the surface of LaF3:Ln


3+ nanoparticles with
poly(ethylene glycol)-based ligands minimised the effects of
nonspecific binding, and we expect the same result with our
current silica particles.[10] The effect of nanoparticle aggrega-
tion after bioconjugation has not yet been studied on our
silica-coated nanoparticles. No terbium emission was ob-
served because of the low absorption coefficient of Tb3+


ions relative to FITC and the low excitation power of the
450 W Xe lamp. Figure 8 shows the Tb3+ emission spectrum


of the particles excited with
high excitation power, in
which the sharp l=544 nm
peak of Tb3+ is visible on top
of the FITC signal, with an ef-
fective luminescent lifetime of
3.2 ms (inset in Figure 8),
which is in agreement with
that of the unmodified and
APTMS-modified particles.
The same binding experiments
were carried out on silica-
coated LaF3:Nd nanoparticles
resulting in a similar increase
in FITC emission relative to
the control particles (Figure 9).
Figure 10 shows the emission
spectrum of the silica-coated


Figure 5. a) Upconversion-emission spectra of silica-coated LaF3:Yb,Er
nanoparticles after being heated at 800 8C (lex=980 nm). b) Upconver-
sion-emission spectra of silica-coated LaF3:Yb,Tm nanoparticles after
being heated at 800 8C (lex=980 nm). Inset: upconversion-emission spec-
tra of silica-coated LaF3:Yb,Tm nanoparticles, before surface modifica-
tion, after being heated at 800 8C (lex=980 nm).


Figure 6. Energy levels of Er3+ , Tm3+ and Yb3+ ions as well as the upconversion mechanisms based on ref. [9].


Figure 7. Emission spectra of silica-coated LaF3:Tb nanoparticles after
bioconjugation with FITC–avidin beads: c= specific binding; b=


nonspecific binding. (lex=485 nm; excitation source: Xe lamp.)
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LaF3:Nd nanoparticles, showing the characteristic peaks at
l=870, 1064 and 1330 nm, with an effective luminescent
lifetime of 0.178 ms (inset in Figure 10), which is in agree-
ment with that of the unmodified particles. The formation of
the silica coating over the LaF3:Nd and LaF3:Yb,Er nano-
particles improved the NIR luminescence significantly com-
pared with our previously reported citrate and 2-amino-
ethylphosphate-stabilised LaF3:Nd nanoparticles, by mini-
mising the solvent quenching effect.[10]


Conclusion


In conclusion, a general and facile method for the produc-
tion of silica-coated LaF3:Ln


3+ nanoparticles with a uniform
size distribution and their bioconjugation to FITC–avidin
have been successfully demonstrated. A wide range of emis-
sion lines (l=450–1650 nm) by up- and downconversion
proACHTUNGTRENNUNGcesses have been achieved by doping with different lan-
thanide ions. In particular, the excitation with l=980 nm
light on codoped silica-coated LaF3:Yb,Tm nanoparticles re-
sulted in an emission at l=800 nm by upconversion pro-
ACHTUNGTRENNUNGcesses, which has potential for biological applications. The
surface modification of silica-coated nanoparticles with
APTMS, followed by biotin for biotin–avidin binding, result-
ed in a 25-fold increase in the FITC signal relative to non-
biotin-functionalised silica-coated nanoparticles.


Experimental Section


Chemicals of the highest purity were obtained from Aldrich and used
without further purification. The FITC–avidin was obtained from Invitro-
gen and used as received. All water used was distilled. All nanoparticles
were made with LaF3 and were doped with the respective atom percent-
age relative to the total Ln3+ amount.


Synthesis of nanoparticles : We have used our earlier reported procedure
to prepare the citrate-stabilised LaF3:Ln


3+ nanoparticles.[18]


Synthesis of silica-coated LaF3:Ln3+ nanoparticles : Citrate-stabilised
LaF3:Ln


3+ nanoparticles (50 mg) dissolved in distilled water (1.44 mL)
were added to an ethanol (20 mL) and 30% NH4OH (0.4 mL) mixture.
Tetraethyl orthosilicate (TEOS, 1.2 mL) was then added to the above
mixture. The mixture was stirred for 60 min. The white silica beads were
centrifuged, and washed with ethanol several times. The silica beads were
then dried under vacuum. The silica-coated LaF3:Nd, LaF3:Yb,Er and
LaF3:Yb,Tm nanoparticles were heated at 800 8C for 12 h in air.


Surface modification of the silica-coated LaF3:Ln3+ nanoparticles with
APTMS : Silica-coated LaF3:Ln


3+ nanoparticles (10 mg) were suspended
in ethanol (10 mL), followed by the addition of APTMS (0.5 mL,
2 mmol) and stirred for 24 h at room temperature. The particles were iso-
lated and purified by means of centrifugation, washed three times with
ethanol and dried under reduced pressure.


Biotinylation of silica-coated LaF3:Ln3+ nanoparticles : APTMS-modified
silica-coated LaF3:Ln


3+ nanoparticles (10 mg) were suspended in DMSO
(2 mL), followed by the addition of (+)-biotin–N-hydroxysuccinimide
ester (10 mg, 0.03 mmol) and stirred for 1.5 h at room temperature. The
particles were isolated and washed by centrifugation, washed once with
water and three times with ethanol and dried under reduced pressure.


Biotin–FITC–avidin binding : Amine-modified silica-coated LaF3:Ln
3+


nanoparticles (10 mg) were suspended in 10mm phosphate-buffered
saline (10 mL, pH 7.4), followed by the addition of FITC–avidin (0.4 mL)


Figure 8. Emission spectra of FITC–avidin-bound silica-coated LaF3:Tb
nanoparticles in 10mm phosphate-buffered saline solution (lex=485 nm;
excitation source: OPO). Inset: decay curve of Tb3+ (lex=485 nm, lem=
542 nm). The effective lifetime was calculated by neglecting the initial
part of the decay curve (0–0.8 ms), which is from FITC.


Figure 9. Emission spectra of silica-coated LaF3:Nd nanoparticles after
bioconjugation with FITC–avidin beads in 10mm phosphate-buffered
saline solution: c= specific binding; b=nonspecific binding. (lex=
485 nm; excitation source: Xe lamp.)


Figure 10. The emission spectra of FITC–avidin-bound silica-coated
LaF3:Nd nanoparticles in 10mm phosphate-buffered saline solution (lex=
514 nm; excitation source: OPO). Inset: decay curve of Nd3+ (lex=
514 nm, lem=1070 nm).
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(final avidin concentration of 0.1 mgmL�1) and stirred for 2.5 h at room
temperature. The particles were isolated and purified by centrifugation,
washed five times with 10mm phosphate-buffered saline solution and re-
suspended in 10mm phosphate-buffered saline solution (10 mL).


Characterization of silica-coated LaF3:Ln3+ nanoparticles


Luminescence studies : Downconversion fluorescence analyses were car-
ried out by using an Edinburgh Instruments FLS 920 fluorescence
system, which was equipped with a CW 450 W xenon arc lamp, the light
of which was passed through a M300 single-grating monochromator, and
a 10 Hz Q-Switched Quantel Brilliant 355 II laser system, pumped by a
Nd:YAG laser, attached to an optical parametric oscillator (OPO) with
an optical range of l=410–2200 nm. The excitation source used for up-
conversion was a Coherent two-pin 980 nm CW semiconductor diode
laser with maximum power, Pmax, of 800 mW at 1000 mA. A 100 mm core
fibre was coupled (pigtailed) to the diode laser. A red-sensitive Peltier-
cooled Hamamatsu R955 photomultiplier tube (PMT), with a photon-
counting interface, was used for analyses between l=200 and 850 nm,
and an N2-cooled (�80 8C) Hamamatsu R5509 PMT was used for analy-
ses between l=800 and 1700 nm. All emission analyses in the visible
region were measured with a 1 nm resolution. All emission analyses in
the near-infrared region were measured with a 10 nm resolution. All
spectra were corrected for detector sensitivity. Lifetime analyses for all
nanoparticles were carried out by exciting the solution with a 10 Hz Q-
Switched Quantel Brilliant 355 II laser system, pumped by an Nd:YAG
laser, with an optical range from l=410 to 2200 nm, and the emission
was collected by using the respective detector mentioned above. Decay
curves were measured with a 0.01 ms lamp trigger delay for the R955
PMT. Effective lifetimes were calculated by using Origin 7 software. The
effective lifetimes were calculated by using Origin 7 software based on
Equation (1):[20]


teff ¼


R1


0


tIðtÞdt


R1


0


IðtÞdt
ð1Þ


All luminescence studies were carried out with samples as dry powders
for unmodified, heated (800 8C) silica-coated LaF3:Nd, LaF3:Er, LaF3:
Yb,Er and LaF3:Yb,Tm nanoparticles. The other samples were analysed
as buffer solutions.


Transmission electron microscopy (TEM): TEM analyses of the silica-
coated LaF3:Ln


3+ nanoparticles were carried out by using a Hitachi H-
7000 microscope, operated at 100 kV. Around 1–2 mg of sample was dis-
persed in 5 mL of ethanol and a drop of this mixture was evaporated on
a carbon-coated 300 mesh copper grid. Around 45 images were recorded
from different regions of the same sample and an average particle size
was obtained based on a minimum of 100 particles.
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Hungarian Rhapsody
1st European Chemistry Congress : This special issue of
Chemistry—A European Journal marks the 1st European
Chemistry Congress, which takes place in Budapest between
August 27–31, 2006. This conference, which focuses on fron-
tiers in chemical and molecular sciences, is organized by the
European Association of Chemical and Molecular Sciences
(EuCheMS)—an organization comprising 50 member societ-
ies and representing some 150000 individual chemists in aca-
demia, industry, and government in over 35 countries across
Europe. The 14 Chemical Societies that have banded togeth-
er as the Editorial Union of Chemical Societies (EUChem-
Soc) for their publishing activities, the flagship journal of
which is Chemistry—A European Journal, are all members of
EuCheMS.


The choice of Budapest to host such an event is rather fit-
ting given the rich history of the city and challenges faced in
building a permanent bridge over the river Danube, which
ultimately led to the unification in 1873 of Buda, Pest, and
4buda into one city—Budapest. The Chain Bridge is the
most recognizable symbol of the city. The challenges faced in
providing European chemistry with a strong platform to pro-
mote its combined strengths and its aims have been taken up
by the member societies of EuCheMS. The logo for the Con-
gress is based on a sculpture by B5la V7zi, Veszpr5m Univer-


sity, Hungary, called “the flavor
of rose”, which was inspired by
the molecular structure of phe-
nylethyl alcohol, a constituent of


rose oil. The 1st European Chemistry Congress in Budapest
is a first step towards establishing a truly European counter-
part to the highly successful American Chemical Society
Meetings that are held every year in the spring and autumn.
The scientific organizing committee, which is chaired by


Jean-Marie Lehn, the former Chairman of the Editorial
Board of Chemistry—A European Journal, and co-chaired by
E. Peter K>ndig, have put together an impressive line up of
speakers. The Congress will feature Plenary Lectures from
five Nobel Laureates, namely, Paul J. Crutzen, George A.
Olah, Jean-Marie Lehn, Kurt W>thrich, and Ahmed Zewail,
and Keynote Lectures by Annette Beck-Sickinger, David C.
Clary, FranÅois Diederich, Malcolm L. H. Green, Walter
Leitner, Steven V. Ley, Klaus M>llen, Jan Reedijk, and
Manfred Reetz. Dieter Seebach will hold the first EuCheMS
Lecture and receive the EuCheMS Medal, which is awarded
for extraordinary achievements in chemistry. In addition, the
newly founded European Young Chemists Award, supported
by the Italian Chemical Society, will be bestowed on chemists
under the age of 34 from different European countries who
have made excellent contributions to chemistry. The recipi-
ents will be announced at the Congress.


The diversity of chemistry that will be presented at the
Congress is illustrated by the 17 one- and two-day symposia
on topics ranging from “New Frontiers in Organic Synthesis”
to “Materials and Nano-Materials for Devices” and “Green
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and Sustainable Chemistry and Processes” (see
Table 1). In addition to the Plenary Lectures and the
Keynote Lectures, each of the symposia has a number
of invited lectures and short oral communications, and
poster sessions.


To celebrate this momentous event in European
chemistry, Chemistry—A European Journal invited various
speakers at the Congress to contribute either a Concept Ar-
ticle or a Full Paper to the journal. The result is this special
Congress Issue, in which all the papers underwent our
normal rigorous peer-review process. We are delighted that
the response from the participants was so positive. Several
other speakers we invited did not have a paper in the pipe-
line that they felt would be suitable for Chemistry—A Euro-
pean Journal. We would like to applaud those authors for
being selective in what work they think is appropriate for
our general readership. It is certainly beneficial to all of us
involved in the journal when authors are self-critical about
where best to submit their research to reach their desired
target audience.


This issue contains 11 Concept Articles and 13 Full Papers
from speakers at the Congress, including a Concept Article
from the Plenary speaker Jean-Marie Lehn (p. 5910), and
five papers from Keynote speakers, namely, Manfred Reetz
(p. 6031) from the symposium New Concepts and Methods
in Catalysis, FranÅois Diederich (p. 6062) from the symposi-
um Frontiers in Supramolecular Chemistry, Walter Leitner
(p. 6110) from the symposium Green and Sustainable Chem-
istry and Processes, Klaus M>llen (p. 6117) from the sympo-
sium Polymer Architecture—From Structure to Functional
Control, and Jan Reedijk (p. 6138) from the symposium
Novel Multifunctional Ligands in Coordination Chemistry.


In addition there are papers from the invited speakers in
the following sections: New Concepts and Methods in Catal-


ysis (Karl-Anker Jørgensen (p. 6039), Jan-Erling BNckvall
(p. 6053), Antonio Echavarren (p. 5916)) , Frontiers in Su-
pramolecular Chemistry (Thomas Carell (p. 6081), Roeland
J. M. Nolte (p. 6071), Julius Rebek, Jr., (p. 5924)), Materials
and Nano-Materials for Devices (Maria Vallet-Regi
(p. 5934), Kenneth R. Poeppelmeier (p. 5944), Chemistry
Meets Biomolecules (Herbert Waldmann (p. 6095)), Green
and Sustainable Chemistry and Processes (Shu Kobayashi
(p. 5954)), Polymer Architecture—From Structure to Func-
tional Control (Shiro Kobayashi (p. 5962), E. W. Meijer
(p. 6129), New Frontiers in Organic Synthesis (Andreas
Kirschning (p. 5972), Johann Mulzer (p. 5992), Samir Z.
Zard (p. 6002)), and Novel Multifunctional Ligands in Coor-
dination Chemistry (Bernard Meunier (p. 6018), Peter
Sadler (p. 6151), Peter Tasker (p. 6166)).


Prior to his Keynote Lecture, FranÅois Diederich, a
member of the Editorial Board of Chemistry—A European


Journal, will receive the prestigious August-Wilhelm-
von-Hoffmann Denkm>nze (commemorative gold
coin) from the German Chemical Society for his contri-
butions to organic chemistry.


The above provides an overview of the diversity of
the chemistry on show both in Budapest at the 1st Eu-
ropean Chemistry Congress and on a regular basis
within the covers of Chemistry—A European Journal.


EuCheMS has not only been active in organizing the 1st
European Chemistry Congress, but it has also been busy es-
tablishing a series of ethical guidelines for publication of
chemical research in society-based chemistry journals pub-
lished by the main scientific publishers, including Wiley-
VCH.


Ethical Issues : Chemists in all countries are under increas-
ing pressure to obtain and publish results in top class jour-
nals such as Chemistry—A European Journal. Some coun-
tries and institutions even offer direct financial incentives to
scientists to publish their papers in certain journals. Un-
fortunately, cases in which either exactly the same content
or very closely related content is submitted simultaneously
to another journal are becoming more frequent. This, cou-
pled with unnecessary fragmentation of results, does little to
help either the researcher or the peer-review system in gen-
eral. With this is mind, EuCheMS has issued a document en-
titled Ethical Guidelines for Publication in Journals and Re-
views, which can be considered as the European counterpart
to the Ethical Guidelines for Chemical Research from the
American Chemical Society. This code of conduct outlines
the desired behavior and obligations of editors, authors, and
reviewers to each other and to the scientific community in
general. It is considered as binding by Chemistry—A Euro-
pean Journal as well as by the other society-based chemistry
journals published by Wiley-VCH. A PDF file containing
the complete Ethical Guidelines for Publication in Journals
and Reviews issued by EuCheMS can be found on the Eu-


Table 1. Symposia at the 1st European Chemistry Congress.


Symposium Topic


A New Developments in Theoretical and Computational
Chemistry


B Cutting Edge Spectroscopy
C New Concepts and Methods in Catalysis
D Frontiers in Supramolecular Chemistry
E New Frontiers in Medicinal Chemistry
F 3D Chemical Imaging in Analysis
G Materials and Nano-Materials for Devices
H Environmental Chemistry
I Chemistry, Food and Health
J Chemistry Meets Biomolecules
K Teaching Chemistry—Past, Present, and Future
L Green and Sustainable Chemistry and Processes
M Polymer Architecture—From Structure to Functional


Control
N New Frontiers in Organic Synthesis
O Novel Multifunctional Ligands in Coordination Chemistry
P Structure and Function of Biomolecules
Q Hot Topics in Nuclear- and Radiochemistry
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CheMS (www.euchems.org) or Chemistry—A European
Journal (www.chemeurj.org) homepages.


If acts of scientific misconduct such as fraud, duplicate sub-
mission, duplicate publication, inadequate citing, plagiarism,
or self-plagiarism are revealed, editors of the journals may
impose sanctions upon authors. Such sanctions could range
from immediate rejection of the paper in question, a severe
warning to the author as regards his/her future conduct, up
to a ban from submitting manuscripts for a certain period.
The editors may alert editors of similar journals—also by
other publishers—and communicate the type of ethical vio-
lation, the names of the authors, and the sanctions applied.


More Content, More Quality, More Often : In 2006, Chem-
istry—A European Journal increased the frequency of publi-
cation from 24 to 36 issues per year to meet the demands of
the community. The popularity of the journal and the con-
tinued improvement in the quality of the papers published is
clearly evident from the rise in the number of submissions
from around the world (up by 23%), the increase in the
number of full-text downloads (up by 21%), and the latest
Impact Factor.


The New Impact Factor for Chemistry—A European Jour-
nal was released in June. We are delighted to announce that
the Impact Factor has risen for the fourth consecutive year
from 4.517 to 4.907. In addition the Immediacy Index, which
is the average number of times an article is cited in the year
it is published, has risen from 0.931 to 1.111. Of our major
competitors, the Impact Factor for the Journal of the Ameri-
can Chemical Society published by the American Chemical
Society rose to 7.419, whereas that for the New Journal of
Chemistry, published by the Royal Society of Chemistry,
dropped from 2.735 to 2.574.


Impressively, the Impact Factors of all the other members
of the European family of EUChemSoc journals increased:
the European Journal of Organic Chemistry to 2.548, the
European Journal of Inorganic Chemistry to 2.514, Chem-
BioChem to 3.940, and ChemPhysChem to 3.607. This illus-
trates the growing strength of the partnership between
Wiley-VCH and EUChemSoc to enhance both European
chemistry and Europe as a platform for publishing top quali-
ty research. These trends bode well for the newest member
of the family, ChemMedChem, which was successfully
launched in January 2006.


The Impact Factor of the parent journal of several of these
products, Angewandte Chemie, the flagship journal of the
German Chemical Society, also rose considerably from 9.161
to 9.596.


Much is made throughout science about Impact Factors
and their changes; however, it is important that the results
are not taken out of context, and that journals covering dif-
ferent fields are not compared directly. For example, cur-


rently the Impact Factors for journals that focus on the
recent developments in nanoscience and technology have
undergone rapid growth owing to the extreme interest and
competitiveness in this area.


A Sister Is Born : The commitment of Wiley-VCH as a
publisher of Society journals is further illustrated by the
launch of our sister journal, Chemistry—An Asian Journal,


in July 2006. Chemistry—An
Asian Journal has been estab-
lished to provide a top platform
for Asian chemistry, and will
also publish contributions from
America, Europe, and the rest
of the world. This model has
been successfully developed by
Chemistry—A European Jour-
nal, which has established itself
not only as a top platform for
European chemistry, but pub-
lishes top research from Ameri-
ca, Asia, and the rest of the
world.


Like its European counterpart, Chemistry—A European
Journal, which is jointly owned by 14 Chemical Societies
(EUChemSoc), Chemistry—An Asian Journal also has
strong backing from the regional international chemical so-
cieties, namely, the Chinese Chemical Society, the Chemical
Research Society of India, the Chemical Society of Japan,
the Korean Chemical Society, the Singapore National Insti-
tute of Chemistry, and the Chemical Society located in
Taipei, China, who have together formed the Asian Chemi-
cal Editorial Society (ACES). The Owner Societies of
Chemistry—A European Journal have agreed that this ven-
ture is very important. There will be mutual moral support
between the Owner Societies of the two journals to ensure
the successful development of both products.
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The cover and layout of
Chemistry—A European Jour-
nal have been slightly modified
in light of the launch of the
sister journal Chemistry—An
Asian Journal. The inaugural
new cover picture design fea-
tures work by J. Rebek, Jr., and
M. P. Schramm (p. 5924).


Further improvements are on-
going in our efforts to provide
the best possible service for our


authors, reviewers, and readers. Among the most important
is:


Manuscript Submission Templates : To help authors pre-
pare an electronic version of Concept Articles and Full
Papers for submission, Chemistry—A European Journal now
provides MS Word (Win/Mac) templates on the journal
homepage. Easy to use, the templates provide the author
with a document that not only is ready to upload on the
manuscriptXpress system, but also resembles the actual
layout of articles published in the journal, thus aiding the
authors in adjusting the sizes of the figures, schemes, and
tables. In addition, the manuscript is then in a reader-friend-
ly format for the referees.


Thank You : I would like to take this opportunity to thank
all our Editorial Board Members, reviewers, authors, and
readers for making Chemistry—A European Journal such a


stimulating environment in which to work. I would also like
to thank the members of the Editorial Staff of the journal
for ensuring that the transition from 24 to 36 issues has
gone smoothly, and to congratulate Sarah Iannelli, Carolyn
Schmoll, and Claire Barrie on their promotion to Associate
Editor. In addition, I would like to welcome Denis Ott to
our Production Team. The two Deputy Editors, Anne Deve-
son and Elizabeth von Roedern, will both be representing
Chemistry—A European Journal at the Congress in Buda-
pest. If you have any suggestions on how we can further im-
prove the service we provide, you can either speak with
them directly or contact us at the Editorial Office.


To close, I would like to thank all those speakers who have
contributed to this special issue for the 1st European Chem-
istry Congress in Budapest, and I would like to wish the or-
ganizers of the Congress every success for the event. I am
sure that it will serve, in a similar way to Chemistry—A Eu-
ropean Journal, to further unite the chemical sciences within
Europe.


Neville Compton
Editor
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… are adopted by alkanes to maxi-
mize interaction with natural and
synthetic hydrophobic cavities. In
their Concept article on
page 5924 ff., J. Rebek, Jr. and
M. P. Schramm describe how the
coiling of alkanes results in an
increase in steric strain through
the introduction of gauche confor-
mations, but through mutual adap-
tation, the union of host and guest
overcomes these otherwise unfav-
orable interactions.


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


Lewis Acid Catalysis
In their Concept article on page 5954 ff., S. Kobayashi and
C. Ogawa describe the development of a new approach to
Lewis acid catalysis in which Lewis acids that are generally
unstable in the presence of water are rendered amenable to
aqueous systems when combined with basic ligands. In par-
ticular, the use of chiral basic ligands leading to new types
of water-compatible chiral Lewis acids may enable a wide
range of asymmetric catalysis in aqueous media.


Lyonsite Crystal Framework
The lyonsite crystal framework constitutes a large family of
materials, spanning a wide range of elements, oxidation
states, and cation stoichiometries similar to other important
structure types, such as perovskite, garnet, apatite, and
spinel. In their Concept article on page 5944 ff., K. R. Poep-
pelmeier et al. describe how cation vacancies and off-cation
stoichiometry contribute to this remarkably adaptive struc-
ture type.


Transition-Metal Catalysis
In their Concept article on page 5916 ff., A. M. Echavarren
et al. present a concise mechanistic framework that accounts
for the experimental results of metal-catalyzed cyclizations,
and that indicates that once the alkyne is activated by coor-
dination with an electrophilic transition metal, the alkene
can react in two manners: in addition to the more common
anti pathway, a syn attack of the alkene is also possible.
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Conjecture: Imines as Unidirectional Photodriven Molecular Motors—
Motional and Constitutional Dynamic Devices


Jean-Marie Lehn*[a]


Introduction


Molecular motors play a crucial role in mechanical as well
as substrate-transport processes in biology.[1] They have also
been target of extensive synthetic efforts striving for the re-


alization of organic/inorganic synthetic molecular motors[2]


or motors based on biological components, such as DNA,[3]


with the goal of generating directional motion by coupling
directionless Brownian motion with molecular asymmetry.[4]


Mechanical motions induced in particular by photochemical
and electrochemical processes have been produced by using
intriguing and structurally highly attractive architectures,
such as catenanes and rotaxanes.[2,5]


Systems that undergo large-amplitude extension/contrac-
tion molecular motions, induced by metal-ion binding/re-
lease[6] or protonation/deprotonation[7] and fueled by acid/
base neutralization, have been reported by our group.
The main challenge in developing a proper molecular


motor is to produce unidirectional motions, that is, motions
accomplishing a full cycle by an oriented sequence of steps.
This has been achieved in recent years[8] in imaginative fash-
ion in chiral helical systems[9] and multistage catenanes[10]


making use of a series of photochemical/thermal and elec-
trochemical processes.


Imines as Unidirectional Molecular Motors


I wish to point out that there is a simple system, very easy
to access, that in principle brings about light-induced, uni-
ACHTUNGTRENNUNGdirectional molecular motion and thus qualifies as a proper
molecular motor.
This system covers a whole class of well-known, very di-


verse and widely distributed compounds, of synthetic as well
as biological nature; that is, principally, all unsymmetrically
substituted double bonds X=N in which X is C or N, as pres-
ent in imines, oximes, hydrazones, azo compounds, and so
forth. The light-driven engine 1 is depicted here; L and S
represent large and small substituents and R any group.
The full motional motor


process is best illustrated on the
basis of imines (X=C in 1) as
shown in Figure 1 and applies
also to azo compounds (X=N,
S= lone pair).


Abstract: Compounds containing the C=N group, such
as imines and their derivatives, may undergo syn–anti
isomerization by two different routes: 1) photochemi-
cally, by out-of-plane rotation around the carbon-nitro-
gen double bond through a “perpendicular” form, and
2) thermally, by in-plane nitrogen inversion through a
“linear” transition state. When the two interconversions
occur in sequence, a full, closed process is accomplished,
restoring the initial state of the system along two differ-
ent steps. In a chiral imine-type compound, for example,
with an asymmetric center next to the C=N function,
photoinduced rotation may be expected to occur in one
sense in preference to the opposite one. Thus, photo-
ACHTUNGTRENNUNGisomerization followed by thermal isomerization in a
chiral imine compound generates unidirectional molecu-
lar motion. Generally, imine-type compounds represent
unidirectional molecular photomotors converting light
energy into mechanical motion. As they are also able to
undergo exchange of the carbonyl and amine partners,
they present constitutional dynamics. Thus, imine-type
compounds are double dynamic, motional, and constitu-
tional devices.


Keywords: imines · isomerization · molecular devices ·
molecular motors · photochemistry


[a] Prof. J.-M. Lehn
Institut de Science et dGIngHnierie SupramolHculaires
UniversitH Louis Pasteur, 8 AllHe Gaspard Monge
67000 Strasbourg (France)
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Imines may undergo configurational isomerization by
means of two processes, either photochemically or thermal-
ly. Irradiation of imines and their derivatives leads to config-


urational isomerization and may convert the thermodynami-
cally most stable anti (E) form (R trans to L) to the less
stable (metastable) syn (Z) form (R cis to L).[11] The direc-
tion and the quantum yield of the reaction as well as the
generation of a given photostationary state depend on the
nature of the substituents. Theoretical studies lead to the
conclusion that this photoisomerization occurs by out-of-
plane rotation around the C=N double bond via a perpen-
dicular structure PSROT in the singlet or triplet excited state,
akin to the well-known photoisomerization of olefins.[12]


This photochemical step is followed by a return to the stable
anti form by thermally activated in-plane nitrogen inversion
via a linear transition state TSINV. The energy barrier to pho-
toinduced rotation (50–60 kcalmol�1[12a,d,e]) is calculated to
be significantly higher than the barrier to nitrogen inversion
(28–30 kcalmol�1[12a,13–15]) in C=N�R imines in which R is a
hydrocarbon group.[12d,e,13] Coupling of the two modes, inver-
sion and rotation, may occur.[12b] The schematic qualitative
energy profile is shown in Figure 2.


Photoinduced rotation in 1 occurs with equal probability
in a clockwise or counterclockwise fashion around the C�N
axis. For the full cycling process to work as a motor and gen-
erate unidirectional molecular motion, symmetry breaking
of the out-of-plane rotational motion is required, so as to
obtain preferential rotation in one direction. This can be
achieved by the introduction of a chiral center, an asymmet-
ric carbon atom, optimally close to the imine group; for ex-
ample, on the a-carbon as illustrated for instance by the
imine 2 derived from an optically active cyclopentanone.
The preference for rotation in one direction over the reverse
direction defines the unidirec-
tionality, for example, if the
clockwise/counterclockwise
ratio is 3:1, the overall motion
compares to three steps for-
ward/one step backward. Such
imines may be considered as


Abstract in French: Les compos�s contenant le groupe C=


N, tels que les imines et leurs d�riv�s, peuvent effectuer une
isom�risation syn/anti suivant deux chemins : 1) photochimi-
quement, par rotation autour de la double liaison carbone-
azote passant par une forme “perpendicualaire”; 2) thermi-
quement, par inversion de l*azote dans le plan, passant par
un �tat de transition “lin�aire”. Lorsque les deux interconver-
sions ont lieu l*une apr+sL*autre, un cercle complet est ac-
compli, r�g�n�rant l*�tat initial en suivant deux diff�rentes
�tapes. Dans une imine chirale, contenant un centre asym�tri-
que de pr�f�rence proche de la fonction C=N, la rotation
photoinduite devrait se faire plut-t dans un sens que dans
l*autre. Ainsi, la photoisom�risation suivie d*isom�risation
thermique d*une imine chirale g�n+re un mouvement mol�cu-
laire unidirectionnel. De faÅon g�n�rale, les compos�s de type
imine repr�sentent des photomoteurs mol�culaires unidirec-
tionnels convertissant l*�nergie lumineuse en mouvement m�-
canique. Comme les imines peuvent aussi �changer leurs
deux partenaires, amine et compos� carbonyl�, elles pr�sen-
tent une dynamique constitutionnelle. En cons�quence, les
compos�s de type imine repr�sentent des dispositifs mol�cu-
laires 0 double dynamique, 0 la fois de mouvement et de con-
stitution.


Figure 1. Representation of the two configurational syn/anti isomerization
processes of imines, in the case of the imine 1. Top: photoactivated inter-
conversion of 1 (anti) and 1 (syn) by out-of-plane rotation around the C=
N bond via a perpendicular excited state structure PSROT. Bottom: ther-
mal interconversion of 1 (syn) and 1 (anti) by in-plane nitrogen inversion
via a linear transition state TSINV; L, S are two different, large and small,
substituents.


Figure 2. Schematic representation of a qualitative energy profile for con-
figurational syn/anti isomerization of imines through photoactivated C=N
bond rotation and thermally activated nitrogen inversion (see processes
in Figure 1). The relative energies of the ground (syn/anti), perpendicular
excited (PSROT), and linear transition (TSINV) states are arbitrary.
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the simplest true molecular motors, representing a light-
powered two-stroke engine, in which the photochemical step
amounts to compression generating a high-energy state that
is released in an expansion step on nitrogen inversion. The
overall process is represented in Figure 3. It involves two
motional steps of different symmetry character, out-of-plane
rotation and in-plane inversion and breaks microscopic re-
versibility.


The relative heights of the energy barriers to C=N rota-
tion and to nitrogen inversion may be markedly and differ-
entially affected by structural effects. In particular nitrogen
inversion rates depend strongly on the substituents on nitro-
gen.[14,15] Thus, the introduction of electronegative groups
(such as oxygen or nitrogen) on the nitrogen center is ex-
pected to greatly increase nitrogen inversion barriers in gen-
eral,[14] for instance in oximes (R=OZ),[11a,d–f, 12e,16] and could
well make it comparable to the rotation barrier. Conversely,
push–pull disubstitution by donor (D) and acceptor (A)
groups may decrease the rotation barrier in D�CX=N�A
imines, possibly even below the inversion barrier. Azo-com-
pounds �N=N� undergo photochemical trans–cis conversion
with thermal return of the cis form to the more stable trans
form.[11e,17] It is thus in principle possible to regulate the rate
of cycling, that is, the speed of rotation of the motor,[9g] from
very fast to very slow, through designed modification of the
thermal nitrogen inversion barrier through the substituent
on the C=N nitrogen atom.[14,15]


As the photoinduced rotation itself is expected to be very
fast, the rate/probability of cycling will depend on the quan-
tum yield of the reaction. Finally, as the return may in prin-
ciple also occur photochemically (as is the case when a pho-


tostationary state is established), only those molecules that
follow a rotation/inversion sequence undergo unidirectional
motion. To this end, fast nitrogen inversion would ensure
this to be the major pathway.


Imines and Two-Dimensional Chirality: Oriented
Molecular Motion on a Surface


Another way to break symmetry is by deposition on a sur-
face. The parent imine entity CH2=NH is chiral when con-
fined to a plane,[18] the nitrogen site being a two-dimensional
(2D) asymmetric center in two-dimensional space and nitro-
gen in-plane inversion representing a racemization process.
These features illustrate chemistry in Flatland.[19]


Imine 1 (X=C) has two 2D chiral centers and is one of
the two 2D diastereoisomers when L¼6 S: nitrogen inversion
corresponds to epimerization at that site. When L�S, nitro-
gen inversion amounts to 2D racemization.
In azo compounds, the anti form has two identical 2D


chiral centers and consists of two diastereoisomers, while
the syn form is of meso type. Of course, the same holds for
vicinal-disubstituted olefins XYC=CXY.
Adsorption on a surface provides the symmetry breaking


required for generating unidirectional molecular motion in-
volving out-of-plane photoinduced rotation. The unidirec-
tionality depends on how well adsorption hinders rotation
towards the surface with respect to rotation away from it.
The process for imines corresponds to that illustrated in
Figure 1 and its energy profile is similar (Figure 2). Such im-
mobilization on a surface would break macroscopic reversi-
bility.
If there is recognition between S and L, as well as be-


tween the nitrogen lone pair and R, then the deposition of a
monolayer of molecules on a surface generates a homochi-
ral, enantiomerically defined assembly in 2D space, with all
molecules arranged in the same orientation so that both ro-
tation and inversion of all would occur in the same sense.


Conclusion and Outlook: Imines as Double
Dynamic Devices—Motional Dynamics and


Constitutional Dynamics


Dynamic chemistry may be considered to cover three classes
of processes:


1) Reactional dynamics : concerning the dynamic features
of chemical reactions.


2) Motional dynamics : molecular motions of either a) exter-
nal nature, overall molecular translation and reorienta-
tion, as for instance the dynamics of pyridine[20a] or ben-
zene[20b] molecules in the pure liquids; b) internal nature,
internal rotations around bonds or site inversion such as
nitrogen inversion (pyramidal or planar), as well as
shape changes such as helix-strand interconversion in
polyheterocyclic chains;[6] c) combined external/internal


Figure 3. Configurational syn/anti isomerization in the case of the chiral
imine 2.


Chem. Eur. J. 2006, 12, 5910 – 5915 � 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5913


CONCEPTSMolecular Motors



www.chemeurj.org





motions in the dynamics of nonrigid molecules[21] and of
complex formation.[22]


3) Constitutional dynamics : involving changes in constitu-
tion through the exchange of the components of a supra-
molecular entity, due to the lability of noncovalent inter-
actions, or of a molecular entity containing reversible co-
valent bonds.


1) and 2) may be considered as “classical” cases of dy-
namic chemistry. Constitutional dynamics define a novel
aspect of dynamic chemistry of far reaching consequences
on both the molecular and supramolecular levels, that is,
constitutional dynamic chemistry (CDC).[23] It has been im-
plemented on the molecular/covalent level in the recently
developed dynamic combinatorial/covalent chemistry
(DCC).[24,25]


Imines and related compounds may be considered to rep-
resent double dynamic molecular devices, as they display
both motional dynamics, photoinduced rotation around the
C=N double bond and in-plane nitrogen inversion, and con-
stitutional dynamics, due to the reversibility of the C=N
bond-forming reaction and the resulting ability to undergo
component exchange.
As a result of exchange dynamics, constitutional dynamic


diversity is generated, giving access to multiple light-driven
motors potentially activated at different wavelengths
through multiple photoaddressing. Note that amine ex-
change, by either transamination or dissociation/condensa-
tion, provides also a pathway for interconverting the syn
and anti forms of imines, when nitrogen inversion is too
sluggish.
In conclusion, chiral C=N compounds such as imines fulfil


the criteria of molecular motors: 1) energy supply: light,
2) directionality by symmetry breaking, and 3) coupling to
the thermal bath. They represent genuine two-step light-
driven unidirectional molecular engines, that is, photomo-
tors, generating no waste and converting light energy into
oriented molecular mechanical motion. The motions under-
gone recall biological processes,[1] such as flagellar motion.
Procedures may be envisaged for revealing these motions
and to harness the power of the motions undergone by an
array of such photomotors, ideally cycling in phase, to pro-
duce macroscopic motion.[17b,26,27]
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Introduction


Reactions of enynes catalyzed by electrophilic late-transi-
tion-metal complexes have attracted much attention because
of the great diversity of products that can be obtained from
rather simple substrates under experimentally simple condi-
tions. However, this very same diversity can be viewed as a
drawback from the synthetic point of view as the outcome
of a particular transformation may be difficult to predict.
Therefore, determining the mechanisms of these transforma-
tions is of primary importance to gain predictive power for
their application in the synthesis of complex structures.[1,2]


Earlier work on PtII-catalyzed alkoxy and hydroxycycliza-
tions has identified two clearly distinct reaction pathways
(Scheme 1).[2,3] If the metal coordinates exclusively with the


alkyne as in 1, cyclopropyl metal–carbenes 2 are initially
formed that can react with alcohols or water to give prod-
ucts of alkoxy- or hydroxycyclization. In the absence of nu-
cleophiles, skeletal rearrangement takes place to form
dienes 3 and/or 4.[1,4–9] Alternatively, coordination of MXn to
the alkyne and the alkene (as in 5) is followed by oxidative
cyclometalation to form 6, which usually evolves by b-hy-
drogen elimination to give Alder–ene type products 7.[1,2]


Formation of products 3 could also result by conrotatory
ring-opening of cyclobutenes 8,[1,10,11] formed from 2 or by
reductive elimination of 6.


Enynes substituted at the alkyne usually cyclize by the
endo pathway via 9 and 10 to give products such as
11.[2d,5b,c,12,13] By using cationic gold(I) complexes
[Au(L)(S)]+X� as catalysts we uncovered the first examples
of 6-endo-dig skeletal rearrangements that lead to products
of type 12,[2,3,5b,c,14] a reaction of enynes that had not been


Abstract: Three pathways actually compete in metal-
catalyzed cyclizations of enynes in which the metal se-
lectively activates the alkyne: an endocyclic process and
two exo-cyclizations, one proceeding by anti attack of
the alkene and a second one resulting in a syn addition.
Although cyclobutenes may be formed in transition-
metal-catalyzed cyclization of some enynes, particularly,
1,7-enynes, these compounds are not necessarily the in-
termediates in the skeletal rearrangement. Cyclobutenes
are formed by ring expansion of syn-cyclopropyl metal–
carbenes formed in the syn pathway.


Keywords: alkynes · cyclization · density functional
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Scheme 1. exo-Cyclizations of 1,6-enynes.
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reported before with other transition-metal catalysts
(Scheme 2).


Substitution at the alkyne may lead to different reactions.
Thus, dienynes 13 react with cationic AuI catalysts leading
to products of formal [4+2] cycloaddition 14 (Scheme 3).[15]


The analogous thermal intramolecular [4+2] cycloadditions
(dehydro-Diels–Alder reactions) of dienynes, such as 2-
methylnona-1,8-dien-3-yne, only take place temperatures as
high as 600 8C.[16] Similarly, enynes 15 substituted at the
alkyne with an aryl group led to products 16 resulting from
a formal intramolecular [4+2] cycloaddition occurring at an
unusual low temperature.[15] On the other hand, substrates
17 with R=H or Me gave cyclobutenes 18 with AuI cata-
lysts.[17, 18]


We proposed the involvement of intermediates 2 and 10
in PtII- and AuI-catalyzed cyclizations of enynes based on
DFT calculations[2a,b,14] and on the isolation of cyclopropyl
carbaldehyde in PtII[2b] or PdII hydroxycyclization[3a] of cer-
tain enynes. Cyclopropyl derivatives 21 had been actually
obtained first by Trost et al. in the dimerization of dienynes


19 catalyzed by PdII complexes in a process that probably
takes place by a [4+2] cycloaddition of intermediate 20 with
the double bond of the conjugate enyne (Scheme 4).[19]


Strong evidence for the existence of intermediates 2 was
obtained in the reaction of dienynes catalyzed by electro-
philic metal complexes described by the groups of Murai[20]


and Malacria[21] (Scheme 5). In the cyclization of 22, the
ruthenium–carbene intermediate is trapped intramolecularly
by the terminal alkene to give tetracycle 23, containing two
cyclopropane units. Similarly, the PtCl2-catalyzed reaction of
substrates 24 forms tetracycles 25.[22] By using AuI catalysts,
we have also found totally stereoselective cyclizations of di-


Scheme 2. endo-Cyclizations of 1,6-enynes.


Scheme 3. Cyclizations of 1,6-enynes substituted at the alkyne with alken-
yl or aryl groups.


Scheme 4. PdII-catalyzed dimerization of dienynes 19 via intermediate 20.


Scheme 5. Biscyclopropanations of dienynes.
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enynes 26 to give 27 that proceed through intermediates 28
under remarkably mild condi ACHTUNGTRENNUNGtions.[14a,23]


A pathway for the formation of skeletal rearrangement
products 3 through the opening of cyclobutenes 8 is favored
by most authors.[4–6,9,24] However, formation of dienes 4 re-
quires a different mechanistic explanation. Herein we pres-
ent a concise mechanistic framework that accounts for the
experimental results and that indicates that once the alkyne
is activated by coordination with an electrophilic transition
metal, the alkene can react in two manners: in addition to
the more common anti pathway, a syn attack of the alkene
is also possible.


Two Different Types of Skeletal Rearrangements


Pioneer work by Trost by using PdII catalysts[4] established
that two different types of skeletal rearrangement can com-
pete in reactions of enynes 9 leading to 1,3-dienes 29 and 30
(Scheme 6). These rearrangements were later found to take


place more efficiently with PtII, RuII, GaIII, and other cata-
lysts.[5–7,9] In products 29, the terminal alkene carbon has mi-
grated to the terminus of the alkyne (single cleavage rear-
rangement), whereas for the formation of products 30 both
the alkene and the alkyne are cleaved (double-cleavage re-
arrangement). In general, single cleavage is favored for
enynes unsubstituted at the alkyne (R=H), although malo-
nate 31 (R=R’=H) reacts exclusively by the double-cleav-
age pathway.[7] A similar result had been observed before
with PtCl2 as catalyst.[6b] Enynes substituted with alkyl or
ester groups at the alkyne usually suffer double cleavage re-
arrangement.[4,6,7]


ACHTUNGTRENNUNG[2+2] Cycloaddition of Enynes


Although less common, 1,7-enynes can also undergo skeletal
rearrangement reactions.[5–7] More interestingly, certain 1,7-
enynes give products of formal [2+2] cycloaddition
(Scheme 7). Thus, Trost found that 1,7-enynes 33 and 34
react with a PdII catalyst formed in situ to form tricyclic de-
rivatives 35 and 36, respectively.[4c] Similarly, disulfone 37
provided 38 with the same relative configuration as 35 and
36.[4c] Enyne 39, with a cyclooctene ring afforded 40 with a
cis-trans tricyclic ring system.[4c] The group of Chatani and
Murai reported a similar transformation of 41 to give 42
using GaCl3 as the catalyst.[6d] By using PtCl2, FNrstner et al.
reported a single example of cyclobutene formation in the


Scheme 6. Single- and double-cleavage rearrangement of 1,6-enyens.


Scheme 7. Formation of cyclobutenes by [2+2] cycloaddition of 1,7-
enynes. TCPCHBF=2,3,4,5-tetrakis(heptafluorobutyl)palladacyclopenta-
diene; BFBAD=bis(heptafluorobutyl) acetylenedicarboxylate; DCE=


1,2-dichloroethane.
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reaction of 43. In this case, in addition to 44, diene 45, the
product of skeletal rearrangement was also obtained.[5c] For-
mation of cyclobutenes and dienes in these reactions has
been considered as an evidence for the involvement of the
former as intermediates in the skeletal rearrangement. Re-
cently, the group of Yamamoto reported the formation of 47
in the reaction of 46 with PtBr2 as the catalyst.[11] In this ex-
ample, cyclobutene 47 was shown to undergo conrotatory
opening, although only after being heated in MeCN at
120 8C for 14 h.


The only example of a cyclobutene isolated in a cycliza-
tion of a 1,6-enyne was reported by Trost in the cyclization
of substrate 48[4b] (Scheme 7).[25] In this transformation, in
addition to 49, with a strained bicyclo [3.2.0]hept-5-ene
system, skeletal rearrangement product 50 and an isomer-
ized derivative 51 were also obtained.


AuI-Catalyzed Skeletal Rearrangements and [2+2]
Cycloadditions


AuI catalysts have been shown to be particularly active for
the cyclization of 1,6-enynes.[14,15,23, 27] These complexes also
promote a variety of reactions of 1,5-enynes.[26] Alder-ene
type products have not been observed in AuI-catalyzed reac-
tions, which is consistent with the selective coordination of
cationic complexes [Au(L)]+ to the alkyne.


We have found that AuI species formed from complexes
52a–c and AgSbF6,


[15] or cationic complexes 53a,b[27] are


particularly active catalysts for the cyclization of en-
ACHTUNGTRENNUNGynes.[14b,23] Thus, enyne 54 reacts with catalyst 53b to give
cleanly 55 at room temperature. Similarly, reaction of enyne
56 with a cationic AuI catalyst generated from 52c gave 57
(Scheme 8). Tricycles 55 and 57 did not undergo ring-open-
ing at 120–150 8C to form 1,3-dienes. In addition, no opening
was observed after being heated in the presence of
PtCl2.


[11,27, 28]


Single-cleavage rearrangement of enyne 58 to form quan-
titatively 59 could be carried at a temperature as low as
�63 8C with catalyst 53a (Scheme 9). Importantly, no inter-
mediate was observed during clean formation of diene 59
from 58 by 1H NMR spectroscopy in CD2Cl2. The rearrange-
ment was found to be pseudo-first-order in 58, which led to
the determination the thermodynamic parameters shown in
Scheme 9. These results indicate that the reaction proceeds
with a low enthalpic barrier and the process is a entropically


controlled. The large and negative activation entropies sug-
gest that an associative ligand substitution[29] is the rate-de-
termining step of the process. Most probably this corre-
sponds to the last step in the catalytic cycle, namely the sub-
stitution of diene 59 coordinated to AuI by the incoming
enyne 58.


These results establish a very low activation energy for
the hypothetical conrotatory opening of cyclobutene 60
(Scheme 10) formed as an intermediate, which should be a
fast process at temperatures as low as �63 8C. However, this
is not consistent with experimental data for the thermal
opening of cyclobutenes.[30] Thus, for the ring-opening of bi-
cycle 61 and its 6,7-dimethyl derivatives,[31] activation ener-
gies of 29.0–32.7 kcalmol�1 and low entropies of activation
(1.4–2.2 calmol�1) have been determined. In addition, DFT
calculations predict an Ea of 25.6 kcalmol�1 for the conrota-
tory opening of bicycloACHTUNGTRENNUNG[3.2.0]hept-5-ene (62) to form 1-
vinyl-1-cyclopentene. It is interesting that 62 has been calcu-


Scheme 8. Formation of cyclobutenes by [2+2] cycloaddition of 1,7-
enynes with AuI catalysts.


Scheme 9. DG�


298 and DH� in kcalmol�1, DS� in calmol�1 K�1.


Scheme 10. BicycloACHTUNGTRENNUNG[3.2.0]hept-5-ene (62) and related compounds and re-
action coordinate for the conrotatory opening of 62. ZPE-corrected ener-
gies are given in kcalmol�1.[35] dG� and DG (298 K) in parentheses.
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lated to be a less strained olefin (olefin strain=16.7 kcal
mol�1) than 61 (olefin strain=20.5 kcalmol�1), which is an
olefin stable up to 118 8C.[32] Additional evidence against the
opening of a cyclobutene in the low-temperature skeletal re-
arrangement of 1,6-enynes is provided by the isolation of 49
from 48[4b] in a reaction carried out at 60 8C (Scheme 7) and
by the isolation of bicycle 63 as a stable compound.[33] Inter-
estingly, bicycloACHTUNGTRENNUNG[3.2.0]hept-5-enes have been recently built
by the thermal reaction of gem-disubstituted fuller-1,6-
enynes.[34]


DFT calculations[35] support pathways for the skeletal re-
arrangement that do not involve the intermediacy of cyclo-
butenes. Thus, complex 64a evolves via TS1 to form cation
65, which would furnish dienes 3 by elimination of [Au(L)]+


(Scheme 11).[27] Alternatively, a 1,2-alkenyl shift gives gold
carbene 66a via TS2 through an almost flat potential surface.
Dienes 4 would result from 66a by b-hydrogen elimination
and demetalation. This b-hydrogen elimination probably in-
volves a tautomerization of the carbene, followed by a
proto-demetalation of the resulting alkenyl–metal com-
plex.[5c] Intermediate 67 would be formed in the cyclization
of 1-hepten-6-yne, a model for enynes substituted at the
alkyne. In this case, the double cleavage rearrangement was
found to give directly intermediate 66b. This process is
mechanistically quite remarkable as it involves a 1,2-shift of
a metal–carbene with concomitant cleavage of the distal C�
C bond of the cyclopropane and formation of a double
bond.


The involvement of carbenes 66a and 66b as reactive in-
termediates nicely accounts for the deuterium labeling ex-
periments (see reaction of [D2]31 to give [D2]32,


[7]


Scheme 6) and the formation of mixtures of E/Z isomers in
the double cleavage rearrangement of enynes bearing esters
at the alkyne.[6a,b,c] On the other hand, single-cleavage skele-
tal rearrangements are stereospecific: the configuration at
the alkene is retained in the final 1,3-diene product.[4–7,14]


Scheme 11 provides an explanation for the single- and
double-cleavage rearrangements that does not involve the


intermediacy of any cyclobutene. Indeed, a direct pathway
for the formation of a cyclobutene from 64a was not found.
Similar results were obtained with the platinum analogue of
64a. In contrast, syn-64 ’a forms 69a via TS5 (Scheme 12).
This ring expansion is more favorable for the formation of
bicycloACHTUNGTRENNUNG[3.2.0]oct-6-enes from 1,7-enynes (64’b to 69b) in ac-
cordance to experiments (see Scheme 7). Importantly, com-


plexes syn-64’a,b are formed
by a syn-type attack of the
alkene to the (alkyne)gold
moiety of 68a,b via transition
states such as TS4.


The anti to syn isomerization
from 64a to 64’a (DG=


3.1 kcalmol�1) requires a
rather high activation energy
of 24.7 kcalmol�1, which can
be attributed to the loss of
conjugation between the gold
carbene and the cyclopropane.
This isomerization process is
rather unlikely under the reac-
tion conditions, as the initially
formed anti-64a would rather
suffer a more facile rearrange-
ment via 65 (DG�=


9.1 kcalmol�1, Scheme 11).
Related PtII carbene 70 gives


cyclobutene 71 or cyclobutyl
cation derivative 72, in which
the carbocationic center is sta-
bilized by one of the chloride
ligands (Scheme 13).[36] Again,Scheme 11. L=PH3. DG at 298 K (energies in kcalmol�1).[35]


Scheme 12. L=PH3. DG at 298 K (energies in kcalmol�1).
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the ring expansion is more facile for 73, which would be
formed from the corresponding 1,7-enynes. In this case, car-
bocation 74 is formed first, which then probably evolves to
form more stable cyclobutene 75.


General Pathways for the Cyclization of Enynes


Scheme 14 illustrates a more com-
plete energy diagram that includes
the three possible pathways for the
intramolecular reaction of an
alkene with an alkyne coordinated
with a transition metal: an endo
cyclization leading to 76 and two
exo pathways giving 64a or 64’a.
The relative energies of intermedi-
ates in this scheme should be taken
only as an approximation of the
real systems in which phosphines
much bulkier than model PH3


group are involved. In addition,
substituents at the alkene, the
alkyne, or the chain should alter
significantly the relative heights of
the transition states involved. As
the calculated activation energies
for the three processes are lower than 10–11 kcalmol�1,
probably the outcome of any particular reaction would
depend on the relative rates of subsequent transformations
of the three intermediates involved in equilibria, with the
starting enyne coordinated to the transition metal.


Structures of Cyclopropyl Metal–Carbenes


Finally, it is important to recall that, although intermediates
involved in these processes may be drawn as cyclopropyl
metal–carbenes, these species present highly distorted struc-
tures, particularly for the most electrophilic cationic AuI


complexes such as 64a and 76 (Figure 1).[14, 23] As shown for
64a, and 76–78 the C�C bond connecting the carbene and
the cyclopropane is rather short, consistent with a substan-
tial double-bond character. This trend is also found in more


simple models 79 and 80 for exo and endo cyclopropyl
metal–carbenes (Table 1),[14a] which indicates that the elec-


Scheme 13. L=PH3. DG at 298 K (energies in kcalmol�1).


Scheme 14. L=PH3. DG at 298 K (energies in kcalmol�1).


Figure 1. Cyclopropyl AuI and PtII carbenes.


Table 1. Calculated bond distances [R] for cyclopropyl metal-carbenes.


MLn Complex a b c d e


trans-PdACHTUNGTRENNUNG(H2O)Cl2 exo 1.879 1.419 1.619 1.563 1.470
trans-PdACHTUNGTRENNUNG(H2O)Cl2 endo 1.898 1.437 1.551 1.585 1.474
trans-Pt ACHTUNGTRENNUNG(H2O)Cl2 exo 1.891 1.401 1.655 1.558 1.467
trans-Pt ACHTUNGTRENNUNG(H2O)Cl2 endo 1.902 1.418 1.561 1.598 1.468
AuCl3 exo 2.010 1.384 1.710 1.551 1.467
AuCl3 endo 1.895 1.418 1.561 1.599 1.467
ACHTUNGTRENNUNG[AuPH3]


+ exo 2.024 1.380 1.748 1.586 1.449
ACHTUNGTRENNUNG[AuPH3]


+ endo 2.046 1.395 1.611 1.650 1.444
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trophilicity of the metal centers increases in the order: Pd-
ACHTUNGTRENNUNG(H2O)Cl2<Pt ACHTUNGTRENNUNG(H2O)Cl2<AuCl3<Au ACHTUNGTRENNUNG(PH3)


+ .
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Moving Targets: Recognition of Alkyl Groups


Michael P. Schramm and Julius Rebek, Jr.*[a]


Introduction


Molecular recognition—the science of chemical complemen-
tarity—has been inspired by two dominant themes: Fischer-s
lock-and-key model[1] and Koshland-s induced fit model.[2]


The lock-and-key model pursues an idealized perfect fit be-
tween a rigid receptor and its rigid target. With maximum ri-
gidity in both, the selectivity is unique and high affinity in-
teractions are usually predictable. The disadvantages include
demanding syntheses and high energetic barriers to com-
plexation, that is, low on/off rates. An ultimate example of a
lock and key, or in later terms “pre-organization,” utilizing a
synthetic receptor is provided by the spherands of Cram. In
these molecules the oxygen ligands are rigidly pre-organ-


ized, fixed in an array optimal to fit a well-defined metal-
ion sphere.[3] In the induced fit model, the receptor adapts
and changes shape to accommodate the target. The synthesis
of a flexible receptor is easier to conceive and execute, but
the selection of one shape for the complex out of several for
the receptor exacts an entropic penalty. This reduces affinity
to the target, but the complexation dynamics are generally
faster. Accordingly, most researchers use rigid targets so
that the entropic penalty is not imposed twice.[4,5] We discuss
here several situations that do not fall squarely into either
of these two models. They involve dynamic alkyl group tar-
gets for which a number of conformations of comparable
energy are possible, paired with relatively rigid, container-
like receptors. We find that the receptor cavity molds the
flexible target; a congruent shape is imposed on the alkyl
group to maximize attractive interactions, even at the cost
of internal strains along the alkyl chain.


Examples from Nature


Nonspecific lipid-transfer proteins (nsLTPs) are a class of
proteins found in plants and are involved in the transfer of
fatty acids and other hydrophobics between membranes.
The structural basis of nonspecific alkyl-chain binding to the
maize nsLTP was recently disclosed.[6] A series of fatty acids
from C10 to C18 in length were crystallized with the maize
nsLTP, giving a detailed description of the different confor-
mations that long alkyl chains adopt in a nonspecific pocket.
The binding site consists of a hollow, curved, hydrophobic
channel, which varies in volume from 550 to 620 B, depen-
ACHTUNGTRENNUNGding on the bound species. The cavity volume was shown to
increase as a general function of length of the associated
fatty acid. Oleic acid (CH3 ACHTUNGTRENNUNG(CH2)7CH=CH ACHTUNGTRENNUNG(CH2)7COOH)
was found to complex with maize nsLTP in two different ar-
rangements. In one of these complexes oleic acid adopts a
partially coiled and partially staggered conformation to
maximize van der Waals interactions with the nonspecific
host (Figure 1). In contrast, when stearic acid
(C17H35COOH) bound in the cavity, it was forced to adopt a
structure with a partial coil and a partial “S-shape.”


Abstract: Alkyl chains can adopt seemingly unusual
conformations, such as helices, when bound to natural
and synthetic hydrophobic receptors. This plasticity
allows the alkanes to assume shapes that are congruent
to the receptor-s space and fill that space properly. We
describe here the use of cavitands and capsules as tools
that expose the forces involved in the molecular recog-
nition of hydrocarbons. Studies using NMR spectrosco-
py reveal how attractive interactions and solvophobic
forces are maximized in solution through unprecedent-
ed contortions of alkanes and hint at a new generation
of nanoscale mechanical devices.
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molecular recognition · nanostructures · supramolecular
chemistry
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The otherwise unfavorable interactions associated with
alkane coiling are overcome in these complexes by maximi-
zation of contact with the somewhat pliable cavity. The
cavity can change shape by rotations of the amino acid side
chains, but the empty volume changes by less than 15% in
the crystal structures.


A survey of the X-ray data shows unique conformations
for each of the long fatty acid alkyl chains. In general it is
observed that increasing the length of the alkyl chain causes
an increase in the number of bends and kinks (dihedral
angles of approximately �908) in the alkyl chain as well as
the number of gauche interactions. In certain cases enough
of these conformational distortions at adjacent centers
impart coiled, or rather helical subdomains on the bound
alkyl chain, as seen in Figure 1. Additionally, these interac-
tions do not seem to correlate across homologous regions of
different alkyl chains. Put differently, each guest adopts a
seemingly unique conformation across its entire length.


Fatty acid binding proteins (FABPs), which play a role in
fatty acid transport and metabolism in vertebrates and inver-
tebrates present additional examples of bound alkyl chains
in nonstaggered arrangements.[7]


Synthetic Receptors


Rotaxanes : The ability of hydrocarbons to adopt higher-
energy coiled conformations imparts upon the hydrocarbon
the properties of a notional molecular spring. The potential
energy of such a spring is the difference in energy between
the high- and low-energy states. The higher states involve
more compression and are shorter, while the lower states in-
volve more dihedral angles of 1808 and are longer. An initial
report demonstrated that when two vitamin B12 units are
tethered at their metal centers with a tetramethylene unit,
the C2�C2’ dihedral angle was 50(2)8 as determined by X-ray
diffraction analysis.[8] This gauche interaction creates a strain
of approximately 0.8 kcalmol�1, which could easily be over-
come by the forces of the hydrophobic effect and the favor-
able associations (e.g., van der Waals interactions) of the
two B12 units (Figure 2).


Continuing this theme, a later report in which the alkyl
bridge was expanded from four carbon atoms to twelve al-
lowed for the “threading” of a-cyclodextrin (a-CD) onto
the dodecane thread to form a vitamin B12–rotaxane dimer


(Figure 3).[9] In the B12–dimer (1), gauche conformations
were indicated by NMR spectroscopy in D2O at four sites.
In water the hydrophobic chain contracts so as to minimize
the solvent-exposed surface at the expense of about 3 kcal
mol�1 of gauche strain. The threading of a-CD onto the do-
decane shields a large portion of the chain from exposure to
water. This in turn allows the alkyl chain to relax into a
more staggered conformation, which represents a relaxed
molecular spring (2).


Figure 1. Maize nsLTP with bound oleate (A), and stearate (B).


Figure 2. X-ray structure of two vitamin B12 units linked by a butylene
bridge (shown in orange and yellow), full structure (A), and truncated
structure (B) showing acute dihedral angle.


Figure 3. Solution structures in D2O of the dodecane-linked B12 dimer
(1), and its a-cyclodextrin rotaxane (2). Arrows indicate the locations of
four gauche dihedral angles in structure 1; on the other hand only one
gauche dihedral angle is implicated by NMR spectroscopy at one of the
two arrows in structure 2.
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Water-soluble cavitands : As seen in the previous section,
alkyl chains adopt nonstaggered conformations in water to
reduce the amount of surface exposed to the solvent, in
spite of gauche interactions. This feature of alkanes mani-
fests itself under other circumstances as well. Two long-
chain surfactants, dodecylphosphocholine (DPC) and
sodium dodecylsulphate (SDS), were found to adopt helical
conformations when bound inside the hydrophobic cavity of
a water-soluble cavitand.[10,11] When either DPC (3) or SDS
(4) were in the presence of cavitand 5 in D2O, the NMR sig-
nals of eight carbon atoms of both surfactants showed up-
field shifts, indicating that these atoms must be inside the
magnetically shielding region of the aromatic cavitand
(Figure 4). It would be highly unlikely for the anionic water-


soluble portion of 3 or 4 to be taken up by the interior of
the electron-rich cavity leaving the hydrophobic alkyl chain
exposed to the bulk D2O, although these cavitands have af-
finity for tetraalkylammonium “knobs”.[12]


Based on the depth of the cavity, one could only expect
six carbon atoms of either DPC or SDS to experience the
induced magnetic field of the cavity if in an extended (stag-
gered) conformation (Figure 5). Several factors can be at-
tributed to the attractive forces that impart helicity on a
long alkyl chain under these circumstances. Most notably


was the realization that taking on a conformation with 2–
3 kcalmol�1 of gauche strain allows more of the alkyl chain
inside the cavitand and results in a packing coefficient of
56%. This value is very near the ideal for liquids and has
been demonstrated in numerous host–guest systems to be an
optimized value for recognition.[13]


The ability of the alkanes to overcome 2–3 kcalmol�1 of
strain introduced from their unusual conformation stands as
a testament to the complementary and dynamic nature of
this cavitand–alkane host–guest system.


Surfactants were perfectly suited as guests for a hydro-
phobic cavitand in an aqueous environment: the polar
group was located above the rim of the cavitand exposed to
water, while the alkyl chain was bound deep in the cavity
with its hydrophobic surface hidden from water. As n-al-
ACHTUNGTRENNUNGkanes do not have this bias, their behavior toward the cavity
became intriguing; would they go in and how? The resting
state of the cavitand has a single molecule of THF inside, an
artifact of the final saponification reaction. When an aque-
ous solution of the cavitand was sonicated briefly with an
alkane, the latter was extracted into the cavitand as a stoi-
chiometric complex observed by NMR spectroscopy (no
free guest could be detected). The alkanes, like surfactants,
coiled to present a more complementary shape to the cavi-
tand and to hide more of their surface from the aqueous
medium.[14] In addition to coiling, the alkanes were found to
tumble rapidly on the NMR timescale. A comparison of the
spectra of n-C5H12 to n-C11H24 with SDS shows few similari-
ties. SDS buries its terminal methyl group in the base of the
cavitand at �4.0 ppm. In none of the other cases is a methyl
signal in this region. Instead, broad and in some cases un-


Figure 4. Binding of long-chain surfactants in the water-soluble cavitand
5.


Figure 5. Molecular models showing the contracted accommodation of
eight carbon atoms with five gauche conformations within the cavity (A)
and extended conformation (B) of bound SDS inside water soluble cavi-
tand 5. The blue “cloud” indicates the highest aromatic atom on the rim
of the cavity. Atoms above this level are not expected to show strong up-
field shifts in their NMR signals.
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symmetric peaks are observed and their chemical shifts are
clustered. The clusters move gradually downfield with in-
creasing chain length. These features result from end-over-
end tumbling of the guest on the NMR timescale. Averaging
of the magnetic environments of the two ends occurs and
only half the expected signals appear.


Tumbling on the one hand is quite easy to decipher, but
on the other hand only close inspection revealed that the
encapsulated alkanes were in fact coiled. By using the reso-
nances of SDS as a reference for a coiled alkane conforma-
tion, average chemical shifts were calculated for the a and
w methyl moeties, the a+1 and w�1 methylenes, and so on.
The shifts calculated in this way were in nearly perfect
agreement with those observed in the NMR spectrum of n-
octane in the cavitand (Figure 6). Accordingly, the alkane


must be in a compact, coiled conformation in its resting
state between tumbles.


These results reaffirm the initial studies on the surfactants
DPC and SDS: extended conformations of alkanes offer
poor shape complementarity with cavitand 5, but this is
readily overcome by the alkane adopting a coiled shape. De-
spite unfavorable interactions introduced into the alkane in
a nonstaggered conformation, the overall energetics of the
host–guest system demand that such an unfavorable struc-
ture is adopted.


Introverted ester cavitands : An introverted acid[15,16] (that is,
an acid with an “inwardly” directed OH bond) gave us an
opportunity to explore the behavior of alkyl chains forced
into the confined environment of cavitands. In cavitand 6-R
(Figure 7)[17] the acidic O�H bond (when R=H) is directed
toward the bottom of the cavity. Esterification through the
appropriate diazoalkanes allowed the facile attachment of


alkyl chains of varying length. The C�O bonds of the esters
are likewise directed inwardly into a controlled environ-
ment, which could be systematically probed by a homolo-
gous series of alkyl chains.


A combination of NMR spectroscopy and molecular mod-
eling studies revealed the nature of alkane contortions in
this system (Figure 8). In the case of 6-Me, the methyl group
is obscured by other peaks around 1.8 ppm. Further exten-
sion of the alkyl chain reveals upfield signals as in the cases
of 6-Et, 6-Pr, and 6-Bu. The chiral nature of the cavitand af-
fords diastereotopic methylene hydrogen atoms that are ap-
parent in these cases. Cavitand 6-Pr has the longest alkyl
chain that can fit inside the cavity in a staggered conforma-
tion. This may explain the downfield shift of the terminal
methyl group seen in 6-Bu; the alkyl chain in this case could
very well begin to adopt gauche conformations, leading to
contraction of the alkyl chain and a downfield shift of the
terminal methyl group. On the other hand, it is also possible
that the methyl group is pushed deeper into the cavitand,
where it has been shown that placement of nuclei can result
in downfield shifts as the magnetic gradient of the cavitand
inverts.[18]


The introverted heptyl ester (6-heptyl) exhibited the
sharpest spectrum and was examined in detail by COSY and
NOESY spectroscopy. These experiments revealed, quite
unequivocally, the coiled nature of this long-chain alkane in
a confined space. Stronger NOE signals near the terminal
end of the chain were observed between Ci and Ci+3 relative
to those observed for Ci and Ci+2. Additionally, small Ci to
Ci+4 signals were observed. The combination of these results
is consistent with gauche interactions resulting in a coiled
conformation along the heptyl chain. While longer chains
still exhibit resolved NMR signals, a marked decrease in res-
olution is evident and can be attributed dynamic processes
involving deformations in the shape of the cavitand or
slowed interconversions of various alkyl conformations. This
is most evident in the case of 6-decyl, for which no signals
could be resolved, even as a function of varying tempera-
ture. At this extreme the cavitand is no longer able to retain
a vase conformation on the NMR timescale (as evident
from its downfield resonances) and the alkyl chain may no


Figure 6. Observed chemical shifts for n-octane in the water-soluble cavi-
tand 5 were in excellent agreement with the calculated means from
equivalent nuclei of SDS.


Figure 7. Cavitand 6 with introverted alkyl chains.
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longer be required to compact itself into a coiled conforma-
tion.


Calixarenes : The study of
alkane conformation in con-
fined spaces has been carried
out in tert-butylcalix[4]arenes.[19]


A series of alkanes, alkyl hal-
ides, and terminal alcohols were
crystallized as 2:1 calixarene-
ACHTUNGTRENNUNG(host)–alkaneACHTUNGTRENNUNG(guest) complexes.
Analysis of X-ray data in these
examples provided the added
challenge that the guest mole-
cules were disordered over
symmetry related locations, but


the authors were able to conclude that “well-defined posi-
tions for all guest atoms can be found.” Examination of the
data reveals an increase in the number of bends and amount
of coiling of alkanes as a function of length. Additionally,
larger guests caused an increase in the disorder of the host,
as has been demonstrated in other solution-based examples.


n-Hexane, 1,4-dichlorobutane, and 1-pentanol adopt
nearly all-trans conformations. An increase in size to 1-hep-
tanol and 1-octanol introduces an S-shape to the alkyl guest
and when dodecane is inserted a tightly coiled helical con-
formation is achieved (Figure 9).


Functionalized calixarenes bearing metal ions as binding
sites for alcohols and amines also reveal bends in the alkyl
groups of their guests as the space in the host widens.[20]


Capsules : Unlike the water-soluble cavitand 5 in which n-al-
kanes were shown to coil and tumble on the NMR time-
scale, the introverted ester cavitands 6-R presented a system
that forced long alkane chains permanently into a confined
environment. Capsules are molecular assemblies that recog-
nize appropriately sized guests and assemble around them.
In the case of cylindrical capsule 8 (Figure 10),[21,22] a seam
of hydrogen bonds joins the two halves (7) and confines en-
capsulated guests for an extended period of time.[23] This
complements the open-ended cavitands, which do not have
the ability to fully surround guests. This architecture allows
guests more structured and long-lived interactions than cavi-


Figure 8. 1H NMR ([D12]Mes, 600MHz) spectra of varying alkyl ester
cavitands accompanied with model structures (AMBER; Maestro).


Figure 9. X-ray crystal structures revealing staggered n-hexane (A), “S”-
shaped 1-octanol (B), and helical n-dodecane (C) conformations inside a
tert-butylcalix[4]arene (top half of calixarene cage not shown). Some ad-
ditional atoms omitted for clarity due to disorder.


Figure 10. Chemical and structural representations of cylindrical capsule 8.
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tands, yet still allows exchange processes relative to the
fixed introverted ester cavitand 6-R.


An initial report indicated that alkyl groups could com-
pact in length when placed inside the cylindrical capsule.[24]


Long-chain n-alkanes (C8–C14) were shown to be fully en-
capsulated by capsule 8 in organic media.[25, 26] As mentioned
earlier in this review, increasing the length of an alkyl guest
can (and often does) result in the alkane adopting a strained
conformation, so as to maximize attractive contacts to its re-
ceptor. As seen in the upfield region of the 1H NMR spec-
trum (Figure 11) encapsulation of C8–C14 is apparent. The


symmetry of the capsule dictates that half of the nuclei are
observed. For shorter alkanes, such as C8–C10, it was predict-
ed based on maximization of packing coefficients that they
should exist in an extended, uncoiled conformation.


The NMR spectra confirm this prediction. For these
guests, decreasing chemical shifts of the methyl groups (far-
thest upfield) is a function of forcing them deeper into the
base of the capsule for which magnetic anisotropy is the
greatest. For short alkanes, 2D NOESY reveals that cross
peaks are only observed between the hydrogen atoms at Ci


and Ci+2 along the hydrocarbon chain. This is an indication
that these encapsulated alkanes are in extended staggered
conformations. For the longer alkanes, molecular modeling
indicated that they could not fit inside the capsule in extend-
ed conformations. Clearly, from the NMR data encapsula-
tion occurs by adopting a coiled, helical conformation.
Longer n-alkanes decrease their overall length, while simul-
taneously increasing favorable contacts with the inside walls
of the capsule. The first guest that exhibited evidence of
gauche interactions was C11H24. NOESY spectroscopy
showed cross peaks between C1 and C3 as well as C1 and C4,
whereas C2 was only in contact with C4, C3 with C5, and C4


with C6 (Figure 12). The data indicates the presence of a


gauche conformation at the four carbon atoms at both ends
of C11H24, and staggered conformation in the middle of the
chain. This trend logically continues with C12H26 showing
gauche interactions along the entire chain.


Upon examining the NOESY (Figure 12) spectra for
C14H30 gauche conformations are predominant as indicated
by cross peaks between Ci and Ci+3, and Ci and Ci+4 (i=2–
6). This result in conjunction with molecular modeling gives
support for a tightly coiled conformation. The coiling of
C14H30 can introduce >6 kcalmol�1 of energy through
gauche strain. The encapsulation of this molecule is a testa-
ment to the ability of alkanes to adapt in an effort to maxi-
mize contact with corresponding hosts. In addition to the
ability of the alkane guests to adapt, evidence exists that the


Figure 11. 1H NMR of n-alkanes inside capsule 8.


Figure 12. NOESY spectra for C11H24 and C14H30 inside cylindrical capsu-
le 8.


www.chemeurj.org � 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 5924 – 59335930


J. Rebek, Jr. and M. P. Schramm



www.chemeurj.org





seam of hydrogen bonds, which seal the capsule, changes in
response to elongation of the guest.[25] The relative affinities
of the alkane guests also shed light on the fine balance be-
tween optimization of packing and guest coiling. The opti-
mal alkane C11H24 was the first to exhibit signs of coiling by
NOESY yet is the most strongly bound (Table 1). The


alkane C10H22 (extended) was found to have a very similar
binding affinity compared to the tightly coiled C14H30, the
longest and most strained in this study. This final result is
the strongest affirmation that attractive host–guest interac-
tions and the proper filling of space can overcome otherwise
unfavorable interactions of alkanes when forced to adopt
unusual conformations.


In addition to the n-alkane coiling inside the cylindrical
capsule, analogous studies were performed on oligoethylene
glycols (OEGs) and perfluoro-n-alkanes.[27] These two stud-
ies are complicated by divergent solution behavior with re-
spect to n-alkanes: oligoethylenes natively adopt extended
helical conformations with gauche dihedral angles about
their C�C bonds and trans about their C�O bonds, while
perfluoroalkanes adopt gently twisted but nearly staggered
conformations with dihedral angles of about 1678. NMR
studies demonstrated that the conformational flexibility of
OEGs allowed for the encapsulation of chains with 12–16
carbon and oxygen centers, the optimal length being 12, one
greater than for the n-alkanes. It should be noted that the
binding affinities for n-alkanes (C10-C12) were far stronger
than for any perfluoroalkanes or oligoethylene glycols. The
presence of fluorine along the backbone of perfluoro-n-al-
ACHTUNGTRENNUNGkanes disfavors the chains from adopting a truly staggered
conformation, as well as from adopting gauche dihedral
angles. This constitution simultaneously increases the diame-
ter so that van der Waals contact with the capsule wall can
occur without additional coiling. These two parameters may
support the findings that only the shorter C8 and C9 per-
fluoro-n-alkanes were well encapsulated. Taken as a whole
these results show that OEGs and n-alkanes optimally fill
the cavity by coiling to simultaneously shrink in length and
maximize van der Waals contacts, while perfluoroalkanes
seem unable to coil and are encapsulated in their native
conformation.


Reversibly expanded capsules : The upper size limit of n-al-
kanes encapsulated in 8 was C14H30; the upfield region of
the NMR spectrum in the presence of C15H32 remained fea-
tureless indicating no encapsulation (Figure 11). It was con-
ceivable that the addition of another component (i.e. a


spacer) would afford an expanded capsule which would in-
corporate larger guests. Indeed, when glycoluril 9 was added
to cavitand 7 in the presence of n-pentadecane, the upfield
region revealed that a new assembly had formed
(Figure 13).[28] In addition to the encapsulation of C15H32, al-
kanes up to C21H44 were readily encapsulated (selected spec-
tra shown) demonstrating that the addition of 9 expanded
capsule 8 in length significantly.


NMR integration supports a composition of two cavitand
halves assembled with four glycolurils to form the new cap-
sule 10 (Figure 14). Due to the nature of the assembly, two
enantiomeric capsules are possible. EXSY spectroscopy re-
vealed that the magnetically nonequivalent protons of the
glycoluril are in chemical exchange on the NMR timescale.
Accordingly, the two enantiomeric capsules readily intercon-
vert. In addition to the encapsulation of larger alkanes, the
presence of diastereotopic nuclei were observed in several
cases employing capsule 10. The longer alkanes inside cap-
sule 8 are presumed to be in a helical conformation. This
chiral structure renders the methylene groups diastereotop-
ic, but it appears that on the NMR timescale interconversion
of helixes is rapid. Heating n-heptadecane in 10 resulted in
coalescence of the diastereotopic nuclei as would be expect-
ed if they were rapidly interconverting at the coalescence
temperature. In the present case, a smaller internal volume
at the seam of glycolurils as proposed in the structural
model may slow the interconversion.


The addition of glycoluril 9 to a mixture of 7 and n-penta-
decane readily demonstrated the dynamic nature of this
system through the formation of a new assembly
(Figure 14), but is the reverse possible? Tetradecane (11)
was encapsulated in the expanded capsule and then the as-
sembly was treated with 4,4’-dimethyl-trans-stilbene (12).
The glycoluril capsule 10 partially disassembled, leading to


Table 1. Relative affinities of capsule 8 for hydrocarbons in [D12] mesit-
ACHTUNGTRENNUNGylene.


Guest KrelACHTUNGTRENNUNG(C9D12) Guest Krel ACHTUNGTRENNUNG(C9D12)


n-C9H20 0.3 n-C12H26 24.4
n-C10H22 16.9 n-C13H28 1
n-C11H24 100 n-C14H30 12.3


Figure 13. 1H NMR of n-alkanes in an expanded capsule.
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the formation of the shorter capsule 8 containing one mole-
cule of stilbene 12 as observed by NMR spectroscopy
(Figure 15).


Conclusion and Outlook


This review has highlighted a collection of work demonstrat-
ing the ability of alkanes to adopt unusual conformations to
maximize interaction with natural and synthetic hydropho-
bic cavities. In this regard the coiling of alkanes results in an
increase in steric strain through the introduction of gauche
conformations, but through mutual adaptation the union of
host and guest overcomes these otherwise unfavorable inter-
actions. Looking beyond the results presented, we envision
that the behavior of alkanes in unusual conformations could
define a new molecular machine: a molecular spring. To
what extent is a helical alkane like a compressed spring?
The coiling of an alkane within a capsule exerts stress on
the surroundings: it is spring-loaded. The lengthening of the


capsule through the incorporation of spacers provides relief
of the strain as the guest relaxes to an extended conforma-
tion. This transformation is also reliant on the formation of
more complementary hydrogen bonds provided by the gly-
coluril moieties; this too drives the molecular device from
the coiled to extended state. Solvophobic forces are also in
play: the capsule is organized solvent, the fixed structure of
which is bought through synthesis. This fixed space demands
to be filled, due to nature-s resistance to vacuum. To accom-
modate this demand properly, the alkanes contort them-
selves to assume the size, shape, and chemical surface that
are complementary to the fixed space. In bulk solution the
alkane has the same C�H/p interactions to offer, but must
organize the solvent (e.g. mesitylene) to experience them.
Accordingly, the behavior of alkanes in both hydrophobic
and hydrophilic environments can result in a change in their
conformations. The examples presented in which alkane
conformation can be tuned by environment as illustrated in
Figures 3 and 15 suggest that the field is on the brink of new
systems: molecular springs that coil and uncoil. The problem
of control and reversibility thus become the new challenges
to this emerging area of research.
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Ordered Mesoporous Materials in the Context of Drug Delivery Systems and
Bone Tissue Engineering


Mar%a Vallet-Reg%*[a]


Introduction


The production of nanostructured materials that resemble
the complex hierarchical structures of natural hard tissues
present in bones and teeth is an extremely attractive field of
research, in which remarkable results are beginning to
appear. The ability to functionalise nanostructured ceramic
surfaces with different molecules, of varying nature and size,
grafted to the substrate, allows selective action upon the bi-
ological species on a medium term.


The development of drug release systems has experienced
a remarkable growth and is now an important market for
the industrial sector.[1] Several matrices have been tested so
far, such as organic polymers, organic–inorganic hybrid ma-


terials, and bioactive glasses and ceramics.[2–4] A pivotal con-
cern in medicine is always to deliver the pharmaceutical
product to the patient by using the optimum route from a
physiological point of view. Generally speaking, the smaller
the size of the drug and the encapsulating material, the
better is the absorption of the drug in the body.


Nowadays, the most popular routes for drug intake are
oral administration and injection. However, these methods
show a lack of efficiency for certain therapies. There are
also new therapeutic agents that require new delivery sys-
tems, such as unstable or very poorly soluble drugs, proteins
or nucleic acids. Among the several innovative approaches
applied to these problems, nanotechnology offers the oppor-
tunity to investigate materials and their structure at the
nanoscale range. Nanotechnology represents a new field of
research and includes a wide range of technologies and po-
tential applications. For instance, cell machineries use self-
assembly of biological molecules leading to nano-objects
that are able continuously be ordered and then return to dis-
order continuously at the subcellular level. As this example
shows, the innovations in the fields of matter and devices
are still promising. The development of new drug delivery
systems based on these principles requires multidisciplinary
inputs. As a brief definition, nanotechnology means to work
at the nanoscale under controlled conditions. One approach
consists on designing of nano-sized drug delivery systems,
using excipients such as polymers, surfactants or lipids.
These systems, which can take the final form of, for exam-
ple, liposomes, nanospheres or nanocapsules, are largely de-
scribed in the literature and some are already available in
the market or under clinical investigations. The other ap-
proach consists on obtaining new materials that are struc-
tured at the nanoscale. Such materials could be available
under different final shapes or morphologies, such as micro-
spheres, monoliths, and so forth.[5] The preparation can be
based on diverse methods or mechanisms, following for in-
stance self-assembly or soft chemistry routes. It can be per-
formed in gas or liquid form, but whatever the mechanism
is, it requires a precise control of the structuring of the com-
ponents to obtain a 2D or 3D organisation of the matter.


Abstract: Chemistry, materials science and medicine are
research areas that converge in the field of drug deliv-
ery systems and tissue engineering. This paper tries to
introduce an example of such an interaction, aimed at
solving health issues within the world of biomaterials.
Ordered mesoporous materials can be loaded with dif-
ferent organic molecules that would be released after-
wards, in a controlled fashion, inside a living body.
These materials can also react with the body fluids
giving rise to carbonated nanoapatite particles as the
products of such a chemical interaction; these particles,
equivalent to biological apatites, enable the regenera-
tion of bone tissue.
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New functionalities of the materials so obtained can also be
tailored through the properties of the excipients used and
also by controlling their nanostructure, leading to different
delivery patterns, such as sustained or triggered release and/
or targeting. Most applications of these technologies con-
cern the areas of tissue engineering, cancer therapy, cardio-
vascular and infectious diseases, vaccines and imaging.


Since 1991, when Mobil Oil Corporation synthesised the
silica-based MCM-41, highly ordered mesoporous materials
have attracted the attention of many scientists, mainly due
to their potential technological applications.[6–8] Mesoporous
materials are characterised by their large surface area, pore
volume and pore size, with a narrow pore diameter distribu-
tion. For this reason, applications in the fields of catalysis,
lasers, sensors, solar cells and so forth have been proposed
and/or developed.


Recently, these materials have been proposed for their ap-
plication in biomaterials science. Due to the outstanding
features of surface and porosity, ordered mesoporous mate-
rials have shown to be excellent candidates for two biomedi-
cal applications: 1) local drug delivery systems and 2) bone
tissue regeneration. In fact silica-based mesoporous materi-
als are able to incorporate high dosages of drugs into the
mesopores.[9] Moreover, their silanol-containing surface can
be functionalised, allowing a better control over the drug re-
lease, which depends on the chemical nature of the function-
al group attached to the surface.[10]


On the other hand, mesoporous materials can be synthes-
ised with similar chemical composition to that of highly bio-
active sol–gel glasses. When implanted, bioactive glasses are
able to bond to living bone through the formation of a
nanometre-sized nonstoichiometric carbonated apatite
(CHA).[11–12] This bioactive bond ensures that the implant
osteo-integration and its degradation products promote the
bone tissue regeneration. Increasing the specific surface and
pore volume of bioactive glasses greatly accelerate the CHA
formation and therefore enhance the bioactive behaviour.
In this sense, highly ordered mesoporous materials provide
very promising possibilities in the field of bone tissue regen-
eration. Moreover, these materials can be loaded with osteo-
genic agents promoting the new bone formation in vivo and
can be also applied as scaffolds for bone tissue engineering.


Drug Delivery Systems


The research on confinement of drug delivery systems in bi-
oceramic matrices presents two distinct sides; one route
aims at embedding pharmaceuticals in biomaterials designed
for the reconstruction or regeneration of living tissues, in
order to counteract inflammatory responses, infections, bone
carcinomas and so forth, while the other route deals with
their more traditional drug introduction system, that is, oral
administration.


The incorporation of pharmaceuticals to bioceramic ma-
trices could be very interesting in clinical practice. It is
common these days for an orthopaedic surgeon working in


bone reconstruction to use bioceramics in granulated form,
or with predefined shapes, in either porous[13] or dense[14]


pieces (Figure 1). The demand for bioceramics in injectable


form is also increasing,[15] since it greatly simplifies the surgi-
cal practice, and can even be reclassified as noninvasive. Fi-
nally, for those applications that require certain mechanical
properties as in the case of metals and alloys, the trend is to
coat the metallic prostheses with a ceramic layer[16] to ach-
ieve a better and faster osseointegration as well as to reduce
the release of ions from the implant alloy to the living body;
this procedure also brings a more satisfactory attachment of
the prosthesis to the host due to the excellent biological
properties of the ceramic, such as atoxicity, lack of inflam-
matory response and absence of fibrous and immunitary re-
actions. An added value to the production of these ceramics
would be the optional addition of pharmaceuticals such as
antibiotics, antiinflammatories, anticarcinogens, and so forth.
In this sense, if we take into account the statistics on infec-
tions at hip-joint prostheses, the incidence varies between 2
and 4%, reaching up to a 45% in bolts used as external fix-
ation. One of the main problems in these situations is the
access to the infected area of the bone, in order to deliver
the adequate antibiotic. If the pharmaceutical could be in-
cluded in the implant itself, the added value would be
straightforward.


The controlled drug delivery from polymer matrices has
been a widely used and applied tool,[17–19] but what is useful
and adequate in oral administration might not be the best
option for drug release systems from implants designed for
bone regeneration. This is the reason why it is necessary to
study in depth the research field of drug inclusion in ceramic
matrices, trying to solve first of all a very important issue:


Figure 1. Different bioceramics types employed in bone substitution or
regeneration, showed as grains, dense pieces, porous pieces, injectables
and thin films.
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how to proceed with the loading mechanism without using
temperature. A thermal treatment is the most common and
easy route followed in the world of ceramics, but it is ex-
tremely inconvenient when dealing with molecules of phar-
maceutical species, which exhibit very low decomposition
temperatures.


If we turn back now into the matrices made exclusively
from ceramic materials, there is a wide range of options
available (Table 1), and radically different drug molecules
can be confined in different matrices. What is more, the ma-
trices can accept not only drugs, but also substances that can


induce fast bone-growth kinetics, such as certain peptides,
proteins and growth factors.


It is feasible to obtain open textures in ceramic matrices
with large specific surfaces and high degrees of porosity.
These structures can be achieved in traditional ceramics
such as phosphates, glasses, cements or in any of their bipha-
sic combinations, by using adequate procedures[13] or by syn-
thesising ordered mesoporous materials with an ordered dis-
tribution of channels and cavities with different geometries.
In such materials the scaffold is exclusively made of silica,
with a large pore volume in the range of mesopores (with
pore diameters of 2 nm<Dp<50 nm), and with a very ho-
mogeneous and controllable size within a relatively wide
range.[6]


Any of these ceramics that exhibit many pores with an ad-
equate size, which can host the molecules of the drug, are
good candidates for designing a controlled drug delivery
system. First of all, the drug has to fill the empty pores of
the ceramic matrix; in a second stage, the controlled release
will take place from these occupied pores. Hence, the first
step consists of the pore design in the ceramic material, with
an adequate control over their number, size, shape, distribu-
tion, connectivity and potential functionalisation of their
walls, depending on the drug to be introduced. The dimen-
sions of the drug molecules that might be of interest in clini-
cal applications for implants are in the range of one nano-
metre (Figure 2). Therefore, any material with a pore diame-
ter larger than one nanometre should easily host these mole-
cules. Occasionally, these materials exhibit a very inconven-
ient heterogeneity between different samples, due to the
lack of homogeneity in the distribution at molecular level of
the drugs to be encapsulated.


Ordered Mesoporous Materials as Matrices for
Delivery Systems


The porosity of a ceramic matrix can be ordered or disor-
dered. It is clear that a well-ordered pore distribution in a
ceramic matrix favours the homogeneity of the adsorption
and release stages; thus, ordered silica mesoporous materials
are potentially excellent candidates and can play a signifi-
cant role in the field of controlled drug delivery systems.
This fact was evidenced for the first time by the confine-
ment of ibuprofen in two MCM-41 matrices with different
pore diameters (1.9 and 2.5 nm).[9] The weight percentage of
ibuprofen in MCM-41 reached a value of about 30%; the
drug was released from the MCM-41 matrix by immersion
of the delivery system in a simulated body fluid. Working
under optimum conditions, the full amount of ibuprofen
loaded in the MCM-41 matrix was released to the external
medium within three days.


The pore morphology and clearance determine the type
of molecules that can fit into it and, therefore, those that
are eligible for the adsorption process; however, the maxi-
mum amount accepted depends on the pore volume, which
is generally described in terms of cm3g�1 of material. In sys-
tems that only contain mesopores, the total pore volume is
evidently equal to the mesopore total volume, but this is not
generally the case. Frequently, there are also micropores or
even macropores (pores with diameter larger than 50 nm)
present; this last type of pore is usually associated to inter-
particle porosity, and its contribution to the total pore
volume increases with a decreasing particle size in the mate-
rial. Undoubtedly, the specific surface is a parameter that in-
fluences the adsorption properties of the material, since it is
a surface phenomenon itself. The concept of surface encom-
passes not only the outer surface of the material, but also
the inner surface of its cavities and channels, provided that
the nitrogen-based molecules used in these measurements
can pass freely through these inner areas.


Table 1. Ceramic–drug matrix.


Ceramic matrix Type of drug


calcium phosphates antibiotics
bioactive glasses antitumorals
calcium salt cements anti-inflammatories
biphasic materials growth factors
bioactive hybrid materials peptides
zeolites and/or mesoporous materials proteins


Figure 2. Molecules of several drugs with their sizes.
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It seems reasonable to believe that the pore size must
affect the amount of drug readily adsorbed. When compar-
ing MCM-41 type mesoporous materials with different pore
diameters (2.5, 1.9, 1.6, 1.5 nm), the amount of ibuprofen ad-
sorbed depends on the matrix pore size, hence allowing the
regulation of the amount of drug introduced. Besides, the
release rate is directly proportional to the pore size, and it is
feasible to predict such rates[20] (Figure 3).


However, the adsorption and subsequent release of a
drug does not depend on the design of the matrix porosity
alone. Once the pharmaceutical molecule to be loaded has
been chosen, it is required to calculate the ratio between the
matrix pore size and the drug molecule size, to study the
drug solubility and its interaction with the pore wall. This
last aspect is crucial in order to adjust the drug release to
the desired kinetics for the specific application.[21] Figure 4
shows the different amounts of ibuprofen loaded in four
MCM-41 matrices with different pore sizes, as well as the re-
lease times required. The amount of drug loaded in the
porous matrix depends greatly on the solvent used, the pH
value during the process and the drug concentration in the
solution.[22] Also, the drug release rate will depend on
whether the experiment is carried out with the material in
powder form or shaped as dense pieces; the release rate will
always be higher from powder than from disk-shaped pieces,
for instance.[21]


The cubic mesoporous structures with Ia3d symmetry,
such as MCM-48 and large-pore Ia3d material (LP-Ia3d),
which have different pore sizes (3.6 and 5.7 nm, respective-
ly), are also suitable matrices for the adsorption and in vitro
release of ibuprofen, erythromycin and other drugs. It has
been found that the release becomes slower as the pore size
of the matrix decreases or the molecular size of the drug in-
creases.[23]


Another point to be considered is the matrix structure.
Although all mesoporous materials are apparently very di-


verse, their structural types, in terms of channel and cavity
topology, are very few; we can distinguish three large
groups: 1) MCM-41[24] or SBA-15[25] both with unidirectional
pores and, in the case of SBA-15, sometimes with a secon-
dary micropore system that interconnect the hexagonal
channels; 2) MCM-48[26] from the M41S family, which exhib-
its a three-dimensional pore system, formed by intersected
longitudinal pores along the three directions in space; and
3) structures with a porous system basically formed by pseu-
dospherical cavities interconnected by different pore config-
urations, which could be essentially described as short chan-
nels or even “windows” between cavities, with diameters
similar to those of micropores.[27]


Although it also seems logical to believe that the structure
must influence the drug adsorption and release in these ma-
terials, in which the interconnected pores should at least the-
oretically facilitate the displacement of molecules if com-
pared with nonconnected, longitudinal pores, the truth is
that the effect of these interconnections is rather weak, ac-
cording to the studies performed.[28]


The pore walls in ceramic matrices can be functionalised
with a wide range of chemical species in order to modify
their adsorption properties. These features make them suita-
ble to host different pharmaceutical species and to release
them in a sustained regime to the external medium, for long
time periods, under appropriate conditions. Therefore, the
functionalisation of the ceramic walls is another important
aspect to consider in these systems. The walls of the glassy
matrices of ordered mesoporous materials of silicon oxide
contain large amounts of silanol groups, which perhaps
could facilitate certain interactions, for example, between
the OH group of silanol and the COOH group in ibuprofen
(Figure 5). These interactions can be chemically modified,
through the adequate functionalisation of the matrix walls;
a precise functionalisation performed on the pore walls
could enable the control of the adsorption and release rates


Figure 3. Release patterns of adsorbed ibuprofen in MCM-41 matrices
with four different pore sizes.


Figure 4. Plot of the maximum load of ibuprofen in four MCM-41 matri-
ces with different pore sizes. The inset table provides data of the ibupro-
fen load that can be host in every of four matrices together with their re-
lease periods. Asterisk (*) indicates incomplete delivery.
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of a given drug. Such intervention requires structural modi-
fications that can be carried out by different methods, using
both in situ[29] and ex situ[30–31] techniques to modify the ter-
minal groups on the mesoporous material pore walls, select-
ing those groups which are better suited for each type of
drug.


Presence of Silanol Groups


The lack of order in the space configuration of the tetrahe-
dral lattice that forms the inorganic scaffold is revealed by a
very large amount of connectivity defects, that is, not all the
tetrahedrons are connected to another four tetrahedrons
sharing oxygen atoms. If an oxygen atom positioned at a tet-
rahedron corner is not shared with a neighbouring tetrahe-
dron, a silanol group is formed. The presence of large
amounts of connectivity defects in mesoporous materials is
a direct consequence of their formation mechanism. The in-
teraction between the tensoactive agent and the silicate
oligomers in dissolution takes place through the silanol
groups Si�OH or through the corresponding anion, Si�O�.
The concentration of Si�OH groups in the material after
eliminating the tensoactive agent depends also on the
method chosen for this removal. Usually, calcination reduces
the concentration of defects, since it promotes the condensa-
tion of Si�OH groups, in particular those that share hydro-
gen bonds. On the other hand, the solvent extraction of the
tensoactive agent does not modify significantly the amount
of silanol groups.


The Si�OH groups exert a remarkable influence on the
properties of the material. Generally, their affinity for polar
molecules increases with the silanol concentration, but these
groups can also react with a large variety of chemical prod-
ucts yielding covalent bonds of the Si-O-R type. This fact
allows to attach or anchor different chemical species on the
material surface, that is, to functionalise their surface
(Figure 6).


Functionalisation of the Pore Wall


The structure of the mesoporous materials exhibits a very
high incidence of structural defects, in form of silanol
groups.[32] If the H atom in silanol is replaced by chemical
species R, which can be linked to the oxygen atom by a co-
valent bond, a whole family of hybrid materials can be ob-
tained in which the chemical composition of the R group
differs from the inorganic scaffold. The most common cases
are those in which R is an organic functional group, that is,
chemical species of the type of Si-O-Si-R. Besides, this or-
ganic group may contain one or more reactive atoms, which
can in turn be chemically modified, as depicted in Figure 7.


The functional groups can be attached or anchored to the
scaffold of the mesoporous material during the material syn-
thesis, in a one-pot method, but also during a later post-syn-
thesis stage. The main difference between both methods is
the addition stage of the functionalising precursor In the
former the alcoxy groups are hydrolysed and condensed
with the silica scaffold precursors, which are usually also sili-
con alkoxydes; in the latter, the condensation reaction takes
place between the functionalising precursor and the silanol
groups present in the pore walls. In one-pot methods the or-
ganic groups R are linked to silicon atoms in the walls and
to the inner part of the silica wall ; therefore the functionali-
sation degree is reduced. Post-synthesis methods ensures
that the modifying agents are in the outer surface of the
pores, leading to a larger functionalisation degree.[33]


It has been shown the feasibility of controlling the deliv-
ery rate of drugs occluded in MCM-41 matrices by function-
alising the pore wall with silane derivatives. In the case of
ibuprofen, which contains an acid group, the functionalisa-
tion of well-ordered MCM-41 matrices with aminopropyl
moieties lead to a decrease in the delivery rate (Table 2).
For ibuprofen loads in the same order of magnitude, the re-
lease time is almost five times higher for the functionalised
sample. It has been shown that the functionalisation proce-
dure is important for both the adsorption of the drug and its
release profile, which is also affected by the pore-filling


Figure 5. Interaction of OH group in the silanol at the pore wall of silica
mesoporous material with the COOH group in the ibuprofen molecule. Figure 6. Simplified scheme of the pore wall functionalisation in a silica


mesoporous material.
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degree of the hybrid organic/inorganic matrix by ibupro-
fen.[33,34]


Ibuprofen molecules adsorbed in MCM-41 silica with and
without amino group functionalisation have been character-
ised by 13C NMR spectroscopy. They exhibit a completely
different behaviour in both silica matrices. The 13C MAS
single-pulse or cross-polarisation NMR spectra, as well as
the 1H MAS NMR spectra show an extremely high mobility
of the ibuprofen molecules when the matrix is not modified.
It suggests the absence of any interactions between the ibu-
profen molecules and the silica surface, despite the presence
of a COOH function. This might be explained by the associ-
ation of ibuprofen molecules by the carboxylic functions
into cyclic hydrogen-bonded dimmers. Such dimers are
indeed present in the crystallographic structure of the crys-
talline S-ibuprofen isomer.[35] In contrast, when the silica
matrix is functionalised by amino groups, the 13C NMR ex-
periments indicated a more restricted mobility of the ibu-
profen molecules, suggesting possible interactions between
the amino groups and the carboxylic groups. Similar behav-
iour was found for encapsulated benzoic acid, and this


opens the possibility to develop
heteronuclear correlation NMR
methods (e.g., 29Si,13C) through
using 13C-labeled benzoic acid
to better characterise the possi-
ble interactions of the encapsu-
lated molecules with silica sur-
faces with and without modifi-
cation.[36–37]


The surface of MCM-41 ma-
terial has been modified by re-
action with the organosilanes
Cl-Pr, NH2-Pr, Ph, Bz, SH-Pr,
CN-Pr and Bu. This modifica-
tion allows the selection of the
appropriate group depending
on the drug and its application.
In the case of ibuprofen, which
has an acid group, different
drug adsorption and delivery
rates have been found depend-
ing on the functional groups.
Thus, MCM-41 modified with
polar groups show higher ibu-
profen adsorption than that
with nonpolar groups. Besides,
the ibuprofen release is slowed
down with SH-Pr and NH2-Pr


groups. This study evidenced the possibility to design the
matrices, according to the functional groups of the pharma-
cological molecule which will be inserted, allowing to
choose the dosage and the release kinetics.[10]


An effective control of the release rate of the macrolide
antibiotic erythromycin has been also achieved by modifica-
tion the surface of SBA-15 with hydrophobic long-chain hy-
drocarbon moieties of different lengths. For the sample con-
taining the largest amount of�CH2� groups, the release rate
decreases by a factor of nearly one order of magnitude com-
pared to that of unfunctionalised SBA-15.[38]


The polarity of the surface of the SBA-15 material has
been modified by anchoring hydrophobic long-chain hydro-
carbons (C18) on the surface. This treatment decreases the
interaction of ibuprofen with the modified surface, which re-
sults in a very fast delivery of ibuprofen from this system.
13C and 1H NMR experiments evidence differences in the
mobility of ibuprofen molecules adsorbed into the matrices,
but they are not reflected in the overall release pattern,
which obeys a diffusion model.[28]


The results obtained in these studies of controlled deliv-
ery of different drugs show the influence of aspects such as
pore size, structure and functionalisation on the delivery ki-
netics. However, it seems clear that functionalisation is the
main controlling factor on the drug adsorption and release
rates; it is very important to carefully choose the type of
functionalisation of the pore wall in agreement with the spe-
cific drug to be adsorbed and subsequently released. There
are additional factors that might also affect these phenom-


Figure 7. The pore wall functionalisation in a silica mesoporous material is produced through the reaction
Si-OH+X3Si-R-Y!Si-O-SiX3�n-R-Y + nHX, in which X=halogen atom, usually Cl, or an alkoxy group
such as ethoxy or methoxy; R=alkyl chain; Y=OH, SH, NH2, SO3H, Cl, F, CH3, Ph, etc. In the figure, the or-
ganic chain radicals have been simplified for the sake of image clarity.


Table 2. Decrease of pore diameter and release rate of ibuprofen from
MCM-41 functionalised with aminopropyl, compared with MCM-41.


Dp


[nm]
Ibuprofen
load [mgg�1]


total release
time [h]


MCM-41 2.5 337 48
MCM-41 functionalised
with aminopropyl


1.7 270 213
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ena, such as the wall thickness and the particle morphology
and size, all of which are currently under investigation.


More than 80 references have been published referring to
this new property of MCM-41, that is, controlled drug deliv-
ery,[9] since the first publication in 2001. Hence, Fujiwara
et al. prepared MCM-41 functionalised with a photosensi-
tive derivative of cumarine that exhibited an already known
reversible dimerisation upon photonic irradiation.[39–40] To
control efficiently the drug release, cumarine was introduced
into the mesoporous material with the surfactant.


Many other contributions have appeared after this initial
idea regarding the use of mesoporous materials as control-
led delivery systems for drugs and other chemical spe-
cies.[41–70]


Tissue Engineering


The silanol groups located on the walls of silica mesoporous
materials are not only useful to functionalise the walls for
drug delivery purposes; they are also able to react with
physiological fluids to produce nanometre-sized carbonated
apatite. In 2005, a new application of mesoporous materials
as bone regenerators was described.[71] In vitro bioactivity
studies by soaking three different mesoporous materials,
SBA-15, MCM-48 and MCM-41, in simulated body fluid
were carried out, revealing that an apatite-like layer is
formed on the surface of SBA-15 and MCM-48 materials
after 30 and 60 days, respectively, allowing their use in bio-
medical engineering for tissue regeneration. MCM-41 also
exhibits a bioactive behaviour when its walls are doped with
phosphorus[72] or when small amounts of bioactive glasses
are added.[73]


The role that the textural and structural properties of the
mesoporous materials play on their bioactive behaviour is
extremely important. Alternatively, it is shown how the ki-
netics of the apatite formation can be modified and im-
proved.[74] The possibility to control the periods of time
needed for a positive response, together with the ability to
functionalise the surface and the introduction of osteogenic
substances inside the pores, open new expectations for de-
signing novel mesoporous materials directed to specific
medical applications (Figure 8).


The inorganic scaffold in ordered silica mesoporous mate-
rials and in bioactive glasses contains silanol groups that can
be functionalised with an enormous variety of organic mole-
cules, as mentioned throughout this paper. Taking into ac-
count the ability to introduce different species in the meso-
porous matrices that can be subsequently released in a con-
trolled fashion, combining this property with their inherent
bioactivity could open new fields of application for these
materials in tissue engineering, in which they can act as cel-
lular scaffolds with embedded proteins, peptides or growth
factors, that would be released to the medium promoting
cell proliferation and differentiation.


The use of such bioactive porous ceramics as scaffolds for
tissue engineering is still at a very preliminary stage of re-


search; however, it can be foreseen that their use will be a
routine procedure in perhaps a few years.


Conclusion


The application of well-established knowledge from the
field of mesoporous materials,[75–80] combined with the cur-
rent experience gathered in the areas of controlled drug de-
livery and biomaterials, is allowing the design of new appli-
cations[9,74] aimed at the clinical field. And this is just the be-
ginning.


Once again, we are facing a fine example of multidiscipli-
nary research, in which the so-called transversal supply of
knowledge from and between the domains of chemistry, bi-
ology, materials science and medicine will empower the
know-how and applications that shall, undoubtedly, give rise
to new advances in science and technology.
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The Adaptable Lyonsite Structure


Jared P. Smit, Peter C. Stair, and Kenneth R. Poeppelmeier*[a]


Introduction


Minerals such as perovskite (CaTiO3), garnets (A3B2-
ACHTUNGTRENNUNG(SiO4)3), apatites (A5ACHTUNGTRENNUNG(BO4)3X), and spinel (MgAl2O4) are
the archetypal structures for large numbers of materials
with different chemical compositions within each structure
type. Each has been reviewed extensively.[1–8] Oxide classes
such as these can accommodate a wide variety of metal cat-
ACHTUNGTRENNUNGions while retaining their unique structure, and are well-
studied for various properties afforded by this versatility.
Properties can often be tuned or changed by elemental sub-
stitution, and materials with the same structural connectivity
can be studied for different purposes. A lesser known, but


ubiquitous structure type with similar adaptive properties
takes its name from the mineral Lyonsite, a-Cu3Fe4 ACHTUNGTRENNUNG(VO4)6.


[9]


While the properties resulting from the lyonsite structure in
molybdates have been discussed previously in a brief review
on different families of AxByACHTUNGTRENNUNG(MoO4)z molybdates,[10] this
concept will focus on the adaptable nature of the lyonsite
crystal framework, including the presentation of the new
lyonsite type structures Li2.82Hf0.795Mo3O12 and
Li3.35Ta0.53Mo3O12.


The general formula for lyonsite-type oxides can be writ-
ten as A16B12O48 (A16 ACHTUNGTRENNUNG(BO4)12), in which the oxygen frame-
work creates three different A sites that are typically (but
not limited to) lower oxidation-state (+1, +2, +3) metal
cations enclosed in edge-sharing octahedra, edge-sharing
trigonal prisms, and face-sharing octahedra. High-oxidation-
state cations (+5, +6) occupy the two unique tetrahedrally
coordinated B sites. The structural connectivity of lyonsite-
type oxides is based on an array of pseudohexagonal oxygen
atoms, and built up of isolated BO4 tetrahedra linked by
AO6 chains, which can be seen in Figure 1. The most unique
features of the structure are the hexagonal tunnels that con-


Abstract: Crystal frameworks that can accommodate a
wide range of elements, oxidation states, and stoichio-
metries are an important component of solid-state
chemistry. These frameworks allow for unique compari-
sons of different metal-cation compositions with identi-
cal atomic arrangements. The mineral Lyonsite, a-
Cu3Fe4ACHTUNGTRENNUNG(VO4)6, is emerging as the archetypal framework
structure for a large class of materials, similar to known
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Figure 1. The lyonsite structural framework and connectivity. yellow poly-
hedra represent AO6 polyhedra and blue polyhedra represent BO4 tetra-
hedra.
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sist of AO6 polyhedra. Two sides of the hexagonal tunnel
are created by zigzag sheets of edge-sharing A-centered
trigonal prisms, while the remaining four sides are composed
of columns of edge-sharing A-centered octahedra. Isolated
BO4 tetrahedra are joined to the inside of the tunnel, and
infinite chains of face shared AO6 octahedra pass through
the center of these tunnels.


The number of different cations known to occupy the six-
coordinate A position is extensive, and these cations are
listed in Table 1. The identity of the A-site cation seems to
depend almost exclusively on size (0.46� rACHTUNGTRENNUNG(An+)�1.02 I).[11]


If Na+ and Cu+ are excluded, the size range becomes rather
narrow (0.53� r ACHTUNGTRENNUNG(An+)�0.79 I).[11] As illustrated in Table 1,
the cation charge has almost no effect on the identity of A,
with cations of oxidation state +1 through +4 shown to
occupy the six-coordinate positions. In this concept article, it
is shown that Hf4+ and Ta5+ (a pentavalent cation) can
occupy the A-centered AO6 polyhedra. It appears that
nearly any cation can be used for this position if it is of suit-
able size. However, charge balance must always be main-
tained, and A is rarely a single type of cation. Generally, A
is a combination of two cations of different oxidation states
arranged such that the total composition is charge neutral.
The B site is limited to smaller, highly charged ions that are
able to form BO4 tetrahedra. To date, V5+ , Mo6+ , and W6+


have been found to occupy the B site, and it is likely that
similarly sized, highly charged cations (As5+ , P5+ , Si4+ , etc.)
will also be found to fill that
position.


Lyonsite-Type Oxides—A
Historical Perspective


Molybdates : A timeline of the
lyonsite structure is listed in
Table 2. The largest percent-
age, by a wide margin, of the
existing lyonsite-type com-
pounds are molybdates. Not
surprisingly then, the structure
was first discovered, recog-
nized as a new structure type,
and described for NaCo2.31-
ACHTUNGTRENNUNG(MoO4)3 by Ibers and Smith in
1964.[12] In 1970, the crystal
structures of Li3Fe ACHTUNGTRENNUNG(MoO4)3 and
Li2Fe2 ACHTUNGTRENNUNG(MoO4)3 were described,
and the structural similarity to
NaCo2.31ACHTUNGTRENNUNG(MoO4)3 was noted.[13]


Shortly following, Li2M
2+


2-
ACHTUNGTRENNUNG(MoO4)3 (M=Mg, Mn, Co, Ni,
Cu, Zn),[14–22] Li3M


3+
ACHTUNGTRENNUNG(MoO4)3


(M=Al, Cr, Ga, Sc, In,
Co),[23–26] and Li2M


4+
ACHTUNGTRENNUNG(MoO4)3


(M=Ti, Zr, Hf)[27,28] were dis-
covered by comparing their


powder diffraction patterns to the powder diffraction pat-
terns of Li2Fe2ACHTUNGTRENNUNG(MoO4)3 and Li3Fe ACHTUNGTRENNUNG(MoO4)3. In many cases,
the crystal structures have since been determined (see
Table 2). However, most of the lyonsite type molybdates are


Table 1. A-site cations.


Oxidation state Element Size [I][11] Reference(s)


+1 Li 0.74 [13–29,46–48,51], this work
Na 1.02 [12,14]
Cu 0.46 [30]


+2 Mg 0.72 [15,16,19, 31,32,46–48, 51]
Mn 0.67 [17,18,34]
Fe 0.77 [13,15]
Co 0.74 [12,15,17, 20,36–38,40]
Ni 0.70 [15,17,21]
Cu 0.73 [9,14,30, 39]
Zn 0.75 [14,15,35]


+3 Al 0.53 [23,24]
Sc 0.73 [23,26]
Cr 0.62 [24,39,40]
Fe 0.65 [9,13,23, 24,37,38, 39]
Ga 0.62 [23,24]
Co 0.61 [12,25,29]
In 0.79 [23]


+4 Ti 0.61 [27]
Zr 0.72 [16,27,28]
Hf 0.71 [16,27], this work


+5 Nb 0.64 this work
Ta 0.64 this work


Table 2. Lyonsite timeline.


Reported crystal structure Reported powder phase
Year Phase(s) % A Site Vacant Ref. Year Phase(s) Ref.


1964 NaCo2.31 ACHTUNGTRENNUNG(MoO4)3 17.25 [12] 1970 Li3Fe ACHTUNGTRENNUNG(MoO4)3 [23]
1970 Li3Fe ACHTUNGTRENNUNG(MoO4)3 0 [13] 1970 Li3Al ACHTUNGTRENNUNG(MoO4)3 [23]
1970 Li2Fe2 ACHTUNGTRENNUNG(MoO4)3 0 [13] 1970 Li3Sc ACHTUNGTRENNUNG(MoO4)3 [23]
1971 Cu3.85Mo3O12 3.75 [30] 1970 Li3Ga ACHTUNGTRENNUNG(MoO4)3 [23]
1977 Li2Ni2 ACHTUNGTRENNUNG(MoO4)3 0 [21] 1970 Li3InACHTUNGTRENNUNG(MoO4)3 [23]
1978 Li2Zr ACHTUNGTRENNUNG(MoO4)3 25 [28] 1971 Li3Fe ACHTUNGTRENNUNG(MoO4)3 [24]
1987 Cu3Fe4ACHTUNGTRENNUNG(VO4)6 12.5 [9] 1971 Li3Al ACHTUNGTRENNUNG(MoO4)3 [24]
1994 Li2Mg2 ACHTUNGTRENNUNG(WO4)3 0 [46] 1971 Li3Ga ACHTUNGTRENNUNG(MoO4)3 [24]
1994 Mg2.5VMoO8 6.25 [31] 1971 Li3CrACHTUNGTRENNUNG(MoO4)3 [24]
1994 Li1.6Mn2.2 ACHTUNGTRENNUNG(MoO4)3 5 [18] 1971 Li2Mg2 ACHTUNGTRENNUNG(MoO4)3 [16]
1995 Li2Co2 ACHTUNGTRENNUNG(MoO4)3 0 [20] 1971 Li2Mg2 ACHTUNGTRENNUNG(WO4)3 [16]
1996 Mg2.54V1.08Mo0.92O8 4.75 [32] 1971 Li10Zr2 ACHTUNGTRENNUNG(MoO4)9 [16]
1997 Zn3.77V1.54Mo1.46O12 5.75 [35] 1971 Li10Hf2 ACHTUNGTRENNUNG(MoO4)9 [16]
1998 Mn2.47V0.94Mo1.06O8 7.375 [34] 1972 Li2Zn2 ACHTUNGTRENNUNG(MoO4)3 [14]
2000 Co4Fe3.33ACHTUNGTRENNUNG(VO4)6 8.375 [37] 1972 Li2Cu2 ACHTUNGTRENNUNG(MoO4)3 [14]
2001 Cu4Fe3.333 ACHTUNGTRENNUNG(VO4)6 8.3375 [39] 1972 Na2Zn2 ACHTUNGTRENNUNG(MoO4)3 [14]
2001 Cu4.05Cr3.3 ACHTUNGTRENNUNG(VO4)6 8.125 [39] 1972 Na2Cu2 ACHTUNGTRENNUNG(MoO4)3 [14]
2002 Co3.6Fe3.6 ACHTUNGTRENNUNG(VO4)6 10 [38] 1973 Li2ZrACHTUNGTRENNUNG(MoO4)3 [27]
2003 Co5Cr2.667 ACHTUNGTRENNUNG(VO4)6 4.1625 [40] 1973 Li2Hf ACHTUNGTRENNUNG(MoO4)3 [27]
2003 Li2Mg2 ACHTUNGTRENNUNG(MoO4)3 0 [19] 1973 Li2TiACHTUNGTRENNUNG(MoO4)3 [27]
2003 Li3Sc ACHTUNGTRENNUNG(MoO4)3 0 [26] 1976 Li2Mn2ACHTUNGTRENNUNG(MoO4)3 [17]
2003 Co2.5VMoO8 6.25 [36] 1976 Li2Co2 ACHTUNGTRENNUNG(MoO4)3 [17]
2005 Mg2.56V1.12W0.88O8 4 [48] 1976 Li2Ni2 ACHTUNGTRENNUNG(MoO4)3 [17]
2006 Li2.82Hf0.795 ACHTUNGTRENNUNG(MoO4)3 9.625 this work 1977 Li2Zn2 ACHTUNGTRENNUNG(MoO4)3 [15]
2006 Li3.35Ta0.53ACHTUNGTRENNUNG(MoO4)3 3 this work 1977 Li2Mg2 ACHTUNGTRENNUNG(MoO4)3 [15]


1977 Li2Co2 ACHTUNGTRENNUNG(MoO4)3 [15]
1977 Li2Ni2 ACHTUNGTRENNUNG(MoO4)3 [15]
1977 Li2Fe2ACHTUNGTRENNUNG(MoO4)3 [15]
1992 Li3CoACHTUNGTRENNUNG(MoO4)3 [25]
2006 Li3.5�5xNb0.5+x ACHTUNGTRENNUNG(MoO4)3 this work
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still only known from their powder X-ray diffraction pat-
terns.


In addition to the large class of lithium compounds, the
lyonsite-type sodium molybdates Na2�2xCo2+xACHTUNGTRENNUNG(MoO4)3 and
Na2�2xZn2+xACHTUNGTRENNUNG(MoO4)3,


[14] are also known, and the original
NaCo2.31ACHTUNGTRENNUNG(MoO4)3 structure is likely a variation of these
solid solutions. Klevtsova and Magarill have suggested
that the true composition for NaCo2.31 ACHTUNGTRENNUNG(MoO4)3 is likely to be
Na2Co2ACHTUNGTRENNUNG(MoO4)3 (x=0),[13] although the composition
NaCo2.5ACHTUNGTRENNUNG(MoO4)3 (x=0.5) would probably be more consis-
tent with the original study. However, the presumption of
Co3+ cannot be ruled out, as Co3+ can occupy the A
site.[25,29]


The only known lyonsite-type molybdate with only one
cation in the octahedral/trigonal prismatic positions was one
of the first lyonsite compounds discovered: Cu3.85Mo3O12,
discovered in 1971.[30] This is unusual because the A site is
usually occupied by a combination of two cations. However,
Cu3.85Mo3O12 requires the presumption of Cu+ , and the
monovalent cation is consistent with other lyonsite type mo-
lybdates. While one of the A site cations in lyonsite type
molybdates is always monovalent, the remaining cation is
quite flexible. It appears that a monovalent cation is re-
quired for the lyonsite-type molybdates, because the
(MoO4)


2� anion is not highly charged. The formula of A4-
ACHTUNGTRENNUNG(MoO4)3 requires that A have an average charge of only
+3/2. The A site can be under occupied (cation vacancies),
as discussed later, which is one way of decreasing the aver-
age charge. However, cation vacancies can only be tolerated
to a certain extent before any crystal framework will col-
lapse, and the best way for lyonsite-type molybdates to have
an average charge of +3/2 on the A site is to incorporate a
monovalent cation.


Vanadates and vanadomolybdates : a-Cu3Fe4ACHTUNGTRENNUNG(VO4)6 was dis-
covered in 1987, but no reference was made to the relation-
ship between this new mineral and the large family of mo-
lybdates. This is not surprising owing to their dissimilar
chemical compositions (a-Cu3Fe4 ACHTUNGTRENNUNG(VO4)6 and NaCo2.31-
ACHTUNGTRENNUNG(MoO4)3). It is, indeed, quite remarkable that such different
compositions could retain the same structure. Nonetheless,
the discovery of the mineral suggested that V5+ could be
used in place of Mo6+ for the tetrahedral cation. It was not
until 1994, when phase relation studies in the Mg3 ACHTUNGTRENNUNG(VO4)2–
MgMoO4 system revealed the mixed lyonsite type vanado-
molybdate phase Mg2.5VMoO8, as well as the simultaneous
structural refinement of Li1.60Mn2.20ACHTUNGTRENNUNG(MoO4)3, that the non-
evident connection was made between a-Cu3Fe4ACHTUNGTRENNUNG(VO4)6 and
NaCo2.31ACHTUNGTRENNUNG(MoO4)3.


[18,31, 32]


After the early 1990s, when Mg2.5VMoO8 was shown to be
effective for the oxidative dehydrogenation of alkane hydro-
carbons,[33] searches for other potentially catalytically active
phases focused on the lyonsite structure type and the phases
M2.5VMoO8 (M=Mn, Zn, Co) were soon discovered.[34–36] In
addition to mixed vanadomolybdates, lyonsite-type vana-
dates were also targeted, and the vanadates Co4Fe3.33-
ACHTUNGTRENNUNG(VO4)6,


[37] Co3.6Fe3.6ACHTUNGTRENNUNG(VO4)6,
[38] Cu4Fe3.333 ACHTUNGTRENNUNG(VO4)6,


[39] Cu4.05Cr3.3-


ACHTUNGTRENNUNG(VO4)6,
[39] and Co5Cr2.667 ACHTUNGTRENNUNG(VO4)6


[40] were all recognized to be
isostructural with NaCo2.31ACHTUNGTRENNUNG(MoO4)3 and a-Cu3Fe4ACHTUNGTRENNUNG(VO4)6.


Interestingly, attempts to synthesize a-Cu3Fe4ACHTUNGTRENNUNG(VO4)6 re-
sulted in a different phase, b-Cu3Fe4 ACHTUNGTRENNUNG(VO4)6,


[41] with the Fe7-
ACHTUNGTRENNUNG(PO4)6


[42] structure type. Most likely, the mineral could not
be synthesized for one of two reasons, or a combination
therein. First, comparing the density of a-Cu3Fe4 ACHTUNGTRENNUNG(VO4)6
(4.21 gcm�3) and b-Cu3Fe4ACHTUNGTRENNUNG(VO4)6 (3.97 gcm�3), Lafontaine
et al. suggested that a-Cu3Fe4ACHTUNGTRENNUNG(VO4)6 may be a high-pressure
phase.[41] Many vanadates have since been discovered that
are isostructural with b-Cu3Fe4ACHTUNGTRENNUNG(VO4)6 such as M3Fe4ACHTUNGTRENNUNG(VO4)6
(M=Mn, Mg, Zn, Co),[37,43,44] while no stoichiometric A3B4-
ACHTUNGTRENNUNG(VO4)6 lyonsite-type vanadates are known at the present
time other than the namesake mineral. It is possible, indeed
likely, that the high-pressure lyonsite variation of the struc-
ture exists for these stoichiometric compositions as well. Ad-
ditionally, it is possible that the lyonsite structure was not
formed because of the off-cation stoichiometric composi-
tional range for the lyonsite-type vanadates. That is, there
are potentially numerous lyonsite-type vanadates that
simply have not been discovered owing to the off-stoichio-
metric cation ratios caused by the aforementioned cation va-
cancies. For example, while attempts to form a-Cu3Fe4-
ACHTUNGTRENNUNG(VO4)6 resulted in b-Cu3Fe4 ACHTUNGTRENNUNG(VO4)6,


[41] the off-stoichiometric
phase, Cu4Fe3.333ACHTUNGTRENNUNG(VO4)6, adopts the lyonsite-type structure.[39]


Both compositions lie on the Cu3+1.5xFe4�x ACHTUNGTRENNUNG(VO4)6 phase line,
suggesting some off-stoichiometric range of existence for
the lyonsite-type compounds and a transition between the
two structures somewhere along the tie line. It was found
that the lyonsite-type phase exists for the compositional
range 0.667�x�0.778 for Cu3+1.5xFe4�xACHTUNGTRENNUNG(VO4)6. Similarly,
Co3Fe4ACHTUNGTRENNUNG(VO4)6 has been described as having the b-Cu3Fe4-
ACHTUNGTRENNUNG(VO4)6 structure type by comparing powder diffraction pat-
terns.[44] However, Co4Fe3.33ACHTUNGTRENNUNG(VO4)6 has the lyonsite structure
type,[37] and again, both compositions lie on the
Co3+1.5xFe4�xACHTUNGTRENNUNG(VO4)6 phase line. It is certainly possible that
further investigations of other A3+1.5xB4-xACHTUNGTRENNUNG(VO4)6 composi-
tional ranges will yield similar results.


As suggested above, the Fe7ACHTUNGTRENNUNG(PO4)6 structure type repre-
sents another large class of materials,[45] and could itself be
the focus of new solid-state chemistry. For a short explana-
tion of how various elemental compositions and structures
are related within the Fe7ACHTUNGTRENNUNG(PO4)6 structure type, the reader is
referred to reference [41]. Perhaps one reason why the Fe7-
ACHTUNGTRENNUNG(PO4)6 structure is preferred at ambient pressure is because
cation vacancies are necessary to form lyonsite-type vana-
dates with a stoichiometric A3B4ACHTUNGTRENNUNG(VO4)6 formula, but are not
necessary when the Fe7 ACHTUNGTRENNUNG(PO4)6 structural framework is used.
The special role of cation vacancies will be discussed in the
next section. Similar to the vanadates, it is likely that many
phosphates and arsenates will form the lyonsite structure
with some combination of pressure and off-stoichiometric
cation ratios.


Tungstates and vanadotungstates : There are two tungsten
lyonsite type analogues to date: Li2Mg2ACHTUNGTRENNUNG(WO4)3


[46,47] and
Mg2.5VWO8.


[48] Interestingly, in reporting Mg2.5VWO8, the
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authors reported unsuccessful attempts to substitute other
divalent cations for Mg2+ . Other stoichiometries within the
ternary Li2O–MOx–WO3 phase system such as LiM ACHTUNGTRENNUNG(WO4)2
(M=Fe, Ga, Sc, In)[49] and Li2MACHTUNGTRENNUNG(WO4)2 (M=Co, Ni, Cu)[50]


are known, but the Li2M2ACHTUNGTRENNUNG(WO4)3 stoichiometry is unknown
for any element other than magnesium. More research is
needed to understand the relative stability of the lyonsite
crystalline framework for tungsten versus molybdenum.


Crystallographic Relationships, Structural
Connectivity, and Cation Vacancies


It is rather amazing that seemingly unrelated materials such
as a-Cu3Fe4ACHTUNGTRENNUNG(VO4)6 and Li2Mg2ACHTUNGTRENNUNG(MoO4)3, with completely dif-
ferent stoichiometries, elemental compositions, and cation
charges are members of the same homeotypic family. The
two phases a-Cu3Fe4 ACHTUNGTRENNUNG(VO4)6 and Li2Mg2ACHTUNGTRENNUNG(MoO4)3 have been
chosen to illustrate the crystallographic relationship between
phases with such different compositions. This relationship is
summarized in Table 3. The lyonsite structure is orthorhom-


bic, space group Pnma, and the general formula can be writ-
ten as A16B12O48. There are three unique A sites (two octa-
hedra and one trigonal prism), two unique B sites (two tet-
rahedra), and seven unique oxygen sites (see Table 3). The
tetrahedral (B) positions are fully occupied by either V5+ or
Mo6+ in a-Cu3Fe4ACHTUNGTRENNUNG(VO4)6 or Li2Mg2ACHTUNGTRENNUNG(MoO4)3, respectively, on
positions with site multiplicities of four and eight, for a total
of twelve tetrahedral positions in the unit cell.


Generally, the A site is composed of two different cations
of different oxidation state; here Cu2+/Fe3+ and Li+/Mg2+ .
The three AO6 positions have site multiplicities of 8d, 4c,
and 4c, for a total of 16 A sites in the unit cell, hence the
general formula A16B12O48. In a-Cu3Fe4 ACHTUNGTRENNUNG(VO4)6, Cu2+ ions
occupy both of the 4c positions, while Fe3+ occupies the 8d
position. This fully occupied model cannot be charge bal-
anced, and thus, cation vacancies are present in the mineral.
Specifically, half of the Cu(1) sites are vacant. Therefore,
the formula for a-Cu3Fe4ACHTUNGTRENNUNG(VO4)6 could be written as
“&Cu3Fe4ACHTUNGTRENNUNG(VO4)6” or “&2Cu6Fe8V12O48”, in which & repre-


sents the cation vacancy. Similarly, in Li2Mg2 ACHTUNGTRENNUNG(MoO4)3, Li
+


and Mg2+ are distributed statistically amongst the three
AO6 positions. In this case, the charge can be balanced with
an even distribution of lithium and magnesium amongst the
sixteen different A sites, and therefore, no cation vacancies
are necessary, thus the formula Li2Mg2Mo3O12 can be rewrit-
ten as Li8Mg8Mo12O48. When &2Cu6Fe8V12O48 and
Li8Mg8Mo12O48 are written with the same oxygen stoichiom-
etry and cation vacancies are considered, it is possible to re-
alize and fully understand the relationship between the two
phases that upon first glance, appear quite different.


The lyonsite structure is remarkably adaptable, in part,
because of the ability to incorporate varying amounts of
cation vacancies. The percent of A site cation vacancies for
various stoichiometries are listed in Table 2. To understand
the typical positioning of the cation vacancies, a more de-
tailed structural investigation is helpful. The structure is
formed from isolated tetrahedra linked by octahedra and
trigonal prisms that form zigzag sheets and columns, respec-
tively (see Figure 1). These sheets and columns share cor-
ners and form hexagonal tunnels. The connectivity of the
AO6 polyhedra that form the hexagonal tunnels is depicted
in Figure 2. The isolated tetrahedra are joined to the inner
wall of the hexagonal tunnels, and infinite chains of face-
shared octahedra (see Figure 3) pass through the center of
the tunnels. The cation vacancies are localized on these in-
finite chains of face-shared octahedra, thereby minimizing
the coulombic repulsions associated with the close partition-
ing of cations within the infinite chain. The face-shared cat-


Table 3. a-Cu3Fe4ACHTUNGTRENNUNG(VO4)6 and Li2Mg2 ACHTUNGTRENNUNG(MoO4)3 comparison.


a-Cu3Fe4 ACHTUNGTRENNUNG(VO4)6 Multiplicity Li2Mg2 ACHTUNGTRENNUNG(MoO4)3


Fe1 8d Li/Mg1[b]


Cu1[a] 4c Li/Mg2[c]


Cu2 4c Li/Mg3[d]


V1 4c Mo1
V2 8d Mo2
O2 8d O1
O6 4c O2
O4 8d O3
O3 4c O4
O1 8d O5
O5 8d O6
O7 8d O7


[a] Half occupied. [b] 0.659 Mg/0.341 Li. [c] 0.471 Mg/0.529 Li.
[d] 0.210 Mg/0.790 Li.


Figure 2. Top: The hexagonal tunnel formed by AO6 polyhedra. Bottom:
The connectivity of the AO6 polyhedra that form the hexagonal tunnel.


www.chemeurj.org � 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 5944 – 59535948


K. R. Poeppelmeier et al.



www.chemeurj.org





ACHTUNGTRENNUNGions are very close together (~2.5 I), and the crystallo-
graphic a axis is twice the length of this Mn+�Mn+ distance.


Variable compositions and solid solutions are possible be-
cause the crystalline framework can tolerate an appreciable
level of cation vacancies. All of the lyonsite-type vanadates
contain vacancies, giving variable stoichiometries such as
Co3+1.5xFe4�xACHTUNGTRENNUNG(VO4)6 and Cu3+1.5xFe4�xACHTUNGTRENNUNG(VO4)6. Although the
Li2M2ACHTUNGTRENNUNG(MoO4)3 and Li3MACHTUNGTRENNUNG(MoO4)3 compounds do not contain
cation vacancies, it has been demonstrated that vacancies
can be introduced with solid solutions such as Li2�2xMg2+x-
ACHTUNGTRENNUNG(MoO4)3 (0�x�0.3),[19] Na2�2xCo2+x ACHTUNGTRENNUNG(MoO4)3,


[14] and
Na2�2xZn2+xACHTUNGTRENNUNG(MoO4)3.


[14]


In addition to vanadates and molybdates, variable compo-
sitions are also observed in the mixed vanadomolybdates
and vanadotungstates. A considerable solid solution was
found to exist in the subsolidus phase equilibria of the
MgO-V2O5-MoO3 system as Mg2.5+xV1+2xMo1�2xO8 (�0.05�
x�0.05),[32] and the exact crystal compositions of
Mg2.5VMoO8 (Mg2.54V1.08Mo0.92O8),


[32] Mn2.5VMoO8


(Mn2.47V0.94Mo1.06O8),
[34] Zn2.5VMoO8 (Zn3.77V1.54Mo1.46O8),


[35]


and Mg2.5VWO8 (Mg2.56V1.12W0.88O8) were found to be off-
stoichiometric. It is likely then, that the concentration of
cation vacancies can be systematically varied in each of
these single-phase materials by using the general equation
M2.5+xV1+2xACHTUNGTRENNUNG(Mo,W)1�2xO8. These are, however, limited
ranges of solubility. For example, Mg2.5VMoO8, with Z=6,
can be written as Mg15V6Mo6O48. The twelve tetrahedral po-
sitions are fully occupied (6V and 6Mo), and 15 of the
16Mg positions are occupied. Therefore, the formula can be
written as &Mg15V6Mo6O48 or &0.1667Mg2.5VMoO8. Accord-
ing to the formula Mg2.5+xV1+2xMo1�2xO8, a fully occupied
model would have the stoichiometry “Mg2.667V1.333Mo0.667O8”.
Interestingly, at the conditions reported for the synthesis,
the solid solution was found to exist for the range �0.05�
x�0.05, indicating that in some structures, the vacancies are
well tolerated by the crystal framework.


In contrast to Mg2.5VMoO8, in which the vacancies cannot
be completely removed, vacancies can be systematically re-
moved in the solid solution &1/4�x/6Li4x/3Mg15/4�7x/6V3/2�xMo3/


2+xO12 (0�x�1.5), in which Mo6+ and V5+ can be substitut-
ed for each other with charge neutrality maintained by vary-
ing the vacancy/lithium/magnesium ratio.[51] Remarkably, a
complete solid solution exists between the two end-member
phases of the solid solution Mg2.5VMoO8 and Li2Mg2-
ACHTUNGTRENNUNG(MoO4)3, for which every stoichiometry along the tie line
maintains a composition in which one lyonsite type phase is
observed. This is one of the best examples illustrating the di-
versity and adaptive nature of this structure. Similar solid
solutions almost certainly will be formed for other systems
such as M2.5VMoO8–Li2M2ACHTUNGTRENNUNG(MoO4)3 (M=Mn, Co, Zn).


Removing an A cation perturbs not only the cation distri-
bution, but also the oxygen framework. In fully occupied
lyonsite type structures, each oxygen atom is three-coordi-
nate, bonded twice to an AO6-centered cation and once to a
BO4-centered cation. A vacancy on the face-shared octahe-
dral position decreases the coordination of the oxygen
atoms surrounding the vacancy to two, bonded once to an
AO6-centered cation and once to a BO4-centered cation.
The under coordinated oxygen atoms can satisfy bond va-
lence by displacing toward the higher oxidation state transi-
tion-metal cation. For example, in Mg2.5VMoO8, in which
the infinite chains of face-shared octahedra are occupied by
Mg2+ ions, the crystallographic bond lengths of Mo�O
bonds surrounding the vacancies are significantly shorter
than the other tetrahedral bond lengths.[32] In fact, Raman
spectroscopy revealed that higher order bond interactions
are likely formed.


It would be valuable, then, to synthesize structures with
higher oxidation state metal cations occupying the infinite
chains of face-shared octahedra to provide a structural com-
parison. The higher oxidation state cation should provide a
stronger binding interaction between itself and the under co-
ordinated oxygen. In addition, high-oxidation-state cations
in this position further promote the concept of lyonsite as
an adaptable framework structure. The new lyonsite type
oxides Li2.82Hf0.795Mo3O12 and Li3.35Ta0.53Mo3O12 have been
prepared and their structures determined, demonstrating
that the A site can accommodate metal cations over the
range of oxidation states +1 to +5.


Li2O–MOx–MoO3 (M=Hf, Ta, Nb) Phase
Relations


As mentioned, the overall lyonsite-type molybdate formula
can be written as A4Mo3O12, in which A is a combination of
+1, +2, and +3 metal ions. If an ion of oxidation state
higher than +3 is used for the A site, then electrical neutral-
ity must be maintained by either cation vacancies or off-stoi-
chiometry. Therefore, a lyonsite-type single phase in the
Li2O–HfO2–MoO3 system should be possible, described by
&1�3xLi2+4xHf1�xMo3O12. A mixture of Li2MoO4, HfO2, and
MoO3 corresponding to a nominal stoichiometry of
“&Li2HfMo3O12” (x=0, maximum vacancies) heated at
500 8C for 24 h produced the desired lyonsite-type phase
with an excess of HfO2. Conversely, a mixture of Li2MoO4,
HfO2, and MoO3 corresponding to a stoichiometry of
“Li3.33Hf0.67Mo3O12” (x=1/3, no vacancies) heated at 500 8C
for 24 h resulted in the desired lyonsite type phase with an
excess of Li2MoO4. The solid solution at 500 8C does not
extend to the end members, but exists within a limited
range. The range, as judged from powder X-ray diffraction,
is 0.19�x�0.22. Although it has been suggested that both
the compositions “Li2Hf ACHTUNGTRENNUNG(MoO4)3” and “Li3.33Hf0.67Mo3O12”
(Li10Hf2ACHTUNGTRENNUNG(MoO4)9) are single phases from powder diffraction
(see Table 2), this seems unlikely although results can
depend on the synthesis conditions.


Figure 3. The infinite chain of face shared AO6 octahedra.
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To date, no pentavalent cation has been observed on the
A site in lyonsite structures. However, similar to the Li2O–
HfO2–MoO3 system, single-phase compositions potentially
exist on the phase line described by the solid solution
&2�4xLi1+5xTa1�xMo3O12. A nominal stoichiometry of
“Li3.5Ta0.5Mo3O12” (x=0.5, no vacancies) was heated at
550 8C, producing a mixture of the desired lyonsite phase
with Li2MoO4 in excess. A nominal stoichiometry of
“&2LiTaMo3O12” (x=0, maximum vacancies) heated at
550 8C gave a mixture of LiTaMoO6 and MoO3. Again simi-
lar to the Li2O-HfO2-MoO3 system, the solid solution does
not extend to the end members. The solid solution range at
550 8C for the formula &2�4xLi1+5xTa1�xMo3O12 is 0.40�x�
0.47 as determined from powder X-ray diffraction.


Although crystals suitable for single-crystal X-ray diffrac-
tion have not been obtained as yet, it is clear from powder
diffraction that a lyonsite-type phase exists in the Li2O–
Nb2O5–MoO3 system. Similar to the Li2O-Ta2O5-MoO3


system, the solid solution range at 550 8C for the formula
&2�4xLi1+5xNb1�xMo3O12 is 0.40�x�0.47 as determined
from powder X-ray diffraction.


Description of Li2.82Hf0.795Mo3O12 and
Li3.35Ta0.53Mo3O12 Structures


The crystal structure of Li2.82Hf0.795Mo3O12 is identical to
other lyonsite-type compounds and consists of two crystallo-
graphically non-equivalent mixed Li/Hf octahedral sites and
one LiO6 trigonal prismatic position surrounded by two
crystallographically non-equivalent isolated MoO4 tetrahe-
dra (see Figure 4). Chains of both edge-sharing LiO6 trigo-
nal prisms and edge-sharing MO6 octahedra are linked by
isolated MoO4 tetrahedra and form pseudohexagonal tun-
nels along the a axis (see Figure 2). Infinite columns of face
sharing M(2)O6 octahedra pass through the center of the
tunnels (see Figure 3), with 38.5% of the positions vacant
owing to the coulombic repulsions associated with the close
partitioning of face-shared cations.


All oxygen atoms are three-coordinate (discounting
cation vacancies), and each are bound to one molybdenum


and two hafnium and/or lithium atoms. M(1)O6 is joined to
Li(3)O6 by sharing corners. Both Mo(1)O4 and Mo(2)O4 tet-
rahedra are connected to the M(1)O6 octahedra by sharing
corners, while LiO6 prisms share corners with only the
Mo(2)O4 tetrahedra.


The structure of Li3.35Ta0.53Mo3O12 is shown in Figure 5.
The connectivity is identical to that of Li2.82Hf0.795Mo3O12


and other lyonsite-type materials. However, a loss of sym-
metry that reduces the space group from Pnma to Pmn21
can be attributed to the placement of Ta(1) and Li(9) on dis-
tinct positions in the infinite chains of face-shared octahedra
down the center of the hexagonal tunnels. This cation order,
coupled with the cation vacancies on the Li(9) position,
probably occurs to minimize the coulombic repulsions that
would be associated with placing pentavalent cations in such
close proximity (2.5 I). Additionally, the Ta(1)/Li(9) order
reduces a mirror plane seen in Li2.82Hf0.795Mo3O12 to a 21
screw axis in Li3.35Ta0.53Mo3O12 (see Figure 6), and doubles
the b axis of Li2.82Hf0.795Mo3O12 (10.6517 I) in


Figure 4. Structure of Li2.82Hf0.795 ACHTUNGTRENNUNG(MoO4)3.


Figure 5. Structure of Li3.35Ta0.53ACHTUNGTRENNUNG(MoO4)3.


Figure 6. The infinite chains of face-shared octahedra in Li3.35Ta0.53-
ACHTUNGTRENNUNG(MoO4)3.
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Li3.35Ta0.53Mo3O12 (21.1089 I, becoming the a axis in
Li3.35Ta0.53Mo3O12 after the space group is set in standard
form). The a and c axes remain unchanged. This is further il-
lustrated in Figure 6.


A similar symmetry reduction (Pnma!Pmn21) pattern
and doubling of one lattice constant have been observed
previously for Li2ZrACHTUNGTRENNUNG(MoO4)3. One might expect similarly
charged Hf4+ to behave like Zr4+ and adopt the Pmn21
space group. However, Li2.82Hf0.795Mo3O12 retains the higher
symmetry space group. Because Li2.82Hf0.795Mo3O12 is in the
higher symmetry space group, there is no crystallographic
ordering of the face-shared cations and vacancies. However,
the site occupancy suggests that Hf4+ is most likely alternat-
ing predominately with vacancies. It appears that the higher
oxidation state cations show a tendency to systematically
order themselves down the hexagonal tunnels on the face-
shared positions. The order places either Li+ or cation va-
cancies on both sides of the high-oxidation-state cations,
which serves to reduce the repulsions that would be associ-
ated with close partitioning of face-shared cations of such
high oxidation states.


As expected, in both Li2.82Hf0.795Mo3O12 and
Li3.35Ta0.53Mo3O12, the longest crystallographic Mo�O bond
lengths always correspond to the Mo�O bonds that sur-
round the cation vacancies. This is in contrast to the short
average bond lengths that were described previously for the
Mo�O bonds surrounding the cation vacancies in
Mg2.5VMoO8. The bond lengths for Li2.82Hf0.795Mo3O12 and
Li3.35Ta0.53Mo3O12 are listed in Tables 4 and 5, respectively.
This may be expected because all of the vacant positions are
missing Li+ ions. Both the Hf4+ and Ta5+ site occupancy
along the infinite chains of face-shared octahedra is ~50%.
This corresponds to Hf4+ and Ta5+ ions bordered by either
& or Li+ , as previously discussed. Therefore, a Li+ vacancy
would leave a very high oxidation state metal cation sharing


the under coordinated oxygen with Mo6+ . The under coordi-
nated oxygen atom does not need to displace toward the
Mo6+ in order to maintain its bond valence, as is necessary
when Mg2+ shares the under coordinated oxygen with Mo6+.


The experimental details of synthesis and X-ray crystallo-
graphic characterization of Li2.82Hf0.795Mo3O12 and
Li3.35Ta0.53Mo3O12 are given in the Supporting Information.
Further details of the crystal structure investigations can be
obtained from the Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax: (+49)
7247-808-666; e-mail: crysdata@fiz-karlsruhe.de) on quoting
the depository numbers CSD-416278 (Li2.82Hf0.795Mo3O12)
and CSD-416279 (Li3.35Ta0.53ACHTUNGTRENNUNG(MoO4)3).


Structural Variations


Variations in structure within a particular structural family
are not unusual. For example, SrTiO3 is cubic while CaTiO3


Table 5. Selected bond lengths for Li3.35Ta0.53Mo3O12.


Mo(1)�O(4) 1.867(11) Mo(2)�O(3) 1.876(8) Mo(3)�O(1) 1.763(9) Mo(4)�O(2) 1.861(11)
Mo(1)�O(6) 1.743(9)P2 Mo(2)�O(7) 1.717(11) Mo(3)�O(9) 1.746(9) Mo(4)�O(5) 1.743(14)
Mo(1)�O(13) 1.730(13) Mo(2)�O(10) 1.755(8) Mo(3)�O(11) 1.723(10) Mo(4)�O(8) 1.756(9)P2


Mo(2)�O(12) 1.762(8) Mo(3)�O(14) 1.846(8)


Mo(5)�O(15) 1.873(8) Mo(6)�O(19) 1.867(8) Mo(7)�O(23) 1.772(12) Ta(1)�O(2) 1.992(13)
Mo(5)�O(16) 1.771(10) Mo(6)�O(20) 1.779(10) Mo(7)�O(24) 1.729(9) Ta(1)�O(3) 1.957(8)P2
Mo(5)�O(17) 1.727(10) Mo(6)�O(21) 1.715(10) Mo(7)�O(25) 1.740(9) Ta(1)�O(4) 1.936(12)
Mo(5)�O(18) 1.723(10) Mo(6)�O(22) 1.731(10) Mo(7)�O(26) 1.867(8) Ta(1)�O(14) 1.953(9)P2


Li(2)�O(1) 2.139(11) Li(3)�O(1) 2.101(19) Li(4)�O(6) 2.240(11) Li(5)�O(15) 2.042(10)
Li(2)�O(5) 2.091(11) Li(3)�O(8) 2.216(15) Li(4)�O(7) 2.064(12) Li(5)�O(15) 1.996(10)
Li(2)�O(8) 2.094(13) Li(3)�O(11) 2.122(16) Li(4)�O(12) 2.053(15) Li(5)�O(19) 1.990(10)
Li(2)�O(20) 2.083(12) Li(3)�O(21) 2.130(16) Li(4)�O(18) 2.121(13) Li(5)�O(19) 2.038(10)
Li(2)�O(21) 2.072(15) Li(3)�O(23) 2.116(16) Li(4)�O(23) 2.149(12) Li(5)�O(26) 2.027(11)
Li(2)�O(25) 2.232(12) Li(3)�O(25) 2.07(2) Li(4)�O(24) 2.109(15) Li(5)�O(26) 2.059(11)


Li(6)�O(16) 2.07(2)P2 Li(7)�O(6) 2.09(3) Li(8)�O(7) 2.17(3) Li(9)�O(2) 2.057(13)
Li(6)�O(17) 2.22(3)P2 Li(7)�O(12) 2.07(2) Li(8)�O(9) 2.34(3) Li(9)�O(3) 2.113(9)P2
Li(6)�O(22) 2.25(3)P2 Li(7)�O(13) 2.18(2) Li(8)�O(9) 2.15(4) Li(9)�O(4) 2.219(13)


Li(7)�O(16) 2.11(2) Li(8)�O(10) 2.07(4) Li(9)�O(14) 2.081(9)P2
Li(7)�O(18) 2.13(3) Li(8)�O(10) 2.18(3)
Li(7)�O(24) 2.22(2) Li(8)�O(11) 2.23(3)


Table 4. Selected bond lengths for Li2.82Hf0.795Mo3O12.


Mo(1)�O(5) 1.774(2) Hf/Li(1)�O(3) 2.0732(18)
Mo(1)�O(6)P2 1.7582(17) Hf/Li(1)�O(3) 2.1451(18)
Mo(1)�O(7) 1.795(2) Hf/Li(1)�O(4) 2.0942(17)


Hf/Li(1)�O(5) 2.1274(13)
Mo(2)�O(1) 1.7358(17) Hf/Li(1)�O(6) 2.1005(17)
Mo(2)�O(2) 1.8047(17) Hf/Li(1)�O(6) 2.2526(18)
Mo(2)�O(3) 1.7731(18)
Mo(2)�O(4) 1.7616(17) Hf/Li(2)�O(2)P2 2.0908(17)


Hf/Li(2)�O(2)P2 2.1103(17)
Hf/Li(2)�O(7) 2.137(2)
Hf/Li(2)�O(7) 2.145(2)


Li(3)�O(1)P2 2.174(5)
Li(3)�O(1)P2 2.261(5)
Li(3)�O(4)P2 2.133(5)
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is orthorhombic, but both exhibit the same connectivity
identical with the perovskite structure. Similar structural dis-
tortions and variations occur within the lyonsite crystalline
lattice. Although the majority of lyonsite-type oxides are in
the orthorhombic space group Pnma, several structures with
the lyonsite-type connectivity are known with lower symme-
try. The orthorhombic crystal class is generally preserved,
and subclasses of the Pnma space group are observed. For
example, Li2Zr ACHTUNGTRENNUNG(MoO4)3 and Li3.35Ta0.53 ACHTUNGTRENNUNG(MoO4)3 crystallize in
the space group P21mn (Pmn21), while Cu3.85Mo3O12 and
Zn3.77V1.54Mo1.46O8 crystallize in the space group P212121.


The origin of the symmetry reduction is understood for
Li2Zr ACHTUNGTRENNUNG(MoO4)3 and Li3.35Ta0.53 ACHTUNGTRENNUNG(MoO4)3. In Li2ZrACHTUNGTRENNUNG(MoO4)3, the
face-shared octahedral position is ordered with Zr4+ ions al-
ternating with cation vacancies, which results in the doubling
of one of the lattice constants and the loss of a mirror plane.
Likewise, Ta5+ ions alternate with Li+ ions in Li3.35Ta0.53-
ACHTUNGTRENNUNG(MoO4)3. In contrast, it is unclear why the distortion to the
P212121 space group occurs. It has been suggested that a dis-
tortion of the trigonal prismatic environment causes the loss
of symmetry, although the origin of this distortion is un-
known.[35]


Properties


Adaptable framework structures can have different proper-
ties because of the varying elemental compositions. To date,
the lyonsite structure type has been investigated for two
properties: ionic conduction and catalysis. High electrical
conductivity was first observed for Li2Cu2 ACHTUNGTRENNUNG(MoO4)3 in
1981,[52] and a significant effort has since been made to in-
vestigate the conductivity of many of the molybdates.[19,53–58]


The lyonsite structure fits the criteria for NASICON ion
conductors owing to the arrangement of the isolated
(MO4)


n� polyanion tetrahedra. A review of various families
of AxByACHTUNGTRENNUNG(MoO4)z molybdate families discusses the ionic con-
duction of lyonsite type molybdates.[10]


The surface of various mixed metal oxide vanadates and
molybdates with (VO4)


3� and (MoO4)
2� tetrahedral units


has been shown to be active for hydrocarbon oxida-
tions.[59–63] Containing both (VO4)


3� and (MoO4)
2� polyhe-


dral units, the mixed vanadomolybdate lyonsite-type phase
Mg2.5VMoO8 was demonstrated to be active for the oxida-
tive dehydrogenation of butane and propane.[33,63] These cat-
alytic properties are cited as motivation for the exploratory
synthesis of lyonsite-type compounds, but only Mg2.5VMoO8


has been tested. Recently Mg2.5VMoO8 and Zn2.5VMoO8


have been studied as photocatalysts.[64]


Conclusion


The lyonsite crystal framework constitutes a large family of
materials, spanning a wide range of elements, oxidation
states, and cation stoichiometries similar to other important
structure types such as perovskite, garnet, apatite, and


spinel. The use of cation vacancies and off-cation stoichiom-
etry by lyonsite-type oxides contributes to this remarkably
adaptive structure type. The crystal structures of the lyonsite
type molybdates Li2.82Hf0.795Mo3O12 and Li3.35Ta0.53Mo3O12


have been determined, and are consistent with other known
lyonsite-type phases.
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New Entries to Water-Compatible Lewis Acids


Shu Kobayashi* and Chikako Ogawa[a]


Introduction


Organic reactions in aqueous media are of current interest
due to the key roles played by water as a solvent for green
chemistry.[1] Indeed, water is a safe, harmless, and environ-
mentally benign solvent. In addition, from practical and syn-
thetic standpoints, a benefit of using water is immediately
evident as it is not necessary to dry solvents and substrates
for the reactions in aqueous media, and aqueous solutions
of substrates or hydrated substrates can be directly used
without further drying. Moreover, water has unique physical
and chemical properties, such as high dielectric constant and
high cohesive energy density relative to most organic sol-
vents. By utilizing these properties, highly efficient and se-
lective enzymatic reactions are conducted in living systems
under mild conditions. Notably, the medium of enzymatic
reactions is water, which plays major roles in the reactions.
If the unique nature of water could be utilized in vitro as it
is in vivo, it would be possible to develop interesting reac-
tions with unique reactivity and selectivity that cannot be at-
tained in organic solvents.
On the other hand, Lewis acid catalysis has attracted


much attention in organic synthesis.[2] Unique reactivity and
selectivity are often observed under mild conditions in
Lewis acid catalyzed reactions. Although various kinds of
Lewis acids have been developed and many have been ap-
plied in industry, these Lewis acids must be generally used
under strictly anhydrous conditions. The presence of even a
small amount of water stops the reactions, because most
Lewis acids immediately react with water rather than sub-
strates. In addition, recovery and reuse of conventional
Lewis acids are difficult, and these disadvantages have re-
stricted the use of Lewis acids in organic synthesis.


Water-Compatible Lewis Acids


While most Lewis acids decompose in water, it was found
that rare earth triflates (Sc ACHTUNGTRENNUNG(OTf)3, YbACHTUNGTRENNUNG(OTf)3, etc.) can be
used as Lewis acid catalysts in water or water-containing sol-
vents (water-compatible Lewis acids).[3] For example, the


Abstract: Lewis acid catalysis has attracted much atten-
tion in organic synthesis as it often affords access to
unique reactivity and selectivity under mild conditions.
Although various kinds of Lewis acids have been devel-
oped and applied in industry, these Lewis acids must be
generally used under strictly anhydrous conditions, as
the presence of even a small amount of water interferes
with the reactions due to preferential reaction of the
Lewis acids with water rather than the substrates. In
contrast to this, rare earth and other metal complexes
have been found to be water-compatible. Furthermore,
Bi ACHTUNGTRENNUNG(OTf)3- and GaACHTUNGTRENNUNG(OTf)3-basic ligand complexes have
also been found to be stable in water, and have been
used as water-compatible Lewis acids. This application
is particularly significant, as Bi ACHTUNGTRENNUNG(OTf)3 and GaACHTUNGTRENNUNG(OTf)3
themselves are unstable in the presence of water, but
are stabilized by the basic ligands. This observation has
led to the development of a new approach to Lewis acid
catalysis in which Lewis acids that are generally unsta-
ble in the presence of water are rendered amenable to
aqueous systems when combined with basic ligands. In
particular, the use of chiral basic ligands leading to new
types of water-compatible chiral Lewis acids may
enable a wide range of asymmetric catalysis in aqueous
media.
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Mukaiyama aldol reaction of benzaldehyde with silyl enol
ether 1 was catalyzed by Yb ACHTUNGTRENNUNG(OTf)3 in water/THF (1:4) to
give the corresponding aldol adduct in high yield [Eq. (1)].[4]


Interestingly, when this reaction was carried out in dry THF
(without water), the yield of the aldol adduct was very low
(ca. 10%). Thus, this catalyst is not only compatible with
water, but is also activated by water, probably due to disso-
ciation of the counterions from the Lewis acidic metal. Fur-
thermore, in this example, the catalyst can be easily recov-
ered and reused.


Metal salts other than those derived from rare earth ele-
ments were also found to be water-compatible Lewis acids.
To find other Lewis acids that can be used in aqueous sol-
vents and to find criteria for water-compatible Lewis acids,
Group 1–15 metal chlorides, perchlorates, and triflates were
screened in the aldol reaction of benzaldehyde with silyl
enol ether 2 in water/THF (1:9) [Eq. (2)].[5] This screening
revealed that not only ScIII, YIII, and LnIII but also FeII, CuII,
ZnII, CdII, and PbII worked as Lewis acids in this medium to
afford the desired aldol adduct in high yields.


From these results, a correlation between the catalytic ac-
tivity of the metal cations and their hydrolysis constants


(Kh) and exchange rate constants for substitution of inner-
sphere water ligands (water exchange rate constants
(WERC)) was revealed.[6] Figure 1 shows these constants for
each metal cation; metals which exhibited good catalytic ac-
tivity in the screening (>50% yield) are surrounded by red
squares. These active metal compounds were found to have
pKh values in the range from about 4 (4.3 for ScIII) to 10
(10.08 for CdII) and WERC values greater than 3.2K
106m�1 s�1. Cations with large pKh values do not generally
undergo efficient hydrolysis. In cases in which the pKh


values are less than 4, cations are readily hydrolyzed to pro-
duce protons in sufficient number to cause rapid decomposi-
tion of the silyl enol ether. On the other hand, if the pKh


values higher than 10, the Lewis acidities of the cations con-
cerned are too low to catalyze the aldol reaction. Large
WERC values may be necessary to have sufficiently fast ex-
change between the water molecules coordinated to the
metal and the aldehyde substrate, and so to act as efficient
catalyst. “Borderline” species, such as MnII, AgI, and InIII,
the pKh and WERC values of which are close to the criteria
limits, gave the aldol adduct in moderate yields. Whereas
the precise activity of Lewis acids in aqueous media cannot
be quantitatively predicted by pKh and WERC values, the
use of this technique has led to the identification of promis-
ing metal compounds as water-compatible Lewis acid cata-
lysts,[7] and also provide mechanistic insights into Lewis acid
catalysis in aqueous media.


Lewis Acids Stabilized by Ligands in Water:
The Cases of BiIII and GaIII


Discovery of water-compatible Lewis acids has greatly ex-
panded the use of Lewis acids in organic synthesis in aque-
ous media. However, conventional Lewis acids such as AlIII,
TiIV, SnIV, and so forth still cannot be used in aqueous media
under standard conditions. This restriction has been partially
removed by recent work.


Figure 1. Hydrolysis (pKh=�logKh.
[7a,b] ; upper value) and exchange-rate constants (WERC; lower value)[7c] for the substitution of inner-sphere water li-


gands.
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Due to increasing demands for optically active com-
pounds, many catalytic asymmetric reactions have been in-
vestigated over the last ten years. However, asymmetric cat-
alysis in water or water/organic solvent systems is difficult
because many chiral catalysts are not stable in the presence
of water.[8] In particular, chiral Lewis acid catalysis in aque-
ous media is extremely difficult because most of them de-
compose rapidly in the presence of water.[9] To address this
issue, catalytic asymmetric reactions with water-compatible
Lewis acids with chiral ligands have been developed.[10]


During this work, we encountered the phenomenum that
Lewis acids that are decomposed in the presence of water
might be stabilized by combining with chiral basic ligands in
water.
Formaldehyde is one of the most important C1 electro-


philes in organic synthesis. Whereas hydroxymethylation of
enolate components with formaldehyde provides an efficient
method to introduce a C1 functional group at the a-position
of carbonyl groups, few successful examples of catalytic
asymmetric hydroxymethylation have been reported.[11,12]


Recently highly enantioselective, catalytic hydroxymeth-
ACHTUNGTRENNUNGylation reactions of silicon enolates with an aqueous formal-
dehyde solution have been developed by using a novel scan-
dium complex prepared from Sc ACHTUNGTRENNUNG(OTf)3 and chiral bipyridine
3.[13] Indeed, Lewis acid catalyzed hydroxymethylation of sil-
icon enolates[14] is promising, and the reactions are expected
to proceed regioselectively with excellent substrate generali-
ty and synthetic efficiency. As for the formaldehyde source,
use of a commercial aqueous solution of formaldehyde is
the most convenient, because it avoids tedious and harmful
procedures to generate formaldehyde monomer from form-
aldehyde oligomers such as paraformaldehyde and triox-
ane.[15] It should be noted that a novel chiral scandium com-
plex has realized highly enantioselective, catalytic hydroxy-
methylation of silicon enolates with a formaldehyde aqueous
solution.
As an extension of this work, other metal salts (10 mol%)


and chiral bipyridine 3[16] (12 mol%) in the reaction of sili-
con enolate 2 with an aqueous formaldehyde solution were
tested, and remarkably it was found that Bi ACHTUNGTRENNUNG(OTf)3


[17] gave
promising results. In addition to the big difference in the
ionic diameters between bismuth (2.34 O for eight-coordi-
nate) and scandium (1.74 O for eight-coordinate), this result
was unexpected, because Bi ACHTUNGTRENNUNG(OTf)3 is known to be hydro-
lyzed in the presence of water.[18] Only a trace amount of
the hydroxymethylated adduct was obtained when Bi ACHTUNGTRENNUNG(OTf)3
was used in the absence of the chiral bipyridine,[19] since it is
known that silicon enolates such as 2 are rapidly decom-
posed by TfOH, which was easily generated from Bi ACHTUNGTRENNUNG(OTf)3
in water. On the other hand, decomposition of silicon eno-
late 2 was slow and the desired hydroxymethylation pro-
ceeded in the presence of Bi ACHTUNGTRENNUNG(OTf)3 and 3. These results indi-
cate that Bi ACHTUNGTRENNUNG(OTf)3 was stabilized by chiral bipyridine 3 in
water. As a chiral bismuth catalyst, it was revealed that the
desired product was obtained in 94% yield with 91% ee by
using 1 mol% Bi ACHTUNGTRENNUNG(OTf)3 and 3 mol% 3 in the coexistence of
5 mol% of 2,2’-bipyridine. Several other substrates were ap-


plicable to this catalyst system (Table 1).[20] The hydroxy-
ACHTUNGTRENNUNGmethylation proceeded smoothly by using an aqueous form-
aldehyde solution to afford the desired adducts in high
yields with high enantioselectivities. It is worth noting that
asymmetric quaternary carbon atoms were constructed with
high selectivities.


From several experiments, it was revealed that the active
catalyst was formed from an equimolar mixture of Bi ACHTUNGTRENNUNG(OTf)3
and 3. X-ray crystal structure of the BiBr3--3 complex is
shown in Figure 2. The complex adopts a pentagonal bipyra-
midal structure in which the tetradentate ligand occupies
four of the equatorial sites. The structure of the BiIIIBr3
complex of 3 is closely related to that of the corresponding
ScIIIBr3 complex.


[21] NMR analysis of formation of Bi-
ACHTUNGTRENNUNG(OTf)3–3 complexes with different ratios of Bi ACHTUNGTRENNUNG(OTf)3 and 3
was conducted (Figure 3). When Bi ACHTUNGTRENNUNG(OTf)3 and 3 were com-
bined in the ratio of 1:0.5, the signal at d=5.49 ppm was
dominant. Increasing the ligand/BiACHTUNGTRENNUNG(OTf)3 ratio resulted in
the appearance of another signal at d=4.72 ppm and the


Table 1. Bi-catalyzed hydroxymethylation.


Entry Enolate Time [h] Yield[a] [%] ee[b] [%]


1
2


21
70


93
79


91
92


3
4


30
34


80
87


88
89


5 22 59 92


6 9 89 88


7
8


22
22


81
68


95
93


9 20 66 77


10 48 79 92


11 20 82 79


[a] Isolated yield. [b] Determined by chiral HPLC analysis.
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concomitant decrease in intensity of the peak at d=


5.49 ppm until, at a ligand/Bi ACHTUNGTRENNUNG(OTf)3 ratio of 3:1, it disap-
peared completely. These results indicate that two equiva-
lents of Bi ACHTUNGTRENNUNG(OTf)3 and one equivalent of 1 formed complex
4, and that complex 5, consisting of one equivalent of Bi-
ACHTUNGTRENNUNG(OTf)3 and one equivalent of 3, was generated when an
excess amount of 3 was added (Scheme 1). The stability of
complex 5 even in the presence of 2,2’-bipyridine was con-


firmed by the following experiments. When BiACHTUNGTRENNUNG(OTf)3
(1 mol%) and 3 (3 mol%) were combined in DME at room
temperature for 30 min and then 2,2’-bipyridine was added
at 0 8C, the hydroxymethylation of 2 proceeded at 0 8C in
21 h to afford the desired adduct in 93% yield with 91% ee.
On the other hand, the yield and the enantioselectivity de-
creased (73% yield, 85% ee) when Bi ACHTUNGTRENNUNG(OTf)3 and 2,2’-bipyri-
dine were combined at room temperature for 30 min and
then 3 was added and the mixture was stirred at room tem-
perature for 30 min. However, when the mixture was stirred
at room temperature for 1 h, the enantioselectivity was im-
proved (81% yield, 91% ee). It is noted that complex 5 is
stable even in the presence of 2,2’-bipyridine, and that 5 is
readily formed from Bi ACHTUNGTRENNUNG(OTf)3--2,2’-bipyridine complex and
3.[22]


Similar ligand stabilization was recently observed in galli-
um-catalyzed asymmetric aldol reactions[23] of silicon eno-
lates with aldehydes in aqueous media.[24] In the presence of
a chiral Ga complex prepared from GaACHTUNGTRENNUNG(OTf)3 and chiral
ligand 6, silicon enolates reacted with aldehydes in water–
ethanol to afford the desired aldol adducts in moderate to
high yields and diastereoselectivities (Table 2). In general,
combinations of silicon enolates derived from aromatic ke-
tones and aromatic aldehydes gave high diastereo- and
enantioselectivities, while use of either silicon enolates de-
rived from aliphatic ketones or aliphatic aldehydes resulted
in lower yields and selectivities. Interestingly, silyl ketene
acetal 7 reacted with aromatic aldehydes to give the corre-
sponding aldol adducts in good yields with high stereoselec-
tivities.
It has been noted that Ga ACHTUNGTRENNUNG(OTf)3 is known to decompose


rapidly in the presence of water to generate protons.
Indeed, when Ga ACHTUNGTRENNUNG(OTf)3 was used alone without the chiral
ligand, no aldol adduct was obtained due to rapid decompo-
sition of the silicon enolate. The hydrolyzed product, propio-
phenone, was obtained in 95% yield. On the other hand,
when a chiral Ga complex prepared from GaACHTUNGTRENNUNG(OTf)3 and
chiral ligand 6 was employed, the desired aldol adduct was
obtained in high yield with high diastereo- and enantioselec-
tivities in aqueous media. This result indicates that ligand 6
stabilized Ga ACHTUNGTRENNUNG(OTf)3 in the presence of water to prevent de-
composition of GaACHTUNGTRENNUNG(OTf)3.
The structure of a chiral Ga complex was proved by UV/


Vis titration and electrospray mass spectrometer analysis.
These analyses indicate the formation of a 1:1 complex (Ga-
ACHTUNGTRENNUNG(OTf)3 and 6). They also suggested that an O�Ga bond was
formed with removal of TfOH by the reaction of the phe-


nolic OH of 6 with GaACHTUNGTRENNUNG(OTf)3,
and that a dynamic equilibrium
between the active catalyst
complex, Ga ACHTUNGTRENNUNG(OTf)3 and the
ligand (6) in aqueous media.
Further investigations aimed at
determining unequivocally the
structure of the complex are
now in progress.


Figure 2. Ortep drawing of the X-ray crystal structure of
[BiBr3.1]·2H2O·DME. DME is omitted for clarity.


Figure 3. 1H NMR analysis of the Bi catalyst structure.


Scheme 1. Formation of chiral Bi3+ catalysts.
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Perspective


For a long time, Lewis acids were believed to hydrolyze rap-
idly in the presence of water. Contrary to this, we found
that rare earth and other metal complexes were water-com-
patible. Furthermore, Bi ACHTUNGTRENNUNG(OTf)3–3 and GaACHTUNGTRENNUNG(OTf)3–6 com-
plexes have been added as water-compatible Lewis acids. Bi-
ACHTUNGTRENNUNG(OTf)3 and GaACHTUNGTRENNUNG(OTf)3 are unstable in the presence of water,
but are stabilized by the basic ligand. Whereas it is known
that some ligands stabilize metal complexes, this is the first
example to be demonstrated that basic ligands stabilize
Lewis acids in water. There are many strong Lewis acids
that are unstable in water, and as a result they have not
been used in aqueous media. However, these Lewis acids
may be available in water when combined with basic li-
gands. In particular, the use of chiral basic ligands leading to
new types of water-compatible chiral Lewis acids may
enable a wide range of asymmetric catalysis in aqueous
media and open the door to new applications of Lewis acid
in synthesis.
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A Hyaluronidase Supercatalyst for the Enzymatic Polymerization to
Synthesize Glycosaminoglycans
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Introduction


Polysaccharides are one of the naturally occurring three
major biomacromolecules, together with proteins and nucle-
ic acids, that exist in many cases as glycoconjugates, such as
glycoproteins and glycolipids, in living cells. Over the last
decades it has been disclosed that carbohydrates play critical
roles in a number of biological events;[1] for example, regu-
lation of signaling, differentiation and proliferation of cells,
and immune responses.[2–4] In particular, glycosaminoglycans
(GAGs), one of the classes among natural polysaccharides,
participate in all of these events. These important carbohy-
drate polymers are synthesized in vivo by a variety of glyco-
syltransferases,[5,6] followed in some cases by modification


with accessory enzymes such as sulfotransferases and epi-
merases.[6,7] Thus, polysaccharide chains with complicated
structures are not encoded directly in the genome in con-
trast to proteins. Therefore, synthesis of polysaccharides is
an important and challenging problem in the postgenome
era. There are a number of reports describing synthetic
methodologies utilizing chemical[8] and biochemical ap-
proaches;[9] however, in many cases such methods require
difficult manipulations.


Enzymatic polymerization that utilizes hydrolases as the
catalyst is an effective method for synthesis of various natu-
ral and unnatural polymers, in particular polysaccharides,
through a nonbiosynthetic pathway.[10–15] This method ena-
bles a single-step production of a polysaccharide through
polymerization of a simple sugar monomer activated at the
anomeric carbon. For example, cellulose was synthesized by
means of polymerization of b-cellobiosyl fluoride catalyzed
by cellulase,[16–19] xylan by xylanase with b-xylobiosyl fluo-
ride,[20] and chitin by chitinase with N,N’-diacetylchitobiose
oxazoline.[21–23] Thus, each polysaccharide was prepared by a
combination of a single enzyme and a single monomer. This
situation was explained by the “key and lock” theory pro-
posed by Emil Fischer in 1894, that is, only the correctly
shaped key (a substrate monomer) fits into the key hole
(active site) of the lock (an enzyme), leading to a catalysis
of a single reaction.[10–14] Recently, we have achieved the
production of hyaluronan,[24] chondroitin,[25] chondroitin sul-
fate,[26] and their derivatives[25,27] by utilizing the catalysis of
a single enzyme, that is, hyaluronidase (EC 3.2.1.35).[28] The
single-enzyme catalysis enabled the production of various
polysaccharides for the first time. These polysaccharides
belong to the family of GAGs exhibiting important func-
tions in living cells. In the present paper we discuss the syn-
thesis of such GAGs and their derivatives by means of enzy-
matic polymerization. A hyaluronidase shows a wide spec-
trum of catalysis for enzymatic polymerization of a variety
of substrate monomers with perfect control of the stereo-
chemistry and regioselectivity; this control is not usual in
view of enzymatic catalysis specificity. Thus, hyaluronidase
is a supercatalyst for enzymatic polymerization.


Abstract: Hyaluronidase (HAase) catalyzes multiple en-
zymatic polymerizations with controlling regio- and ster-
eoselectivity perfectly. This behavior, that is, the single
enzyme being effective for multireactions and retaining
the enzyme catalytic specificity, is not usual, and hence,
HAase is a supercatalyst. Various sugar oxazoline mono-
mers prepared based on the concept “transition-state
analogue substrate” were successfully polymerized and
copolymerized with HAase catalysis, yielding natural
and unnatural glycosaminoglycans.


Keywords: enzyme catalysis · glycosaminoglycans ·
hyaluronidase · polymerization
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Discussion


Glycosaminoglycans : GAGs are one of the naturally occur-
ring linear heteropolysaccharides, consisting of an alternat-
ing structure of a hexosamine (d-glucosamine and d-galac-
tosamine) and an uronic acid (d-glucuronic acid and l-idur-
onic acid). The “glycosaminoglycans” is a general term for
the polysaccharides that include important biomacromole-
cules such as hyaluronan (hyaluronic acid, HA), heparin/
heparan sulfate, chondroitin (Ch), chondroitin sulfate (ChS),
dermatan sulfate and keratan sulfate.[29] (Figure 1)


These polysaccharides exist widely in the living body as
components of the extracellular matrices (ECMs)[3] and on
the cell surface.[30] In particular, HA, Ch, and ChS are pres-
ent in higher concentration in the dermis and cartilage, in
which large molecular complexes are formed by interaction
of these molecules. GAGs directly associate with cellular
differentiation and proliferation through signaling interac-
tions with growth factors and morphogens, leading to tissue
morphogenesis and wound healing.[3,4,31–34]


GAGs show a variety of structural diversity causing dis-
crete structural forms within a molecule generated by com-
plex patterns of deacetylation, sulfation, and epimerization.
These are normally found in many tissues and influenced by
some diseases and aging.[35,36] HA and Ch containing a glu-
cosamine and a galactosamine, respectively, as a hexosamine
constituent are the most well-known glucos- and galactos-
aminoglycan, respectively.[29]


The multifunctional HA[37] is biologically synthesized in
the plasma membrane through alternating addition of N-
acetyl-d-glucosamine (GlcNAc) and d-glucuronic acid


(GlcA) catalyzed by hyaluronan synthase (EC 2.4.1.–) with
two types of sugar nucleotides as substrates, uridine 5’-di-
phospho (UDP)-GlcNAc and UDP-GlcA.[38]


Ch exists as a carbohydrate part of proteoglycans in C. el-
egans[39] or in mammalians as a precursor of ChS, mainly ex-
isting in cartilage, cornea, and brain matrices.[40] A number
of reports have been published that describe the biological
functions of Ch and ChS;[41–43] in particular it is essential for
the development of the central nervous system, which is
closely associated with the sulfation patterns.[44] Biosynthesis
of Ch is performed in the Golgi apparatus by the catalysis
of chondroitin synthase (EC 2.4.1.–) and other glycosyltrans-
ferases with UDP-N-acetyl-d-galactosamine (UDP-GalNAc)
and UDP-GlcA as substrates,[34,45–48] followed by selective
sulfation by several kinds of specific sulfotransferases.[7,49]


Thus HA, Ch, and ChS play crucial roles in living sys-
tems; structurally well-defined samples are essential to elu-
cidate their molecular functions for vital activities in living
system. Their chemical or biochemical synthesis is challeng-
ing,[50] and a facile and efficient method to prepare these bi-
omacromolecules with complicated structures has been an
important unsolved problem.


Hyaluronidase : Hyaluronidase (HAase) is a hydrolase be-
longing to the glycoside hydrolase (GH) family 56,[51] which
cleaves (1!4)-b-N-acetylhexosaminide linkages in HA, Ch,
and ChS. GH56 hyaluronidases in Homo sapiens are well in-
vestigated in a gene level, which are classified into six mem-
bers.[52] Three genes designated as HYAL1, HYAL2, and
HYAL3 are clustered on chromosome 3p21.3, and another
two genes, HYAL4 and PH20, and a pseudogene, HYALP1,
are on chromosome 7p31.3.[53] HAases of Hyal-1, Hyal-2,
Hyal-3, Hyal-4, and PH-20 are the gene products from
HYAL1, HYAL2, HYAL3, HYAL4, and PH20, respective-
ly; Hyal-1 and PH-20 have the ability to hydrolyze ChS as
well as HA, and Hyal-4 is a chondroitinase first identified in
vertebrate tissues without activity for HA hydrolysis. Each
enzyme has a high degree of amino acid identity to that
from other vertebrate, for example, mouse Hyal-3 has ap-
proximately 80% identity to that of human beings. Now,
commercially available HAases are from mammalian testes
and from bee venom that contain PH-20. Therefore, these
enzymes are the candidate catalysts for the synthesis of
GAGs by enzymatic polymerization.


Monomer design : PH-20 HAase hydrolyzes HA, Ch, and
ChS through substrate-assisted mechanism.[54] Based on the
concept of a “transition-state analogue substrate” (TSAS)
monomer[10–14] proposed first in the synthesis of chitin,[21] ox-
azoline monomers were designed for the synthesis of HA
and Ch by HAase-catalyzed polymerization (Figure 2A).


Other enzymes that hydrolyze HA and Ch are the endo-
b-glucuronidases, which cleave the (1!3)-b-glucuronide
linkages. The glycosyl fluorides of GlcNAcb ACHTUNGTRENNUNG(1!4)GlcA and
of GalNAcbACHTUNGTRENNUNG(1!4)GlcA are potential monomers for HA
and Ch synthesis, respectively, catalyzed by the glucuroni-
dases (Figure 2B). However, these enzymes are found only


Figure 1. Chemical structures of naturally occurring GAGs.
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in leeches and small marine crustaceans[55] for HA and in
rabbit liver[56] for Ch. Therefore, combination of the oxazo-
line monomers (1a and 2a) and HAase is feasible for the
production of HA (3a) and Ch (4a) by enzymatic polymeri-
zation (Scheme 1).


Mechanistic aspects : As a typical example Figure 3 illus-
trates the postulated reaction mechanism catalyzed by
HAase. Hydrolysis of HA occurs by the following steps as
shown in Figure 3A–C. Protonation of the oxygen atom in
the bACHTUNGTRENNUNG(1!4) glycosidic linkage occurs after the recognition
of the substrate HA by the enzyme as depicted in Figur-
e 3A. Subsequently, the carbonyl oxygen atom of GlcNAc at


the donor site attacks its own
anomeric carbon atom from the
a-side to assist in cleavage of
the glycosidic bond, which re-
sults in a high-energy oxazolini-
um ion species (Figure 3B).
Water molecule nucleophilically
attacks the oxazolinium anome-
ric carbon atom to open the ox-
azolinium ring, resulting in the
formation of the hydrolysis
products of a shortened HA
molecule, a GlcAb ACHTUNGTRENNUNG(1!
3)GlcNAc molecule and/or
shortened HA chains with
GlcA and GlcNAc end struc-
tures (Figure 3C).


In the polymerization, the ox-
azoline monomer is readily rec-
ognized by the enzyme and is
activated by protonation at the
donor site (Figure 3D), because
the protonated monomer struc-
ture is very close to that of the
oxazolinium transition state


(Figure 3B). Therefore, the monomer can be regarded as a
TSAS monomer in an activated form. This structure facili-
tates recognition and further activation by the enzyme, with
lowering the activation energy for the subsequent reactions.
The 4-hydroxy group of GlcA in another molecule of the
monomer, or in the non-reducing end of the growing chain
placed in the acceptor site, regioselectively adds to the
anomeric carbon atom of the oxazolinium ion from the b-
side with ring-opening to form a bACHTUNGTRENNUNG(1!4) glycosidic linkage
between GlcNAc and GlcA, as shown in Figure 3E. Repeti-
tion of this regio- and stereoselective glycosylation, that is,
the ring-opening polyaddition reaction, is catalyzed by the
enzyme, giving rise to synthetic HA; thus the monomer for-
mula is the same as that of the product HA.


HAase-catalyzed synthesis of hyaluronan : A TSAS mono-
mer (1a) which is a high energy form of GlcNAc was syn-
thesized by conventional chemical methods.[24] Under the
conditions with HAase, two kinds of the reactions of mono-
mer 1a can occur: 1) enzymatic polymerization of 1a to 3a
and 2) hydrolysis of 1a enzymatically and/or non-enzymati-
cally resulting in the oxazoline ring-opened disaccharide
(Scheme 2).


Figure 4 shows the reaction time-courses of 1a with
HAase from ovine testes (OTH; ~) and without enzyme (~)
at pH 7.5 and 30 8C. Monomer consumption was greatly ac-
celerated by the enzyme addition; 1a was completely con-
sumed within 20 h, providing synthetic HA (3a). In contrast,
1a remained in 70% without enzyme after 20 h.


Bovine testicular HAase (BTH) also catalyzed polymeri-
zation of 1a to 3a. However, the reaction with bee venom
HAase was not successful (Table 1), probably due to the rel-


Figure 2. Monomer design for the synthesis of HA and Ch via enzymatic polymerization. Allows show possible
bonds for enzymatic cleavage by HAases (black arrows) and endo-b-glucuronidases (white arrows).


Scheme 1. Enzymatic polymerization to synthetic HA and Ch catalyzed
by PH-20 HAase.
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atively lower amino acid sequence identity to mammalian
PH-20 HAase. Molecular weights (Mn) of 3a reached 17700,
which corresponds to 88 saccharide units.


HAase-catalyzed synthesis of chondroitin : The oxazoline
monomer of N-acetylchondrosine (2a)[25] is also a high-
energy TSAS monomer, therefore, it can also be polymer-
ized enzymatically in addition to being hydrolyzed enzymat-
ically and non-enzymatically through enzyme catalysis in
aqueous media (Scheme 3).


With the catalysis of H-OTH, monomer 2a disappeared
within 23 h at pH 7.5 and 30 8C (*) to produce synthetic Ch
(4a), whereas it remained in 40% without enzyme (*) after


23 h accompanying the corresponding hydrolysate
(Figure 5).


Polymerization of 2a was also catalyzed by BTH, provid-
ing polymer 4a in a lower yield (Table 2). Similar to the pol-
ymerization of 1a, bee venom HAase was not effective for
the polymerization. Notably, H-OTH produced 4a in a
higher yield and with a higher molecular weight (Mn=


4,600) within 2 h. This molecular weight value corresponds
to that of natural Ch.


Figure 3. Postulated reaction mechanism catalyzed by HAase.


Scheme 2. Possible reactions of monomer 1a with the enzyme.


Figure 4. Reaction-time courses of 1a with OTH (~) and without enzyme
(~). The reaction was carried out in a carbonate buffer at pH 7.5 and
30 8C.
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Synthesis of unnatural glycosaminoglycans : The enzyme
PH-20 produced synthetic HA (3a) and Ch (4a) from 1a
and 2a, respectively, both of which are natural-type GAGs.
These results motivated us to synthesize unnatural GAGs
with various N-acyl groups in their hexosamine units by pol-
ymerization of 2-substituted oxazoline derivatives as TSAS
monomers (Scheme 4).[25,27]


Monomers 1b–g and 2b–f bearing various substituents at
the 2-position were prepared for the production of unnatu-
ral HAs and Chs bearing the corresponding N-acyl groups.
Polymerization of monomers 1b–d proceeded successfully


with the catalysis of HAase to the corresponding N-acryloyl
(3b), N-propionyl (3c), and N-butylyl (3d) HA derivatives,
respectively (see Table 3). Furthermore, monomers 2b and
2c were also polymerized by the enzyme catalysis, providing
N-acryloyl (4b) and N-propionyl (4c) Ch derivatives, re-
spectively. These unnatural GAGs have perfectly substituted
N-acyl groups instead of N-acetyl groups found in natural
GAGs. Monomers 1e, 2d, and 2e were recognized and con-
sumed by the enzyme catalysis; however, the corresponding
polymers were difficult to obtain. Other oxazoline deriva-
tives of 1 f, 1g, and 2 f were not catalyzed by HAase, which
have bulkier substituents at the 2-position. It is to be noted
that N-acryloyl HA (3b) and Ch (4b) are functional poly-
mers, such as macromonomers and telechelic polymers, both
of which are difficult to obtain by other methods. Thus,
HAase-catalyzed polymerization of 2-substituted oxazoline
derivative monomers provided us not only the easy access


Table 1. Enzymatic polymerization of 1a.


Polymerization[a] Polymer (3a)
Enzyme[b] pH Enzyme


ACHTUNGTRENNUNG[wt%]
T
[8C]


t[c]


[h]
Yield[d]


[%]
Mn


[e] Mw
[e]


OTH 7.5 10 30 52 78 5500 13800
53[f] 13300 22000


BTH 7.5 10 30 60 53 7800 17600
34[f] 17700 25000


bee venom 7.5 10 30 72 0 – –


[a] In a carbonate buffer (50 mm); initial concentration of 1a, 0.1m.
[b] OTH (560 unitsmg�1 from ICN Biochemicals); BTH, (500 unitsmg�1


from SIGMA). [c] Indicating the time for complete consumption of 1a.
[d] Determined by HPLC containing products with molecular weight
higher than tetrasaccharides unless otherwise indicated. [e] Determined
by SEC calibrated with hyaluronan standards. [f] Isolated yields after pu-
rification.


Scheme 3. Two kinds of possible reactions of 2a during enzymatic reac-
tion.


Figure 5. Time dependence of the concentration of monomer 2a with (*)
and without (*) H-OTH. The reaction was carried out in a phosphate
buffer at pH 7.5 and 30 8C.


Table 2. Enzymatic polymerization of 2a.


Polymerization[a] Polymer (4a)
Enzyme[b] pH Enzyme


ACHTUNGTRENNUNG[wt%]
T
[8C]


t[c]


[h]
Yield[d]


[%]
Mn


[e] Mw
[e]


OTH 7.5 10 30 23 35 2500 3200
BTH 7.5 10 30 40 10 2800 3600
bee venom 7.5 10 30 40 trace – –
H-OTH 7.5 10 30 23 50 2100 2500
H-OTH 7.5 10 30 2[f] 19 4600 6800


[a] In a phosphate buffer: 50 mm. [b] OTH, (560 unitsmg�1 from ICN Bi-
ochemicals); BTH (330 unitsmg�1 from SIGMA); H-OTH
(2160 unitsmg�1 from ICN Biochemicals). [c] Indicating the time for dis-
appearance of 2a unless otherwise stated. [d] Determined by HPLC con-
taining products with molecular weight higher than tetrasaccharides.
[e] Determined by SEC calibrated with hyaluronan standards. [f] The re-
action was terminated at the indicated time.


Scheme 4. Enzymatic polymerization to unnatural GAGs catalyzed by
PH-20 HAase.
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to unnatural GAGs with various N-acyl groups, but also new
insights for substrate recognition by HAase.


Synthesis of chondroitin sulfate with uniform structure : Ch
is normally sulfated in vivo after and/or during the chain
elongation by the action of particular sulfotransferases. This
modification process modifies Ch to ChS to give a number
of biological functions. During this process, Ch produces
many ChS variants with substantial structural diversity and
this leads to difficulty in studying the various functions of
ChS at a molecular level. We synthesized a ChS polymer
with a uniform structure by means of HAase-catalyzed poly-
merization of a TSAS monomer.


Newly synthesized TSAS monomers of chondrosine bear-
ing sulfate groups at the C4 (5a), C6 (5b), and both C4 and
C6 (5c) atoms were subjected to enzymatic polymerization
catalyzed by PH-20 HAase (Scheme 5).[26]


Monomer 5a disappeared with the addition of H-OTH
within 1 h, whereas it remained in 97% without enzyme
(Figure 6A). Consumption of monomer 5b was accelerated
with the enzyme catalysis (Figure 6B). It was completely
consumed within 18 h; 5b was gradually decomposed with-


out enzyme and remained in 37% after 18 h. Monomer 5c
was slightly recognized and consumed by the enzyme; it dis-
appeared within 35 h (Figure 6C). Without enzyme, it re-
mained in 15% after 35 h.


Table 4 indicates the polymerization results of monomers
5a–c with HAase. H-OTH-catalyzed polymerization of 5a


Table 3. Enzymatic polymerization of 1b–f and 2b–f.


Polymerization[a] Polymer
Monomer Enzyme t[e] [h] Product Yield[g] [%] Mn


[h] Mw
[h]


1b OTH[b] 48 3b 50 5900 16800
1c OTH[b] 48 3c 65 6900 17500
1d OTH[b] 60 3d 47 4500 13500
1e OTH[b] 96 3e trace
1 f OTH[b] 168[f] 3 f 0
1g OTH[b] 168[f] 3g 0
2b H-OTH[c] 24 4b 19 3400 4600
2c H-OTH[d] 35 4c 46 2700 3600
2d H-OTH[d] 122 4d trace
2e H-OTH[d] 168 4e trace
2 f H-OTH[c] 239[f] 4 f 0


[a] In a phosphate buffer at pH 7.5, 50 mm (for monomers 1b–g) or in a
carbonate buffer at pH 7.5, 50 mm (for monomers 2b–f); monomer con-
centration: 0.1m, amount of enzyme, 10 wt% for monomer; reaction at
30 8C. [b] OTH (560 unitmg�1 from ICN Biochemicals). [c] H-OTH
(1870 unitmg�1 from SIGMA). [d] H-OTH (2502 unitmg�1 from ICN Bi-
ochemicals). [e] Indicating the time for complete consumption of mono-
mer unless otherwise stated. [f] Reaction was terminated at the indicated
time. [g] Determined by HPLC containing products with molecular
weight higher than tetrasaccharides. [h] Determined by SEC calibrated
with hyaluronan standards.


Scheme 5. Synthesis of ChS with well-defined structure by PH-20 HAase-
catalyzed polymerization.


Figure 6. Reaction-time courses of monomers (A) 5a, (B) 5b and (C) 5c
with H-OTH (black symbols) and without enzyme (white symbols). The
reactions were performed in a phosphate buffer at pH 7.5 and 30 8C.


Table 4. Enzymatic polymerization of monomers 5a–c with HAase.


Polymerization[a] Polymer
Monomer Enzyme[b] t[c] [h] Product Yield[d] [%] Mn


[e] Mw
[e]


5a H-OTH 1.5 6a 75 11700 21000
5a H-BTH 48 6a 20 8500 11600
5a bee venom 48 6a 0
5b H-OTH 18 6b 0
5c H-OTH 35 6c 0


[a] In a phosphate buffer (50 mm, pH 7.5) at 30 8C. Initial concentration
of each monomer was 0.10m. Amount of enzyme was 10 wt% for each
monomer. [b] H-OTH (3720 unitsmg�1 from SIGMA); H-BTH
(1010 unitsmg�1 from SIGMA). [c] Indicating the time for complete con-
sumption of monomer. [d] Determined by HPLC containing products
with molecular weight more than tetrasaccharide. [e] Determined by
SEC calibrated with hyaluronan standards.
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produced the corresponding Ch4S (6a), bearing sulfate
groups exclusively at the C4 atom of GalNAc units, with
Mn=11700 in good yields. H-BTH also polymerized 5a,
giving rise to 6a in lower yields of 20%. However, bee
venom did not exhibit the polymerization activity for 5a, yet
it did afford the corresponding hydrolyzed disaccharide
through oxazoline ring-opening. It should be noted that
monomers 5b and 5c were not polymerized by the catalysis
of H-OTH at all, providing only the corresponding hydroly-
sates with an oxazoline ring-opened structure. These results
suggest that H-OTH recognizes and catalyzes reactions of
monomers 5a–c only at the donor site, but it polymerizes
5a, which is able to locate also at the acceptor site.


Copolymerization with the sugar oxazoline monomers : The
use of PH-20 HAase enabled the production of various
GAGs with well-defined structure through the homopoly-
merization of sugar oxazoline monomers. These results
imply the possibility of cross reactions, that is, copolymeriza-
tion of the monomers. First, we performed copolymerization
of monomers 1a–d to the corresponding HA derivatives
(Scheme 6).[57]


Table 5 shows the copolymerization results of 1a/1b, 1a/
1c, 1a/1d, and 1b/1c with equimolar amounts of monomers.
All reactions proceeded successfully, providing the corre-
sponding copolymers 3ab, 3ac, 3ad, and 3bc with relatively
high Mn values in good yields. Composition of the copoly-
mer was close to the comonomer feed ratio, except for co-
polymer 3ad, in which 1a has a higher polymerizability than
1d.


Further, copolymerization of monomers 2a and 5a was in-
vestigated by varying the comonomer feed ratio
(Scheme 7).[58,59] All of the reactions progressed rapidly,
giving rise to copolymer 7a within a short reaction time
(2.0–2.5 h) in good yields. Comonomers 2a and 5a were in-
corporated in 7a in a ratio close to that of the comonomer
feed. For example, with an equimolar feed ratio a copolymer


with a composition of 0.56/0.44 and a molecular weight (Mn)
of 5200 was produced. These results indicate that synthetic
ChS with a controlled degree of sulfation can be prepared
through copolymerization by varying the comonomer feed
ratio.


Finally, it is surprising that monomers 1a and 2a, which
have completely different structures, were copolymerized by
HAase catalysis to give copolymer 8a, which is an HA–Ch
hybrid polysaccharide (Scheme 8).[60,61] Naturally occurring
HA and Ch usually coexist in the ECMs and cooperatively
work there. Therefore, the hybrid is a novel potential bio-
material with character of both HA and Ch. Copolymer 8a
with different compositions was successfully produced in
good yield through the copolymerization of 1a and 2a with
varied feed ratios. Both monomers showed a similar copoly-
merizability. For example, an equimolar mixture of 1a and
2a was copolymerized after 48 h to give 8a with a composi-
tion of 0.51/0.49, which has a satisfactory high Mn value of
6000 (Mw=16000). The comonomer composition in 8a was
controllable.


Scheme 6. Enzymatic copolymerizations to HA derivatives with using
monomers 1a–d by PH-20 HAase.


Table 5. Enzymatic copolymerization of 1a/1b, 1a/1c, 1a/1d, and 1b/1c
with HAase.


Copolymerization[a] Copolymer
Comonomer[b] t Product Composition Yield[e] Mn


[f] Mw
[f]


I II [h][c] I II[d] [%]


1a 1b 27 3ab 0.52 0.48 43 6700 12100
1a 1c 48 3ac 0.50 0.50 49 10200 18700
1a 1d 60 3ad 0.78 0.22 32 8100 17400
1b 1c 48 3bc 0.51 0.49 40 9200 17100


[a] In a carbonate buffer at pH 7.5, 50 mm in H2O; total monomer con-
centration, 0.10m ; enzyme, OTH (560 unitmg�1), 10 wt% for the total
amount of comonomers; reaction at 30 8C. [b] Each comonomer was
mixed as equimolar amount for the other comonomer. [c] Indicating the
time for complete consumption of both monomers. [d] Determined by
1H NMR measurements. [e] Isolated yields after purification ((weight of
the isolated copolymer/weight of the feed comonomers)M100). [f] Deter-
mined by size-exclusion chromatography (SEC) calibrated with hyaluron-
an standards.


Scheme 7. Synthesis of ChS with controlled degree of sulfation via enzy-
matic copolymerization of 2a and 5a catalyzed by PH-20 HAase.
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Conclusion


In this paper we report the multiple production of natural
and unnatural GAGs by the catalysis of a single hydrolase
enzyme, a hyaluronidase supercatalyst. The enzyme recog-
nized various kinds of sugar oxazoline monomers prepared
on the basis of our concept of TSAS and catalyzed their pol-
ymerization under total control of regioselectivity and ster-
eochemistry. Copolymerizations between substrate mono-
mers with different structure occurred smoothly by the
enzyme catalysis, leading to new GAGs. These results have
led us to further explore the design and synthesize novel
polysaccharides through a single-step reaction; such polysac-
charides have been very difficult to obtain by means of con-
ventional synthetic methods.
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Introduction


Despite the rapid and often underscored developments in
synthetic methodology during the last decades—whether
they have been achieved in catalysis, asymmetric synthesis,
combinatorial chemistry or other areas—organic synthesis is
still performed in a very traditional setup mainly focussing
on the reactions themselves and improving them artfully in
terms of efficiency (yield) and selectivity (chemo-, regio-
and stereoselectivity). Indeed, compounds are commonly
synthesized batchwise regardless of the kind of chemistry
chosen. Aspects of technology are only recently creeping


into the chemist0s dictionary in a broader sense. Nowadays,
with the peak of combinatorial chemistry[1] being in the near
past, aspects of automation and the quest for improved tech-
nologies in synthesis, workup and isolation still prevail and
remain to be of fundamental importance and in fact have
even become part of research programmes in academia.
Consequently, so-called enabling techniques have emerged
in the past decade and have influenced the way organic syn-
thesis is conducted to a very large extent.[2] In this overview
we shall give a brief introduction into enabling techniques
that can be utilized in organic synthesis and demonstrate
how combination of different enabling techniques lead to
new synthetic technology platforms. In this context, we shall
particularly focus on continuous flow processes being part
of new synthetic technology platforms.


Definitions


What are enabling techniques in organic synthesis?


Enabling techniques summarize various traditional as well
as new techniques which have been developed to speed up
synthetic transformations and importantly ease workup as
well as isolation of products. While catalysis and solid-phase
assistance, electrochemistry and synthesis under high pres-
sure are by now traditional examples for accelerating reac-
tions and/or for workup simplification other techniques have
been added to the portfolio of enabling techniques recently.
These are briefly summarized.


Catalysis : Although catalysis is an established and powerful
concept in modern organic synthesis though not necessarily
belonging to the new enabling techniques, its current status
is briefly summarized here, because this report mainly focus-
es on catalysis in the context of enabling techniques. Indeed,
catalysis will also undoubtedly play a key role in the future.
Biocatalysis is already an established field in terms of indus-
trial application and production while in the field of transi-
tion-metal catalysis palladium- and ruthenium-based cata-


Abstract: The concepts article describes enabling tech-
niques (solid-phase assisted synthesis, new reactor
design, microwave irradiation and new solvents) in or-
ganic chemistry and emphasizes the combination of sev-
eral of them for creating new synthetic technology plat-
forms. Particular focus is put on the combination of im-
mobilized catalysts as well as biocatalysts with continu-
ous flow processes. In this context, the PASSflow con-
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lysts are currently the main focus and are moving into indus-
trial applications in a broader sense.[3] Organocatalysis has
only been emerging as a new field of catalysis after an in-
duction time of about 30 years.[4] In the context of enabling
techniques, solid-supported catalysts as well as tagged cata-
lysts[5] are already important and applicable for biocatalysts.
This technique will become particularly important for chem-
ical catalysis because the realm of newly developed homoge-
neous transition-metal catalysts including those with chiral
ligand systems for asymmetric transformations can be used
under heterogeneous conditions. The supported catalysts
themselves can easily be separated from a reaction mixture
and be reused after regeneration.


Solid-phase assistance : Solid-phase-assisted synthesis, dating
back to the seminal work by Merrifield,[6] has become a pop-
ular tool for the preparation of peptide and oligonucleic
acid libraries with minimum purification. As part of high-
performance automation and combinatorial chemistry, relia-
ble synthesis of heterocycles has recently been added to
solid-phase applications. An alternative to this classical ap-
proach is the solid-phase assisted solution-phase synthesis
using immobilized reagents or catalysts.[7,8] The intrinsic ad-
vantage of this hybrid solid-/solution-phase technique lies in
the simple purification and monitoring of reactions and the
possibility to use immobilized reagents in excess to drive the
solution-phase reactions to completion. Various subtechni-
ques have emerged which make use of functionalized solid
phases such as scavenging reagents[9] and the resin catch-
and-release technique.[10]


New solvent systems : Ever since the initial report by
HorvHth and RHbai,[11] fluorous biphasic systems have re-
ceived much attention as a tool for the separation and re-
covery of reagents or catalysts. The concept is based on the
temperature-dependent immiscibility of perfluorinated sol-
vents and common organic solvents.[12] Organic compounds
are usually not soluble in perfluorinated solvents, but the
solubility greatly increases when perfluoroalkyl chains, so
called perfluoro tags, are attached to the molecule. These
properties can be exploited in separation and workup proto-
cols.
Likewise, ionic liquids (IL0s) have attracted attention as


alternative reaction media in biphasic media.[13] Because of
their highly polar nature they are immiscible with many or-
ganic solvents. This forms the basis for biphasic reactions
where the catalyst or the reagent is present in the ionic
liquid while the substrate stays in the organic phase. Re-
agents or catalysts that are not polar enough in order to be
only miscible in ionic liquids can be tagged with polar or
ionic liquid type functional groups, for example, which may
become task specific onium salts (TSOS) that in conjunction
with ionic liquids afford so called task specific ionic liquids
(TSIL).[14]


Finally, supercritical fluids can advantageously be em-
ployed for the separation of homogeneous catalysts,[15] a
technique that has seen primary applications under continu-


ous flow conditions.[16a] This setup guarantees that the cata-
lyst always stays in its active state inside the reactor. Addi-
tionally, comparative small reactors allow high-throughput
transformations.[16b–d]


Microwave (mw) acceleration : Over the past decade the use
of microwaves has grown exponentially in chemical synthe-
sis. Microwave conditions are applied in many types of
chemical transformations and the area of organic synthesis
has benefited significantly from this technique. Microwave
conditions have been applied to most types of chemical
transformations promoted by heat, largely due to the fre-
quently observed acceleration in reaction rates, reduced re-
action times and higher yields. Whilst the actual nature of
the effect of microwaves remains a subject of intense
debate, the heating under microwave conditions is explained
by the wave-material interaction (dielectric and conduction
losses).[17] This methodology recently finds scope in the
more advanced and sophisticated areas such as combinatori-
al, medicinal chemistry and high-throughput parallel synthe-
sis.[18]


Continuous-flow and microreactors : The environment in
which synthesis is conducted has not changed as reactions
are still typically performed batchwise in standardized glass-
ware which has commonly been used since Justus Liebig0s
times. Thus far, flow-through processes are rather restricted
to production processes. This is surprising since facile auto-
mation, reproducibility, safety and process reliability can be
assured due to constant reaction parameters (such as tem-
perature, time, amount of reagents and solvent). Advanta-
geously, continuous-flow processes can be further improved
by techniques that originate from high-throughput chemistry
laboratories as they can be combined with the use of immo-
bilized reagents or catalysts, or by parallelizing fixed bed re-
actors. Only recently chemists in industry as well as in aca-
demia have begun to focus on the development of flow devi-
ces for laboratory use and hence for industrial applications
by combining new chemical techniques with flow-reactor de-
vices.[19,20] These techniques include microwave assistance,
the use of immobilized reagents and catalysts as well as new
fluids such as supercritical CO2 and ionic liquids.


[21] Mem-
brane reactors or nanofiltration devices are commonly re-
quired when the reagent or catalyst operates as a size en-
larged species in solution[22] by being attached to soluble
solid phases, dendrimers or other tags.[23]


However, a critical view on flow system reveals that vari-
ous aspects must be encountered. Thus, the realization of
flow-through processes is hampered by some general dif-
ficulties which include a) inert properties of all materials
in the flow-through system towards a large variety of dif-
ferent organic solvents, b) efficient regeneration of reac-
tion columns, c) facilities to purify intermediates or final
products and d) problems associated with different kinet-
ics of reactions and the necessity of different solvents
when performing multistep syntheses in the flow-through
mode.
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Concepts of combining enabling techniques


In fact, truly new synthetic technology platforms, however,
will not be based on the individual use of these enabling
techniques but will require the integration of two or more of
these enabling techniques. For clarification, four possible
overlapping areas between enabling techniques are suggest-
ed in this overview (Figure 1). Other combinations are pos-
sible or three instead of two techniques can be utilized si-
multaneously in synthetic applications. For a given reaction,
the best combination will have to be determined and opti-
mized. Thus, the setup will vary from one to another reac-
tion. Various successful examples of combining several of
these techniques in order to achieve faster synthesis or im-
proved work-up have recently appeared in the literature,
particularly in the field of catalysis. Before focussing on new
reactor designs the concept of combined enabling techni-
ques is exemplified with three binary combinations.


Combination of microwave assistance and continuous flow:
Thus, microwave-accelerated synthesis under continuous
flow conditions[24] was recently
achieved in the synthesis of
substituted pyridines employ-
ing the Bohlmann–Rahtz reac-
tion.[25] In a related study
Organ et al. used a capillary to
carry out microwave-assisted
Pd-catalyzed cross-coupling re-
actions, olefin metathesis and
other reactions in solution
under continuous flow condi-
tions.[26] Likewise, continuous
flow photochemistry allowed
to carry out [2+2] as well as
[5+2] cycloadditions.[27]


Combination of microwave as-
sistance and solid-phase-assist-
ed catalysis : Alternatively, the
combined microwave-assisted
solid-phase technique was ap-
plied in the synthesis of several
heterocycles[28] and natural
product derivatives[29]


[Scheme 1; Eqs. (1–2)]. A few
publications concerning the
use of insoluble Pd catalyst
under microwave irradiating
conditions have appeared of
which selected examples are
summarized below.[30,31]


Precatalyst 1 serves as a res-
ervoir for Pd particles and has
been immobilized on a Merri-
field-type resin which is part of
a Raschig-ring shaped glass/


polymer composite material [see Scheme 1, Eq. (4) and Fig-
ure 3c]. This solid phase has successfully been employed
under mw conditions in Suzuki–Miyaura reactions and other


Figure 1. Enabling techniques and selected proposals of possible combi-
nations for developing new synthetic platforms (with special focus on
solid-phase assisted catalysis).


Scheme 1. Catalysis under microwave irradiating conditions using heterogenized catalysts (supports: silica gel,
glass, carbon and polymeric-materials; TBAB= tetra-n-butylammonium bromide).[32]
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C�C cross-coupling reactions.[31a] Additionally, we showed
that PdII-complex 2, which is insoluble in most solvents, can
be incorporated inside an Irory Kan teabag and repeatedly
used in mw-accelerated Suzuki–Miyaura cross-coupling reac-
tions [Scheme 1; Eq. (5)]. The temperature had to be kept
as low as 120 8C in order to avoid decomposition of the pol-
ymeric material of the Irory Kan.[31b]


From the latter examples [Scheme 1; Eq. (4)] it becomes
evident that the kinetic restrictions created by heterogeniza-
tion of the catalysts which lead to longer reaction times as
well as reduced activity can be overcome by substituting
conventional thermal heating with microwave irradiation.
However, it should be kept in mind that the combination of
these two enabling techniques not necessarily gives im-
proved procedures, because localized superheated areas (hot
spots), for example, Pd0 nanoparticles or clusters created by
the irradiation can lead to the destruction of the catalyst or
may impose a higher degree of leaching. Thus, rapidly erod-
ing activity and shorter life times of catalysts would have to
be encountered.


Solid-phase-assisted catalysis and new solvent systems : Ex-
amples for combining heterogeneous catalysis and new sol-
vent systems in which the solvent system becomes part of
the immobilization concept are still rare.[14, 33] The advantage
of such immobilization concept lies in the possibility of non-
covalently loading a solid phase so that it can be regenerat-
ed by simple washing procedure and thus are potentially
useful for catalysis under continuous flow conditions (see
also Section on Immobilization techniques and applica-
tions). One of the first examples in this field was disclosed
by Mehnert et al., who immobilized the cationic rhodium
complex 3 in a very small volume of ionic liquid which itself
had been “immobilized” on the polar surface of silica gel
[Scheme 2; Eq. (1)].[34] This noncovalently loaded complex
exerted good catalytic activity in gas-phase hydrogenations


of alkenes. A related approach except that perfluorinated
silica gel and phosphane ligand were employed in order to
achieve noncovalent immobilization of a PdII-complex 4 on
silica gel was disclosed by Bannwarth et al. [Scheme 2;
Eq. (2)].[35]


In our laboratories, we developed a PdII precatalyst which
was functionalized with an ionic liquid tag resulting in a task
specific onium salt (TSOS) 5.[36,37] The tag allows for specific
interactions with ionic liquids so that the complex was im-
mobilized both on silica gel (SiO2) according to Mehnert0s
procedure yielding functionalized solid phase 7 as well as to
the newly developed ionic-liquid-type polymer which de-
rives from polyvinyl imidazole (Scheme 3). In order to be
able to apply compound 6 under continuous flow condi-
tions we chose glass/polymer composites shaped as Raschig
rings (see above). Both functionalized supports were studied
in Mizoroki–Heck C�C reactions such as the coupling
of 3-iodopyridine with tert-butyl acrylate with superior
performance of the polymer-bound task specific onium
salt 6.
An additional advantage of ionic liquids is their high po-


larity which allows strong wave material interactions with
microwaves. Therefore many examples can be found in the
literature where new solvent systems, namely ionic liquids,
are utilized in catalytic transformations accelerated by mi-
crowave irradiation.[38]


Heterogeneous Catalysis under Continuous Flow
Conditions


Only recently, the concepts of microfluidic devices and mi-
croreactor technology have become new key issue as part of
enabling techniques. Most microfluidic devices for laborato-
ry scale are based on homogeneous fluids.[39] However, an
ideal continuous flow process combines novel reactor design


with heterogenized re-
agents[40] or heterogeneous or
immobilized homogeneous
catalysts.[41] However, biphasic
systems often suffer from
poor kinetic parameters com-
pared with classical solution-
phase chemistry. This can par-
tially be overcome under con-
tinuous flow conditions as
long as monolithic materials
are used as solid phase (see
above).
In addition, problems of ki-


netics of solid-/solution-phase
systems can be overcome by
speeding up reactions with
microwave assistance which
in the case of continuous flow
devices is subjected at the lo-
cation where the interactionsScheme 2. Concepts for the noncovalent immobilization of catalysts using non classical solvents.
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between the two phases occur. This is an ideal situation, par-
ticularly when microwave-assisted large scale synthesis is en-
visaged.


Continuous catalysis with packed columns


Chemical catalysis : In recent
years, several examples of flow
through processes have been
reported utilizing immobilized
catalysts.[42] Commonly, poly-
mer beads grafted with differ-
ent ligands and coordinated
with metals are filled into a
glass column which is attached
to a pump or a whole HPLC
system.
Typical applications of flow


processes with heterogeneous
catalysts are hydrogenations
for which several examples
have recently been published
(see also Scheme 12). Thus,
continuous flow reactors can
be packed with Pd/C for the
reduction of organic com-
pounds such as imines to


amines with a mixed hydrogen
flow stream (Scheme 4).[43]


Hydrogen gas (provided
from an H-Cube flow hydroge-
nator) was mixed with a flow-
ing substrate stream in a T-
piece mixer, and the gas/liquid
mixture was pumped through a
10% Pd/C catalyst packed in a
metal cartridge which can be
heated up to 100 8C and allows
flow hydrogenation to be per-
formed at pressures up to
100 bar. The optimization of
the flow conditions for conver-
sion of imine 8 was systemati-
cally investigated by varying
concentration, flow rate, pres-
sure and temperature
(Scheme 4). Using the opti-
mized conditions, the process
was readily scaled to provide a
preparative quantity of amine
9. For this purpose, a continu-
ous flow hydrogenation was
performed through eluting
0.05m THF solution of imine 8
at 25 8C and 20 bar at a flow
rate of 1.0 mLmin�1 for 70 min
giving 1.0 g of amine 9 (quanti-


tative yield) with high purity (>95%). A similar approach
was disclosed by Sato and co-workers.[44] They demonstrated
the efficient continuous hydrogenation of 4-cyanobenzalde-
hyde to the corresponding 4-cyanobenzyl alcohol at RT
using a similar gas–liquid–solid microflow system. At elevat-


Scheme 3. Noncovalent immobilization of task specific onium salt 5 to polyvinylimidazolium salts and silica,
respectively (Raschig rings see Scheme 1 and Figure 2).


Scheme 4. Hydrogenations under continuous flow conditions.
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ed temperature (95 8C) the cyano group is also reduced. The
authors also noted that the flow system performed more ef-
ficient hydrogenations compared with the batch system.[44]


Asymmetric transfer hydrogenation of acetophenone 10
yielding (S)-1-phenylethanol (12) was also successfully car-
ried out in the flow-through mode (Scheme 4). The column
reactor was filled with NH-benzyl-(1R,2S)-norephedrine 11,
covalently immobilized on silica gel and finally activated
ruthenium. In contrast to the analogous homogeneous cata-
lyst, this immobilized catalyst retained high activity in con-
tinuous transfer hydrogenation reactions over a period of
one week.[45]


Other important applications of continuous flow catalysis
are transition metal catalyzed C�C cross-coupling reactions
(see also Schemes 12 and 17). Ley and co-workers investi-
gated the use of a polyurea-encapsulated palladium(ii) ace-
tate [PdEnCat] precatalyst[46] for the Suzuki cross-coupling
under continuous flow conditions (Scheme 5).[47] At 55 8C,
low to moderate yields were obtained in the presence of
Bu4NOAc and Bu4NF as bases. Better results were obtained
with Bu4NOH and Bu4NOMe affording 70 and 85%, respec-
tively, after three passes through the column. The best result
was observed with Bu4NOMe at 70 8C after a single pass
through the [PdEnCat] column. Noteworthy, Bu4NOMe was
the only base employed that did not lead to phase separa-
tion of the reaction mixture. Obviously, the stable homoge-
neous state of reaction mixture during the whole reaction
period is very important for the continuous flow processes
allowing maximum interaction between reagents and cata-
lyst.[48]


Styring and co-workers[49] have performed the continuous
Suzuki–Miyaura reactions in a pressure driven mini flow re-
actor packed with Merrifield resin-supported salen-type pal-
ladium(ii) complex 13. The Omnifit column for low pressure


liquid chromatography was used as a reactor supplied by a
standard syringe pump. The system exhibited catalytic activ-
ity in the cross-coupling reactions of various aryl and heter-
oaryl bromides with phenylboronic acid in a continuous
flow reactor system at elevated temperatures. Reasonable
conversions (37–91%) could be achieved in a few minutes
(under the conditions chosen, the residence time in the reac-
tor was 10.5 min) in a “one-way” process. A 20-fold increase
in the rate of model reaction between 4-bromoanisole (16)
and phenylboronic acid (17) (Scheme 5) in the reactor com-
pared with the stirred batch reaction was observed and ex-
plained by the increased reagent-catalyst contact in the con-
tinuous flow process. Moreover, the minireactor could be
used over several cycles in the Suzuki–Miyaura couplings
without a significant drop in activity. The enhancements in
conversion up to 86% was achieved for the model reaction
through the application of the “stop-flow” technique—the
reactants were pumped through the reactor for 10 min and
then the pumping was stopped for a designated period of
time (5–20 min) prior to re-injecting the solution again into
the reactor.
Related salen-type nickel(ii) complex immobilized on


Merrifield resin 14 was used to perform Kumada–Corriu
coupling reactions in continuous flow mode (Scheme 5).[50]


A microreactor was constructed by placing a plug of catalyst
into the polypropylene tube. Standard HPLC connectors
and syringe pump were used to drive a pre-mixed solution
of equivalent quantities of the aryl halide 16 and Grignard
reagent 18 through the reactor. An enhanced rate of the 4-
methoxybiphenyl formation was observed in the microreac-
tor compared with the batch reaction.
Recently, the same nickel(ii) complex was immobilized


onto functionalized silica gel using a convenient tethering
method.[51] The same Kumada–Corriu coupling reaction was


carried out at room tempera-
ture in a pressure driven mi-
croflow reactor (length 25 mm,
inner diameter 3 mm) contain-
ing functionalized silica 15 (ca.
0.15 mmolNig�1 silica gel load-
ing) to yield the coupling prod-
uct within 5 h. The authors
claim negligible leaching of the
metal into solution and note
that the major advantage of
these functionalized inorganic
materials are non swelling
properties which is a common
problem associated with poly-
meric supports.


Biocatalysis :[52] Biocatalysts
have been extensively studied
and used for the industrial pro-
duction of important inter-
mediates and products such as
amino acids, sugars, lipids,Scheme 5. Transition-metal-catalyzed cross-coupling reactions under continuous flow conditions.
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acids and pharmaceuticals.[53] Immobilization of biocatalysts
as well as resting and living cells which may stem from bac-
terial, fungal and archaeal origin as well as from higher ani-
mals or plants[54] and their use under continuous flow condi-
tions has been particularly relevant in industrial applica-
tions, as most biocatalysts are inherently unstable. However,
operational stability is a central quest for any bioprocess.
The most obvious measures to prolong the lifetime of bio-
logical systems are using an organic or inorganic solid sup-
port,[53c,55] cross-linking of enzymes,[56] solvent engineering
techniques,[57] bio-imprinting[58] as well as reactor design.[59]


Additionally, genetic manipulation techniques such as di-
rected evolution have become irreplaceable tools for
enzyme modification and stabilization.[60] Methods for im-
mobilization span the range from adsorption and covalent
bonding to encapsulation and entrapment.[61]


One example is Chirazyme L2-C2 (CAL-B), which
proved to be a very useful enzyme for the development of
an acylation process for the large-scale production of vita-
min A (retinol 21) (Scheme 6).[62] The enzymatic approach


allows for the selective monoacylation of 19. Under continu-
ous conditions using a 15 mL fixed-bed reactor containing
5.0–8.0 g of immobilized biocatalyst, 4.9 kg of 20 were pre-
pared within 100 days in 99% yield and with 97% selectivi-
ty for the primary hydroxyl group. In a miniplant environ-
ment 120 g of Chirazyme converted 1.4 kg of 19 into 1.6 kg
20 per day and even after 74
days the conversion efficiency
was still 99.4%. Further devel-
opment of this transformation
led to a modified process,
which uses Thermomyces lanu-
ginosus lipase immobilized on
Accurel MP1001 for the con-
tinuous production of 20.[63]


Dow Chemical[64] developed
a continuous process for the
enzymatic production of the
commodity chemicals propy-
lene oxide and epichlorohy-
drine (22) from a mixture of


chlorinated products 23 and 24 that result from a chemical
process (Scheme 7). For regenerating trichlorinated byprod-
uct 24 to epichlorohydrine a dehalogenase enzyme from
Rhodococcus sp. ATCC 55388 recombinant in E. coli was
immobilized onto a polyethyleneimine/alumina carrier
which affords intermediate dichlorinated alcohol 25.[65]


BASF developed a process
based on the enzymatic resolu-
tion of racemic amines 26 with
Burkholderia plantarii lipase
immobilized on polyacrylate
(Scheme 8).[66] Methoxyacetic
acid amides are particularly
well suited for the stereospe-
cific enzymatic hydrolysis,
giving both the free amine (S)-
26 and the acylated product
(R)-27 with high ee values. A
plug-flow reactor (5–7 h resi-
dence time) can be used for
the enzymatic reaction with
several substrates.


A process developed by BioCatalytics[52] utilizes isolated,
immobilized on a silica gel supported l-aspartase for the ad-
dition of ammonia to ammonium fumarate which is con-
ducted in a plug flow reactor, which is fed with both fuma-
rate and an ammonia solution 29 (Scheme 9). The immobi-
lized enzyme is stable preserving half of its initial activity


Scheme 6. Continuous acylation in the production of vitamin A.


Scheme 7. Continuous formation of 2,3-dichloropropanol 25 in the pro-
duction of epichlorohydrine 22.


Scheme 8. Continuous large scale resolution of chiral amines (TBME= tert-butyl methyl ether).
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for at least half a year which allows to produce up to
100000 kilograms of l-aspartic acid 30 from a single kilo-
gram of immobilized enzyme. In this respect, it is one of the
most efficient biocatalytic continuous processes known.[52]


Despite these advances of continuous flow processes in in-
dustry using immobilized biocatalysts, academia has begun
to add new aspects to this field, particularly new transforma-
tions[67] as well as multistep sequences.[68]


The PASSflow technology


Monolithic solid phase and reactor design : Most of the con-
tinuous flow processes described so far, utilize reactors with
randomly packed catalytic beds. These commonly show un-
controlled fluid dynamics which result in stagnation zones
and hot-spot formation, broad residence time distribution,
low selectivity and in essence low process efficiency. In con-
trast, monolithic structures are the best structured material
known for this purpose.[69] They have a high void volume
and a large geometric surface area. This results in a low
pressure drop during the passage of a gas or a fluid and a
large contact area of the reagent or the catalyst with the
fluid.[70]


Inorganic materials based on silica gel or carbon can ide-
ally be prepared as monoliths with uniform mesopores and
tunable microchannels.[71] Additionally, three concepts for
creating monolithic materials with regular or irregular chan-
nels based on polymeric phases are currently known: a) Co-
polymerization of different monomers in the presence of po-
rogens, b) preparation of diblock copolymers of which a
well defined cylindrical and degradable polymer is embed-
ded inside the second polymer and c) polymerization of a
monolithic polymeric phase wedged inside the microchannel
pore system of an inert support such as glass and other pre-
formed inorganic materials.
The first concept is particularly associated with the names


of FrQchet, Svec and Sherrington[72] and has been used by
other groups.[73] All of these groups prepared monolithic
porous polymers of virtually any shape within a column
housing or mold by copolymerization of polystyrene, divinyl
benzene and polymethylacrylate in the presence of a poro-


gen. No suspending medium, as usually required in suspen-
sion polymerization processes, is needed. The resulting rod
can be used as a reactor or may be cut into disks.[74] Related
monolithic supports created by convective interaction is a
transition-metal-based approach which is prepared by ring-
opening metathesis copolymerization of norbornene in the
presence of a porogen within a glass column. The “living”
ruthenium carbene termini were treated in situ with norbor-
nene which itself had been functionalized with a modified
second generation Grubbs catalyst to yield a porous mono-
lithic metathesis catalyst.[75]


Hillmyer et al.[76] developed a second approach to copoly-
meric monolithic material which contain oriented nanoscop-
ic cylinders of the degradable polymer polylactide (PLA)
embedded in an inert thermoplastic matrix made of poly-
styrene. PLA was selectively removed under well defined
conditions using sodium hydroxide in aqueous methanol
which resulted in a mesoporous monolithic polystyrene con-
taining nanochannels with defined pore size. However, the
polystyrene material shows reduced mechanic and chemical
stability as no cross-linker was employed.
The third concept was developed by Kunz and in our lab-


oratories which relies on the immobilization of homogene-
ous catalysts on a newly designed monolithic block.[77] This
material consists of a chemically functionalized highly
porous polymer/glass composite which is obtained after pre-
cipitation polymerisation of styrene, chloromethylvinyl ben-
zene, vinyl pyridine, vinyl imidazole, vinyl pyrrolidinon or
other monomers in the pore volume of highly porous glass
(see also Schemes 1 and 3). This procedure creates a poly-
meric matrix inside the glass which consists of small polymer
bridged beads (1–5 mm diameter) (Figure 2). Basically, crea-
tion of a monolithic polymeric phase with a high surface
area, wedged inside the microchannel pore system of the
inert, inorganic support is achieved.
This material can be generated in different shapes de-


pending on the type of reactor to be used. Monolithic rod-
shaped composites were enclosed in a double layered
shrinking hose. The inner layer is made of hot melt glue; the
outer layer consists of polytetrafluorethylene which upon
heating shrinks and the hot melt glue is pressed firmly onto
the outer surface of the rod. Fiber reinforced epoxy resin
casing is created to achieve pressure resistance. During the
shrinking process metal connectors are integrated. This pro-
cedure turned out to be less suited for temperature sensitive
functionalities so that partial decomposition caused by ther-
mal treatment during shrinking of the polytetrafluorethylene
hose was encountered. Alternatively, a high pressure resist-
ant casing can be made from stainless steel tubes by first in-
serting the carrier material rod or honeycomb (for large
scale) into this metal cartridge followed by closing the gap
by precipitation polymerization. After this step functional
groups and/or catalysts may be introduced chemically
(Figure 3).[78]


A very flexible reactor concept utilizes ring-shaped com-
posites (based on porous Raschig rings) in irregular beds as
well as regularly structured arrangements (Figure 4). This


Scheme 9. Continuous production of l-aspartic acid using immobilized
aspartase.
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reactor concept is well suited both for large as well as small
scale (single rings) synthesis. These rings can be prepared in
large batches of many litres, making their preparation much
cheaper than rod shaped reactors. The design of single ring
reactors can handle one or several rings, so variation of cata-
lyst amount by keeping the flow conditions constant can
easily be achieved. Just the change of active rings with inert
rings is necessary. The casing can be made of stainless steel,
glass or of polymers such as polyetheretherketone (PEEK)
(Figure 5). Except for metal reactors, they can be used
under microwave irradiating conditions in order to speed up
reaction rates under continuous flow conditions. When cata-
lysts are immobilized, these reactors can be used for large
scale synthesis under microwave irradiating conditions.
Another major advantage of this reactor concept is the


possibility of easily reloading the reactor with new glass/pol-
ymer composite Raschig rings after use or by incorporation
of differently functionalized rings for multistep synthesis.


Immobilization techniques and applications : Irregularly
packed or monolithic continuous flow reactors containing


functionalized polymeric resins or silica gel require special
considerations which are not necessarily of equal relevance
in batch reactions. In view of upscaling and economical con-
siderations it does not make sense to exchange the solid
phase physically after the catalyst has lost most of its activi-
ty. A better concept would be to remove the old, inactive
catalyst and regenerate the solid phase by simple washing
steps so that the solid-phase architecture remains unaltered.
As a consequence, covalent attachments of ligands have


to be avoided. Indeed, support for developing noncovalent
methods for immobilization of transition-metal catalyst
came from experiences we collected from continuous flow
experiments with chiral salen complexes. These catalysts are
among the most versatile ones as they can be utilized in a
plethora of chiral building blocks and intermediates starting
from easy accessible alkenes and epoxides, respectively.[79]


They also have proven to efficiently work in large scale
transformations. Jacobsen and co-workers[80] developed a
synthetic protocol for the immobilization of salen complexes
on polystyrene as well as silica gel resins by employing un-


Figure 2. Precipitation polymerization inside megaporous inorganic carri-
ers such as glass. a) From top left to bottom right: T = 0 homogeneous
solution; T < 3 h formation of oligoradicals; T = 3 h start of precipita-
tion; T > 3 h particle formation and growth. b) REM view into the mon-
olithic glass/polymer composite material. Figure 3. Monolithic porous composite rod inserted into stainless steel


tube (a), honeycomb monolithic composite (b) and Raschig rings (c).
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symmetrically substituted salen
ligands 33. The hydrolytic ki-
netic resolution of racemic 4-
hydroxy-1-butene oxide 32
generated triol 34 with high
enantiomeric excess. The work
paved the way for the applica-
tion of these catalysts under
continuous flow conditions as
well as in PASSflow reactors
(Scheme 10).[19, 81] Thus, cobalt–
salen-complex 33b was linked
via glutaric acid to a Merri-
field-type glass/polystyrene
composite material inside the
reactor. The first example of
an asymmetric transformation
inside a microreactor was ach-
ieved with the known dynamic
kinetic resolution of racemic
bromohydrine in the presence
of water.[81] The reactor could
be used for four cycles without
reduced yield or enantiomeric
excess. Workup and isolation
of the product is highly simpli-
fied and make this approach
attractive for the synthesis of
chiral building blocks in fine
chemical industry. In the fol-
lowing, the reactor was used
for the ring-opening of 1-
hexene oxide with phenols.
Still, the major disadvantage


of a covalent attachment of a
precious ligand is the limited
lifetime of these complexes.
Being incorporated inside the
PASSflow reactor (rod shaped
glass/polymer composite;
Figure 3). It was impossible to
regenerate the solid phase
after the catalyst had lost its
activity after several applica-
tions or to easily implement
new monolithic material inside
the column.
As an alternative to covalent


immobilization other modes of
attachment were envisaged in
our group which include a)
physisorption, b) immobiliza-
tion by ionic interactions (ion
exchange) and c) immobiliza-
tion by coordination to metal
centers which will be briefly
discussed below.


Figure 4. Large scale setup based on Raschig rings: Raschig rings in an arranged ordered column structure in
about 20 cm length (left), flow pattern inside arranged rings (top middle) and continuous flow apparatus for
large scale production.


Figure 5. a) and b) The flow streams from an annular gap through the ring walls and irregular microchannels
inside the glass/polymer composite and leaves through the perforated inner tube (9 mm ring diameter). c) and
d) PASSflow reactors with single ring shaped composites. Rings are aligned on a perforated tube. Gaskets be-
tween the rings prevent bypass. Housing is made of PEEK polymer.
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Catalysis under continuous flow conditions using physi-
sorption as mode of immobilization : Pd0-catalyzed transfor-
mations such as transfer hydrogenations, Suzuki- and Mizor-
oki–Heck C�C cross-coupling reactions can routinely be
conducted in PASSflow reactors.[82] These transformation
were achieved using microdispersed palladium nanoparticles
(25–65 nm) which were positioned by physisorption next to
polymer-bound ammonium cations (anion-exchange resin).
The preparation of these catalytically highly active palladi-
um particles was carried out by first loading palladate
anions to the anion exchange resin 35 inside the PASSflow
reactor or Raschig rings which was followed by NaBH4 re-
duction to yield Pd0 nanoparticles 36 (Scheme 11). It is pos-
sible to conduct transfer hydrogenations of alkenes, alkynes,
nitro groups [Scheme 12, Eq. (1)] as well as benzyl ethers.[82]


All substrates were circulated through the reactor with ex-
ternal recycle loop to achieve high conversion. Instead of
transfer reagents also fluids which are saturated with hydro-
gen gas can be employed which leads to accelerated hydro-
genations. Large scale hydrogenation (1 mol) of nitroben-
zene 37 affording aniline 38 was achieved under continuous
flow conditions using the apparatus and composite material
shown in Figure 4 [Scheme 12; Eq. (2)]. Importantly, scale
up did not require additional optimization or process engi-
neering so that conditions collected for laboratory scale
could directly be employed.
In addition, Suzuki–Miyaura- [Scheme 12, Eq. (3)], Mizor-


oki–Heck- [Scheme 12, Eq. (4)] and Sonogashira reaction


[Eq. (5)] can be conducted
with these Pd0-nanoparticles 36
as long as homogeneous reac-
tion mixtures are guaranteed.
It is noteworthy, that the
vacant ion exchange site next
to the palladium(0) can serve
as an anchor for a second func-
tionality such as a basic anion
as was proven for the Suzuki–
Miyaura reaction (Scheme 12,
Eq. (3)].
The simultaneous combina-


tion of more than two enabling
techniques has so far rarely
been achieved.[83] In the pres-
ent case, microwave conditions
were also successfully applied
to the PASSflow setup using
specially designed PEEK reac-
tors (Raschig-ring version; see
Figure 5).[84] In these reactors,
cinnamyl ethyl ester 39 was
quantitatively reduced with cy-
clohexene to yield 3-phenyl
ethyl propionate (40) within
30 min (Scheme 13). In this ap-
proach, different polymers
(variations in cross-linking, dif-


ferent ratios of 4-vinylbenzyl chloride and styrene) and sev-
eral solvents (differing in mw adsorption properties) were
tested under mw irradiating conditions in continuous flow re-
actors and compared with conventional thermal heating.


Scheme 10. Kinetic resolution of butane oxide 32 by Jacobsen[80] and PASSflow applications with covalently
linked salen catalyst.[81]


Scheme 11. Preparation of Pd0-nanoparticles by ion exchange and reduc-
tive precipitation. TEM view of palladium nanoparticles 36 (25–65 nm)
on polymer (5.3% cross-linking); scale bar: 100 nm.
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The latter conditions gave particular good results in terms
of efficiency the process and stability of the nanoparticles, if
the polymeric phase contained 5.3% cross-linking and a 10-
fold excess of vinylbenzene with respect to anion exchange


sites. The catalyst shows a six-
fold higher reactivity under mw
compared with thermal heating
in ethanol, while the factor is
only two in toluene. In general,
the hydrogenation proceeds
faster under continuous flow
condition than in the batch
mode, irrespective whether it
was conducted with thermal
heating or accelerated by mw
irradiation. Most of the func-
tionalized polymers tested
could be employed for more
than 10 runs without substan-
tial loss of activity.
Related to this procedure is


the deposition of Ni0 on the
polymeric phase inside the
PASSflow reactor after cation
exchange and reduction
(Scheme 14).[85] The procedure
allows to incorporate the metal
inside the PASSflow reactor
and showed activity under
stoichiometric as well as
under catalytic conditions
(Scheme 15). Thus it was possi-
ble to conduct the nickel medi-
ated 41 synthesis of highly re-
active 7,8-dibromocyclobuta-
benzene under continuous-flow
conditions.[86]


Catalysis under continuous
flow conditions using ionically
bound catalysts : In alternative
to physisorption by means of
precipitative desorption is im-
mobilization by ion exchange.
In collaboration with K. Grela
we developed a Hoveyda-type
Ru-catalyst 45 which contains
an additional diethylamino
group in the aryl–carbene
ligand which upon protonation
switches from an inactive to an
active catalyst 46
(Scheme 16).[87] Treatment of a
cation-exchange resin (Raschig
ring with SO3H groups) with
complex 45 and the precursor
styrene[88] has two effects


which are a) immobilization as ammonium salt 46 and b) ac-
tivation. When the Raschig ring is part of a PASSflow reac-
tor (see Figure 5), cross metathesis, ring-closing metathesis
and enyne coupling can be performed under continuous


Scheme 12. Examples of catalytic transformations with precipitated Pd0 particles 36 in the PASSflow mode
(NMP=N-methylpyrrolidinone; TBAA= tetra-n-butylammonium acetate).


Scheme 13. Microwave accelerated transfer hydrogenation in the PASSflow mode.
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flow conditions although the catalytic system looses more
quickly its activity than batch-type reactions (after the 2nd
run compared to five runs). Notably, this ionically attached
Ru-catalyst shows a very low degree of leaching
(<100 ppm) in the crude reaction media, for which scaveng-
ing properties of the solid phase can be made responsible.


Catalysis under continuous flow conditions using coordina-
tion as immobilizing strategy : A third strategy of immobili-
zation relies on direct coordination of a polymeric phase to
transition-metal catalysts inside the PASSflow system (rod-


type according to Figure 3c) as is first exemplified for palla-
dium(ii) complex 47.[89] This complex was created by treat-
ment of polyvinyl pyridine (PVP) with the dimeric oxime-
based palladacycle 48 first described by NajRra et al.
(Scheme 17).[90] The resulting precatalyst exerts high activity
in Suzuki–Miyaura, Mizoroki–Heck and Sonogashira reac-
tions both in batch as well as in continuous flow processes.
We collected evidence that besides serving as an anchor for
the precatalyst PVP may also act as a scavenger for Pd par-
ticles that are released into solution which is documented by
the very low degree of leaching (<2 ppb). The first step of
the catalytic process could be expected to involve a reduc-
tion step in which precatalyst 47 is reduced to a Pd0 species
still bound to the polymer. This species can then undergo
oxidative addition with an aryl halide yielding a soluble cat-
alyst. In the following, the catalyst enters the standard cross-
coupling cycle possibly as a nanoparticle of unknown


nature. The Pd0 species can
carry on the catalytic cycle or
can be recaptured by PVP.
Likewise, PVP can be utiliz-


ed to immobilize the Grubbs
III catalyst 49 by coordination
which results in a functional-
ized composite material 50 (Ra-
schig rings) suitable for PASS-
flow reactors 50 which were
used in RCM, enyne and cross-
metathesis reactions
(Scheme 18).[91]


In addition, enzymes can be
immobilized inside a PASSflow
reactor by means of coordina-
tive attachment. This was ach-
ieved by synthesizing a Ni–ni-
trilotriacetic acid (NTA) matrix
on monolithic polyvinyl pyrroli-
dinone/polyvinyl benzyl chlor-
ide which affords a new poly-
meric phase 51 for automatic
purification and immobilization
of His6-tagged proteins. As one
example, benzaldehyde lyase
(BAL, EC 4.1.2.38) was immo-
bilized, purified and utilized as
a stable and highly active bioca-


talyst for the synthesis of (R)-benzoin from benzaldehyde in
the flow through mode (Scheme 19).[92]


In essence, the combination of an optimized monolithic
solid phase inside different types of reactors along with new
concepts for the immobilization of active species creates an
ideal continuous flow system which can widely used for
chemical catalysis as well as biotransformations.


Miscellaneous flow devices : All continuous flow reactions
discussed above were performed in column-like reactors
filled with tight packed catalyst particles which are truly


Scheme 14. Formation of Ni0 41 inside the PASSflow reactor by reductive
precipitation.


Scheme 15.


Scheme 16. Ionic immobilization of Ru-complex 45 inside PASSflow reactor and ring closing metathesis
under continuous flow conditions.
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“immobilized” on a solid phase within the reactor. However,
other continuous flow concepts with biphasic systems have
been reported. Plenio and Hillerich immobilized the poly-
mer (soluble MeOPEG) tagged palladium catalyst in a sta-
tionary solvent (DMSO). A solution of reactants dissolved
in another immiscible solvent (n-heptane) was pumped
through the DMSO phase, during which time the catalytic
process occurred (Scheme 20).[93] Using phosphine 52 as a
polar phase tag for palladium(ii) binding, continuous bipha-
sic Sonogashira cross-couplings between aryl bromides and
phenyl acetylene were carried out (conversion > 88%).
Another variant of non-traditional “compartmentaliza-


tion” of metal catalysts is represented by continuous-flow


membrane reactors (CFMR)
(Figure 6). Catalytically active
metal complexes are suitably
functionalized with dendrimers
(dendritic catalysts) which are
unable to penetrate a nano-
membrane inside the reactor.
The nanofiltration of the sub-
strate stream results in product
formation under continuous
flow conditions. Applications
of CFMR for palladium-cata-
lyzed allylic substitutions and
hydrovinylation reactions, as
well as for nickel-catalyzed
Kharasch additions and rhodi-
um-catalyzed hydrogenation
reactions were recently re-
viewed.[94]


In an interesting approach
demonstrating the versatility of
microreactor technologies for
manipulations of reactive inter-
mediates Yoshida and co-
workers[95] used a low-tempera-
ture electrochemical microflow
system[39b] for continuously
generating carbocation inter-
mediates (called “cation
flow”). These species reacted
in C�C bond formations with
allylsilanes and silyl enol
ethers as carbon nucleophiles.
The microreactor was mechan-
ically manufactured and made
of diflone and stainless steel
bodies with a diaphragm made
of PTFE (Scheme 21). The
electrodes required for the
cation flow consisted of a
carbon felt anode and a plati-
num wire electrode. In a typi-
cal experiment a 0.05m solu-
tion of methyl pyrrolidine car-


boxylate containing a supporting electrolyte (Bu4NBF4,
0.3m) in dichloromethane was introduced by a syringe pump
to the anode chamber with cooling (�72 8C, flow
2.1 mLh�1). A solution of the supporting electrolyte and tri-
fluoromethanesulfonic acid as a proton source was intro-
duced to the cathodic chamber. The cationic intermediate
was generated by low temperature electrolysis with subse-
quent transport in a usual reaction vessel containing the
carbon nucleophile.
A technologically new and interesting flow-through proc-


ess for enzymatic reactions was reported by Reetz and Leit-
ner.[96] The group designed a protocol for enzymatic reac-
tions, namely the lipase-catalyzed acylation (CAL B) of


Scheme 17. Suzuki–Miyaura cross-coupling under continuous flow conditions (PASSflow) using functionalized
polymer 47 and mechanistic considerations.


Scheme 18. Preparation of PVP-coordinated Ru-complexes 50 (the exact stereochemistry in the coordination
sphere of the Ru centre is unknown).
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octan-1-ol by vinyl acetate in ionic liquids [1-butyl-3-methyl-
imidazolium bis(trifluoromethanesulfonimide) [BMIM]-
ACHTUNGTRENNUNG[BTA] using supercritical CO2 as the mobile phase. The al-
cohol is pumped through the biphasic system and the prod-
ucts are obtained in solvent-free form in a cold trap. The


enzyme/ionic liquid mixture can be recycled in batchwise or
continuous flow operations.


Conclusions


It is our utmost belief that technological questions more and
more become part of chemical research. The examples given
in this overview show that it is fruitful to leave classical
thinking behind and combine and merge new methodologies
and enabling technologies to create new synthetic platforms
for conducting synthesis particularly single as well as multi-
step catalytic transformations.
Despite the fact that the number of examples of flow-


through processes and their combination with solid-phase
assistance and microwave acceleration performed in the lab-
oratory is only small today, not only process engineers but
recently also industrial medicinal chemists have begun to
evaluate flow-through processes with standard laboratory
equipment and take advantage of this new approach. Partic-
ularly, the combination with heterogeneous or heterogen-
ized catalysts as well as microwave acceleration is an ideal
combination for the rapid continuous production of chemi-
cals with minimum purification. Whatever chemists re-
quire—synthesis of few milligrams of a compound in drug
discovery, the synthesis of building blocks in multigram
scale for parallel synthesis, the preparation of kilogram
quantities for clinical research or even the production of
fine chemicals—flow-through processes are a universal lever
and a crucial link between differently scaled reactions. The
door is opened for a similar development in chemical syn-
thesis as had to be noted in analytical chemistry when
HPLC conquered the laboratories and took them by storm.
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Introduction


The increasing resistance of bacterial pathogens against
standard antibiotics combined with an emerging threat of bi-
oterrorism has led to the urgent need for developing innova-
tive anti-infective drugs.[1] Recently, branimycin (1) has been
isolated by the Laatsch group from actinomyces GW 60/
1571[2] .


First biological tests have shown that 1 is highly active
against Streptomyces viridochromogenes. The structure of 1
is related to that of the nargenicins[3] (e.g., nargenicin A1, 2)
and has been reliably elucidated by multidimensional 1H
and 13C NMR experiments. The interesting biological activi-
ty and the complex molecular architecture make 1 an attrac-
tive target for total synthesis. Our retrosynthetic analysis
(Scheme 1) features a disconnection of the molecule into a


bicyclic cis-decalin type core (e.g., 3 or 4) and a vinyl mag-
nesium side chain (5). In this report we describe the synthe-
sis of 5 and novel approaches to cis-fused decalin deriva-
tives.


Synthesis of Side Chain 5


The synthesis started from natural (R,R)-diethyl tartrate (6),
which was converted into the protected glyceraldehyde 7
(Scheme 2). Titanium tetrachloride mediated addition of the
nonracemic allenylsilane 8[4] resulted in the selective forma-
tion (d.r. >20:1) of the all-syn diastereomer 10, presumably
via a chelate intermediate 9. Benzyl-protection led to 11
which was converted into 5 via a regio- and stereocontrolled
hydrozirconation-iodination-metalation sequence.


Abstract: A variety of highly functionalized cis-decalin
systems have been prepared by means of the stereose-
lective transannular Diels–Alder (TADA) reaction of a
(Z,E,Z,Z)-tetraene macrolide, and by means of intra-
molecular nitrile oxide olefin (INOC) or ring-closing
metathesis (RCM) annulations to quinic acid deriva-
tives.
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Synthesis of cis-Dehydrooctalin Lactone 12: The
Transannular Diels–Alder (TADA) Approach


Following the retrosynthetic suggestion in Scheme 3, we
aimed for a synthesis of 4 that should be prepared by means


of a intramolecular Diels–Alder (IMDA) reaction[5] of tet-
raene 13. In this manner, lactone 12 should be formed
through an endo-transition state. Tetraene 13, in turn, was to
be constructed by a Stille coupling[6] of vinyl iodide 14 and
vinyl stannane 15 (Scheme 4).


For the synthesis of 14, lactone 16 was subjected to a ster-
eoselective 1,4-addition of vinyl cuprate. As the lactone
function turned out to be incompatible with the transforma-
tions envisaged later, it was reduced to the lactol and con-
verted into acetal 17 with high stereocontrol. Oxidation of
the olefinic sidechain to the aldehyde followed by a cis-se-


lective Wittig olefination gave vinyl iodide 18 in good over-
all yield, which was transformed into (Z)-enoate 14 by
means of an Ando olefination[7] (Scheme 5). The synthesis


of dienyl-stannane 15 is outlined in Scheme 6. Allylic alco-
hol 19 was oxidized to aldehyde 20, which was subjected to
a Still–Gennari olefination to give ester 21 with high Z se-
lectivity. Reduction with diisobutyl aluminium hydride and
formation of the p-methoxybenzyl ether led to 15. Stille cou-
pling with 14 furnished geometrically pure tetraene 13 in
satisfactory yield. The attempted IMDA reaction[5] failed
under all conditions we tried (heating to 150 8C, addition of
Lewis acids, high pressure up to 13 kbar). Instead, extensive
E/Z isomerization was observed in the triene part of the
molecule.


To remedy this situation, we decided to inhibit such iso-
merizations by incorporating the triene into a macrolide
ring, such as 24, and switch from IMDA to TADA[8] cycliza-
tion (Scheme 7). To achieve smooth macrocyclization, an
(E)-enoate had to replace the former (Z)-enoate, and the
former endo transition state had to be converted into the
exo transition state. The synthesis of 24 (Scheme 8) was
started with a (Z)-selective Julia olefination[9] of aldehyde
25 with sulfone 26 to give (Z,E)-diene 27, which was oxi-
dized to aldehyde 28 and olefinated to ester 30. Stille mac-
rocyclization[6] gave 24 in moderate yield.


Scheme 2.


Scheme 3.


Scheme 4.


Scheme 5.


Scheme 6.
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As expected, 24 underwent smooth TADA cyclization
under thermal conditions (Scheme 9) to give the diastereo-
merically pure cis-dehydrooctalin lactone 31 according to


HPLC and NMR analysis. The relative configuration of 31
was elucidated by 1NMR spectroscopy. Specifically, the low
value of J5,10 (6 Hz) and the NOE interactions shown in the
three-dimensional representation strongly supported the
configurations assigned. Further experiments are under way
to convert 31 into octalin 32, ready for connection with side
chain 5 (Scheme 10).


Intramolecular Nitrile Oxide Olefin (INOC)
Cyclizations


In a second approach, the intramolecular nitrile oxide olefin
(INOC) cyclization[10] was attempted for generating highly
substituted cyclohexane and cis-decalin systems. Thus com-
pound 33 was envisaged as a suitable core moiety of 1
(Scheme 11).


cis-Decalin 33 was to be derived from a ring-closing meta-
thesis reaction[11] of diolefin 34, which could be prepared
from lactone 36 via nitrile oxide 35. To probe the viability of
this approach, lactone 37 was converted into 39 through the
conjugate addition of vinyl cuprate and acrolein
(Scheme 12). Unfortunately, 39 was obtained as an epimeric
mixture and all attempts to generate 39 in epimerically pure
form failed. Straightforward functional manipulation of this
mixture furnished oxime 41, which was oxidized to nitrile
oxide 42. Under the conditions in situ cyclization to diaster-
eomerically pure isoxazoline 43 occurred, the configuration


Scheme 8.


Scheme 9.


Scheme 10.


Scheme 11.


Scheme 7.
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of which was elucidated by single-crystal diffraction
(Figure 1). Only the b-OTBS diastereomer underwent the
INOC reaction, the a-diastereomer did not give defined
products. Although 43 could be converted into diol 44 with
high stereocontrol, this approach was abandoned due to the
low efficiency of the INOC step. Instead, it was decided to
use the INOC reaction for an annulation of ring B to an al-
ready existing cyclohexene ring A, which should be derived
from d-(�)-quinic acid (45) as an inexpensive chiral starting
material (Scheme 13).


Scheme 13.


Figure 1. Crystal structure of compound 43.


Scheme 12.


Scheme 14.
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Hence, in a model study, 46 was prepared from 45 as de-
scribed[12,13] and transformed into cyclohexene diol 51 by
means of the sequence shown in Scheme 14, with stereocon-
trolled hydroboration/oxidation (47 to 48) and Corey–Hop-
kins elimination[14] (49 to 50) as the key steps.
AWittig–Still rearrangement was used to generate alcohol


52 (Scheme 15), which was oxidized to aldehyde 53. Non-
stereocontrolled addition of alkyne 54 furnished an epimeric
mixture of alcohol 55 that was separated. The b-epimer was


used in an INOC annulation via aldehyde 57 and oxime 58,
which were both stable towards E/Z isomerization. Nitrile
oxide formation and cycloaddition occurred in situ to fur-
nish isoxazoline 59 in a diastereomerically pure form. En-
couraged by this success, we decided to prepare the fully
substituted core compound. Thus, as shown in Scheme 16,
45 was converted into silyl dienol ether 60,[15] to which dime-
thoxymethane was added under trimethylsilyl trifluorome-
thanesulfonate (TMSOTf) catalysis with high axial prefer-


Scheme 15.


Scheme 16.
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ence (indicated by vertical arrow) to give cyclohexenone de-
rivative 61. Reduction under Luche conditions furnished al-
lylic alcohol 62 stereoselectively, which was converted into
ester 63 under inversion of configuration. Claisen–Ireland
rearrangement[16] smoothly gave acid 64 as a single stereo-
isomer. After reduction to alcohol 65, the INOC annulation
sequence was performed and indeed led to isoxazoline 70 in
high overall yield (Schemes 17 and 18). However, all at-
tempts to generate the desired hydroxy ketone failed. Either
ether 71 was obtained (which demonstrated the proximity of
functional groups in cis-decalin systems such as 73) or over-


reduction to 72 occurred. To rescue the approach, the
double bond was protected as an acetonide in 75. In fact,
hydroxy ketone 76 was now formed without problems and
protected as the triethylsilyl (TES) ether 77 (Scheme 19).
However, although vinyl magnesium bromide could be


Scheme 18.


Scheme 19.


Scheme 17.
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added to give 78 stereoselectively, isopropenyl magnesium
bromide did not react at all.
To exploit the INOC approach further, the possibility of


introducing the appendage in ring B prior to annulation was
investigated (Scheme 20). Thus aldehyde 68a was converted
into adduct 80 through Crimmins aldolization[17] with oxazo-
lidinethione 79. Tesylation and reduction gave aldehyde 81
and after the usual INOC procedure, isoxazoline 83 was ob-
tained. Reductive ring opening to hydroxy ketone 84 was
successful; however, as extensive epimerization occurred,
the INOC approach was abandoned as a whole.


Ring-Closing Metathesis (RCM) Annulation


Following the general retrosynthetic concept depicted in
Scheme 21, intermediate 62 was chosen as a substrate for a
Claisen–Ireland rearrangement (Scheme 22). It turned out
that diol 86 could be acylated at the allylic alcohol position
with high regioselectivity to give ester 88. The remaining hy-


droxyl function was TES-protected and a Claisen–Ireland
rearrangement was performed to give acid 90, which was
converted to olefin 93 as shown. After desilylation to 94, an
analogous sequence was performed that furnished the de-
sired diolefin 98.
RCM of 98 with HoveydaKs catalyst[18] gave cis-dehydrooc-


talin 99 (Scheme 23), which was converted into enone 101
with high yield. Stereo- and regioselective epoxidation of
the electron-rich double bond led to epoxide 102, diastereo-
merically pure according to the 1H NMR spectrum
(Figure 2) after chromatography, which is now ready for the
addition of side chain 5. From alkoxide 103, the desired
cyclic ether 104 should be formed.
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Figure 2. 1H NMR spectrum (CDCl3, 400 MHz) of epoxide 102.
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Powerful Carbon�Carbon Bond Forming Reactions Based on a Novel
Radical Exchange Process


B'atrice Quiclet-Sire and Samir Z. Zard*[a]


Introduction


There are very few reasonably general reactions capable of
creating carbon�carbon bonds in an intermolecular fashion
starting with simple, un-activated alkenes. The comparative-
ly low reactivity of ordinary alkenes makes them recalcitrant
partners in most bimolecular C�C bond forming processes
and the reactive species involved will generally prefer to
react with other functional groups present in the molecule.
Yet, the formation of C�C bonds is central to organic syn-
thesis, and a broadly applicable, operationally convenient
method allowing such a synthetic transformation would be


highly desirable. Even though radicals are capable of react-
ing with simple alkenes, most of the developments and ap-
plications in this area have been confined to intramolecular
modes or to additions to activated olefins. Allylation reac-
tions based on allyl stannanes and analogous reagents repre-
sent a noteworthy exception.[1] Intermolecular additions to
un-activated alkenes are simply too slow to compete with
other pathways open to the radical intermediate. The differ-
ence in rate constants between an intermolecular addition
to an ordinary olefin and hydrogen abstraction from a stan-
nane, for instance, is too large and cannot be overcome by
playing on concentration effects through high dilution or sy-
ringe pump techniques.[1] Thus, in the reaction displayed in
Scheme 1, substituent �E has to activate the alkene suffi-


ciently to make the addition faster than premature reduction
by the stannane. Group �E cannot therefore be a mere
alkyl or some other non-activating group. The same unfav-
ourable situation obtains with all common radical processes,
except for Kharasch-type reactions and those benefiting
from the persistent radical effect.[1]


A solution to this longstanding problem in chemistry
emerged from our work on the degenerative radical ex-
change of thiocarbonylthio derivatives, and especially xan-
thates.[2] The main features of the process are summarised in
the reaction manifold pictured in Scheme 2. Radicals RC,
produced first in the initiation step, rapidly add to the thio-
carbonyl group of the starting xanthate 1 (path A). This ad-
dition is fast but the stabilised adduct radical 2 is too hin-
dered to dimerise (or does so reversibly) and cannot dispro-
portionate. It can therefore only undergo fragmentation by
rupture of either the C�O (path B) or the C�S bonds (path
C). The former is quite difficult, for it involves a particularly


Abstract: Xanthates and related derivatives have
proved to be extremely useful for both inter- and intra-
molecular radical additions. The broad applicability of
the intermolecular addition to un-activated olefins
opens tremendous opportunities for synthesis, since var-
ious functional groups can be brought together under
mild conditions and complex structures can be rapidly
assembled. The presence of the xanthate in the product
is also a powerful asset for further modifications, by
both radical and non-radical pathways. Of special im-
portance is the access to highly substituted aromatic
and heteroaromatic derivatives and the synthesis of
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tion mediated by various thiocarbonylthio group con-
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Scheme 1. Radical addition to an olefin and competing premature reduc-
tion.
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strong bond and generates a high-energy ethyl radical. Scis-
sion of the C�S bond (path C) leads simply to the starting
xanthate and the same radical RC. Thus, the reaction of the
initial radical RC with its xanthate precursor is reversible and
degenerate. As a consequence, the effective lifetime of RC in
the medium increases considerably, since it is continuously
being regenerated. Now, addition even to simple, non-acti-
vated alkenes becomes possible. More generally, the radical
is able to undergo comparatively slow inter- or intramolecu-
lar processes not easily achievable with other methods. In
the case of addition to alkene 3 (path D), a new radical 4 is
created, which in turn reacts reversibly with the starting xan-
thate to produce intermediate radical 5. Reversible collapse
of this species furnishes finally adduct 6, as well as the initial
radical RC to propagate the chain.


The overall result is relatively straightforward, corre-
sponding to the addition of the elements of the xanthate
across the double bond of the olefinic trap. Xanthates are
used in this Scheme since most of the transformations dis-
cussed below involve this group, but the same applies to
other related derivatives of general formula R-S ACHTUNGTRENNUNG(C=S)-Z,
such as dithioesters, dithiocarbamates, trithiocarbonates,
even though efficiency and rates can vary significantly de-
pending on substituent Z.[3]


The simplicity of the global transformation should not de-
tract from the mechanistic subtleties of the process, which
need to be appreciated. The thiocarbonyl group is vastly
more radicophilic than a simple olefin. This means that any
reactive radical (namely RC, 4, and any radical arising from
the initiator) is rapidly removed from the medium and
stored as stabilised adducts of type 2 and 5. These adducts
fragment to liberate preferentially the most stabilised radi-
cal (stabilisation implies thermodynamic effects and this
may be used as a rule of thumb, but polar factors speeding
up the fragmentation step can also have a significant influ-
ence). It is important to bias the fragmentation of intermedi-
ate 5 in the desired direction by making adduct radical 4
less “stable” than the initial radical RC ; for otherwise the
chain will be slowed down causing the appearance of un-
wanted side reactions. This simple consideration ensures


that as long as the starting xanthate 1 is present, product
xanthate 6 is “protected” by being, in a sense, prevented
from undergoing further radical additions to the olefin re-
sulting ultimately in telomerisation. The greater the differ-
ence in “stability” between radicals RC and 4 the better is
the dichotomy in the reactivity of the two xanthates and the
easier it is to control the process. This is a key point that is
important to keep in mind, especially when dealing with in-
termolecular reactions. As will be seen later in this short
overview, it is sometimes possible to oxidise adduct radical 4
by electron transfer to the peroxide resulting in a crossover
from the radical to the cationic manifold (path E). This step
is favoured when group G is an entity that stabilises the
cation.


Xanthates have been used most frequently because they
offer the best combination in terms of reactivity, stability,
and accessibility. Potassium O-ethyl xanthate is commercial-
ly available and cheap (it is used on a large scale as a flota-
tion agent in the mining industry). It is an excellent nucleo-
phile and many xanthates can be made trivially by displace-
ment of a suitable leaving group. For instance, xanthate 7
depicted in Scheme 3 is readily made from the hemiacetal of
trifluoroacetaldehyde. It adds efficiently to a large assort-
ment of olefins, as demonstrated by the reactions in
Scheme 3.[4]


Alternatively, one can consider a given olefin, say allyl tri-
methylsilane as in Scheme 4, and highlight the great diversi-
ty of xanthates that can be added to it. Reagents 8, 9, and
10 allow the direct, flexible introduction of a trifluoromethyl
containing motif and complement in this respect the amide
containing xanthate 7 of the previous scheme. In fact, the
xanthate exchange process turns out to be a very powerful


Scheme 2. Reaction manifold for the addition of xanthates to olefins.


Scheme 3. Formation of a-trifluoromethyl amines. Reaction conditions:
reagents, lauroyl peroxide (2–10 mol%), 1,2-dichloroethane, reflux.
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approach to numerous fluorinated synthons.[4,5] Xanthate 11
allows the direct introduction of a Weinreb amide,[6] whereas
a geminal bis-phosphonate can be prepared by the use of re-
agent 12.[7] Sulfoxide 13 is an interesting one carbon radical
equivalent and provides an unusual entry to the very rich
chemistry of dithiane derivatives.[8] Heterocycles such tetra-
zoles, benzothiazoles and imidazoles can be readily obtained
by using the corresponding xanthates. A transformation in-
volving a benzothiazole is shown starting with xanthate 14.[9]


Other variants are displayed in the same Scheme[9,10] but an
infinite number of combinations can be envisaged.


The examples in Schemes3 and 4 embody many of the at-
tractive features of the system, and they are indeed numer-
ous.


* The reagents are cheap, generally stable, easy to handle,
and readily available.


* The processes are usually convergent and atom economi-
cal since all the elements of the xanthate and the olefin
end up in the product.


* No heavy metals are involved, even though organotin re-
agents for instance may be used with xanthates if
needed.


* The reactions can be advantageously run under very high
concentrations (reduced cost and waste).


* The processes are self-regulating, safe, and easily scala-
ble.


* 1,2-Dichloroethane (DCE) was used as the solvent for
convenience but many other solvents, including water,
can be used.


* Although peroxides are usually the preferred initiators
for triggering the chain reaction, other initiators such as
diazo derivatives, a combination of triethylborane and
oxygen can also be used. Initiation may equally be per-
formed photochemically.


* There is a remarkable tolerance for many functional
groups, allowing an easy access to a very wide diversity
of structures and combinations of functional groups.


A classical chain process is not strictly necessary. In some
cases, adduct radical 4 can be oxidised by the peroxide caus-
ing a crossover from a radical to a polar manifold (path E).
This will have its importance for the replacement of the xan-
thate group by a hydrogen or a bromine and when dealing
with the synthesis of aromatic and heteroaromatic deriva-
tives (see below). The peroxide thus behaves both as an ini-
tiator and a reagent and needs to be used in stoichiometric
amounts.


Going back to Scheme 2, it is important to realise that the
xanthate group exerts a powerful regulating influence on
the concentration of the various radicals in the medium,
scavenging reactive radicals and releasing stabilised radicals.
This role can be seen in the selective and high yielding for-
mation of homodimers from xanthates that lead to stabilised
radicals, when the xanthate is exposed to stoichiometric
amounts of peroxide in the absence of a trap. Two such ex-
amples are displayed in Scheme 5. The first involves xan-


thate 15, an analogue of xanthate 7 used in Scheme 3. The
dimerisation provides a convenient route to hexafluorinated
dibenzamide 16, a compound that would be quite difficult to
make by classical routes.[4] The parent diamine and deriva-
tives thereof could be of interest as ligands for transition
metals. The second involves the quantitative formation of
bis(isothiocyanate) 18 by homocoupling of the correspond-
ing benzylic radicals.[11]


Mechanistically, the clean formation of homodimers,
when stabilised radicals are involved, has profound implica-
tions, since one would have expected the formation of a
complicated mixture resulting from all possible combina-
tions of radicals derived from the peroxide initiator and the
xanthate. The simplified reaction sequence in Scheme 6 en-
capsulates the subtle factors underlying this phenomenon.


Scheme 4. Radical additions to allyl trimethylsilane.


Scheme 5. Selective formation of homodimers. Reaction conditions: re-
agents, lauroyl peroxide (100 mol%), 1,2-dichloroethane, reflux.
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As soon as an undecyl radical is generated, it is rapidly scav-
enged by the strongly radicophilic thiocarbonyl of xanthate
15 to give adduct 19 (in fact, any xanthate in the medium,
and not just starting xanthate 15). Although this addition is
in principle reversible, fragmentation to give the more
stable radical 20 is much more facile. Thus, the concentra-
tion in undecyl radicals remains extremely low, whereas that
of stabilised radical 20 builds up continuously until homo-
coupling becomes unavoidable, since there is no other rea-
sonable trap in the medium. This observation also means
that adduct radical 19 either does not engage in radical-radi-
cal interactions with another radical 19 or with stabilised
radical 20, or does so reversibly.


Further Examples


The tolerance of the method may be further underscored by
the three transformations pictured in Scheme 7, involving
radical additions to relatively complex olefinic partners. The
first represents an unusual approach for the modification of
pleuromutilin, a terpenic antibacterial, without the need for
any prior protection of the existing functional groups.[12] The
use of a neopentyl instead of the ubiquitous ethyl group is
to render xanthate 10 more hydrophobic and thus to limit
the formation of the hydrate of the ketone. Trifluoromethyl
ketones readily form hydrates and, in the present case, this
would disfavour the generation of the desired trifluoroace-
tonyl radical because the hydrated radical lacks the stabilisa-
tion provided normally by the carbonyl group. Many other
xanthates besides 10 can be used for the addition, and novel
pleuromutilin derived libraries can be constructed by further
modifications of the adducts.


The second example represents the addition of a one
carbon equivalent, 13, to a glucose derivative.[8] Further ma-
nipulations can again exploit the rich and now well-estab-
lished ionic chemistry of dithianes. The last radical addition
also involves a sugar derived alkene, as well as an interest-
ing phosphonate reagent 21, which can be elongated on one
side by a radical addition, as shown, and then elaborated on
the other side by a classical Wittig–Horner condensation
with an aldehyde or a ketone.[13] It is worthwhile noting that
the radical carbon�carbon bond-forming step takes place on


the terminus that bears the least acidic hydrogens in reagent
21.


Another interesting linchpin reagent is a-chloroketone
derived xanthate 22, which allows the modular elongation of
both sides of the ketone by two successive radical addi-
tions.[14] This is exemplified in Scheme 8 by a first addition
to 3-acetoxy-1-octene, displacement of the chlorine by po-
tassium O-ethyl xanthate, then a second addition to a pro-
tected allylamine. Note that in the first adduct 23 only the
xanthate group vicinal to the ketone and leading to more
stabilised radical reacts; the other remains as a spectator
since it is more difficult to generate the corresponding un-
stabilised secondary radical. The final compound now con-
tains two xanthate groups that can be removed by reduction
with tributylstannane. More generally xanthate 22 provides


Scheme 6. Selective regulation of the concentration of radicals.


Scheme 7. Additions to complex alkenes.


Scheme 8. A linchpin xanthate.
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a direct entry into a-chloroketones of unusual structures
that are otherwise inaccessible. Many classical heterocyclic
syntheses rely on a-chloroketones as key substrates, as they
offer two quite reactive electrophilic sites and are ideally
suited for condensation reactions. Thus, treatment with a
thioamide leads to a thiazole such as 24 through the
Hantzsch condensation, as shown in the lower part of
Scheme 8.[14]


The xanthate transfer technique allows the generation
and manipulation of a variety of interesting radicals. For in-
stance, it proved possible to generate and capture cyclopro-
pylacyl radicals in an intermolecular fashion.[15] In the ab-
sence of strongly stabilising substituents on the cyclopropyl
ring (such as phenyl groups), the extrusion of carbon mon-
oxide and ring opening are too slow to compete with the ad-
dition process. The cyclopropyl radical is in fact a high-
energy species that is more akin to a vinyl than to an ali-
phatic radical, because of the particular hybridisation of the
cyclopropyl carbons. This difference can be appreciated by
comparing the behavior of xanthates 25 and 27. In the
latter, the cyclopropyl motif has been replaced by two gemi-
nal methyl groups. In this case, the loss of carbon monoxide
cannot be avoided. It is therefore the capture of the tertiary
radical that is observed. From a synthetic perspective, both
transformations are interesting. The first represents the syn-
thesis of a very unusual protected amino acid 26, which
would be quite difficult to obtain by classical routes. The
second corresponds to a general approach to protected terti-
ary amines, such as 28, which are also not always easily ac-
cessible (Scheme 9).[15]


Synthesis of Rings


If intermolecular additions onto un-reactive olefins are fea-
sible, then obviously the construction of rings by intramolec-


ular additions should also be readily accomplished. This is
indeed the case. Furthermore, rings can be assembled not
only through radical processes, but also by a combination of
radical and ionic processes. Owing to the relatively long ef-
fective lifetimes enjoyed by radicals generated through the
xanthate exchange process, reputedly difficult cyclisations
can be executed under mild conditions and often without
the need for high dilution. Ring closures leading to d-lac-
tams is a case in point. The existence of slow interconverting
rotamers hinders the cyclisation, and stannane-based meth-
ods are generally unsatisfactory. The key step in the synthe-
sis of the berbane system 29, summarised in Scheme 10,


shows that the xanthate route can indeed overcome this
problem.[16] Moreover, the xanthate group survives the
somewhat harsh acidic conditions of the subsequent Bish-
ler–Napieralski cyclisation. Even the notoriously difficult
four- and eight-membered ring closures can sometimes be
effected as indicated by the construction of the bridging ring
in a pleuromutilin model[17] and the remarkably efficient b-
lactam formation recently reported by Grainger and Inno-
centi,[18] also displayed in Scheme 10.


Alternatively, cyclic structures can be constructed by com-
bining the radical addition with classical ionic reactions. The
bimolecular radical addition serves to bring together various
functional groups, which can then be made to react together
in an intramolecular fashion by changing the pH or by
adding a suitable reagent. This approach is illustrated by the
convergent synthesis of cyclohexenes displayed in
Scheme 11, where an intramolecular Wittig–Horner conden-
sation is used to install the six-membered ring.[19] Interest-
ingly, in the second sequence leading to 31, corresponding
to the C-D portion of steroids, only one isomer is ultimately
obtained: one of the two ketones in precursor 30 reacts pref-


Scheme 9. Comparative behavior of cyclopropylacyl and aliphatic acyl
radicals.


Scheme 10. Construction of the berbane, pleuromutilin, and b-lactam
skeletons.
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erentially to place the xanthate group in the equatorial posi-
tion in order to avoid a repulsive 1,3-diaxial interaction with
the ethyl group. Note that the location of the xanthate
group in 31 is that of the important C-11 position (steroid
numbering); furthermore, in natural steroids, there is a
methyl and not an ethyl group on C-13, but some very
potent contraceptives such as desogestrel contain the non-
natural ethyl substituent at this position and have to be
made industrially by total synthesis.


Conversely, the phosphonate group can be part of the ole-
finic trap, as in the examples shown in Scheme 12.[20] The
distance between the olefin and the phosphonate group ulti-
mately determines the size of the new ring, a cyclohexene or
a cycloheptene in the present case. It is worth noting that
the ease of appending the side chain in the present approach


contrasts with the general difficulty encountered in alkylat-
ing cyclobutanones. Obviously, this strategy is not limited to
cyclobutanones: other cyclic or open chain ketones can of
course be used.


Another powerful route to polycyclic structures involves a
combination of the xanthate addition with a Robinson anne-
lation, because it is quite easy to assemble the desired com-
ponents. The examples displayed in Scheme 13 start with


enone 32, a compound made simply from 3-methyl-2-cyclo-
penten-1-ol in three straightforward steps, including a key
Claisen rearrangement which conserves the stereochemistry
of the initial allylic alcohol.[21] Intermolecular addition, ring
closure, and xanthate transfer using two different xanthates
provide the expected bicylic structures in high yield. Reduc-
tive removal of the xanthate group and acid- or base-in-
duced Robinson annelation provide the corresponding tri-
quinanes. The stereochemistry of the various chiral centres
is either directly controlled by the stereochemistry of the
quaternary carbon in the initial enone or may be corrected
afterwards through the extended enolate of the enone group
in the product. Again, various combinations of rings can be
rapidly constructed by altering the starting enone and the
xanthate partners.


The sequence depicted in Scheme 14 showcases the possi-
bility of generating and capturing a propargylic radical.[22]


Thus, addition of a malonyl radical derived from the corre-
sponding xanthate gives intermediate radical 33, which ring-
closes to furnish ultimately an allene. Reductive removal of
the xanthate group simplifies the structure and allows the
acid-catalysed rearrangement of the allenyl acetate into a
conjugated enone to occur without undue complications. Fi-
nally, base-induced internal Michael addition introduces the
third ring. Thus, it is possible to elaborate quite complicated
structures in very few steps.


For the synthesis of alkaloids, it is advantageous to associ-
ate the radical xanthate transfer with the Mannich or the


Scheme 11. A convergent construction of cyclohexenes.


Scheme 12. Construction of cyclohexenes and cycloheptenes.


Scheme 13. Synthesis of polyquinanes.
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Pictet–Spengler reaction. An example of the latter case is
pictured in Scheme 15, illustrating a possible approach to
the eburna alkaloids.[23] Addition of xanthate 34 containing


a protected aldehyde onto a protected N-allyl tryptamine
followed by reductive removal of the xanthate group and
deprotection of the indole nitrogen affords the precursor for
the ionic cascade. This can be triggered by the action of tri-
fluoroacetic acid to form tetracyclic indole 35 as a mixture
of epimers.


The construction of rings can also rely on a double radical
addition. This strategy is exemplified by the reaction of bis-
xanthate 36 with b-pinene (Scheme 16).[14,24] The first inter-
molecular addition causes the scission of the cyclobutane
ring and places an olefinic bond in a position allowing it to
capture the radical produced from the second xanthate. The


overall result is a highly efficient annelation process that
leads to an optically pure cis-fused decalin system with a
well-defined stereochemistry of the various chiral centres.


Modifications of the Xanthate Group


In the foregoing examples, the xanthate group was either
left in the product or reductively removed using tributylstan-
nane. Other, tin-free procedures for the removal of the xan-
thate are known. Tris(trimethylsilyl)silane or the much
cheaper hypophosphorous acid and its salts can be used as
the hydrogen atom donors.[25] A combination of a peroxide
and isopropanol is also cheap and convenient.[26] The latter
system relies on the abstraction of a hydrogen atom from
the solvent but a stoichiometric amount of peroxide is re-
quired since it is now both an initiator and an oxidant for
the ketyl radical generated from the isopropanol. Two exam-
ples of the reduction of a xanthate into the corresponding
alkane are given in Scheme 17. The first exemplifies an ap-
proach to unnatural amino acids such as 37,[27] and the
second shows the synthesis of 38, a xanthate-free radical ad-
dition product of pleuromutilin.[12] Interestingly the isopro-
panol/lauroyl peroxide combination can also effect a Barton
Mc-Combie type deoxygenation, thus avoiding the use of
tin-based reagents.[28]


Scheme 14. Formation of an allene by capture of a propargylic radical.
DBU = 1,8-diazabicycloACHTUNGTRENNUNG[5.4.0]undec-7-ene.


Scheme 15. Synthesis of polycyclic indole derivatives. AIBN = azobis-
(isobutyronitrile).


Scheme 16. Synthesis of cis-decalins from b-pinene by a radical cascade.


Scheme 17. Tin-free reductive removal of the xanthate group.
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The presence of the xanthate entity in the product is,
however, a precious asset. It allows another radical sequence
to be implemented and opens, in addition, an entry into the
exceedingly rich chemistry of sulfur. The following examples
will give an idea of the possibilities, even if they represent
only a tiny fraction of what has already been accomplished
and of what can actually be done. For instance, depending
on its position with respect to other substituents, the xan-
thate group can sometimes act as a nucleofuge. One such
case obtains upon addition of an acyl radical to an olefin,
for the xanthate group in the product can now undergo b-
elimination with base to give an unsaturated derivative. In
the example in Scheme 18, addition of cyclopropylacyl xan-


thate 25 to a vinyl boronate gives the expected addition
product 39 which, upon treatment with triethylamine/methyl
iodide, provides a unique unsaturated boronate 40. This un-
usual substance could be later used as a substrate in Suzuki–
Miyaura couplings or in cycloaddition reactions.[29] Methyl
iodide serves to capture irreversibly the eliminated xanthate
anion.


If an enol ether is used as the radical trap, the xanthate
ends up on the same carbon as the oxygen. The C�S bond
finds itself weakened by an anomeric-type effect and the
xanthate can be made to depart by the action of a Lewis
acid or a silver salt. This notion was very recently exploited
by Lequeux et al. to expediently construct a fluorinated 2’-
a-C-nucleoside as shown in Scheme 19.[30]


Addition of xanthates to vinyl esters also leads to adducts
where the carbon bearing the xanthate group has the oxida-
tion level of an aldehyde. This is demonstrated by the first
transformation in Scheme 20 giving rise to an interesting


synthon 41 for the construction of fluorinated heterocy-
cles.[4] This nicely crystalline compound contains a protected
amine and aldehyde groups as well as a trifluoromethyl
entity. When the starting xanthate is vicinal to a ketone, the
product becomes a convenient substrate for a variant of the
Knorr pyrrole synthesis.[31] One example is shown in the
same Scheme using vinyl pivalate as the trap. A variety of
pyrrole derivatives were expediently prepared, simply by
modifying the xanthate and amine components.


Exposure of the adducts with vinyl pivalate to titanium
tetrachloride unexpectedly produced dithietanones such as
42, often in good yields (Scheme 21).[32] Under these condi-
tions, it is the pivaloxy group that behaves as the nucleofuge.
Dithietanones are very rare substances and their chemistry
is still largely unexplored. They are surprisingly stable to
heat but preliminary studies indicate them to be convenient
precursors for thioaldehydes through the action of methox-
ide or DMAP.[33]


It is possible to convert the xanthate into a leaving group
by first cleaving it into the corresponding thiol then treating
with 1,4-dibromobutane to give the cyclic sulfonium salt.
This route was used in a simple synthesis of nine-membered
rings.[34] Another more direct pathway takes advantage of
the greater radicophilicity of the xanthate as compared with
the bromine in ethyl a-bromoisobutyrate.[35] Thus, the radi-
cal from the initiator will preferentially attack the xanthate
and the resulting radical will then abstract a bromine atom
from the bromoisobutyrate. The peroxide has to be used in


Scheme 18. Synthesis of a vinyl boronate. DCM = dichloromethane.


Scheme 19. Synthesis of a fluorinated 2’-a-C-nucleoside.


Scheme 20. Additions to vinyl esters and synthesis of pyrroles. p-TSA =


para-toluenesulfonic acid; Piv = pivaloyl.


Scheme 21. Synthesis of a dithietanone.
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equimolar amounts, because the tertiary isobutyryl radical
produced in the bromine transfer step is too stabilised and
incapable of propagating the chain. The formation of bro-
molactone 43 is a representative example of this synthetical-
ly valuable functional group exchange.[35]


More impressive transformations can be implemented by
exploiting the properties of sulfonyl radicals. For instance,
heating a xanthate in the presence of ethyl allyl sulfone and
a small amount of a peroxide or a diazo initiator leads to an
overall allylation reaction.[36] One example of this allylation
procedure, including a simplified mechanistic rationale, is
presented in Scheme 22. The key consideration is the fact
that the ethylsulfonyl radical extrudes a molecule of sulfur


dioxide to give a reactive ethyl radical that is now capable
of propagating the chain. The ethyl group in the sulfone re-
agent can be replaced by a methyl or, for that matter, by
any primary aliphatic group, as long as the derived radical is
not stabilised. Many substituted allyl groups can be intro-
duced. The fact that the method is tin-free makes it compat-
ible with the presence of halogens. In the transformation
shown, a bromoallyl group is introduced with ease. Base-in-
duced elimination of bromide would then lead to an alkyne
resulting in an overall indirect radical propargylation. The
process can be extended to the introduction of vinyl groups,
as illustrated by the two examples in Scheme 23.[37] The first
concerns the attachment of a dichlorovinyl motif at the
anomeric position of a 2-deoxyglucose derivative, giving rise
to compound 45. The geminal dichlorovinyl entity is espe-
cially useful because it can be converted into an alkyne by
the Corey–Fuchs reaction or subjected to transition-metal
catalysed coupling processes. The second transformation
leading to intermediate 47 is a key step in the formal synthe-
sis of lepadine B and involves the appending of a styryl
group.[38] The synthesis of the cis-perhydroquinoline precur-
sor 46 also relies on an interesting xanthate-mediated cycli-
sation. Even though no examples are shown, it is worthwhile
mentioning that the allylation and vinylation procedures are


also applicable to aliphatic iodides.[39] This is an important
extension, especially as concerns the vinylation process,
since vinyl groups are not easily introduced using traditional
transition-metal-based reactions on aliphatic sp3 centres.


Further, substantial additions to the sulfonyl radical tech-
nology were developed in the groups of Renaud and Kim.
For instance, Renaud and his co-workers implemented the
use a sulfonyl azide to replace a xanthate or an iodide with
an azide group, as illustrated by the first example in
Scheme 24.[40] This reaction opens up numerous possibilities


for the expeditious construction of complex alkaloid struc-
tures by combining the easy reduction of azides into amines
with the convergence and flexibility of the intermolecular
addition of xanthates. Azides have also recently gained high
visibility in the context of “click” chemistry. The second
transformation in Scheme 24 represents a one-carbon elon-
gation of a xanthate into the homologous aldoxime, devised
by Kim and co-workers.[41] As a result of all these efforts,
xanthates (as well as iodides and tellurides) can now be con-
sidered as springboards to a vast number of structures and
functional groups.


Radical–Polar Crossover Reactions


As mentioned in the introduction, the propagation of the
chain process depends to a large extent on the difference in


Scheme 22. Functional group transformations of xanthates.


Scheme 23. Introduction of vinyl groups.


Scheme 24. Synthesis of azides and oxime ethers. V-40 = 1,1’-azobis-
(1-cyclohexanecarbonitrile).
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stabilities between the initial and adduct radicals, the former
having to be preferably more stable than the latter. It is
therefore difficult to establish a chain reaction when the ini-
tial radical is of high energy (e.g. vinyl or aromatic radicals)
or when the adduct radical is too stable. In the latter situa-
tion, if the stabilisation is due to an electron-releasing sub-
stituent, then it is possible to imagine oxidation of the
adduct radical by a one-electon transfer to the peroxide
(path E in Scheme 2). Addition to an aromatic nucleus is a
case in point. The resulting cyclohexadienyl radical 48 is too
stabilised and not normally capable of propagating the
chain, but it can be easily oxidised into the corresponding
cation 49, which then rapidly loses a proton to give back the
aromatic system (Scheme 25).


This opens a very practical and economical approach to
numerous aromatic structures. Some assorted examples are
collected in Scheme 26. Five-, six- and sometimes even
seven-membered rings can be readily assembled. Oxin-
doles,[42] indolines (e.g. 50),[43] dihydroquinolinones (e.g.
51),[44] dihydroisoquinolinones,[45] homophthalimides,[46] tet-
ralones,[47] aminochromans,[48] can be obtained in a conver-
gent manner from readily accessible precursors. Further-
more, the radical cyclisation step is not usually much affect-
ed by the nature of the substituents on the ring. Any varia-
tions in the relative rates caused by the substituents are
often compensated by the relatively long effective lifetimes
of the radical intermediates due to the degenerative ex-
change of the xanthate group (i.e. , if the radical does not cy-
clise to 48, it reacts with the starting xanthate in a redundant
manner). The tolerance for electron-withdrawing groups is
an especially interesting feature because electron-poor aro-
matics are recalcitrant partners in the traditionally em-
ployed Friedel–Crafts and related electrophilic substitutions.
Dihydroquinolone 51 is a clear illustration of this advantage,
as it contains two trifluoromethyl groups and yet can be ob-
tained in acceptable yield.[44] It is equally noteworthy that
the cyclisation occurs despite the absence of a substituent
on the nitrogen. Normally a substituent is needed to coun-
teract the unfavourable rotamer distribution. The third ex-
ample, showing the formation of an aminochroman, also
points to a potential drawback regarding the regiochemical
control. The generally poor regioselectivity is the price that
has to be paid for the high reactivity of the radical species.
Finally, it is possible to prepare aromatic structures with
fused seven-membered rings such as 52, possessing a rarely
found molecular architecture.[49] The allyl acetate in this


convergent approach can be replaced by a plethora of other
olefins making the synthesis of analogues a trivial matter.


Aza-pyridine derivatives are especially prized by medici-
nal chemists but are generally less readily available as com-
pared with their benzene analogues. The xanthate transfer
approach turns out to be also very useful in this area. The
transformations in Scheme 27 summarise some of the possi-
bilities.[50] In the same manner as for the benzene series,
five-, six-, and seven-membered rings can be fused to the
pyridine nucleus. Most of these derivatives are only tedious-
ly accessible by traditional routes. The pyridine ring is often
an unwilling participant in the Friedel–Crafts reaction and
commercially available functionalised pyridines are some-
what limited in number. The second example nicely demon-
strates that an iodo substituent is compatible with the reac-
tion conditions. In this case, the intermolecular addition and
ring closure were done directly. The presence of the iodine
atom on the pyridine ring in 53 constitutes an especially
convenient handle for further transformations based on
transition-metal-based couplings. The last sequence shows
the formation of aza-benzazepinone 54, a member of a
family that is gaining importance in medicinal chemistry.[50b]


The synthesis of a-tetralones is also particularly conven-
ient, in view of the ready accessibility of the phenacyl halide
precursors. Addition of the corresponding xanthate to an
olefin followed by peroxide-mediated ring closure gives rise
to the expected tetralone in generally good yields. Two ex-


Scheme 25. Radical–ionic crossover in ring closure onto aromatic rings.


Scheme 26. Examples of ring closures onto aromatic rings.
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amples are provided in Scheme 28 using the same xanthate.
In the first, a tetralone containing a sugar side chain is as-
sembled, as a prelude to the C-arylglycoside which can be
obtained by aromatisation of the newly formed ring into the
corresponding naphthalene.[51] The second represents a syn-
thesis of an analogue of Ezetimibe, a hypocholesteremic
drug.[52] In both cases, the motifs are too fragile to be easily
introduced in such a direct manner by more conventional
routes.


Tetralones are particularly useful structures. They can be
converted into naphthalenes, naphthols, naphthylamines (via
the Schroeter reaction), or into benzazepinones by ring ex-


pansion through a Beckmann rearrangement or other relat-
ed transformations. Birch reduction of the aromatic ring
leads to substituted decalins that can be useful for the syn-
thesis of terpenes or steroids. The synthesis of various naph-
thalenes is illustrated by the examples in Scheme 29, starting


from tetralone 55.[53] Exposure to acid causes the elimination
of the pivaloxy group to give naphthol 56, a deceptively
simple compound which was hitherto unknown. Bromina-
tion prior to acid treatment furnishes bromo-analogue 57,
whereas a Wittig–Horner condensation followed by aromati-
sation leads to 6-fluoro-1-naphthaleneacetate 58. The piva-
late group is sufficiently bulky to permit the selective addi-
tion on the ketone of various nucleophilic reagents. This ap-
proach can lead to a broad spectrum of naphthalenes with a
well-defined and often unusual substitution pattern.


The radical annelation process can be extended to five-
membered heteroaromatic rings. In the case of azoles, such
as imidazoles and triazoles, it is necessary to neutralise their
nucleophilicity either by making a suitably protected deriva-
tive or, more simply, by working with their anhydrous
salts.[54] Camphorsulfonates are especially convenient be-
cause of their general solubility in organic solvents. One ex-
ample of such a transformation applied to N-benzimidazole
is given in Scheme 30. Addition and ring closure can be
done directly to give tricycle 59, an interesting template for
the synthesis a library of medicinally interesting compounds.
This is indicated by the banal conversion into two amides by
exposure to cyclopropylamine and to a piperidine derivative.
It is also worth mentioning that intermolecular reactions can
be accomplished in some cases, as demonstrated by the ex-
pedient synthesis of ethyl 2-indole acetate 60, recently re-
ported by Miranda et al.[55]


Furans often behave differently and their reactions can
reveal the reality of the radical–polar crossover.[56] Instead
of the expected fused structure, the ring closure leads to a


Scheme 27. Examples of ring closures onto pyridines.


Scheme 28. Construction of tetralones.


Scheme 29. Synthesis of naphthalenes.
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spiro-intermediate 61, which is oxidised by the peroxide into
cation 62, as delineated in Scheme 31. The use of methanol
as the co-solvent allows capture of this cation to afford spi-
rolactam 63 as a mixture of isomers. It is not usually neces-
sary to isolate this rather acid sensitive compound. Its oxida-
tion gives the corresponding lactone 64 whereas a Sakurai-
type reaction with allyl trimethylsilane provides 65 in good
overall yield.


Another process where a clear radical–polar crossover
can be observed is the ring closure of enamides such as 66
(Scheme 32).[57] The 5-endo cyclisation leads to an easily oxi-
dised radical 67, which readily evolves into cation 68 and
from there into isomeric pyrrolidinones 69 and 70 by loss of
a proton. A stannane-based 6-endo cyclisation of the latter
and reduction of the lactam function furnishes (� )-a-lycor-
ane. This very concise synthesis of (� )-a-lycorane highlights
the use of two different radical processes to assemble a com-
plex structure. The aromatic bromide is inert under the first,
peroxide mediated transformation but can be made to react
in the second step by the action of stannyl radicals.


Conclusion


The foregoing examples give a brief overview of the synthet-
ic possibilities attached to the use of the radical xanthate
transfer process. Only a small fraction what can be accom-
plished has been presented. Numerous different types of
radicals can be made and captured, including nitrogen-cen-
tred radicals,[58] and the products themselves can be modi-
fied in infinite ways, by both radical and non-radical reac-
tions. This chemistry represents perhaps the most general
solution to the problem of intermolecular carbon�carbon
bond formation on un-activated alkenes. This is due to the
inherently long life of the intermediate radicals generated
using this technique and to the fact that carbon radicals do
not react rapidly with many polar groups (such as ketones,
esters, amides) commonly encountered in organic synthesis.
Most of the potential competing pathways are thus eliminat-
ed and clean additions to alkenes can be frequently ob-
served.


In addition to synthesis, the reversible addition fragmen-
tation to the thiocabonylthio motif found in for example
xanthates, dithiocarbamates, dithioesters, trithiocarbonates
discussed in Scheme 2 for the particular case of xanthates, is
now being actively exploited for the synthesis of block poly-
mers.[59] The principle of this approach is summarised in
Scheme 33 for the synthesis of a diblock polymer 74. The
first addition to a monomer leads to the usual adduct 72,
which itself can add to further monomer molecules until


Scheme 30. Additions to heteroaromatics.


Scheme 31. Spirocyclisation on furans.


Scheme 32. Synthesis of (� )-a-lycorane.


Scheme 33. MADIX/RAFT synthesis of block polymers.
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complete consumption of the monomer. Since all the chains
can keep growing as long as there is monomer, the polymer
obtained, 73, often has a narrow distribution of molecular
weights (or polydispersity). Furthermore, the presence of a
capping thiocarbonylthio group in 73 allows a second poly-
merisation to be performed with a different monomer to
give diblock 74. Triblocks, star polymers, and a multitude of
other structures with evocative names (brushes, combs, etc.)
can be conveniently assembled. The RAFT and MADIX
processes, as they are now called, are set to revolutionise
the crafting of polymers with well-defined architectures.
This is an extremely effective, cheap technology that can be
applied to essentially all commercial monomers and is toler-
ant of many functional groups. Scientific papers and patents
on the topic now number in the hundreds.
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Guanine Oxidation: One- and Two-Electron Reactions**


Genevi%ve Pratviel*[a] and Bernard Meunier*[b]


Introduction


Guanine bases are hot spots of DNA damage by oxidation.
Guanines are the preferred DNA targets for singlet oxygen
and electron-transfer reactions. They are also modified by
HOC radicals.[1–4] These different oxidative reactions generate
a set of common final lesions (see Scheme 1 for the struc-
tures of these chemically modified bases). Initial work on


guanine oxidation supported the idea that the formation of
8-oxo-7,8-dihydroguanine (8-oxo-G; see footnote [**] linked
to the title of this article) was the main oxidation product,
but this evolved to the present situation in which it is only
one product among several. On DNA models (nucleosides
or short oligonucleotides), imidazolone (Iz; Scheme 1), to-
gether with its hydrolysis product, oxazolone (Z), is the
main lesion generated by type I photosensitizers (one-elec-
tron oxidants)[5–9] and by HOC radicals[5] in the presence of
O2. On the other hand, singlet oxygen favors the formation
of a spiroiminodihydantoin derivative, Sp.[10,11] Furthermore,
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under different oxidizing conditions, the final goal being
to know which lesions in DNA can be expected in vivo
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the mechanisms underlying guanine oxidation by the
comparison between one- and two-electron transfer
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[**] In the following text, guanine (G) or any oxidized base derived from
it will always refer to a residue included in a nucleoside or an oligo-
nucleotide structure. In addition, we will not follow the rules of chem-
ical nomenclature for the numbering of the carbon atoms of the gua-
nine oxidation products but we will keep the numbering of the
carbon atoms of the initial G for convenience. Scheme 1. The structure of the main guanine oxidation products.
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the far easier oxidation of 8-oxo-G (compared to guanine
itself) by electron transfer and singlet oxygen allowed the
discovery of new lesions (dehydroguanidinohydantoin
(DGh), guanidinohydantoin (Gh), spiroiminodihydantoin
(Sp)),[12–15] that are also relevant to guanine oxidation.[16–19]


Moreover, the reaction of guanine with a unique strong
oxidant (Mn–TMPyP/KHSO5) that is able to mediate a two-
electron abstraction reaction proved to be a convenient tool
to generate not only all the previously mentioned guanine
oxidation products, but also drew attention to new lesions
that were not described before.[20–26]


Overall, the parallel study of guanine oxidation by various
routes allows a better understanding of the mechanisms of
formation of these DNA lesions. Due to common transient
intermediates, the different reaction pathways can lead to
the same products depending on the reaction conditions.
This article analyses the mechanisms underlying guanine ox-
idation by the comparison between one- and two-electron
transfer processes. This overview presents a choice of some
key intermediates and the predictive description of G oxida-
tion products that can be generated from these intermedi-
ates depending on the reaction conditions.


Guanine Oxidation by HOC Radicals


HOC radicals do not react by outer-sphere electron transfer,
but by direct addition onto the double bonds of the guanine
heterocycle.[27] The action of HOC on G at the level of the
nucleoside leads to two intermediate radicals, the hydroxy-
lated radical at C8 (G8OH)C and the neutral guanine radical
(G�H)C in �20 and �70% yield, respectively, relative to
HOC.[28] The major product of the reaction of HOC with G,
namely (G�H)C, is proposed to be due to the addition of
HOC at C4 of G. The (G4OH)C radical is unstable and loses a
molecule of H2O leading to the neutral guanine radical
(Scheme 2).[28] The (G�H)C radical has oxidative properties.
In contrast, the attack of HOC at C8 of G yields a reducing
neutral radical (G8OH)C that reacts quickly with O2 by elec-
tron transfer (k=4K109m�1 s�1) to give rise to 8-oxo-G
(Scheme 2).[28] Radicals may be oxidized or reduced depen-
ACHTUNGTRENNUNGding on the reaction conditions. Thus, alternatively, the


(G8OH)C radical may be stabilized by reduction. This reac-
tion pathway leads to the formamidopyrimydine derivative
of guanine (FaPyG) (Scheme 1).[1–4,29] Similarly, the oxida-
tion of the (G�H)C will be considered later. Within double-
stranded DNA exposed to the HOC radical, the main decom-
position product of G was found to be 8-oxo-G.[1,2]


The neutral guanine radical (G�H)C is the conjugated
base of the guanine radical cation GC+ (pKa=3.9).[27] Thus, it
appears that (G�H)C, which is the first intermediate of gua-
nine oxidation by one-electron transfer, is also one inter-
mediate of guanine oxidation by HOC radicals. In summary,
guanine oxidation by HOC radicals will converge to the same
products as for the oxidation by electron transfer or by sin-
glet oxygen through the formation of (G�H)C and 8-oxo-G
(see below for details).


Oxidation of G and 8-Oxo-G by Singlet Oxygen


In the presence of singlet oxygen, guanine base undergoes a
[4+2] cycloaddition as shown on Scheme 3. The endoperox-
ide rearranges into a 8-hydroperoxy derivative (1), which is
an oxidant as strong as a peracid and is expected to be re-
duced into a 8-hydroxylated residue, the tautomeric form of
8-oxo-G (Scheme 3, pathway a).[30] This reaction pathway is
in agreement with the fact that 8-oxo-G was found in cellu-
lar DNA after treatment with 1O2.


[31] The oxygen atom in-
corporated in 8-oxo-G originated from labeled singlet
oxygen 1


ACHTUNGTRENNUNG(18O)2.
[31] Alternatively, in the absence of a reducing


agent, 1 has been recently shown to lead to an intermediate
oxidized species of 8-oxo-G (2) (Scheme 3, pathway b) that
is prone to the attack by nucleophiles (the most abundant
one being H2O under usual reaction conditions) at C5 to
give the intermediate 3. The transient species 3 is the
common precursor of Sp and Gh.[32] The ratio between Sp
and Gh depends on the pH of the reaction (Scheme 4).[14,15]


The formation of Gh is favored at acidic pH (pH 4), where-
as the Sp prevails at higher pH (pH 7). The rearrangement
of 3 into Sp is not favored in double-stranded DNA. On the
other hand, oxidation of 8-oxo-G by 1O2 yields DGh after a
[2+2] cycloaddition and the formation of intermediate 4 as
shown in Scheme 5.[13] A different rearrangement of the en-


Scheme 2. The mechanism of guanine oxidation by HOC radicals. Independent formation of 8-oxo-G and the neutral guanine radical. dR stands for a de-
oxyribose unit.
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doperoxide was proposed in organic solvent[30] and may not
be relevant to aqueous media. Cyanuric acid derivative was
also reported to form in the reaction of 8-oxo-dG with
1O2,


[33] but the mechanism of its formation in aqueous solu-
tion awaits clarification.
The four products described in this paragraph, namely 8-


oxo-G, Gh, Sp, and DGh, are typical products of guanine


oxidation by electron transfer.
Intermediate species 1, 3, and 4
are also found in different
mechanistic schemes related to
electron transfer.


Oxidation of 8-oxo-G and
G by Electron Transfer


Oxidation of 8-oxo-G by elec-
tron transfer : The modified
base 8-oxo-G is more easily oxi-
dized than G in any DNA-se-
quence context. The redox po-
tential of 8-oxo-G (0.74 V
versus NHE)[34] is lower than
that of G (1.29 V versus
NHE).[35] Thus 8-oxo-G is pref-
erentially oxidized when com-
petition with G is consid-
ered.[30,36] After the abstraction
of one electron, the intermedi-
ate 8-oxo-G radical-cation, (8-
oxo-G)C+ , is prone to deproto-
nation to give the neutral form
(8-oxo-G�H)C (pKa=6.6).[34]


This neutral radical can be ob-
served by transient absorption
spectroscopy.[37]


With an oxidant such as
Na2IrCl6 (redox potential of
IrIVCl6


2�/IrIIICl6
3� at neutral pH


is 0.86 V versus NHE) the oxi-
dation of 8-oxo-G proceeds
through a two-electron oxida-
tion process (Scheme 6).[14,15]


The oxidation may proceed by
two sequences of events that
could not be distinguished
(pathways a and b in Scheme 6).
The attack of a water molecule
is possible on (8-oxo-G)C+


(Scheme 6, pathway a) and this
pathway is also referred to as
hydration of the radical cation.
This route produces, after de-
protonation of the adduct, a
neutral radical species (5-OH-8-
oxo-G)C, which can be further


oxidized (second electron abstraction) to generate 3. In the
same manner as described in Scheme 2, in which the
(G8OH)C radical is more oxidizable than (G�H)C, the hy-
droxylated neutral radical, (5-OH-8-oxo-G)C, may be easier
to oxidize than (8-oxo-G�H)C and may undergo another oxi-
dation step by electron transfer to O2. Intermediate 3 collap-
ses into Gh or/and Sp as shown in Scheme 4.[14,15,32] Alterna-


Scheme 3. Guanine oxidation by singlet oxygen. Products are formed from a hydroperoxide intermediate at
C8 (1).


Scheme 4. Formation of Sp and Gh from 3.


Scheme 5. Oxidation of 8-oxo-G by singlet oxygen. Formation of DGh from a peroxide intermediate at C5 (4).
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tively (Scheme 6, pathway b), a second electron can be ab-
stracted from (8-oxo-G�H)C by an oxidant. This would lead
to an short-life cationic entity (8-oxo-G�H)+ in which the
positive charge is located at C5. That cation can then be
trapped by a nucleophilic species, in particular H2O. Such
attack at C5 by a molecule of water would lead to inter-
mediate 3. Pathway b can be referred to as a direct two-elec-
tron oxidation, since the oxidant abstracts two electrons
from G in two steps. Labeling experiments confirm the
attack of a water molecule at C5 by the incorporation of an
oxygen atom from a molecule of H2


18O in the reaction prod-
ucts with Na2IrCl6 (Sp and Gh).[14,15]


The quenching of the radical due to a simple one-electron
abstraction, (8-oxo-G�H)C (or 8-oxo-GC+), by another radi-
cal species, namely O2C�, is unambiguously observed during
the oxidation of 8-oxo-G by the triplet excited state of ribo-
flavin (a type I photosensitizer, considered as a one-electron
oxidant).[38] The production of O2C� in the reaction medium
is due to the regeneration of riboflavin by electron transfer
onto O2 (the electron abstracted from G residues by the ex-
cited state of riboflavin creates a radical anion form of the
photosensitizer). This radical–radical combination (i.e. reac-
tion between two different radicals) is interesting, because it
can induce the formation of different products with respect
to the two-electron transfer described in Scheme 6. The
quenching of (8-oxo-G�H)C (or (8-oxo-G)C+) by O2C� is
shown in Scheme 7. Intermediate 4 collapses into DGh by a
pathway reminiscent of the 1O2 oxidation of 8-oxo-G
(Scheme 5). As summarized in Scheme 8 the hydroperoxide
intermediate at C5 (4) leads to DGh (Scheme 5) and the hy-
droxylated intermediate at C5 (3) leads to Sp/Gh


(Scheme 4). It should be noted, at pH values above 8, inter-
mediate 4 is prone to transformation into Iz. The mecha-
nism probably involves an intramolecular nucleophilic
attack of the peroxide group.[38] In contrast to the two-elec-
tron oxidation process, the formation of 4 illustrated in
Scheme 7 (trapping of the radical intermediate by O2C�) cor-
responds to the abstraction of only one electron from the in-
itial 8-oxo-G by the oxidant. Addition of superoxide dismu-
tase (SOD) induces an increase of Sp/Gh (produced from 3)
and a concomitant decrease of DGh (or Iz at pH 8.6)
(formed from 4).[38] The reaction proceeds in the same way
on double-stranded oligonucleotides at pH 7 or pH 7.5, at
which DGh was found as the major product of 8-oxo-G oxi-


Scheme 6. Oxidation of 8-oxo-G by a two-electron transfer mechanism.
Products are formed from a hydroxylated intermediate at C5 (3).


Scheme 7. One-electron oxidation of 8-oxo-G. Radical–radical combina-
tion and trapping of the radical cation or the neutral radical by superox-
ide anion.


Scheme 8. The products of 8-oxo-G oxidation by electron transfer formed
from the two key intermediates 3 and 4.
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dation by type I photosensitizers[9,39] and contained an
oxygen atom from O2.


[9]


These data can be rationalized by a competition between
the one-electron oxidation pathway (Scheme 9, A) and the
two-electron oxidation pathway (Scheme 9, B and/or C).


Deprotonation, that is, a one-electron oxidation mechanism,
would lead to the trapping of intermediate radical species
by O2C� (formation of intermediate 4 and production of
DGh). The two-electron oxidation mechanism (hydration or
direct two-electron oxidation) would result in the trapping
of cationic species by nucleophiles, in this case H2O, at C5
(formation of intermediate 3 and production of Sp/Gh).
Pathway A in Scheme 9 is of course not observed in the
case of the oxidation with Na2IrCl6, since the reaction
medium does not contain any radical trap (Scheme 6).[14,15]


In that case only products derived from two-electron oxida-
tion mechanism (i.e., from 3) are observed. On the other
hand, since the trapping by O2C� is very efficient (see below
for details), type I photosensitizers generally react by a one-
electron oxidation process, leading only to the formation of
products issued from 4.
The combination of O2C� with the (8-oxo-G�H)C in


double-stranded DNA and the fate of the neutral radical (8-
oxo-G�H)C in the absence of O2C� has been studied on oligo-
nucleotides at pH 7.5.[40] The reaction between (8-oxo-G�
H)C and O2C� is fast, k=1.0K108m�1 s�1, in double-stranded
DNA as well as in single-stranded DNA, k=1.3K108m�1 s�1.
It should be noted that (8-oxo-G�H)C does not react quickly
with O2 (k<102m�1 s�1). The neutral radical has been gener-
ated by photoexcitation of a 2-aminopurine (2-AP) residue
incorporated in an oligonucleotide. A two-photon ionization
of 2-AP gives rise to a 2-AP radical that is able to selective-
ly oxidize 8-oxo-G within the oligonucleotide. The hydrated
electrons derived from photoionization of 2-AP are quanti-
tatively scavenged by O2 to generate superoxide radical
anion. When superoxide dismu-
tase (SOD) is added the yield
of DGh becomes negligible and
the (8-oxo-G�H)C radical
decays on the time interval of
several seconds. The major re-
action product is then Sp. The
proposed mechanism involves


the reaction of a water molecule with the neutral radical (8-
oxo-G�H)C, in the presence of SOD, but the reaction of a
nucleophile with a neutral radical is not possible. Since the
spiro derivative is produced from the hydroxylated inter-
mediate 3, this result may be in accordance with a two-elec-
tron oxidation of 8-oxo-G, occurring only in the presence of
SOD.
In summary, two key intermediates emerge in the forma-


tion of 8-oxo-G oxidation products: 3 and 4. Different oxi-
dation products result from each of them (Scheme 8). The
partitioning between these two pathways (leading to either
3 or 4) depends on the capacity of the oxidant to perform a
two- or a one-electron oxidation, respectively (Scheme 9).
The two-electron oxidation of 8-oxo-G by Na2IrCl6 instead
of one-electron oxidation by type I photosensitizers is inter-
esting and useful, because it provides the opportunity to ob-
serve and characterize the oxidation products arising from 3.
Under some particular reaction conditions, especially in
vivo, the products arising from 3 might form. One may envi-
sion for instance the reduction of the hydroperoxide (4) into
the hydroxylated derivative (3),[41] or one cannot exclude
the radical–radical combination between the radical due to
a one-electron abstraction, (8-oxo-G�H)C (or 8-oxo-GC+)
and HOC giving directly 3. One- and two-electron reactions
complement each other. This will be illustrated also in the
case of guanine.


Oxidation of G by electron transfer : The abstraction of one
electron from G generates the guanine radical cation GC+ .
After its fast deprotonation,[42] this radical can be observed
in DNA.[43–46] It reacts with other radical species (radical–
radical combination) present in the reaction medium; O2


was proposed due to its partial radical character,[5] but the
reaction is slow (k<106m�1 s�1). A kinetically more favored
mechanism is the quenching of this guanine neutral radical
(G�H)C by superoxide radical anion, O2C� (estimated k=3K
109m�1 s�1 for nucleosides).[29] The quenching of (G�H)C by
O2C� occurs with a rate constant k=4.7K108m�1 s�1 in
double-stranded oligonucleotides.[39] The radical–radical
combination of (G�H)C with radicals is generally fast. For
example, the reaction of NO2C with (G�H)C in double-strand-
ed DNA takes place with a rate constant of k�4.3K
108m�1 s�1.[47] The reactivity of (G�H)C with Me3CC was also
reported to be high, close to diffusion rate (k
�109m�1 s�1).[28]


The quenching of (G�H)C by O2C� is followed by protona-
tion of the adduct and gives rise to a hydroperoxide adduct
at C5 (5 ; Scheme 10). The oxidation of 2’-deoxyguanosine
by benzophenone (a type I photosensitizer) under aerated


Scheme 9. Competition between hydration and deprotonation of the radi-
cal-cation of 8-oxo-G.


Scheme 10. The bimolecular combination of the neutral guanine radical with O2C�.
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conditions allows the characterization of imidazolone (Iz),
the major guanine oxidation product derived from 5
(Scheme 11).[5,6] This mechanism has been confirmed by the


incorporation of one O-atom from labeled 18O2 in Iz.[5] The
mechanism of the formation of Iz can be considered as a
one-electron oxidation process, since only one electron is
abstracted from G by the oxidant. This mechanism stands
true for riboflavin, another type I photosensitizer.[9] It is
reminiscent of the one described in Scheme 7 for 8-oxo-G.
Intermediate 5 is one of the key intermediates involved in
the different mechanisms of guanine oxidation. Iz is also the
major product of guanine oxidation in double-stranded oli-
gonucleotides.[8,9, 39]


The trapping of the radical cation GC+ by H2O (referred
to as hydration of GC+)[27] is commonly accepted as being at
the origin of the formation of 8-oxo-G. The slower release
of the proton on N1, involved in base-pairing, could explain
the formation of 8-oxo-G in double-stranded DNA and not
in single-stranded DNA. Due to its low pKa, the proton on
N1 of the radical cation is immediately lost in the case of
nucleosides and single-stranded DNA. Consequently, it has
been proposed that in single-stranded DNA the products of
reaction arise from deprotonation and reaction of (G�H)C
with O2C�, whereas in double-stranded DNA hydration of
GC+ is kinetically possible. From DFT calculations a water
molecule is able to attack the guanine radical cation GC+ at
C8, but does not react with the neutral radical (G�H)C.[48]


Indeed, the neutral radical (G�H)C does not give rise to 8-
oxo-G.[28]


Hydration of GC+ at C8 produces the neutral radical
(G8OH)C (Scheme 12). This neutral radical is the same as
that obtained from the reaction of HOC with G (Scheme 2).
As described before, the formation of 8-oxo-G requires the


abstraction of a second electron and one proton from
(G8OH)C. Thus, the formation of 8-oxo-G by electron trans-
fer in double-stranded DNA corresponds to a two-electron
oxidation process through the formation of an intermediate
reducing radical (G8OH)C. The first electron is abstracted by
the oxidant and the second one might be simply abstracted
by O2. This mechanism was supported by the incorporation
of one labeled oxygen atom from H2


18O in 8-oxo-G in
double-stranded DNA.[49]


Recently, the deprotonation rate of GC+ within double-
stranded DNA was measured in deoxygenated solutions.[42]


The conversion from GC+ to (G�H)C in double-stranded
DNA takes place on timescale similar to that observed with
2’-deoxyguanosine. The radical cation of 2’-deoxyguanoine
deprotonates into the neutral guanine radical with a rate
constant of 1.8K107 s�1. The deprotonation of the guanine
radical cation in double-stranded DNA has been described
as a two-phase process with rate constants of �1.3K107 s�1


and �3K106 s�1 for the faster and slower phases, respective-
ly. The two phases have been attributed to the deprotona-
tion of the GC+ moiety in the G:C base pair in the form of
GC+ :C for the first and fast phase and to the deprotonation
of the (C+H)+ into (G�H)C : ACHTUNGTRENNUNG(C+H)+ for the second and
slower phase. Consequently, the differences in the product
distribution observed in single- versus double-stranded
DNA may not be attributed only to a longer life span of GC+


in the double helix. An alternative proposal would be to
consider that the local concentration of the negatively
charged O2C� in the vicinity of double-stranded DNA would
be lower, or that the guanine radical would be less accessi-
ble within double-stranded DNA (particularly the C5 posi-
tion). In analogy with the discussion related to Scheme 9,
the fast radical–radical combination between (G�H)C (or
GC+) with O2C� would drive the protonation/deprotonation
equilibrium of GC+/ ACHTUNGTRENNUNG(G�H)C to the right so that all the gua-
nine oxidation products would arise from 5. On the other
hand, if the concentration of O2C� decreases the rate of the
radical–radical reaction would slow down, whereas the rate
of hydration would not, since this reaction can be consid-
ered as a reaction of the first order in water. This would ex-
plain why the ratio between Iz and 8-oxo-G was different
depending on the experimental conditions. On calf thymus
DNA or on double-stranded oligonucleotides modified by
riboflavin oxidation, Iz appears as the major guanine oxida-
tion product whereas 8-oxo-G accounts for a minor product
calculated on consumed G.[8,9,39] On the opposite, at a low
level of DNA damage (low 1O2 concentration), the ratio
between Iz and 8-oxo-G has been reported as being around
1.[2,50]


The formation of Iz as a
major product implies that the
quenching of the guanine radi-
cal by O2C� mainly occurs at C5
of guanine. However, in the
case of the trapping of the in-
termediate guanine radical by
NO2C in a double-stranded oli-


Scheme 11. Formation of Iz from a hydroperoxide intermediate at C5.


Scheme 12. Formation of 8-oxo-G by a two-electron transfer.
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gonucleotide, trapping at C5 and C8 account for 70 and
30%, respectively.[47] The trapping of guanine radical by
O2C� at C8 would lead to intermediate 1 (Scheme 3). It
should be noted that the hydration mechanism has only
been revealed by the reaction of a water molecule at C8 of
GC+ and not at C5.
As in the case of 8-oxo-G oxidation, the extremely effi-


cient trapping of the intermediate guanine radical by O2C�


may preclude the observation of a two-electron oxidation
mechanism. Since most of the used oxidants SO4C�,[42]


Br2C�,[51] CO3C�,[18] and type I photosensitizers[5,7,8,49,52–55] are
intrinsic radicals or generate radical species in the reaction
medium, the intermediate radical of guanine reacts prefer-
entially by a fast bimolecular combination of radicals. The
addition of SOD in the case of a type I photosensitizer dra-
matically enhances the lifetime of guanine radicals from 4–
7 ms to 0.2–0.6 s in double-stranded oligonucleotides.[39] This
means that the hydration of GC+ (Scheme 12) is much
slower than the radical–radical combination.
The oxidation of G without the intervention of any radical


trap has been performed with the strong chemical oxidant
based on the association of a manganese–porphyrin, bis-
ACHTUNGTRENNUNG(aqua)-meso-tetrakis(4-N-methylpyridiniumyl)porphyrinato-
ACHTUNGTRENNUNGmanganese ACHTUNGTRENNUNG(III) (Mn–TMPyP) with KHSO5 as an oxygen
atom donor, Mn–TMPyP/KHSO5 for short.[20–26] The oxida-
tive species, a high-valent MnV=
O entity, is able to perform the
two-electron oxidation of G.
The two-electron transfer
mechanism for guanine oxida-
tion by Mn–TMPyP/KHSO5 has
been initially evidenced with 2’-
deoxyguanosine.[20] Incubation
of dG with Mn–TMPyP/KHSO5


produces Iz in nearly quantita-
tive yield (90%). However, in
contrast to what has been re-
ported for the mechanism of Iz
formation by one-electron
transfer (Scheme 11), the for-
mation of Iz with Mn–TMPyP/
KHSO5 is not dependent upon the presence of molecular
oxygen. When the reaction is performed in the presence of
labeled molecular oxygen (18O2), Iz is not labeled. The fact
that no intermediate radical species of guanine has been
trapped by any radical (no free radicals are present in the
reaction medium) allows this intermediate radical of gua-
nine to undergo a second one-electron oxidation. With such
a strong oxidant the two one-electron steps cannot be distin-
guished, making this metal–oxo species a very efficient two-
electron transfer system. Abstraction of one electron from
(G�H)C produces a nonradical cationic species, (G�H)+ . By
analogy with the one- and two-electron reactions summar-
ized in Scheme 9 for 8-oxo-G, Scheme 13 illustrates one-
and two-electron reactions for G.
The guanine radical reacts with other radical species,


while the guanine cation (G�H)+ is highly electrophilic and


reacts with nucleophilic molecules. However, when the reac-
tion is performed in labeled water (H2


18O), Iz does not in-
corporate a labeled 18O atom from the water. Consequently,
the only rational origin for the oxygen atom at the C5 posi-
tion of G is the peroxide itself, KHSO5. Peroxides are better
nucleophiles than water molecules. These labeling studies
unambiguously indicate that, with Mn–TMPyP/KHSO5, the
oxidation of guanine is a direct two-electron oxidation. The
mechanism of the formation of Iz by means of the two-elec-
tron oxidation of G is shown in Scheme 14. The intermedi-


ate nonradical cationic derivative of guanine, (G�H)+ , is
trapped by the most electrophilic entity in the reaction
medium, namely KHSO5. Several steps from 6, identical to
the ones described in Scheme 11 from 5, produce the imida-
zolone derivative after the release of formamide, which has
also been detected.[20] It is worth noting that the peroxide
substituent contains, in the case of 6, a good leaving group
(KSO4


�) making easy the heterolytic cleavage of the O�O
bond at C5.
These data point to the fact that the C5 position of the


(G�H)+ species is the most reactive as also observed in the
case of (G�H)C.[5] This behavior is probably due to the stabil-
ity of the reaction products (that are the same). However, a
minor reaction of KHSO5 at the C8 of (G�H)+ would have
yielded an oxidized 8-oxo-G derivative (2 in Scheme 3). The
observed small amount (<10%) of DGh may be formed by


Scheme 13. Competition between different pathways of guanine oxida-
tion by electron transfer. One-electron transfer, pathway A, and two-
electron transfer, pathways B (hydration) and C (direct two-electron
transfer). G lesions may include 8-oxo-G and RedSp or RedGh.


Scheme 14. Formation of Iz by the trapping of the (G�H)+ intermediate by KHSO5 at C5.
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such reaction pathway under the used experimental condi-
tions (high KHSO5 concentration). The mechanism probably
involves the attack of KHSO5 at C5 of the electrophilic in-
termediate 2 leading to 4 (Scheme 15).


On double-stranded oligonucleotides the major product
of guanine oxidation by Mn-TMPyP/KHSO5 is usually DGh.
During a labeling experiment with a reaction mixture con-
taining H2


18O, this oxidation product has been identified as
a mixture of three labeled species containing either, two 18O,
two 16O, or one 18O + one 16O atoms. Consequently, the
mechanism of its formation is plurimodal and will not be de-
tailed here (see references [23,25] for details). Briefly, oxi-
dation at C8 by MnV=O operated by oxygen-atom transfer
prior to a cyclization into Iz can produce DGh in double-
stranded DNA (Scheme 16). The structure of DGh has been


confirmed by the NMR identification of its hydrolysis prod-
uct Oa (or urea under more drastic conditions) and its re-
duction product Gh (See Scheme 1 for structures).[23–25]


A minor amount of Gh and Sp has also been observed.
The labeling of these two derivatives is in accordance with
the incorporation of at least one 18O atom from H2


18O in
their structure, logically at C5, since these two products
arise from intermediate 3. Also for these two compounds,
the labeling at C8 is a mixture suggesting different oxidation
reactions.
A more interesting product, although in a minor amount,


is a product of guanine oxidation showing an increase in
mass of 34 mass units compared to the mass of G.[21,22] Such
mass increase results from the incorporation of two 18O
atoms from H2


18O.[21,22] One of these 18O atoms is exchange-
able with H2O during chromatography. From what we know
on the general mechanisms of guanine oxidation, this com-
pound must arise from the hydroxylation at C5 of the (G�


H)+ intermediate, leading to an unstable compound 7 with
one labeled oxygen atom from H2


18O at C5 (Scheme 17).
This intermediate is expected to rearrange at physiological
pH into a spiro structure like 3 in Scheme 4. We propose


the addition of a water mole-
cule at C8 (Scheme 17) in a
manner similar to the opening
of the five-membered ring in
the formation of Iz (Scheme 11
and Scheme 14). An equilibri-
um between a closed and open
form provides an explanation
for the exchange of label with
solvent during chromatography.


This compound could be referred to as an N-formylamido-
ACHTUNGTRENNUNGiminohydantoin derivative or RedSp to take into account
the non-oxidized state of C8. The full characterization of
RedSp awaits NMR data. A guanine oxidation product with
the same molecular mass has been previously reported in
guanine oxidation with a binuclear copper complex.[56] Nev-
ertheless, this compound has not been observed before with
traditional one-electron oxidants, because it arises from a
hydroxylated intermediate at C8 (7) that has not been ob-
served in the hydration mechanism.
As we proposed earlier in the case of 8-oxo-G, hydroxy-


lated precursors of guanine oxi-
dation products (such as 7) can
be observed in the case of a
two-electron oxidation of G in
the absence of superoxide
anion or other efficient radical
trap (Scheme 18 A, pathway a).
However, in the case of one-
electron oxidation of G, the re-
duction of the peroxide inter-
mediate at C5 (5) into 7 may be
proposed (Scheme 18 A, path-
way b), but this may not be
competitive with the formation


of Iz, which is rapid. On the other hand, if H2O trapping
occurs at C8 the two-electron mechanism leads to 8-oxo-G
(Scheme 18B, pathway c). Alternatively, the reduction of an
intermediate hydroperoxide 1 is also possible (Scheme 18B,
pathway d). It has been proposed to be at the origin of the
formation of 8-oxo-G with 1O2 (Scheme 3). The reaction of
the radical intermediate with HOC is not represented in
Scheme 18, but might be considered for 7 being a product of
one-electron oxidation of G. Thus the two-electron oxida-
tion of G with Mn–TMPyP/KHSO5 affords suitable condi-
tions to observe hydroxylated intermediates during G oxida-
tion. In the same way, hydroxylated intermediates during 8-
oxo-G oxidation are observed with Na2IrCl6 which is able to
mediate a two-electron oxidation of 8-oxo-G.
In contrast to what is observed in the oxidation of 8-oxo-


G, the products of G oxidation are not necessarily oxidized
at the C8 position, since they arise from 5 in Scheme 11 or 7
in Scheme 17. However, when an electron-withdrawing sub-


Scheme 15. Trapping of the (G�H)+ intermediate by KHSO5 at C8 (minor mechanism).


Scheme 16. Formation of DGh instead of Iz by C8 oxidation. DGh is not a precursor of Iz.
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stituent is bound at C5, the C8
position of G becomes electro-
philic. This is illustrated by the
attack of a molecule of water at
C8 in the mechanism of Iz for-
mation (Scheme 11 and
Scheme 14). Similarly, a cyclic
compound generated by attack
of a 5’-OH group instead of a
molecule of water at C8 of 5
has also been observed[36] (8 in
Scheme 19) as well as a similar
one resulting of the attack of a
5’-amino group.[57,58]


The attack of a molecule of
water at C8 of 7 is illustrated in
Scheme 17. Another product
arising from a second nucleo-
philic attack at C8 is due to the
attack of the neighboring 5’-
OH group from the 5’-end of
an oligonucleotide (9 in
Scheme 20).[26] This pathway is
favored by an anti conforma-
tion of the base in the double
helix of DNA.
Intermediate 7 for guanine


oxidation corresponds to inter-
mediate 3 for the 8-oxo-G
(Scheme 6). As 3 gives rise to
Gh and Sp, 7 should give rise to
RedSp and RedGh, depending
on the pH of the reaction mix-
ture (Scheme 21). Under the re-
action conditions with Mn–
TMPyP/KHSO5 (pH�7 and
strong oxidant) neither RedGh
nor the related putative RedIz
were detected. However,
RedGh is likely to be formed
under appropriate reaction con-
ditions, particularly at pH 6 or
in double-stranded DNA for
which the rearrangement of 7
into a spiro structure is less fa-
vored. This hypothesis awaits
experimental evidence.
These examples show that


whatever the modifications at
C5, it is possible to observe
structures of guanine oxidation
products with a hydration at
the C8 carbon without oxida-
tion of this position
(Scheme 22).
In summary, the products of


guanine oxidation without an


Scheme 17. Proposed mechanism for the formation of N-formylamidoiminohydantoin (RedSp) by the trapping
of the (G�H)+ intermediate by H2O.


Scheme 18. A) Guanine oxidation by one- or two-electron oxidation reaction when the trapping of the radical
occurs at C5. B) Proposed guanine oxidation by one- or two-electron oxidation reaction when the trapping of
the radical occurs at C8. This mechanism is less favored than that shown in A.


Scheme 19. Attack of a 5’-OH group at the C8 of 5. The base is in an anti conformation. The O atom of the
sugar is above the plane.
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oxidation at C8 are Iz (or 8 in the particular case of a possi-
ble intramolecular nucleophilic attack at C8) produced from
intermediate 5, or would be RedSp and the putative RedGh
(or 9 from intramolecular process) resulting from the key
intermediate 7. The products of guanine oxidation with an
oxidized C8 position (or the products of 8-oxo-G oxidation)
are DGh, from the key intermediate 4, or Sp and Gh from
the other key intermediate 3 (Scheme 23).


The four key intermediates 3, 4, 5, 7 described in
Scheme 23 are at the origin of all oxidation products of gua-
nine described in this review. They have been generated
either from radical chemistry (combination of O2C� with a
nucleic acid base radical) or from nucleophilic chemistry
(addition of a nucleophile H2O, ROOH on a cationic inter-
mediate of the nucleic acid base).
One-electron reactions with G lead to hydroperoxide in-


termediates 5 or 1, whereas two-electron reactions lead to
hydroxylated intermediate 7 or to 8-oxo-G as highlighted by
the boxes in Scheme 23. The formation of 1 in the case of
an electron-transfer process is not documented, but cannot


be ruled out. Intermediate 1 (observed in the case of G oxi-
dation with 1O2) is unstable and is transformed into 2, which
immediately gives rise to 3 or 4 by the reaction of nucleo-
philes like H2O or ROOH, respectively, at C5.
The one-electron oxidation of 8-oxo-G induces the forma-


tion of 4 by reaction of O2C� at C5. The two-electron oxida-
tion of 8-oxo-G leads to 3 through the attack of a water
molecule at C5, but can also lead to 4 by the attack of a nu-
cleophilic peroxide at C5.
Additionally, intermediates 5 and 1 can also be produced


from two-electron reactions when the nucleophilic attack of
a water molecule as at C5 is replaced by the attack by per-
oxide. The example, in this review was the trapping of cat-
ACHTUNGTRENNUNGionic species by KHSO5 leading to 6, that is, an analogue of
5, or to 2 if KHSO5 attacks at C5 (minor pathway). Inverse-
ly, in the presence of reductant, initial intermediate 1 can be
reduced to 8-oxo-G. The question of the possible formation
of intermediate 7 by one-electron reaction should be ad-
dressed.
The products of guanine oxidation that derive from these


key intermediates (3, 4, 5, and 7) are shown in boxes for
those that have been fully characterized (mass spectrometry
and NMR analyses) and in dashed boxes for those that have
not yet been characterized by NMR methods. The products
not included in any box are postulated, but have not been
observed.
Some of the products described in Scheme 23 are not


stable. They may be detected after being hydrolyzed. The
hydrolysis of Iz leads to Z,[6,59] the hydrolysis of DGh leads
to Oa,[13,23] and can lead to Ua upon heating or at
pH>7.[22,60]


The trapping of transient oxidized species of G or 8-oxo-
G by nitrogen-containing species (RNH2, N-oxides) is not
represented in Scheme 23 but follows the same logic. Exam-
ples of other radical traps (NO2C, CO3C�),[18,19, 47] or other nu-
cleophiles (OONO�, amines,···) have already been de-
ACHTUNGTRENNUNGscribed.[19,57,58,60–65] These mechanisms are relevant not only
to guanine lesions but also to DNA-protein cross-links.


Conclusion


As can be seen from the studies of guanine oxidation by
HOC, 1O2, or electron transfer, the incorporation of an
oxygen atom occurs either at C8 and/or C5 of G in the form
of a hydroperoxide or a hydroxyl substituent. The final
products of guanine oxidation, namely guanine lesions, arise
from four possible key intermediate species 3, 4, 5, and 7.
The formation of these intermediates as well as the subse-
quent reactions leading to guanine oxidation products
depend on the experimental conditions (pH, presence of re-
ducing agents, of radical traps, and so forth). FapyG and 8-
oxo-G are the only oxidized guanine lesions that have been
detected in vivo.[66] However, it seems reasonable to consid-
er that all the guanine oxidation products described here are
candidates for in vivo lesions. The guanine oxidation prod-
ucts formed by one-electron transfer followed by quenching


Scheme 20. Attack of a 5’-OH group at the C8 of 7. The base is in an anti
conformation. The O atom of the sugar is above the plane.


Scheme 21. Proposed products from 7. RedSp was observed but not fully
characterized; RedGh and RedIz are postulated.


Scheme 22. C8 hydrated and C8 oxidized.
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of the guanine radical by O2C� and arising from the inter-
mediate 5 (and perhaps to a lower extend from the inter-
mediate 1) are certainly biologically relevant. Intermediate
1 is also the key intermediate generated by 1O2.The direct
two-electron transfer mechanism (intermediate 7) is less
likely in vivo, since it needs strong oxidizing conditions.
However, products derived from 7 should not be neglected,
since they might also be formed from unexplored one-elec-
tron reactions like trapping of guanine radical by HOC. The
products described from secondary oxidation of 8-oxo-G
(from 3 or 4) may be formed in the case of long-range elec-
tron transfer given that 8-oxo-G reacts as a hole sink. A first
attempt to detect these new guanine oxidation products in
vivo has been recently published, and Sp has been detect-
ed.[67]


Whatever the reactions taking place in vivo that probably
elude straightforward clarification, the interest of in vitro
studies on guanine oxidation with various oxidants provides
the opportunity to analyze different possible G oxidation
products and give a better idea of the possible fate of a gua-
nine radical cation in cellular DNA. The study of the biolog-
ical consequences of these probable G lesions is worth-
while.[60,68–80]
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Transformation (DYKAT)


Bel.n Mart0n-Matute,[a, b] Michaela Edin,[a] and Jan-E. B5ckvall*[a]


Introduction


Great achievements in catalytic asymmetric synthetic trans-
formations using transition metals, enzymes, and organoca-
talysts have been reported in recent years.[1] However, kinet-
ic resolution (KR) of racemic mixtures is still the most
common way to prepare enantiomerically pure compounds
on an industrial scale.[2] Enzymatic KR suffers, as does all
resolution, from being limited to a maximum theoretical
yield of 50%. In situ racemization of the slow-reacting
enantiomer leads to deracemization by dynamic kinetic res-
olution (DKR), and makes a 100% yield of enantiopure
product possible. The number of examples of chemoenzy-
matic DKR that combine an enzymatic KR with an in situ
racemization method has increased during the past few
years.[3–11] In particular, we have performed DKR of a varie-
ty of sec-alcohols by combining KR with an in situ racemiza-
tion catalyzed by Shvo0s[12] ruthenium complex (1).[3] More
recently, we have employed a more effective racemization
catalyst (2)[13] that, in combination with an enzyme, allows
us to perform DKR of sec-alcohols under very mild reaction


conditions.[5,11b] The ruthenium-catalyzed racemization of
the sec-alcohols involves hydrogen transfer via a ketone and
the mechanism of hydrogen transfer with catalysts 1 and 2
has recently been investigated.[5b,14]


An enzyme-catalyzed kinetic asymmetric transformation
(KAT) of a commercial mixture of diols (dl/meso �1:1)
would give, in the best case, a maximum theoretical yield of
25% of one enantiomer.[15] Therefore, the development of
new synthetic methods to obtain enantiopure diols in 100%
yield is highly desirable. The combination of KATs with an
in situ racemization/epimerization leads to a dynamic kinetic
asymmetric transformation (DYKAT) and makes a theoreti-
cal yield of 100% possible. As part of our ongoing program
we have recently reported the DYKAT of diols by employ-
ing Candida antarctica lipase B (CALB) for the resolution
and a ruthenium complex (1 or 2) for the epimerization.[16,17]


Despite the high enantiomeric excess obtained in the
DYKAT of 1,3- and 1,4-symmetrical diols, this process
showed low diastereoselectivity for 2,4-pentanediol (3) and
2,5-hexanediol (4) in their transformation to 5 and 6, respec-
tively (Scheme 1). In our previous studies, we concluded
that the reason for the poor diastereoselectivity
((R,R):meso=38:62) for the former diol is a rapid 1,3-acyl-
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migration in the syn-1,3-diol monoacetate intermediate,[18]


and for the latter diol (4) the low selectivity ((R,R):meso=
86:14) is due to a low enantioselectivity of the enzyme for
the monoacylated intermediates, resulting in the formation
of anti-Kazlauskas[19] products (i.e. , acylation at an (S)-alco-
hol site). It is highly desirable to find a solution to the prob-
lem with the poor diastereoselectivity in Scheme 1 due to
the importance of optically pure C2-symmetric diols, as sour-
ces of chiral auxiliaries and ligands. Furthermore, 1,4-diols
have been used in the preparation of enantiopure trans-2,5-
disubstituted pyrrolidines.[20]


Here we report a detailed study of the enzyme-catalyzed
acylation (kinetic asymmetric transformation) of 2,5-hexane-
diol (4) and its monoacetates, and also of those intermedi-
ates produced under dynamic conditions, that is, in the pres-
ence of the ruthenium catalyst. The use of a fast racemiza-
tion/epimerization Ru complex (2), together with a better
understanding of the enzyme-catalyzed acylations, has made
it possible to develop a very efficient DYKAT providing a
method for the synthesis of (R,R)-2,5-hexanediol diacetate
(6). Also, by using Ru complex 2, the DYKAT of 2,4-penta-
nediol (3) can be performed at a lower temperature (50 8C).
These new reaction conditions outrun the acyl migration,
avoiding the formation of unwanted meso-diacetate 5. Both
(R,R)-diacetates, 5 and 6, can be prepared in excellent enan-
tiomeric excess (ee), diastereomeric excess (de), and yield
(Scheme 2).


Results and Discussion


Kinetic studies of 2,5-hexanediol (4): We first turned our at-
tention to the DYKAT of 2,5-hexanediol. A simplified over-
view of the mechanism is shown in Scheme 3. Diol (R,R)-4
reacts fast with the acyl donor in the presence of the
enzyme to give monoacetate (R,R)-7, which is immediately
acylated again yielding diacetate (R,R)-6. The meso-diol will
form monoacetate (R,S)-7 very fast. This reaction can follow
two pathways: 1) it can be epimerized with the Ru catalyst
to yield monoacetate (R,R)-7, or 2) it can be enzymatically


acylated (at a moderate rate) at the (S)-alcohol site (anti-
Kazlauskas acylation) to yield diacetate meso-6. The diol
(S,S)-4 is essentially nonreactive (vide infra) in the system
and it would have to be epimerized to meso-4 before any
transformation can occur.


The ratio of the rates of formation of (R,R)-7 and meso-6
from (R,S)-7 is shown in Equation (1).


formation of ðR,RÞ-7
formation of meso-6


¼ k1½Ru�
k2½Acyl-enzyme� ð1Þ


The DYKAT process would become efficient if the above
ratio could be significantly increased. We envisioned two ap-
proaches: 1) the use of a more selective enzyme, which
gives less (S)-acylation of the monoacetate (R,S)-7 (smaller
k2) than CALB, or 2) the use of a faster epimerization cata-
lyst, so that competing (S)-acylation of (R,S)-7 does not
occur. A simple and fast experiment to test different en-
zymes is to study the enzyme-catalyzed acylation of diol
meso-4 (Scheme 4). We were looking for an enzyme that
would efficiently catalyze the first acylation to form monoa-
cetate (R,S)-7, but would not undergo acylation of the re-
maining (S)-alcohol affording meso-diacetate (meso-6) (k2 !


k1).


Pure meso diol (meso-4) was prepared as previously de-
scribed (see Supporting Information).[15d,18] From our experi-
ence,[3] we knew that only two R-selective lipases[21] have
been successfully combined with an in situ racemization/epi-
merization for DKR of alcohols: Candida antarctica lipase
B (CALB) and Pseudomonas cepacia lipase (PS-C “Ama-
no II”). Figure 1 shows the kinetics of CALB- and PS-C-cat-


Scheme 1. Shvo- and CALB-catalyzed DYKAT of diols.


Scheme 2. DYKAT of diols catalyzed by an enzyme and ruthenium com-
plex 2.


Scheme 3. DYKAT of 2,5-hexanediol (4).


Scheme 4. Enzyme-catalyzed KAT of meso-4.
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alyzed reactions of diol meso-4 as a function of time. Both
KRs were performed at 70 8C by using three equivalents of
p-chlorophenyl acetate as the acyl donor in toluene. It was
observed that CALB showed very high activity for both acy-
lations: after 1 h the diol meso-4 had been completely trans-
formed to a 4:1 mixture of monoacetate (R,S)-7 and diace-
tate meso-6, and after 44 h the reaction mixture consisted of
only 10% of monoacetate (R,S)-7 and 90% of meso-6. In
contrast, both acylations, in particular the second, were
much slower for the reaction catalyzed by PS-C “Amano II”;
after 45 min essentially no diacetate had been formed
(<1%) and GC analysis showed a mixture of diol meso-4
and monoacetate (R,S)-7 in a ratio of 42:58. After 44 h
there was still very little diacetate meso-6 (7%) and the
main product was monoacetate (R,S)-7 (Figure 1, bottom).


Because of the better results obtained with PS-C lipase
for the reaction of meso-4 (Figure 1), it was of interest to
compare selectivity and activity of both enzymes for all the
enzyme-catalyzed transformations involved in the acylation
of 2,5-hexanediol 4. The esterification of diol 4 is not a
simple single-step reaction, but involves two sequential es-
terifications in which each step can exhibit selectivity. Fur-
thermore, the relative configuration of the two stereogenic
centers may also affect the selectivity of each of the acetyla-
tions (Scheme 5). Therefore, the meso- and rac-diols were
studied separately.


The selectivity of the enzymes was measured by quantify-
ing the enantiomeric ratio (E) for the different steps of the
enzymatic transformations.[22] The E value only applies to
enantiomers, therefore, pure racemic diol (rac-4), and race-
mic mixtures of monoacetates had to be prepared. Diol rac-
4, diol meso-4, a racemic mixture of monoacetates (R,R)-7
and (S,S)-7, and a racemic mixture of monoacetates (R,S)-7


and ent-(R,S)-7 were prepared as described in the Support-
ing Information.


First we studied the consecutive kinetic resolutions of rac-
4 (Scheme 6). For molecules containing two alcohols that


can be acylated by the enzyme, the reaction does not stop at
the chiral monoacetate stage, but rather undergoes a second
acylation to yield diacetates. This complicates the determi-
nation of the selectivity of the enzyme for the first acylation.
In the case of rac-4, the second acylation is very fast, and
when aliquots were taken at different reaction times, a mix-
ture of diol, monoacetate, and diacetates was detected by
chiral GC analysis. In the case of PS-C, the reaction was per-
formed at 70 8C. After 15 min, the reaction was stopped.
The diols were separated from the mixture of monoacetates
and diacetates, which were collected together, by silica gel
chromatography. The ee of the diols (18% ee) was measured
after chemical acylation to the diacetates. The monoacetate/
diacetate fraction was analyzed by GC, and showed a 1.9:1
mixture of monoacetate (R,R)-7 in >99% ee and diacetate
(R,R)-6 in >99% ee. This shows that the E1 (PS-C) is >200
for the monoacylation of rac-4. Similar studies were per-
formed for the reaction catalyzed by CALB. In this case,
due the higher activity of this enzyme, the reaction was per-
formed at room temperature for only 2.5 min. Also in this
case a mixture of enantiomerically pure monoacetate (R,R)-


Figure 1. CALB- (top) and PS-C-catalyzed (bottom) reaction of meso-4.
P :% meso-4, &:% (R,S)-7, ~:% meso-6. Scheme 5. Sequential esterifications of a) rac-4 and b) meso-4.


Scheme 6. KR of (R,R)-4 and (S,S)-4.
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7 (>99% ee) and diacetate R,R)-6 (>99% ee) was obtained,
therefore E1 (CALB) is also >200. The results are shown in
Scheme 6 and Table 1. The conclusion is that both enzymes
show very high enantioselectivity for the first acylation.


As in the case of rac-4, the enzymatic reaction of meso-4
may not stop at the chiral monoacetate stage (7), but can
undergo a second acylation yielding diacetate meso-6 (Sche-
me 5b). Scheme 7 shows the desymmetrization of meso-4 to


monoacetates 7. Since this is
not a kinetic resolution we
cannot obtain an enantiomeric
ratio (E value). However, we
can define a pseudo-E value
(E’1).


[23] When PS-C was em-
ployed as the enzyme, the de-
symmetrization was performed
at 70 8C. However, due to a
fast second acylation when em-
ploying CALB (cf. Figure 1, top), the desymmetrization was
performed at room temperature in this case. In both cases,
the formation of diacetate was not detected after 15 min;
GC analysis showed a mixture of only monoacetate and diol
in each case. The pseudo E’1 values are shown in Table 2,
and in both cases they are >199. Thus, for both enzymes,
the desymmetrization of meso-4 is highly selective.


Kinetic studies of 2,5-hexanediol monoacetates (7): The
second enantiomeric value (E2) for the transformation of
(rac)-4 to diacetate involves monoacetates as substrates and


was determined in toluene at 70 8C. A racemic mixture of
monoacetates (R,R)-7 and (S,S)-7 was subjected to enzymat-
ic acylation in the presence of p-chlorophenyl acetate
(3 equiv) as the acyl donor (Scheme 8). Both of the en-
zymes, PS-C and CALB showed very high selectivity, in par-
ticular PS-C, which was found to have an E2 value of 268.
The corresponding E2 value for CALB was 94. The results
are summarized in Table 3.


The selectivity of the second acylation of the meso series
(E’2; Scheme 9) was determined by KR of the monoacetate
rac-(R,S)-7 (racemic mixture of (R,S)-7/ent-(R,S)-7). The
KR was carried out at 70 8C for both enzymes (Table 4).
The E’2 values obtained are rather low, 26 for PS-C and 7
for CALB. It is of interest to compare these results with
those obtained for the kinetic resolution of (R,R)-7/ ACHTUNGTRENNUNG(S,S)-7
(Scheme 8), in which the enantiomeric ratio (E2) is large;


268 for PS-C and 94 for CALB. These results show that the
relative stereochemistry of the neighboring acetate group is
of importance for the enantioselectivity in the enzymatic
acylation of the diol monoacetates to diacetates; in contrast


Table 1. KR of (R,R)-4 and (S,S)-4.[a]


Enzyme t [min]/
T [8C]


ee [%]
of 4[b]


ee [%]
of 7[c,d]


E1


PS-C “Amano II” 22/70 18 (S,S) >99 (R,R) >200
CALB 2.5/RT 8 (S,S) >99 (R,R) >200


[a] For reaction conditions, see Experimental Section. [b] Determined by
GC after chemical diacetylation. [c] Determined considering that also di-
acetate (R,R)-6 was produced in 99% ee. [d] ee determined by GC.


Scheme 7. Desymmetrization of meso-4.


Table 2. Desymmetrization of meso-4.[a]


Enzyme t [min]/
T [8C]


ee [%]
of (R,S)-7[b]


Conversion [%][c] Pseudo E’1


PS-C “AmanoII” 15/70 >99 39 >199
CALB 15/23 >99 26 >199


[a] For reaction conditions, see Experimental Section. [b] Determined by
GC. [c] Determined 1H NMR spectroscopy.


Scheme 8. KR of (R,R)-7 and (S,S)-7.


Table 3. KR of rac-7 ((R,R)-7/ ACHTUNGTRENNUNG(S,S)-7).[a]


Enzyme t [min]/
T [8C]


ee [%]
of 7[b]


ee [%]
of 6[b]


Conversion [%][c] E2


PS-C “Amano II” 30/70 31 (S,S) >99 (R,R) 24 268
CALB 30/70 93 (S,S) 93 (R,R) 50 94


[a] For reaction conditions, see Experimental Section. [b] Determined by GC. [c] Determined applying the for-
mula: conversion=ees/ ACHTUNGTRENNUNG(ees+eep).


Scheme 9. KR of monoacetates rac-(R,S)-7.


Table 4. KR of monoacetates rac-(R,S)-7.[a]


Enzyme t [min]/
T [8C]


ee [%]
of 7[b]


Conversion [%][c] E’2


PS-C “Amano II” 30/70 27 23 26
CALB 30/70 63 51 7


[a] For reaction conditions, see Experimental Section. [b] Determined by
GC. [c] Determined by 1H NMR spectroscopy.
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with the very slow acylation of monoacetate (S,S)-7 in
Scheme 8, acylation of the (S)-alcohol in monoacetate
(R,S)-7 seems to be facile.


It is also of interest to determine the relative rate of acy-
lation of (5R)- and (5S)-alcohols when there is a (2R)-ace-
tate present, that is, to determine the relative rate of enzy-
matic acylation of (R,R)-7 and (R,S)-7. These two monoace-
tates will be produced in higher concentrations than the
other monoacetates in the reaction mixture of the DYKAT
process, because of the excellent enantioselectivity (E1 and
pseudo E’1) in the acylation of the diols. Monoacetates
(R,R)-7 and (R,S)-7 were prepared according to a previously
described procedure[18] with a slight modification (see Sup-
porting Information).


The enzymatic acylation of monoacetate (R,R)-7 was
compared with that of monoacetate (R,S)-7 for the approxi-
mate first-order acetylation reaction (Scheme 10). The ki-


netic studies when employing PS-C as the enzyme gave a
ratio k3/k2 of 45 (Figure 2), which can be compared to the E
values obtained for the monoacetates (E2 and E’2). We have
previously carried out the analogous kinetic experiment for
the CALB-catalyzed reaction and a ratio k3/k2 of 25 was ob-
served.[18] Once again, the PS-C lipase gave a more selective
reaction than CALB.


Kinetic studies of keto intermediates formed in the DYKAT
of 2,5-hexanediol (4): The above studies show that in gener-
al Pseudomonas cepacia lipase shows higher selectivity than
Candida antarctica lipase B. However, the enzyme- and
ruthenium-catalyzed DYKAT gives only slightly higher de
for the reaction catalyzed by Pseudomonas cepacia lipase
compared to the reaction catalyzed by Candida antarctica
lipase B (vide infra). We therefore next considered the inter-
mediates that are formed in the reaction mixture under
DYKAT conditions. It is important to note that during the
racemization of sec-alcohols catalyzed by ruthenium com-
plexes, a hydrogen-transfer process takes place, and ketones
are formed as reaction intermediates. The concentration of
ketones in the reaction mixtures increases as the reaction
temperature increases.[24] In the case of 1,4-diols, the oxida-
tion of one of the hydroxyl groups gives rise to g-hydroxyke-
tones 8. The enantioselectivity of the enzymatic acylation of
hydroxyketone 8 may influence the overall enantioselectivi-
ty and diastereoselectivity of the DYKAT process, since the
ketoacetate formed finally will be converted to diacetate
(after ketone reduction and subsequent acylation). Thus, we
decided to study the kinetic resolution of compounds 8. In
this case, the conversion of the enzyme-catalyzed KR was
measured by NMR spectroscopy. Since it was difficult to
measure the conversion due to the formation of cyclic hemi-
acetals 9 (Scheme 11), the kinetic resolutions were run three


times for each enzyme, which gave more reliable E values
(Table 5). It is interesting to note that both enzymes gave


very low E values for the kinetic resolution of g-hydroxyke-
tone 8 and PS-C showed no selectivity at all (E=1.3). A
similar negative effect of a keto function in the d-position of
a 2-alkanol was recently observed,[17b,25] and an E value of
2.2 for the CALB-catalyzed KR of Ph(CO)-
ACHTUNGTRENNUNG(CH2)2CH(OH)Me was obtained. The pseudo E value for
the corresponding 1,4-diol, PhCH(OH)ACHTUNGTRENNUNG(CH2)2CH(OH)Me,
was 285.[17b] This drastic drop of the enantioselectivity on
changing from 1,4-diol to 4-hydroxyketone is intriguing.
Computational and modeling studies carried out in our
group have shown that hydrogen bonding to the ketone is


Scheme 10. PS-C-catalyzed acylation of (R,R)-7 and of (R,S)-7.


Figure 2. PS-C rate of acetylation of (R,R)-7 (^) and of (R,S)-7 (~). Re-
actions performed at 70 8C in toluene using p-chlorophenylacetate as acyl
donor (3 equiv) and 30 mg of enzyme per mmol of 7.


Scheme 11. KR of 5-hydroxy-2-hexanone (8).


Table 5. KR of 5-hydroxy-2-hexanone (8).[a]


Enzyme t [min]/T [8C] ee [%]
of 10[b]


Conversion [%][c] E3
[d]


PS-C “Amano II” 15/70 11 10 1.3
CALB 15/70 70 47 9


[a] See Experimental Section. [b] Determined by GC. [c] Determined by
1H NMR spectroscopy. [d] Average of three runs.
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responsible for the increased relative rate of acylation of the
(S)-enantiomer of 8.[26]


DYKAT of 2,5-hexanediol (4): The DYKAT of 2,5-hexane-
diol (4) was tested with both enzymes. During our initial
studies on the DYKAT of diol 4, we used Shvo0s ruthenium
complex (1) as the racemization catalyst and the reactions
were run under the conditions required for dynamic kinetic
resolution (DKR) by using ruthenium complex 1, that is,
70 8C and with p-chlorophenylacetate as the acyl donor.[27]


The results with complex 1 as the catalyst are shown in
Table 6, entries 1 and 2. Thus, when CALB was employed as
the enzyme, diacetate 6 was obtained in moderate yield as a
mixture of (R,R)-6 (99% ee) and meso-6 (77:23).[28] PS-C
gave slightly better results (Table 6, entry 2), yielding diace-
tate 6 in higher yield (72%) and a better (R,R)-6/meso-6
ratio (89:11). In both cases, very long reaction times were
required. More recently we have found that ruthenium com-
plex 2 efficiently catalyzes racemization of sec-alcohols at
room temperature, and, importantly, it is compatible with
the use of isopropenyl acetate when performing DKR.[5]


Catalyst 2 needs to be activated by a catalytic amount of
tBuOK. We decided to combine this fast racemization cata-
lyst (2) with PS-C “Amano II”, since this enzyme gives
better results in the kinetic studies than CALB (vide supra).
The reactions using catalyst 2 were performed at 50 8C.
When using 30 mg of PS-C per mmol of diol 4 (entry 3), a
good (R,R)-/meso-6 ratio was obtained (90:10) with 91%
yield in 40 h. To decrease the reaction time, the DYKAT
was performed with double amount of enzyme (60 mg per
mmol of diol 4 ; entry 4). Diacetate 6 was obtained in excel-
lent yield (96%) and good (R,R)/meso-6 ratio (92:8) in 20 h.
When the amount of enzyme was further increased the reac-
tion time was reduced to 6 h (entry 5) and 6 was obtained
quantitatively with the same (R,R)/meso-6 ratio as in
entry 4. The results were not improved when the amount of
enzyme employed was further increased (not shown in the


table), or when 6 mol% of tBuOK was employed (entry 6).
In the last case, although 6 was obtained in 97% yield, more
of the undesired meso-6 was produced, probably due to
chemical acylation with the excess of base. When the cata-
lyst loading was reduced to 2 mol%, the product was ob-
tained quantitatively, but, once again, more of undesired
meso-6 was produced, possibly due to a slower racemization
rate (entry 7). The DYKAT was also tested with ruthenium
complex 2 and CALB as the enzyme, yielding diacetate 6 in
excellent yields and much shorter reaction times (entries 8
and 9) than when the DYKAT was performed with catalyst
1 (cf. entry 1). However, the amount of CALB has to be re-
duced to 3 mg per mmol of diol 4 in order to obtain a high
(R,R)/meso-6 ratio (94:6) (entry 9). This ratio was not fur-
ther improved when less than 3 mg of CALB were used.


Mechanistic consideration of DYKAT of 2,5-hexanediol (4):
The (R,R)/meso ratio does not dramatically change when
the amount of PS-C “Amano II” is increased. However,
when the amount of CALB is increased, a considerable de-
crease of the (R,R)/meso ratio is observed. These results are
in accordance with the faster undesired anti-Kazlauskas acy-
lation of monoacetate (R,S)-7 to meso-6 for the CALB-cata-
lyzed reaction compared to the PS-C-catalyzed reaction (see
Figure 1 and Scheme 3).


Ruthenium catalyst 2 is a faster racemization/epimeriza-
tion catalyst than Shvo0s complex (1).[13] When the DYKAT
is catalyzed by complex 2 and PS-C, the fast epimerization
outruns the unwanted anti-Kazlauskas acylation of (R,S)-7
to meso-6 (i.e. , k1>k2, Scheme 3). With CALB as the
enzyme and 2 as the ruthenium catalyst, this situation is ach-
ieved when the amount of enzyme is reduced with a factor
20 (Table 6, entry 9).


The reaction temperature also has an important effect on
the outcome of the DYKAT of diol 4. When the reactions
were analyzed by GC at about 50% conversion, different re-
action intermediates were detected depending on the reac-


Table 6. DYKAT of diol 4 (dl/meso �1:1).[a]


Entry Enzyme [mg per mmol of diol 4] Catalyst [mol%] tBuOK [mol%] T [8C] t [h] Yield of 6 [%][c] ee [%][c] ACHTUNGTRENNUNG(R,R)/meso[c]


1[b] CALB (60) 1 (5) – 70 48 61 99 77:23
2[b] PS-C (60) 1 (5) – 70 40 72 99 89:11
3 PS-C (30) 2 (5) 5 50 40 91 99 90:10
4 PS-C (60) 2 (5) 5 50 20 96 99 92:8
5 PS-C (80) 2 (5) 5 50 6 >99 (95)[d] >99 92:8
6 PS-C (80) 2 (5) 6 50 6 97[e] >99 83:17
7 PS-C (80) 2 (2) 2 50 20 99[e] >99 84:16
8 CALB (60) 2 (5) 5 50 6 97 >99 80:20
9 CALB (3) 2 (5) 5 50 21 >99 >99 94:6


[a] Unless otherwise noted, Ru-catalyst 2 (2–5 mol%), CALB or PS-C, Na2CO3 (1 mmol) and KOtBu (2–6 mol%) were stirred in toluene (2 mL) at RT
for 6 min before adding the diol 4 (1 mmol). After 4 min isopropenyl acetate (3 mmol) was added and the mixture was stirred at 50 8C under an argon at-
mosphere. [b] A solution of diol 4 (0.2 mmol) and p-chlorophenyl acetate (0.6 mmol) in toluene (0.5 mL) was added to a mixture of Ru-catalyst 1
(5 mol%) and the enzyme, CALB or PS-C. The mixture was stirred at 70 8C under an argon atmosphere. [c] Determined by chiral GC. [d] In parenthesis
isolated yield. [e] Yield determined by 1H NMR spectroscopy.
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tion temperature: for those DYKAT transformations per-
formed at 70 8C, the only intermediates observed were ace-
toxy ketones 10, and for those performed at 50 8C, the main
intermediates were acetoxy alcohols (R,R)-7 and (R,S)-7. In
the latter case traces of acetoxy ketones 10 were also detect-
ed. During the ruthenium-catalyzed racemization, a hydro-
gen-transfer process takes place, and ketones are formed as
reaction intermediates. The concentration of ketones in the
reaction mixtures increases as the reaction temperature in-
creases.[24] Although the formation of hydroxyketone inter-
mediates 8 decreases with decreasing the temperature, it
cannot be completely suppressed. The enzyme-catalyzed
acylation of intermediates 8 takes place fast and with very
low selectivity (E3=1.3 and 9 for PS-C and CALB, respec-
tively; see Table 5). As a consequence, a small amount of
meso-6 is always produced during the DYKAT (Scheme 12).


DYKAT of 2,4-pentanediol (3): In the DYKAT of 2,4-penta-
nediol (3) previously reported by our group, diacetate 5 was
obtained in high yield (90%), but with the meso diacetate
as the major product ((R,R)/meso=38:62) (cf. Scheme 1).[16]


In that DYKAT, the Shvo ruthenium catalyst was used for
epimerization and therefore the reaction was performed at
70 8C. From deuterium labeling studies, it was subsequently
demonstrated that formation of meso-5 is mainly due to a
facile 1,3-acyl migration in the syn-1,3-diol monoacetate in-
termediates (Scheme 13).[18]


With the new and more efficient ruthenium complex 2,
DYKAT of meso/dl-2,4-pentanediol (3) was dramatically im-
proved. At 50 8C the epimerization outruns the acyl migra-
tion and a commercial stereoisomeric mixture of the diol
(meso/dl=1:1) was transformed to (R,R)-diacetate 5 in high
yield (96%) with an excellent ee (>99%) and an excellent
(R,R)/meso ratio (97:3) (Scheme 14).


Conclusion


We have performed kinetic studies of all the enzyme-cata-
lyzed steps involved in the KAT of 2,5-hexanediol (4), and
also of those intermediates formed under dynamic condi-
tions (i.e., in the presence of a transfer-hydrogenation ruthe-
nium complex) using two different enzymes, Candida antarc-
tica lipase B (CALB) and Pseudomonas cepacia lipase (PS-


C “Amano II”). Both enzymes
show very high selectivity for
the acylation of diols to mono-
acetates and for the acylation
of (R,R)/ ACHTUNGTRENNUNG(S,S)-monoacetate.
However, the enantioselectivi-
ty of CALB- or PS-C-cata-
lyzed acylation of alcohols
bearing a carbonyl group or an
(R)-acetoxy group at the d-po-
sition is rather low. The reason
for this anomalous behavior is
currently being investigated in
our laboratories.[26] Important


improvements of the DYKAT of symmetrical diols have
been achieved by using a highly efficient catalyst (2) to ach-
ieve very fast epimerization. In the DYKAT of 2,5-hexane-
diol 4 catalyzed by 2, the faster epimerization and the lower
reaction temperature reduce the concentration of intermedi-
ates that could evolve by anomalous enzyme-catalyzed S-
acylations, such as monoacetate (R,S)-7 and hydroxyketone
8. (R,R)-Diacetate 6 is now obtained in quantitative yield
with excellent ee (>99%) and high (R,R)/meso ratio (94:6).
DYKAT of 2,4-pentanediol (3) by using catalyst 2 was also
performed at 50 8C. At this temperature, the epimerization
outruns the acyl migration and a commercial stereoisomeric
mixture of the diol was transformed to 96% of (R,R)-diace-
tate 5 with an excellent ee (>99%) and an excellent (R,R)/
meso ratio (97:3).


Experimental Section


General : All reactions were carried out under dry argon atmosphere in
flame-dried glassware. Solvents were purified and dried with standard
procedures. To control the water activity, the enzymes were stored in a
sealed container with a saturated solution of LiCl for a minimum of 24 h.
Flash chromatography was carried out on 60 R (35–70 mm) silica gel. 1H
and 13C NMR spectra were recorded at 400 or 300 MHz and at 100 or
75 MHz, respectively. Enantiomeric excess and diastereomeric excess
were determined by analytical gas chromatography employing a CP-Chir-
asil-Dex CB chiral capillary column.


Scheme 12. Formation of meso-6 from 5-hydroxy-2-hexanone 8.


Scheme 13. Intramolecular acyl migration in a syn-1,3-diol monoacetate.


Scheme 14. DYKAT of 2,4-pentanediol (3).
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DYKAT of 2,4-pentanediol (3): Ruthenium complex 2 (32 mg,
0.05 mmol), CALB (6 mg), and Na2CO3 (106 mg, 1 mmol) were placed in
a Schlenk flask. The flask was evacuated and filled with argon and then
toluene (2 mL) was added. Addition of tBuOK (0.5m in THF; 180 mL,
0.09 mmol) to the yellow suspension resulted in a color change to orange.
The mixture was then stirred for 6 min, and then 2,4-pentanediol
(110 mL, 1 mmol) was added. On the addition of the diol the mixture
turned red. After 4 min, isopropenyl acetate (330 mL, 3 mmol) was added
and the flask was placed in an oil bath at 50 8C. After 20 h the reaction
mixture was filtered and analyzed: 96% yield, (R,R)/meso=97:3 (achiral
GC, CP-Sil 8 CB column, constant column flow: 1.8 mLmin�1, hydrogen
carrier gas. Temperature program: 50 8C for 2 min, then up to 180 8C with
5 8Cmin�1; then up to 300 8C with 80 8Cmin�1 and keep for 5 min. Reten-
tion times: (R,R)-5=12.32, meso-5=13.36 min), >99% ee (chiral GC,
CP-Chirasil-Dex column, constant flow: 1.8 mLmin�1, hydrogen carrier
gas. Temperature program: 90 8C for 3 min, then up to 115 8C with
3 8Cmin�1; then up to 200 8C with 80 8Cmin�1 and keep for 8 min. Reten-
tion times: (R,R)-5=6.67, meso-5=7.96 min. (S,S)-5 (not detected in re-
action mixtures)=6.20).[29]


General procedure for the DYKAT of 2,5-hexanediol (4): A solution of
tBuOK (0.5m in THF; 100 mL, 0.05 mmol) was added to a 10 mL Schlenk
flask. The THF was carefully removed under vacuum and the flask filled
with argon. PS-C “Amano II” (80 mg), Na2CO3 (106 mg, 1 mmol), and
ruthenium catalyst 2 (32 mg, 0.05 mmol) were quickly added. The
Schlenk flask was evacuated and filled with argon. After addition of tol-
uene (2 mL) the mixture turned dark orange. After 6 min 4 (123 mL,
1 mmol) was added, and after 4 min isopropenyl acetate (330 mL,
3 mmol) was added. The reaction mixture was stirred for 6 h at 50 8C,
and then filtered, concentrated, and analyzed: >99% yield, (R,R)/
meso=92:8, >99% ee (chiral GC, CP-Chirasil-Dex column). Purification
by column chromatography (SiO2; pentane/diethyl ether 98:2) afforded
(R,R)-2,5-diacetoxyhexane as a colorless oil (193 mg, 95% yield, (R,R)/
meso=92:8, >99% ee (chiral GC, CP-Chirasil-Dex column, constant
flow: 1.8 mLmin�1, hydrogen carrier gas. Temperature program: 70 8C for
3 min, then up to 140 8C with 2 8Cmin�1; then up to 180 8C with
100 8Cmin�1 and keep for 10 min. Retention times: (R,R)-6=19.51,
meso-6=17.70 min, (S,S)-6 (not detected in reaction mixtures)=14.6).
The NMR spectra were in agreement with those previously reported in
the literature.[27b]
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Introduction


Directed evolution of proteins is a powerful strategy for en-
hancing the stability, activity, and/or selectivity of enzymes.[1]


This process requires the seamless combination of appropri-
ate random-gene mutagenesis, expressions of mutant en-
zymes, and high-throughput screening[1,2] for a given func-
tional property. As neither structural nor mechanistic infor-
mation is necessary, the process is fundamentally different
from so-called rational design, which is based on analysis
and uses site-specific mutagenesis.[3] We have previously
used directed evolution for the creation of enantioselective
lipases,[4] epoxide hydrolases,[5] and monooxygenases,[6] and
other research groups have contributed to this area as
well.[1,7,8] These studies utilized error-prone polymerase
chain reactions (epPCRs), saturation mutagenesis, and/or
DNA shuffling as the gene mutagenesis methods. Moreover,
random mutagenesis at defined positions[9] in the form of fo-


cused libraries,[1] designed on the basis of structural consid-
erations, has been used to enhance ligand binding,[10] catalyt-
ic activity,[1,9,11] and enantioselectivity.[4c,12]


The exploitation of enzymes as catalysts in synthetic or-
ganic chemistry is often hampered by a limited degree of
substrate acceptance.[13] This long-standing challenge is relat-
ed to well-known postulates in modern enzymology,[14] such
as Fischer6s lock-and-key principle[15] and the induced-fit
model of Koshland.[16] Three extreme categories regarding
lack of turnover are known: 1) The substrate is too large to
enter the binding pocket, or 2) it fits geometrically into the
binding pocket but is so small that no reaction occurs, or
3) it binds well but nevertheless fails to react. Some of these
problems have been addressed by using directed evolu-
tion.[1,9,11]


An alternative strategy for expanding substrate accept-
ance is our recently introduced combinatorial active-site sat-
uration test (CAST).[17] Based on the three-dimensional
structure of the enzyme, sets of two or three amino acids,
whose side chains reside next to the binding pocket, are
identified and the respective positions are then randomized
simultaneously with the creation of relatively small libraries
of mutants. Through the use of this method, it was possible
to obtain Pseudomonas aeruginosa lipase (PAL) mutants
that catalyze the hydrolysis of esters derived from sterically


Abstract: In a previous paper, the com-
binatorial active-site saturation test
(CAST) was introduced as an effective
strategy for the directed evolution of
enzymes toward broader substrate ac-
ceptance. CASTing comprises the sys-
tematic design and screening of fo-
cused libraries around the complete
binding pocket, but it is only the first
step of an evolutionary process because
only the initial libraries of mutants are
considered. In the present study, a
simple method is presented for further


optimization of initial hits by combin-
ing the mutational changes obtained
from two different libraries. Combined
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demanding acids, which are bulky substrates that are not ac-
cepted by the wild-type enzyme (WT-PAL).[17]


CASTing thus means the systematic design and screening
of focused libraries around the complete binding pocket.
However, CASTing is only the first step in an evolutionary
process. For further enzyme optimization, iterative CAST-
ing, in which the genes of hits obtained in the first round
are used as templates for a further round of CASTing, was
introduced.[18] Herein we present an alternative strategy for
optimizing the catalytic profile of the initial CAST mutants
by combining beneficial mutations obtained in the first
round of randomization. This procedure is straightforward
and requires only a limited number of experiments. In the
present study we have used this strategy to broaden the
range of substrate acceptance of PAL, and thus, to increase
the reaction rates of “difficult” substrates.


Results and Discussion


Substrate acceptance of bulky esters : In a previous study[17]


we reported our analysis of PAL and the construction of
five CAST libraries—A, B, C, D, and E—surrounding the
complete binding pocket (Figure 1). Each library comprises
two amino acid positions, some being direct neighbors (n+
1) as in a loop (e.g., positions 16 and 17 in library A), others
being further apart (e.g., n+4) as in an a helix (e.g., posi-
tions 131 and 135 in library C). In all cases these position
are close enough to be simultaneously randomized by using


cassette mutagenesis.[1] We have now developed a user-
friendly computer program for the design of focused libra-
ries in CAST experiments (CASTER), which can be ob-
tained from the authors.
Libraries A to E were screened for hydrolytic activity


against eleven p-nitrophenyl (PNP) esters of bulky acids,
which react very slowly or are not accepted by the WT
lipase.[17] This multiple-substrate screening required high-
throughput screening, and about 165000 reactions[17] were
monitored by using a UV-visible plate reader.[2,4]


Although the simultaneous randomization of two amino
acids yields 202=400 unique variants (some being double
mutants, others having only a single amino acid exchange
plus the original WT combination), the number of variants
to be screened depends on the randomization technique
used in the construction of a library and on the over-sam-
pling required for 95% coverage of protein-sequence
space.[17,19]


As a result of CASTing, at least eight variants were iden-
tified as hits.[17] Most of the hits originate from libraries A
and D, the latter showing the highest frequency of improved
mutants. The most promising enzyme variant from library
A, ACA5, was identified as the double mutant Met16Ala/
Leu17Phe. Table 1 lists those CAST mutants used in the
present investigation.


In the present study we focus on eight substrates (1–8),
which are hardly accepted by the WT lipase from P. aerugi-
nosa. All of them except 5 were considered in our previous
report.[17]


Using standard molecular biological methods,[1] six differ-
ent A/D combinations were prepared by combining the mu-
tations of ACA5 with those of D1A12, D1B10, D1C4,
D1D12, D1E1, and D1F8, respectively. ACA5 was chosen
because this variant shows the best catalytic profile.[17] The
WT and the mutants of PAL are stable in culture media, but
in purified form they gradually lose activity.[17,20] In the pres-
ent study, the culture supernatants were therefore used in
order to obtain reliable data regarding relative rates. Due to
the presence of interfering metabolites in the culture super-
natants, immunoassays (dot blots) rather than total protein
content were used to compare levels of WT and mutant li-
pases. The polyclonal antiserum can be expected to react
equivalently with functional mutants and WT. These experi-
ments showed that the amounts of lipase in the relevant


Figure 1. CASTing of PAL leading to the construction of five libraries of
mutants (A–E) produced by simultaneous randomization at two amino
acid sites.


Table 1. Active PAL mutants created by CASTing.[17]


Mutant Library[a] Mutations


ACA5 A Met16Ala/Leu17Phe
D1A12 D Leu162Val
D1B10 D Leu162Thr
D1C4 D Leu159Trp/Leu162Thr
D1D12 D Leu162Ile
D1E1 D Leu162Ala
D1F8 D Leu162Asn


[a] Library A: (Met16/Leu17); library D: (Leu159/Leu162).
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series are comparable, which allowed the determination of
relative rates. Each substrate was studied separately, that is,
the reaction rate of the WT was compared with the reaction
rate of the mutants for each substrate. Figure 2 summarizes
the results.
The mutants obtained in the original CASTing study are


fairly active catalysts for most of the substrates studied.[17]


As can be seen in Figure 2, the process of combining muta-
tions results in the desired increase in reaction rate in most,
but not all, cases. In the hydrolysis of esters 1–4, each of the


six new mutants is a more active biocatalyst. Rate accelera-
tions of 15- to 25-fold relative to the WT are common. It
should be noted that all of the relative rates reported here
refer to the background reaction not catalyzed by the lipase.
Thus, the rate acceleration with respect to the actual WT-
catalyzed reaction can be expected to be much higher.
In the case of the particularly unreactive substrates 5–8,


the effects are even more pronounced. An example is the
hydrolysis of benzoic p-nitrophenyl ester (7), a process
which is extremely slow when using the WT lipase. Mutants
ACA5, D1A12, and D1E1 show only slight rate increases
relative to the WT, in contrast to mutants D1B10, D1C4,
and D1F8, which exhibit 105-, 58-, and 82-fold rate accelera-
tions, respectively. The combination ACA5/D1A12 is at
least 145-fold more active than the WT and provides the
best catalyst for this reaction (Figure 2). Because mutants
ACA5 and D1A12 are poor catalysts individually, there
must be strong cooperativity operating in ACA5/D1A12. A
similar effect emerges when combining ACA5 with D1E1
(84-fold more active).
In contrast to these positive effects, combining the already


good mutants D1B10, D1C4, and D1F8 with ACA5 actually
lowers the activity in the hydrolysis of substrate 7. This may
appear surprising, but in fact there is no theoretical reason
to expect additivity or cooperativity for every combination.
The most demanding substrate is the very sterically en-


cumbered adamantane carboxylic acid p-nitrophenyl ester
(8). Among the original noncombined mutants, variant
D1F8 is the best catalyst and leads to a 25-fold rate acceler-
ation, which remains unsurpassed even after combining mu-
tants. However, other combinations do in fact lead to posi-
tive effects relative to the performance of the original mu-
tants, for example, ACA5/D1A12 and ACA5/D1C4
(Figure 2).
In order to obtain data regarding absolute rates, the per-


centage conversion of each substrate using the respective
best mutant was monitored under a defined set of condi-
tions. For this purpose, the percentage conversion was meas-
ured after 90 min at 30 8C using the WT, the best respective
mutant, and a lipase-negative mutant for ascertaining the
background hydrolysis. Table 2 shows that using the WT in-


Figure 2. Effects of combining the mutations of variant ACA5 with those
of variants D1A12, D1B10, D1C4, D1D12, D1E1, and D1F8 (an average
of eight measurements in each case).


Table 2. Activity, indicated by percentage conversion[a] after 90 min at
30 8C, in the hydrolysis of substrates 1–8 using the host lipase-negative
mutant (background), the WT-PAL, and the best variants.[b,c]


Substrate Conversion [%]
(background)


Conversion [%]
using WT-PAL


Conversion [%]
using best variant


1 2 3 61 (ACA5/D1E1)
2 4 5 57 (ACA5/D1D12)
3 4 5 65 (ACA5/D1A12)
4 2 3 50 (ACA5/D1E1)
5 2 2 50 (ACA5/D1E1)
6 2 2 75 (ACA5/D1E1)
7 <2 <2 46 (ACA5/D1A12)
8 <2 <2 15 (D1F8)


[a] Uncertainty in conversion: �5%. [b] The expression system[20] used
yields about 0.15 gL�1 of enzyme. [c] Conditions: 100 mL of expression
culture supernatant, 200 mL of Tris 100 mm pH 7.5 buffer, 20 mL of
20 mgmL�1 substrate in acetonitrile.
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duces essentially no reaction beyond the background reac-
tion, in sharp contrast to the best enzyme variants.
In the absence of a detailed molecular mechanics/quan-


tum mechanics (MM/QM) study, as performed earlier in the
case of the directed evolution of enantioselective PAL mu-
tants as catalysts in the hydrolytic kinetic resolution of 2-
methyldecanoic p-nitrophenyl ester,[21] it is difficult to pro-
vide a sound explanation of the results. However, prelimina-
ry molecular modeling studies using standard molecular dy-
namics (MD) simulations, taken together with the results of
our previous theoretical study,[21] shed some light on the mo-
lecular basis of the observed substrate acceptance.
It is well known that lipases are serine hydrolases that cat-


alyze the hydrolysis of natural triglycerides.[13,22] Structural
and mechanistic studies have shown that a catalytic triad
composed of aspartate, histidine, and serine is involved, with
the activated form of serine un-
dergoing a rate-determining nu-
cleophilic attack at the ester
function to form a short-lived
oxyanion.[22] The acid part of
the ester resides in the respec-
tive binding pocket (fatty acid
moieties in the case of triglycer-
ides as natural substrates),
while the alcohol component of
the ester is bound elsewhere.
All of our studies have focused
on the acid binding pocket
(Figure 1), including the investi-
gation regarding the enantiose-
lectivity in the kinetic resolu-
tion of 2-methyldecanoic p-ni-
trophenyl ester.[4,21,23] In that
study it was demonstrated that
not only the enantioselectivity
increases as a result of directed
evolution, but also the rate.[23] The theoretical analysis based
on QM/MM studies pin-pointed one of the crucial mutations
as being Leu162Gly, which is next to the binding pocket and
close to the active Ser82 (the other mutations being
remote).[21] It became clear that the mutational change
Leu162Gly causes, among other things, the enlargement of
the binding pocket to accommodate the methyl group at the
stereogenic center, that is, to tolerate branching.[21] This
result is relevant to the present analysis.
In the present (and previous)[17] CASTing study, site D


comprises Leu159 and Leu162 (WT). As delineated above,
most of the hits originate from this library, and the majority
of these have a single mutation at position 162 (also see
Table 1). Although glycine is not among the newly intro-
duced amino acids, it is clear that position 162 is a hot spot,
in line with previous studies in which very different strat-
egies based on epPCRs, saturation mutagenesis, and DNA
shuffling were applied.[4]


The data in the present investigation (Figure 2) shows
that one of the best mutant combinations is ACA5/D1E1.


The mutational changes in ACA5, namely Met16Ala/
Leu17Phe, can be interpreted as follows. The side chain of
alanine is sterically smaller than that of the original methio-
nine, thereby providing more space for binding bulky
(branched) substrates. The second substitution, Leu17Phe, is
more difficult to explain, because a benzyl moiety is usually
considered to be more sterically demanding than an isobutyl
group. However, the benzyl side chain of phenylalanine can
“fold away” if, for example, p,p stacking with another aro-
matic ring in the enzyme occurs, thereby providing more
space for the substrate. Such p,p stacking is common in
many proteins.[24] In our system, p,p stacking might occur
between Phe17 and Phe19. Finally, the mutational change
Leu162Ala in the single mutant D1E1 and in the combined
mutant ACA5/D1E1 is easy to understand on the basis of
size differences. These effects are illustrated in Figure 3.


Enantioselectivity : Most of the substrates 1–8 are chiral, so
it was therefore of interest to study the enantioselectivity of
the various mutants as catalysts in hydrolytic kinetic resolu-
tion. Because the screening system was designed to assess
activity, and not enantioselectivity, the effect of mutations
on the E value was unpredictable. We chose substrate 1 and
the structurally related, but more sterically demanding, ester
6 for this investigation. The WT-PAL shows almost no activ-
ity beyond the background reactions, which meant that it
was not possible to obtain reliable E values. Nevertheless,
some remarkable results regarding the catalytic profiles of
the mutants were observed (Table 3). It can be seen that
neither the original CAST mutants nor the combined mu-
tants are particularly enantioselective in the hydrolytic ki-
netic resolution of substrate 1. Variants ACA5/D1B10 and
ACA5/D1E1 provide the highest selectivity factors, but
these amount to only E=5. In contrast, the more sterically
demanding ester 6, which has an ethyl instead of a methyl
group at the stereogenic center, behaves quite differently.
For example, noncombined mutants ACA5, D1A12, and


Figure 3. Comparison between PAL-WT (left) and mutant ACA5/D1E1 (Met16Ala, Leu17Phe, Leu162Ala)
(right). For illustrative purposes, the binding of substrate 7 is shown.
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D1F8 result in E values of 20, 18, and 17, respectively.
Mutant D1D12 is less effective (E=9), but its combination
with ACA5 provides the best variant ACA5/D1D12 (E=


49). The result of combining the mutations of the two origi-
nal variants seems to be additive. Apparently, the system re-
sponds to the size difference between methyl and ethyl
groups quite effectively. In order to increase asymmetric in-
duction for either substrate, further directed evolution is
necessary in which the screening process responds to enan-
tioselectivity.[4]


Substrate acceptance of nonbranched carboxylic acid esters :
In a final series of experiments, the lipase mutants were
studied as catalysts in the hydrolysis of simple, nonbranched
carboxylic acid p-nitrophenyl esters 9a–g, which are less
sterically encumbered than substrates 1–8.


In view of Fischer6s lock-and-key hypothesis[15] and the in-
duced-fit model,[14,16] it was of theoretical interest to learn
whether the mutants, engineered to accept bulky substrates,
display higher or lower activity than the WT lipase when
catalyzing the sterically less-demanding esters 9a–g. All mu-
tants turned out to be less active than the WT. In some
cases the decrease in activity between the WT and mutant is
less than 10%, for example, when catalyzing the hydrolysis
of 9a using ACA5 or ACA5/D1D12, 9c using D1A12, 9d
using D1A12, D1B10, or ACA5/D1F8, and 9g using ACA5.
In contrast, more than an 80% activity loss is observed
when catalyzing the hydrolysis of 9b using D1E1, ACA5/
D1C4, or ACA5/D1F8, 9c using ACA5/D1C4, and 9g using
ACA5/D1C4. In general, the combined mutants lead to the
greatest decrease in activity relative to the WT.


As noted in the Introduction, one category of nonaccep-
tance (i.e., low or no turnover) relates to overly small sub-
strates that fit geometrically into the binding pocket but
which nevertheless react only very slowly or not at all (point
2). Such a situation has been created by the generation of
the mutants in the present study. The binding pocket of the
lipase mutants has been over-enlarged for the slim sub-
strates 9a–g, and so they are still accommodated, but largely
in the form of nonproductive binding.[14,25]


Conclusion


CASTing is a straightforward procedure for probing limited
protein-sequence space in the quest to enlarge the scope of
substrate acceptance of enzymes.[17,18] It involves the system-
atic preparation and testing of focused libraries around the
complete binding pocket by randomizing sets of two or
more amino acid positions. If the mutant enzymes arising
from such a procedure require further improvement, for ex-
ample in terms of activity, evolutionary pressure has to be
exerted in the form of additional mutagenesis/screening pro-
cedures. Here we have shown that combining the mutational
changes of positive mutants (hits) discovered in two differ-
ent CAST libraries is a viable strategy for achieving this
goal. Rate increases of up to 145-fold relative to the reac-
tions using the WTwere observed in the lipase-catalyzed hy-
drolysis of bulky esters. All of the relative rates reported in
this paper refer to the respective noncatalyzed background
reaction, which means that the true values are actually
much larger.
Although this directed evolution study was by nature not


designed to control enantioselectivity, two of the sterically
demanding substrates, which are also chiral, were tested in
hydrolytic kinetic resolution reactions. In the case of the
bulkier of the two, several of the combined mutants showed
appreciable degrees of asymmetric induction, with the re-
spective selectivity factors amounting to E=20–49. If the
specific goal is further improvement of enantioselectivity, a
subsequent directed evolution study, for example, iterative
CASTing,[18] is necessary in which the screening focuses on
this property.
Finally, in light of Fischer6s lock-and-key hypothesis[15]


and/or refined models,[14,16] the lipase mutants obtained by
the first round of CASTing, as well as the combined mutants
from this study, were tested as catalysts in the hydrolysis of
sterically less-encumbered nonbranched esters. All of the
engineered mutants display lower activity than the WT, indi-
cating that the binding pocket has been over-enlarged. This
lends support to the often discussed hypothesis that overly
small substrates may enter the enzyme, but bind largely in
nonproductive forms.[14] These and the other data set the
stage for detailed theoretical studies.


Table 3. Enantioselectivity in the hydrolytic kinetic resolution of sub-
strates 1 and 6 catalyzed by PAL mutants.


Mutant E[a] for 1 E[a] for 6


ACA5 3 20
D1A12 2 18
D1B10 3 11
D1C4 4 6
D1D12 2 9
D1E1 2 1
D1F8 3 17
ACA5/D1A12 3 18
ACA5/D1B10 5 20
ACA5/D1C4 2 19
ACA5/D1D12 3 49
ACA5/D1E1 5 16
ACA5/D1F8 3 16


[a] E=enantioselectivity of the reaction.


Chem. Eur. J. 2006, 12, 6031 – 6038 F 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6035


FULL PAPERDirected Evolution of Enzymes



www.chemeurj.org





Experimental Section


General : All the linear p-nitrophenyl esters (9a–g) were purchased from
Sigma-Aldrich.


Generation of the double mutants : The genes for the selected PAL mu-
tants from library D were amplified from pUCPL6AN[20] by using the pri-
mers PALNheI (5’-TCCAGGCTAGCACCTACACCCAG-3’) and PALA-
paI (5’-GAAAGGGCCCGGGCCGAG-3’). The PCR product was
cloned into the pCR2.1 vector (Invitrogen) by using the TOPO TA clon-
ing kit. This plasmid served as a template for the introduction of the
ACA5 mutations following the Quikchange protocol (Stratagene) with
KOD Hot Start polymerase (Novagen). Thereafter, the sequence of the
insert was verified by using DNA sequencing (Medigenomix GmbH,
Martinsried, Germany) and the PAL gene was re-cloned into the Pseudo-
monas expression vector pUCPL6AN by using the restriction enzymes
NheI and ApaI.


Protein expression : Designed pUCPL6AN plasmids encoding improved
lipase mutants were used to transform the lipase-negative P. aeruginosa
host PABST7.1[20] competent cells as previously described.[26] Single colo-
nies were isolated from Lauria–Bertani (LB) agar plates, supplemented
with carbenicillin (100 mgmL�1) and tetracycline (50 mgmL�1), and were
used to inoculate 20 mL of 2QLB media (peptone (20 g), NaCl (10 g),
yeast extract (10 g) per liter supplemented with the above-mentioned an-
tibiotics). The cultures were incubated overnight at 30 8C, under shaking
at 300 rpm in 100 mL Erlenmeyer flasks. Fresh media was inoculated
with 0.5 mL of fresh overnight culture and this was incubated for 5 h as
described above. Lipase expression was induced by the addition of iso-
propyl-b-d-thiogalactopyranoside (IPTG) to give a final concentration of
0.1 mm and this was incubated for an additional 5 h. The lipase-contain-
ing supernatants were recovered by centrifuging at 8000 rpm for 45 min
and were then stored overnight at 4 8C.


UV/Vis screening assay : The activity measurement of WT lipase and the
mutants was performed by using a Spectramax UV/Vis spectrophotome-
ter from Molecular Devices Corp. The reaction was continuously moni-
tored at l=405 nm and the maximum slope of each reaction was taken
as the experimental parameter to characterize the variants. Reaction mix-
ture: Tris buffer (65 mL, 100 mm, pH 7.5), substrate in acetonitrile (10 mL,
10 mgmL�1), and expression culture supernatant (25 mL). Hydrolytic re-
actions of substrates 1–6 were monitored at l=405 nm for 10 min and
linear esters 9a–g for 5 min. The substrates were also evaluated by end-
point measurements after 20 min reaction time; the reactions in these
cases were developed as described below for the determination of con-
version and enantioselectivity.


Reaction conditions for determining the conversion and enantioselectivi-
ty : The reactions were performed as follows: Tris/HCl buffer (450 mL,
100 mm, pH 7.5) and the substrate in acetonitrile (50 mL, 10 mgmL�1)
were added to the expression culture supernatant (100 mL). The reaction
mixture was shaken at 800 rpm for 90 min at 30 8C. The solution was ex-
tracted with dichloromethane (400 mL). Then a second extraction step
was performed by adding dichloromethane (400 mL) and HCl 10%
(20 mL) to favor acid extraction. The extracted organic phase was trans-
ferred to a vial and analyzed by using GC.


GC analysis : The analysis of the conversion was performed by using gas
chromatography on a Hewlett–Packard 6890N chromatograph with a
nonchiral phase column HP-5 (30 m, 0.32 mm, 0.25 mm). Conditions: Car-
rier (H2) flow: 3.1 mLmin�1; temperature profile: 60 8C, 2 min,
30 8Cmin�1, 300 8C, 15 min. The chiral analyses of substrates 1 and 6 were
performed by using a DiMePeBETA-Ivadex-1 chiral column (25 m,
0.25 mm, 0.15 mm) from IVA Analysentechnik, Meerbusch, Germany.
Conditions: Carrier (N2): 1.4 mLmin�1; temperature profile: 120 8C,
30 min, 10 8Cmin�1, 200 8C for 40 min. Absolute chirality was determined
by comparison with commercial enantiopure products.


Immunodetection : Supernatants were manually spotted onto nitrocellu-
lose membranes (porablot NCP, pore size=0.45 mm, Macherey–Nagel,
DBren, Germany) and the membranes were processed by using standard
procedures. Membranes were blocked with 5% dry milk in TBST (i.e.,
25 mm Tris-HCl pH 8.0; 150 mm NaCl; 3 mm KCl; 0.2% Tween 20).


Rabbit-anti-LipA monoclonal antibody, kindly provided by K.-E. Jaeger,
and goat–anti-rabbit horseradish peroxidase conjugate (Calbiochem/
Merck, Darmstadt, Germany) were diluted in TBST by 1:50000 and
1:10000, respectively. Detection was performed by using stabilized
3,3’,5,5’-tetramethylbenzidine (TMB; Pierce, Rockford, IL, USA). The
reaction was allowed to proceed for 2 min and the intensity of color de-
velopment was estimated by using a BioDocII (Biometra, Gçttingen,
Germany) digital camera system.
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Introduction


Atropisomers are widely used in the field of asymmetric cat-
alysis, as ligands, additives and also as catalysts themselves.
The most famous structure by far being the 1,1’-binaphthyl
core present in BINAP[1] and BINOL ligands,[2] which are
nowadays not only used as ligands, but derivatives thereof
finding applications in various fields of chemistry.[3]


The large majority of atropisomeric structures used in
asymmetric catalysis belongs to the class of biaryl atro-
pisomers bearing a chiral axis between the two aromatic
moieties. Nonetheless, this is only a sub-class of atropisom-
ers and in recent years several groups have focussed on an-
other sub-class of atropisomers, the non-biaryl atropisomeric
anilides 1 and aromatic amides 2.[4–8]


What started out as a textbook curiosity[9] has been devel-
oped to be a prosperous field of organic chemistry with ap-
plications in enantioselective synthesis,[10] asymmetric cataly-


sis,[11] medicinal chemistry[12] and a model system for allo-
steric interactions.[13]


While a variety of synthetic approaches are now available
for the biaryl atropisomers,[14] ways to access enantiopure
non-biaryl atropisomers are still limited. The enantioselec-
tive synthesis of non-biaryl atropisomers is often tedious;
besides classical separation by chiral stationary phase chro-
matography,[15] kinetic[6a,16] and thermodynamic[17] resolu-
tions, chiral pool approaches,[7,18] chiral auxiliary ap-
proaches[19] and enantioselective synthesis by desymmetrisa-
tion[8] have been reported. The enantiopurity achieved by
these procedures varies from moderate to excellent; how-
ever, the downfall mostly lies in the length of the sequences.
Recently, an elegant approach reported by Taguchi et al.
provided, by means of catalytic asymmetric N-arylation, an
easy and short access to atropisomeric anilides 1 (phenyl
series; X= tBu; R1=alkyl, alkenyl; R2=4-NO2C6H4).


[20] In
our own laboratories, we developed the first organocatalytic
approach to non-biaryl atropisomeric structures of type 3.[21]
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The latter structures were discovered during our investiga-
tion of an easy amination procedure for 2-naphthols 4, utilis-
ing azodicarboxylates 5 as the nitrogen source [Eq. (1)]. It
was found that a tertiary amine, such as DBU or Et3N, can
catalyse this Friedel–Crafts amination.


The initial results were intriguing, as the product (3a,
R1=Et) of the reaction of 2-naphthol (4a, X=H) with di-
ethyl azodicarboxylate (5a, R1=Et) showed diastereotopic
behaviour with regard to the methylene groups of the carba-
mate moiety. An analysis of the product by chiral HPLC re-
vealed that the product 3a existed in two enantiomeric
forms. This can only be attributed to a hindered rotation
around the N�CAryl bond, thereby creating atropisomers. Al-
though aminated naphthalenes have been known for nearly
a century, only now have they been recognised as chiral
compounds.[22]


As the amination product of 2-naphthol 3a racemised
readily, 8-amino-2-naphthol (4b, X=NH2) was chosen as a
model system instead. Reaction with di-tert-butyl azodicar-
boxylate (5b, DtBuAD, R1= tBu), indeed generated more
stable atropisomers.


By screening a large variety of amines, and especially cin-
chona alkaloids as catalysts, the cinchona-derived quasi-
enantiomers hydrocupreine (6) and hydrocupreidine (7)
were found to give good enantioselection in the amination
reaction.[21,23]


The use of cinchona alkaloids in the field of organocataly-
sis[24] has, in the last few years, led to an increasing number
of derivatives, tailored to fit the need of the application.
Their core has been identified as a “privileged structure”,[25]


catalysing a plethora of reactions.[26]


During the screening of the Friedel–Crafts amination, the
structural similarity between the quinoline-6’-ol core and
the naphthol motif became obvious to us, leading to the as-
sumption that the cinchona alkaloid catalysts themselves
might be transformed during the reaction. Under the given
reaction conditions of the amination, only trace amounts of


an aminated cinchona alkaloid catalyst were detected, but
upon exposure of these cinchona alkaloids to a stoichiomet-
ric amount of DtBuAD (5b), the amination of position 5’
could be achieved quantitatively. Functionalisation of posi-
tion 5’ of the cinchona alkaloids is found rarely, and so far
only nitration,[27] diazotation[28] and bromination[29] of this
position have been described.


Until now, the four major sites of derivatisation of the cin-
chona alkaloids have been: the 9-hydroxy function (R),[30]


the 6’-hydroxy functionality (R’),[31] the quinuclidine nitro-
gen atom (R’’)[32] and the vinyl side chain.[33]


In the following, we will present a versatile method to
functionalise position 5’ of the quinoline core and to con-
comitantly incorporate the principle of atropisomerism into
the cinchona alkaloids. A series of these newly functional-
ised catalysts has been prepared and examined. Their per-
formance in the addition of b-keto esters to a,b-unsaturated
carbonyl compounds (Wynberg reaction)[34] and their per-
formance in the Friedel–Crafts amination of naphthols will
be outlined.


Moreover, the product of the amination reaction of 8-
amino-2-naphthol 3b (X=NH2, R1= tBu) displayed an in-
teresting structure: the alignment of a primary amine and a
phenol in close proximity to the chiral axis and the easy
availability of both enantiomeric forms of this non-biaryl
atropisomer inspired us to seek an application in organoca-
talysis.


It has been shown that primary amino acids catalyse aldol
reactions with high enantioselectivity, especially with steri-
cally encumbered substrates.[35] Moreover, calculations of
aldol reactions catalysed by primary amines underscored the
viability of enantioselection in this reaction.[36] In contrast to
the widely used secondary amines in organocatalysis, a pri-
mary amine could offer the advantage of a less encumbered
imine/enamine intermediate, which is, for example, of inter-
est in the derivatisation of a-branched aldehydes.


With the existing knowledge in our group about a-func-
tionalisations of carbonyl compounds,[37] the fluorination of
a-branched aldehydes appeared as a promising target to
prove our idea. Although, the organocatalytic a-fluorination
of carbonyl compounds has been investigated thoroughly in
the last few years,[38] the fluorination of a-branched alde-
hydes still leaves room for improvement. We therefore in-
vestigated the possible use of the atropisomeric aminated 8-
amino-2-naphthol 3b as an organocatalyst in the fluorina-
tion of a-branched aldehydes.
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In the following we will present our investigation of the
aminination of cinchona alkaloids and present the properties
of these aminated cinchona alkaloids, including the analysis
of their X-ray structures, which help to explain their catalyt-
ic and physical properties. Furthermore, the catalytic proper-
ties of the atropisomeric aminated 8-amino-2-naphthol will
be described.


Results and Discussion


Aminated 6’-hydroxy cinchona alkaloids : 6’-Hydroxy cin-
chona alkaloids were aminated by a simple protocol; the
catalyst was stirred at RT in CH2Cl2 and 1.2 equivalents of
DtBuAD (5b) were added. The reaction was monitored by
TLC and during the reaction of hydrocupreidine (7) with 5b
two products 8a and b were observed by TLC [Eq. (2)].
These products were easily separated by column chromatog-
raphy and proved to be diastereomers, which were obtained
in a ratio of 8a/8b 3.5:1.


The two diastereomers showed an amazing difference in
their polarity (see Experimental Section), and thus we
named them upper (8a) and lower isomer (8b), according
to their respective TLC Rf values (8a : Rf=0.67, 8b : Rf=


0.29; EtOAc/MeOH/aq NH3 90:10:1).


We then investigated the influence of the solvent upon
the diastereomeric ratio in the reaction of hydrocupreine (6)
with DtBuAD (5b) (Table 1).


It appears from Table 1 that
performing the reaction in
polar solvents gave good chem-
ical yields (entries 1, 2, and 8),
while apolar solvents (entries 4
and 5) gave only traces of
product, even after 24 h. The
dr (dr=diastereomeric ratio)
of 9a/9b varied between 1:17
and 1:2, showing significant de-
pendence upon the reaction
time (entries 8 and 9). Upon
prolonged stirring the lower
isomer 9b apparently started
to isomerise, leading to a di-
minished diastereomeric ratio.
The best diastereomeric ratio
in favour of the lower diaster-


eomer 9b was obtained when the reaction was conducted in
MeCN. Unfortunately, after column chromatography the 9a/


9b dr dropped from 1:17 to
1:12 (entry 8). However, in the
solid state these diastereomers
were bench stable and no iso-
merisation occurred even after
months at room temperature.


b-Isocupreidine[39] (10) and
9-benzyloxy-6’-hydroxyqui-
nine[40] (12) were also submit-
ted to the same reaction condi-
tions, yielding the 5’-aminated


products 11 and 13, each as a set of diastereomers [Eq. (3)
and (4)].


Table 1. Investigation of the parameters governing the reaction of hydro-
cupreine (6) with di-tert-butyl azodicarboxylate (5b).[a]


Entry Solvent t [h] Yield [%][b] dr 9a/9b[c] (dr 9a/9b)[d]


1 MeOH 2.5 87 1:12
2 CH2Cl2 2.0 80 ACHTUNGTRENNUNG(1:2.3)
3 THF 24.0 n.d.[e] 1:2
4 hexane 24.0 traces n.d.
5 toluene 24.0 traces n.d.
6 DMF 4.0 n.d. 1:12
7 DMSO 4.0 n.d. 1:4.8
8 MeCN 1.5 92 1:17 (1:12)
9 MeCN 24.0 n.d. 1:4


[a] Reactions were stopped after TLC control showed full consumption
of the starting material. [b] Yields after flash chromatography. [c] dr was
estimated by integration of the NMR spectra of the raw product. [d] dr
after separation by column chromatography. [e] n.d.=not determined.
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Other azodicarboxylates did not react as well as the tert-
butyl derivative 5b. From the reaction of dibenzyl azodicar-
boxylate (5c, R1=Bn) with hydrocupreidine 7, only the
lower diastereomer 15 could be isolated [Eq. (5)].


Fortunately, the upper diastereomers 8a[41] and 9a,[42] as
well as the lower diastereomer 9b[43] crystallised nicely,
making single crystal X-ray analysis possible (Figure 1).
These structures helped to elucidate the origin of the differ-
ent physical properties of the cinchona alkaloid diastereom-
ers, and as will be shown later, also their different chemical
properties. In the structures of 8a and 9a the distance be-
tween the quinuclidine nitrogen atom and the hydrogen
atom bound to the hydrazine implies a hydrogen bonding
(2.84 and 2.85 O, respectively between the nitrogen atoms),
leading to an obstruction of the basic site of these alkaloids.
This could be an explanation for the low polarity of the


upper isomers in solution. In contrast to this, the structure
of the lower diastereomer 9b shows hydrogen bonding be-
tween the oxygen atom of the 9-hydroxy group and the hy-
drazine N�H, leaving the quinuclidine nitrogen atom unin-
volved. All structures exhibit a second intramolecular hy-
drogen bonding between the 6’-hydroxy function and the
carbonyl oxygen of the NH-carbonyl moiety. Furthermore,
the value for the torsion angle between the two carbamate
carbonyl functions bound to the hydrazine varies from 69.7
to 77.8 8, a distortion from the classical rectangle between
the two hydrazine carbonyl functions,[44] which also seems to
arise from the intramolecular hydrogen bonding.


The relative stereochemistry of all other aminated cincho-
na alkaloid derivatives was assigned on the basis of these
three X-ray structures and the respective TLC Rf values.


To verify if this intramolecular hydrogen bonding is also
present in solution and if it affects the basicity of the upper
diastereomer, NMR experiments were carried out in an at-
tempt to determine the pKa values of the new compounds.[45]


Upon protonation of the quinuclidine nitrogen atom the sig-
nals of the protons in close proximity to it are shifted down-
field in the NMR. When equimolar amounts of hydrocu-
preine 6 and either the upper 9a or the lower diastereomer
9b, were mixed in CD3OD and then treated with aliquots of
TFA, these chemical shifts could be recorded. Unfortunate-
ly, it was not possible to determine accurate pKa values, as
the line broadening due to the rotamers present in the new
compounds prevented such measurements. Nevertheless, a
qualitative conclusion can be drawn from the experiments.
In the case of the mixture containing the upper isomer 9a,
the hydrocupreine (6) was first fully protonated, before the
signals of the upper isomer started to change, suggesting a
difference of approximately two pKa units. In contrast to
this, both compounds in the second mixture—the lower
isomer 9b and 6—were protonated from the start, suggest-
ing that the pKa values had a greater similarity to each
other (see Supporting Information). As expected, the results
of analogous experiments for 7 and either 8a or b, resem-
bled the above described behaviour. This supports the hy-
pothesis that the intramolecular hydrogen bonding, between
the quinuclidine nitrogen atom and the NH of the hydra-
zine, revealed by the X-ray structure of the upper isomers
8a and 9a, is also present in solution, thereby decreasing
the basicity of the upper isomers.


Furthermore, as soon as the upper isomer 9a was pro-
tonated, it started to isomerise to the lower diastereomer.
Consequently, at the end of the titration both mixtures, irre-
spective of which aminated isomer (9a or b) was present,
contained the same two species (6+H+ and 9+H+).


Amination of 2-naphthols : A reinvestigation of the amina-
tion of 8-amino-2-naphthol (4b) was then started, utilising
the whole new family of aminated cinchona alkaloids
(Table 2). All reactions were carried out on a 0.2 mmol scale
by using a stoichiometric amount of DtBuAD (5b) and 20
mol% of the various catalysts at �20 8C in 1,2-dichloro-
ethane. Full conversion was achieved overnight in the pres-


Figure 1. X-ray structures of the 5’-aminated cinchona alkaloids showing
the intramolecular hydrogen bonding: 8a (upper isomer, top), 9a (upper
isomer, middle) and 9b (lower isomer, bottom).
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ence of most of the lower diastereomers, whereas the reac-
tions catalysed by the upper diastereomers did not go to
completion even after four days.


These improved results enabled us to prepare both enan-
tiomers of the aminated 8-amino-2-naphthol 3b in over
90% ee, and exceeded especially the optical purity of ent-3b
when hydrocupreine was used as the catalyst at �20 8C
(from 22% ee using 6, to 96% ee using 9b, Table 2, entry 4).
It should also be noted, that the catalyst loading could be
decreased to 5 mol%, without influencing the yield or the
enantiomeric excess (entry 10). Not only was the reactivity
of the upper diastereomers considerably lower, but also the
enantioselectivity induced by these catalysts was inferior in
comparison with the lower diastereomers (entries 1–6). The
catalyst 13b with a protected 9-hydroxy function showed a
diminished reactivity, while its upper diastereomer 13a
showed no reactivity at all. The results in Table 2 show that
the catalysts 8b, 9b and 15 performed best in the Friedel–
Crafts amination of 3b and the substrate scope of this reac-
tion was investigated next (Table 3).


It appears from Table 3 that a large variety of optically
active, aminated 8-amino-2-naphthols 3b–h were accessible
by this reaction in high yield and enantiopurity (entries 1–
7). Even additional substituents in the naphthol ring did not
influence yield or enantioselectivity (entry 6). It has been
found that substrates containing electron-withdrawing sub-
stituents, such as the N-Boc-protected amino-naphthol 4h,
gave a lower enantioselectivity when catalyst 8b was used
(entry 7), and the 8-chloro-2-naphthol (4 i) reacted sluggishly
to give a nearly racemic product with either catalyst 8b or
9b (entry 8).


Mechanistically, it seems plausible that both hydrocu-
preine (6) and the 8-amino-2-naphthol (4b) exist as zwitter-


ionic species in solution, permitting the formation of a two-
point-contact ion pair.[46] By this, one face of 4b would be
shielded, guiding the approaching DtBuAD (5b) to the
other face of 8-amino-2-naphthol (4b) (Figure 2, left). In the


case of the aminated hydrocupreidine 8b, this face shielding
would be enhanced by the 5’-substituent, explaining the in-
crease in enantioselectivity (Figure 2, right).


Ion pairing in this fashion would also explain why other
substituents than amines at position 8 do not give high enan-
tioselectivity (Table 3, entry 8).


This new class of cinchona alkaloids featuring a unique
structure has already shown interesting properties and im-
proved performance in the amination of 8-amino-2-naph-
thols. Further applications of these compounds or deriva-
tives thereof might shed light on the mechanistical aspects
of cinchona alkaloid catalysis and help tailoring catalysts to
the special needs of a reaction.


Table 2. Catalyst screening for the organocatalysed asymmetric Friedel–
Crafts reaction of 8-amino-2-naphthol (4b) with di-tert-butyl azodicar-
boxylate 5b.[a]


Entry Catalyst t [h] Yield [%][b] ee [%][c]


1 8a (upper) 96 73 69
2 8b (lower) 16 87 87
3 9a (upper) 96 50 �63[d]


4 9b (lower) 16 91 �96[d]


5 11a (upper) 96 38 48
6 11b (lower) 16 92 70
7 13a (upper) 96 0 n.d.
8 13b (lower) 96 33 �33[d]


9 15 (lower) 16 82 92
10 9b[e] (lower) 16 90 �96[d]


[a] Reaction carried out by using 4b (0.20 mmol), 5b (0.20 mmol) and
catalyst (0.04 mmol) in DCE (4 mL). [b] Yield of isolated product after
flash chromatography. [c] The ee was determined by HPLC. [d] The
enantiomer ent-3b with the opposite sign of optical rotation was formed.
[e] Only 5 mol% of the catalyst was used.


Table 3. Substrate screening for the organocatalysed asymmetric Friedel–
Crafts reaction of 8-substituted-2-naphthols 4 with di-tert-butyl azodicar-
boxylate (5b).[a]


Entry Substrate X, R Product Catalyst 8b Catalyst 9b
ee
[%][b]


Yield
[%][c]


ee
[%][b,d]


Yield
[%][c]


1 NH2, H 4b 3b 87 87 �96 91
2 NHMe, H 4c 3c 93 91 �96 94
3 NHBn, H 4d 3d 98 92 �98 80
4 NHC5H11, H 4e 3e 94 95 �94 98
5 NHCH2 ACHTUNGTRENNUNG(o-


C6H4OH), H 4 f
3 f 92 95 �94 93


6 NH2, Br 4g 3g 98 85 �96 95
7 NHBoc, H 4h 3h 58 94 �96 71
8 Cl, H 4 i 3 i 20 57 0 52


[a] Reaction carried out by using 4 (0.20 mmol), 5b (0.20 mmol) and cat-
alyst (0.04 mmol) in DCE (4 mL). [b] The ee was determined by HPLC.
[c] Yield of isolated product after flash chromatography. [d] The enan-
tiomer ent-3 with the opposite sign of optical rotation was formed.


Figure 2. Possible intermediate in the hydrocupreidine 7 (left) and ami-
nated hydrocupreidine 8b (right) catalysed reaction of 8-amino-2-naph-
thol 4b with di-tert-butyl azodicarboxylate 5b. The parts shown in grey
lie behind the plane of the paper and the 9-hydroxy function was omitted
for clarity.


Chem. Eur. J. 2006, 12, 6039 – 6052 G 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6043


FULL PAPERNon-Biaryl Atropisomers in Organocatalysis



www.chemeurj.org





Michael additions : To further
examine the scope and limita-
tions of this new class of cata-
lysts, their performance in the
Michael addition of b-keto
esters to acrolein was investi-
gated. The enantioselective
variant of this reaction was
first published by Bergson and
LQngstrçm by using 2-(hydroxymethyl)quinuclidine as the
catalyst.[47] Although they never determined the enantiomer-
ic excess, they noted the optical activity of their products.
The first account of an application of cinchona alkaloids as
catalysts for Michael additions was given by Wynberg and
Helder. In their seminal work they added b-keto esters to
acrolein and methyl vinyl ketone, in the presence of quinine
and reported an enantiomeric excess of up to 76% ee.[34]


Most recently, this enantiomeric excess was improved by
using either phase-transfer catalysis or new derivatives of
cinchona alkaloids.[48]


By using the newly prepared cinchona derivatives, the ad-
dition of ethyl-2-oxocyclopentanone carboxylate (16) to ac-
rolein (17) was investigated (Table 4). A solvent screening
revealed that iodobenzene was an appropiate solvent for the
catalyst screening process.


It appears from the results in Table 4 that the lower iso-
mers of the diastereomeric pairs of catalysts provided high
enantioselection. By using either 8b or 9b, both enantiom-
ers of the product 18 can be prepared with excellent enan-
tiomeric excess. Lowering the temperature did not have a
positive effect on the optical purity (entries 10 and 11). The
aldehyde 18 was isolated as its acetal 19 (Scheme 1), as it is
known to be susceptible to an intramolecular aldol reac-
tion.[49] Methyl vinyl ketone (20) as an additional Michael


acceptor was examined and reacted with good enantioselec-
tivity [Eq. (6)].


The alteration of the nucleophile, by using ethyl-2-oxocy-
clohexanone carboxylate (22) also resulted in a lower enan-
tioselectivity in comparison to ethyl-2-oxocyclopentanone
carboxylate (16) [Eq. (7)].


Comparison of the optical rotation of 23 to literature
values enabled us to determine the absolute configuration
of the product to be R.[50] The other Michael-addition prod-
ucts were assigned accordingly.


Fluorination of a-branched aldehydes : As outlined in the in-
troduction, not only this new class of cinchona alkaloids can
be used as organocatalysts; the product of the amination re-
action, the aminated 8-amino-2-naphthol 3b ([Eq. (1)] and
Table 2) can also act as a new type of asymmetric organo-
catalyst.


We chose the fluorination of a-branched aldehydes to ex-
amine the applicability of these atropisomers as organocata-
lysts. So far, only two substrates, namely 2-phenylpropanal
(24a) and indan-1-carbaldehyde (24b), have been fluorinat-
ed enantioselectively, by using N-fluorobenzenesulfonimide
(25 ; NFSI) as the fluorine source and proline derivatives as
the catalysts (Scheme 2).[38a,b]


Intrigued by this challenge, we started to investigate dif-
ferent fluorine sources, namely NFSI (25), Selectfluor 27
and the pyridinium salt 28, applying the racemic catalyst.
Fortunately, in all cases product formation could be detect-
ed. Therefore the enantioenriched catalyst ent-3b, possess-
ing 96% ee, was used in the reaction (Table 5).


This initial screening gave good results, as NFSI (25) not
only led to full conversion, but the product already exhibit-
ed an enantiomeric excess not obtained so far. With NFSI


Table 4. Michael addition of ethyl-2-oxocyclopentanone carboxylate (16)
to acrolein (17).[a]


Entry Catalyst T [8C] t [h] ee [%][b]


1 8a (upper) RT 16 �16[c]


2 8b (lower) RT 1 93
3 9a (upper) RT 16[d] 2
4 9b (lower) RT 1 �90[c]


5 11a (upper) RT 16[d] 0
6 11b (lower) RT 3 �20[c]


7 13a (upper) RT 16[d] 0
8 13b (lower) RT 16[d] �14[c]


9 15 (lower) RT 5 54
10 9b (lower) 0 1 89
11 9b (lower) �25 2 89


[a] Reaction carried out by using 16 (64 mmol), 17 (130 mmol) and catalyst
(0.1 equiv) in iodobenzene (0.4 mL). Completion of the reaction was de-
tected by TLC, then the reaction mixtures were filtered over a silica plug
and analysed. [b] The ee was determined by GC analysis. [c] The enan-
tiomer ent-18 with the opposite sign of optical rotation was formed.
[d] Conversion was not complete.


Scheme 1. Isolation of the Michael-addition product 18 as its acetal 19.
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(25) as the fluorine source the influence of the solvent on
the reaction course was then thoroughly examined. Table 6
shows the results for the screening of different solvents for
the organocatalytic fluorination of 24a.


To our surprise the reaction worked in all tested solvents,
with good conversions and moderate to good enantioselec-
tivity, irrespective of the polarity of the solvent. Only in
MeOH, the conversion was low, possibly due to concomitant
formation of the hemiacetal or acetal (Table 6, entry 10).
The highest enantiomeric excess was obtained when the re-
action was carried out in either MeOH, iPrOH or hexane.
By using hexane as the solvent, 90% conversion was
reached within 3 h at room temperature. The speed of the
reaction and the impossibility for acetal formation, resulted
in hexane becoming the solvent of choice. A decrease in cat-
alyst loading to 10 mol% led to a slower reaction, but with-
out diminishing the enantiomeric excess. Cooling the reac-
tion to 4 8C finally enhanced the enantiomeric excess to
90% ee with 95% conversion after 16 h.


Under these optimised reaction conditions additional sub-
strates were examined. Unfortunately, not all substrates
were sufficiently soluble in hexane, hence a solvent mixture


of hexane/iPrOH 9:1 was used.
Furthermore, it was not possi-
ble to analyse all reaction
products by GC analysis,
making a derivatisation of the
raw products necessary. Two
procedures are described for
derivatisation, either reduction
to the alcohol 29 by using
NaBH4


[38a–d] or oxidation to the
acid by using NaOCl.[38b] Both
were tried, but because of its


ease the reduction was established as the method of choice.
Table 7 shows the enantioselective a-fluorination of alde-
hydes 24 by using NFSI 25.


Good enantioselectivity was achieved when R1 was an ar-
omatic substituent without substitution (Table 7, entry 1) or
with electron-withdrawing substituents (entries 2 and 3). The
fluorinated 1,2,3,4-tetrahydronaphthalene-1-carbaldehyde
26e could only be isolated as the aldehyde and decomposed
in our hands upon reduction to 29e. Generally, the a-fluori-
nated aldehydes themselves are known to be unstable.[51]


Nonetheless, a good enantiomeric excess of 78% was ach-
ieved for this substrate (entry 4). In the case of two aliphatic
substituents the enantioselectivity of the reaction dropped
significantly (entries 5–7). Surprisingly, linear aldehydes like
3-phenyl propanal did not react at all under the given condi-
tions and the same holds true for ketones, for example, ace-
tone or cyclohexanone. No side products could be detected
and raw yields and spectra suggested good conversions and
purities. However, only moderate yields could be isolated
after column chromatography. This could possibly originate


Scheme 2. a-Fluorination of a-branched aldehydes 24 according to Barbas and our group.[38a,b]


Table 5. Screening of fluorine sources for the organocatalytic asymmetric
fluorination of 2-phenylpropanal (24a).[a]


Entry Fluorine source Conversion [%][b] ee [%][c]


1 25 96 72
2 27 6 56
3 28 33 16


[a] Reaction carried out by using 24a (0.25 mmol), fluorinating agent
(0.25 mmol) and ent-3b (0.05 mmol) in EtOAc (0.5 mL) for 16 h. [b] Con-
versions are stated as the ratio of product to starting material as deter-
mined by GC analysis. [c] The ee was determined by chiral GC analysis.


Table 6. Screening of solvents for the organocatalytic asymmetric fluori-
nation of 2-phenylpropanal (24a) by using NFSI (25).[a]


Entry Solvent Conversion [%][b] ee [%][c]


1 acetone 78 72
2 toluene 83 64
3 THF 79 70
4 MeCN 92 78
5 dioxane 76 68
6 DMF 94 76
7 CH2Cl2 91 62
8 EtOAc 96 72
9 iPrOH 85 85
10 MeOH 32 84
11 hexane 95 86


[a] Reaction carried out by using 24a (0.25 mmol), 25 (0.25 mmol) and
ent-3b (0.05 mmol) in solvent (0.5 mL) for 16 h. [b] Conversions are
stated as the ratio of product to starting material as determined by GC
analysis. [c] The ee was determined by chiral GC analysis.
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from the instability of the products towards column chroma-
tography.


Mechanistically, the chiral induction in this reaction could
originate from shielding of one of the faces of the intermedi-
ate enamine, limiting the NFSI to attack only from the op-
posite face. The X-ray structure of a functionalised product
30[21] (Figure 3, left and middle) from the amination of 8-
amino-2-naphthol shows that the substituents of the naph-
thol are oriented nearly parallel to each other and close to
rectangular to the naphthol core. Furthermore, the X-ray
structure suggests hydrogen bonding between the amide NH
moiety to the carbonyl oxygen atom of the carbonylbenzyl-
oxy (Cbz) group. The geometry of the intermediate could
possibly be stabilised by a similar intramolecular hydrogen
bonding from the enamine NH to the carbonyl oxygen atom
bound to N-1 (Figure 3, right).


An intermediate of this kind should have an E-geometry
at the enamine, which would only permit the NFSI to attack
from the Si-face of the enamine, yielding (S)-2-fluoro-2-phe-
nylpropanal ((S)-26a). This predicted configuration could be
confirmed by a single-crystal X-ray analysis of the 4-bromo-
benzoyl hydrazone derivative 31 (Figure 4).[52]


The diminished enantioselection in the reactions, for
which aliphatic a-branched aldehydes are used could be a
result of an E/Z-isomerism of the intermediate enamine.
This would cause undistinguishable faces of the enamine,
thereby preventing a stereoselective attack by the NFSI.


In summary, we have prepared a new class of compounds
consisting of nine 5’-aminated 6’-hydroxy cinchona alkaloids
which combine non-biaryl atropisomerism with the catalytic
properties of the cinchona alkaloids. A set of atropo-diaster-
eomeric cinchona alkaloids exhibits strongly differing physi-
cal and catalytical properties, due to intramolecular hydro-
gen bonding from the hydrazine NH to the quinuclidine ni-
trogen atom, present in the less polar diastereoisomer. By
this, the basic site of the molecule is blocked which was also
confirmed by NMR experiments. These new catalysts dem-
onstrated a good performance in the asymmetric Michael
addition of b-keto esters to a,b-unsaturated carbonyl com-
pounds (up to 93% ee), as well as advanced performance in
the asymmetric Friedel–Crafts amination of various 2-naph-
thols. The aminated 8-amino-2-naphthol itself was used as
an organocatalyst in the asymmetric a-fluorination of a-
branched aldehydes, yielding the fluorinated compounds in
up to 90% ee. This is the first example of an organocatalyst
in which the chirality originates from non-biaryl atrop-
isomerism. Further applications of these new catalysts and
derivatives thereof are now being investigated in our labora-
tories.


Experimental Section


General : The 1H, 13C and 19F NMR spectra were recorded at 400, 100
and 377 MHz, respectively. The chemical shifts are reported in ppm
downfield to CHCl3 (d=7.26), CHDCl2 (d=5.32) or CHD2CN (d=1.94)
for 1H NMR spectra, (d=77.0), (d=53.5) or (d=1.2) for 13C NMR spec-
tra relative to the central CDCl3, CD2Cl2 or CD3CN resonance, and rela-
tive to 2,2,2-trifluoroacetophenone (d=�71.8) for 19F NMR spectra, re-
spectively. Around half of the NMR spectra show rotamers and therefore
doubling of the signal set or line broadening. Therefore all 1H and 13C
spectra with rotamer influence are available in the Supporting Informa-


Table 7. Enantioselective a-fluorination of a-branched aldehydes 24 by
using NFSI (25).[a]


Entry Aldehyde R1 R2 Product Yield
[%][b]


ee [%][c]


1 24a Ph Me 29a 36 90
(88)[d]


2 24c 4-NO2-C6H4 Me 29c 56 78
(68)[d]


3 24d 4-Br-C6H4 Me 29d 60 90
(86)[d]


4 24e �
ACHTUNGTRENNUNG(C6H4) ACHTUNGTRENNUNG(CH2)3� 26e 55[f] 78(77)[e]


5 24 f Bu Et 29 f[g] 27 7 (3)[e]


6 24g CH2(4-
iPrC6H4)


Me 29g 29 30
(28)[d]


7 24h cHex Me 29h 10 31[e]


[a] Reaction carried out by using aldehyde 24 (0.50 mmol), NFSI (25 ;
0.60 mmol) and catalyst ent-3b (0.05 mmol, 96% ee) in hexane/iPrOH
9:1 (1.0 mL) for 16 h. [b] Yield after flash chromatography, variations
due to instability of the products. [c] The ee of the alcohol 29 (ee with 3b
[87% ee]). [d] The ee was determined by chiral HPLC analysis. [e] The ee
was determined by chiral GC analysis. [f] The aldehyde 26e was isolated
and analysed. [g] The catalyst ent-3b (0.3 equiv) was added over 72 h.


Figure 3. Functionalised product 30[21] (left and middle) and possible en-
amine intermediate formed from the organocatalyst ent-3b and 2-phenyl-
propanal 24a.


Figure 4. X-ray crystallographic structure of the benzoyl hydrazone deriv-
ative 31.
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tion. Flash chromatography (FC) was carried out by using Merck silica
gel 60 (230–400 mesh). Optical rotations were measured on a Perkin–
Elmer 241 polarimeter. The enantiomeric excesses of the products were
determined by HPLC using a Daicel Chiralpak AD, Chiralcel OD or
Chiralcel OJ column with iPrOH/hexane as the eluent or by GC using an
Astec G-TA column.


Materials : Naphthols 4a and b, diazocarboxylates 5a–c, hydroquinine, hy-
droquinidine, diazabicycloACHTUNGTRENNUNG[3.2.0]undecene (DBU), the b-ketoesters 16
and 22, acrolein, metyl vinyl ketone, NFSI, SelectfluorS, the pyridinium
salt 28, sodiumborohydride, pentane, Et2O, EtOAc, toluene, 1,2-dichloro-
ethane (DCE), CH2Cl2, MeOH, iodobenzene, acetone, THF, MeCN, di-
oxane, DMF, hexane and iPrOH were obtained from Aldrich and used as
received. Catalysts 6, 7, 10 and 12 were prepared according to literature
procedures.[23,39, 40] The naphthols 4c–f were prepared by reductive amina-
tion of 4b with the corresponding aldehydes; 4g was obtained by bromi-
nation of 4b ; 4h was obtained by N-Boc-protection of 4b and 4 i was ob-
tained from 4b by diazotation and reaction with copper(i)chloride. a-
Branched aldehydes 24c–e and h were prepared from the corresponding
ketones by Wittig reaction with methoxymethyl triphenylphosphonium
chloride in THF by using LDA, followed by reaction with p-toluolsulfon-
ic acid in dioxane/water 1:1, following known procedures.[53]


General procedure for the amination of the cinchona alkaloids : The cin-
chona alkaloid (1.0 equiv) was placed in a 25 mL round-bottomed flask.
The solid was suspended in dichloromethane (10 mL per 1 g cinchona al-
kaloid) and then azodicarboxylate (5 ; 1.2 equiv) was added. When the
starting material could no longer be detected by TLC or when the sus-
pension turned into a dark orange solution, the solvent was evaporated
and the raw product purified by FC.


Characterisation data for the cinchona alkaloid derivatives


(S)-(+)-Hydrocupreidine-5’-(hydrazine-N,N’-dicarboxylic acid tert-butyl
ester) (8a): The title compound was prepared according to the general
procedure by using hydrocupreidine (7; 1.0 g, 3.20 mmol) and DtBuAD
(5b ; 890 mg, 3.84 mmol). Elution with pentane/EtOAc 50:50 to EtOAc/
MeOH/24% aq NH3 95:5:1 gave the product (1.24 g, 72%). Rf=0.67
(EtOAc/MeOH/aq NH3 90:10:1); Rf=0.18 (pentane/EtOAc 50:50);
[a]20


D =++81.9 (c=1.0 in CH2Cl2);
1H NMR (400 MHz, CD2Cl2, 20 8C): d=


10.75/10.60 (s, 1H), 8.37 (d, J=4.6 Hz, 1H), 7.89/7.88 (d, J=9.2 Hz, 1H),
7.58/7.53 (d, J=4.5 Hz, 1H), 7.28/7.26 (d, J=9.2 Hz, 1H), 5.63/5.61 (br s,
1H), 3.69/3.53 (br s, 1H), 3.03–2.93 (m, 1H), 2.92–2.84 (m, 1H), 2.72–2.64
(m, 1H), 2.60–2.51 (m, 1H), 2.51–2.43 (m, 1H), 2.39–2.31/2.26–2.18 (m,
1H), 1.66–1.57 (m, 1H), 1.55–1.43 (m, 2H), 1.42–1.35 (m, 11H), 1.34–
1.26 (m, 7H), 0.98 (s, 3H), 0.99–0.95/0.95–0.89 (m, 1H), 0.82/0.75 ppm (t,
3H, J=7.3 Hz); 13C NMR (100 MHz, CD2Cl2, 20 8C): d=161.2, 161.1,
155.8, 155.4, 154.4, 153.9, 149.3, 148.5, 146.9, 146.6, 144.8, 144.6, 133.3,
133.1, 124.2, 124.0, 122.4, 120.0, 119.4, 118.9, 118.6, 82.4, 82.2, 82.0, 81.9,
71.0, 70.3, 60.2, 60.0, 50.1, 49.6, 48.3, 47.9, 37.4, 37.3, 28.1, 28.0, 27.9, 27.8,
27.6, 26.4, 25.2, 25.2, 16.5, 16.5, 12.0, 11.9 ppm; HRMS: m/z : calcd:
543.3184; found: 543.3181 [C29H42N4O6+H]+ .


(R)-(+)-Hydrocupreidine-5’-(hydrazine-N,N’-dicarboxylic acid tert-butyl
ester) (8b): The title compound was prepared according to the general
procedure by using hydrocupreidine (7; 1.0 g, 3.20 mmol) and DtBuAD
(5b ; 890 mg, 3.84 mmol). Elution with EtOAc/MeOH/24% aq NH3


95:5:1 to EtOAc/MeOH/24% aq NH3 90:10:1 gave the product (0.37 g,
21%). Rf=0.29 (EtOAc/MeOH/aq NH3 90:10:1); Rf=0.61 (EtOAc/
MeOH/aq NH3 50:50:1); [a]20


D =++134.2 (c=1.6 in CHCl3);
1H NMR


(400 MHz, CDCl3, 20 8C): d=8.40 (m, 1H), 7.86 (d, J=9.1 Hz, 1H), 7.44
(d, J=3.8 Hz, 1H), 7.33 (d, J=9.1 Hz, 1H), 5.71/5.54 (s, 1H), 3.27 (br s,
1H), 3.15–2.98 (m, 1H), 2.95–2.58 (m, 3H), 2.13–1.99/1.97–1.86 (m, 1H),
1.83/1.76 (br s, 1H), 1.72–1.58 (m, 2H), 1.58–1.49 (m, 6H), 1.48–1.33 (m,
13H), 1.24 (s, 6H), 0.92–0.78 ppm (m, 3H); 13C NMR (100 MHz, CDCl3,
20 8C): d=159.3, 155.2, 146.5, 144.7, 132.8, 126.5, 123.5, 122.9, 120.6,
120.1, 83.0, 82.6, 70.3, 58.8, 58.2, 50.4, 50.0, 48.6, 37.3, 37.5, 28.2, 28.1,
27.9, 27.0, 26.6, 25.9, 25.5, 25.0, 24.9, 23.3, 12.1, 11.9 ppm; HRMS: m/z :
calcd: 543.3184; found: 543.3115 [C29H42N4O6+H]+ .


(S)-(�)-Hydrocupreine-5’-(hydrazine-N,N’-dicarboxylic acid tert-butyl
ester) (9a): The title compound was prepared according to the general
procedure by using hydrocupreine 6 (1.0 g, 3.20 mmol) and DtBuAD
(5b ; 890 mg, 3.84 mmol). Elution with pentane/EtOAc 50:50 to EtOAc/


MeOH/24% aq NH3 95:5:1 gave the product (0.42 g, 24%). Rf=0.16
(pentane/EtOAc 50:50); [a]20


D =�14.6 (c=0.06 in CHCl3);
1H NMR


(400 MHz, CDCl3, 20 8C): d=12.12/11.89 (br s, 1H), 10.99/10.76 (s, 1H),
8.62/8.60 (d, J=4.6 Hz, 1H), 8.04/8.03 (d, J=9.2 Hz, 1H), 7.67/7.63 (d,
J=4.6 Hz, 1H), 7.46/7.44 (d, J=9.2 Hz, 1H), 6.61/6.35 (s, 1H), 3.42 (m,
1H), 3.00 (m, 1H), 2.71 (m, 2H), 2.29–2.10 (m, 2H), 2.07–1.96 (m, 1H),
1.94–1.73 (m, 2H), 1.55–1.45 (m, 15H), 1.36–1.28 (m, 1H), 1.28–1.19 (m,
2H), 1.18–1.15 (m, 5H), 0.84–0.73 ppm (m, 3H); 13C NMR (100 MHz,
CDCl3, 20 8C): d=161.1, 156.0, 155.5, 154.5, 154.1, 148.3, 147.8, 146.7,
146.6, 145.0, 144.7, 133.6, 133.3, 123.9, 122.9, 122.8, 119.8, 119.0, 118.4,
118.2, 82.3, 82.2, 82.1, 81.9, 70.6, 70.0, 59.8, 56.5, 56.1, 53.0, 42.5, 42.1,
37.1, 28.3, 28.1, 27.8, 27.4, 27.0, 25.8, 16.2, 16.0, 11.8 ppm; HRMS: m/z :
calcd: 543.3184; found: 543.3185 [C29H42N4O6+H]+ .


(R)-(�)-Hydrocupreine-5’-(hydrazine-N,N’-dicarboxylic acid tert-butyl
ester) (9b): The title compound was prepared according to the general
procedure by using hydrocupreine (6 ; 1 g, 3.2 mmol) and DtBuAD (5b ;
890 mg, 3.84 mmol). Elution with EtOAc/MeOH/24% aq NH3 95:5:1 to
EtOAc/MeOH/24% aq NH3 90:10:1 gave the product (0.98 g, 56%).
Rf=0.35 (EtOAc/MeOH/aq NH3 90:10:1); [a]20


D =�85.6 (c=0.96 in
CHCl3);


1H NMR (400 MHz, CDCl3, 20 8C): d=8.59 (d, J=4.6 Hz, 1H),
7.95 (d, J=9.1 Hz, 1H), 7.48 (d, J=4.6 Hz, 1H), 7.38 (d, J=9.2 Hz, 1H),
5.61–5.43 (m, 1H), 3.38–3.20 (m, 1H), 3.13–3.00 (m, 1H), 2.99–2.85 (m,
1H), 2.60–2.41 (m, 3H), 1.98–1.88 (m, 1H), 1.87–1.76 (m, 2H), 1.75–1.63
(m, 2H), 1.56 (s, 3H), 1.53–1.32 (m, 13H), 1.28–1.21 (m, 6H), 0.93–
0.85 ppm (m, 3H); 13C NMR (100 MHz, CDCl3, 20 8C): d=159.2, 155.0,
146.5, 144.7, 144.1, 132.6, 126.3, 123.0, 122.7, 120.5, 82.9, 82.7, 71.2, 58.3,
57.1, 41.7, 37.1, 28.1, 27.8, 27.5, 25.2, 24.1, 21.0, 14.1, 12.1 ppm; HRMS:
m/z : calcd: 543.3184; found: 543.3187 [C29H42N4O6+H]+ .


(S)-(�)-b-Isocupreidine-5’-(hydrazine-N,N’-dicarboxylic acid tert-butyl
ester) (11a): The title compound was prepared according to the general
procedure by using b-isocupreidine (10 ; 100 mg, 0.32 mmol) and
DtBuAD (5b ; 89 mg, 0.38 mmol). Elution with pentane/EtOAc 50:50 to
EtOAc/MeOH/24% aq NH3 95:5:1 gave the product (79 mg, 45%). Rf=


0.32 (pentane/EtOAc 50:50); [a]20
D =�32.5 (c=1.03 in CHCl3);


1H NMR
(400 MHz, CDCl3, 20 8C): d=11.08/10.87 (s, 1H), 10.85/10.72 (s, 1H),
8.66/8.64 (d, J=4.5 Hz, 1H), 8.03/7.99 (d, J=9.2 Hz, 1H), 7.76/7.74 (d,
J=4.5 Hz, 1H), 7.40/7.39 (d, J=9.2 Hz, 1H), 5.97/5.83 (s, 1H), 3.52/3.50
(d, J=13.8 Hz, 1H), 3.04–2.83 (m, 3H), 2.67/2.59 (d, J=13.8 Hz, 1H),
2.08–1.96 (m, 1H), 1.71–1.59 (m, 3H), 1.56–1.46 (m, 16H), 1.15–1.10 (m,
5H), 0.97/0.92 ppm (t, J=7.4 Hz, 3H); 13C NMR (100 MHz, CDCl3,
20 8C): d=161.6, 161.1, 156.5, 155.9, 154.7, 146.4, 146.4, 146.3, 144.4,
144.1, 141.7, 133.9, 133.5, 125.0, 122.4, 119.3, 119.1, 118.5, 117.8, 82.7,
82.5, 77.9, 77.7 72.1, 72.0, 56.8, 56.7, 53.6, 53.6, 45.8, 33.5, 33.1, 28.2, 28.1,
28.1, 27.7, 27.6, 27.5, 27.4, 23.2, 22.2, 22.1, 7.3 ppm; HRMS: m/z : calcd:
541.3026; found: 541.3033 [C29H40N4O6+H]+ .


(R)-(�)-b-Isocupreidine-5’-(hydrazine-N,N’-dicarboxylic acid tert-butyl
ester) (11b): The title compound was prepared according to the general
procedure by using b-isocupreidine (10 ; 100 mg, 0.32 mmol) and
DtBuAD (5b ; 89 mg, 0.38 mmol). Elution with EtOAc/MeOH/24% aq
NH3 95:5:1 to EtOAc/MeOH/24% aq NH3 90:10:1 gave the product
(78 mg, 45%). Rf=0.35 (EtOAc/MeOH/aq NH3 90:10:1); [a]20


D =�2.8
(c=0.59 in CHCl3);


1H NMR (400 MHz, CDCl3, 20 8C): d=10.67 (br s,
1H), 9.30 (br s, 1H), 8.69/8.66 (d, J=4.6 Hz, 1H), 8.04/8.03 (d, J=9.1 Hz,
1H), 7.53/7.49 (d, J=4.6 Hz, 1H), 7.44 (t, J=8.7 Hz, 1H), 5.85/5.78 (s,
1H), 3.53–3.42 (m, 2H), 3.16–2.92 (m, 2H), 2.62 (dd, J=4.8 Hz, J=
13.9 Hz, 1H), 2.18–2.06 (m, 2H), 1.70–1.58 (m, 3H), 1.51/1.50/1.48 (s,
14H), 1.27 ppm (s, 4H); 13C NMR (100 MHz, CDCl3, 20 8C): d=159.7,
159.5, 156.1, 155.4, 154.2, 153.6, 146.7, 146.6, 145.2, 145.1, 140.9, 140.7,
134.2, 133.7, 127.3, 126.8, 122.9, 122.9, 121.5, 121.4, 119.9, 118.8, 83.3,
83.1, 82.8, 82.5, 78.7, 78.5, 74.2, 74.1, 56.3, 56.3, 54.1, 46.6, 46.6, 31.2, 31.2,
28.1, 28.1, 27.8, 26.9, 26.9, 24.9, 24.8, 23.7, 23.7, 7.4, 7.3 ppm; HRMS:
m/z : calcd: 541.3026; found: 541.3023 [C29H40N4O6+H]+ .


(R)-(+)-9-Benzyl-6’-hydroxyquinine-5’-(hydrazine-N,N’-dicarboxylic acid
tert-butyl ester) (13a): The title compound was prepared according to the
general procedure by using 9-benzyl-6’-hydroxyquinine (12 ; 305 mg,
0.76 mmol) and DtBuAD (5b ; 210 mg, 0.91 mmol). Elution with pen-
tane/EtOAc/aq NH3 80:20:1 to 40:60:1 gave the product (48 mg, 10%).
Rf=0.65 (pentane/EtOAc 50:50); [a]20


D =++49.8 (c=0.15 in CHCl3);
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1H NMR (400 MHz, CDCl3, 20 8C): d=11.96/11.73 (s, 1H), 11.02/10.82 (s,
1H), 8.68/8.64 (d, J=4.5 Hz, 1H), 8.08 (dd, J=1.3 Hz, J=9.2 Hz, 1H),
7.65/7.58 (d, J=4.5 Hz, 1H), 7.50/7.48 (dd, J=9.2 Hz, 1H), 7.42–7.30 (m,
5H), 5.76–5.62 (m, 1H), 5.50/5.45 (s, 1H), 5.00–4.88 (m, 2H), 4.49–4.39
(m, 2H), 3.40–3.28 (m, 1H), 3.10–3.00 (m, 1H), 2.87–2.70 (m, 2H), 2.62–
2.50 (m, 1H), 2.37–2.10 (m, 2H), 1.96–1.75 (m, 2H), 1.59–1.49 (m, 15H),
1.28 ppm (s, 5H); 13C NMR (100 MHz, CDCl3, 20 8C): d=161.0, 156.0,
155.4, 154.5, 153.9, 146.8, 145.0, 141.3, 141.1, 138.0, 137.7, 133.9, 133.6,
128.5, 128.4, 127.8, 127.6, 127.3, 127.1, 123.0, 118.2, 114.7, 114.5, 82.4,
82.4, 82.1, 79.5, 78.9, 71.7, 71.1, 60.2, 59.9, 54.8, 54.3, 42.5, 42.1, 39.6, 30.3,
28.3, 28.3, 28.3, 28.2, 28.0, 26.9, 26.8, 17.5, 17.3 ppm; HRMS: m/z : calcd:
631.3496; found: 631.3470 [C36H46N4O6+H]+ .


(S)-(�)-9-Benzyl-6’-hydroxyquinine-5’-(hydrazine-N,N’-dicarboxylic acid
tert-butyl ester) (13b): The title compound was prepared according to the
general procedure by using 9-benzyl-6’-hydroxyquinine (12 ; 305 mg,
0.76 mmol) and DtBuAD (5b ; 210 mg, 0.91 mmol). Elution with pen-
tane/EtOAc/aq NH3 40:60:1 to 0:100:1 gave the product (328 mg, 68%).
Rf=0.22 (pentane/EtOAc 50:50); [a]20


D =�62.3 (c=1.02 in CHCl3);
1H NMR (400 MHz, CDCl3, 20 8C): d=11.40/11.14 (s, 1H), 8.71–8.67 (m,
1H), 8.07/8.03 (d, J=9.4 Hz, 1H), 7.57/7.55 (d, J=4.9 Hz, 1H), 7.47/7.41
(d, J=9.2 Hz, 1H), 7.31–7.21 (m, 3H), 7.19–7.12 (m, 2H), 5.85–5.72 (m,
1H), 5.37–5.46 (m, 1H), 5.04–4.90 (m, 2H), 4.14–3.98 (m, 2H), 3.42–3.02
(m, 3H), 2.84–2.56 (m, 2H), 2.35–2.08 (m, 2H), 1.87–1.68 (m, 3H), 1.52–
1.44 (m, 13H), 1.13 ppm (s, 7H); 13C NMR (100 MHz, CDCl3, 20 8C): d=
161.2, 160.3, 156.8, 156.6, 154.3, 154.0, 146.7, 145.2, 145.0, 143.6, 142.7,
141.6, 141.5, 137.5, 137.4, 134.1, 133.7, 128.9, 128.7, 128.3, 128.3, 127.8,
127.7, 127.6, 125.5, 123.3, 123.0, 120.2, 119.7, 119.4, 119.0, 114.6, 114.3,
83.2, 82.8, 82.7, 82.0, 78.6, 78.3, 69.5, 69.0, 59.0, 58.6, 56.1, 55.1, 42.3, 42.1,
40.0, 39.5, 30.3, 28.2, 28.1, 27.7, 27.6, 27.1, 27.1, 20.5, 19.8 ppm; HRMS:
m/z : calcd: 631.3496; found: 631.3503 [C36H46N4O6+H]+ .


(R)-(+)-Hydrocupreidine-5’-(hydrazine-N,N’-dicarboxylic acid benzyl
ester) (15): The title compound was prepared according to the general
procedure by using hydrocupreidine (7; 147 mg, 0.47 mmol) and DBnAD
(5c ; 168 mg, 0.56 mmol). Elution with EtOAc/MeOH/24% aq NH3


100:0:0 to 80:20:1 gave the product (143 mg, 50%). Rf=0.60 (EtOAc/
MeOH/aq NH3 50:50:1); [a]20


D =++54.3 (c=0.55 in CHCl3);
1H NMR


(400 MHz, CDCl3, 60 8C): d=8.59 (d, J=4.6 Hz, 1H), 7.97 (d, J=9.2 Hz,
1H), 7.87 (d, J=4.5 Hz, 1H), 7.47 (d, J=9.2 Hz, 1H), 7.42–6.98 (m, 9H),
6.80–6.30 (m, 1H), 5.40–5.03 (m, 3H), 4.67 (s, 4H), 3.93 (dd, J=8.9 Hz,
J=11.8 Hz, 1H), 3.77–3.56 (m, 0.5H), 3.43 (t, J=11.4 Hz, 1H), 3.25–2.82
(m, 1H), 2.54–2.24 (m, 0.5H), 1.96–1.50 (m, 6H), 1.20–1.06 (m, 1H),
0.93 ppm (t, J=7.4 Hz, 3H); 13C NMR (100 MHz, CDCl3, 60 8C): d=


161.0, 160.4, 159.6, 159.2, 158.7, 158.7, 158.1, 147.5, 146.9, 146.0, 145.8,
144.1, 142.7, 137.3, 137.0, 136.8, 136.3, 133.5, 133.4, 129.7, 129.6, 129.6,
129.5, 129.3, 129.3, 128.9, 128.8, 128.2, 128.0, 127.7, 125.8, 125.7, 125.5,
124.3, 124.2, 123.5, 123.1, 122.1, 121.9, 121.8, 121.7, 70.7, 70.4, 69.3, 68.9,
68.3, 67.9, 65.2, 62.0, 61.6, 61.2, 51.9, 51.6, 26.4, 26.3, 26.1, 25.3, 24.6, 24.5,
22.2, 18.8, 18.4, 18.4, 17.9, 11.8 ppm; HRMS [C35H38N4O6+H]+ : calcd:
611.2870; found: 611.2866.


General procedure for the amination of 2-naphthols : The catalyst (DBU
for racemates; 0.04 mmol, 0.2 equiv) was added to naphthol 4
(0.20 mmol) in a 4 mL vial, and then everything was dissolved in 1,2-di-
chloroethane (4.0 mL, 0.05m). The vial was closed with a screw lid and
put into a freezer at �20 8C, where the solution was stirred for at least
30 min. After this period the DtBuAD (5b ; 46 mg, 0.20 mmol) was
added and the solution stirred overnight. The product was purified by
FC.


N-(8-Amino-2-hydroxy-1-naphthyl)hydrazine-N,N’-dicarboxylic acid tert-
butyl ester (3b): The title compound was prepared according to the gen-
eral procedure by using 8-amino-2-naphthol (4b ; 32 mg, 0.20 mmol) and
8b (22 mg, 0.04 mmol). Elution with pentane/Et20=75:25 gave the prod-
uct (68 mg, 87%). Rf=0.38 (pentane/Et20 50:50); [a]20


D =�64.3 (c=2.0 in
CDCl3, sample with 84% ee); 1H NMR (400 MHz, CDCl3, 20 8C): d=


9.39 (s, 1H), 7.70 (d, J=8.8 Hz, 1H), 7.66 (s, 1H), 7.35 (d, J=7.8 Hz,
1H), 7.23 (d, J=8.4 Hz, 1H), 7.12 (t, J=7.4 Hz, 1H), 6.83 (d, J=7.3 Hz,
1H), 3.88 (s, 2H), 1.48/1.39 ppm (s, 18H); 13C NMR (100 MHz, CDCl3,
20 8C): d=157.6, 154.4, 152.1, 139.0, 131.0, 130.8, 123.3, 121.9, 119.4,
116.4, 82.7, 82.6, 28.1, 27.9 ppm; HRMS: m/z : calcd: 412.1848; found:


412.1840 [C20H27N3O5+Na]+ ; the ee was determined by HPLC using a
Chiralcel OD column (hexane/iPrOH 80:20); flow rate: 1.0 mLmin�1;
tmajor=5.8 min, tminor=7.5 min.


N-(8-Methylamino-2-hydroxy-1-naphthyl)hydrazine-N,N’-dicarboxylic acid
tert-butyl ester (3c): The title compound was prepared according to the
general procedure by using 8-methylamino-2-naphthol (4c ; 35 mg,
0.20 mmol) and 8b (22 mg, 0.04 mmol). Elution with pentane/Et20 80:20
gave the product (74 mg, 91%). Rf=0.35 (pentane/Et20 50:50); [a]20


D =


�71.2 (c=1.0 in CDCl3);
1H NMR (400 MHz, CDCl3, 60 8C): d=9.16


(br s, 1H), 7.69 (d, J=8.9 Hz, 1H), 7.32 (s, 1H), 7.29 (d, J=7.9 Hz, 1H),
7.25–7.00 (m, 2H), 6.81 (d, J=7.4 Hz, 1H), 4.35 (br s, 1H), 2.95 (s, 3H),
1.50/1.45 ppm (s, 18H); 13C NMR (100 MHz, CDCl3, 60 8C): d=157.6,
154.4, 152.5, 143.5, 131.3, 131.2, 130.9, 123.7, 120.6, 119.3, 109.9, 83.0,
82.8, 32.7, 28.2, 28.0 ppm; HRMS [C21H29N3O5+Na]+ : calcd: 426.2005;
found: 426.2014; the ee was determined by HPLC using a Chiralcel OD
column (hexane/iPrOH 90:10); flow rate: 1.0 mLmin�1; tminor=6.5 min,
tmajor=7.9 min.


N-(8-Benzylamino-2-hydroxy-1-naphthyl)hydrazine-N,N’-dicarboxylic acid
tert-butyl ester (3d): The title compound was prepared according to the
general procedure by using 8-benzylamino-2-naphthol (4d ; 50 mg,
0.20 mmol) and 8b (22 mg, 0.04 mmol). Elution with pentane/Et20 75:25
gave the product (88 mg, 92%). Rf=0.27 (pentane/Et20 50:50); [a]20


D =


�58.6 (c=0.50 in CDCl3);
1H NMR (400 MHz, CDCl3, 60 8C): d=9.19 (s,


1H), 7.70 (d, J=8.9 Hz, 1H), 7.50–7.40 (m, 4H), 7.40–7.30 (m, 2H),
7.30–7.19 (m, 3H), 6.86 (d, J=7.5 Hz, 1H), 4.59 (br s, 1H), 4.37 (d, J=
12.8 Hz, 2H), 1.50 (s, 9H), 1.34 ppm (s, 9H); 13C NMR (100 MHz,
CDCl3, 60 8C): d=157.7, 153.7, 152.8, 142.3, 139.2, 131.3, 131.2, 131.0,
128.9, 128.0, 127.6, 124.4, 123.5, 123.4, 120.9, 120.4, 119.4, 110.7, 82.8,
82.6, 50.1, 28.2, 27.8 ppm; HRMS: m/z : calcd: 502.2318; found: 502.2314
[C27H33N3O5+Na]+ ; the ee was determined by HPLC using a Chiralcel
OD column (hexane/iPrOH 85:15); flow rate: 1.0 mLmin�1; tminor=


7.0 min, tmajor=7.8 min.


N-(8-(2,2-Dimethylpropylamino)-2-hydroxy-1-naphthyl)hydrazine-N,N’-di-
carboxylic acid tert-butyl ester (3e): The title compound was prepared ac-
cording to the general procedure by using 8-(2,2-dimethylpropylamino)-
2-naphthol (4e ; 46 mg, 0.20 mmol) and 8b (22 mg, 0.04 mmol). Elution
with pentane/Et20 90:10 gave the product (87 mg, 95%). Rf=0.40 (pen-
tane/Et20 50:50); [a]20


D =�100.0 (c=0.92 in CDCl3);
1H NMR (400 MHz,


CDCl3, 20 8C): d=9.28 (s, 1H), 7.71 (d, J=8.9 Hz, 1H), 7.63/7.46 (s, 1H),
7.29 (d, J=8.0 Hz, 1H), 7.26–7.18 (m, 2H), 6.81 (d, J=7.4 Hz, 1H), 4.43
(s, 1H), 3.10–2.96 (m, 1H), 2.88 (d, J=10.7 Hz, 1H), 1.58 (s, 1H), 1.47 (s,
9H), 1.41 (s, 5H), 1.14 ppm (s, 9H); 13C NMR (100 MHz, CDCl3, 20 8C):
d=157.4, 153.9, 151.8, 143.2, 131.4, 131.1, 130.7, 123.7, 120.4, 120.0, 119.5,
109.6, 109.1, 83.0 57.9, 57.7, 31.0, 28.1, 27.9 ppm; HRMS: m/z : calcd:
482.2631; found: 482.2599 [C25H37N3O5+Na]+ ; the ee was determined by
HPLC using a Chiralcel OD column (hexane/iPrOH 98:2); flow rate:
1.0 mLmin�1; tmajor=6.3 min, tminor=7.6 min.


N-(8-(2’-Hydroxybenzylamino)-2-hydroxy-1-naphthyl)hydrazine-N,N’-di-
carboxylic acid tert-butyl ester (3 f): The title compound was prepared ac-
cording to the general procedure by using 8-(2-hydroxybenzylamino)-
naphthalen-2-ol (4 f ; 53 mg, 0.20 mmol) and 8b (22 mg, 0.04 mmol). Elu-
tion with pentane/Et20 85:15 gave the product (94 mg, 95%) of product.
Rf=0.20 (pentane/Et20 50:50); [a]20


D =++22.0 (c=1.48 in CHCl3);
1H NMR (400 MHz, CDCl3, 60 8C): d=7.69 (d, J=8.9 Hz, 2H), 7.32 (d,
J=7.7 Hz, 1H), 7.26–7.18 (m, 3H), 6.95–6.89 (m, 3H), 4.51 (d, J=
12.4 Hz, 1H), 4.30 (d, J=12.5 Hz, 1H), 4.13 (q, J=7.1 Hz, 1H), 1.50 (s,
9H), 1.27 ppm (s, 9H); 13C NMR (100 MHz, CDCl3, 60 8C): d=157.9,
155.2, 154.6, 152.6, 131.4, 131.3, 130.9, 129.9, 129.0, 124.7, 123.6, 121.1,
120.7, 119.1, 116.3, 111.1, 82.9, 82.7, 47.1, 28.2, 27.8 ppm; HRMS: m/z :
calcd: 518.2267; found: 518.2278 [C27H33N3O6+Na]+ ; the ee was deter-
mined by HPLC using a Chiralpak AD column (hexane/iPrOH 95:5);
flow rate: 1.0 mLmin�1; tmajor=17.6 min, tminor=20.5 min.


N-(8-Amino-5,7-dibromo-2-hydroxy-1-naphthyl)hydrazine-N,N’-dicarbox-
ylic acid tert-butyl ester (3g): The title compound was prepared according
to the general procedure by using 8-amino-5,7-dibromo-2-naphthol (4g ;
63 mg, 0.20 mmol) and 8b (22 mg, 0.04 mmol). Elution with pentane/Et20
75:25 gave the product (91 mg, 85%). Rf=0.30 (pentane/Et20 50:50);
[a]20


D =�56.0 (c=4.10 in CDCl3);
1H NMR (400 MHz, CDCl3, 20 8C): d=
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9.66 (s, 1H), 8.14 (d, J=9.3 Hz, 1H), 7.71 (s, 1H), 7.38 (s, 1H), 7.34 (d,
J=9.3 Hz, 1H), 4.43 (s, 2H), 1.48 ppm (s, 18H); 13C NMR (100 MHz,
CDCl3, 20 8C): d=157.8, 153.9, 149.6, 143.1, 139.9, 136.7, 130.6, 130.3,
127.4, 125.5, 122.8, 122.3, 121.1, 113.9, 85.1, 83.5, 28.1, 28.0, 27.9 ppm;
HRMS: m/z : calcd: 570.0038; found: 570.0074 [C20H25


79Br80BrN3O5+Na]+


; the ee was determined by HPLC using a Chiralcel OD column (hexane/
iPrOH 90:10); flow rate: 1.0 mLmin�1; tminor=3.6 min, tmajor=4.1 min.


N-(8-(Carbamic acid tert-butyl ester)-2-hydroxy-1-naphthyl)hydrazine-
N,N’-dicarboxylic acid tert-butyl ester, (3h): The title compound was pre-
pared according to the general procedure by using (7-hydroxy-naphtha-
len-1-yl)carbamic acid tert-butyl ester (4h ; 52 mg, 0.20 mmol) and 8b
(22 mg, 0.04 mmol). Elution with pentane/Et20 67:33 gave the product
(92 mg, 94%). Rf=0.31 (pentane/Et20 50:50); [a]20


D =++1.7 (c=0.62 in
CHCl3);


1H NMR (400 MHz, CDCl3, 60 8C): d=9.64 (br s, 1H), 7.74 (d,
J=8.9 Hz, 1H), 7.67 (d, J=8.2 Hz, 1H), 7.54–7.48 (m, 1H), 7.39 (br s,
1H), 7.28 (t, J=7.8 Hz, 1H), 7.23 (d, J=9.0 Hz, 1H), 6.56 (br s, 1H), 1.61
(s, 9H), 1.57–1.40 ppm (m, 18H); 13C NMR (100 MHz, CDCl3, 20 8C):
d=137.8, 131.6, 131.4, 130.7, 129.1, 129.0, 128.2, 125.2, 122.9, 119.6, 86.8,
82.8, 82.6, 81.1, 28.3, 28.1, 27.7 ppm; HRMS: m/z : calcd: 512.2373; found:
512.2368 [C25H35N3O7+Na]+ ; the ee was determined by HPLC using a
Chiralpak AD column (hexane/iPrOH 95:5); flow rate: 1.0 mLmin�1;
tminor=11.3 min, tmajor=14.1 min.


N-(8-Chloro-2-hydroxy-1-naphthyl)hydrazine-N,N’-dicarboxylic acid tert-
butyl ester (3i): The title compound was prepared according to the gener-
al procedure by using 8-chloro-2-naphthol (4h ; 36 mg, 0.20 mmol) and
8b (22 mg, 0.04 mmol). The reaction was stirred for 8 d at �20 8C without
reaching full conversion by TLC. Elution with pentane/Et20 91:9 gave the
product (47 mg, 57%). Rf=0.70 (pentane/Et20 50:50); [a]20


D =++15.6 (c=
0.58 in CHCl3);


1H NMR (400 MHz, CDCl3, 20 8C): d=10.17/10.05 (s,
1H), 7.77/7.76 (d, J=9.0 Hz, 1H), 7.69/7.68 (dd, J=1.2 Hz, J=8.0 Hz,
1H), 7.54/7.51 (dd, J=1.2 Hz, J=8.5 Hz, 1H), 7.29/7.28 (d, J=9.0 Hz,
1H), 7.20/7.18 (t, J=8.1 Hz, 1H), 6.98/6.96 (s, 1H), 1.54/1.53/1.52/
1.28 ppm (s, 18H); 13C NMR (100 MHz, CDCl3, 20 8C): d=159.2, 158.7,
155.6, 155.0, 154.4, 131.9, 131.5, 131.0, 130.7, 130.3, 130.1, 128.7, 128.5,
128.0, 127.7, 125.6, 125.4, 123.0, 122.9, 120.1, 119.0, 83.5, 83.3, 82.6, 82.4,
28.1, 28.1, 27.8 ppm; HRMS: m/z : calcd: 431.1350; found: 431.1348
[C20H25ClN2O5+Na]+ ; the ee was determined by HPLC using a Chiralcel
OD column (hexane/iPrOH 99:1); flow rate: 1.0 mLmin�1; tminor=


8.3 min, tmajor=10.0 min.


Michael additions


1-(2-[1,3]Dioxolan-2-yl-ethyl)-2-oxocyclopentanecarboxylic acid ethyl
ester (19): Catalyst 8b (27 mg, 0.05 mmol, 0.1 equiv) and iodobenzene
(2.5 mL) were added to ethyl-2-oxocyclopentanone carboxylate (16 ;
74 mL, 0.50 mmol) in a 4 mL vial, and the solution was stirred for 30 min.
Acrolein (17; 67 mL, 1.0 mmol, 2.0 equiv) was then added and the solu-
tion was stirred for a further 1 h at room temperature. After this time,
TLC control showed full conversion and the reaction mixture was puri-
fied over a short silica plug, eluting with Et2O. The Et2O was evaporated
and then 2-ethyl-2-methyl-1,3-dioxolane (75 mL, 0.6 mmol, 1.2 equiv) and
p-toluolsulfonic acid (19 mg, 0.1 equiv) were added. The solution was stir-
red for 4 h, until GC control showed full conversion and the raw product
was then purified by FC. Elution with pentane/Et20 50:50 gave the prod-
uct (92 mg, 87%). Rf=0.14 (pentane/Et20 50:50); [a]20


D =�14.3 (c=1.0 in
CHCl3);


1H NMR (400 MHz, CDCl3, 20 8C): d=4.77 (t, J=4.4 Hz, 1H),
4.08 (q, J=7.1 Hz, 2H), 3.90–3.82 (m, 2H), 3.81–3.73 (m, 2H), 2.48–2.40
(m, 1H), 2.39–2.29 (m, 1H), 2.24–2.13 (m, 1H), 2.01–1.77 (m, 4H), 1.73–
1.56 (m, 2H), 1.45–1.55 (m, 1H), 1.17 ppm (t, J=7.1 Hz, 3H); 13C NMR
(100 MHz, CDCl3, 20 8C): d=214.5, 170.7, 103.8, 64.7, 61.2, 59.6, 37.7,
32.8, 29.0, 27.5, 19.4, 13.9 ppm; HRMS: m/z : calcd: 279.1208; found:
279.1207 [C13H20O5+Na]+ ; the ee was determined by GC analysis using
an Astec G-TA column (70 8C to 180 8C, 10 8Cmin�1, then 20 min 180 8C):
tminor=21.6 min, tmajor=21.8 min.


2-Oxo-1-(3-oxobutyl)cyclopentanecarboxylic acid ethyl ester, (21): Cata-
lyst 8b (7 mg, 0.013 mmol, 0.1 equiv) and iodobenzene (0.8 mL) were
added to ethyl-2-oxocyclopentanone carboxylate (16 ; 20 mL, 0.128 mmol)
in a 4 mL vial, and the solution was stirred for 30 min. Methyl vinyl
ketone (20 ; 21 mL, 0.256 mmol, 2 equiv) was then added and the solution
stirred for 21 h at room temperature. After this time, TLC control


showed full conversion and the reaction mixture was purified by FC. Elu-
tion with pentane/Et20 80:20 to 50:50 gave the product (29 mg, quant.
yield). Rf=0.25 (pentane/Et20 50:50); [a]20


D =�4.4 (c=1.41 in CHCl3);
1H NMR (400 MHz, CDCl3, 20 8C): d=4.14 (dq, J=0.8 Hz, J=7.1 Hz,
2H), 2.68 (ddd, J=5.7 Hz, J=9.6 Hz, J=17.8 Hz, 1H), 2.36 (m, 1H),
2.11 (s, 1H), 2.07 (m, 1H), 1.92 (m, 4H), 1.22 ppm (t, J=7.1 Hz, 3H).
The ee was determined by GC using an Astec G-TA column (70 8C to
170 8C, 10 8Cmin�1, then 10 min 170 8C): tminor=16.5 min, tmajor=16.7 min.
The spectroscopic data were in agreement with the literature.[54]


2-Oxo-1-(3-oxopropyl)cyclohexanecarboxylic acid ethyl ester (23): The
catalyst 8b (7 mg, 0.013 mmol, 0.1 equiv) and iodobenzene (0.8 mL) were
added to ethyl-2-oxocyclohexanone carboxylate (22 ; 20 mL, 0.128 mmol)
in a 4 mL vial, and the solution was stirred for 30 min. Then acrolein 17
(17 mL, 0.256 mmol, 2 equiv) was added and the solution stirred for 16 h
at room temperature. After this time, TLC control showed full conver-
sion and the reaction mixture was purified by FC. Elution with pentane/
Et20 80:20 to 50:50 gave the desired product (26 mg, 91%). Rf=0.22
(pentane/Et20 50:50); [a]20


D =++81.7 (c=0.86 in CHCl3);
1H NMR


(400 MHz, CDCl3, 20 8C): d=9.72 (s, 1H), 4.22–4.16 (m, 2H), 2.62–2.56
(m, 5H), 2.17–2.16 (m, 1H), 2.04–1.97 (m, 1H), 1.91–1.84 (m, 1H), 1.76–
1.75 (m, 1H), 1.65–1.59 (m, 1H), 1.48–1.44 (m, 1H), 1.26 ppm (t, J=
7.2 Hz, 3H); the ee was determined by GC using an Astec G-TA column
(70 8C to 170 8C, 10 8Cmin�1, then 25 min 170 8C): tminor=18.1 min, tmajor=


18.5 min. The spectroscopic data were in agreement with the literature.[55]


General procedure for the a-fluorination of a-branched aldehydes 24 :
The catalyst (0.1 equiv), hexane (0.9 mL) and iPrOH (0.1 mL) were
added to the a-branched aldehyde 24 (0.50 mmol) in a 4 mL vial. After
30 min stirring at 2 8C, NFSI 25 (189 mg, 0.60 mmol, 1.2 equiv) was added
and the reaction mixture stirred overnight.


Workup A : The mixture was filtered and the residue rinsed with hexane.
The solvents were evaporated.


Workup B : The mixture was diluted with Et2O and washed with saturat-
ed NH4Cl/KI solution. The aqueous phase was extracted with Et2O and
the combined organic phases washed with sat. Na2S2O3 solution, sat.
Na2CO3 solution and sat. NaCl solution. The solvents were evaporated
after drying over Na2SO4.


Reduction : The raw aldehyde 26 was dissolved in MeOH and NaBH4


(2.0 equiv) was added. After full conversion was detected by TLC,
KHSO4 solution (1m) and CH2Cl2 were added and the aqueous phase
was extracted with CH2Cl2. The organic phase was dried over Na2SO4, fil-
tered and the solvent evaporated. The crude product was purified by FC.


2-Fluoro-2-phenylpropan-1-ol (29a): The title compound was prepared
according to the general procedure by using 2-phenylpropanal (24a ;
67 mg, 0.50 mmol) and workup procedure A. Elution with pentane/Et20
75:25 gave the product (28 mg, 36%). Rf=0.39 (pentane/Et20 50:50);
[a]20


D =++10.4 (c=0.51 in CHCl3);
1H NMR (400 MHz, CDCl3, 20 8C): d=


7.39–7.32 (m, 5H); 3.89–3.70 (m, 2H); 1.85 (b, 1H); 1.70 ppm (d, J=
22.8 Hz, 3H); 13C NMR (100 MHz, CDCl3, 20 8C): d=141.4 (d, J=
21.7 Hz); 128.4 (d, J=1.5 Hz); 124.4 (d, J=9.2 Hz); 97.9 (d, J=172 Hz);
69.6 (d, J=25.1 Hz); 23.1 ppm (d, J=24.4 Hz); 19F NMR (377 MHz,
CDCl3, 20 8C): d=�157.6 ppm; HRMS: m/z : calcd: 177.0692; found:
177.0671 [C9H11FO+Na]+ ; the ee was determined by HPLC using a Chir-
alpak AD column (hexane/iPrOH 95:5); flow rate: 1.0 mLmin�1; tmajor=


12.6 min, tminor=14.3 min.


2-Fluoro-2-(4’-nitrophenyl)propan-1-ol (29c): The title compound was
prepared according to the general procedure and workup procedure B by
using 2-(4’-nitrophenyl)propanal (24c ; 90 mg, 0.50 mmol), which could
only be obtained in 75% purity, the impurity being 4-nitroacetophenone.
Elution with pentane/Et20 75:25 to 50:50 gave the product (67 mg, 56%).
Rf=0.14 (pentane/Et20 50:50); [a]20


D =�8.7 (c=1.00 in CHCl3);
1H NMR


(400 MHz, CDCl3, 20 8C): d=8.25 (d, J=8.9 Hz, 2H), 7.55 (d, J=8.9 Hz,
2H), 3.86 (dd, J=2.6 Hz, 3J ACHTUNGTRENNUNG(H,F)=21.0 Hz, 2H), 1.85 (br s, 1H),
1.72 ppm (d, 3J ACHTUNGTRENNUNG(H,F)=22.5 Hz, 1H); 13C NMR (100 MHz, CDCl3, 20 8C):
d=148.8 (d, J=22.0 Hz), 147.2, 125.6 (d, J=9.9 Hz), 123.5, 97.5 (d, J=
175 Hz), 68.8 (d, J=24.8 Hz), 23.1 ppm (d, J=24.4 Hz); 19F NMR
(377 MHz, CDCl3, 20 8C): d=�158.2 ppm; the ee was determined by
HPLC using a Chiralcel OD column (hexane/iPrOH 90:10); flow rate:
1.0 mLmin�1; tminor=13.5 min, tmajor=15.2 min.
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2-Fluoro-2-(4’-bromophenyl)propan-1-ol (29d): The title compound was
prepared according to the general procedure by using 2-(4’-bromophe-
nyl)propanal (24d ; 107 mg, 0.50 mmol) and workup procedure A. Elution
with pentane/Et20 80:20 gave the product (70 mg, 60%). Rf=0.20 (pen-
tane/Et20 50:50); [a]20


D =�12.4 (c=0.70 in CHCl3);
1H NMR (400 MHz,


CDCl3, 20 8C): d=7.50 (d, J=8.5 Hz, 2H), 7.23 (d, J=8.3 Hz, 2H), 3.84–
3.66 (m, 2H), 2.16 (s, 1H), 1.66 ppm (d, 3J ACHTUNGTRENNUNG(H,F)=22.6 Hz, 3H);
13C NMR (100 MHz, CDCl3, 20 8C): d=140.5 (d, J=22.1 Hz), 131.5 (d,
J=1.3 Hz), 126.3 (d, J=9.3 Hz), 121.9 (d, J=1.5 Hz), 97.5 (d, J=
173 Hz), 69.2 (d, J=25.0 Hz), 23.0 ppm (d, J=24.7 Hz); 19F NMR
(377 MHz, CDCl3, 20 8C): d=�157.8 ppm; the ee was determined by
HPLC using a Chiralpak AD column (hexane/iPrOH 95:5); flow rate:
1.0 mLmin�1; tmajor=13.8 min, tminor=18.1 min.


1-Fluoro-1,2,3,4-tetrahydronaphthalene-1-carbaldehyde (26e): The title
compound was prepared according to the general procedure by using
1,2,3,4-tetrahydronaphthalene-1-carbaldehyde (24e ; 80 mg, 0.50 mmol).
After the reaction was finished, saturated NaHCO3 solution was added
to the reaction mixture. The aqueous phase was extracted with Et2O, the
combined organic phases were dried over MgSO4 and the solvent was
evaporated. The crude product was purified by FC. Elution with pentane/
Et20 30:1 gave the product (49 mg, 55%). The product contained 5% of
the starting aldehyde. Rf=0.50 (pentane/Et20 6:1); [a]20


D =�9.1 (c=1.06
in CHCl3);


1H NMR (400 MHz, CDCl3, 20 8C) d=9.71 (d, 3J ACHTUNGTRENNUNG(F,H)=
6.0 Hz, 1H), 7.23–7.11 (m, 5H), 2.81–2.66 (m, 2H), 2.16–2.04 (m, 2H),
1.84–1.02 ppm (m, 2H); 13C NMR (100 MHz, CDCl3, 20 8C) d=197.9 (d,
J=38.8 Hz), 138.9 (d, J=3.9 Hz), 129.6 (d, J=3.0 Hz), 129.6, 128.5 (d,
J=4.0 Hz), 126.7 (d, J=2.3 Hz), 95.5 (d, J=182 Hz), 29.5 (d, J=
21.0 Hz), 28.8, 18.4 ppm (d, J=2.8 Hz); 19F NMR (377 MHz, CDCl3,
20 8C): d=�142.3 ppm; the ee was determined by GC using a Astec G-
TA column (70 8C to 130 8C, 5 8Cmin�1, then 20 min 130 8C): tminor=


19.2 min, tmajor=19.7 min.


2-Ethyl-2-fluorohexan-1-ol (29 f): The title compound was prepared ac-
cording to the general procedure by using 2-ethylhexanal (24 f ; 78 mL,
0.50 mmol) and workup procedure B. After 24 and 48 h another 0.1
equivalents of catalyst were added. Elution with pentane/Et20 85:15 gave
the product (20 mg, 27%). Rf=0.41 (pentane/Et20 50:50); [a]20


D =++1.3
(c=0.45 in CHCl3);


1H NMR (400 MHz, CDCl3, 20 8C): d=3.60 (d, 3J-
ACHTUNGTRENNUNG(H,F)=20.7 Hz, 2H), 1.87 (br s, 1H), 1.74–1.59 (m, 4H), 1.38–1.24 (m,
4H), 0.93–0.87 ppm (m, 6H); 13C NMR (100 MHz, CDCl3, 20 8C): d=


99.8 (d, J=168 Hz), 66.1 (d, J=24.0 Hz), 32.7 (d, J=22.4 Hz), 26.1 (d,
J=23.3 Hz), 25.3 (d, J=6.6 Hz), 23.1, 14.0, 7.60 ppm (d, J=8.0 Hz);
19F NMR (377 MHz, CDCl3, 20 8C): d=�161.6 ppm; HRMS of the 4-bro-
mobenzoylhydrazone: calcd: 365.0641; found: 365.0655
[C15H20


79BrFN2O+Na]+ , calcd: 367.0621; found: 367.0618
[C15H20


81BrFN2O+Na]+ ; the ee was determined by GC using a Astec G-
TA column (70 8C to 100 8C, 10 8Cmin�1, then 20 min 100 8C): tminor=


8.8 min, tmajor=9.0 min.


2-Fluoro-3-(4’-isopropylphenyl)-2-methyl-propan-1-ol (29g): The title
compound was prepared according to the general procedure by using 2-
methyl-3-(4’-isopropylphenyl)propanal (24g ; 100 mL, 0.50 mmol) and
workup procedure B. Elution with pentane/Et20 75:25 gave the product
(30 mg, 29%). Rf=0.40 (pentane/Et20 50:50); [a]20


D =++9.1 (c=1.45 in
CHCl3);


1H NMR (400 MHz, CDCl3, 20 8C): d=7.17 (s, 4H), 3.59 (d, J=
19.6 Hz, 2H), 2.99–2.84 (m, 3H), 1.90 (br s, 1H), 1.28 (d, J=21.5 Hz,
3H), 1.25 ppm (d, J=6.9 Hz, 6H); 13C NMR (100 MHz, CDCl3, 20 8C):
d=147.2, 133.2 (d, J=5.9 Hz), 130.3, 126.3, 97.4 (d, J=170 Hz), 67.5 (d,
J=23.8 Hz), 41.9 (d, J=22.9 Hz), 33.7, 24.0, 20.9 ppm (d, J=23.9 Hz);
19F NMR (377 MHz, CDCl3, 20 8C): d=�154.6 ppm; HRMS: m/z : calcd:
233.1318; found: 233.1323 [C13H19FO+Na]+ ; the ee was determined by
HPLC using a Chiralcel OJ column (hexane/iPrOH 99:1); flow rate:
1.0 mLmin�1; tminor=16.7 min, tmajor=19.5 min.


2-Cyclohexyl-2-fluoropropan-1-ol (29h): The title compound was pre-
pared according to the general procedure by using 2-cyclohexylpropanal
(24h ; 71 mg, 0.50 mmol) and workup procedure A. Elution with pentane/
Et20 85:15 gave the desired product (8 mg, 10%). Rf=0.30 (pentane/Et20
50:50); [a]20


D =�15.0 (c=0.32 in CHCl3);
1H NMR (400 MHz, CDCl3,


20 8C): d=3.73–3.52 (m, 2H), 1.84–1.64 (m, 5H), 1.23 (d, 3J ACHTUNGTRENNUNG(H,F)=
22.8 Hz, 3H), 1.28–1.11 ppm (m, 6H); 13C NMR (100 MHz, CDCl3,


20 8C): d=99.9 (d, J=168 Hz), 66.9 (d, J=23.4 Hz), 42.9 (d, J=21.2 Hz),
27.7 (d, J=7.7 Hz), 26.4, 26.3, 26.2, 17.6 ppm (d, J=24.8 Hz); 19F NMR
(377 MHz, CDCl3, 20 8C): d=�158.1 ppm; the ee was determined by GC
using a Astec G-TA column (70 8C to 100 8C, 8 8Cmin�1, then 25 min
100 8C): tminor=22.1 min, tmajor=23.9 min.
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Triply Fused ZnII–Porphyrin Oligomers: Synthesis, Properties, and
Supramolecular Interactions with Single-Walled Carbon Nanotubes (SWNTs)


Fuyong Cheng,[a] Sheng Zhang,[b] Alex Adronov,*[a] Luis Echegoyen,*[b] and
FranÅois Diederich*[c]


Introduction


The fascinating properties of triply fused conjugated por-
phyrin oligomers originate from their completely planar


structure and extended p-electron delocalization.[1,2] Rela-
tive to their singly bonded analogues, the absorption spectra
of these flat, sheetlike molecules exhibit a remarkable red-
shift of the lowest energy electronic transition, which pro-
gressively increases with increasing number of linked por-
phyrin units. A highly efficient synthetic methodology utiliz-
ing 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) and Sc-
ACHTUNGTRENNUNG(OTf)3 to prepare triply fused pophyrins from singly, biaryl-
type fused precursors was recently developed by Osuka and
co-workers, and has been successfully applied to the synthe-
sis of longer oligomers, up to the dodecamer.[3] These rigid,
planar molecular tapes exhibit unusually low HOMO–
LUMO gaps and one-electron oxidation potentials, and may
eventually serve as molecular wires within electronic devi-
ces.[3] Recently, triply fused porphyrin dimers have been co-
valently derivatized with two C60 molecules, resulting in a
dyad structure capable of undergoing up to fifteen reversible
electron transfer steps.[4] Moreover, photophysical investiga-
tions demonstrated that the dyad does not exhibit the classi-
cal behaviour documented for numerous porphyrin–fuller-
ene dyads. Photoexcitation of the fullerene units resulted in


Abstract: The photophysical, electro-
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trimer were investigated and compared
to the properties of a triply fused por-
phyrin dimer and the analogous mono-
mer. The trimer exhibited significantly
red-shifted absorption bands relative to
the corresponding monomer and
dimer. Electrochemical investigations
indicated a clear trend in redox proper-
ties amongst the three porphyrin struc-
tures, with the lowest oxidation poten-
tial and the lowest HOMO–LUMO
gap exhibited by the triply fused
trimer. This electrochemical behavior
is attributed to the extensive p-electron
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Additionally, it was found that the
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nearly irreversible supramolecular in-
teractions with single-walled carbon
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quantitative sensitization of the weakly emitting lowest sin-
glet level of the porphyrin dimer, while the fullerene emis-
sion was quenched. Additionally, supramolecular interac-
tions between triply fused dimers and fullerenes have been
investigated on a metal surface.[5] Self-assembly of fullerenes
and porphyrins, governed by weak interactions between the
two components, has led to unprecedented nanopatterned
surfaces, as observed by scanning-tunnelling microscopy
(STM).
Single-walled carbon nanotubes (SWNTs) also represent


a class of fascinating molecules with extended p-electron de-
localization. Through the seminal work of Dai,[6] Chen,[7]


and Nakashima and co-workers,[8] it has become clear that
the electron-deficient surface of SWNTs facilitates the bind-
ing of large electron-rich organic molecules through nonco-
valent p-stacking interactions. The mechanical strength and
electrical conductivity of these materials impart significant
potential as components of electronic nanodevices. There-
fore, the coupling of SWNTs to other functional molecules
has attracted significant attention. Several recent studies
have shown that porphyrin molecules have a strong affinity
for noncovalent adsorption to the SWNT surface.[8–14] This
supramolecular SWNT–porphyrin interaction was shown to
be selective for semiconducting rather than metallic
SWNTs, allowing for the separation of nanotubes according
to their conductivity properties.[9] In addition, the assembly
of protonated porphyrins on the SWNT surface, followed by
aggregation of large nanotube–porphyrin assemblies, has
been reported.[12] Recently, we demonstrated that a conju-
gated porphyrin polymer, with the individual macrocycles
linked by their anti-meso positions through buta-1,3-diynedi-
yl moieties, exhibits a significantly stronger supramolecular
interaction with SWNTs than monomeric porphyrins, allow-
ing for effective solubilization of SWNTs and the formation
of very stable solutions.[15] More interestingly, it was shown
that SWNTs can act as a template to induce the neighboring
porphyrin units of the conjugated porphyrin polymer to
assume a coplanar orientation, resulting in increased p con-
jugation and a large red-shift (127 nm) of the Q-band ab-
sorption.
Although it was demonstrated that conjugated porphyrin


polymers can strongly interact with SWNTs, the ability of
each porphyrin monomer unit to rotate about the diacety-
lene linker limited the binding strength and allowed equili-
bration between bound and unbound polymers.[15] Triply
fused ZnII–porphyrin oligomers effectively restrict each
repeat unit to a fully coplanar orientation, resulting in en-
hanced conjugation and electron-donating ability relative to
all other porphyrin oligomers and polymers. These triply
fused oligomers were therefore deemed ideal candidates for
strong supramolecular interactions with SWNTs. In the pres-
ent work, we demonstrate that these interactions do indeed
occur and can lead to very strong, nearly irreversible bind-
ing of triply fused oligomers to the SWNT sidewall. Com-
parison of the triply fused dimer and trimer molecules, rela-
tive to the analogous monomeric control compound, uncov-
ered clear trends not only in the interaction strength with


SWNTs, but also in their spectroscopic and electrochemical
properties.


Results and Discussion


Synthesis and characterization : The structures of the triply
fused dimer 2 and trimer 3, and the control compound,
monomer 1, are depicted in Scheme 1. This series of rigid
ZnII–porphyrin oligomers have 3,5-di-tert-butylphenyl
groups as meso-substituents to improve their solubility. At
both ends of each compound, 4-cyanophenyl groups were in-
troduced to enhance product polarity and therefore facili-
tate chromatographic separation of the intermediates and
final products. These polar groups are also important for the
formation of ordered, self-assembled porphyrin monolayers
on surfaces.[5] As shown in Scheme 1, porphyrin 4[12, 16] was
treated with two equivalents of N-bromosuccinimide (NBS),
yielding dibromide 5, which was treated with phenylboronic
ester 6 by Pd-catalyzed Suzuki cross-coupling to give the
bis(cyanophenyl)porphyrin derivative 1 in high yield. When
porphyrin 4 was treated with one equivalent of NBS, fol-
lowed by Suzuki cross-coupling with 6, the (cyanophenyl)-
porphyrin 8 was produced. Monomer 8 was converted into
the triply fused dimer 2 in one step using the oxidative ring
closure mediated by DDQ and Sc ACHTUNGTRENNUNG(OTf)3, developed by
Osuka and co-workers.[17]


The synthesis and chemical functionalization of triply
fused porphyrin trimers has been practically unexplored out-
side of OsukaKs original work, despite their extremely inter-
esting structural and electronic properties.[2] We obtained
the new cyano-functionalized triply fused porphyrin trimer
3, by first preparing the meso–meso-linked trimer 11 by
means of Pd-catalyzed cross-coupling. Porphyrin 8 was treat-
ed with NBS to yield bromoporphyrin 9, followed by subse-
quent coupling with pinacolborane to give the porphyrin
boronate ester 10 in 84% yield (Scheme 1). Cross-coupling
of two equivalents of 10 with dibromoporphyrin 5 was car-
ried out in a mixture of toluene and DMF in the presence of
Cs2CO3 and a catalytic amount of [Pd ACHTUNGTRENNUNG(PPh3)4], to give the
targeted porphyrin trimer 11 in 17% yield. Four other side
products were obtained, including the debrominated mono-
mer 4, the deboronated monomer 8, the cross-coupled
dimer 12, and the homo-coupled dimer 13. Separation of
this product mixture was achieved by chromatography; flash
chromatography on silica gel allowed isolation of 4, 8, and
12, while a mixture of 11 and 13 was found to co-elute due
to the relatively small polarity difference between the two
compounds. However, preparative size-exclusion chromatog-
raphy allowed for successful separation of 11 and 13, be-
cause of the difference in their hydrodynamic volume.
Trimer 11 was then efficiently oxidized by using DDQ and
Sc ACHTUNGTRENNUNG(OTf)3 to produce the desired triply fused trimer 3 in
quantitative yield. The MALDI-TOF mass spectrum of 3
provided the most reliable evidence of its formation as it ex-
hibited the expected molecular ion peak at
2435.0001 gmol�1 ([M]+ , C158H150N14Zn3, calcd 2435.0037).
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The 1H NMR spectrum of 3 (CDCl3/CS2) was consistent
with the triply fused trimeric structure, but exhibited broad-
ened signals, likely due to aggregation of these flat, symmet-
rical molecules in CDCl3. Additionally, the byproduct 12
served as a building block for the synthesis of a triply fused
porphyrin tetramer. By using AgPF6 as the oxidant, dimer
12 was successfully converted into a meso–meso-linked por-
phyrin tetramer in 90% yield and subsequently subjected to
oxidative coupling (DDQ and Sc ACHTUNGTRENNUNG(OTf)3) to produce the
triply fused tetramer. Unfortunately, due to extremely poor
solubility, isolation and characterization of this compound
was not possible.


All three molecules of interest, monomeric 1, dimeric 2,
and trimeric 3 displayed good solubility in organic solvents,
such as CH2Cl2, CHCl3, and THF. The solutions of the three
compounds dramatically differed in color, with 1 forming a
red solution, 2 a purple-blue solution, and 3 a green solu-
tion. Figure 1 shows the UV/Vis/NIR absorption spectra of
the three compounds in CHCl3. Clearly, a significant Q-
band red-shift and intensity enhancement can be directly
correlated to the extended p-electron delocalization that re-
sults from increasing the length of the triply fused oligomers.
Thus, increasing the oligomeric length from dimeric 2 to tri-
meric 3 results in an extremely large red-shift of the Q-band


Scheme 1. a) NBS, CH2Cl2/pyridine, 0 8C, 10 min, 90%; b) 6, [PdACHTUNGTRENNUNG(Ph3P)4], Cs2CO3, toluene, D, 18 h, 97%; c) NBS, CH2Cl2/pyridine, 0 8C, 10 min; d) 6, [Pd-
ACHTUNGTRENNUNG(Ph3P)4] Cs2CO3, toluene, D, 18 h, 87% over two steps; e) Sc ACHTUNGTRENNUNG(OTf)3, DDQ, toluene, D, 2 h, 70%; f) NBS, CH2Cl2/pyridine, 0 8C, 10 min, 86%; g) pinacol-
borane, Et3N, [Pd ACHTUNGTRENNUNG(Ph3P)4], Cl ACHTUNGTRENNUNG(CH2)2Cl, D, 1.5 h, 84%; h) 5, [Pd ACHTUNGTRENNUNG(Ph3P)4], Cs2CO3, toluene/DMF, 90 8C, 18 h, 17%; i) Sc ACHTUNGTRENNUNG(OTf)3, DDQ, toluene, D, 2 h,
100%. NBS=N-bromosuccinimide; DDQ=2,3-dichloro-5,6-dicyano-p- benzoquinone.
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absorption, amounting to 324 nm (3.83 eV). Additionally, in
both the dimeric and trimeric systems, the Soret band exhib-
its splitting that is consistent with a previous report on relat-
ed oligomers.[3]


Electrochemical properties : We have recently reported sys-
tematic studies of the electrochemical properties for a triply
fused porphyrin dimer in comparison to monomeric ana-
logues.[16] Here, we compare the redox properties of com-
pounds 1, 2, and 3 as measured by cyclic (CV) and differen-
tial pulse voltammetry (DPV; Figures 2 and 3, respectively).


The cyclic voltammogram of the triply fused Zn–porphyrin
trimer 3 in CH2Cl2 is shown in Figure 2A. Six reversible
redox couples were observed, with identical current for each
of the peaks. Three reduction couples at �0.86, �1.01, and
�1.77 V versus Fc/Fc+ (ferrocene/ferricinium couple) corre-
spond to the one-electron reductions of 3, while three oxida-
tion couples at 0.01, 0.16, and 0.55 V are due to its one-elec-
tron oxidations. The CV of 3 was also performed in THF
(Figure 2B), and six reversible redox waves were again ob-
served. Four equivalent reduction couples at �0.88, �1.12,


�1.90, and �2.17 V versus Fc/Fc+ correspond to four one-
electron reductions of the compound, while two equivalent
oxidation couples at 0.02 and 0.28 V are due to its one-elec-
tron oxidations. Compared to the CV in CH2Cl2, the CV in
THF exhibits a larger separation of the first two reduction
and oxidation reactions, which could be due to decreased
aggregation of 3 in THF as a result of the coordinating abili-
ty of the furan oxygen atom to the ZnII center within each
porphyrin repeat unit.[16] The lack of this interaction with
CH2Cl2 potentially enables trimer aggregation, which de-
creases the barrier to oxidation and/or reduction of the mol-
ecules. The electrochemical gap (HOMO–LUMO gap) be-
tween the first oxidation and reduction potential of 3 is
0.87 V in CH2Cl2, and 0.90 V in THF.
Figure 3 compares the differential pulse voltammetry


(DPV) data of the monomer, dimer, and trimer in THF.
Clearly, the HOMO–LUMO gap of the trimer (1.00 V) is


significantly smaller when compared to those of the mono-
mer (2.16 V) and the triply fused dimer (1.22 V). The first
one-electron oxidation potential of the trimer (0.03 V) is
also lower than those of the monomer (0.47 V) and the
dimer (0.09 V). The significant difference in the voltammet-
ric behavior of the three structures can be attributed to the
increase in p-conjugation upon changing from the monomer-
ic, to the dimeric, and to the trimeric porphyrin sheet.


Supramolecular interactions with SWNTs : The observed
electrochemical properties of the triply fused dimer and
trimer, especially their electron-donating character, encour-
aged us to investigate supramolecular interactions between
these oligomers and SWNTs, which are known to be good
electron acceptors.[18–22] In all of these studies, pristine
SWNTs prepared by the HiPco process (Carbon Nanotech-
nologies, Houston, TX) were used as received, with no fur-
ther treatment to retain their original electronic and struc-
tural properties. Our recent work has shown that acidified
THF containing 5% trifluoroacetic acid (TFA) is a good sol-
vent medium to form and solubilize conjugated ZnII–por-


Figure 1. Electronic absorption spectra of a) monomeric 1, b) dimeric 2,
and c) trimeric 3 porphyrins in CHCl3.


Figure 2. CVs of triply fused ZnII–porphyrin trimer 3 in A) CH2Cl2 and
B) THF at room temperature (+0.1m nBu4NPF6).


Figure 3. DPVs of monomeric 1, dimeric 2, and trimeric 3 in THF. Ferro-
cene (Fc) was added to the monomer solution as an internal standard.
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phyrin polymer–SWNT nanocomposites.[15] The same sol-
vent system was again found to be ideal in the present work,
especially since the triply fused ZnII–porphyrin oligomers
are highly stable towards TFA in THF (unlike the mono-
mer), with no observable demetalation. This is likely due to
a stabilizing effect of extended conjugation in these struc-
tures, and is indicated by a lack of any changes in the UV/
Vis and 1H NMR spectra of the oligomers upon addition of
TFA. It should be noted that dissolving the oligomers in
THF acidified with H2SO4 instead of TFA resulted in slow
demetalation, as indicated by new peaks in the UV/Vis ab-
sorption spectrum (see Supporting Information).
In a typical experiment, a SWNT sample (1.0 mg) was


added to a solution of porphyrin (2.0 mg) in acidified THF
(5 mL) and the mixture was sonicated for 1 h. This was fol-
lowed by ultra-filtration through a 450 nm-pore Teflon
membrane and repeated washings with acidified THF until
the filtrate was colorless, indicating the removal of all excess
porphyrin. The residue was re-suspended in acidified THF
(5 mL) with sonication for 5 min. When this procedure was
carried out with monomer 1, re-suspension of the SWNT
residue resulted in no observable nanotube solubility, indi-
cating that the porphyrin monomer was completely removed
by our washing procedure, and no significant interaction be-
tween 1 and the SWNTs exists. In contrast, when the above
procedure was performed with a solution of the triply fused
dimer in acidified THF, sonication of the isolated residue re-
sulted in the initial formation of a homogeneous solution,
which was stable enough for characterization by UV/Vis/
NIR absorption spectroscopy. However, upon standing for
several hours, the SWNTs were observed to precipitate, in-
dicating that the solubilizing influence of the triply fused
dimer 2 could not overcome the inter-nanotube van der
Waals attraction that causes SWNTs to aggregate into bun-
dles. When trimer 3 was used, a very stable, dark solution
was obtained after sonication of the isolated residue for
5 min. This solution remained stable upon standing indefi-
nitely, with no sedimentation even after centrifugation for
20 min at 5000 rpm (see Figure 4). This stability indicates
that the interaction between trimer 3 and the nanotube side-
wall must be extremely strong, preventing nanotube re-bun-
dling after formation of the nanotube–trimer complex.


Clearly, the triply fused trimeric porphyrin exhibits stronger
binding interactions than the monomeric and dimeric sys-
tems due to extended p conjugation and enhanced electron-
donating character. Interestingly, when the above experi-
ments were performed with pure THF as the solvent, nano-
tube solubility was not observed to any extent when each of
the three porphyrin compounds was tested. In further con-
trol experiments, addition of acetic acid or potassium tri-
fluoroacetate also did not result in any solubilization of the
SWNTs. This indicates that addition of TFA is critical to the
supramolecular interaction of the porphyrin oligo ACHTUNGTRENNUNGmers with
nanotubes in THF. The exact reason for this effect is unclear
and is the subject of further investigation.
The supramolecular interaction of the triply fused dimeric


and trimeric porphyrins with SWNTs was further investigat-
ed by UV/Vis and NIR absorption spectroscopy. Figure 5


depicts the spectra of dimeric 2 and its SWNT complex in
acidified THF. Upon complexation to SWNTs, a bathochro-
mic shift of both the Soret and the Q-bands relative to the
dimer alone was observed. The longer wavelength compo-
nent of the split Soret band was observed to shift from 567
to 608 nm, while the Q-band shifted from 1100 to 1161 nm.
Figure 6 illustrates similar data for trimeric 3 and its com-
plex in acidified THF. Here, a larger bathochromic shift was
observed for both the Soret bands and Q-bands relative to 3
alone, with the longer-wavelength component of the Soret
band shifting from 680 to 714 nm, and the Q-band shifting
from 1430 to 1530 nm. These shifts in the absorption spectra
upon oligoporphyrin complexation to SWNTs are a clear
manifestation of electronic interactions between the por-
phyrins and the nanotubes, possibly signifying a porphyrin-


Figure 4. Photograph of three samples in acidified THF (containing 5%
TFA). SWNT complexes of A) monomeric 1, B) dimeric 2, and C) tri-
meric 3.


Figure 5. A) UV/Vis and B) NIR absorption spectra of a) 2 in acidified
THF, b) pristine SWNTs in DMF, and c) 2–SWNTs in acidified THF.


Figure 6. A) UV/Vis and B) NIR absorption spectra of a) 3 in acidified
THF, b) pristine SWNTs in DMF, c) and 3–SWNTs in acidified THF.
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to-nanotube charge transfer. However, the specific nature of
this electronic interaction is yet unknown and remains
under investigation. Most significantly, with the triply fused
oligomers, we detected very little, if any, absorption of the
free dimer and trimer in equilibrium with the nanotube-
bound oligoporphyrins. This indicates that the triply fused
oligoporphyrins form very strong, and in the case of 3,
nearly irreversible complexes with SWNTs, unlike all previ-
ous reports of nanotube–porphyrin interactions.
The 3–SWNT complex was further investigated by atomic


force microscopy (AFM; Figure 7). The AFM image of this
material was acquired by spin-coating (2500 rpm) three


drops of the nanotube–trimer solution in acidified THF onto
freshly cleaved mica. From this experiment, the features ob-
served on the mica surface are consistent with the existence
of an interlinked network of porphyrin-coated SWNTs. Sur-
prisingly, the height profile of most features shown is consis-
tently in the 2–4 nm range, indicating that large nanotube
bundles must have been exfoliated into either individual
nanotubes or very small bundles that are coated with por-
phyrin trimer molecules. In addition, upon magnification of
various regions in the sample (Figure 7B), it was found that
the porphyrin coating on the nanotubes is relatively uni-
form, with practically no observable uncoated SWNTs. This
again demonstrates that the SWNT–trimer interaction is ex-
ceptionally strong, allowing for complete coverage of the
nanotube surface.


Conclusions


We have shown that triply fused ZnII–oligoporphyrin mole-
cules exhibit interesting photophysical and electrochemical
properties. These highly conjugated structures display signif-
icant bathochromic shifts in their absorption spectra relative
to their monomeric and meso–meso-linked oligomeric coun-
terparts. CV and DPV reveal that the electrochemical be-
havior is increasingly different going from monomeric por-
phyrin 1, to dimeric 2, and to trimeric 3. Splitting of the


redox waves is observed for triply fused porphyrin dimer 2
and trimer 3 owing to electron delocalization. The electro-
chemical HOMO–LUMO gap in monomer 1 is much larger
than those of dimer 2 and trimer 3, a direct consequence of
the electronic delocalization over all porphyrin rings in the
triply fused arrays. The larger peak-to-peak separation of
the first two reductions and oxidations observed for trimer 3
in THF, compared with the same ones in CH2Cl2, could
probably be ascribed to the coordination of the furan
oxygen to the ZnII centers. These properties give rise to a
high degree of complementarity between the oligoporphyr-
ins and SWNTs (known to act as good electron acceptors)
allowing for the occurrence of strong supramolecular inter-
actions that are directly proportional to oligoporphyrin
length. The trimeric porphyrin 3 imparted a high degree of
SWNT solubility as a result of nearly irreversible complex
formation, with no observable precipitation of the nano-
tubes over time. This was corroborated by absorption spec-
troscopy, for which bathochromic shifts of the oligoporphy-
ACHTUNGTRENNUNGrin bands were observed upon mixing with SWNTs. Addi-
tionally, AFM measurements indicated that oligoporphyrin
adsorption can result in the exfoliation of large nanotube
bundles into either individual SWNTs, or small nanotube
bundles that are uniformly coated with the oligoporphyrins.


Experimental Section


General : Chemicals were purchased from Aldrich, Acros, Lancaster, and
Fluka and were used as received. THF was freshly distilled from sodium
and benzophenone, toluene from sodium, CH2Cl2 from CaH2. Moisture
or air sensitive reactions were performed under an inert atmosphere of
Ar by applying a positive pressure. Flash chromatography was carried
out with silica gel 60 (particle size 0.04–0.063 mm, 230–400 mesh) from
Fluka or with ICN alumina B (neutral, activity grade III) and distilled
technical-grade solvents. Preparative size-exclusion chromatography was
performed by using a glass-column (4.5O180 cm) filled with Bio-Rad
Bio-Beads S-X3 and elution with CH2Cl2 at RT; flow rate approximately
40 drops (~0.84 mLmin�1) operated with gravity. The styrene–divinylben-
zene copolymer gel was allowed to swell for 24 h prior to use. IR spectra
were recorded on a Perkin–Elmer FT16000 spectrometer. The samples
were prepared as KBr pellets, as solutions in CHCl3, or as neat com-
pounds. Selected bands are reported by wavenumber (cm�1), and their
relative intensities are described as s (strong), m (medium), or w (weak).
UV/Vis/NIR spectra were recorded on a Varian-CARY 5 spectrophotom-
eter. All spectra were measured as solutions in the indicated solvents at
room temperature (RT) using a 1 cm cell. Absorption maxima (lmax) are
reported in nm and extinction coefficients (e) in dm�3mol�1 cm�1. NMR
spectra were recorded on a Varian Gemini 300 spectrometer. The chemi-
cal shifts (d) are given in ppm with respect to the residual non-deuterated
solvent. Coupling constants (J) are given in Hz. All 13C NMR spectra
were proton wide-band decoupled. HR-MALDI-TOF mass spectra were
recorded using and an Ion Spec Ultima FT-ICR instrument. 3-Hydroxyl-
picolinic acid (3-HPA) or 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-
enylidene] malononitrile (DCTB) were used as matrices for the MALDI
experiments. Melting points were determined using a BBchi Smp 20 ap-
paratus. All melting points were measured in open capillaries and report-
ed uncorrected. Electrochemical measurements for the target compound
were performed with the CHI 660 Electrochemical Workstation. 0.1m
nBu4NPF6 in CH2Cl2 or THF was used as the supporting electrolyte (de-
gassed with Ar). A platinum wire was employed as the counter electrode
and an Ag wire used as the pseudo-reference electrode. Ferrocene (Fc)
was added as an internal reference, and the potentials were measured rel-


Figure 7. AFM images of the 3–SWNT complex spin coated onto mica.
A) 5O5 mm image, with a black box showing the region magnified in B).
The height profile along the horizontal line of B) is shown in C).
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ative to the Fc/Fc+ couple. A glassy carbon electrode (CHI, 1.5 mm in di-
ameter), polished with aluminum paste and ultrasonicated in deionized
water and CH2Cl2 bath, was used as the working electrode. Experiments
were performed at room temperature. Ultrasonication was done in a
Branson Ultrasonics B1510 bath sonicator. Atomic force microscopy
(AFM) was performed using a Digital Instruments NanoScope IIIa Mul-
timode AFM, with samples prepared by spin coating (2500 rpm) onto
freshly cleaved mica substrates. The images were recorded with standard
tips in tapping mode at a scan rate of 1.0 Hz.


ACHTUNGTRENNUNG[5,15-Bis(3,5-di-tert-butylphenyl)-10,20-dibromoporphyrinato(2�)-kN21,
kN22,kN23,kN24]zinc(II) (5): NBS (154 mg, 0.94 mmol) was added to a stir-
red solution of porphyrin 4 (350 mg, 0.47 mmol) in CH2Cl2 (50 mL) and
pyridine (1.5 mL) at 0 8C under Ar. After 10 min, the reaction was
quenched with acetone (5 mL) and the solvent was removed. The residue
was washed with MeOH (3O10 mL) and the resulting solid dried to give
the title compound as purple crystals (391 mg, 90%). M.p.>300 8C;
1H NMR ([D8]THF, 300 MHz): d=1.57 (s, 36H), 7.91 (t, J=1.5 Hz, 2H),
8.06 (d, J=1.8 Hz, 4H), 8.88 (d, J=4.5 Hz, 4H), 9.66 ppm (d, J=4.8 Hz,
4H); 13C NMR ([D8]THF, 75 MHz): d=33.42, 37,16, 106.44, 123.42,
125.63, 132.27, 134.85, 135.67, 144.23, 150.91, 152.34, 153.41 ppm; IR
(neat): ñ=2959 (m), 2863 (w), 1797 (w), 1590 (m), 1514 (w), 1497 (w),
1474 (m), 1423 (w), 1391 (w), 1360 (m), 1320 (m), 1285 (m), 1245 (m)
1200 (w), 1070 (m), 1021 (w), 1000 (s), 929 (w), 898 (m), 882 (m), 815
(m), 788 (s), 725 (m), 713 (m), 695 (s), 617 cm�1 (w); UV/Vis (CHCl3):
lmax (e)=427 (198100), 565 nm (6840 dm�3mol�1 cm�1); HR-MALDI-MS
(3-HPA): m/z calcd for C48H50Br2N4Zn [M]+ : 904.1694; found: 904.1700.


ACHTUNGTRENNUNG[5,15-Bis(4-cyanophenyl)-10,20-bis(3,5-di-tert-butylphenyl)porphyrin-
ACHTUNGTRENNUNGato(2�)-kN21,kN22, ACHTUNGTRENNUNGkN23,kN24]zinc(II) (1): A 250 mL round-bottomed
flask was charged with porphyrin 5 (785 mg, 0.86 mmol) in toluene
(150 mL), and 6 (820 mg, 3.84 mmol), [Pd ACHTUNGTRENNUNG(PPh3)4] (100 mg, 0.086 mmol),
and Cs2CO3 (4.0 g, 12.3 mmol) were added. The mixture was degassed by
bubbling Ar through for 30 min, then heated to reflux under Ar for 18 h.
The mixture was filtered through a pad of Celite and the solvent evapo-
rated in vacuo. Flash chromatography (SiO2, hexane/CH2Cl2, 1:2) afford-
ed the desired product as a purple solid (830 mg, 97%). M.p.>300 8C;
1H NMR (CDCl3, 300 MHz): d=1.61 (s, 36H), 7.89 (t, J=1.5 Hz, 2H),
8.04 (d, J=7.8 Hz, 2H), 8.16 (d, J=1.2 Hz, 4H), 8.40 (d, J=7.8 Hz, 4H),
8.90 (d, J=4.5 Hz, 4H), 9.12 ppm (d, J=4.5 Hz, 4H); 13C NMR (CDCl3,
75 MHz): d=31.93, 35.23, 111.53, 118.67, 118.97, 121.11, 123.34, 127.76,
129.85, 130.31, 131.28, 132.73, 133.08, 134.80, 141.35, 147.89, 148.70,
149.21, 150.73 ppm; IR (neat): ñ=2950 (m), 2865 (w), 227 (m), 1805 (w),
1591 (m), 1523 (m), 1475 (m), 1423 (w), 1392 (m), 1361 (m), 1290 (w),
1246 (m), 1220 (m), 1202 (m), 1176 (w), 1073 (m), 1000 (s), 934 (m), 898
(m), 874 (m), 820 (m), 794 (m), 772 (s), 713 (s), 671 cm�1 (w); UV/Vis
(CHCl3): lmax (e)=427 (201200), 556 nm (7600 dm�3mol�1 cm�1); HR-
MALDI-MS (DCTB): m/z calcd for C62H58N6Zn [M]+ : 950.4009; found:
950.3998.


[10,20-Bis(3,5-di-tert-butylphenyl)5-bromoporphyrinato(2�)-kN21,kN22,
kN23,kN24]zinc(II) (7): NBS (150 mg, 0.84 mmol) was added to a stirred
solution of porphyrin 4 (626 mg, 0.84 mmol) in CH2Cl2 (65 mL) and pyri-
dine (1.0 mL) at 0 8C under Ar. After 10 min, the reaction was quenched
with acetone (10 mL) and the solvent removed in vacuo. The residue was
washed with MeOH (3O10 mL), and the resulting solid was dried to give
a mixture of monobromoporphyrin 7 (major) and small amounts of di-
bromoporphyrin 5 and porphyrin 4. Isolation of pure 7 by flash chroma-
tography was difficult due to the very close polarity of the three com-
pounds, and therefore 7 was directly used for the next step reaction with-
out isolation and characterization.


[10,20-Bis(3,5-di-tert-butylphenyl)-5-(4-Cyanophenyl)porphyrinato(2�)-
kN21,kN22,kN23,kN24]zinc(II) (8): The crude monobromoporphyrin 7 was
placed into a 250 mL round-bottomed flask and dissolved in toluene
(200 mL). Compound 6 (525 mg, 2.29 mmol), [Pd ACHTUNGTRENNUNG(PPh3)4] (105 mg,
0.09 mmol), and Cs2CO3 (2.03 g, 11.5 mmol) were added to this solution.
The mixture was degassed by bubbling Ar through for 30 min, then
heated to reflux under Ar for 18 h. The mixture was filtered through a
pad of Celite and the solvent evaporated in vacuo. The product was then
purified by flash chromatography (SiO2, hexane/CH2Cl2, 1:1) allowing its
isolation as a red solid (500 mg, 70%). M.p.>300 8C; 1H NMR (CDCl3,


300 MHz): d=1.65 (s, 36H), 7.94 (t, J=1.5 Hz, 2H), 8.05 (d, J=8.1 Hz,
2H), 8.22 (d, J=1.5 Hz, 4H), 8.41 (d, J=8.1 Hz, 2H), 8.94 (d, J=4.2 Hz,
2H), 9.19 (d, J=4.2 Hz, 2H), 9.26 (d, J=4.8 Hz, 2H), 9.47 (d, J=4.8 Hz,
2H), 10.32 ppm (s, 1H); 13C NMR (CDCl3, 75 MHz): d=31.98, 35.28,
106.46, 111.40, 118.36, 119.10, 121.01, 122.45, 129.92, 130.24, 130.99,
131.94, 132.77, 133.15, 134.81, 141.43, 148.22, 148.68, 148.72, 149.91,
150.43, 150.73 ppm; IR (neat): ñ=2953 (m), 2868 (w), 225 (w), 1712 (w),
1589 (m), 1522 (w), 1475 (w), 1391 (w), 1360 (m), 1325 (w), 1290 (m),
1218 (m), 1207 (m), 1174 (w), 1065 (m), 1042 (w), 1000 (s), 926 (m), 899
(m), 885 (m), 857 (m), 78 (m), 791 (s), 706 (s), 659 cm�1 (w); UV/Vis
(CHCl3): lmax (e)=421 (186500), 549 nm (7300 dm�3mol�1 cm�1); HR-
MALDI-MS (DCTB): m/z calcd for C55H55N5Zn [M]+ : 849.3743; found:
849.3733.


{m-[10,10’-Bis(4-cyanophenyl)-5,5’,15,15’-tetrakis(3,5-di-tert-butylphenyl)-
18,18’:20,20’-dicyclo-2,2’-biporphyrinato(4�)-kN21,kN22,kN23,kN24 :kN21’,
kN22’,kN23’,kN24’]}dizinc(II) (2): Porphyrin 8 (150 mg, 0.18 mmol), DDQ
(201 mg, 0.9 mmol), and Sc ACHTUNGTRENNUNG(OTf)3 (435 mg, 0.9 mmol) were dissolved in
toluene (100 mL) , and the mixture was heated to reflux under Ar for
2 h. THF (30 mL) was added, and the solution was stirred for a further
1 h at room temperature. The mixture was passed over a column of alu-
mina, and the solvent was removed in vacuo, affording a black powder
(105 mg, 70%). M.p.>300 8C; 1H NMR (CDCl3, 300 MHz): d=1.47 (s,
36H), 7.34 (s, 4H), 7.57 (d, J=4.8 Hz, 4H), 7.64 (m, 12H), 7.72 (d, J=
4.8 Hz, 4H), 7.87 (d, J=8.4 Hz, 4H), 7.93 ppm (d, J=8.4 Hz, 4H);
13C NMR (CDCl3, 75 MHz): d=31.80, 35.05, 111.37, 118.93, 126.51,
127.55,33.32, 135.93, 139.82, 146.55, 148.75, 151.67, 153.44, 153.81,
154.18 ppm; IR (neat): ñ=2961 (m), 2238 (w), 1593 (m), 1476 (s), 1393
(w), 1363 (m), 1345 (w), 1300 (m), 1266 (w), 1247 (m), 1225 (w), 1199 (s),
1074 (w), 1023 (m), 1001 (m), 943 (s), 900 (m), 881 (m), 826 (m), 791 (s),
724 (m), 716 (m), 696 (m), 658 (w); UV/Vis (CHCl3): lmax (e)=422
(163100), 464 (59400), 565 (146400), 955 (20500), 1087 nm
(33400 dm�3mol�1 cm�1); HR-MALDI-MS (DCTB): m/z calcd for
C110H104N10Zn2 [M]+ : 1692.7023; found: 1692.7006.


ACHTUNGTRENNUNG[5,15-Bis(3,5-di-tert-butylphenyl)-10-bromo-20-(4-cyanophenyl)porphy-
ACHTUNGTRENNUNGrinato(2�)-kN21,kN22,kN23,kN24]zinc(II) (9): NBS (108 mg, 0.61 mmol)
was added to a stirred solution of porphyrin 8 (518 mg, 0.61 mmol) in
CH2Cl2 (100 mL) and pyridine (2.0 mL) at 0 8C under Ar. After 10 min,
the reaction was quenched with acetone (10 mL) and the solvent was
evaporated in vacuo. The residue was purified by flash chromatography
(SiO2, CH2Cl2/hexane, 1:1) affording the product as a purple solid
(488 mg, 86%). M.p.>300 8C; 1H NMR (CDCl3, 300 MHz): d=1.58 (s,
36H), 7.83 (t, J=1.5 Hz, 2H), 8.02 (d, J=8.1 Hz, 2H), 8.06 (d, J=2.1 Hz,
4H), 8.33 (d, J=8.1 Hz, 2H), 8.78 (d, J=4.5 Hz, 2H), 8.97 (d, J=4.5 Hz,
2H), 9.05 (d, J=4.5 Hz, 2H), 9.78 ppm (d, J=4.5 Hz, 2H); 13C NMR
(CDCl3, 75 MHz): d=32.00, 35.18, 105.75, 111.96, 118.91, 121.42, 123.73,
130.12, 130.55, 131.55, 133.41, 133.52, 133.95, 135.04, 141.48, 147.96,
148.88, 149.76, 150.05, 151.02, 151.48 ppm; IR (neat): ñ=2951 (m), 2865
(w), 229 (m), 1590 (m), 1518 (w), 1496 (w), 1425 (w), 1391 (w), 1361 (m),
1323 (m), 1289 (w), 1241 (m), 1206 (w), 1145 (w), 1070 (m), 1000 (s), 934
(m), 898 (w), 860 (w), 817 (s), 787 (m), 733 (w), 724 (m), 714 (s),
652 cm�1 (w); UV/Vis (CHCl3): lmax (e)=428 (199200), 560 nm
(7430 dm�3mol�1 cm�1); HR-MALDI-MS (DCTB): m/z calcd for
C55H54BrN5Zn [M]+ : 927.2854; found: 927.2832.


5,15-Bis(3,5-di-tert-butylphenyl)-10-(4-cyanophenyl)-20-(4,45,5-tetrameth-
yl-[1,3,2]dioxaborolan-2-yl)porphyrinato(2�)-kN21,kN22,kN23,kN24]zinc(II)
(10): A 250 mL two-necked flask was charged with porphyrin 9 (427 mg,
0.46 mol), Et3N (5.0 mL, 39.60 mmol), and 1,2-dichloroethane (100 mL).
The mixture was degassed by bubbling with Ar for 30 min, after which pi-
nacolborane (3.0 mL, 18.90 mmol) and [PdCl2ACHTUNGTRENNUNG(PPh3)2] (35 mg, 0.05 mmol)
were added. The resulting solution was heated to reflux for 1.5 h and
quenched with water (10 mL), followed by washing with water (3O
50 mL). The organic phase was dried over Na2SO4, and the solvent was
removed. The residue was purified by flash chromatography (SiO2,
CH2Cl2/hexane, 3:1) to give the desired product as a red solid (377 mg,
84%). M.p.>300 8C; 1H NMR (CDCl3, 300 MHz): d=1.62 (s, 36H), 1.91
(s, 12H), 7.89 (t, J=1.8 Hz, 2H), 8.05 (d, J=8.4 Hz, 2H), 8.16 (d, J=
1.5 Hz, 4H), 8.38 (d, J=8.1 Hz, 2H), 8.89 (d, J=4.8 Hz, 2H), 9.10 (d, J=
4.8 Hz, 2H), 9.20 (d, J=4.5 Hz, 2H), 9.98 ppm (d, J=4.8 Hz, 2H);
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13C NMR (CDCl3, 75 MHz): d=25.64, 32.07, 35.36, 85.57, 110.67, 121.17,
122.90, 128.52, 129.06, 129.59, 130.07, 130.53, 131.16, 131.36, 132.63,
133.19, 133.77, 142.00, 148.50, 148.88, 150.85, 150.94, 154.64 ppm; IR
(neat): ñ=2959 (m), 225 (w), 1725 (w), 1590 (m), 1525 (m), 1448 (w),
1391 (w), 1360 (m), 1305 (w), 1277 (m), 1201 (m), 1140 (s), 1069 (m),
1035 (m), 1000 (s), 964 (w), 928 (m), 875 (w), 852 (m), 817 (m), 791 (s),
766 (w), 715 (s), 658 cm�1 (m); UV/Vis (CHCl3): lmax (e)=424 (186600),
552 nm (6500 dm�3mol�1 cm�1); HR-MALDI-MS (DCTB): m/z calcd for
C61H66BN5O2Zn [M]+ : 975.4601; found: 975.4596.


Preparation of 11 via Pd-catalyzed cross coupling between 5 and 10 : Por-
phyrins 5 (35 mg, 0.0386 mmol) and 10 (76 mg, 0.0772 mmol), Cs2CO3


(100 mg), and [Pd ACHTUNGTRENNUNG(PPh3)4] (10 mg, 0.0086 mmol) were dissolved in a mix-
ture of dry DMF (5 mL) and dry toluene (5 mL). The solution was de-
oxygenated by means of four freeze-pump-thaw cycles, and the resulting
mixture was heated at 90 8C overnight under Ar. The mixture was ex-
tracted with CH2Cl2 (50 mL) and washed with water (3O30 mL). The or-
ganic layer was dried over Na2SO4 and concentrated. The components in
the resulting residue were separated by flash chromatography (SiO2,
CH2Cl2/hexane, 3:1), resulting in four fractions. The first three fractions
corresponded to porphyrin monomer 4 (9.0 mg, 35%), dimer 12 (22 mg,
18%), and monomer 8 (17.2 mg, 26%). The fourth fraction was a mix-
ture of the homocoupling product, dimer 13, and the target cross-cou-
pling product, trimer 11. This mixture was separated by preparative size-
exclusion chromatography on Bio-Rad Bio-Beads S-X3 to give the final
pure products 13 (15 mg, 24%) and 11 (16 mg, 17%) as brown solids.


Data for {m-[15-(4-Cyanophenyl)-10,10’,20,20’-tetrakis(3,5-di-tert-butyl-
phenyl)-5,5’-biporphyrinato(4�)-kN21,kN22,kN23,kN24 :kN21’,kN22’,kN23’,
kN24’]}dizinc(II) (12): M.p.>300 8C; 1H NMR (CDCl3, 300 MHz): d=1.53
(s, 36H), 1.55 (s, 36H), 7.79 (t, J=1.8 Hz, 2H), 7.81 (t, J=1.8 Hz, 2H),
8.18 (d, J=1.8 Hz, 4H), 8.21 (d, J=1.8 Hz, 4H), 8.25 (d, J=5.1 Hz, 2H),
8.26 (d, J=5.1 Hz, 2H), 8.53 (d, J=8.1 Hz, 2H), 8.87 (d, J=4.8 Hz, 2H),
9.00 (d, J=4.5 Hz, 2H), 9.16 (d, J=4.5 Hz, 2H), 9.29 (d, J=4.8 Hz, 2H),
9.58 (d, J=4.5 Hz, 2H), 10.48 ppm (s, 1H); 13C NMR (CDCl3, 75 MHz):
d=31.93, 31.97, 35.25, 35.26 106.87, 111.78, 118.92, 119.77, 120.65, 121.10,
121.18, 123.23, 124.02, 129.93, 129.99, 130.65, 131.32, 132.07, 132.52,
132.71, 132.98, 133.12, 134.12, 134.48, 135.15, 141.71, 141.79, 148.51,
148.86, 149.28, 150.07, 150.28, 150.68, 151.26, 151.30, 154.73, 155.27 ppm;
IR (neat): ñ=2959 (m), 226 (w), 1803 (w), 1590 (m), 1520 (w), 1475 (w),
1423 (w), 1391 (w), 1382 (w), 1318 (w), 1289 (m), 1246 (m), 1220 (w),
1208 (w), 1063 (m), 1000 (s), 927 (m), 898 (m), 881 (w), 863 (w), 846 (w),
821 (m), 791 (m), 713 (s), 615 cm�1 (w); UV/Vis (CHCl3): lmax (e)=421
(220900), 456 (209600), 563 nm (9600 dm�3mol�1 cm�1); HR-MALDI-MS
(DCTB): m/z calcd for C103H105N9Zn2 [M]+ : 1595.7076; found: 1595.7061.


Data for {m-[15,15’-Bis(4-Cyanophenyl)-10,10’,20,20’-tetrakis(3,5-di-tert-
butylphenyl)-5,5’-biporphyrinato(4�)-kN21,kN22,kN23,kN24:kN21’,kN22’,
kN23’,kN24’]}dizinc(II) (13): M.p.>300 8C; 1H NMR (CDCl3, 300 MHz):
d=1.46 (s, 72H), 7.72 (t, J=1.5 Hz, 4H), 8.09 (d, J=1.5 Hz, 8H), 8.12
(d, J=7.5 Hz, 4H), 8.15 (d, J=4.8 Hz, 4H), 8.46 (d, J=7.5 Hz, 4H), 8.74
(d, J=4.5 Hz, 4H), 8.92 (d, J=5.1 Hz, 4H), 9.08 ppm (d, J=5.1 Hz, 4H);
13C NMR (CDCl3, 75 MHz): d=31.86, 35.17, 11.57, 118.76, 119.515,
119.96, 120.96, 123.80, 129.67, 130.39, 131.12, 132.51, 132.77, 134.10,
134.88, 141.41, 148.17, 148.58, 149.04, 150.35, 150.99, 154.86 ppm; IR
(neat): ñ=2951 (m), 226 (w), 1804 (w), 1589 (m), 1519 (m), 1422 (w),
1391 (m), 1361 (m), 1330 (w), 1285 (m), 1246 (m), 1205 (m), 1067 (m),
1000 (s), 928 (s), 898 (m), 876 (w), 822 (m), 810 (w), 792 (m), 712 (s),
616 cm�1 (m); UV/Vis (CHCl3): lmax (e)=421 (245600), 456 (237000),
563 nm (53400 dm�3mol�1 cm�1); HR-MALDI-MS (3-HPA): m/z calcd
for C110H108N10Zn2 [M]+ : 1696.7341; found: 1696.7272.


Data for {m3-[15,15’’-Bis(4-cyanophenyl)-10,10’10’’,20,20’20’’-hexakis(3,5-
di-tert-butylphenyl)-5,5’:15’,5’’-terporphyrinato(6�)-kN21,kN22,kN23,kN24:
kN21’,kN22’,kN23’,kN24’:kN21’’,kN22’’,kN23’’,kN24’’]}trizinc(II) (11): M.p.>
300 8C; 1H NMR (CDCl3, 300 MHz): d=1.38 (s, 36H), 1.50 (s, 72H), 7.61
(t, J=1.8 Hz, 2H), 7.59 (t, J=1.8 Hz, 4H), 8.10 (d, J=1.8 Hz, 4H), 8.14
(d, J=1.8 Hz, 8H), 8.14 (d, J=7.5 Hz, 4H), 8.21 (d, J=4.8 Hz, 4H), 8.30
(d, J=4.5 Hz, 4H), 8.49 (d, J=7.5 Hz, 4H), 8.76 (d, J=4.5 Hz, 4H), 8.81
(d, J=4.8 Hz, 4H), 8.94 (d, J=4.8 Hz, 4H), 9.10 ppm (d, J=4.5 Hz, 4H);
13C NMR (CDCl3/CS2, 75 MHz): d=31.82, 31.91, 34.94, 35.06, 111.69,
118.67, 118.84, 119.95, 120.30, 120.94, 123.74, 124.14, 129.50, 129.73,


130.32, 131.09, 132.16, 132.24, 132.50, 132.82, 134.05, 134.32, 135.00,
141.56, 148.11, 148.25, 148.43, 148.98, 150.38, 150.46, 150.94, 154.63,
154.84 ppm; IR (neat): ñ=2952 (m), 2863 (w), 2230 (w), 1590 (m), 1519
(w), 1474 (w), 1422 (w), 1391 (w), 1360 (m), 1320 (w), 1286 (m), 1246
(m), 1206 (m), 1066 (w), 1000 (s), 927 (m), 899 (w), 883 (w), 822 (m), 792
(s), 755 (w), 722 (m), 713 (s), 616 cm�1 (w); UV/Vis (CHCl3): lmax (e)=
420 (292000), 479 (260700), 571 nm (83000 dm�3mol�1 cm�1); HR-
MALDI-MS (DCTB): m/z calcd for C158H158N14Zn3 [M]+ : 2443.0663;
found: 2443.0600.


ACHTUNGTRENNUNG{m3-[10,10’’-Bis(4-cyanophenyl)-5,5’5’’,15,15’15’’-hexakis(3,5-di-tert-butyl-
phenyl)-18,18’:20,20’:10’,20’’:12’,18’’-tetracyclo-2,2’:8’2’’-terporphyrina-
to(6�)-kN21,kN22,kN23,kN24 :kN21’,kN22’,kN23’,kN24’:kN21’’,kN22’’,kN23’’,
kN24’’]}trizinc(II) (3): Porphyrin 11 (60 mg, 0.024 mmol), DDQ (60 mg,
0.24 mmol), and Sc ACHTUNGTRENNUNG(OTf)3 (125 mg, 0.24 mmol) were dissolved in dry tol-
uene (30 mL) , and the mixture was heated to reflux under Ar for 2 h.
The mixture was passed over an alumina column, eluting first with
CH2Cl2 and then with CH2Cl2/THF (5:1), resulting in the collection of a
green fraction. The solvent was removed in vacuo, and the residue was
purified by flash chromatography (SiO2, CH2Cl2/hexane, 1:1), affording
the product as a black powder (60 mg, quant.). M.p.>300 8C; 1H NMR
(CDCl3/CS2, 300 MHz): d=1.31 (s, 36H), 1.34 (s, 72H), 6.86 (s, 4H), 6.89
(s, 4H), 7.39 (m, 6H), 7.52 (d, J=4.5, 4H), 7.60 (m, 12H), 7.72 (d, J=
4.5, 4H), 7.87 (d, J=8.4, 4H), 7.93 ppm (d, J=8.4, 4H); IR (neat): ñ=
3625 (w), 2949 (m), 2359 (w), 2226 (m), 1715 (w), 1698 (w), 1694 (w),
1651 (w), 1589 (m), 1475 (w), 1391 (m), 1360 (m), 1299 (m), 1245 (m),
1224 (m), 1000 (s), 1117 (m), 1002 (s), 940 (m), 898 (m), 876 (m), 860
(m), 823 (s), 790 (m), 767 (m), 714 (s), 667 (m), 631 cm�1 (w); UV/Vis
(CHCl3, e): 427 (59,100), 669 (73900), 1185 (13800), 1407 nm
(46800 dm�3mol�1 cm�1); HR-MALDI-MS (3-HPA): m/z calcd for
C158H150N14Zn3 [M]+ : 2435.0037; found: 2435.0001.
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Aggregation Behavior of Giant Amphiphiles Prepared by Cofactor
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Introduction


Low-molecular-weight amphiphilic molecules are known to
form a large variety of self-assembled structures in water,
for example, monolayers, micelles, vesicles, bilayers, rod-
and sheetlike structures, and also helices.[1] Well-defined di-
block copolymers—so-called superamphiphiles—have been
shown to generate these highly ordered structures as well.[2]


Recently, we and others reported on a new type of macro-
molecular surfactant, termed “giant amphiphile” in which a
protein or an enzyme acts as the polar head group and a
synthetic polymer as the apolar tail.[3,4] These biohybrid
ACHTUNGTRENNUNGpolymers differ from other protein–polymer conjugates in
ACHTUNGTRENNUNGthe sense that the protein-to-polymer ratio is predefined
ACHTUNGTRENNUNGand the position of the conjugation site is precisely known.
The modification of enzymes through the reconstitution


of the corresponding apoprotein with suitably modified co-
factors is an elegant way of altering the function or proper-
ties of these biomolecules.[5] The cofactor reconstitution
method has also been applied for the controlled generation
of bioactive surfaces, for example, in biosensors and biofuel
cells.[6] Examples of cofactor-bearing proteins are glucose
oxidase and heme-dependent proteins. The latter class con-
tains a significant number of potential candidates that may
be modified by the cofactor reconstitution method, as in
many of them the heme group is not covalently bound to
the rest of the protein. Most studies on the reconstitution of
proteins with modified hemes concern the reconstitution of
myoglobin (Mb, 17 kDa, Figure 1) and, albeit less frequent-
ly, hemoglobin, both of which are oxygen binding pro-
teins.[5b,d,7–13] Metal-substituted hemes have been used to
study energy-transfer processes and structural properties of
the reconstituted biomacromolecules.[9] Hemes with modi-
fied vinyl and/or propionate groups have been applied to in-
vestigate oxygen-binding properties,[10] to introduce various
functionalities that are helpful in the incorporation of the
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strated that the modification of horse-
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bin (Mb) with an apolar polymer chain
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on their activities. In the case of HRP
the enzymatic activity decreases and
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proteins into bilayers,[11] or to help enhance their catalytic
properties.[5b,12,13] Very few reports have appeared on the
modification of horseradish peroxidase (HRP, 43 kDa,
Figure 1) by means of its cofactor.[5e,6b,14] These reports pre-
dominantly deal with the modification of the propionate
groups to study the effect on the structural and catalytic
properties of the enzyme.


The modification of a protein with large hydrophobic
chains by its cofactor can lead to the formation of amphi-
philes and hence aggregates of this protein in aqueous solu-
tion.[3a,b] For phospholipids and, for example, dendrimer-
based diblock copolymers the structure and shape of these
aggregates can be predicted.[15,2b] Aiming at a similar level
of control we reasoned that the enzyme should be modified
with an apolar chain of such a length that the head to tail
ratio of the resulting amphiphile would be comparable to
that of low-molecular-weight amphiphiles. In fact this im-
plies that this apolar chain should be a polymer of sufficient-
ly high molecular weight. In a previous report we demon-
strated that the modification of HRP with an apolar poly-
mer chain through the cofactor reconstitution method yields
a giant amphiphile (Figure 2) that forms spherical aggre-
gates in aqueous solution.[3c] In the present paper we extend
this method to generation of Mb-based amphiphiles demon-
strating the versatility of the cofactor reconstitution method.
We compare the reconstitution characteristics of the two
apoproteins and demonstrate the formation of vesicles from
the Mb-based hybrid.


Results and Discussion


Synthesis : The heme propionates are important for the
oxygen-binding properties and play a role in the correct po-
sitioning of the heme group in the active site and the stabili-
zation of the heme–protein contact.[10g,16] For apo-HRP it
has been demonstrated that the reconstitution with cofactors
bearing only one modified carboxylic acid function generally
leads to higher enzymatic activities relative to cofactors
bearing two modified carboxylic acid functions.[5e,14b] There-
fore, a single polymer chain end-capped with a carboxylic
acid group (Mn=9458, Mw/Mn=1.05) was coupled to one of
the carboxylic acid groups of ferriprotoporphyrin IX by
means of a hydrophilic bis(aminoethoxy)ethane spacer (1e)
following the sequence of reactions shown in Scheme 1.[13a]


In the case of HRP the length of the spacer was chosen
such that it can span the distance between the carboxylic
acid moiety of the cofactor in the active site and the surface
of this enzyme (approximately 10 M, Figure 2, left). In the
case of Mb the carboxylic acid moieties of the cofactor are
exposed at the surface of the protein. To investigate to what
extent the ethylene oxide-based linker would interfere with
the reconstitution process we also prepared cofactor 2c,
which has an oligoethylene glycol chain of 15 M length
(Figure 2, right).


Reconstitution experiments—comparison of the modified
cofactors : UV/Vis measurements of apo-HRP reconstituted
with 2c in a 2.5:1 molar ratio showed spectral features simi-
lar to those of native heme inside HRP (Figure 3). The
shape and lmax value of the Soret band did not change with
respect to apo-HRP reconstituted with native hemin. The
shape and lmax values of the Q-bands of the modified
enzyme, however, did change, for which at present no ex-
planation is available. The catalytic activity of the system re-
constituted with 2c (turn over frequency, TOF=19000 hr�1)
was still appreciably high compared to the values obtained
for native and reconstituted HRP (Table 1).
The reconstitution of apo-Mb with 2c was carried out


using a 1:1 apoprotein/cofactor ratio and THF as the cofac-
tor solvent. UV/Vis spectroscopy (Figure 3) showed that
also in this case the shape and lmax value of the Soret band
did not change. Only small changes were observed for the
Q-bands (Figure 3, inset). The modified Mb still displayed
oxygen binding properties similar to that of native Mb, sug-
gesting that also in this case the heme group was correctly
incorporated into the protein (Figure 4).
These results indicate that the reconstitution of the two


apoproteins with a cofactor modified with an oligo(ethylene
oxide) chain that has sufficient length to extend beyond the
proteinOs surfaces results in proteins with spectral properties
that are only slightly different from the spectral features of
the native proteins. Importantly, both biomacromolecules
still retained their function. Based on these results further
studies were carried out to generate protein-based amphi-
philes by modifying the oligo(ethylene oxide) chain with a
hydrophobic polystyrene segment.


Figure 1. Crystal structures of HRP16 (left) and Mb17 (right) showing the
positioning of the heme cofactors (blue).


Figure 2. Left: Computer-generated model of HRP reconstituted with co-
factor 2c. Right: Computer-generated model of an HRP/1e giant amphi-
phile showing the heme group and the hydrophilic linker (10 M) between
cofactor and polymer.
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Reconstitution with a polystyrene modified cofactor : The
generation of HRP-based amphiphiles by cofactor reconsti-


tution was first attempted starting from aggregates of 1e. To
this end a solution of the polymer in THF (0.3 mgmL�1;
100 mL) was injected into phosphate buffer (20 mm potassi-
um phosphate, pH 7.5; 1.0 mL). In the absence of HRP the
resulting aggregates did not show any catalytic activity as
was concluded from an experiment in which apo-HRP was
taken as a reference.[17,18] Both transmission electron micro-
scopy (TEM) and scanning electron microscopy (SEM)
(Figure 5) demonstrated that polymer 1e forms spherical ag-
gregates in water with diameters of 100–1000 nm and with a
perforated wall structure.
The formation of such perforated spheres has not been re-


ported before for polymeric materials.[19] For low-molecular-
weight surfactants, vesicles with porous walls have been de-
scribed and in these cases the observed pore structure was
attributed to the relief of surface energy due to high surface
charges.[20] Attempts to construct biohybrid amphiphiles by
incubating the aggregates of 1e with apo-HRP were not suc-
cessful as no changes in morphology were observed and no
enzymatic activity was measured. The desired amphiphile
could be prepared, however, by injecting a solution of 1e in
THF into an aqueous solution containing an excess of the
apoprotein.[3c] After incubation at 4 8C or 22 8C for 4 days a
stable homogeneous dispersion was obtained from which
the excess apoprotein was removed by dialysis. UV spectros-


Scheme 1. Synthesis of modified heme cofactors. Conditions: i) P2Cl5, EtOH, CHCl3; ii) R-NH2, benzotriazol-1-yloxytripyrrolidinophosphonium hexa-
fluorophosphate, N,N-diisopropylethylamine, THF/DMF (1:1 v/v); iii) THF/MeOH/aqueous NaOH (12:4:1 v/v/v); iv) FeCl2·4H2O, DMF.


Figure 3. UV/Vis spectra recorded at 22 8C of apo-HRP (top) and apo-
Mb (bottom) reconstituted with native heme (trace a) and modified co-
factor 2c (trace b). For the reconstitution of apo-HRP a 2.5:1 ratio with
respect to the cofactor was used while for apo-MB a 1:1 ratio was used.
Insets display the Q-band regions of the spectra.


Table 1. Enzymatic activity of modified HRP.


Reconstituted HRP[a] TOF [h�1]


Apo HRP/Heme 89000
HRP 100000
Apo HRP/2c 19000


[a] A 2.5-fold excess of apo-HRP was used for the reconstitutions. The
TOF was calculated per cofactor for the enzymatic activity of HRP in
the conversion of ABTS by hydrogen peroxide obtained at 22 8C (20 mm
phosphate buffer pH 7.5).
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copy revealed spectral features of native heme inside HRP
(Figure 6) upon incorporation of 1e in the apoprotein. At
both temperatures the reconstitution yielded a modified
enzyme of which the Soret band had a lmax at the same
wavelength as found for the native enzyme (402 nm). The
Soret band of 1e reconstituted with apo-HRP at 22 8C was
more intense than that of the enzyme reconstituted at 4 8C.
The Q-bands could not be distinguished due to the turbidity
of the solutions. It was observed that incubation at 22 8C
yielded the highest enzymatic activity.[21] After 5 days the ag-
gregates displayed a TOF of 360 h�1 in 20 mm potassium
phosphate buffer at pH 7.5.[22] An electrophoretic migration


shift assay showed that the reconstituted biohybrid formed
large protein-containing aggregates that were not able to
penetrate the electrophoresis gel.[23] As expected no apo-
HRP was detected (Figure 6).
The Mb-polystyrene biohybrid amphiphiles were prepared


in the same way as described for the HRP-polystyrene bio-
hybrids, namely by injecting a solution of 1e in THF into an
aqueous solution containing an excess of the apoprotein.
After 4 days of reconstitution at 22 8C the excess of apo-Mb
was removed by centrifugation through a 100 kDa cut-off
filter. UV/Vis spectroscopy indicated clearly that the recon-
stitution had yielded a modified protein for which the Soret
band had a lmax at 410 nm, nearly identical to the value
found for the native enzyme (409 nm), indicating a success-
ful reconstitution (Figure 7). The formation of aggregates
also gave rise to an increase in scattering in the UV spectra
and as a consequence the Q-bands could not be resolved.[24]


Furthermore, whereas cofactor 1e did not display any
oxygen binding in the absence of the apoprotein, the biohy-
brid displayed the expected oxygen binding and spectro-
scopic properties, indicating that the modified heme had
been inserted correctly. Nevertheless, Figure 7 shows that
the Soret band maxima of the deoxy and the oxy forms of
the biohybrid are blue-shifted relative to those of the native
deoxy-Mb (433 nm) and native oxy-Mb (416 nm) proteins,
respectively. This suggests that in contrast to the reconstitu-
tion with 2c, in the present case the heme environment to
some extent has been disturbed.
To further investigate the oxygen binding properties of


the biohybrid the autoxidation of the dioxygen myoglobin
(oxy-Mb) to the ferric (met-Mb) form was monitored for
both apo-Mb reconstituted with native heme and for the
apo-Mb/1e hybrid. The oxy form of apo-Mb reconstituted
with native heme displayed a half-life of 21 h under the con-
ditions applied. As a result of the turbidity of the solution
and the relatively low intensity of the Soret band, it was dif-
ficult to determine the half-life of the biohybrid oxygen


Figure 4. UV/Vis spectra of the various forms of native Mb (top) and the
apo-Mb/2 hybrid (bottom) obtained a) upon treatment with sodium di-
thionite under anaerobic conditions (deoxy; lmax=433 nm), b) upon sub-
sequent application of oxygen (oxy; lmax=417 nm), and c) upon autoxida-
tion back to its resting state (met; lmax=408 nm).


Figure 5. TEM (left) and SEM (right) micrographs of aggregates formed
by 1e in aqueous solution (20 mm potassium phosphate buffer pH 7.5).
Bars represent 200 nm.


Figure 6. Left: UV/Vis spectra in the Soret band region of a) native HRP,
b) apo-HRP reconstituted at 4 8C with modified cofactor 1e, c) apo-HRP
reconstituted at 22 8C with modified cofactor 1e, and d) cofactor 1e.
Spectra were recorded in aqueous buffered solutions (pH 7.5, 20 mm po-
tassium phosphate) at a concentration of 0.0066 mm. Right: Electropho-
retic migration shift assay of 1) HRP, 2) aggregates formed by the giant
amphiphiles (arrow), 3) apo-HRP, and 4) blank experiment: aggregates
of 1e.
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complex; however, it was evident that the oxy-Mb form was
fully converted to the met-Mb form within 30 min. The ob-
served destabilization of the oxygen complex of the biohy-
brid is probably the result of the modification of one of the
heme propionates, which is needed to stabilize the oxy form,
and the introduction of the steric bulk.[13d,25] These observa-
tions are in line with autoxidation studies on modified Mb
reported in the literature, which also show a drastic decrease
in the stabilization of the oxy complex.[10e,13b,d,j]


An electrophoretic migration shift assay was carried out
on an aqueous buffered solution containing the apo-Mb/1e
biohybrid. This experiment showed that the centrifuged so-
ACHTUNGTRENNUNGlutions contained large protein-containing aggregates,[23]


which were not able to penetrate the electrophoresis gel. As
expected no apo-Mb was detected (Figure 7).


Aggregation behavior : Cryogenic scanning electron micros-
ACHTUNGTRENNUNGcopy (cryo-SEM) revealed that the HRP-derived hybrid
formed well-defined spherical aggregates with diameters of
60–400 nm (Figure 8). TEM indicated that in most cases
these aggregates enclosed spherical objects, which mostly
appeared denser (darker) than the major part of the aggre-
gate; however, albeit to a lesser extent, lighter regions were
also observed. The latter regions are tentatively assigned to
the presence of an included aqueous compartment, whereas


the darker regions may contain particles of un-reconstituted
polystyrene-modified cofactor. Importantly, however, the
main body of the aggregates appeared as a spherical object
with an intermediate density. Cryo-TEM experiments also
clearly demonstrated that the majority of these spherical ag-
gregates possessed an interior with a higher electron-scatter-
ing power than the surrounding vitrified ice and that one or
more dense particles were present. Inclusion experiments
with the water-soluble dye 4(5)-carboxyfluorescein (not
shown) revealed that the aggregates were hollow suggesting
that they contain an aqueous interior,[3c] the exact nature of
which needs further investigation.
Electron micrographs of so ACHTUNGTRENNUNGlutions containing the Mb-


based hybrid also revealed well-defined spherical aggregates
with a slightly wider distribution of diameters ranging from
20–700 nm (Figure 9). The larger aggregates had a hollow
interior and possessed a collapsed morphology typical for
polymeric vesicles. The collapse is most probably due to the
loss of solvent during sample preparation or to the applica-
tion of high vacuum in the electron microscope. Considering


Figure 7. Left: UV/Vis spectra in the Soret band region of a) cofactor 1e, b) apo-Mb reconstituted with modified cofactor 1e, c) native Mb. Spectra were
recorded in aqueous solution (pH 7.5, 20 mm potassium phosphate). Middle: UV/Vis spectra showing the Soret band region of the various forms of the
apo-Mb/1e hybrid obtained a) upon treatment with sodium dithionite under anaerobic conditions (deoxy; lmax=420 nm), b) upon subsequent application
of oxygen (oxy; lmax=415 nm), and c) upon autoxidation back to its resting state (met-Mb; lmax=410 nm). Right: Electrophoretic migration shift assay
of 1) apo-Mb, 2) no sample, 3) native Mb, 4) blank: aggregates of 1e, and 5) giant amphiphiles (indicated by the arrow).


Figure 8. Electron micrographs of aggregates of biohybrids from apo-
HRP and 1e in 20 mm potassium phosphate buffer pH 7.5. Left: cryo-
SEM; middle: TEM; right: cryo-TEM. Bars represent 200 nm.


Figure 9. Left: TEM image of aggregates of biohybrids formed from apo-
Mb and polymer 1e in aqueous solution (20 mm potassium phosphate
buffer pH 7.5). Right: SEM and cryo-SEM (inset) images of the same ag-
gregates. Bars represent 100 nm.
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the dimensions of the protein polymer hybrid it is likely that
the observed smaller objects, with diameters between 20 and
50 nm, are micellar structures and not vesicles. As almost all
aggregates appeared as strings of beads, the objects were
also investigated by cryo-SEM (Figure 9, inset). These ex-
periments confirmed the strong association of the aggregates
already in solution, suggesting that a considerable amount
of them was trapped in the process of fusion. Recently, Vrie-
zema et al. described the fusion of vesicles of poly(isocya-
nide)-based block copolymers and reported that THF is an
essential factor in the fusion proACHTUNGTRENNUNGcess.[1] Earlier Eisenberg
et al. demonstrated that the presence of THF provided the
required mobility for the reorganization of polystyrene seg-
ments in block-copolymer aggregates.[26] Based on these
data we propose that the fusion of the vesicles in the present
case is related to the use of THF for the preparation of the
protein–polymer hybrids, implying that the observed aggre-
gates are kinetically trapped structures.
From the SEM micrographs the thickness of the wall seg-


ment of the Mb-derived aggregates was determined to be
12�4 nm (Figure 10). Assuming that the observed aggre-
gates are bilayer vesicles, it is possible, based on the dimen-
sions of Mb (3.6R3.4R2.1 nm), to describe the bilayer as
being composed of three layers, one containing the polysty-
ACHTUNGTRENNUNGrene chains (located in the interior of the bilayer) and two
flanking layers each containing protein molecules
(Figure 10).[27] The volumes of the respective layers were


calculated for a vesicle of average diameter of 90 nm taking
into account the volumes of the protein (21 nm3) and the
polymer (14 nm3). These volumes amounted to 5.5R104 nm3


and 8.5R104 nm3 for the protein layers and to 8.8R104 nm3


for the polystyrene layer. From these data it can be derived
that the bilayer is composed of a total of 6700 Mb molecules
and 6300 polystyrene chains. In this calculation again only
the volume of the protein but not its shape was considered.
Considering the error (ca. 35%) in determining the thick-
ness of the bilayer the obtained numbers are in good agree-
ment with the proposed model.


Conclusions


In this paper we have shown that a macromolecular chain
can be coupled to a protein by means of the cofactor recon-
stitution method to give a giant amphiphile. The suitability
of the method was demonstrated for an enzyme (HRP) and
for an oxygen-binding protein (Mb). In both cases the
formed giant amphiphiles were found to generate well-de-
fined spherical aggregates in aqueous solution. Although
both HRP and Mb retained their original functionality when
modified with a single polystyrene chain, reconstitution had
an appreciable effect on their activity. In the case of HRP,
the enzymatic activity decreased and for Mb the stability of
the oxy complex was reduced. Although the reconstitution
with the oligo(ethylene oxide)-modified cofactor 2c only
has a small effect on the activity of the resulting hybrid, the
introduction of a polystyrene chain seems to result in a
somewhat modified binding of the heme in the apoprotein.
Several factors may be responsible for this behavior. First,
there may be an unfavorable interaction of the protein with
the polystyrene chain. Furthermore, the assembly of the
hybrid molecules in the aggregates may lead to disturbance
of the proteinOs three-dimensional structure. In addition,
both proteins have their substrate access channels located
near the site of attachment of the polystyrene chains, which
means that these channels will be partly shielded from the
aqueous solution. However, at present we cannot exclude
that the residual activity predominantly arises from the
smaller (micellar) aggregates, which would have a more dy-
namic structure than the larger vesicles.
IsraelachviliOs theory predicts that upon changing the


ratio of the cross sections of the head groups and tails of
phospholipids different types of aggregates are formed.[15]


This model was also found to apply for dendrimer-based di-
block copolymers.[2b] Although one has to realize that in the
present case the observed aggregates probably are kinetical-
ly trapped structures, it is of interest to investigate the influ-
ence of the length of the hydrophobic (polymer) tail on the
type of aggregate that is generated by these biohybrids.
These studies are currently being carried out.


Figure 10. Top: diameter distribution of the vesicle aggregates formed by
the apo-Mb/1e hybrid in aqueous solution. Bottom: SEM image of a
vesicle aggregate and schematic representation of a bilayer segment.
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Experimental Section


Materials : (Benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexa-
fluorophosphate (BOP), (Benzotriazol-1-yloxy)tripyrrolidinophosphoni-
um hexafluorophosphate (py-BOP), protoporphyrin IX disodium salt
(PP IX disodium salt), horseradish peroxidase, myoglobin, and ferrous
chloride tetrahydrate were obtained from Sigma–Aldrich. 2,2’-Azino-bis-
(3-ethylbenzthiazoline-6-sulfonic acid) diammonium salt (ABTS) was ob-
tained from Fluka. Carboxy-terminated polystyrene (Mn=9458, Mw/Mn=


1.05) was generously donated by Dr. J. J. L. M. Cornelissen.[28] {2-[2-(2-
Amino-ethoxy)ethoxy]ethyl}carbamic acid tert-butyl ester and protopor-
phyrin IX monoethylester were synthesized according to literature proce-
dures.[2, 3,29]


Synthesis : All syntheses were carried out under argon atmosphere. All
solvents were distilled prior to use.


Synthesis of 1a : Carboxy-terminated polystyrene (3.0 g, 0.32 mmol), {2-
[2-(2-aminoethoxy)ethoxy]ethyl}carbamic acid tert-butyl ester (87 mg,


0.35 mmol) and BOP (164 mg, 0.37 mmol) were dissolved in a mixture of
THF (20 mL) and DMF (20 mL). Diisopropylethylamine (0.22 mL,
1.2 mmol) was added and the reaction mixture was stirred for 16 h at
room temperature. The solvent was evaporated in vacuo and the residue
was dissolved in diethyl ether. The organic layer was extracted with aque-
ous saturated NaHCO3 solution, water, and aqueous 0.01n HCl solution,
and dried over MgSO4. The crude product was further purified by
column chromatography (CH2Cl2 followed by MeOH/CH2Cl2; 1:99 v/v).
Yield 2.4 g (0.25 mmol, 78%); 1H NMR (400 MHz, CDCl3, 22 8C, TMS):
d=7.32–6.25 (br, 445 H; -CH2CH(Ph)-), 3.43–3.23 (br, 9H; -CH2CH(Ph)-
ACHTUNGTRENNUNG(C=O)-, -CH2OCH2CH2OCH2-), 3.23–3.16 (br, 4H; -NHCH2-), 2.21–0.78
(br, 269 H; CH3CH2CH ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG(CH2CH(Ph)n�1CH2CH(Ph)ACHTUNGTRENNUNG(C=O)-), 1.48
(s, 9 H; (CH3)3CO-), 0.78–0.54 ppm (br, 6H; CH3CH2CH ACHTUNGTRENNUNG(CH3)-
ACHTUNGTRENNUNG(CH2CH(Ph)n ACHTUNGTRENNUNG(C=O)-);


13C NMR (100 MHz, CDCl3, 22 8C, TMS): d=
172.8, 155.9, 145.7–145.1, 128.3–125.5, 70.5–69.8, 51.0, 46.7–40.1, 31.2,
30.4–28.9, 28.7, 20.2–18.6, 11.5–11.0 ppm; MS (MALDI): Mn=9506, Mw/
Mn=1.02.


Synthesis of 1b : Compound 1a (2.1 g, 0.22 mmol) was dissolved in
CH2Cl2 (50 mL). Trifluoroacetic acid (2.4 mL, 31 mmol) was added and
the mixture was stirred for 4 h at room temperature. The reaction mix-


ture was concentrated in vacuo and the residue dissolved in CHCl3. The
organic layer was extracted with aqueous 5% NH3 solution, aqueous sa-
turated NaCl solution, and water, and then dried over MgSO4: Yield
2.1 g (0.22 mmol, 99%); 1H NMR (400 MHz, CDCl3, 22 8C, TMS): d=
7.32–6.25 (br, 445 H; -CH2CH(Ph)-), 3.43–3.23 (br; 9H; -CH2CH(Ph) ACHTUNGTRENNUNG(C=
O)-, -CH2OCH2CH2OCH2-), 3.23–3.16 (br, 2H; -(C=O)NHCH2-), 2.80–
2.71 (br, 2H; CH2NH2), 2.21–0.78 (br, 269 H; CH3CH2CHACHTUNGTRENNUNG(CH3)-
ACHTUNGTRENNUNG(CH2CH(Ph)n�1CH2CH(Ph) ACHTUNGTRENNUNG(C=O)-), 0.78–0.56 ppm (br, 6H;
CH3CH2CH ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG(CH2CH(Ph)n ACHTUNGTRENNUNG(C=O)-);


13C NMR (100 MHz, CDCl3,
22 8C, TMS): d=172.8, 145.8–145.3, 128.4–125.6, 70.5–69.7, 51.0, 46.7–
40.1, 31.2, 30.4–28.9, 20.2–18.6, 11.5–11.0 ppm.


Synthesis of 1c : Compound 1b (247 mg, 0.026 mmol) was dissolved in a
mixture of THF (7 mL) and DMF (7 mL). Protoporphyrin IX monoethyl
ester (20.5 mg, 0.035 mmol), py-BOP (19.8 mg, 0.038 mmol) and diisopro-


pylethylamine (0.024 mL, 0.13 mmol) were added. After stirring for 16 h
at room temperature the solution was concentrated in vacuo. The residue
was dissolved in diethyl ether and the organic layer was extracted with
an aqueous saturated NaHCO3 solution, water, and an aqueous HCl
(0.01n) solution, and was subsequently dried over MgSO4. The crude
product was purified by column chromatography (EtOAc/hexane, 3/1
v/v). Yield 161 mg (0.016 mmol, 63%); 1H NMR (400 MHz, CDCl3, 228C,
TMS): d=10.1 (m, 4H; CH), 8.3 (m; 2H; -CH=CH2), 7.3–6.3 (br, 445 H;
-CH2CH(Ph)-), 6.1 (m, 4H; -CH=CH2), 4.4 (t, J=6 Hz, 4H; -CH2CH2-
(C=O)-), 4.0 (q, J=6 Hz, 2H; CH2CH3), 3.6 (s; 12H; CH3), 3.3 (t, J=
6 Hz, 4H; -CH2CH2ACHTUNGTRENNUNG(C=O)-), 3.18–3.02 (br, 13H; -CH2CH(Ph) ACHTUNGTRENNUNG(C=O)-,
-CH2OCH2CH2OCH2-, -NHCH2-), 2.21–0.78 (br, 269 H; CH3CH2CH-
ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG(CH2CH(Ph)n�1CH2CH(Ph)ACHTUNGTRENNUNG(C=O)-), 1.0 (t, J=6 Hz, 3H;
CH2CH3), 0.78–0.56 ppm (br, 6H; CH3CH2CH ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG(CH2CH(Ph)n ACHTUNGTRENNUNG(C=
O)-); 13C NMR (125 MHz, CDCl3, 22 8C, TMS): d=173.9, 172.9, 172.6,
145.8–145.3, 130.4, 128.4–125.6, 121.2, 98.2, 97.6, 97.4, 97.0, 69.5, 69.0,
68.8, 68.4, 60.9, 50.9, 46.8–40.1, 39.0, 37.2, 31.2, 30.4–28.9, 22.3, 22.2, 20.2–
18.6, 14.5, 11.5–11.0 ppm; UV/Vis (MeOH/CHCl3, 1:10 v/v): lmax=405,
505, 541, 571, 606, 668 nm; MS (MALDI): Mn=10020, Mw/Mn=1.01.


Synthesis of 1d : Compound 1c (151 mg, 0.015 mmol) was dissolved in
THF (4 mL). MeOH (1.4 mL) and aqueous NaOH solution (0.5n,
0.33 mL) were added. The reaction mixture was stirred for 23 h. Water


(4 mL) was added and the pH was adjusted to 2 with aqueous HCl solu-
tion (1.0n, 1.5 mL). CHCl3 was added and the organic layer was extract-
ed with water and dried over Na2SO4. Yield 140 mg (0.014 mmol, 98%);
1H NMR (400 MHz, CDCl3, 22 8C, TMS): d=10.0 (m, 4H; CH), 8.20 (m;
2H; -CH=CH2), 7.4–6.3 (br, 445 H; -CH2CH(Ph)-), 6.21 (m, 4H; -CH=
CH2), 4.40 (br, 2H; -CH2CH2 ACHTUNGTRENNUNG(C=O)OH), 4.20 (br, 2H; -CH2CH2 ACHTUNGTRENNUNG(C=
O)NH-), 3.61 (s; 12H; CH3), 3.58 (br, 2H; -CH2CH2 ACHTUNGTRENNUNG(C=O)OH), 3.42 (br,
2H; -CH2CH2 ACHTUNGTRENNUNG(C=O)NH-), 3.18–3.02 (br, 13H; -CH2CH(Ph) ACHTUNGTRENNUNG(C=O)-,
-CH2OCH2CH2OCH2-, -NHCH2-), 2.37–0.78 (br, 269 H; CH3CH2CH-
ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG(CH2CH(Ph)n�1CH2CH(Ph)ACHTUNGTRENNUNG(C=O)-), 0.78–0.54 ppm (br, 6H;
CH3CH2CH ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG(CH2CH(Ph)n ACHTUNGTRENNUNG(C=O)-); UV/Vis (MeOH/CHCl3, 1:10
v/v): lmax=405, 504, 538, 577, 632, 669 nm.


Synthesis of 1e : Compound 1d (51 mg, 0.0051 mmol) and FeCl2·4H2O
(11 mg, 0.054 mmol) were dissolved in a mixture of THF (3.7 mL) and
DMF (11.1 mL) and stirred for 17 h at 65 8C. Air was bubbled through
for 15 min after which the solvent was evaporated in vacuo. The residue
was dissolved in CHCl3 and the organic layer was extracted with aqueous
HCl solution (0.001n) until the aqueous layer was colorless. The organic
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layer was washed with aqueous saturated NaCl solution and water, and
dried over MgSO4. The crude product was purified by column chroma-
tography (MeOH/CHCl3, 10/90 v/v). Yield 39 mg (0.0039 mmol, 76%);
UV/Vis (MeOH/CHCl3, 1:10 v/v): lmax=400, 488, 587 nm.


Synthesis of 2a : This compound was prepared using the same procedure
as described for compound 1c. Quantities: protoporphyrin IX monoethyl
ester (47 mg, 0.08 mmol), py-BOP (45 mg, 0.09 mmol), DIEA (0.13 mL),


(4,7,10,13,16-pentaoxaheptadecyl)amine HCl salt (21.4 mg, 0.07 mmol).
The product was purified by column chromatography (silica gel, MeOH/
CHCl3, 1/99 v/v). Yield: 56.8 mg (95%) as a purple powder;


1H NMR
(300 MHz, CDCl3, 22 8C, TMS): d=10.1 (m, 4H; CH), 8.3 (m, 2H; -CH=


CH2), 6.3 (m, 4H; -CH=CH2), 4.4 (t, J=6 Hz, 4H; -CH2CH2 ACHTUNGTRENNUNG(C=O)-), 4.0
(q, J=6 Hz, 2H; -OCH2CH3), 3.6 (s, 12H; CH3), 3.3–2.5 (m, 27H;
-NHCH2CH2CH2 ACHTUNGTRENNUNG(OCH2CH2)4OCH3, -CH2CH2 ACHTUNGTRENNUNG(C=O)O-), -CH2CH2ACHTUNGTRENNUNG(C=
O)NH-), 1.85 (m, 2H; -(C=O)NHCH2CH2-), 1.0 ppm (t, J=6 Hz, 3H;
-CH2CH3);


13C NMR (100 MHz, CDCl3, 22 8C, TMS): d=173.7, 172.5,
130.1, 120.2, 97.2–95.7, 71.9, 70.6–70.2, 69.4, 60.6, 59.0, 42.6, 40.0, 36.9,
31.2, 22.9, 21.5, 13.8, 11.5, 11.4, 11.3, 11.2 ppm; IRACHTUNGTRENNUNG(neat): ñ=3312 (N�H),
2922, 2865 (C�H), 1730 (C=O, ester), 1644, 1546 cm�1 (C=O, amide);
UV/Vis (MeOH/CHCl3, 1:10 v/v): l=404, 505, 541, 574, 628 nm; MS
(MALDI): m/z : calcd for [M+H]+ : 838.5; found: 838.4; elemental analy-
sis calcd (%) for C46H63N5O8: C 68.79, H 7.58, N 8.36; found: C 68.68, H
7.64, N 8.31.


Synthesis of 2b : This compound was prepared by using the same proce-
dure described for compound 1d. The product was dried over magnesium
sulfate. Starting quantities of 2a : 55 mg, 0.07 mmol. Yield: 52 mg (98%)


as a purple powder. 1H NMR (400 MHz, CDCl3 with one drop of MeOD,
22 8C, TMS): d=10.0 (m, 4H; CH), 8.2 (m; 2H; -CH=CH2), 6.2 (m, 4H;
-CH=CH2), 4.3 (br, 2H; -CH2CH2 ACHTUNGTRENNUNG(C=O)OH), 4.2 (br, 2H; -CH2CH2ACHTUNGTRENNUNG(C=
O)NH-), 3.6 (m, 12H; CH3), 3.3–2.6 (m, 27H; -NHCH2CH2CH2-
ACHTUNGTRENNUNG(OCH2CH2)4OCH3, -CH2CH2 ACHTUNGTRENNUNG(C=O)O-), -CH2CH2 ACHTUNGTRENNUNG(C=O)NH-), 1.8 ppm
(m, 2H; -(C=O)NHCH2CH2-);


13C NMR (100 MHz, CDCl3, 22 8C, TMS):
d=178.2, 172.9, 130.2–129.9, 120.4–119.9, 96.8–96.2, 71.7, 70.6–70.1, 69.4,
59.0, 42.5, 40.0, 39.5, 31.3, 22.7, 22.6, 11.4–11.1 ppm; IR ACHTUNGTRENNUNG(neat): ñ=3311
(N�H), 2919, 2857 (C�H), 1707 (C=O, acid), 1643, 1551 cm�1 (C=O,


amide); UV/Vis (MeOH/CHCl3, 1:10 v/v): l=405, 506, 541, 574, 628 nm;
MS (MALDI): m/z : calcd for [M+H]+: 810.4; found: 810.3; elemental
analysis calcd (%) for C46H59N5O8: C 68.21, H 7.34, N 8.65; found: C
68.13, H 7.39, N 8.62.


Synthesis of 2c : This compound was prepared using the same procedure
described for compound 1e. Quantities: 2b (21 mg, 0.03 mmol),
FeCl2.4H2O (57 mg, 0.29 mmol). Yield: 23 mg (97%) as a purple powder.


IR ACHTUNGTRENNUNG(neat): ñ=3313 (N�H), 2919, 2853 (C�H), 1723 (C=O, acid), 1637,
1553 cm�1 (C=O, amide); UV/Vis (MeOH/CHCl3, 1:10 v/v): l=391, 509,
640 nm; MS (MALDI): m/z calcd for [M�Cl]+ : 863.4; found: 863.2; ele-
mental analysis calcd (%) for C46H57ClFeN5O8: C 61.44, H 6.39, N 7.79;
found: C 61.38, H 6.44, N 7.75.


Preparation of apoproteins : Apo-HRP and apo-Mb were prepared by a
literature procedure.[30]


Reconstitution experiments : Since the reconstitution of apo-HRP with
the modified cofactors was performed with THF as the solvent for the co-
factor, reconstitution experiments with native heme and apo-Mb were
also carried out with THF as the cosolvent. The results were compared
with the commonly used procedure, which makes use of aqueous 0.1m
sodium hydroxide solution.[30] To this end apo-Mb was reconstituted with
native heme by using both THF and aqueous 0.1m sodium hydroxide so-
ACHTUNGTRENNUNGlution as the cofactor solvents. No significant differences were observed
between the two reconstituted MbOs by UV/Vis spectroscopy. Hence
THF was used for the further reconstitution experiments in order to fa-
cilitate the comparison with HRP.


Reconstitutions were carried out at 4 8C or at 22 8C by injecting a solu-
tion of modified cofactor 1e (0.44 mg, 4.4R10�5 mmol) in THF (1.0 mL)
into an aqueous phosphate-buffered solution (10.0 mL, 20 mm, pH 7.5)
containing a 2.5-fold excess of the apoprotein (1.1R10�4 mmol). After
4 days the excess of apoprotein was removed by dialysis using a mem-
brane with a 300 kDa cut-off, which allows the apoprotein (44 kDa and
17 kDa) and the individual heme cofactors (10 kDa) to pass, while retain-
ing any aggregates formed by the protein–polymer hybrid. Reconstitu-
tions with modified cofactor 2c were done by adding a solution of 2c in
THF to a buffered aqueous solution containing an equimolar amount of
apo-Mb or a 2.5-fold excess of apo-HRP (potassium phosphate, 20 mm,
pH 7.5).


TEM and SEM : Aggregates of 1e were prepared by injecting a solution
of the polymer in THF (100 mL, 0.3 mgmL�1) into phosphate buffer
(1.0 mL, 20 mm potassium phosphate, pH 7.5) and subsequently studied
on unstained carbon-coated copper grids by TEM (JEM-2000FX) at
80 kV and SEM (Jeol 6330 FESEM, after coverage with Au) at 3.0 kV.


Cryo-SEM : For cryo-SEM studies, a sample of the aggregate dispersion
was supported for freezing between two hollow rivets end-to-end. The
rivet pair, held with fine forceps, was then plunged rapidly into nitrogen-
slush, transferred to liquid nitrogen, inserted into a rivet-clamping
holder, and transferred to the specimen of an Oxford Alto 2500 cryo
transfer system. On the preparation coldstage (�120 8C) the upper un-
clamped rivet was knocked off the clamped one by using a cold knife.
This exposed a fractured face of the frozen material within the clamped
rivet. Subsequently the surface was etched at �90 8C for 5 min and finally
covered with Au/Pt (1.5 nm) by using a Denton microwave unit and stud-
ied at a Jeol 6330 FESEM at �140 8C.
Cryo-TEM : Thin films of the aggregate dispersion were prepared in the
Vitrobot (PC controlled vitrification robot, patent applied, Frederik et al
2002, patent licensed to FEI) at room temperature and a relative humidi-
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ty >95%.[31] In the preparation chamber of the Vitrobot a 3 microliter
sample was applied on a Quantifoil grid (R 2/2, Quantifoil Micro Tools
GmbH; freshly glow discharged just prior to use), excess liquid was blot-
ted away, and the thin film thus formed was shot (acceleration about 3 g)
into melting ethane. The vitrified film was transferred to a cryoholder
(Gatan 626) and observed at �170 8C in a Philips CM 12 microscope op-
erating at 120 kV. Micrographs were taken at low-dose conditions.


Electrophoretic migration shift assay : A slightly modified literature pro-
cedure was used to perform PAGE in 0.75 mm thick slab gels.[23] No
stacking gels were used. Separating gels contained 10% acrylamide and
0.27% bis-acrylamide in 1.5m Tris-HCl (pH 8.8). Aqueous 25 mm Tris-
HCl, 192 mm glycine (pH 8.3) solution was used as the migration buffer.
Gels were stained with Coomassie brilliant blue.


Inclusion experiments : For these experiments we selected the fluorescent
dye 4(5)-carboxyfluorescein as it is negatively charged and is thought to
have little interaction with the negatively charged enzyme. To exclude
any effect of the dye on the reconstitution process, we first investigated
the reconstitution of apo-HRP with its natural heme cofactor in the pres-
ence of several concentrations of 4(5)-carboxyfluorescein. The concentra-
tions of dye used were 1.1R10�8, 1.1R10�7, and 1.1R10�6m, the last con-
centration having an absorption of 0.1 as determined with UV spectros-
ACHTUNGTRENNUNGcopy. In all cases we observed a lower activity for the HRP reconstituted
in the presence of dye relative to the blank (apo-HRP reconstituted with
its native cofactor in the absence of the dye). For the lowest concentra-
tions of dye the enzymatic activity was 62.5% of the blank. For the 1.1R
10�6m dye solution 45% of enzymatic activity was regained. Subsequent-
ly apo-HRP was reconstituted with 1e as described above in the presence
of 4(5)-carboxyfluorescein (1.1R10�6m). After 4 days the solution was di-
alyzed (300 kDa MWCO, Spectra/Por) against phosphate buffer solution
(20 mm, pH 7.5) and the decrease in 4(5)-carboxyfluorescein concentra-
tion was monitored using fluorescence spectroscopy (lex=492 nm, lem=
516 nm). Next, samples of the remaining aggregate dispersion were ana-
lyzed by aqueous gel permeation chromatography (GPC) using a Super-
dex 200 PC 3.2/30 (Amersham Pharmacia Biotech) column. To release
the dye from the aggregates a sample of the aggregate dispersion was di-
luted with pure water (9 volumes) and analyzed by aqueous GPC upon
standing for 5 min.


Enzymatic activity assays : Enzymatic activities were studied by using an
ABTS/H2O2 assay. An aqueous H2O2 solution (0.05 mL, 0.07%) was
added to a solution of ABTS (2.2 mL, 3.3R10�4 mm). Finally, the respec-
tive reconstitution mixtures (0.05 mL) were added, upon which the enzy-
matic activity was monitored for 60 s by using UV/Vis spectroscopy
(lmax=420 nm). The enzymatic activities of apo-HRP at 4 8C and at 22 8C
monitored during the time span of the reconstitution were taken as
blanks. The enzymatic activity of HRP was monitored in the same way.


Oxygen binding studies : A solution of (modified) Mb (0.00015 mm) in
aqueous potassium phosphate buffered solution (2 mL, 20 mm, pH 7.5,
2 mL) was placed in a cell equipped with an injectable screw cap, de-
gassed under vacuum for 1 h, and brought to atmospheric pressure with
argon. Subsequently, an aqueous sodium dithionite solution (20 mL,
0.011m) was added and the solution was shaken for 10 s. Oxygen was
passed through the solution and the solution was exposed to air and left
to stand for autoxidation. During the experiments the cell was kept at
25 8C. Changes were monitored by UV/Vis spectroscopy.
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Introduction


Bacteria of the Bacillus and Clostridium species form meta-
bolically dormant endospores in response to nutrient deple-
tion.[2] Spores are resistant to toxic chemicals, heat, and des-
iccation, and can survive over extreme periods of time.[3]


Among other factors, the unusual toroid packing of the ge-
netic material inside the spore[4] is one factor believed to be
responsible for the unusual 50-fold increased resistance of
the spore DNA to 254 nm UV light.[5] Due to the unusual


DNA packing, however, adjacent thymidines in the spore
DNA react under exposure to UV light to give a unique
DNA lesion, the spore photoproduct (SP) (Scheme 1).[6,7]


This DNA lesion, which would inhibit spore germination, is
efficiently repaired by the (S)-adenosylmethionine (SAM)-
dependent iron sulfur DNA repair enzyme SP lyase in an
early phase of spore germination.[8–14]


To date, the exact repair mechanism is unknown. Only a
model study was carried out that suggests a plausible mech-
anism.[15] In addition, our knowledge about the exact struc-


Abstract: Investigation of the DNA
repair process performed by the spore
photoproduct (SP) lyase repair enzyme
is strongly hampered by the lack of de-
fined substrates needed for detailed en-
zymatic studies. The problem is partic-
ularly severe because the repair
enzyme belongs to the class of strongly
oxygen-sensitive radical (S)-adenosyl-
methionine (SAM) enzymes, which are
notoriously difficult to handle. We
report the synthesis of the spore photo-
product analogues 1a and 1b, which
have open backbones and are diaster-
eoisomers. In order to solve the prob-
lem of stereochemical assignment, two


further derivatives 2a and 2b with
closed backbones were prepared. The
key step of the synthesis of 2a/b is a
metathesis-based macrocyclization that
strongly increases the conformational
rigidity of the synthetic spore photo-
product derivatives. NOESY experi-
ments of the cyclic isomers furnished a
clear cross-peak pattern that allowed
the unequivocal assignment of the ster-
eochemistry. The results were transfer-


red to the data for isomers 1a and 1b,
which were subsequently used for en-
zymatic-repair studies. These studies
were performed with the novel spore
photoproduct lyase repair enzyme from
Geobacillus stearothermophilus. The
studies showed an accordance with a
recent investigation performed by us
with the spore photoproduct lyase from
Bacillus subtilis,[1] in that only the S
isomer 1a is recognized and repaired.
The ability to prepare a defined func-
tioning substrate now paves the way
for detailed enzymatic studies of the
SP-lyase lesion recognition and repair
process.
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Scheme 1. Formation and repair (SP lyase) of the spore photoproduct
DNA lesion in UV-irradiated spores. TpT= thymidylyl–(3’–5’)–thymi-
dine.
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ture of the spore lesion itself and the reasons behind the for-
mation of this photoproduct are only rudimentary. This has
mainly to do with the fact that the lesion is currently not
synthetically available due to the fact that the known syn-
thesis of the dinucleotide spore photoproduct[16] has not de-
livered sufficient yields and therefore strongly limits enzy-
matic studies.[17] In principle, the SP lesion can be formed as
the 5S or 5R stereoisomer in either an intra- or intermolecu-
lar fashion. It was revealed from a sophisticated high-per-
formance liquid chromatography (HPLC)-MS/MS study[18]


that the spore photoproduct is predominantly formed as an
intrastrand lesion (99%) and only to a minor extent as an
interstrand cross-link. Regarding the stereochemistry,
Begley et al.[16] postulated that the natural lesion might be
formed as the 5R isomer. This postulate was based on the
assumption that the DNA in spores is in a more A-like con-
formation. Within an A-type duplex, the structure would
favor formation of the R isomer due to sterical constrains. A
recent cryoelectronic investigation,[4] however, revealed that
the spore DNA exists almost in the B conformation, ques-
tioning the sterical argument.
We recently described the use of SP-lesion analogues,


which lack the central phosphodiester linkage 1a/b, as de-
fined substrates in a novel SP-lyase assay by using the SP-
lyase enzyme from Bacillus subtilis. The enzymatic study
showed clearly that only the S isomer 1a is recognized and
repaired by the repair enzyme (Scheme 2) indicating that


the natural lesion might be 5S and not 5R configured.[1]


Herein we report the synthesis of lesion analogues 1a and
1b together with the derivatives with closed backbones, 2a/
b, which allowed the unequivocal assignment of the stereo-
chemistry of both diastereomers by using 2D NMR spectro-
scopy (NOESY). Additionally, we report initial enzymatic-
repair studies with the novel spore photoproduct lyase from
the thermophilic organism Geobacillus stearothermophilus.


Results and Discussion


Synthesis of 1a/b and 2a/b : The synthesis of the substrates
1a/b with open backbones was performed as depicted in
Scheme 3.[1] The first steps were the hydrogenation of thymi-


dine 3 under atmospheric pressure using Rh/Al2O3 as a cata-
lyst, followed by the protection of the OH groups using
TESCl (TES= triethylsilyl) to give compound 4, and further
protection of the NH group using SEMCl (SEM= trimethyl-
silylethoxymethyl) to give the desired dihydrothymidine
building block 5. A second batch of thymidine 3 was treated
with TBDMSCl (TBDM= tert-butyldimethylsilyl) and
SEMCl to give the TBDMS- and SEM-protected compound
6. The following bromination furnished the allylbromide 7
as the second building block needed for the critical coupling
reaction. For the coupling of 5 with 7, we first deprotonated
compound 5 with LDA and allowed the Li enolate to react
with the allylbromide 7. Subsequent deprotection of the OH
groups using tetrabutylammonium fluoride (TBAF) gave
the SEM-protected diastereomers 8a and 8b as a 1:1 mix-
ture. Compounds 8a and 8b were finally separated by re-
versed-phase (rp) HPLC (120 L, 3 mm, C8). Cleavage of the
SEM protecting groups was possible using SnCl4, which fur-


Scheme 2. Structure of compounds 1a and 1b that were tested in a repair
assay with the spore photoproduct lyase.[1]


Scheme 3. Synthesis of the substrates with open backbones (1a/b) starting
with thymidine 3. Reagents and conditions: a) Rh/Al2O3, H2, MeOH/
H2O (1:1), RT; b) TESCl, imidazole, DMF, RT, 88%; c) SEMCl, iPr2NEt,
CH2Cl2, RT, 84%; d) TBDMSCl, imidazole, DMF, RT, 95%; e) SEMCl,
iPr2NEt, CH2Cl2, RT, 72%; f) NBS, DBPO, CCl4, 70 8C, 60%; g) LDA
(1.5 equiv), 5, THF, �78!0 8C; h) TBAF, THF, RT; rp-HPLC separation,
8a : 15%, 8b : 11%; i) SnCl4, DCM, 0 8C, 55% (for 1b : 75%).
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nished the SP-lesion monomers 1a and 1b in an overall
yield of 0.7% for each diastereomer.
Quantitative NOESY experiments of 1a and 1b to assign


the stereoconfiguration at C5 of the dihydrothymidine unit
gave no significant results due to the high flexibility of the
molecules. Particularly problematic is the ability of the mol-
ecules to freely rotate around the glycosidic bond.
In order to increase the rigidity of the SP isomers we de-


veloped a strategy to perform a macrocyclization (ring-clos-
ing metathesis, RCM) with the TBDMS-protected isomers
9a/b, which were synthesized as shown in Scheme 4. The di-


hydrothymidine building block 10 was synthesized in four
steps analogously to building block 5. Thymidine 3 was first
hydrogenated and subsequently protected in the 5’-position
with TBDMSCl to give the 5’-TBDMS-dihydrothymidine
11. Protection of the OH(3’) group was performed with
TESCl. Final protection of the ring imide with SEMCl gave
the dihydrothymidine building block 10.
The allylbromide building block 12 was synthesized in


five steps also starting from thymidine 3. First, both OH
groups were protected with TBDMS. In a second step, the


5’-protecting group was selectively cleaved with TFA/H2O
to furnish the 3’-TBDMS-thymidine 13. Following protec-
tion with TESCl and SEMCl we obtained the completely
protected thymidine 14 in an overall yield of 41%. Subse-
quent bromination with NBS furnished the allylbromide 12.
Deprotonation of the dihydrothymidine compound 10 with
LDA and coupling of the enolate with the allylbromide 12
afforded the methylene-linked bis-thymidine compound
again in the form of two diastereoisomers (15a+15b). De-
protection with HF·pyridine gave the desired protected SP
analogues 9a/b. The diastereomers 9a und 9b were separat-
ed by using normal-phase (np) HPLC (100 L, 5 mm) with an
n-heptane/ethyl acetate gradient.
For the cyclization of the separated isomers 9a and 9b


(Scheme 5), both compounds were first reacted with 4-pen-
tenoylchloride to give the diesters 16a and 16b. The macro-


cyclization was finally achieved through an RCM reaction[19]


with the Grubbs II catalyst.[20,21] This reaction furnished the
24-membered rings 2a and 2b as E/Z mixtures (2a, 95:5;
2b, 85:15; Scheme 5).[22] The E/Z isomers were separated by
using np-HPLC (100 L, 5 mm) with an n-hexane/ethyl ace-
tate gradient. Only the major isomers were used for further
investigation. The exact geometry of the double bond of the
major isomers 2a and 2b could not be determined due to
the complex coupling pattern and the lack of resolution of
the double-bond proton signals in the NMR spectra (see the
Supporting Information for the 1H NMR spectra).


Scheme 4. Synthesis of the spore photoproduct analogues 9a/b starting
with thymidine 3. Reagents and conditions: a) Rh/Al2O3, H2, MeOH/
H2O (1:1), RT; b) TBDMSCl, imidazole, DMF, RT, 82%; c) TESCl, imi-
dazole, DMF, RT, 89% d) SEMCl, iPr2NEt, CH2Cl2, RT, 86%;
e) TBDMSCl, imidazole, DMF, RT, 95%; f) TFA/H2O (10:1), CH2Cl2,
0 8C, 81%; g) TESCl, imidazole, DMF, RT, 91%; h) SEMCl, iPr2NEt,
CH2Cl2, RT, 64%; i) NBS, DBPO, CCl4, 70 8C, 20%; j) LDA (1.5 equiv),
10, THF, �78!0 8C; k) HF·pyr (4%), MeCN, �30 8C, 34%.


Scheme 5. Synthesis of the cyclic SP isomer 2a (the synthesis of 2b was
performed under the same conditions). Reagents and conditions: a) 4-
pentenoylchloride, iPr2NEt, CH2Cl2, RT, 94% (for 16b : 80%);
b) Grubbs II catalyst, CH2Cl2, 40 8C, 71% (for 2b : 82%). The HPLC-pu-
rified cyclic isomers 2a and 2b were analyzed by 2D NMR (NOESY) to
assign the stereochemistry at C5 of the dihydrothymidine unit.
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NMR investigations of 2a and
2b : For the 2D NMR analyses,
all 1H and 13C NMR signals of
2a and 2b were assigned by
using 1H,1H COSY, 1H,13C
COSY (HMQC), and HMBC
experiments. NOESY experi-
ments were performed for the
stereochemical assignment of
the stereo center at C5 of the
dihydrothymidine unit.
In the case of isomer 2a, the


proton in the 6-position of the
pyrimidine ring (B) shows NOE
contacts to H(3’), H(5’), and
H(2’) above the sugar plane.
Therefore, H(6B) is positioned
above the sugar ring and the
base is in the anti conformation
(Figure 1D). The CH2 group in
the 6-position of the dihydro-
thymidine unit (A) shows NOE
contacts to the methyl group
that are almost identical for
both protons (Figure 1A). This
shows that the methyl group is
positioned between the two H
atoms (Ha and Hb). The proton
of this CH2 group with a signal
at d=3.33 ppm (Ha) features a
strong cross peak to the proton
in the 2’-position (d=2.15 ppm
(Hc), Figure 1B) above the
sugar ring (Figure 2A). In addi-
tion, proton Ha shows a strong
NOE contact to the proton,
with a signal at d=2.68 ppm
(He), of the CH2 bridge togeth-
er with a weaker contact to the
proton with a signal at d=


2.28 ppm (Hf, Figure 1C). The
proton He features a strong
cross peak to the methyl group
(Figure 2B) and the proton Hf a
strong NOE contact to the
CH(6B) proton (Figure 1D).
All together, this cross-peak


pattern can only be explained
when the CH2 bridge is point-
ing to the front and the methyl
group to the back. This, howev-
er, is only possible when isomer
2a is S configured (Figure 3). This assignment is supported
by additional cross peaks between the CH2 group (6A) and
H(1’), which indicate that the H atoms of the CH2 group are
not located above the sugar ring (Figure 2C) excluding
other conformations that would be in agreement with the


observed cross-peak pattern. Hence, we can conclude that
isomer 2a is the S-configured compound.
For isomer 2b, the pyrimidine ring (B) is also in the anti


conformation. The H(6) proton with signal at d=7.41 ppm
possesses NOE contacts to the sugar protons above the ring


Figure 1. Depiction of the first set of essential NOESY cross peaks in CDCl3 (600 MHz) for the assignment of
the stereoconfiguration of 2a.
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plane (H(5’), H(2’)/Hc, and H(3’); Figure 4A). The two pro-
tons of the CH2 group (d=3.14 (Ha) and 3.67 ppm (Hb)) at
the 6-position of the dihydrothymidine unit show NOE con-


tacts to the proton in the 2’-po-
sition (Hc) with almost the
same intensity (Figure 4B). So
proton Hc is located in the
middle between the protons of
the CH2 group. Additional
cross peaks to other sugar pro-
tons are not present. Contacts
to the CH2 bridge between the
bases are observed only for
proton Hb (d=3.67 ppm). The
cross peak to the H atom with
a signal at d=2.75 ppm (He) is
slightly larger relative to the
cross peak to the H atom with
a signal at d=2.68 ppm (Hf,
Figure 4B). The distance from
the CH2 group (6A) to the
methyl group is almost identical
for both protons (Figure 4C). In
addition, NOE contacts be-
tween the CH2 bridge and the
methyl group were observed; a
strong one to the signal at d=


2.68 ppm (Hf) and a weaker
one to the signal at d=


2.75 ppm (He, Figure 4C). The
CH(6B) proton shows a strong
cross peak to the CH2 bridge
proton with a signal at d=


2.75 ppm (He, Figure 4A),
which is the same proton that
the CH2(6A) protons showed a
cross peak to (Hb, Figure 4B),
and a weaker cross peak to the
proton with a signal at d=


2.68 ppm (Hf), which shows a
strong signal to the methyl
group (Figure 4C).
In principle, the observed


NOESY signal pattern for 2b could be explained by both
the 5S and 5R stereochemistry. But, in the case of the S con-
figuration, large sterical interactions between the 5’-TBDMS
group and the backbone as well as the bases would have to
be accepted, which is unlikely (Figure 5, right). In the case
of the R configuration, sterical repulsion is negligible
(Figure 5, left). Consequently, we assign the R configuration
to isomer 2b.
In order to correlate the results of the stereochemical as-


signment of compounds 2a/b to the fully deprotected SP iso-
mers 1a/b, small amounts of 9a and 9b were deprotected by
using TBAF to generate the SEM-protected diastereomers
8a and 8b as depicted in Scheme 6. These isomers were also
isolated during the synthesis of 1a/b and separated by using
rp-HPLC (see above and ref. [1]).
A comparison of the HPL chromatograms from 8a and


8b derived either from 9a and 9b or from the synthesis of


Figure 2. Depiction of the second set of essential NOESY cross peaks in CDCl3 (600 MHz) for the assignment
of the stereoconfiguration of 2a.


Figure 3. Three-dimensional depiction of 2a in the S configuration show-
ing the observed strong NOE contacts. The SEM and TBDMS protecting
groups were exchanged for H atoms for clarity.
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1a and 1b shows that the order of appearance stays the
same (see the Supporting Information). Therefore, 1a must
be the S isomer and 1b the R isomer of the fully deprotect-
ed SP isomers. To ensure the identity of the deprotected iso-


mers 8a and 8b, samples corre-
sponding to the HPLC peaks
were collected and the mass
was determined with MALDI-
TOF analysis (see the Support-
ing Information).


Enzymatic studies : With the un-
equivocally assigned diaster-
eomers 1a and 1b as defined
substrates in hand, we per-
formed enzymatic studies with
the purified and reconstituted
spore photoproduct lyase
from G. stearothermophilus
(splG).[8,11,23–25] We performed
enzymatic assays under differ-
ent conditions and analyzed
them by using rp-HPLC follow-
ing a previously described
method.[1] The enzyme contains
a reduced [4Fe+4S]+ cluster
that is believed to transfer an
electron to the SAM cofactor,
resulting in the formation of
methionine (Met) and the
highly reactive 5’-deoxyadeno-
sine radical (Scheme 7). This
unstable radical is highly reac-
tive and forms 5’-deoxyadeno-
sine (5’AdoH), which can be
easily detected at l=260 nm by
using HPLC.
This was tested in the first


assay solution containing only
SAM and splG. As shown in
Figure 6A, we could observe
the formation of 5’AdoH. The
production of 5’AdoH by the
holo-splG is 1.2 molecules of 5’-
deoxyadenosine per molecule
of enzyme. In a second batch
we added the R isomer 1b to
the assay solution and observed
only the peaks for 5’AdoH and
compound 1b (Figure 6B). In a
third batch we added the S
isomer 1a. Only here we ob-
served the formation of a new
peak at 12.9 min, which corre-
sponds to the desired repair
product, thymidine (Figure 6C).
The thymidine formation is


time dependent and the calculated reaction yield for the
splG-driven repair of the S-isomer substrate is 0.2 mol prod-
uct formation per 1 mol splG per hour. In a control experi-
ment containing only compound 1a and SAM and no splG


Figure 4. Depiction of the set of essential NOESY cross peaks in MeOH (600 MHz) for the assignment of the
stereoconfiguration of 2b.


Figure 5. Three-dimensional depiction of 2b in the R (left) and S (right) configuration showing the observed
strong NOE contacts. The SEM and TBDMS protecting groups were exchanged for H atoms for clarity.
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enzyme, we neither observed the formation of 5’AdoH nor
the formation of thymidine (Figure 6D) showing that their
formation is strictly enzyme dependent.
The formation of 5’AdoH and thymidine was confirmed


by coinjection (HPLC) and mass spectrometry. In these en-
zymatic studies we observed, as in the case of the recently
published study with the spore photoproduct lyase from Ba-
cillus subtilis,[1] that only the S isomer 1a is accepted as a
substrate and repaired by the enzyme. These investigations,
performed with the SPL enzyme from a different organism,
therefore support the idea that the spore repair enzymes
can only repair the 5S isomers of the spore photoproduct.


Conclusion


In summary, we were able to synthesize and separate the di-
astereomers with open backbones, 1a and 1b, which func-
tion as substrates for the DNA repair enzyme SP lyase from
spores. The stereochemical assignment of the synthetic SP
isomers 1a and 1b was possible by using the cyclic SP iso-
mers 2a and 2b. The key step of the synthesis of 2a/b was a
macrocyclization to increase the rigidity of the spore photo-
product derivatives. In NOESY experiments of the cyclic
isomers we obtained cross-peak patterns that allowed the as-
signment of the stereochemistry for both diastereomers 2a
and 2b. We were able to correlate these results to isomers
1a and 1b to assign the stereochemistry of the lesion ana-
logues. Additionally, enzymatic DNA repair studies using 1a
and 1b as defined substrates and the SP lyase from G. stearo-
thermophilus were performed. These studies showed, as in
the case of our recently published repair study with the
spore photoproduct lyase from B. subtilis,[1] that only the S
isomer 1a is recognized and repaired by splG. These syn-


thetic stereochemically defined
and pure spore photoproduct
derivates pave the way for de-
tailed enzymatic studies of the
SP-lyase lesion recognition and
repair process.


Experimental Section


General information : All solvents
were of the quality puriss. p.a., or
purum. Purum solvents were distilled
prior to use. The commercially availa-
ble reagents were used as received
without further purification. Analytical
thin-layer chromatography (TLC) was
carried out using aluminum-based
plates (Kieselgel 60 F254) from Merck.
Plates were visualized under UV light
(l=254 nm) or by staining them with
anisaldeyhde solution. Flash chroma-
tography was carried out by using
Merck Kieselgel 60 (0.040–0.063 mm)
with N2 overpressure. Samples were
applied as saturated solutions in an ap-
propriate solvent. Melting points are
uncorrected. 1H NMR spectra were re-


corded on Bruker DRX 200 (200 MHz), AMX 300 (300 MHz), ARX 300
(300 MHz), AMX 400 (400 MHz), AMX 500 (500 MHz), AMX 600
(600 MHz), Varian Oxford 200 (200 MHz), and Varian XL 400
(400 MHz) spectrometers. The chemical shifts were referenced to DMSO
(d=2.50 ppm) in [D6]DMSO, CH3OH (d=3.31 ppm) in CD3OD, and
CHCl3 (d=7.26 ppm) in CDCl3.


13C NMR spectra were recorded on
Bruker ARX 200 (50 MHz), AMX 300 (75 MHz), ARX 300 (75 MHz),
AMX 500 (125 MHz), AMX 600 (150 MHz), and Varian XL 400
(100 MHz) spectrometers. The chemical shifts were referenced to DMSO
(d=39.43 ppm) in [D6]DMSO, CH3OH (d=49.05 ppm) in CD3OD, and
CHCl3 (d=77.00 ppm) in CDCl3. Standard pulse sequences were em-
ployed for 1H,1H and 1H,13C NMR correlation studies. IR spectra of
solids were recorded in KBr, and of liquids as thin films. IR spectra were
measured with Bruker IFS 88 and Perkin–Elmer FTIR spectrum 100 in-


Scheme 6. Deprotection of isomers 9a and 9b. Reagents and conditions:
a) TBAF, THF, RT.


Scheme 7. Postulated repair mechanism of the spore photoproduct lyase.[8, 15]
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struments. Mass spectra and high-resolution mass spectra were measured
on Finnegan TSQ 7000, Finnegan MAT 95S, Finnegan MAT 95Q, Finne-
gan MAT 90 (FAB), Finnegan LTQ-FT, PE Sciex Q-Star Pulsar i, and
Bruker Autoflex II (MALDI-TOF) instruments. Analytical HPLC was
performed with Merck–Hitachi systems equipped either with L-7400 UV
and L-7480 fluorescence detectors or with L7420 UV/Vis and L-7455
DAD detectors. Preparative HPLC was performed with a Merck–Hitachi
system equipped with a L-7480 UV detector. Analytical separations were
performed with Macherey–Nagel Nucleosil 120-3 C8, Nucleosil 100-5,
and Nucleosil 120-3 columns. Preparative separations were performed
with Macherey–Nagel Nucleosil 120-3 C8 and Nucleodur 100-5 columns.


NMR measurements : All NMR spectra for the stereochemical analysis
were recorded at 298 K on a 600 MHz Bruker DMX spectrometer
(Bruker, Karlsruhe, Germany) equipped with a quadrupole resonance
probe head with actively shielded x, y, and z gradients. The experiments
were carried out on a 18 mm sample of 2a (9 mg dissolved in 500 mL
CDCl3) and a 16 mm sample of 2b (8 mg dissolved in 500 mL CD3OD).
The spectra were processed by using XWINNMR (Bruker) and analyzed
with either XWINNMR or SPARKY software.[26] Resonance assignments
were obtained from standard 1H TOCSY,[27,28] 1H COSY,[29,30] 13C,1H
HSQC,[31–33] and 13C,1H HMBC[34] spectra. Stereospecific assignments of
the prochiral methylene groups were derived from NOESY spectra,
which were acquired with a mixing time of 150 ms and suppression of
zero quantum artifacts.[35, 36] The spectra were recorded with 32 scans per
increment. The spectral width was 6009 Hz in both the direct and the in-
direct dimension, sampled with 2048 and 512 complex points, respective-
ly. All dimensions were apodized with a p/2-shifted square sine-bell func-
tion zero filling to provide a processed spectrum of 4096P1024 complex
points.


3’,5’-O-Di(triethylsilyl)-5,6-dihydrothymidine (4):[16,37] Thymidine 3
(2.00 g, 8.26 mmol) was dissolved in MeOH/water (50 mL, 1:1) and Rh/
Al2O3 (100 mg, 5% Rh) was added. The suspension was stirred under an
H2 atmosphere at RT for 3 d. The reaction mixture was filtered through


Celite and the solvent was removed
under reduced pressure. The crude
product was azeotropically dried three
times with pyridine and dissolved in
anhydrous DMF (20 mL). Imidazole
(3.00 g, 44.1 mmol) and TESCl
(4.16 mL, 24.8 mmol) were added and
the reaction mixture was stirred over-
night at RT. The reaction mixture was
diluted with CHCl3 (30 mL), washed
with saturated aqueous sodium bicar-
bonate (3P40 mL), dried (MgSO4),
and the solvent was removed in vacuo.
Purification by using flash chromatog-
raphy (silica gel, pentane/ethyl acetate
7:3) provided 4 as a white solid
(3.45 g, 88%).


Rf=0.35 (pentane/ethyl acetate 7:3);
1H NMR (300 MHz, [D6]DMSO): d=
0.52–0.62 (m, 12H; 2PSi ACHTUNGTRENNUNG(CH2CH3)3),
0.87–0.96 (m, 18H; 2PSi ACHTUNGTRENNUNG(CH2CH3)3),
1.05 (d, J=6.6 Hz, 3H; C(5)CH3),
1.73–1.82 (m, 1H; CH2(2’)), 2.11–2.22
(m, 1H; CH2(2’)), 2.55–2.64 (m, 1H;
CH(5)), 2.91–2.99 (m, 1H; CH2(6)),
3.35–3.40 (m, 1H; CH2(6)), 3.55–3.68
(m, 3H; CH(4’), CH2(5’)), 4.22–4.33
(m, 1H; CH(3’)), 6.11 (t, J=6.6 Hz,
1H; CH(1’)), 10.23 ppm (s, 1H; NH);
13C NMR (75 MHz, [D6]DMSO): d=


4.0 (Si ACHTUNGTRENNUNG(CH2CH3)3), 4.3 (SiACHTUNGTRENNUNG(CH2CH3)3),
6.8 (2PSi ACHTUNGTRENNUNG(CH2CH3)3), 12.7 (C(5)CH3),
34.8 (CH(5)), 36.5 (CH2(2’)), 41.5
(CH2(6)), 62.7 (CH2(5’)), 72.1
(CH(3’)), 83.1 (CH(1’)), 85.6 (CH(4’)),
153.2 (CO), 173.3 ppm (CO); MS


(FAB+): m/z (%): 495 (20) [M+Na]+ , 443 (13), 413 (6), 311 (10), 213
(18), 145 (40), 115 (93), 87 (100), 59 (36).


N3-Trimethylsilylethoxymethyl-3’,5’-O-di(triethylsilyl)-5,6-dihydrothymi-
dine (5):[16] A solution containing 4 (3.64 g, 7.70 mmol), iPr2NEt
(5.27 mL, 30.8 mmol), and SEMCl (2.04 mL, 11.6 mmol) in anhydrous
CH2Cl2 (20 mL) was stirred for 4 d. After 24 h additional iPr2NEt
(5.27 mL, 30.8 mmol) and SEMCl (2.04 mL, 11.6 mmol) were added. The
reaction mixture was diluted with CHCl3 (30 mL), washed with saturated
aqueous sodium bicarbonate (3P50 mL), dried (MgSO4) and the solvent
was removed in vacuo. Flash chromatography (silica gel, pentane/ethyl
acetate 10:1) gave 5 as a colorless oil (3.89 g, 84%).


Rf=0.43 (pentane/ethyl acetate 9:1); 1H NMR (300 MHz, [D6]DMSO):
d=�0.04 (s, 9H; Si ACHTUNGTRENNUNG(CH3)3), 0.54–0.63 (m, 12H; 2PSiACHTUNGTRENNUNG(CH2CH3)3), 0.81 (t,
J=7.8 Hz, 2H; SiCH2CH2O), 0.90–0.96 (m, 18H; 2PSi ACHTUNGTRENNUNG(CH2CH3)3), 1.11
(d, J=7.0 Hz, 3H; C(5)CH3), 1.81–1.88 (m, 1H; CH2a(2’)), 2.15–2.24 (m,
1H; CH2b(2’)), 2.72–2.79 (m, 1H; CH(5)), 2.99 (dd, J=12.3, J=10.3 Hz,
1H; CH2a(6)), 3.41 (dd, J=12.9, J=5.6 Hz, 1H; CH2b(6)), 3.50 (t, J=
8.0 Hz, 2H; SiCH2CH2O), 3.60–3.62 (m, 2H; CH2(5’)), 3.66–3.68 (m, 1H;
CH(4’)), 4.30–4.32 (m, 1H; CH(3’)), 5.05 (s, 2H; OCH2N), 6.17 ppm (t,
J=7.3 Hz, 1H; CH(1’)); 13C NMR (75 MHz, [D6]DMSO): d=�1.2 (Si-
ACHTUNGTRENNUNG(CH3)3), 4.0 (Si ACHTUNGTRENNUNG(CH2CH3)3), 4.3 (Si ACHTUNGTRENNUNG(CH2CH3)3), 6.7 (2PSi ACHTUNGTRENNUNG(CH2CH3)3),
13.1 (C(5)CH3), 17.6 (OCH2CH2Si), 35.1 (CH(5)), 36.7 (CH2(2’)), 40.4
(CH2(6)), 62.6 (CH2(5’)), 65.8 (OCH2CH2Si), 69.3 (NCH2O), 72.0
(CH(3’)), 84.0 (CH(1’)), 85.8 (CH(4’)), 152.9 (CO), 172.6 ppm (CO); MS
(FAB+): m/z (%): 625 (8) [M+Na+], 603 (3) [M+H+], 573 (5), 427 (5),
213 (13), 145 (48), 116 (100), 87 (71), 73 (53), 59 (23), 44 (11).


3’,5’-O-Di(tert-butyldimethylsilyl)thymidine (17):[38,39] Thymidine 3
(2.00 g, 8.26 mmol) was dissolved in anhydrous DMF. Imidazole (3.38 g,
49.6 mmol) and TBDMSCl (3.74 g, 24.8 mmol) were added and the solu-
tion was stirred overnight at RT. The reaction mixture was diluted with
CHCl3 (200 mL), washed with water (3P200 mL), dried (MgSO4), and
the solvent was removed in vacuo. Purification by using flash chromatog-


Figure 6. HPL chromatograms of enzymatic studies. The enzyme reaction and rp-HPLC analyses were per-
formed as described in the Experimental Section. A) HPLC analysis of the assay containing 5 nmol splG and
SAM. B) HPLC analysis of the assay containing 5 nmol splG, SAM, and the (R)-1b. C) HPLC analysis of the
assay containing 5 nmol splG, SAM, and (S)-1a. Only in this case an additional peak was observed, which was
identified as the desired repair product thymidine. D) HPLC analysis of the negative control containing SAM
and (S)-1a but no splG. In all four chromatograms the y axis shows the intensity of the absorbance at l=
260 nm.
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raphy (silica gel, pentane/ethyl acetate 1:1) provided 17 as a white foam
(3.70 g, 95%).


Rf=0.30 (CHCl3/MeOH 20:1); 1H NMR (300 MHz, [D6]DMSO): d=0.06
(s, 6H; Si ACHTUNGTRENNUNG(CH3)2), 0.07 (s, 6H; Si ACHTUNGTRENNUNG(CH3)2), 0.86 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.87 (s,
9H; C ACHTUNGTRENNUNG(CH3)3), 1.76 (s, 3H; C(5)CH3), 2.00–2.09 (m, 1H; CH2a(2’)), 2.12–
2.22 (m, 1H; CH2b(2’)), 3.67–3.74 (m, 2H; CH2(5’)), 3.75–3.79 (m, 1H;
CH(4’)), 4.32–4.38 (m, 1H; CH(3’)), 6.14 (t, J=6.3 Hz, 1H; CH(1’)), 7.41
(s, 1H; CH(6)), 11.33 ppm (s, 1H; NH); 13C NMR (75 MHz,
[D6]DMSO): d=�5.3 (SiCH3), �5.3 (SiCH3), �4.8 (SiCH3), �4.6
(SiCH3), 12.4 (C(5)CH3), 17.9 (C ACHTUNGTRENNUNG(CH3)3), 18.2 (C ACHTUNGTRENNUNG(CH3)3), 25.8 (C ACHTUNGTRENNUNG(CH3)3),
25.9 (C ACHTUNGTRENNUNG(CH3)3), 39.3 (CH2(2’)), 62.9 (CH2(5’)), 72.2 (CH(3’)), 83.8
(CH(1’)), 86.8 (CH(4’)), 109.7 (C(5)), 135.7 (CH(6)), 150.6 (CO),
163.8 ppm (CO); MS (FAB+): m/z (%): 493 (35) [M+Na+], 471 (17)
[M+H+], 281 (10), 213 (13), 145 (46), 127 (15), 115 (16), 89 (40), 73
(100).


N3-Trimethylsilylethoxymethyl-3’,5’-O-di(tert-butydimethylsilyl)thymidine
(6):[16] SEM protection was carried out as described above for 5. Product
6 was isolated as a colorless oil (3.34 g, 72%).


Rf=0.33 (pentane/ethyl acetate 9:1); 1H NMR (500 MHz, [D6]DMSO):
d=�0.04 (s, 9H; Si ACHTUNGTRENNUNG(CH3)3), 0.08 (s, 6H; Si ACHTUNGTRENNUNG(CH3)2), 0.09 (s, 6H; Si-
ACHTUNGTRENNUNG(CH3)2), 0.81–0.85 (m, 2H; SiCH2CH2O), 0.88 (s, 9H; CACHTUNGTRENNUNG(CH3)3), 0.89 (s,
9H; C ACHTUNGTRENNUNG(CH3)3), 1.84 (s, 3H; C(5)CH3), 2.12 (ddd, J=13.3, J=6.3, J=
3.4 Hz, 1H; CH2a(2’)), 2.17–2.22 (m, 1H; CH2b(2’)), 3.57 (t, J=8.0 Hz,
2H; SiCH2CH2O), 3.72 (dd, J=11.4, J=3.8 Hz, 1H; CH2a(5’)), 3.78 (dd,
J=11.5, J=4.2 Hz, 1H; CH2b(5’)), 3.81–3.85 (m, 1H; CH(4’)), 4.35–4.40
(m, 1H; CH(3’)), 5.22 (s, 2H; OCH2N), 6.18 (t, J=6.5 Hz, 1H; CH(1’)),
7.51 ppm (s, 1H; CH(6)); 13C NMR (125 MHz, [D6]DMSO): d=�5.4 (2P
SiCH3), �4.8 (SiCH3), �4.7 (SiCH3), �1.3 (SiACHTUNGTRENNUNG(CH3)3), 13.0 (C(5)CH3),
17.6 (SiCH2CH2O), 17.8 (C ACHTUNGTRENNUNG(CH3)3), 18.1 (C ACHTUNGTRENNUNG(CH3)3), 25.8 (CACHTUNGTRENNUNG(CH3)3), 25.9
(C ACHTUNGTRENNUNG(CH3)3), 39.6 (CH2(2’)), 62.7 (CH2(5’)), 66.5 (SiCH2CH2O), 69.8
(OCH2N), 72.1 (CH(3’)), 85.1 (CH(1’)), 87.1 (CH(4’)), 108.9 (C(5)), 135.1
(CH(6)), 150.6 (CO), 162.8 ppm (CO); MS (FAB+): m/z (%): 601 (17)
[M+H+], 543 (15), 229 (34), 213 (30), 199 (47), 145 (100), 115 (21).


N3-Trimethylsilylethoxymethyl-3’,5’-O-di(tert-butydimethylsilyl)-5-bromo-
methyl-2’-deoxyuridine (7):[40] The protected thymidine 6 (1.00 g,
1.66 mmol), NBS (621 mg, 3.49 mmol), and benzoyl peroxide (12.0 mg,
0.05 mmol) were dissolved in carbon tetrachloride (20 mL). The reaction
was heated at 70 8C for 1 h. The reaction was allowed to cool and was fil-
tered through a sintered funnel. The solvent was removed in vacuo to
yield a crude yellow oil. Carrying out quick flash chromatography (silica
gel, pentane/ethyl acetate 9:1) gave 7 as a colorless oil (683 mg, 60%),
which decomposed at room temperature but was stable at �20 8C.
Rf=0.33 (pentane/ethyl acetate 9:1); 1H NMR (300 MHz, CDCl3): d=
0.00 (s, 9H; Si ACHTUNGTRENNUNG(CH3)3), 0.07 (s, 6H; Si ACHTUNGTRENNUNG(CH3)2), 0.13 (s, 6H; Si ACHTUNGTRENNUNG(CH3)2), 0.89
(s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.91 (s, 2H; SiCH2CH2O), 0.94 (s, 9H; CACHTUNGTRENNUNG(CH3)3), 1.92–
2.04 (m, 1H; CH2a(2’)), 2.34 (ddd, J=8.6, J=5.6, J=2.7 Hz, 1H;
CH2b(2’)), 3.64–3.72 (m, 2H; SiCH2CH2O), 3.77 (dd, J=11.3, J=2.6 Hz,
1H; CH2a(5’)), 3.89 (dd, J=11.6, J=2.6 Hz, 1H; CH2b(5’)), 4.27 (d, J=
10.3 Hz, 1H; CH2aBr), 4.30 (d, J=10.3 Hz, 1H; CH2bBr), 4.35–4.41 (m,
1H; CH(3’)), 5.41 (s, 2H; OCH2N), 6.30 (dd, J=7.6, J=5.6 Hz, 1H;
CH(1’)), 7.88 ppm (s, 1H; CH(6)); 13C NMR (75 MHz, CDCl3): d=�5.4
(2PSiCH3), �4.9 (SiCH3), �4.7 (SiCH3), �1.5 (Si ACHTUNGTRENNUNG(CH3)3), 18.0 (C ACHTUNGTRENNUNG(CH3)3),
18.1 (SiCH2CH2O), 18.4 (C ACHTUNGTRENNUNG(CH3)3), 25.7 (C ACHTUNGTRENNUNG(CH3)3), 26.0 (CACHTUNGTRENNUNG(CH3)3), 26.1
(CH2Br), 41.9 (CH2(2’)), 63.0 (CH2(5’)), 67.7 (SiCH2CH2O), 70.2
(OCH2N), 72.2 (CH(3’)), 86.2 (CH(1’)), 88.2 (CH(4’)), 110.9 (C(5)), 137.8
(CH(6)), 150.4 (CO), 161.3 ppm (CO); MS (FAB+): m/z (%): 751 (25),
679 (8) [M+H+], 653 (13), 623 (18), 599 (13), 543 (6), 287 (10), 213 (23),
145 (100).


N3
ACHTUNGTRENNUNG(A/B)-Di(trimethylsilylethoxymethyl)-5-(a-thymidyl)-5,6-dihydrothy-


midine (8a/b): Dihydrothymidine 5 (446 mg, 0.74 mmol), azeotropically
dried with anhydrous toluene, was dissolved in anhydrous THF (4 mL)
and cooled to �78 8C. A freshly prepared LDA solution (diisopropyl-
amine (156 mL, 1.11 mmol), BuLi (0.70 mL, 1.60m in hexane) in anhy-
drous THF (2 mL) left at 0 8C for 1 h) was slowly added and the reaction
mixture was stirred at �78 8C for 2 h before the addition of 7 (500 mg,
0.74 mmol) dissolved in anhydrous THF (6 mL). The reaction mixture
was stirred at �78 8C for 1.5 h and at 0 8C for 1.5 h. The reaction was
quenched by adding aqueous sodium bicarbonate (12 mL) and the aque-


ous phase was extracted with CHCl3 (3P20 mL). The collected extracts
were dried (MgSO4) and the solvent was removed in vacuo.


For deprotection of the OH groups, a TBAF solution was prepared by
dissolving TBAF (2.33 g, 7.40 mmol) in anhydrous THF (10 mL) and
adding molecular sieves (4 L). The solution was stirred at RT for 1.5 h to
remove traces of water. The crude mixture of the coupling was dissolved
in anhydrous THF (20 mL) and added to the TBAF solution. The reac-
tion mixture was stirred at RT for 1.5 h until all starting material had re-
acted. The mixture was filtered, diluted with CHCl3 (100 mL), washed
with aqueous sodium bicarbonate (150 mL), and the aqueous phase was
extracted with CHCl3 (3P100 mL). The collected organic phases were
dried (MgSO4) and the solvent was removed in vacuo. An initial purifica-
tion was achieved by using flash chromatography (silica gel, CHCl3/
MeOH 10:1) to give 8a/b as a mixture of diastereomers (328 mg, 60%).


The diastereomers were separated by using rp-HPLC using a 250/10 Nu-
cleosil 120-3 C8-column (Macherey–Nagel) with a water/acetonitrile gra-
dient (0!6% acetonitrile in 20 min, 6!9% acetonitrile in 30 min, 9!
100% acetonitrile in 5 min; flow rate: 3 mLmin�1; detection wavelength:
250 nm). The mixture was dissolved in water/acetonitrile (30 mL, 1:1)
and for each separation 1 mL of the solution was injected through a
Rheodyne valve on the column. After HPLC purification, the S isomer
8a (82.0 mg, 15%) and the R isomer 8b (58.0 mg, 11%) were isolated as
colorless oils.


Isomer (S)-8a : Rf=0.30 (CHCl3/MeOH 10:1); 1H NMR (500 MHz,
[D6]DMSO): d=�0.06 (s, 9H; Si ACHTUNGTRENNUNG(CH3)3), �0.05 (s, 9H; SiACHTUNGTRENNUNG(CH3)3), 0.73–
0.84 (m, 4H; 2PSiCH2CH2O), 1.03 (s, 3H; C(5A)CH3), 1.81 (ddd, J=
13.1, J=6.0, J=2.5 Hz, 1H; CH2a ACHTUNGTRENNUNG(2’A)), 1.96–2.08 (m, 2H; CH2bACHTUNGTRENNUNG(2’A),
CH2aACHTUNGTRENNUNG(2’B)), 2.15 (ddd, J=13.1, J=6.0, J=3.3 Hz, 1H; CH2b ACHTUNGTRENNUNG(2’B)), 2.32
(d, J=13.9 Hz, 1H; C(5B)CH2a), 2.78 (d, J=13.7 Hz, 1H; C(5B)CH2b),
3.14 (d, J=13.3 Hz, 1H; CH2a(6A)), 3.19 (d, J=13.3 Hz, 1H; CH2b(6A)),
3.38–3.41 (m, 3H; CH2 ACHTUNGTRENNUNG(5’A), H2O), 3.43–3.48 (m, 2H; SiCH2CH2O(A)),
3.50–3.55 (m, 2H; SiCH2CH2O(B)), 3.56–3.59 (m, 2H; CH2 ACHTUNGTRENNUNG(5’B)), 3.61–
3.64 (m, 1H; CH ACHTUNGTRENNUNG(4’A)), 3.79–3.83 (m, 1H; CH ACHTUNGTRENNUNG(4’B)), 4.11–4.15 (m, 1H;
CH ACHTUNGTRENNUNG(3’A)), 4.23–4.27 (m, 1H; CH ACHTUNGTRENNUNG(3’B)), 4.96 (d, J=9.6 Hz, 1H;
OCH2aN(A)), 5.04 (d, J=9.9 Hz, 1H; OCH2bN(A)), 5.15 (d, J=9.9 Hz,
1H; OCH2aN(B)), 5.17 (d, J=9.9 Hz, 1H; OCH2bN(B)), 6.15–6.22 (m,
2H; 2PCH(1’)), 7.84 ppm (s, 1H; CH(6B)); 13C NMR (125 MHz,
[D6]DMSO): d=�1.2 (2PSi ACHTUNGTRENNUNG(CH3)3), 17.6 (SiCH2CH2O), 17.8
(SiCH2CH2O), 20.0 (C(5A)CH3), 31.7 (C(5B)CH2), 36.2 (CH2 ACHTUNGTRENNUNG(2’A)), 40.1
(CH2ACHTUNGTRENNUNG(2’B)), 41.4 (C(5A)), 44.4 (CH2(6A)), 61.4 (CH2 ACHTUNGTRENNUNG(5’B)), 62.0 (CH2-
ACHTUNGTRENNUNG(5’A)), 65.7 (SiCH2CH2O(A)), 66.5 (SiCH2CH2O(B)), 69.7 (OCH2N(A)),
70.0 (OCH2N(B)), 70.6 (CH ACHTUNGTRENNUNG(3’B)), 70.9 (CH ACHTUNGTRENNUNG(3’A)), 84.0 (CH ACHTUNGTRENNUNG(1’A)), 85.3
(CH ACHTUNGTRENNUNG(1’B)), 86.3 (CH ACHTUNGTRENNUNG(4’A)), 87.8 (CH ACHTUNGTRENNUNG(4’B)), 107.6 (C(5B)), 138.6
(CH(6B)), 150.4 (CO(2B)), 152.4 (CO(2A)), 163.0 (CO(4B)), 173.5 ppm
(CO(4A)); IR (film): ñmax=3400s, 2952s, 1710s, 1666 s, 1465s, 1394w,
1365w, 1338w, 1279m, 1247m, 1199m, 1091 s, 998s, 917w, 860s, 837s,
766m, 694w, 619w cm�1; MS (MALDI+): m/z (%): 783 (17) [M+K+],
767 (86) [M+Na+], 306 (27), 284 (100), 215 (17), 175 (12); HRMS
(ESI+): m/z calcd for C32H56N4NaO12Si2: 767.3331; found: 767.3296
[M+Na+].


Isomer (R)-8b : Rf=0.30 (CHCl3/MeOH 10:1); 1H NMR (500 MHz,
[D6]DMSO): d=�0.06 (s, 9H; Si ACHTUNGTRENNUNG(CH3)3), �0.04 (s, 9H; SiACHTUNGTRENNUNG(CH3)3), 0.76–
0.85 (m, 4H; 2PSiCH2CH2O), 1.02 (s, 3H; C(5A)CH3), 1.77–1.84 (m,
1H; CH2a ACHTUNGTRENNUNG(2’A)), 1.96–2.04 (m, 1H; CH2b ACHTUNGTRENNUNG(2’A)), 2.07–2.14 (m, 2H; CH2-
ACHTUNGTRENNUNG(2’B)), 2.19 (d, J=14.2 Hz, 1H; C(5B)CH2a), 2.83 (d, J=13.9 Hz, 1H;
C(5B)CH2b), 3.11 (d, J=13.2 Hz, 1H; CH2a(6A)), 3.31 (d, J=13.1 Hz,
1H; CH2b(6A)), 3.41–3.48 (m, 4H; CH2 ACHTUNGTRENNUNG(5’A), SiCH2CH2O(A)), 3.49–3.61
(m, 4H; CH2 ACHTUNGTRENNUNG(5’B), SiCH2CH2O(B)), 3.63–3.68 (m, 1H; CH ACHTUNGTRENNUNG(4’A)), 3.77–
3.82 (m, 1H; CH ACHTUNGTRENNUNG(4’B)), 4.11–4.16 (m, 1H; CH ACHTUNGTRENNUNG(3’A)), 4.22–4.27 (m, 1H;
CH ACHTUNGTRENNUNG(3’B)), 4.75 (t, J=5.4 Hz, 1H; OHACHTUNGTRENNUNG(5’A)), 4.92 (d, J=9.8 Hz, 1H;
OCH2aN(A)), 4.98 (t, J=5.0 Hz, 1H; OHACHTUNGTRENNUNG(5’B)), 5.07 (d, J=9.9 Hz, 1H;
OCH2bN(A)), 5.10–5.19 (m, 3H; OH ACHTUNGTRENNUNG(3’A), OCH2N(B)), 5.26 (d, J=
4.1 Hz, 1H; OH ACHTUNGTRENNUNG(3’B)), 6.17–6.20 (m, 2H; 2PCH(1’)), 7.73 ppm (s, 1H;
CH(6B)); 13C NMR (125 MHz, [D6]DMSO): d=�1.2 (2PSi ACHTUNGTRENNUNG(CH3)3), 17.5
(SiCH2CH2O), 17.8 (SiCH2CH2O), 19.6 (C(5A)CH3), 32.2 (C(5B)CH2),
36.1 (CH2 ACHTUNGTRENNUNG(2’A)), 41.3 (C(5A)), 44.7 (CH2(6A)), 61.5 (CH2 ACHTUNGTRENNUNG(5’B)), 62.2
(CH2ACHTUNGTRENNUNG(5’A)), 65.6 (SiCH2CH2O(A)), 66.5 (SiCH2CH2O(B)), 69.6
(OCH2N(A)), 70.0 (OCH2N(B)), 70.6 (CH ACHTUNGTRENNUNG(3’B)), 71.0 (CH ACHTUNGTRENNUNG(3’A)), 83.9
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(CH ACHTUNGTRENNUNG(1’A)), 85.1 (CH ACHTUNGTRENNUNG(1’B)), 86.4 (CH ACHTUNGTRENNUNG(4’A)), 87.7 (CH ACHTUNGTRENNUNG(4’B)), 107.9
(C(5B)), 138.5 (CH(6B)), 150.5 (CO(2B)), 152.1 (CO(2A)), 162.9
(CO(4B)), 173.3 ppm (CO(4A)); IR (film): ñmax=3442 s, 2952 s, 1653s,
1465m, 1364w, 1278w, 1247w, 1200w, 1091m, 916w, 860m, 836m, 760m,
694w, 667w cm�1; MS (MALDI+): m/z (%): 783 (3) [M+K+], 767 (29)
[M+Na+], 306 (30), 253 (6), 242 (100), 197 (5); HRMS (ESI+): m/z calcd
for C32H56N4NaO12Si2: 767.3331; found: 767.3343 [M+Na]+ .


(5R)-(a-Thymidyl)-5,6-dihydrothymidine (1b): Isomer (R)-8b (59.0 mg,
0.08 mmol) was dissolved in anhydrous CH2Cl2 (7 mL) and the solution
was cooled to 0 8C. A solution of SnCl4 (0.80 mL, 1m in CH2Cl2) was
added dropwise. The reaction mixture was stirred at 0 8C for 1 h. The re-
action was quenched by adding methanolic sodium hydroxide (3 mL, 4%
NaOH). The solvent was removed under reduced pressure. The crude
product was suspended in methanol (4 mL), and centrifuged and deca-
nted to remove the tin salts. This procedure was repeated twice. The sol-
vent was removed from the collected solutions in vacuo. Purification by
using flash chromatography (silica gel, CHCl3/MeOH 4:1) provided 1b as
a white solid (27.0 mg, 75%).


Rf=0.10 (CHCl3/MeOH 4:1); m.p. 155–158 8C; 1H NMR (500 MHz,
[D6]DMSO): d=0.98 (s, 3H; C(5A)CH3), 1.77 (ddd, J=12.8, J=6.2, J=
2.5 Hz, 1H; CH2a ACHTUNGTRENNUNG(2’A)), 1.94–2.01 (m, 1H; CH2b ACHTUNGTRENNUNG(2’A)), 2.05–2.11 (m,
2H; CH2 ACHTUNGTRENNUNG(2’B)), 2.25 (d, J=14.2 Hz, 1H; C(5B)CH2a), 2.73 (d, J=
13.3 Hz, 1H; C(5B)CH2b), 3.05 (d, J=13.1 Hz, 1H; CH2a(6A)), 3.23 (d,
J=13.1 Hz, 1H; CH2b(6A)), 3.41 (t, J=5.3 Hz, 2H; CH2 ACHTUNGTRENNUNG(5’A)), 3.51–3.57
(m, 2H; CH2 ACHTUNGTRENNUNG(5’B)), 3.59–3.63 (m, 1H; CH ACHTUNGTRENNUNG(4’A)), 3.74–3.79 (m, 1H; CH-
ACHTUNGTRENNUNG(4’B)), 4.07–4.12 (m, 1H; CH ACHTUNGTRENNUNG(3’A)), 4.21–4.27 (m, 1H; CH ACHTUNGTRENNUNG(3’B)), 4.81 (t,
J=5.5 Hz, 1H; OH ACHTUNGTRENNUNG(5’A)), 5.02 (t, J=5.3 Hz, 1H; OH ACHTUNGTRENNUNG(5’B)), 5.30 (d, J=
4.1 Hz, 1H; OH ACHTUNGTRENNUNG(3’A)), 5.30 (d, J=4.1 Hz, 1H; OH ACHTUNGTRENNUNG(3’B)), 6.08–6.17 (m,
2H; 2PCH(1’)), 7.65 (s, 1H; CH(6B)), 10.05 (s, 1H; NH(A)), 11.22 ppm
(s, 1H; NH(B)); 13C NMR (125 MHz, [D6]DMSO): d=19.5 (C(5A)CH3),
31.1 (C(5B)CH2), 36.0 (CH2ACHTUNGTRENNUNG(2’A)), 41.2 (C(5A)), 46.0 (CH2(6A)), 61.7
(CH2ACHTUNGTRENNUNG(5’B)), 62.2 (CH2 ACHTUNGTRENNUNG(5’A)), 70.8 (CH ACHTUNGTRENNUNG(3’B)), 71.0 (CH ACHTUNGTRENNUNG(3’A)), 83.1 (CH-
ACHTUNGTRENNUNG(1’A)), 84.3 (CH ACHTUNGTRENNUNG(1’B)), 86.2 (CHACHTUNGTRENNUNG(4’A)), 87.6 (CH ACHTUNGTRENNUNG(4’B)), 108.8 (C(5B)),
139.1 (CH(6B)), 150.4 (CO(2B)), 152.4 (CO(2A)), 163.7 (CO(4B)),
174.2 ppm (CO(4A)); IR (KBr): ñmax=3419s, 2924m, 2854w, 1697s,
1476m, 1389w, 1278w, 1205m, 1091m, 1050m, 766w cm�1; MS
(MALDI+): m/z (%): 507 (100) [M+Na+], 444 (5), 412 (5), 390 (6), 314
(10), 306 (46), 288 (29), 284 (35), 268 (15), 254 (12), 165 (13); HRMS
(ESI+): m/z calcd for C20H28N4NaO10: 507.1703; found: 507.1694
[M+Na]+ ; m/z calcd for C20H28KN4O10: 523.1443; found: 523.1434
[M+K]+ .


(5S)-(a-Thymidyl)-5,6-dihydrothymidine (1a): SEM deprotection was
carried out as described above for 1b. Isomer (S)-1a was isolated as a
white solid (27.0 mg, 55%).


Rf=0.10 (CHCl3/MeOH 4:1); m.p. 155–158 8C; 1H NMR (500 MHz,
[D6]DMSO): d=0.99 (s, 3H; C(5A)CH3), 1.77 (ddd, J=13.2, J=6.2, J=
2.8 Hz, 1H; CH2a ACHTUNGTRENNUNG(2’A)), 1.94–2.06 (m, 2H; CH2b ACHTUNGTRENNUNG(2’A), CH2a ACHTUNGTRENNUNG(2’B)), 2.10
(ddd, J=13.2, J=5.9, J=3.1 Hz, 1H; CH2bACHTUNGTRENNUNG(2’B)), 2.30 (d, J=13.8 Hz,
1H; C(5B)CH2a), 2.72 (d, J=14.0 Hz, 1H; C(5B)CH2b), 3.05 (d, J=
12.9 Hz, 1H; CH2a(6A)), 3.17 (d, J=13.0 Hz, 1H; CH2b(6A)), 3.36 (s,
13H; CH2 ACHTUNGTRENNUNG(5’A), H2O), 3.51–3.59 (m, 3H; CH2 ACHTUNGTRENNUNG(5’B), CH ACHTUNGTRENNUNG(4’A)), 3.75–3.79
(m, 1H; CH ACHTUNGTRENNUNG(4’B)), 4.08–4.13 (m, 1H; CH ACHTUNGTRENNUNG(3’A)), 4.23–4.28 (m, 1H; CH-
ACHTUNGTRENNUNG(3’B)), 4.77 (t, J=5.5 Hz, 1H; OH ACHTUNGTRENNUNG(5’A)), 5.14 (t, J=5.1 Hz, 1H; OH-
ACHTUNGTRENNUNG(5’B)), 5.19 (d, J=4.2 Hz, 1H; OH ACHTUNGTRENNUNG(3’A)), 5.34 (d, J=4.2 Hz, 1H; OH-
ACHTUNGTRENNUNG(3’B)), 6.09 (dd, J=7.9, J=6.2 Hz, 1H; CH ACHTUNGTRENNUNG(1’A)), 6.13 (t, J=7.2 Hz, 1H;
CH ACHTUNGTRENNUNG(1’B)), 7.72 (s, 1H; CH(6B)), 10.11 (s, 1H; NH(A)), 11.23 ppm (s,
1H; NH(B)); 13C NMR (125 MHz, [D6]DMSO): d=20.2 (C(5A)CH3),
30.8 (C(5B)CH2), 35.9 (CH2 ACHTUNGTRENNUNG(2’A)), 41.1 (C(5A)), 45.5 (CH2(6A)), 61.50
(CH2ACHTUNGTRENNUNG(5’B)), 62.0 (CH2 ACHTUNGTRENNUNG(5’A)), 70.7 (CH ACHTUNGTRENNUNG(3’B)), 70.8 (CH ACHTUNGTRENNUNG(3’A)), 83.0 (CH-
ACHTUNGTRENNUNG(1’A)), 84.2 (CH ACHTUNGTRENNUNG(1’B)), 86.0 (CHACHTUNGTRENNUNG(4’A)), 87.6 (CH ACHTUNGTRENNUNG(4’B)), 108.7 (C(5B)),
139.1 (CH(6B)), 150.4 (CO(2B)), 152.5 (CO(2A)), 163.8 (CO(4B)),
174.4 ppm (CO(4A)); IR (KBr): ñmax=3393s, 2918m, 2253w, 1693s,
1474w, 1389w, 1278w, 1232w, 1093m, 1051m, 1026m, 1002m, 827w,
766w, 574w cm�1; MS (ESI+): m/z (%): 523 (57) [M+K+], 407 (16), 336
(12), 303 (100), 257 (17), 122 (45); HRMS (ESI+): m/z calcd for
C20H28KN4O10: 523.1443; found: 523.1450 [M+K]+ .


5’-O-tert-Butyldimethylsilyl-5,6-dihydrothymidine (11):[37–39] Thymidine 3
(2.50 g, 10.3 mmol) was dissolved in MeOH/water (50 mL, 1:1) and Rh/


Al2O3 (100 mg, 5% Rh) was added. The suspension was stirred under an
H2 atmosphere at RT for 2 d. The reaction mixture was filtered through
Celite and the solvent was removed under reduced pressure. The crude
product was azeotropically dried three times with pyridine and dissolved
in anhydrous DMF (11 mL). Imidazole (1.54 g, 22.7 mmol) and
TBDMSCl (1.71 g, 11.3 mmol) were added and the reaction mixture was
stirred for 1 h at RT. The reaction mixture was diluted with CHCl3
(50 mL), washed with saturated aqueous sodium bicarbonate (7P
100 mL), dried (MgSO4), and the solvent was removed in vacuo. Purifica-
tion by using flash chromatography (silica gel, CHCl3/MeOH 20:1) pro-
vided 11 as a white foam (3.01 g, 82%).


Rf=0.20 (CHCl3/MeOH 20:1); 1H NMR (400 MHz, [D6]DMSO): d=0.04
(s, 3H; Si ACHTUNGTRENNUNG(CH3)2a), 0.05 (s, 3H; Si ACHTUNGTRENNUNG(CH3)2b), 0.87 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.06 (d,
J=7.2 Hz; 3H, CH3), 1.79–1.85 (m, 1H; CH2a(2’)), 2.03–2.10 (m, 1H;
CH2b(2’)), 2.53–2.64 (m, 1H; CH(5)), 2.99 (dd, J=12.4, J=10.0 Hz, 1H;
CH2a(6)), 3.38 (dd, J=12.8, J=5.6 Hz, 1H; CH2b(6)), 3.60–3.67 (m, 3H;
CH(4’), CH2(5’)), 4.10–4.11 (m, 1H; CH(3’)), 5.13–5.14 (m, 1H; OH),
6.11–6.14 (m, 1H; CH(1’)), 10.19 ppm (s, 1H; NH); 13C NMR (100 MHz,
[D6]DMSO): d=�5.5 (SiCH3), �5.5 (SiCH3), 12.6 (CH3), 17.9 (C ACHTUNGTRENNUNG(CH3)3),
25.8 (CACHTUNGTRENNUNG(CH3)3), 34.6 (CH(5)), 36.4 (CH2(2’)), 41.3 (CH2(6)), 63.3
(CH2(5’)), 70.3 (CH(3’)), 82.7 (CH(1’)), 85.3 (CH(4’)), 152.8 (CO),
173.0 ppm (CO); MS (FAB+): m/z : 740 [2M+H+], 381 [M+Na+], 359
[M+H+]; HRMS (FAB+): m/z calcd for C16H31N2O5Si: 359.2002; found:
359.2002 [M+H]+ .


3’-O-Triethylsilyl-5’-O-tert-butyldimethylsilyl-5,6-dihydrothymidine (18):
The TBDMS-protected dihydrothymidine 11 (2.97 g, 8.29 mmol), imida-
zole (1.69 g, 24.9 mmol), and TESCl (2.09 mL, 12.4 mmol) were dissolved
in anhydrous DMF (13 mL). The reaction mixture was stirred overnight
at RT. The solution was diluted with CHCl3 (60 mL), washed with satu-
rated aqueous sodium bicarbonate (7P120 mL), dried (MgSO4), and the
solvent was removed in vacuo. Carrying out flash chromatography (silica
gel, i-hexane/ethyl acetate 7:3) gave 18 as a white foam (3.50 g, 89%).


Rf=0.31 (iHex/ethyl acetate 7:3); 1H NMR (400 MHz, [D6]DMSO): d=
0.05 (s, 3H; Si ACHTUNGTRENNUNG(CH3)2a), 0.06 (s, 3H; Si ACHTUNGTRENNUNG(CH3)2b), 0.59 (q, J=8.0 Hz, 6H;
Si ACHTUNGTRENNUNG(CH2CH3)3), 0.87 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.93 (t, J=8.0 Hz, 9H; Si-
ACHTUNGTRENNUNG(CH2CH3)3)), 1.06 (d, J=7.2 Hz, 3H; CH3), 1.78–1.83 (m, 1H; CH2a(2’)),
2.14–2.21 (m, 1H; CH2b(2’)), 2.56–2.66 (m, 1H; CH(5)), 2.97 (dd, J=
12.4, J=10.4 Hz, 1H; CH2a(6)), 3.37 (dd, J=12.8, J=5.6 Hz, 1H;
CH2b(6)), 3.60–3.66 (m, 3H; CH(4’), CH2(5’)), 4.27–4.29 (m, 1H;
CH(3’)), 6.10–6.14 (dd, J=6.4, J=6.4 Hz, 1H; CH(1’)), 10.22 ppm (s,
1H; NH); 13C NMR (100 MHz, [D6]DMSO): d=�5.6 (SiCH3), �5.6
(SiCH3), 4.2 (SiACHTUNGTRENNUNG(CH2CH3)3), 6.5 (Si ACHTUNGTRENNUNG(CH2CH3)3), 12.5 (CH3), 17.9 (C-
ACHTUNGTRENNUNG(CH3)3), 25.7 (C ACHTUNGTRENNUNG(CH3)3), 34.5 (CH(5)), 36.3 (CH2(2’)), 41.4 (CH2(6)), 62.7
(CH2(5’)), 71.7 (CH(3’)), 82.8 (CH(1’)), 85.3 (CH(4’)), 152.9 (CO),
173.0 ppm (CO); MS (FAB+): m/z : 969 [2M+Na+], 496 [M+Na+], 474
[M+H+]; HRMS (MALDI+): m/z calcd for C22H44N2NaO5Si2: 495.2686;
found: 495.2637 [M+Na]+ .


N3-Trimethylsilylethoxymethyl-3’-O-triethylsilyl-5’-O-tert-butyldimethyl-
silyl-5,6-dihydrothymidine (10):[16] SEM protection was carried out as de-
scribed above for 5. Product 10 (3.80 g, 86%) was isolated as a colorless
oil.


Rf=0.19 (iHex/ethyl acetate 9:1); 1H NMR (400 MHz, [D6]DMSO): d=
�0.04 (s, 9H; Si ACHTUNGTRENNUNG(CH3)3), 0.05 (s, 3H; Si ACHTUNGTRENNUNG(CH3)2a), 0.06 (s, 3H; Si ACHTUNGTRENNUNG(CH3)2b),
0.59 (q, J=8.0 Hz, 6H; Si ACHTUNGTRENNUNG(CH2CH3)3), 0.79–0.84 (m, 2H; SiCH2CH2O),
0.87 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.93 (t, J=8.0 Hz, 9H; Si ACHTUNGTRENNUNG(CH2CH3)3), 1.10 (d, J=
7.2 Hz, 3H; CH3), 1.82–1.88 (m, 1H; CH2a(2’)), 2.15–2.22 (m, 1H;
CH2b(2’)), 2.73–2.78 (m, 1H; CH(5)), 3.00 (dd, J=12.8, J=10.0 Hz, 1H;
CH2a(6)), 3.38 (dd, J=12.8, J=5.6 Hz, 1H; CH2b(6)), 3.50 (t, J=8.0 Hz,
2H; SiCH2CH2O), 3.62–3.68 (m, 3H; CH(4’), CH2(5’)), 4.28–4.31 (m,
1H; CH(3’)), 5.05 (s, 2H; OCH2N), 6.15–6.18 ppm (dd, J=6.4, J=6.4 Hz,
1H; CH(1’)); 13C NMR (100 MHz, [D6]DMSO): d=�5.7 (SiCH3), �5.6
(SiCH3), �1.4 (Si ACHTUNGTRENNUNG(CH3)3), 4.1 (Si ACHTUNGTRENNUNG(CH2CH3)3), 6.5 (Si ACHTUNGTRENNUNG(CH2CH3)3), 12.9
(CH3), 17.4 (OCH2CH2Si), 17.9 (C ACHTUNGTRENNUNG(CH3)3), 25.6 (C ACHTUNGTRENNUNG(CH3)3), 34.9 (CH(5)),
36.5 (CH2(2’)), 40.2 (CH2(6)), 62.6 (CH2(5’)), 65.5 (OCH2CH2Si), 69.0
(NCH2O), 71.5 (CH(3’)), 83.7(CH(1’)), 85.4 (CH(4’)), 152.6 (CO),
172.3ppm (CO); MS (FAB+): m/z : 604 [M+H+]; HRMS (MALDI+):
m/z calcd for C28H58N2NaO6Si3: 625.3500; found: 625.3496 [M+Na]+ .
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3’-O-tert-Butyldimethylsilylthymidine (13):[41] The bis-TBDMS-protected
thymidine 17 (3.53 g, 7.50 mmol) was dissolved in CH2Cl2 (41 mL) and
cooled to 0 8C. A TFA/water mixture (4.1 mL, 10:1, cooled to 0 8C) was
added dropwise to the solution. The reaction mixture was stirred for 4 h
at 0 8C. The solution was diluted with cooled CH2Cl2 (9 mL), washed
with ice-cold water (50 mL) and with saturated aqueous sodium chloride
(25 mL), dried (MgSO4), and the solvent was removed in vacuo. Carrying
out flash chromatography (silica gel, CHCl3/MeOH 20:1) gave 13 as a
white foam (2.17 g, 81%).


Rf=0.18 (CHCl3/MeOH 20:1); 1H NMR (400 MHz, [D6]DMSO): d=0.08
(s, 6H; Si ACHTUNGTRENNUNG(CH3)2), 0.87 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.77 (s, 3H; CH3), 2.00–2.06 (m,
1H; CH2a(2’)), 2.15–2.21 (m, 1H; CH2b(2’)), 3.51–3.61 (m, 2H; CH2(5’)),
3.74–3.77 (m, 1H; CH(4’)), 4.39–4.42 (m, 1H; CH(3’)), 5.06–5.08 (m, 1H;
OH), 6.13–6.16 (m, 1H; CH(1’)), 7.66 (s, 1H; CH(6)), 11.28 ppm (s, 1H;
NH); 13C NMR (100 MHz, [D6]DMSO): d=�4.9 (SiCH3), �4.8 (SiCH3),
12.2 (CH3), 17.7 (C ACHTUNGTRENNUNG(CH3)3), 25.6 (C ACHTUNGTRENNUNG(CH3)3), 39.5 (CH2(2’)), 60.9
(CH2(5’)), 72.1 (CH(3’)), 83.7 (CH(1’)), 87.3 (CH(4’)), 109.4 (C(5)), 136.0
(CH(6)), 150.4 (CO), 163.6 ppm (CO); MS (FAB+): m/z : 714 [2M+H+],
379 [M+Na+], 357 [M+H+], 117 [TBS+H+].


3’-O-tert-Butyldimethylsilyl-5’-O-triethylsilylthymidine (19): TES protec-
tion was carried out as described above for 18. Product 19 was isolated as
a colorless oil (2.53 g, 91%).


Rf=0.36 (iHex/ethyl acetate 7:3); 1H NMR (400 MHz, [D6]DMSO): d=
0.08 (s, 6H; Si ACHTUNGTRENNUNG(CH3)2), 0.60 (q, J=8.0 Hz, 6H; Si ACHTUNGTRENNUNG(CH2CH3)3), 0.87 (s,
9H; C ACHTUNGTRENNUNG(CH3)3), 0.93 (t, J=8.0 Hz, 9H; Si ACHTUNGTRENNUNG(CH2CH3)3)), 1.78 (s, 3H; CH3),
2.03–2.09 (m, 1H; CH2a(2’)), 2.17–2.24 (m, 1H; CH2b(2’)), 3.67–3.75 (m,
2H; CH2(5’)), 3.76–3.80 (m, 1H; CH(4’)), 4.36–4.39 (m, 1H; CH(3’)),
6.14–6.17 (dd, J=6.4, J=6.4 Hz, 1H; CH(1’)), 7.47 (s, 1H; CH(6)),
11.32 ppm (s, 1H; NH); 13C NMR (100 MHz, [D6]DMSO): d=�5.0
(SiCH3), �4.9 (SiCH3), 3.8 (SiACHTUNGTRENNUNG(CH2CH3)3), 6.5 (SiACHTUNGTRENNUNG(CH2CH3)3), 12.1
(CH3), 17.6 (CACHTUNGTRENNUNG(CH3)3), 25.6 (C ACHTUNGTRENNUNG(CH3)3), 62.2 (CH2(5’)), 72.0 (CH(3’)), 83.7
(CH(1’)), 86.7 (CH(4’)), 109.4 (C(5)), 135.6 (CH(6)), 150.3 (CO),
163.6 ppm (CO); MS (FAB+): m/z : 494 [M+Na+], 472 [M+H+], 117
[TES+H+] and [TBS+H+]; HRMS (MALDI+): m/z calcd for
C22H42N2NaO5Si2: 493.2530; found: 493.2541 [M+Na]+ .


N3-Trimethylsilylethoxymethyl-3’-O-tert-butyldimethylsilyl-5’-O-triethylsi-
lylthymidine (14): SEM protection was carried out as described above for
5. Product 14 was isolated as a colorless oil (2.04 g, 64%).


Rf=0.24 (iHex/ethyl acetate 9:1); 1H NMR (400 MHz, [D6]DMSO): d=
�0.05 (s, 9H; Si ACHTUNGTRENNUNG(CH3)3), 0.08 (s, 6H; Si ACHTUNGTRENNUNG(CH3)2), 0.60 (q, J=7.9 Hz, 6H;
Si ACHTUNGTRENNUNG(CH2CH3)3), 0.83 (t, J=8.0 Hz, 2H; SiCH2CH2O), 0.87 (s, 9H; C-
ACHTUNGTRENNUNG(CH3)3), 0.92 (t, 3J=8.0 Hz, 9H; Si ACHTUNGTRENNUNG(CH2CH3)3), 1.83 (s, 3H; CH3), 2.08–
2.14 (m, 1H; CH2a(2’)), 2.18–2.25 (m, 1H; CH2b(2’)), 3.56 (t, J=8.0 Hz,
2H; SiCH2CH2O), 3.71 (dd, J=11.2, J=3.6 Hz, 1H; CH2a(5’)), 3.77 (dd,
J=11.2, J=4.0 Hz, 1H; CH2b(5’)), 3.80–3.83 (m, 1H; CH(4’)), 4.36–4.39
(m, 1H; CH(3’)), 5.21 (s, 2H; OCH2N), 6.15–6.19 (m, 1H; CH(1’)),
7.56 ppm (s, 1H; CH(6)); 13C NMR (100 MHz, [D6]DMSO): d=�5.0
(SiCH3), �4.9 (SiCH3), �1.5 (Si ACHTUNGTRENNUNG(CH3)3), 3.8 (Si ACHTUNGTRENNUNG(CH2CH3)3), 6.5 (Si-
ACHTUNGTRENNUNG(CH2CH3)3), 12.7 (CH3), 17.4 (SiCH2CH2O), 17.6 (C ACHTUNGTRENNUNG(CH3)3), 25.6 (C-
ACHTUNGTRENNUNG(CH3)3), 39.4 (CH2(2’)), 62.1 (CH2(5’)), 66.3 (SiCH2CH2O), 69.6
(OCH2N), 71.8 (CH(3’)), 84.9 (CH(1’)), 86.9 (CH(4’)), 108.6 (C(5)), 134.9
(CH(6)), 150.4 (CO), 162.6 ppm (CO); MS (FAB+): m/z : 1225 [2M+H+


], 624 [M+Na+], 602 [M+H+], 117 [TES+H+] and [TBS+H+]; HRMS
(MALDI+): m/z calcd for C28H56N2NaO6Si3: 623.3344; found: 623.3319
[M+Na]+ .


N3-Trimethylsilylethoxymethyl-3’-O-tert-butyldimethylsilyl-5’-O-triethyl-
silyl-5-bromomethyl-2’-deoxyuridine (12):[40] The bromination was carried
out as described above for 7. Product 12 was isolated as a colorless oil
(112 mg, 20%), which decomposed at room temperature but was stable
at �20 8C.
Rf=0.30 (iHex/ethyl acetate 9:1); 1H NMR (200 MHz, CDCl3): d=0.00
(s, 9H; Si ACHTUNGTRENNUNG(CH3)3), 0.07 (s, 6H; Si ACHTUNGTRENNUNG(CH3)2), 0.64 (q, J=8.0 Hz, 6H; Si-
ACHTUNGTRENNUNG(CH2CH3)3), 0.89–0.93 (m, 11H; SiCH2CH2O, CACHTUNGTRENNUNG(CH3)3), 0.97–1.04 (m,
9H; Si ACHTUNGTRENNUNG(CH2CH3)3), 1.94–2.09 (m, 1H; CH2a(2’)), 2.29–2.40 (m, 1H;
CH2b(2’)), 3.64–3.72 (m, 2H; SiCH2CH2O), 3.79–3.98 (m, 3H; CH(4’),
CH2(5’)), 4.23 (d, J=10.6 Hz, 1H; CH2aBr), 4.32 (d, J=10.6 Hz, 1H;
CH2bBr), 4.39–4.42 (m, 1H; CH(3’)), 5.41 (s, 2H; OCH2N), 6.28–6.34 (m,
1H; CH(1’)), 7.97 ppm (s, 1H; CH(6)).


13C NMR and mass spectral data were unobtainable due to the rapid de-
composition of 12.


N3
ACHTUNGTRENNUNG(A/B)-Di(trimethylsilylethoxymethyl)-5’(A),3’(B)-O-di(tert-butyldime-


thylsilyl)-5-(a-thymidyl)-5,6-dihydrothymidine (15a/b): Dihydrothymi-
dine 10 (87 mg, 0.14 mmol), azeotropically dried with anhydrous toluene,
was dissolved in anhydrous THF (0.8 mL) and cooled to �78 8C. A fresh-
ly prepared LDA solution (diisopropylamine (31 mL, 0.22 mmol), BuLi
(0.14 mL, 1.60m in hexane) in anhydrous THF (0.4 mL) left at 0 8C for
1 h) was slowly added and the reaction mixture was stirred at �78 8C for
2 h before the addition of 12 (100 mg, 0.15 mmol), dissolved in anhydrous
THF (1.2 mL). The reaction mixture was stirred at �78 8C for 1.5 h and
at 0 8C for 1.5 h. The reaction was quenched by adding aqueous sodium
bicarbonate (5 mL) and the aqueous phase was extracted with CHCl3
(3P5 mL). The collected extracts were dried (MgSO4) and the solvent
was removed in vacuo.


The crude mixture of the coupling reaction was dissolved in anhydrous
acetonitrile (1.29 mL) and cooled to �30 8C. A HF·pyridine solution (4%
in acetonitrile, 2.92 mL, 937 mmol) was added and the reaction mixture
was stirred at �30 8C for 40 min. The reaction was quenched by adding
methoxytrimethylsilane, stirred at �30 8C for 1 h, and the solvent was re-
moved in vacuo. An initial purification was achieved by using flash chro-
matography (silica gel, i-hexane/ethyl acetate 4:1!3:2) to give 9a/b as
colorless oil (48.0 mg, 34%).


The diastereomers were separated by using np-HPLC with a 250/10 Nu-
cleodur 100-5 column (Macherey–Nagel) and an n-heptane/ethyl acetate
gradient (0!70% ethyl acetate in 70 min, 70!100% ethyl acetate in
5 min; flow rate: 3 mLmin�1; detection wavelength: 260 nm). The mix-
ture was dissolved in n-heptane/ethyl acetate (9 mL, 1:1) and for each
separation 1 mL of the solution was injected through a Rheodyne valve
on the column. After HPLC purification, the isomers (S)-9a (13.0 mg,
9%) and (R)-9b (18.0 mg, 13%) were isolated as colorless oils.


Isomer (S)-9a : Rf=0.45 (iHex/ethyl acetate 3:2); 1H NMR (400 MHz,
CDCl3): d=�0.02 (s, 9H; Si ACHTUNGTRENNUNG(CH3)3), �0.01 (s, 9H; Si ACHTUNGTRENNUNG(CH3)3), 0.06 (s,
3H; Si ACHTUNGTRENNUNG(CH3)), 0.07 (s, 3H; Si ACHTUNGTRENNUNG(CH3)), 0.11 (s, 6H; 2PSi ACHTUNGTRENNUNG(CH3)), 0.88–0.91
(m, 22H; 2PSiCH2CH2O, 2PC ACHTUNGTRENNUNG(CH3)3), 1.22 (s, 3H; CH3), 2.00–2.18 (m,
3H; CH2 ACHTUNGTRENNUNG(2’A), CH2aACHTUNGTRENNUNG(2’B)), 2.36 (ddd, J=13.2, J=6.0, J=2.8 Hz, 1H;
CH2bACHTUNGTRENNUNG(2’B)), 2.57 (d, J=14.0 Hz, 1H; C(5B)CH2a), 2.82 (d, J=14.0 Hz,
1H; C(5B)CH2b), 3.13 (d, J=12.8 Hz, 1H; CH2a(6A)), 3.23 (d, J=
12.8 Hz, 1H; CH2b(6A)), 3.57–3.69 (m, 5H; 2PSiCH2CH2O, CH2aACHTUNGTRENNUNG(5’A)),
3.71 (dd, J=12.0, J=2.4 Hz, 1H; CH2aACHTUNGTRENNUNG(5’B)), 3.76–3.79 (m, 1H; CH-
ACHTUNGTRENNUNG(4’A)), 3.83 (dd, J=10.0, J=4.0 Hz, 1H; CH2b ACHTUNGTRENNUNG(5’A)), 3.97 (dd, J=12.0,
J=2.4 Hz, 1H; CH2b ACHTUNGTRENNUNG(5’B)), 4.01–4.03 (m, 1H; CH ACHTUNGTRENNUNG(4’B)), 4.34–4.38 (m,
1H; CH ACHTUNGTRENNUNG(3’A)), 4.44–4.46 (m, 1H; CH ACHTUNGTRENNUNG(3’B)), 5.13 (d, J=9.6 Hz, 1H;
OCH2aN(A)), 5.17 (d, J=9.6 Hz, 1H; OCH2bN(A)), 5.34 (d, J=9.6 Hz,
1H; OCH2aN(B)), 5.37 (d, J=9.6 Hz, 1H; OCH2bN(B)), 6.14–6.18 (m,
1H; CH ACHTUNGTRENNUNG(1’B)), 6.31–6.34 (m, 1H; CH ACHTUNGTRENNUNG(1’A)), 7.88 ppm (s, 1H; CH(6B));
13C NMR (100 MHz, [D6]DMSO): d=�5.2 (SiCH3), �5.2 (SiCH3), �4.7
(SiCH3), �4.5 (SiCH3), �1.29 (Si ACHTUNGTRENNUNG(CH3)3), �1.25 (SiACHTUNGTRENNUNG(CH3)3), 18.1 (C-
ACHTUNGTRENNUNG(CH3)3), 18.2 (SiCH2CH2O), 18.3 (SiCH2CH2O), 18.5 (C ACHTUNGTRENNUNG(CH3)3), 22.0
(CH3), 25.9 (C ACHTUNGTRENNUNG(CH3)3), 26.2 (C ACHTUNGTRENNUNG(CH3)3), 32.2 (C(5B)CH2), 36.7 (CH2-
ACHTUNGTRENNUNG(2’A)), 42.2 (CH2 ACHTUNGTRENNUNG(2’B)), 43.1 (CH(5A)), 45.1 (CH2(6A)), 62.3 (CH2 ACHTUNGTRENNUNG(5’B)),
64.1 (CH2ACHTUNGTRENNUNG(5’A)), 67.3 (SiCH2CH2O(A)), 67.7 (SiCH2CH2O(B)), 70.2
(OCH2N(A)), 70.4 (OCH2N(B)), 72.7 (CH ACHTUNGTRENNUNG(3’B)), 73.0 (CH ACHTUNGTRENNUNG(3’A)), 84.3
(CH ACHTUNGTRENNUNG(1’A)), 84.8 (CH ACHTUNGTRENNUNG(4’A)), 87.9 (CH ACHTUNGTRENNUNG(1’B)), 88.9 (CH ACHTUNGTRENNUNG(4’B)), 107.7
(C(5B)), 139.9 (CH(6B)), 150.7 (CO(2B)), 152.4 (CO(2A)), 164.0
(CO(4B)), 174.5 ppm (CO(4A)); MS (MALDI+): m/z : 1012 [M+K+],
996 [M+Na+]; HRMS (MALDI+): m/z calcd for C44H83N4NaO12Si4:
994.4982; found: 994.4942 [M+Na]+ .


Isomer (R)-9b : Rf=0.45 (iHex/ethyl acetate 3:2); 1H NMR (400 MHz,
CDCl3): d=�0.03 (s, 9H; Si ACHTUNGTRENNUNG(CH3)3), �0.02 (s, 9H; Si ACHTUNGTRENNUNG(CH3)3), 0.06 (s,
3H; SiCH3), 0.08 (s, 3H; SiCH3), 0.10 (s, 3H; SiCH3), 0.11 (s, 3H;
SiCH3), 0.88–0.91 (m, 22H; 2PSiCH2CH2O, 2PC ACHTUNGTRENNUNG(CH3)3), 1.22 (s, 3H;
CH3), 2.08–2.18 (m, 3H; CH2ACHTUNGTRENNUNG(2’A), CH2aACHTUNGTRENNUNG(2’B)), 2.26 (ddd, J=13.2, J=
6.0, J=3.6 Hz, 1H; CH2b ACHTUNGTRENNUNG(2’B)), 2.62 (d, J=14.4 Hz, 1H; C(5B)CH2a),
2.82 (d, J=14.4 Hz, 1H; C(5B)CH2b), 3.06 (d, J=13.2 Hz, 1H;
CH2a(6A)), 3.29 (d, J=13.2 Hz, 1H; CH2b(6A)), 3.57 (dd, J=10.0, J=
2.8 Hz, 1H; CH2aACHTUNGTRENNUNG(5’A)), 3.60–3.67 (m, 4H; 2PSiCH2CH2O), 3.72 (dd, J=
12.4, J=2.4 Hz, 1H; CH2aACHTUNGTRENNUNG(5’B)), 3.76–3.79 (m, 2H; CH2b ACHTUNGTRENNUNG(5’A), CH ACHTUNGTRENNUNG(4’A)),
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3.87–3.89 (m, 1H; CHACHTUNGTRENNUNG(4’B)), 3.92 (dd, J=12.4, J=2.4 Hz, 1H; CH2b-
ACHTUNGTRENNUNG(5’B)), 4.35–4.38 (m, 1H; CH ACHTUNGTRENNUNG(3’A)), 4.47–4.50 (m, 1H; CH ACHTUNGTRENNUNG(3’B)), 5.14 (d,
J=10.0 Hz, 1H; OCH2aN(A)), 5.21 (d, J=9.6 Hz, 1H; OCH2bN(A)),
5.34 (d, J=9.6 Hz, 1H; OCH2aN(B)), 5.37 (d, J=9.6 Hz, 1H;
OCH2bN(B)), 6.29–6.33 (m, 1H; CH ACHTUNGTRENNUNG(1’B)), 6.34–6.37 (m, 1H; CH ACHTUNGTRENNUNG(1’A)),
7.77 ppm (s, 1H; CH(6B)); 13C NMR (100 MHz, [D6]DMSO): d=�5.3
(SiCH3), �5.2 (SiCH3), �4.7 (SiCH3), �4.5 (SiCH3), �1.3 (Si ACHTUNGTRENNUNG(CH3)3),
�1.3 (Si ACHTUNGTRENNUNG(CH3)3), 18.1 (CACHTUNGTRENNUNG(CH3)3), 18.2 (SiCH2CH2O), 18.3 (SiCH2CH2O),
18.5 (CACHTUNGTRENNUNG(CH3)3), 21.6 (CH3), 25.9 (CACHTUNGTRENNUNG(CH3)3), 26.1 (CACHTUNGTRENNUNG(CH3)3), 32.1
(C(5B)CH2), 37.1 (CH2 ACHTUNGTRENNUNG(2’A)), 41.7 (CH2 ACHTUNGTRENNUNG(2’B)), 43.3 (CH(5A)), 45.2
(CH2(6A)), 62.0 (CH2ACHTUNGTRENNUNG(5’B)), 64.4 (CH2 ACHTUNGTRENNUNG(5’A)), 67.2 (SiCH2CH2O(A)),
67.6 (SiCH2CH2O(B)), 70.3 (OCH2N(A)), 70.5 (OCH2N(B)), 72.0 (CH-
ACHTUNGTRENNUNG(3’B)), 73.8 (CH ACHTUNGTRENNUNG(3’A)), 84.6 (CH ACHTUNGTRENNUNG(1’A)), 85.0 (CH ACHTUNGTRENNUNG(4’A)), 86.1 (CH ACHTUNGTRENNUNG(1’B)),
88.2 (CH ACHTUNGTRENNUNG(4’B)), 108.5 (C(5B)), 139.2 (CH(6B)), 150.8 (CO(2B)), 152.8
(CO(2A)), 163.8 (CO(4B)), 174.1 ppm (CO(4A)); MS (MALDI+): m/z :
1012 [M+K+], 996 [M+Na+]; HRMS (MALDI+): m/z calcd for
C44H83N4NaO12Si4: 994.4982; found: 994.4942 [M+Na]+ .


Diester 16a : The protected SP model 9a (10.0 mg, 10.3 mmol), iPr2NEt
(4.30 mL, 25.8 mmol), and 4-pentenoylchloride (2.40 mL, 22.7 mmol) were
dissolved in anhydrous CH2Cl2 (1 mL) and stirred at RT for 6 h. After
2 h and 4 h stirring, additional iPr2NEt (4.30 mL, 25.8 mmol) and 4-pente-
noylchloride (2.40 mL, 22.7 mmol) were added, respectively. The reaction
mixture was diluted with CHCl3 (4 mL), washed with aqueous sodium bi-
carbonate (5 mL), and the aqueous phase was extracted with CHCl3 (2P
5 mL). The collected organic phases were dried (MgSO4) and the solvent
was removed in vacuo. Purification by using flash chromatography (silica
gel, i-hexane/ethyl acetate 9:1!1:1) provided 16a as a colorless oil
(11.0 g, 94%).


Rf=0.73 (iHex/ethyl acetate 7:3); 1H NMR (400 MHz, [D4]MeOH): d=
�0.01 (s, 9H; Si ACHTUNGTRENNUNG(CH3)3), 0.00 (s, 9H; SiACHTUNGTRENNUNG(CH3)3), 0.15 (s, 6H; Si ACHTUNGTRENNUNG(CH3)2),
0.16 (s, 6H; Si ACHTUNGTRENNUNG(CH3)2), 0.85–0.91 (m, 4H; 2PSiCH2CH2O), 0.94 (s, 9H;
C ACHTUNGTRENNUNG(CH3)3), 0.96 (s, 9H; CACHTUNGTRENNUNG(CH3)3), 1.23 (s, 3H; C(5A)CH3), 2.03 (ddd, J=
13.6, J=5.2, J=1.2 Hz, 1H; CH2a ACHTUNGTRENNUNG(2’A)), 2.16–2.24 (m, 2H; CH2bACHTUNGTRENNUNG(2’A),
CH2aACHTUNGTRENNUNG(2’B)), 2.30 (ddd, J=13.6, J=6.4, J=4.0 Hz, 1H; CH2b ACHTUNGTRENNUNG(2’B)), 2.35–
2.42 (m, 4H; 2PCH2=CHCH2CH2), 2.45–2.50 (m, 2H; CH2=


CHCH2CH2), 2.54–2.57 (m, 2H; CH2=CHCH2CH2), 2.69 (d, J=14.0 Hz,
1H; C(5B)CH2a), 2.75 (d, J=14.0 Hz, 1H; C(5B)CH2b), 3.25 (d, J=
13.2 Hz, 1H; CH2a(6A)), 3.30–3.35 (m, 9H; CH2b(6A), MeOH), 3.58 (t,
J=8.0 Hz, 2H; SiCH2CH2O(A)), 3.66 (t, J=8.0 Hz, 2H;
SiCH2CH2O(B)), 3.80 (dd, J=10.8, J=3.6 Hz, 1H; CH2a ACHTUNGTRENNUNG(5’A)), 3.86 (dd,
J=11.2, J=3.6 Hz, 1H; CH2b ACHTUNGTRENNUNG(5’A)), 3.93–3.96 (m, 1H; CH ACHTUNGTRENNUNG(4’A)), 4.04–
4.08 (m, 1H; CH ACHTUNGTRENNUNG(4’B)), 4.27 (dd, J=12.0, J=4.0 Hz, 1H; CH2aACHTUNGTRENNUNG(5’B)),
4.37 (dd, J=12.0, J=5.2 Hz, 1H; CH2b ACHTUNGTRENNUNG(5’B)), 4.48–4.52 (m, 1H; CH-
ACHTUNGTRENNUNG(3’B)), 4.97–5.02 (m, 2H; CH2=CH), 5.04–5.06 (m, 1H; CH2=CH), 5.08–
5.10 (m, 1H; CH2=CH), 5.17 (s, 2H; OCH2N(A)), 5.22–5.25 (m, 1H;
CH ACHTUNGTRENNUNG(3’A)), 5.34 (s, 2H; OCH2N(B)), 5.80–5.91 (m, 2H; 2PCH2=CH),
6.25–6.30 (m, 2H; 2PCH(1’)), 7.62 ppm (s, 1H; CH(6B)); 13C NMR
(100 MHz, [D4]MeOH): d=�5.1 (SiCH3), �5.0 (SiCH3), �4.6 (SiCH3),
�4.4 (SiCH3), �1.2 (2PSi ACHTUNGTRENNUNG(CH3)3), 18.9 (C ACHTUNGTRENNUNG(CH3)3), 19.1 (SiCH2CH2O(A)),
19.1 (SiCH2CH2O(B)), 19.4 (C ACHTUNGTRENNUNG(CH3)3), 22.4 (C(5A)CH3), 26.3 (C ACHTUNGTRENNUNG(CH3)3),
26.7 (C ACHTUNGTRENNUNG(CH3)3), 30.0 (2PCH2=CHCH2CH2), 33.5 (C(5B)CH2), 34.4
(CH2=CHCH2CH2), 34.5 (CH2=CHCH2CH2), 35.0 (CH2 ACHTUNGTRENNUNG(2’A)), 41.4
(CH2ACHTUNGTRENNUNG(2’B)), 44.2 (C(5A)), 45.8 (CH2(6A)), 64.5 (CH2 ACHTUNGTRENNUNG(5’B)), 64.7 (CH2-
ACHTUNGTRENNUNG(5’A)), 67.8 (SiCH2CH2O(A)), 68.6 (SiCH2CH2O(B)), 71.2 (OCH2N(A)),
71.5 (OCH2N(B)), 73.3 (CH ACHTUNGTRENNUNG(3’B)), 75.9 (CH ACHTUNGTRENNUNG(3’A)), 84.9 (CH ACHTUNGTRENNUNG(4’A)), 85.7
(CH ACHTUNGTRENNUNG(1’A)), 86.2 (CH ACHTUNGTRENNUNG(4’B)), 87.3 (CH ACHTUNGTRENNUNG(1’B)), 109.9 (C(5B)), 116.2 (2P
CH2=CH), 137.9 (CH2=CH), 138.0 (CH2=CH), 140.7 (CH(6B)), 152.1
(CO(2B)), 154.3 (CO(2A)), 165.0 (CO(4B)), 174.1 (ester-CO), 174.3
(ester-CO), 175.3 ppm (CO(4A)); IR (KBr): ñmax=3080w, 2954s, 2929s,
2897w, 2858m, 1741s, 1719s, 1681s, 1668s, 1463s, 1360m, 1276w, 1249s,
1169w, 1093 s, 1030w, 991w, 916m, 860m, 836s, 779m, 694w, 668w, 613w,
521w cm�1; MS (FAB+): m/z (%): 1159 (7) [M+Na+], 213 (12), 145 (13),
136 (17), 89 (29), 81 (33), 73 (100), 55 (16); HRMS (MALDI+): m/z
calcd for C54H96N4NaO14Si4: 1159.5898; found: 1159.5887 [M+Na]+ .


Diester 16b : The reaction was carried out as described above for 16a.
Isomer (R)-16b was isolated as a colorless oil (14.0 mg, 80%).


Rf=0.73 (iHex/ethyl acetate 7:3); 1H NMR (400 MHz, [D4]MeOH): d=
�0.06 (s, 9H; SiACHTUNGTRENNUNG(CH3)3), �0.04 (s, 9H; Si ACHTUNGTRENNUNG(CH3)3), 0.09 (s, 6H; Si ACHTUNGTRENNUNG(CH3)2),


0.10 (s, 6H; Si ACHTUNGTRENNUNG(CH3)2), 0.81–0.87 (m, 4H; 2PSiCH2CH2O), 0.88 (s, 9H;
C ACHTUNGTRENNUNG(CH3)3), 0.90 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.41 (s, 3H; C(5A)CH3), 2.00–2.05 (m,
1H; CH2aACHTUNGTRENNUNG(2’A)), 2.13–2.22 (m, 2H; CH2b ACHTUNGTRENNUNG(2’A), CH2aACHTUNGTRENNUNG(2’B)), 2.24–2.39 (m,
6H; CH2bACHTUNGTRENNUNG(2’B), 2PCH2=CHCH2CH2, C(5B)CH2a), 2.41–2.46 (m, 4H; 2P
CH2=CHCH2CH2), 2.87 (d, J=14.0 Hz, 1H; C(5B)CH2b), 3.20 (d, J=
13.2 Hz, 1H; CH2a(6A)), 3.46 (d, J=12.8 Hz, 1H; CH2b(6A)), 3.49–3.55
(m, 2H; SiCH2CH2O(A)), 3.57–3.62 (m, 2H; SiCH2CH2O(B)), 3.79 (dd,
J=11.2, J=3.2 Hz, 1H; CH2aACHTUNGTRENNUNG(5’A)), 3.83 (dd, J=11.2, J=2.8 Hz, 1H;
CH2bACHTUNGTRENNUNG(5’A)), 3.94–3.96 (m, 1H; CH ACHTUNGTRENNUNG(4’A)), 4.02–4.06 (m, 1H; CH ACHTUNGTRENNUNG(4’B)),
4.20 (dd, J=12.0, J=4.0 Hz, 1H; CH2aACHTUNGTRENNUNG(5’B)), 4.29 (dd, J=12.0, J=
6.0 Hz, 1H; CH2b ACHTUNGTRENNUNG(5’B)), 4.38–4.42 (m, 1H; CH ACHTUNGTRENNUNG(3’B)), 4.91–5.06 (m, 5H;
2PCH2=CH, OCH2aN(A)), 5.14–5.21 (m, 2H; OCH2bN(A), CH ACHTUNGTRENNUNG(3’A)),
5.26 (d, J=10.0 Hz, 1H; OCH2aN(B)), 5.30 (d, J=10.0 Hz, 1H;
OCH2bN(B)), 5.74–5.88 (m, 2H; 2PCH2=CH), 6.16 (t, J=6.8 Hz, 1H;
CH ACHTUNGTRENNUNG(1’B)), 6.25 (dd, J=9.6, J=5.6 Hz, 1H; CH ACHTUNGTRENNUNG(1’A)), 7.49 ppm (s, 1H;
CH(6B)); 13C NMR (150 MHz, [D4]MeOH): d=�5.2 (SiCH3), �5.0
(SiCH3), �4.7 (SiCH3), �4.5 (SiCH3), �1.2 (2PSi ACHTUNGTRENNUNG(CH3)3), 18.9 (C ACHTUNGTRENNUNG(CH3)3),
18.9 (SiCH2CH2O), 19.1 (SiCH2CH2O), 19.3 (C ACHTUNGTRENNUNG(CH3)3), 21.1
(C(5A)CH3), 26.3 (C ACHTUNGTRENNUNG(CH3)3), 26.6 (CACHTUNGTRENNUNG(CH3)3), 29.97 (CH2=CHCH2CH2),
30.00 (CH2=CHCH2CH2), 33.8 (C(5B)CH2), 34.5 (2PCH2=CHCH2CH2),
35.1 (CH2 ACHTUNGTRENNUNG(2’A)), 41.5 (CH2 ACHTUNGTRENNUNG(2’B)), 43.5 (C(5A)), 46.2 (CH2(6A)), 65.0 (2P
CH2(5’)), 67.8 (SiCH2CH2O(A)), 68.5 (SiCH2CH2O(B)), 71.3
(OCH2N(A)), 71.4 (OCH2N(B)), 73.9 (CH ACHTUNGTRENNUNG(3’B)), 76.6 (CH ACHTUNGTRENNUNG(3’A)), 85.4
(CH ACHTUNGTRENNUNG(4’A)), 86.1 (CH ACHTUNGTRENNUNG(1’A)), 86.5 (CH ACHTUNGTRENNUNG(4’B)), 88.1 (CH ACHTUNGTRENNUNG(1’B)), 109.8
(C(5B)), 116.2 (2PCH2=CH), 137.9 (CH2=CH), 138.0 (CH2=CH), 139.7
(CH(6B)), 152.1 (CO(2B)), 154.2 (CO(2A)), 164.8 (CO(4B)), 174.1
(ester-CO), 174.2 (ester-CO), 175.1 ppm (CO(4A)); IR (KBr): ñmax=


3080w, 2953s, 2928s, 2856m, 1741s, 1719s, 1670s, 1461s, 1361m, 1276w,
1249s, 1170w, 1092 s, 1031w, 992w, 917w, 860m, 835 s, 778m, 695w,
669w cm�1; MS (FAB+): m/z (%): 1159 (2) [M+Na+], 213 (7), 145 (10),
136 (17), 89 (27), 81 (31), 73 (100), 55 (17); HRMS (ESI+): m/z calcd for
C54H96N4NaO14Si4: 1159.5898; found: 1159.5909 [M+Na]+ .


Lactone 2a : For the ring-closing metathesis, 16a (13.0 mg, 11.4 mmol)
was dissolved in anhydrous CH2Cl2 (5 mL) and heated to 40 8C. The
Grubbs-II catalyst[20,21] (0.50 mg, 0.57 mmol), dissolved in anhydrous
CH2Cl2 (1 mL), was added and the reaction mixture was stirred at 40 8C
for 3 h. The solvent was removed in vacuo. Carrying out flash chromatog-
raphy (silica gel, i-hexane/ethyl acetate 4:1) gave 2a as a colorless oil
(9.00 mg, 71%).


Rf=0.25 (iHex/ethyl acetate 4:1); 1H NMR (600 MHz, CDCl3): d=�0.01
(s, 9H; Si ACHTUNGTRENNUNG(CH3)3), 0.00 (s, 9H; Si ACHTUNGTRENNUNG(CH3)3), 0.03 (s, 3H; SiCH3), 0.04 (s,
3H; SiCH3), 0.10 (s, 3H; SiCH3), 0.11 (s, 3H; SiCH3), 0.86–0.93 (m, 20H;
2PCACHTUNGTRENNUNG(CH3)3, SiCH2CH2O), 0.96–0.99 (m, 2H; SiCH2CH2O), 1.24 (s, 3H;
C(5A)CH3), 1.85–1.90 (m, 2H; CH2a ACHTUNGTRENNUNG(2’A), CH2aACHTUNGTRENNUNG(2’B)), 2.12–2.18 (m, 1H;
CH2bACHTUNGTRENNUNG(2’A)), 2.19–2.24 (m, 1H; 1PCH=CHCH2CH2), 2.27 (d, J=13.8 Hz,
1H; C(5B)CH2a), 2.35–2.49 (m, 8H; 2PCH=CHCH2CH2, CH2b ACHTUNGTRENNUNG(2’B)),
2.68 (d, J=13.8 Hz, 1H; C(5B)CH2b), 3.24 (d, J=13.8 Hz, 1H;
CH2a(6A)), 3.33 (d, J=13.8 Hz, 1H; CH2b(6A)), 3.57 (t, J=8.4 Hz, 2H;
SiCH2CH2O(A)), 3.67 (t, J=8.4 Hz, 2H; SiCH2CH2O(B)), 3.74 (dd, J=
11.4, J=2.4 Hz, 1H; CH2aACHTUNGTRENNUNG(5’A)), 3.77 (dd, J=11.4, J=2.4 Hz, 1H; CH2b-
ACHTUNGTRENNUNG(5’A)), 4.03–4.06 (m, 1H; CH ACHTUNGTRENNUNG(4’B)), 4.09–4.12 (m, 1H; CH ACHTUNGTRENNUNG(4’A)), 4.18–
4.21 (m, 2H; CH2a ACHTUNGTRENNUNG(5’B), CH ACHTUNGTRENNUNG(3’B)), 4.40 (dd, J=12.6, J=3.0 Hz, 1H;
CH2bACHTUNGTRENNUNG(5’B)), 5.14 (d, J=9.6 Hz, 1H; OCH2aN(A)), 5.18–5.21 (m, 2H;
OCH2bN(A), CH ACHTUNGTRENNUNG(3’A)), 5.36 (d, J=9.6 Hz, 1H; OCH2aN(B)), 5.41 (d,
J=9.6 Hz, 1H; OCH2bN(B)), 5.44–5.50 (m, 1H; CH=CH), 5.52–5.57 (m,
1H; CH=CH), 6.07 (t, J=6.0 Hz, 1H; CH ACHTUNGTRENNUNG(1’B)), 6.37 (dd, J=10.2, J=
4.8 Hz, 1H; CH ACHTUNGTRENNUNG(1’A)), 7.09 ppm (s, 1H; CH(6B)); 13C NMR (150 MHz,
[D4]MeOH): d=�5.2 (SiCH3), �5.1 (SiCH3), �4.8 (SiCH3), �4.6
(SiCH3), �1.3 (2PSiACHTUNGTRENNUNG(CH3)3), 18.8 (C ACHTUNGTRENNUNG(CH3)3), 18.9 (SiCH2CH2O), 19.0
(SiCH2CH2O), 19.3 (C ACHTUNGTRENNUNG(CH3)3), 21.0 (C(5A)CH3), 26.3 (C ACHTUNGTRENNUNG(CH3)3), 26.6
(C ACHTUNGTRENNUNG(CH3)3), 29.1 (CH=CHCH2CH2), 29.7 (CH=CHCH2CH2), 33.6
(C(5B)CH2), 34.4 (CH=CHCH2CH2), 34.7 (CH=CHCH2CH2), 36.3 (CH2-
ACHTUNGTRENNUNG(2’A)), 42.6 (CH2 ACHTUNGTRENNUNG(2’B)), 44.9 (C(5A)), 47.1 (CH2(6A)), 64.3 (CH2 ACHTUNGTRENNUNG(5’B)),
64.9 (CH2ACHTUNGTRENNUNG(5’A)), 67.9 (SiCH2CH2O(A)), 68.5 (SiCH2CH2O(B)), 71.1
(OCH2N(A)), 71.4 (OCH2N(B)), 72.9 (CH ACHTUNGTRENNUNG(3’B)), 76.7 (CH ACHTUNGTRENNUNG(3’A)), 83.8
(CH ACHTUNGTRENNUNG(4’A)), 85.5 (CH ACHTUNGTRENNUNG(1’A)), 87.0 (CH ACHTUNGTRENNUNG(4’B)), 87.5 (CH ACHTUNGTRENNUNG(1’B)), 109.8
(C(5B)), 130.8 (CH=CH), 131.0 (CH=CH), 138.4 (CH(6B)), 151.9
(CO(2B)), 154.4 (CO(2A)), 164.9 (CO(4B)), 174.1 (ester-CO), 174.4
(ester-CO), 174.6 ppm (CO(4A)); IR (film): ñmax=2927s, 2854m, 1737s,
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1667s, 1461 s, 1360w, 1249m, 1089s, 860w, 835 s, 778m cm�1; MS (FAB+):
m/z (%): 1131 (4) [M+Na+], 154 (19), 136 (27), 89 (26), 81 (29), 73
(100); HRMS (ESI+): m/z calcd for C52H92N4NaO14Si4: 1131.5585; found:
1131.5577 [M+Na]+ .


Lactone 2b : The ring-closing reaction was carried out as described above
for 2a. Isomer (R)-2b (8.00 mg, 82%) was isolated as a colorless oil.


Rf=0.25 (iHex/ethyl acetate 4:1); 1H NMR (600 MHz, [D4]MeOH): d=
0.02 (s, 9H; Si ACHTUNGTRENNUNG(CH3)3), 0.03 (s, 9H; Si ACHTUNGTRENNUNG(CH3)3), 0.14 (s, 3H; SiCH3), 0.15
(s, 3H; SiCH3), 0.17 (s, 6H; Si ACHTUNGTRENNUNG(CH3)2), 0.87–0.91 (m, 4H; 2P
SiCH2CH2O), 0.95 (s, 18H; 2PCACHTUNGTRENNUNG(CH3)3), 1.34 (s, 3H; C(5A)CH3), 2.09–
2.14 (m, 2H; CH2aACHTUNGTRENNUNG(2’A), CH2a ACHTUNGTRENNUNG(2’B)), 2.18–2.23 (m, 1H; CH2b ACHTUNGTRENNUNG(2’A)), 2.28–
2.41 (m, 5H; CH2b ACHTUNGTRENNUNG(2’B), 2PCH=CHCH2CH2), 2.43–2.50 (m, 4H; 2P
CH=CHCH2CH2), 2.72 (d, J=13.8 Hz, 1H; C(5B)CH2a), 2.78 (d, J=
13.8 Hz, 1H; C(5B)CH2b), 3.19 (d, J=12.6 Hz, 1H; CH2a(6A)), 3.56–3.60
(m, 2H; SiCH2CH2O(A)), 3.64–3.73 (m, 3H; CH2b(6A),
SiCH2CH2O(B)), 3.93–3.98 (m, 2H; CH2 ACHTUNGTRENNUNG(5’A)), 4.01–4.03 (m, 1H; CH-
ACHTUNGTRENNUNG(4’A)), 4.04–4.07 (m, 1H; CH ACHTUNGTRENNUNG(4’B)), 4.12 (dd, J=12.0, J=6.0 Hz, 1H;
CH2aACHTUNGTRENNUNG(5’B)), 4.28 (dd, J=12.0, J=5.4 Hz, 1H; CH2b ACHTUNGTRENNUNG(5’B)), 4.40–4.42 (m,
1H; CH ACHTUNGTRENNUNG(3’B)), 5.03 (d, J=9.6 Hz, 1H; OCH2aN(A)), 5.15 (d, J=9.0 Hz,
1H; OCH2bN(A)), 5.19–5.21 (m, 1H; CH ACHTUNGTRENNUNG(3’A)), 5.36 (s, 2H;
OCH2N(B)), 5.50–5.60 (m, 2H; CH=CH), 6.25 (dd, J=7.8, J=6.0 Hz,
1H; CH ACHTUNGTRENNUNG(1’B)), 6.37 (dd, J=10.2, J=4.8 Hz, 1H; CH ACHTUNGTRENNUNG(1’A)), 7.44 ppm (s,
1H; CH(6B)); 13C NMR (100 MHz, [D4]MeOH): d=�5.2 (SiCH3), �5.2
(SiCH3), �4.6 (SiCH3), �4.4 (SiCH3), �1.2 (Si ACHTUNGTRENNUNG(CH3)3), �1.2 (Si ACHTUNGTRENNUNG(CH3)3),
18.9 (C ACHTUNGTRENNUNG(CH3)3), 19.0 (SiCH2CH2O(A)), 19.1 (SiCH2CH2O(B)), 19.3 (C-
ACHTUNGTRENNUNG(CH3)3), 22.3 (C(5A)CH3), 26.3 (CACHTUNGTRENNUNG(CH3)3), 26.6 (C ACHTUNGTRENNUNG(CH3)3), 28.6 (CH=
CHCH2CH2), 28.7 (CH=CHCH2CH2), 34.3 (CH=CHCH2CH2), 34.4
(CH2ACHTUNGTRENNUNG(2’A)), 34.7 (C(5B)CH2), 34.8 (CH=CHCH2CH2), 41.2 (CH2 ACHTUNGTRENNUNG(2’B)),
43.3 (C(5A)), 46.8 (CH2(6A)), 64.7 (CH2ACHTUNGTRENNUNG(5’B)), 65.2 (CH2 ACHTUNGTRENNUNG(5’A)), 67.9
(SiCH2CH2O(A)), 68.6 (SiCH2CH2O(B)), 71.2 (OCH2N(A)), 71.4
(OCH2N(B)), 74.0 (CHACHTUNGTRENNUNG(3’B)), 77.5 (CH ACHTUNGTRENNUNG(3’A)), 86.2 (CHACHTUNGTRENNUNG(1’A)), 86.4 (2P
CH(4’)), 87.3 (CH ACHTUNGTRENNUNG(1’B)), 111.1 (C(5B)), 130.7 (CH=CH), 131.3 (CH=
CH), 138.7 (CH(6B)), 152.2 (CO(2B)), 154.4 (CO(2A)), 164.6 (CO(4B)),
174.2 (ester-CO), 174.4 (ester-CO), 174.6 ppm (CO(4A)); IR (film):
ñmax=2953s, 2929 s, 2857m, 1732s, 1682 s, 1461m, 1361w, 1248 s, 1080s,
936w, 860w, 835s, 778m cm�1; MS (FAB+): m/z (%): 1131 (5) [M+Na+],
154 (19), 136 (28), 89 (30), 81 (30), 73 (100); HRMS (ESI+): m/z calcd
for C52H92N4NaO14Si4: 1131.5585; found: 1131.5568 [M+Na]+ .


Enzymatic-repair assay : SplG was overexpressed and purified as His6-
tagged recombinant protein in Escherichia coli.[42] The reconstitution of
the {Fe-S} cluster and the repair assays were performed under anaerobic
conditions in a glove box. For enzyme activity, the amount of 5’-deoxy-
adenosine and repaired SP was determined and analyzed by using rp-
HPLC. Each reaction mixture contained Tris-HCl (pH 7.0, 100 mm), KCl
(200 mm), sodium dithionite (3 mm), DTT (5 mm), and SAM (0.45 mm).
All solutions were degassed under reflux and the chemicals were trans-
ferred into the glove box as solids. One sample only contained the com-
ponents described above. To the second sample 50 mmol holo-splG was
added. The third sample contained 50 mmol splG and the 5S-configured
spore lesion. The fourth one contained the same as the third, but instead
of the 5S-configured spore lesion the 5R-configured spore lesion was
added. All the reaction mixtures were incubated for 12 h at 4 8C for com-
parison. After incubation, the reaction mixture was frozen in liquid nitro-
gen and stored at �80 8C. All the samples were thawed and centrifuged
to remove precipitated protein before being injected into the HPLC
column.


rp-HPLC analysis : For the rp-HPLC analysis, the samples were injected
directly after they had been centrifuged in order to decrease the SAM
cleavage to S-adenosylhomocysteine. Up to 50 mL of the enzyme reaction
were injected onto the rp-HPLC column (Macherey–Nagel Nucleosil
300-5 C18) equilibrated with 0.1% TFA in H2O. The products could be
separated by applying a linear gradient (0%!30% solvent B (50%
CH3CN with 0.1% TFA) in 20 min) at a flow rate of 0.7 mLmin�1. The
detection wavelength was 260 nm. The HPLC gradient was chosen to
allow separation and hence detection of thymidine in the assay solution,
which is the only expected product of the repair reaction. The peaks
were assigned by coinjection of thymidine and 5’-deoxyadenosine, and


were further analyzed by Fourier transform ion cyclotron resonance
(FTICR) mass spectrometry (Thermo Finnigan LTQ FT) measurements.
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Aggregation Behavior of Giant Amphiphiles Prepared by Cofactor
Reconstitution


Mark J. Boerakker,[a] Nicole E. Botterhuis,[a] Paul H. H. Bomans,[b] Peter M. Frederik,[b]


Emmo M. Meijer,[a, c] Roeland J. M. Nolte,*[a, d] and Nico A. J. M. Sommerdijk*[a]


Introduction


Low-molecular-weight amphiphilic molecules are known to
form a large variety of self-assembled structures in water,
for example, monolayers, micelles, vesicles, bilayers, rod-
and sheetlike structures, and also helices.[1] Well-defined di-
block copolymers—so-called superamphiphiles—have been
shown to generate these highly ordered structures as well.[2]


Recently, we and others reported on a new type of macro-
molecular surfactant, termed “giant amphiphile” in which a
protein or an enzyme acts as the polar head group and a
synthetic polymer as the apolar tail.[3,4] These biohybrid
ACHTUNGTRENNUNGpolymers differ from other protein–polymer conjugates in
ACHTUNGTRENNUNGthe sense that the protein-to-polymer ratio is predefined
ACHTUNGTRENNUNGand the position of the conjugation site is precisely known.
The modification of enzymes through the reconstitution


of the corresponding apoprotein with suitably modified co-
factors is an elegant way of altering the function or proper-
ties of these biomolecules.[5] The cofactor reconstitution
method has also been applied for the controlled generation
of bioactive surfaces, for example, in biosensors and biofuel
cells.[6] Examples of cofactor-bearing proteins are glucose
oxidase and heme-dependent proteins. The latter class con-
tains a significant number of potential candidates that may
be modified by the cofactor reconstitution method, as in
many of them the heme group is not covalently bound to
the rest of the protein. Most studies on the reconstitution of
proteins with modified hemes concern the reconstitution of
myoglobin (Mb, 17 kDa, Figure 1) and, albeit less frequent-
ly, hemoglobin, both of which are oxygen binding pro-
teins.[5b,d,7–13] Metal-substituted hemes have been used to
study energy-transfer processes and structural properties of
the reconstituted biomacromolecules.[9] Hemes with modi-
fied vinyl and/or propionate groups have been applied to in-
vestigate oxygen-binding properties,[10] to introduce various
functionalities that are helpful in the incorporation of the
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duced, which is probably the result of a
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proteins into bilayers,[11] or to help enhance their catalytic
properties.[5b,12,13] Very few reports have appeared on the
modification of horseradish peroxidase (HRP, 43 kDa,
Figure 1) by means of its cofactor.[5e,6b,14] These reports pre-
dominantly deal with the modification of the propionate
groups to study the effect on the structural and catalytic
properties of the enzyme.


The modification of a protein with large hydrophobic
chains by its cofactor can lead to the formation of amphi-
philes and hence aggregates of this protein in aqueous solu-
tion.[3a,b] For phospholipids and, for example, dendrimer-
based diblock copolymers the structure and shape of these
aggregates can be predicted.[15,2b] Aiming at a similar level
of control we reasoned that the enzyme should be modified
with an apolar chain of such a length that the head to tail
ratio of the resulting amphiphile would be comparable to
that of low-molecular-weight amphiphiles. In fact this im-
plies that this apolar chain should be a polymer of sufficient-
ly high molecular weight. In a previous report we demon-
strated that the modification of HRP with an apolar poly-
mer chain through the cofactor reconstitution method yields
a giant amphiphile (Figure 2) that forms spherical aggre-
gates in aqueous solution.[3c] In the present paper we extend
this method to generation of Mb-based amphiphiles demon-
strating the versatility of the cofactor reconstitution method.
We compare the reconstitution characteristics of the two
apoproteins and demonstrate the formation of vesicles from
the Mb-based hybrid.


Results and Discussion


Synthesis : The heme propionates are important for the
oxygen-binding properties and play a role in the correct po-
sitioning of the heme group in the active site and the stabili-
zation of the heme–protein contact.[10g,16] For apo-HRP it
has been demonstrated that the reconstitution with cofactors
bearing only one modified carboxylic acid function generally
leads to higher enzymatic activities relative to cofactors
bearing two modified carboxylic acid functions.[5e,14b] There-
fore, a single polymer chain end-capped with a carboxylic
acid group (Mn=9458, Mw/Mn=1.05) was coupled to one of
the carboxylic acid groups of ferriprotoporphyrin IX by
means of a hydrophilic bis(aminoethoxy)ethane spacer (1e)
following the sequence of reactions shown in Scheme 1.[13a]


In the case of HRP the length of the spacer was chosen
such that it can span the distance between the carboxylic
acid moiety of the cofactor in the active site and the surface
of this enzyme (approximately 10 M, Figure 2, left). In the
case of Mb the carboxylic acid moieties of the cofactor are
exposed at the surface of the protein. To investigate to what
extent the ethylene oxide-based linker would interfere with
the reconstitution process we also prepared cofactor 2c,
which has an oligoethylene glycol chain of 15 M length
(Figure 2, right).


Reconstitution experiments—comparison of the modified
cofactors : UV/Vis measurements of apo-HRP reconstituted
with 2c in a 2.5:1 molar ratio showed spectral features simi-
lar to those of native heme inside HRP (Figure 3). The
shape and lmax value of the Soret band did not change with
respect to apo-HRP reconstituted with native hemin. The
shape and lmax values of the Q-bands of the modified
enzyme, however, did change, for which at present no ex-
planation is available. The catalytic activity of the system re-
constituted with 2c (turn over frequency, TOF=19000 hr�1)
was still appreciably high compared to the values obtained
for native and reconstituted HRP (Table 1).
The reconstitution of apo-Mb with 2c was carried out


using a 1:1 apoprotein/cofactor ratio and THF as the cofac-
tor solvent. UV/Vis spectroscopy (Figure 3) showed that
also in this case the shape and lmax value of the Soret band
did not change. Only small changes were observed for the
Q-bands (Figure 3, inset). The modified Mb still displayed
oxygen binding properties similar to that of native Mb, sug-
gesting that also in this case the heme group was correctly
incorporated into the protein (Figure 4).
These results indicate that the reconstitution of the two


apoproteins with a cofactor modified with an oligo(ethylene
oxide) chain that has sufficient length to extend beyond the
proteinOs surfaces results in proteins with spectral properties
that are only slightly different from the spectral features of
the native proteins. Importantly, both biomacromolecules
still retained their function. Based on these results further
studies were carried out to generate protein-based amphi-
philes by modifying the oligo(ethylene oxide) chain with a
hydrophobic polystyrene segment.


Figure 1. Crystal structures of HRP16 (left) and Mb17 (right) showing the
positioning of the heme cofactors (blue).


Figure 2. Left: Computer-generated model of HRP reconstituted with co-
factor 2c. Right: Computer-generated model of an HRP/1e giant amphi-
phile showing the heme group and the hydrophilic linker (10 M) between
cofactor and polymer.
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Reconstitution with a polystyrene modified cofactor : The
generation of HRP-based amphiphiles by cofactor reconsti-


tution was first attempted starting from aggregates of 1e. To
this end a solution of the polymer in THF (0.3 mgmL�1;
100 mL) was injected into phosphate buffer (20 mm potassi-
um phosphate, pH 7.5; 1.0 mL). In the absence of HRP the
resulting aggregates did not show any catalytic activity as
was concluded from an experiment in which apo-HRP was
taken as a reference.[17,18] Both transmission electron micro-
scopy (TEM) and scanning electron microscopy (SEM)
(Figure 5) demonstrated that polymer 1e forms spherical ag-
gregates in water with diameters of 100–1000 nm and with a
perforated wall structure.
The formation of such perforated spheres has not been re-


ported before for polymeric materials.[19] For low-molecular-
weight surfactants, vesicles with porous walls have been de-
scribed and in these cases the observed pore structure was
attributed to the relief of surface energy due to high surface
charges.[20] Attempts to construct biohybrid amphiphiles by
incubating the aggregates of 1e with apo-HRP were not suc-
cessful as no changes in morphology were observed and no
enzymatic activity was measured. The desired amphiphile
could be prepared, however, by injecting a solution of 1e in
THF into an aqueous solution containing an excess of the
apoprotein.[3c] After incubation at 4 8C or 22 8C for 4 days a
stable homogeneous dispersion was obtained from which
the excess apoprotein was removed by dialysis. UV spectros-


Scheme 1. Synthesis of modified heme cofactors. Conditions: i) P2Cl5, EtOH, CHCl3; ii) R-NH2, benzotriazol-1-yloxytripyrrolidinophosphonium hexa-
fluorophosphate, N,N-diisopropylethylamine, THF/DMF (1:1 v/v); iii) THF/MeOH/aqueous NaOH (12:4:1 v/v/v); iv) FeCl2·4H2O, DMF.


Figure 3. UV/Vis spectra recorded at 22 8C of apo-HRP (top) and apo-
Mb (bottom) reconstituted with native heme (trace a) and modified co-
factor 2c (trace b). For the reconstitution of apo-HRP a 2.5:1 ratio with
respect to the cofactor was used while for apo-MB a 1:1 ratio was used.
Insets display the Q-band regions of the spectra.


Table 1. Enzymatic activity of modified HRP.


Reconstituted HRP[a] TOF [h�1]


Apo HRP/Heme 89000
HRP 100000
Apo HRP/2c 19000


[a] A 2.5-fold excess of apo-HRP was used for the reconstitutions. The
TOF was calculated per cofactor for the enzymatic activity of HRP in
the conversion of ABTS by hydrogen peroxide obtained at 22 8C (20 mm
phosphate buffer pH 7.5).


Chem. Eur. J. 2006, 12, 6071 – 6080 I 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6073


FULL PAPERGiant Amphiphiles



www.chemeurj.org





copy revealed spectral features of native heme inside HRP
(Figure 6) upon incorporation of 1e in the apoprotein. At
both temperatures the reconstitution yielded a modified
enzyme of which the Soret band had a lmax at the same
wavelength as found for the native enzyme (402 nm). The
Soret band of 1e reconstituted with apo-HRP at 22 8C was
more intense than that of the enzyme reconstituted at 4 8C.
The Q-bands could not be distinguished due to the turbidity
of the solutions. It was observed that incubation at 22 8C
yielded the highest enzymatic activity.[21] After 5 days the ag-
gregates displayed a TOF of 360 h�1 in 20 mm potassium
phosphate buffer at pH 7.5.[22] An electrophoretic migration


shift assay showed that the reconstituted biohybrid formed
large protein-containing aggregates that were not able to
penetrate the electrophoresis gel.[23] As expected no apo-
HRP was detected (Figure 6).
The Mb-polystyrene biohybrid amphiphiles were prepared


in the same way as described for the HRP-polystyrene bio-
hybrids, namely by injecting a solution of 1e in THF into an
aqueous solution containing an excess of the apoprotein.
After 4 days of reconstitution at 22 8C the excess of apo-Mb
was removed by centrifugation through a 100 kDa cut-off
filter. UV/Vis spectroscopy indicated clearly that the recon-
stitution had yielded a modified protein for which the Soret
band had a lmax at 410 nm, nearly identical to the value
found for the native enzyme (409 nm), indicating a success-
ful reconstitution (Figure 7). The formation of aggregates
also gave rise to an increase in scattering in the UV spectra
and as a consequence the Q-bands could not be resolved.[24]


Furthermore, whereas cofactor 1e did not display any
oxygen binding in the absence of the apoprotein, the biohy-
brid displayed the expected oxygen binding and spectro-
scopic properties, indicating that the modified heme had
been inserted correctly. Nevertheless, Figure 7 shows that
the Soret band maxima of the deoxy and the oxy forms of
the biohybrid are blue-shifted relative to those of the native
deoxy-Mb (433 nm) and native oxy-Mb (416 nm) proteins,
respectively. This suggests that in contrast to the reconstitu-
tion with 2c, in the present case the heme environment to
some extent has been disturbed.
To further investigate the oxygen binding properties of


the biohybrid the autoxidation of the dioxygen myoglobin
(oxy-Mb) to the ferric (met-Mb) form was monitored for
both apo-Mb reconstituted with native heme and for the
apo-Mb/1e hybrid. The oxy form of apo-Mb reconstituted
with native heme displayed a half-life of 21 h under the con-
ditions applied. As a result of the turbidity of the solution
and the relatively low intensity of the Soret band, it was dif-
ficult to determine the half-life of the biohybrid oxygen


Figure 4. UV/Vis spectra of the various forms of native Mb (top) and the
apo-Mb/2 hybrid (bottom) obtained a) upon treatment with sodium di-
thionite under anaerobic conditions (deoxy; lmax=433 nm), b) upon sub-
sequent application of oxygen (oxy; lmax=417 nm), and c) upon autoxida-
tion back to its resting state (met; lmax=408 nm).


Figure 5. TEM (left) and SEM (right) micrographs of aggregates formed
by 1e in aqueous solution (20 mm potassium phosphate buffer pH 7.5).
Bars represent 200 nm.


Figure 6. Left: UV/Vis spectra in the Soret band region of a) native HRP,
b) apo-HRP reconstituted at 4 8C with modified cofactor 1e, c) apo-HRP
reconstituted at 22 8C with modified cofactor 1e, and d) cofactor 1e.
Spectra were recorded in aqueous buffered solutions (pH 7.5, 20 mm po-
tassium phosphate) at a concentration of 0.0066 mm. Right: Electropho-
retic migration shift assay of 1) HRP, 2) aggregates formed by the giant
amphiphiles (arrow), 3) apo-HRP, and 4) blank experiment: aggregates
of 1e.
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complex; however, it was evident that the oxy-Mb form was
fully converted to the met-Mb form within 30 min. The ob-
served destabilization of the oxygen complex of the biohy-
brid is probably the result of the modification of one of the
heme propionates, which is needed to stabilize the oxy form,
and the introduction of the steric bulk.[13d,25] These observa-
tions are in line with autoxidation studies on modified Mb
reported in the literature, which also show a drastic decrease
in the stabilization of the oxy complex.[10e,13b,d,j]


An electrophoretic migration shift assay was carried out
on an aqueous buffered solution containing the apo-Mb/1e
biohybrid. This experiment showed that the centrifuged so-
ACHTUNGTRENNUNGlutions contained large protein-containing aggregates,[23]


which were not able to penetrate the electrophoresis gel. As
expected no apo-Mb was detected (Figure 7).


Aggregation behavior : Cryogenic scanning electron micros-
ACHTUNGTRENNUNGcopy (cryo-SEM) revealed that the HRP-derived hybrid
formed well-defined spherical aggregates with diameters of
60–400 nm (Figure 8). TEM indicated that in most cases
these aggregates enclosed spherical objects, which mostly
appeared denser (darker) than the major part of the aggre-
gate; however, albeit to a lesser extent, lighter regions were
also observed. The latter regions are tentatively assigned to
the presence of an included aqueous compartment, whereas


the darker regions may contain particles of un-reconstituted
polystyrene-modified cofactor. Importantly, however, the
main body of the aggregates appeared as a spherical object
with an intermediate density. Cryo-TEM experiments also
clearly demonstrated that the majority of these spherical ag-
gregates possessed an interior with a higher electron-scatter-
ing power than the surrounding vitrified ice and that one or
more dense particles were present. Inclusion experiments
with the water-soluble dye 4(5)-carboxyfluorescein (not
shown) revealed that the aggregates were hollow suggesting
that they contain an aqueous interior,[3c] the exact nature of
which needs further investigation.
Electron micrographs of so ACHTUNGTRENNUNGlutions containing the Mb-


based hybrid also revealed well-defined spherical aggregates
with a slightly wider distribution of diameters ranging from
20–700 nm (Figure 9). The larger aggregates had a hollow
interior and possessed a collapsed morphology typical for
polymeric vesicles. The collapse is most probably due to the
loss of solvent during sample preparation or to the applica-
tion of high vacuum in the electron microscope. Considering


Figure 7. Left: UV/Vis spectra in the Soret band region of a) cofactor 1e, b) apo-Mb reconstituted with modified cofactor 1e, c) native Mb. Spectra were
recorded in aqueous solution (pH 7.5, 20 mm potassium phosphate). Middle: UV/Vis spectra showing the Soret band region of the various forms of the
apo-Mb/1e hybrid obtained a) upon treatment with sodium dithionite under anaerobic conditions (deoxy; lmax=420 nm), b) upon subsequent application
of oxygen (oxy; lmax=415 nm), and c) upon autoxidation back to its resting state (met-Mb; lmax=410 nm). Right: Electrophoretic migration shift assay
of 1) apo-Mb, 2) no sample, 3) native Mb, 4) blank: aggregates of 1e, and 5) giant amphiphiles (indicated by the arrow).


Figure 8. Electron micrographs of aggregates of biohybrids from apo-
HRP and 1e in 20 mm potassium phosphate buffer pH 7.5. Left: cryo-
SEM; middle: TEM; right: cryo-TEM. Bars represent 200 nm.


Figure 9. Left: TEM image of aggregates of biohybrids formed from apo-
Mb and polymer 1e in aqueous solution (20 mm potassium phosphate
buffer pH 7.5). Right: SEM and cryo-SEM (inset) images of the same ag-
gregates. Bars represent 100 nm.
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the dimensions of the protein polymer hybrid it is likely that
the observed smaller objects, with diameters between 20 and
50 nm, are micellar structures and not vesicles. As almost all
aggregates appeared as strings of beads, the objects were
also investigated by cryo-SEM (Figure 9, inset). These ex-
periments confirmed the strong association of the aggregates
already in solution, suggesting that a considerable amount
of them was trapped in the process of fusion. Recently, Vrie-
zema et al. described the fusion of vesicles of poly(isocya-
nide)-based block copolymers and reported that THF is an
essential factor in the fusion proACHTUNGTRENNUNGcess.[1] Earlier Eisenberg
et al. demonstrated that the presence of THF provided the
required mobility for the reorganization of polystyrene seg-
ments in block-copolymer aggregates.[26] Based on these
data we propose that the fusion of the vesicles in the present
case is related to the use of THF for the preparation of the
protein–polymer hybrids, implying that the observed aggre-
gates are kinetically trapped structures.
From the SEM micrographs the thickness of the wall seg-


ment of the Mb-derived aggregates was determined to be
12�4 nm (Figure 10). Assuming that the observed aggre-
gates are bilayer vesicles, it is possible, based on the dimen-
sions of Mb (3.6R3.4R2.1 nm), to describe the bilayer as
being composed of three layers, one containing the polysty-
ACHTUNGTRENNUNGrene chains (located in the interior of the bilayer) and two
flanking layers each containing protein molecules
(Figure 10).[27] The volumes of the respective layers were


calculated for a vesicle of average diameter of 90 nm taking
into account the volumes of the protein (21 nm3) and the
polymer (14 nm3). These volumes amounted to 5.5R104 nm3


and 8.5R104 nm3 for the protein layers and to 8.8R104 nm3


for the polystyrene layer. From these data it can be derived
that the bilayer is composed of a total of 6700 Mb molecules
and 6300 polystyrene chains. In this calculation again only
the volume of the protein but not its shape was considered.
Considering the error (ca. 35%) in determining the thick-
ness of the bilayer the obtained numbers are in good agree-
ment with the proposed model.


Conclusions


In this paper we have shown that a macromolecular chain
can be coupled to a protein by means of the cofactor recon-
stitution method to give a giant amphiphile. The suitability
of the method was demonstrated for an enzyme (HRP) and
for an oxygen-binding protein (Mb). In both cases the
formed giant amphiphiles were found to generate well-de-
fined spherical aggregates in aqueous solution. Although
both HRP and Mb retained their original functionality when
modified with a single polystyrene chain, reconstitution had
an appreciable effect on their activity. In the case of HRP,
the enzymatic activity decreased and for Mb the stability of
the oxy complex was reduced. Although the reconstitution
with the oligo(ethylene oxide)-modified cofactor 2c only
has a small effect on the activity of the resulting hybrid, the
introduction of a polystyrene chain seems to result in a
somewhat modified binding of the heme in the apoprotein.
Several factors may be responsible for this behavior. First,
there may be an unfavorable interaction of the protein with
the polystyrene chain. Furthermore, the assembly of the
hybrid molecules in the aggregates may lead to disturbance
of the proteinOs three-dimensional structure. In addition,
both proteins have their substrate access channels located
near the site of attachment of the polystyrene chains, which
means that these channels will be partly shielded from the
aqueous solution. However, at present we cannot exclude
that the residual activity predominantly arises from the
smaller (micellar) aggregates, which would have a more dy-
namic structure than the larger vesicles.
IsraelachviliOs theory predicts that upon changing the


ratio of the cross sections of the head groups and tails of
phospholipids different types of aggregates are formed.[15]


This model was also found to apply for dendrimer-based di-
block copolymers.[2b] Although one has to realize that in the
present case the observed aggregates probably are kinetical-
ly trapped structures, it is of interest to investigate the influ-
ence of the length of the hydrophobic (polymer) tail on the
type of aggregate that is generated by these biohybrids.
These studies are currently being carried out.


Figure 10. Top: diameter distribution of the vesicle aggregates formed by
the apo-Mb/1e hybrid in aqueous solution. Bottom: SEM image of a
vesicle aggregate and schematic representation of a bilayer segment.
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Experimental Section


Materials : (Benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexa-
fluorophosphate (BOP), (Benzotriazol-1-yloxy)tripyrrolidinophosphoni-
um hexafluorophosphate (py-BOP), protoporphyrin IX disodium salt
(PP IX disodium salt), horseradish peroxidase, myoglobin, and ferrous
chloride tetrahydrate were obtained from Sigma–Aldrich. 2,2’-Azino-bis-
(3-ethylbenzthiazoline-6-sulfonic acid) diammonium salt (ABTS) was ob-
tained from Fluka. Carboxy-terminated polystyrene (Mn=9458, Mw/Mn=


1.05) was generously donated by Dr. J. J. L. M. Cornelissen.[28] {2-[2-(2-
Amino-ethoxy)ethoxy]ethyl}carbamic acid tert-butyl ester and protopor-
phyrin IX monoethylester were synthesized according to literature proce-
dures.[2, 3,29]


Synthesis : All syntheses were carried out under argon atmosphere. All
solvents were distilled prior to use.


Synthesis of 1a : Carboxy-terminated polystyrene (3.0 g, 0.32 mmol), {2-
[2-(2-aminoethoxy)ethoxy]ethyl}carbamic acid tert-butyl ester (87 mg,


0.35 mmol) and BOP (164 mg, 0.37 mmol) were dissolved in a mixture of
THF (20 mL) and DMF (20 mL). Diisopropylethylamine (0.22 mL,
1.2 mmol) was added and the reaction mixture was stirred for 16 h at
room temperature. The solvent was evaporated in vacuo and the residue
was dissolved in diethyl ether. The organic layer was extracted with aque-
ous saturated NaHCO3 solution, water, and aqueous 0.01n HCl solution,
and dried over MgSO4. The crude product was further purified by
column chromatography (CH2Cl2 followed by MeOH/CH2Cl2; 1:99 v/v).
Yield 2.4 g (0.25 mmol, 78%); 1H NMR (400 MHz, CDCl3, 22 8C, TMS):
d=7.32–6.25 (br, 445 H; -CH2CH(Ph)-), 3.43–3.23 (br, 9H; -CH2CH(Ph)-
ACHTUNGTRENNUNG(C=O)-, -CH2OCH2CH2OCH2-), 3.23–3.16 (br, 4H; -NHCH2-), 2.21–0.78
(br, 269 H; CH3CH2CH ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG(CH2CH(Ph)n�1CH2CH(Ph)ACHTUNGTRENNUNG(C=O)-), 1.48
(s, 9 H; (CH3)3CO-), 0.78–0.54 ppm (br, 6H; CH3CH2CH ACHTUNGTRENNUNG(CH3)-
ACHTUNGTRENNUNG(CH2CH(Ph)n ACHTUNGTRENNUNG(C=O)-);


13C NMR (100 MHz, CDCl3, 22 8C, TMS): d=
172.8, 155.9, 145.7–145.1, 128.3–125.5, 70.5–69.8, 51.0, 46.7–40.1, 31.2,
30.4–28.9, 28.7, 20.2–18.6, 11.5–11.0 ppm; MS (MALDI): Mn=9506, Mw/
Mn=1.02.


Synthesis of 1b : Compound 1a (2.1 g, 0.22 mmol) was dissolved in
CH2Cl2 (50 mL). Trifluoroacetic acid (2.4 mL, 31 mmol) was added and
the mixture was stirred for 4 h at room temperature. The reaction mix-


ture was concentrated in vacuo and the residue dissolved in CHCl3. The
organic layer was extracted with aqueous 5% NH3 solution, aqueous sa-
turated NaCl solution, and water, and then dried over MgSO4: Yield
2.1 g (0.22 mmol, 99%); 1H NMR (400 MHz, CDCl3, 22 8C, TMS): d=
7.32–6.25 (br, 445 H; -CH2CH(Ph)-), 3.43–3.23 (br; 9H; -CH2CH(Ph) ACHTUNGTRENNUNG(C=
O)-, -CH2OCH2CH2OCH2-), 3.23–3.16 (br, 2H; -(C=O)NHCH2-), 2.80–
2.71 (br, 2H; CH2NH2), 2.21–0.78 (br, 269 H; CH3CH2CHACHTUNGTRENNUNG(CH3)-
ACHTUNGTRENNUNG(CH2CH(Ph)n�1CH2CH(Ph) ACHTUNGTRENNUNG(C=O)-), 0.78–0.56 ppm (br, 6H;
CH3CH2CH ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG(CH2CH(Ph)n ACHTUNGTRENNUNG(C=O)-);


13C NMR (100 MHz, CDCl3,
22 8C, TMS): d=172.8, 145.8–145.3, 128.4–125.6, 70.5–69.7, 51.0, 46.7–
40.1, 31.2, 30.4–28.9, 20.2–18.6, 11.5–11.0 ppm.


Synthesis of 1c : Compound 1b (247 mg, 0.026 mmol) was dissolved in a
mixture of THF (7 mL) and DMF (7 mL). Protoporphyrin IX monoethyl
ester (20.5 mg, 0.035 mmol), py-BOP (19.8 mg, 0.038 mmol) and diisopro-


pylethylamine (0.024 mL, 0.13 mmol) were added. After stirring for 16 h
at room temperature the solution was concentrated in vacuo. The residue
was dissolved in diethyl ether and the organic layer was extracted with
an aqueous saturated NaHCO3 solution, water, and an aqueous HCl
(0.01n) solution, and was subsequently dried over MgSO4. The crude
product was purified by column chromatography (EtOAc/hexane, 3/1
v/v). Yield 161 mg (0.016 mmol, 63%); 1H NMR (400 MHz, CDCl3, 228C,
TMS): d=10.1 (m, 4H; CH), 8.3 (m; 2H; -CH=CH2), 7.3–6.3 (br, 445 H;
-CH2CH(Ph)-), 6.1 (m, 4H; -CH=CH2), 4.4 (t, J=6 Hz, 4H; -CH2CH2-
(C=O)-), 4.0 (q, J=6 Hz, 2H; CH2CH3), 3.6 (s; 12H; CH3), 3.3 (t, J=
6 Hz, 4H; -CH2CH2ACHTUNGTRENNUNG(C=O)-), 3.18–3.02 (br, 13H; -CH2CH(Ph) ACHTUNGTRENNUNG(C=O)-,
-CH2OCH2CH2OCH2-, -NHCH2-), 2.21–0.78 (br, 269 H; CH3CH2CH-
ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG(CH2CH(Ph)n�1CH2CH(Ph)ACHTUNGTRENNUNG(C=O)-), 1.0 (t, J=6 Hz, 3H;
CH2CH3), 0.78–0.56 ppm (br, 6H; CH3CH2CH ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG(CH2CH(Ph)n ACHTUNGTRENNUNG(C=
O)-); 13C NMR (125 MHz, CDCl3, 22 8C, TMS): d=173.9, 172.9, 172.6,
145.8–145.3, 130.4, 128.4–125.6, 121.2, 98.2, 97.6, 97.4, 97.0, 69.5, 69.0,
68.8, 68.4, 60.9, 50.9, 46.8–40.1, 39.0, 37.2, 31.2, 30.4–28.9, 22.3, 22.2, 20.2–
18.6, 14.5, 11.5–11.0 ppm; UV/Vis (MeOH/CHCl3, 1:10 v/v): lmax=405,
505, 541, 571, 606, 668 nm; MS (MALDI): Mn=10020, Mw/Mn=1.01.


Synthesis of 1d : Compound 1c (151 mg, 0.015 mmol) was dissolved in
THF (4 mL). MeOH (1.4 mL) and aqueous NaOH solution (0.5n,
0.33 mL) were added. The reaction mixture was stirred for 23 h. Water


(4 mL) was added and the pH was adjusted to 2 with aqueous HCl solu-
tion (1.0n, 1.5 mL). CHCl3 was added and the organic layer was extract-
ed with water and dried over Na2SO4. Yield 140 mg (0.014 mmol, 98%);
1H NMR (400 MHz, CDCl3, 22 8C, TMS): d=10.0 (m, 4H; CH), 8.20 (m;
2H; -CH=CH2), 7.4–6.3 (br, 445 H; -CH2CH(Ph)-), 6.21 (m, 4H; -CH=
CH2), 4.40 (br, 2H; -CH2CH2 ACHTUNGTRENNUNG(C=O)OH), 4.20 (br, 2H; -CH2CH2 ACHTUNGTRENNUNG(C=
O)NH-), 3.61 (s; 12H; CH3), 3.58 (br, 2H; -CH2CH2 ACHTUNGTRENNUNG(C=O)OH), 3.42 (br,
2H; -CH2CH2 ACHTUNGTRENNUNG(C=O)NH-), 3.18–3.02 (br, 13H; -CH2CH(Ph) ACHTUNGTRENNUNG(C=O)-,
-CH2OCH2CH2OCH2-, -NHCH2-), 2.37–0.78 (br, 269 H; CH3CH2CH-
ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG(CH2CH(Ph)n�1CH2CH(Ph)ACHTUNGTRENNUNG(C=O)-), 0.78–0.54 ppm (br, 6H;
CH3CH2CH ACHTUNGTRENNUNG(CH3) ACHTUNGTRENNUNG(CH2CH(Ph)n ACHTUNGTRENNUNG(C=O)-); UV/Vis (MeOH/CHCl3, 1:10
v/v): lmax=405, 504, 538, 577, 632, 669 nm.


Synthesis of 1e : Compound 1d (51 mg, 0.0051 mmol) and FeCl2·4H2O
(11 mg, 0.054 mmol) were dissolved in a mixture of THF (3.7 mL) and
DMF (11.1 mL) and stirred for 17 h at 65 8C. Air was bubbled through
for 15 min after which the solvent was evaporated in vacuo. The residue
was dissolved in CHCl3 and the organic layer was extracted with aqueous
HCl solution (0.001n) until the aqueous layer was colorless. The organic
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layer was washed with aqueous saturated NaCl solution and water, and
dried over MgSO4. The crude product was purified by column chroma-
tography (MeOH/CHCl3, 10/90 v/v). Yield 39 mg (0.0039 mmol, 76%);
UV/Vis (MeOH/CHCl3, 1:10 v/v): lmax=400, 488, 587 nm.


Synthesis of 2a : This compound was prepared using the same procedure
as described for compound 1c. Quantities: protoporphyrin IX monoethyl
ester (47 mg, 0.08 mmol), py-BOP (45 mg, 0.09 mmol), DIEA (0.13 mL),


(4,7,10,13,16-pentaoxaheptadecyl)amine HCl salt (21.4 mg, 0.07 mmol).
The product was purified by column chromatography (silica gel, MeOH/
CHCl3, 1/99 v/v). Yield: 56.8 mg (95%) as a purple powder;


1H NMR
(300 MHz, CDCl3, 22 8C, TMS): d=10.1 (m, 4H; CH), 8.3 (m, 2H; -CH=


CH2), 6.3 (m, 4H; -CH=CH2), 4.4 (t, J=6 Hz, 4H; -CH2CH2 ACHTUNGTRENNUNG(C=O)-), 4.0
(q, J=6 Hz, 2H; -OCH2CH3), 3.6 (s, 12H; CH3), 3.3–2.5 (m, 27H;
-NHCH2CH2CH2 ACHTUNGTRENNUNG(OCH2CH2)4OCH3, -CH2CH2 ACHTUNGTRENNUNG(C=O)O-), -CH2CH2ACHTUNGTRENNUNG(C=
O)NH-), 1.85 (m, 2H; -(C=O)NHCH2CH2-), 1.0 ppm (t, J=6 Hz, 3H;
-CH2CH3);


13C NMR (100 MHz, CDCl3, 22 8C, TMS): d=173.7, 172.5,
130.1, 120.2, 97.2–95.7, 71.9, 70.6–70.2, 69.4, 60.6, 59.0, 42.6, 40.0, 36.9,
31.2, 22.9, 21.5, 13.8, 11.5, 11.4, 11.3, 11.2 ppm; IRACHTUNGTRENNUNG(neat): ñ=3312 (N�H),
2922, 2865 (C�H), 1730 (C=O, ester), 1644, 1546 cm�1 (C=O, amide);
UV/Vis (MeOH/CHCl3, 1:10 v/v): l=404, 505, 541, 574, 628 nm; MS
(MALDI): m/z : calcd for [M+H]+ : 838.5; found: 838.4; elemental analy-
sis calcd (%) for C46H63N5O8: C 68.79, H 7.58, N 8.36; found: C 68.68, H
7.64, N 8.31.


Synthesis of 2b : This compound was prepared by using the same proce-
dure described for compound 1d. The product was dried over magnesium
sulfate. Starting quantities of 2a : 55 mg, 0.07 mmol. Yield: 52 mg (98%)


as a purple powder. 1H NMR (400 MHz, CDCl3 with one drop of MeOD,
22 8C, TMS): d=10.0 (m, 4H; CH), 8.2 (m; 2H; -CH=CH2), 6.2 (m, 4H;
-CH=CH2), 4.3 (br, 2H; -CH2CH2 ACHTUNGTRENNUNG(C=O)OH), 4.2 (br, 2H; -CH2CH2ACHTUNGTRENNUNG(C=
O)NH-), 3.6 (m, 12H; CH3), 3.3–2.6 (m, 27H; -NHCH2CH2CH2-
ACHTUNGTRENNUNG(OCH2CH2)4OCH3, -CH2CH2 ACHTUNGTRENNUNG(C=O)O-), -CH2CH2 ACHTUNGTRENNUNG(C=O)NH-), 1.8 ppm
(m, 2H; -(C=O)NHCH2CH2-);


13C NMR (100 MHz, CDCl3, 22 8C, TMS):
d=178.2, 172.9, 130.2–129.9, 120.4–119.9, 96.8–96.2, 71.7, 70.6–70.1, 69.4,
59.0, 42.5, 40.0, 39.5, 31.3, 22.7, 22.6, 11.4–11.1 ppm; IR ACHTUNGTRENNUNG(neat): ñ=3311
(N�H), 2919, 2857 (C�H), 1707 (C=O, acid), 1643, 1551 cm�1 (C=O,


amide); UV/Vis (MeOH/CHCl3, 1:10 v/v): l=405, 506, 541, 574, 628 nm;
MS (MALDI): m/z : calcd for [M+H]+: 810.4; found: 810.3; elemental
analysis calcd (%) for C46H59N5O8: C 68.21, H 7.34, N 8.65; found: C
68.13, H 7.39, N 8.62.


Synthesis of 2c : This compound was prepared using the same procedure
described for compound 1e. Quantities: 2b (21 mg, 0.03 mmol),
FeCl2.4H2O (57 mg, 0.29 mmol). Yield: 23 mg (97%) as a purple powder.


IR ACHTUNGTRENNUNG(neat): ñ=3313 (N�H), 2919, 2853 (C�H), 1723 (C=O, acid), 1637,
1553 cm�1 (C=O, amide); UV/Vis (MeOH/CHCl3, 1:10 v/v): l=391, 509,
640 nm; MS (MALDI): m/z calcd for [M�Cl]+ : 863.4; found: 863.2; ele-
mental analysis calcd (%) for C46H57ClFeN5O8: C 61.44, H 6.39, N 7.79;
found: C 61.38, H 6.44, N 7.75.


Preparation of apoproteins : Apo-HRP and apo-Mb were prepared by a
literature procedure.[30]


Reconstitution experiments : Since the reconstitution of apo-HRP with
the modified cofactors was performed with THF as the solvent for the co-
factor, reconstitution experiments with native heme and apo-Mb were
also carried out with THF as the cosolvent. The results were compared
with the commonly used procedure, which makes use of aqueous 0.1m
sodium hydroxide solution.[30] To this end apo-Mb was reconstituted with
native heme by using both THF and aqueous 0.1m sodium hydroxide so-
ACHTUNGTRENNUNGlution as the cofactor solvents. No significant differences were observed
between the two reconstituted MbOs by UV/Vis spectroscopy. Hence
THF was used for the further reconstitution experiments in order to fa-
cilitate the comparison with HRP.


Reconstitutions were carried out at 4 8C or at 22 8C by injecting a solu-
tion of modified cofactor 1e (0.44 mg, 4.4R10�5 mmol) in THF (1.0 mL)
into an aqueous phosphate-buffered solution (10.0 mL, 20 mm, pH 7.5)
containing a 2.5-fold excess of the apoprotein (1.1R10�4 mmol). After
4 days the excess of apoprotein was removed by dialysis using a mem-
brane with a 300 kDa cut-off, which allows the apoprotein (44 kDa and
17 kDa) and the individual heme cofactors (10 kDa) to pass, while retain-
ing any aggregates formed by the protein–polymer hybrid. Reconstitu-
tions with modified cofactor 2c were done by adding a solution of 2c in
THF to a buffered aqueous solution containing an equimolar amount of
apo-Mb or a 2.5-fold excess of apo-HRP (potassium phosphate, 20 mm,
pH 7.5).


TEM and SEM : Aggregates of 1e were prepared by injecting a solution
of the polymer in THF (100 mL, 0.3 mgmL�1) into phosphate buffer
(1.0 mL, 20 mm potassium phosphate, pH 7.5) and subsequently studied
on unstained carbon-coated copper grids by TEM (JEM-2000FX) at
80 kV and SEM (Jeol 6330 FESEM, after coverage with Au) at 3.0 kV.


Cryo-SEM : For cryo-SEM studies, a sample of the aggregate dispersion
was supported for freezing between two hollow rivets end-to-end. The
rivet pair, held with fine forceps, was then plunged rapidly into nitrogen-
slush, transferred to liquid nitrogen, inserted into a rivet-clamping
holder, and transferred to the specimen of an Oxford Alto 2500 cryo
transfer system. On the preparation coldstage (�120 8C) the upper un-
clamped rivet was knocked off the clamped one by using a cold knife.
This exposed a fractured face of the frozen material within the clamped
rivet. Subsequently the surface was etched at �90 8C for 5 min and finally
covered with Au/Pt (1.5 nm) by using a Denton microwave unit and stud-
ied at a Jeol 6330 FESEM at �140 8C.
Cryo-TEM : Thin films of the aggregate dispersion were prepared in the
Vitrobot (PC controlled vitrification robot, patent applied, Frederik et al
2002, patent licensed to FEI) at room temperature and a relative humidi-
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ty >95%.[31] In the preparation chamber of the Vitrobot a 3 microliter
sample was applied on a Quantifoil grid (R 2/2, Quantifoil Micro Tools
GmbH; freshly glow discharged just prior to use), excess liquid was blot-
ted away, and the thin film thus formed was shot (acceleration about 3 g)
into melting ethane. The vitrified film was transferred to a cryoholder
(Gatan 626) and observed at �170 8C in a Philips CM 12 microscope op-
erating at 120 kV. Micrographs were taken at low-dose conditions.


Electrophoretic migration shift assay : A slightly modified literature pro-
cedure was used to perform PAGE in 0.75 mm thick slab gels.[23] No
stacking gels were used. Separating gels contained 10% acrylamide and
0.27% bis-acrylamide in 1.5m Tris-HCl (pH 8.8). Aqueous 25 mm Tris-
HCl, 192 mm glycine (pH 8.3) solution was used as the migration buffer.
Gels were stained with Coomassie brilliant blue.


Inclusion experiments : For these experiments we selected the fluorescent
dye 4(5)-carboxyfluorescein as it is negatively charged and is thought to
have little interaction with the negatively charged enzyme. To exclude
any effect of the dye on the reconstitution process, we first investigated
the reconstitution of apo-HRP with its natural heme cofactor in the pres-
ence of several concentrations of 4(5)-carboxyfluorescein. The concentra-
tions of dye used were 1.1R10�8, 1.1R10�7, and 1.1R10�6m, the last con-
centration having an absorption of 0.1 as determined with UV spectros-
ACHTUNGTRENNUNGcopy. In all cases we observed a lower activity for the HRP reconstituted
in the presence of dye relative to the blank (apo-HRP reconstituted with
its native cofactor in the absence of the dye). For the lowest concentra-
tions of dye the enzymatic activity was 62.5% of the blank. For the 1.1R
10�6m dye solution 45% of enzymatic activity was regained. Subsequent-
ly apo-HRP was reconstituted with 1e as described above in the presence
of 4(5)-carboxyfluorescein (1.1R10�6m). After 4 days the solution was di-
alyzed (300 kDa MWCO, Spectra/Por) against phosphate buffer solution
(20 mm, pH 7.5) and the decrease in 4(5)-carboxyfluorescein concentra-
tion was monitored using fluorescence spectroscopy (lex=492 nm, lem=
516 nm). Next, samples of the remaining aggregate dispersion were ana-
lyzed by aqueous gel permeation chromatography (GPC) using a Super-
dex 200 PC 3.2/30 (Amersham Pharmacia Biotech) column. To release
the dye from the aggregates a sample of the aggregate dispersion was di-
luted with pure water (9 volumes) and analyzed by aqueous GPC upon
standing for 5 min.


Enzymatic activity assays : Enzymatic activities were studied by using an
ABTS/H2O2 assay. An aqueous H2O2 solution (0.05 mL, 0.07%) was
added to a solution of ABTS (2.2 mL, 3.3R10�4 mm). Finally, the respec-
tive reconstitution mixtures (0.05 mL) were added, upon which the enzy-
matic activity was monitored for 60 s by using UV/Vis spectroscopy
(lmax=420 nm). The enzymatic activities of apo-HRP at 4 8C and at 22 8C
monitored during the time span of the reconstitution were taken as
blanks. The enzymatic activity of HRP was monitored in the same way.


Oxygen binding studies : A solution of (modified) Mb (0.00015 mm) in
aqueous potassium phosphate buffered solution (2 mL, 20 mm, pH 7.5,
2 mL) was placed in a cell equipped with an injectable screw cap, de-
gassed under vacuum for 1 h, and brought to atmospheric pressure with
argon. Subsequently, an aqueous sodium dithionite solution (20 mL,
0.011m) was added and the solution was shaken for 10 s. Oxygen was
passed through the solution and the solution was exposed to air and left
to stand for autoxidation. During the experiments the cell was kept at
25 8C. Changes were monitored by UV/Vis spectroscopy.
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Introduction


The site-specific equipment of proteins and other biomole-
cules with additional functional groups for subsequent bio-
chemical and biological investigations, for example, fluoro-
phores, spin probes, photoactivatable groups and affinity


tags is among the most frequently employed and important
methods of research in the life sciences.[1] Recently, in par-
ticular, aldehyde assisted ligations,[2] native chemical liga-
tion,[3] expressed protein ligation,[4] expressed enzymatic li-
gation,[5] Staudinger ligation[6] and the application of the
Huisgen azide cycloaddition[7] have been developed as pow-
erful new methods advancing the field significantly. Howev-
er, due to the multifunctionality of biomacromolecules in
general and proteins in particular and the manifold applica-
tions of such techniques there is a major and continuing
demand for the development of new technology providing
alternatives to the methods mentioned above. The chemistry
required must be compatible with the functional groups
found in proteins and proceed chemoselectively under mild
conditions and in aqueous solution, preferably in the ab-
sence of any potentially denaturating cosolvent. The Diels–
Alder reaction is a highly selective transformation and can
proceed in water with a higher velocity and selectivity than
in organic solvents.[8] Its compatibility with biomolecules has
been explored elegantly in the bioconjugation and/or immo-
bilization of oligonucleotides and other biomolecules[9,10] as
well as microarray development.[11,12] Here we report the de-
velopment of the Diels–Alder cycloaddition as a method for


Abstract: The development of the
Diels–Alder cycloaddition as a new
method for the site-specific chemose-
lective ligation of peptides and proteins
under mild conditions is reported. Pep-
tides equipped with a 2,4-hexadienyl
ester and an N-terminal maleimide
react in aqueous media to give cycload-
ducts in high yields and depending on
the amino acid sequence with high ster-
eoselectivity. Except for the cysteine
SH group the transformation is com-
patible with all amino acid side chain
functional groups. For ligation to pro-
teins the hexadienyl group was attach-
ed to avidin and streptavidin noncova-


lently by means of complex formation
with a biotinylated peptide or by cova-
lent attachment of a hexadienyl ester-
containing label to lysine side chains
incorporated into the proteins. Site-
specific attachment of the hexadienyl
unit into a Rab protein was achieved
by means of expressed protein ligation
followed by protection of the generat-
ed cysteine SH by means of Ellman6s


reagent. The protein reacted with dif-
ferent maleimido-modified peptides
under mild conditions to give the fully
functional cycloadducts in high yield.
The results demonstrate that the Diels–
Alder ligation offers an advantageous
and technically straightforward new
opportunity for the site-specific equip-
ment of peptides and proteins with fur-
ther functional groups and labels. It
proceeds under very mild conditions
and is compatible with most functional
groups found in proteins. Its combina-
tion with other ligation methods, in
particular expressed protein ligation is
feasible.
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the chemoselective ligation of
peptides and proteins under
mild conditions.[13]


Results and Discussion


The scope of the ligation ap-
proach was initially investigated
using model peptides equipped with a trans,trans-2,4-hexa-
dienyl group at the C-terminus or with a maleimido dieno-
phile at the N-terminus (Scheme 1). The ligation method
was further employed for the covalent modification of pro-
tein dienyl derivatives with maleimido-labeled probes.


Diels–Alder ligation of peptides


Synthesis of peptide dienyl esters : Due to the acid-sensitivi-
ty of the diene, for the synthesis of the peptide hexadienyl
esters in solution or on the solid phase, base- or mildly acid-
labile protecting groups were applied.


Initially a tripeptide hexadienyl ester, H-Val-Ala-Gly-
OHxd 1, was synthesized in solution by preparing a 9-fluore-
nylmethyloxycarbonyl (Fmoc) tripeptide tert-butyl ester,
cleavage of the tert-butyl ester and re-esterification with
trans,trans-2,4-hexadienol (2 ; see Scheme S1 in the Support-
ing Information). For longer peptides the re-esterification
proceeded only with unsatisfactory yields, and, therefore,
these peptides were synthesized by means of solid-phase
synthesis using the sulfamylbutyryl linker resin developed
by Backes and Ellman[14] and Fmoc, trityl (Trt), 4-methyltri-
tyl (Mtt) or tert-butylthiol (StBu) groups for protecting N-
terminal and reactive side-chain groups of the amino acids
(Scheme 2). Due to the poor nucleophilicity of the sulfona-
mide function, attachment of the first amino acid may result
in low loading and possible racemization.[15] For this reason,
glycine was selected as the C-terminal amino acid for all
diene–peptide sequences. Still quantitative loading of Fmoc-
glycine was only achieved using a large excess of amino acid
and coupling reagents over extended time (Scheme 2).


After peptide chain elongation on resin employing a 2-
(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexa-
fluorophosphate (HBTU)/N-hydroxybenzotriazole (HOBt)/
N,N-diisopropylethylamine
(DIPEA) coupling protocol,
the sulfonamide linker was acti-
vated by alkylation with iodoa-
cetonitrile/DIPEA. Treatment
of the resin with hexadienol 2/
4-(dimethylamino)pyridine
(DMAP) resulted in simultane-
ous release and esterification of
the protected peptides 3
(Scheme 2). The crude products
were purified by reversed-phase
HPLC to remove excess hexa-
dienol and DMAP (Figure S1,


Supporting Information). When necessary, the trityl protect-
ing group was removed by treatment of the cleaved peptide
with 1% trifluoroacetic acid (TFA)/5% triisopropylsilane
(TIS) in dichloromethane for 2 h at room temperature. Pep-
tide hexadienyl esters 3a–h were isolated in 43–16% overall
yield after HPLC purification (Table 1). The Fmoc protect-
ing group was removed with 20% piperidine in dichlorome-
thane (DCM) or DMF to give peptides 4a–h after HPLC


Scheme 1. Schematic representation of the Diels–Alder ligation of peptides and proteins.


Scheme 2. Solid-phase synthesis of peptide hexadienyl esters. a) Fmoc-
Gly-OH (8 equiv), DIC (8 equiv), N-methylimidazole (8 equiv), DCM/
DMF 4:3, 2N18 h, quantitative loading; b) SPPS: i) 20% piperidine in
DMF, 10 min (2N), ii) Fmoc-AA-OH (4 equiv), HBTU (4 equiv), HOBt
(4 equiv), DIPEA (8 equiv), DMF; c) ICH2CN (25 equiv), DIPEA
(10 equiv), NMP, 24 h; d) i) hexadienol 2 (20 equiv), DMAP (0.5 equiv),
THF, 24 h; ii)(only for 3b) 1% TFA/5% TIS in DCM, 2 h; e) 20% piper-
idine in DCM or DMF, 40 min; f) DTT, 0.1m NH4CO3/DMF 5:3, 2.5 h.
DCM=dichloromethane, DMF=dimethylformamide, SPPS= solid-phase
peptide synthesis, NMP=N-methylpyrrolidinone, THF= tetrahydrofuran.


Table 1. Results for the synthesis of peptide hexadienyl esters 3 and 4.


After cleavage from resin After removal of protecting groups
Diene Peptide sequence Yield [%][a] Diene Peptide sequence Yield [%][a]


3a Fmoc-KFmocPFLG 43 4a KPFLG 72
3b Fmoc-PCStBuSMG 20 4b PCStBuSMG 51
3c Fmoc-KFmocLGFAG 33 4c KLGFAG 83
3d Fmoc-KFmocLGKMttAG 32 4d KLGKMttAG 73
3e Fmoc-KFmocCStBuGVFG 22 4e KCStBuGVFG 80
3 f Fmoc-KFmocFPIGLFG 16[b] 4 f KFPIGLFG 91
3g Fmoc-KFmocFPIGLGFG 4g KFPIGLGFG 92
3h Fmoc-CStBuGPAG 37 4h CStBuGPAG 35


5 KCGVFG 72


[a] Yields are reported after HPLC purification. [b] During assembly of 3g one glycine residue coupling was
not complete resulting in the formation of two products 3 f and 3g in 12 and 4% yield, respectively.
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purification and lyophilization. Deprotection of the StBu
group was accomplished by reduction of the disulfide bond
of peptide 4e with dithiothreitol (DTT) in ammonium bicar-
bonate medium for 2 h, affording deprotected diene 5. Sur-
prisingly, in the case of compound 4d, the Mtt group, which
is known to be a very acid sensitive protecting group for
amines,[16] could not be removed by treatment with 1%
TFA/5% triethylsilane (or TIS) in DCM. If the concentra-
tion of TFA was increased to 5% partial removal of the Mtt
group was observed, however, also considerable decomposi-
tion of the diene occurred. Therefore peptide 4d was subse-
quently employed in Mtt-protected form.


Synthesis of peptide derived dienophiles : The synthesis of
the N-terminal maleimide functionalized peptides 6 was ach-
ieved by means of the Fmoc/tBu solid-phase strategy on a
Wang resin and the HBTU/HOBt/DIPEA coupling protocol
(Scheme 3). In order to investigate a possible influence of
linker length on the course of the ligation reaction N-malei-
mido-glycine[17] or N-maleimido-b-alanine were utilized for
the incorporation of the maleimide group in the last step of
the peptide synthesis. Since the maleimide moiety is stable
under acidic conditions,[17] side chain deprotection and
cleavage were achieved by treatment of the resin with TFA
and scavengers, affording N-maleimido peptides 6a–e in
high purity after lyophilization (Table 2). Fmoc-LysACHTUNGTRENNUNG(dansyl)-
OH (7) was applied as building block for the synthesis of
fluorescently labeled peptide 6e.


Peptide ligation by means of Diels–Alder reaction : The
Diels–Alder ligation of the peptide hexadienyl esters 1 or 4
and maleimides 6 to give cycloadducts 8 (Scheme 3) was
performed in aqueous solution at room temperature
(Table 3). The diene and dieno-
phile were mixed in equal
amounts in most cases and usu-
ally at 10 mm concentration and
allowed to react for 24 h. If re-
quired, methanol or DMF was
added for peptide solubilization
in the aqueous solution.


A typical time course dia-
gram for the Diels–Alder liga-
tion of diene and dienophile
modified peptides is given in
Figure 1. After overnight reac-
tion the ligation products were


formed in 70% to quantitative yield as revealed by HPLC
analysis. In some cases, consumption of the starting materi-
als was complete only after longer reaction times (Table 3,
entries 4, 6, 7). The use of DMF as a co-solvent seems to
slow down the rate of cycloaddition (Table 3, entry 3 vs 4).
Application of an excess of dienophile over diene considera-
bly shortened the coupling time and led to complete conver-
sion of the hexadienyl peptide to the new cycloadduct
(Table 3, entries 1 and 5).


Table 2. Results for the synthesis of N-maleimido-peptides 6.


Maleimide Linker (n) Peptide sequence Overall yield [%]


6a 1 YTG 62
6b 1 TQFHG 60
6c 1 SEWIG 53
6d 1 AKTSAESYSG 59
6e 2 SKTK ACHTUNGTRENNUNG(dansyl)G 57


Scheme 3. Synthesis of the N-terminal maleimido-peptides 6 and Diels–
Alder ligation of the dienyl and maleoyl peptides. a) TFA/DCM 1:1,
80 min; b) dansyl-Cl, NaHCO3, MeOH/H2O 5:2, overnight, 52%; c)
Wang resin, DIC, DMAP, DMF, overnight, quantitative loading; d)
SPPS: i) 20% piperidine in DMF, 10 min (2N); ii) Fmoc-AA-OH
(4 equiv), HBTU (4 equiv), HOBt (4 equiv), DIPEA (8 equiv), DMF; e)
N-maleoyl-glycine (n=1) or N-maleoyl-b-alanine (n=2), DIC, HOBt,
DCM/DMF 1:1; f) TFA/TIS/H2O 95:2.5:2.5, 2–3 h. g) aqueous media,
room temperature. Dansyl=5-dimethylaminonaphthalene-1-sulfonyl.


Table 3. Results for the Diels–Alder ligation of hexadiene- and maleimido-peptides.


Entry Cycloadduct Diene
peptide


Maleimido
peptide


Solvent t
[h]


Conversion
[%][a]


Isolated after HPLC
[%]


1 8a 1 6a[b] H2O/MeOH
10:3


20 quant. 87


2 8b 4a 6a H2O/MeOH 4:1 24 93 60
3 8c 4d 6b H2O/MeOH


20:1
24 95 74


4 8d 4d 6c H2O/DMF 4:1 47 84 64
5 8e 4b 6a[c] H2O/MeOH 3:2 24 quant. 32
6 8 f 4 f 6d H2O 48 93 69
7 8g 4g 6d H2O 48 92 67


[a] Based on the consumption of diene–peptide determined by analytical HPLC. [b] Dienophile was added in
excess (1.2 equiv). [c] Dienophile was added in excess (2.4 equiv).
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All ligation products were isolated by HPLC purification
and identified by mass spectroscopy and NMR (see Section
S3 in the Supporting Information). These results revealed
that the Diels–Alder ligation is chemoselective and compati-
ble with reactive amino acids
such as Lys, His and Trp. Also,
no nucleophilic addition of the
N-terminal amino group to the
a,b-unsaturated double bond of
the dienophile was observed
under these conditions. Howev-
er, we recognized the potential-
ly troublesome Michael addi-
tion reaction that can take
place between the side chain of
cysteine residues and the malei-
mide function.[1] Indeed, when
hexadiene 5, which possesses a
free cysteine residue, was treat-
ed with maleimide 6b, the for-
mation of a doubly labeled
product resulting from both nu-
cleophilic addition and cycload-
dition reaction was observed
(68% conversion, MALDI-
TOF: m/z : calcd for: 2142,
found: 2143). To avoid this side
reaction, protection of the cysteine side chain during Diels–
Alder ligation is required, as illustrated for the reaction of
peptides 4b and 6a (Table 3, entry 5), where the sulfhydryl
moiety is masked as a disulfide by the StBu protecting
group.


In additional experiments, we investigated the Diels–
Alder peptide ligation using different diene and dienophile
building blocks. However, peptides incorporating a cyclo-
pentadiene moiety rapidly dimerized in aqueous media[18]


and peptides having a furan group at the C-terminus or an
acrylamide group at the N-terminus, were not reactive
enough.


Stereoselectivity of the Diels–Alder ligation : The Diels–
Alder ligation investigated in this study potentially results in
the formation of four diastereomers. Only if endo/exo- and
face-selectivity are complete will one stereoisomer be
formed. In order to investigate this possibility the stereose-


lectivity was scrutinized em-
ploying model compounds ame-
nable to spectroscopic analysis.
The endo/exo selectivity of the
cycloaddition reaction involving
the peptidyl hexadiene and -
maleimide was first investigated
by using simple achiral cycload-
ducts as model molecules (see
Section S4, Supporting Infor-
mation). NOE investigations re-
vealed that only the endo iso-


mers were formed (Scheme S2, Supporting Information).
The Diels–Alder ligation process to give peptides 8a and


8b led to the formation of the expected endo products
(Figure 2) as confirmed by comparison of their NMR values


with the data found for the model cycloadducts (Table S1,
Supporting Information). Surprisingly, cycloadduct 8a was
obtained as a single endo isomer (95%) whereas the cyclo-
adduct 8b was obtained as a mixture of the two endo iso-
mers (50:50). These results suggest that a favourable hydro-
gen-bond pattern between the two reacting peptide chains
may fix the diene and dienophile groups in a specific posi-
tion that favors a face-selective endo attack. Spectroscopic
and chromatographic analysis of the other ligation products
8c–g did not permit a conclusive determination of the ster-
eoselectivity of the cycloaddition processes.


Diels–Alder ligation of proteins


In order to generate tailor-made proteins we sought to com-
bine the Diels–Alder ligation method with other conjugation
techniques. In such a combined strategy the protein of inter-
est is initially functionalized with a diene unit and then the


Figure 1. Time course for the ligation of peptides 4 f (c) and 6d (a) to give cycloadduct 8 f (b) followed by
HPLC analysis (entry 6, Table 3).


Figure 2. Structures of cycloadducts 8a and 8b.


www.chemeurj.org H 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 6095 – 61096098


H. Waldmann et al.



www.chemeurj.org





resulting protein-derived diene can be further functionalized
by Diels–Alder reactions with different dienophiles under
very mild conditions. Initially the Diels–Alder ligation of
proteins was investigated employing a dienyl peptide equip-
ped with a biotin unit that was employed for non-covalent
attachment to streptavidin and avidin. These experiments
revealed that the cycloaddition proceeded smoothly giving
rise to the desired protein cycloadducts (Section S5, Sup-
porting Information).


Conjugation of proteins by means of Diels–Alder cycloaddi-
tion : For the development of the Diels–Alder bioconjuga-
tion method, we devised the heterobifunctional cross-linker
9, which embodies a 2,4-hexadiene functionality and the N-
hydroxysuccinimidoyl (NHS) group that can react with
amines (Scheme 4).


Cross-linker 9 was prepared in two steps by mono-esterifi-
cation of 2 equiv pimelic acid with 1 equiv hexadienol 2 fol-
lowed by transformation of the diene 10 into the N-hydroxy-
succinimidyl ester 9 (Scheme 4). Linker 9 was first attached
to streptavidin molecules by acylation of lysine residues
through the NHS moiety. The molar ratio between the
cross-linker and streptavidin was kept relatively low (6:1) to
prevent multiple labeling of the streptavidin molecules.
Analysis of the MALDI-TOF spectra of modified streptavi-
din revealed that on average each streptavidin subunit was
equipped with one diene-linker (Figure S4B, Supporting In-
formation).


The diene-modified protein 11 was subjected to Diels–
Alder ligation with three different fluorescent labeled malei-
mide compounds 6e, 12 and 13, respectively in water.


Dansyl- (12) and fluorescein-maleimide (13) were synthe-
sized from the precursor 2-maleimido-ethanamine[19] as
shown in Scheme 4. The cycloaddition reaction was carried
out at 100 mm protein concentration using 30-fold excess of
dienophile at 25 8C for 24 h (Scheme 4). After removal of
unligated dienophile, the formation of the new fluorescent
protein 14 was verified by SDS-PAGE for all three conjuga-
tion reactions (Figure 3a). In addition, the mass of the ex-
pected ligation cycloadduct was confirmed by MALDI-TOF
analysis (Supporting Information Figure 4). Incubation of
unmodified streptavidin and dienophile molecules 6e, 12
and 13 resulted in no detectable product (lanes 3, 5 and 7 in
Figure 3a), thus confirming that the observed conjugation of
maleimide probes proceeded via Diels–Alder ligation.


Next we analyzed the efficiency and selectivity of the cy-
cloaddition at different pH values. We chose not to carry
out the reactions at pH above 7 since under these conditions
a nucleophilic addition of amino groups to the dienophile
double bond may take place.[1] The ligation between diene
conjugate 11 and about 100-fold excess of dansylated malei-
mido-peptide 6e was investigated in sodium phosphate
buffer in the pH range of 5.5 to 7.0 for 24 h at 25 8C. To
monitor possible side reactions, control reactions were per-
formed in which the streptavidin-conjugate was substituted
by unmodified streptavidin. As shown in Figure 3b the
Diels–Alder cycloaddition is selective at pH 5.5 to 6.5 but
looses its selectivity at higher pH. The appearance of a fluo-
rescent band for the reaction of streptavidin with 6e at pH 7
(lane 9 in Figure 3b) indicated that the maleimido-com-
pound also reacts unspecifically with the protein molecule
under these conditions.


Scheme 4. Diels–Alder conjugation of streptavidin. a) Hexadienol 2, DIC, DMAP, THF, overnight, 43%; b) N-hydroxysuccinimide, DIC, DMAP, THF,
overnight, 82%; c) 6 equiv cross linker 9, H2O, 2 h, 25 8C, purified by membrane ultracentrifugation (Microcon, 10 kDa cut-off); d) 30 equiv dienophile,
H2O, 24 h, 25 8C, purified by gel filtration (DyeEx spin columns); e) dansyl chloride, DIPEA, DMF, 1 h, 80%; f) fluorescein succinimidyl ester, DIPEA,
DMF, 2.5 h, 46%.
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Site-specific labeling of a Rab protein : The Expressed Pro-
tein Ligation (EPL) method[4] is a suitable tool to equip a
given protein with the diene functionality at a specific posi-
tion. By means of this method, the hexadiene group can be
specifically attached to the C-terminus of the protein by re-
action of a recombinant thioester tagged protein with a pep-
tide or amino acid carrying for example a cysteine at the N-
terminus and a hexadienyl unit at the C-terminus. The EPL
process generates a nucleophilic cysteine residue at the liga-
tion site which should be temporary protected (along with
other accessible cysteine side chains present in the protein)
to avoid undesired modification of the mercapto group in
the subsequent reaction with maleimido probes. After the
Diels–Alder ligation process, the masked cysteines are trans-
formed back into the free thiol form.


This approach was successfully implemented using a Rab
protein. The small Rab GTPases are key regulators of vesic-
ular traffic, which act in vesicle budding, docking and fusion
of intracellular peptides.[20] Many processes in which the
Rab proteins are involved are only partially understood,
making differently and site-specifically labeled Rab proteins
versatile probes to address open questions.[21–23]


As part of this proposed methodology for the labeling of
Rab proteins, Ellmann6s reagent, 5,5’-dithiobis(2-nitrobenzo-
ic acid) (DTNB)[24] was employed as an appropriate cysteine
blocking agent that efficiently reacts with the mercapto
groups of the protein to form stable disulfide bonds and ren-
ders them inert toward further reactions with maleimides.
To prove the efficiency of Ellmann6s reagent to mask the
cysteine residues of Rab proteins, several control experi-
ments were performed in which wild-type Rab7 was treated
with dansylated maleimide 6e with or without prior DTNB
protection (Section S7, Supporting Information).


With a suitable cysteine masking procedure in hands,
functionalization of Rab7 by means of the expressed protein
ligation method to generate the Rab hexadienyl ester was


attempted. The method uses a
genetically engineered intein
and a chitin binding domain
(CBD) as fusion partners to ex-
press and purify the desired
Rab thioester.[21,23] In this study,
we employed a Rab protein
from Canis familiaris
(Rab7DC3-MESNA thioester
15, see Scheme 5) truncated by
three amino acids.


For the dienyl linker con-
struction, two different cystein-
yl hexadiene linkers 16 and 4h
were synthesized (Section S8,
Supporting Information).


For the construction of the
C-terminally esterified Rab7
protein, Rab7 thioester 15 was
ligated with peptide hexadienyl
esters 16 or 4h under reducing


conditions overnight at 16 8C and in the presence of GDP
and MgCl2 for stabilization (Scheme 5).[21] An excess of 20
equivalents of the dienyl compound was employed to ensure
complete conversion. Small amounts of the detergent
CHAPS were also included to increase protein and peptide
solubilization under the ligation conditions. The identity of
the ligated products 17a,b was confirmed by ESI-MS (Fig-
ure S6, Supporting Information).


Without intermediate purification, the ligated hexadienyl
protein 17 was directly submitted to cysteine masking with
excess Ellmann6s reagent yielding masked protein hexadien-
yl esters 18a and 18b (Scheme 5). These proteins were then
dialyzed against DA buffer (5 mm sodium phosphate pH 6.0,
20 mm NaCl, 0.2 mm MgCl2, 20 mm GDP) to remove all
small molecules (MESNA, Ellmann6s reagent, dienyl pep-
tide). As determined by mass spectrometry (Figure S6, Sup-
porting Information), the two accessible cysteine residues of
the truncated Rab7 protein 18 were in fact masked by the
disulfide groups. In the case of hexadiene 18b, the reagent
MESNA itself formed a stable disulfide bond with a cysteine
residue of the protein, acting also as a masking agent.


Next the protected hexadienyl Rab7 proteins 18a,b were
subjected to Diels–Alder reaction with peptide-derived di-
enophile 6e and dansyl derivative 12 (Scheme 5). The cyclo-
addition ligation was carried out in buffer at pH 6.0 and at a
protein concentration of approximately 40 mm for 24 h at
room temperature affording fluorescent labeled Rab7 pro-
teins 19a–d. The ligation efficiency varied between 50 and
90% depending on the excess of dienophile employed
(Table S2, Supporting Information). The coupling reactions
were terminated by addition of excess dithiothreitol which
traps the dienophile and simultaneously converts the disul-
fides into unmasked thiols. Because of the release of the
chromogenic thionitrobenzoic acid (TNB) group into solu-
tion, the ligation solution became yellowish at this point.


Figure 3. a) SDS-PAGE analysis of the streptavidin conjugates 14a, 14b and 14c obtained by Diels–Alder liga-
tion of streptavidin-diene 11 (lane 2) and maleimides 6e (lane 4), 12 (lane 6) and 13 (lane 8), respectively.
Control experiments showed that no binding occurs when wild type streptavidin (lane 1) is combined with
maleimides 6e (lane 3), 12 (lane 5) or 13 (lane 7) in water. b) SDS-PAGE analysis for the Diels–Alder conju-
gation of diene 11 and maleimide 6e at pH 5.5 to 7.0. The observed protein bands represent streptavidin subu-
nits as the tetrameric protein complex was denatured upon heating of the sample at 80 8C for 3 min with dena-
turating loading buffer prior to gel loading. Strep: streptavidin, M: molecular weight marker.
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The three-step ligation process was followed by SDS-
PAGE (Figure 4) and all intermediates and final products
were identified by ESI-MS mass spectrometry (Figure S6,
Supporting Information). In the presence of 100-fold excess
of dienophile the hexadienyl protein is converted into the
expected fluorescent conjugates with high efficiency (90%).
Undesired multiple labeling of Rab7 was not detected at sig-
nificant levels.


The Diels–Alder conjugation of the masked hexadienyl
Rab protein with the dansylated labeled dienophile ren-
dered this protein insoluble in the reaction solution. The for-
mation of aggregates could not be avoided even when the li-
gation was carried out in the presence of cosolvent (glyc-
erol) or detergents (CHAPS, Triton X-100 or Tween-20), or


at lower protein concentration (10–20 mm). This behavior
was also formerly observed during the semisynthesis of lipi-
dated Rab proteins.[21–22]


The purification of the Rab protein 19a was performed
similarly to the procedure described for the isolation of sem-
isynthetic prenylated Rab proteins.[21a] After incubation of
the Rab hexadienyl ester 18a with maleimide 6e, the pro-
tein precipitate was separated by centrifugation and washed
with methanol in order to remove unligated dienophile. The
resulting pellet was dissolved in denaturation buffer contain-
ing 6m guanidinium chloride and DTT (unmasking of the
cysteine at this point) and then refolded by a 25-fold dilu-
tion with renaturation buffer. Subsequently, the folded pro-
tein was dialyzed and concentrated.


Scheme 5. Combination of expressed protein ligation and Diels–Alder ligation for site-specific modification of the Rab7 protein. a) 0.25 mm thioester
tagged Rab7DC3 15 in 5 mm sodium phosphate buffer pH 7.5, 20 mm NaCl, 20 mm MESNA, 0.4% CHAPS, 10 mm GDP, 0.2 mm MgCl2 and 5 mm peptide
16 or 4h, overnight, 16 8C; b) DTNB, 4 h, 25 8C, then dialysis against DA buffer (5 mm sodium phosphate buffer pH 6.0, 20 mm NaCl, 0.2 mm MgCl2,
20 mm GDP); c) 1 equiv 40 mm Rab7 18 in DA buffer, 100 equiv maleimide 6e or 12, 24 h, 25 8C. d) DTT, 2 h, 25 8C. MESNA: sodium 2-mercaptoethane
sulfonate, CHAPS: 3-[(3-cholamidopropyl)-dimethyl-ammonio]-1-propane sulfonate, GDP: guanosine 5’-diphosphate, DA: Diels–Alder.
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In order to establish whether the generated protein was
natively folded and functionally active we analyzed its inter-
action with the Rab Escort Protein 1 (REP-1). REP-1 is an
accessory factor that facilitates prenylation of Rab GTPases
by presenting them to Rab geranylgeranyltransferase and
subsequently by delivering them to the target membranes.
Recognition of Rab proteins by REP-1 occurs via a large
protein/protein interface and requires integrity of the Rab
GTPase ternary structure.[25] To analyze the interaction of
Rab7 with REP-1 we took advantage of the dansyl label at-
tached to the flexible C-terminus of Rab7 that enables the
use of fluorescence spectroscopy to monitor the interaction
between both proteins. When the solution of semisynthetic
Rab7 19a excited at 333 nm was titrated with increasing
concentrations of REP-1 a dose dependent and saturable in-
crease of fluorescence emission at 440 nm was observed
(Figure 5). Titration data could be fitted using a quadratic
equation describing the binding curve and were consistent
with a 1:1 stoichiometry and a Kd value of 2 nm. This Kd


value is very close to the one obtained earlier with fluores-
cent GDP-bound Rab7.[26] The obtained data show that the
developed procedure yields fully active functionalized Rab7
protein.


The use of the two-step ligation strategy delineated above
is particularly indicated if reporter groups or tags need to be
introduced into proteins that are not stable under the condi-
tions of expressed protein ligation. For instance, in the
course of a different research program we observed that the
fluorescence of the BODIPY label, one of the most advan-
tageous and very often used fluorophores, is lost during at-
tempted ligation of BODIPY-functionalized peptides to pro-
teins by means of EPL. However, fluorescent-labeled Rab
proteins are formed if diene-modified Rab protein 18a is


subjected to Diels–Alder liga-
tion with BODIPY-labeled pep-
tides.[13]


Thus, upon treatment of pro-
tein dienyl ester 18a with male-
imide-tagged doubly lipidated
peptide 20 the desired lipid-
modified protein 21 was formed
and isolated (Scheme 6 and
Figure 6). The ligated protein
was identified by ESI-MS (m/z :
calcd for: 25496 Da; found:
25495 Da [M+]). Lipidated
peptide 20 represents a fluores-
cent-labeled analogue of the S-
palmitoylated and S-farnesylat-
ed C-terminus of the human
Ras protein and was synthe-
sized as described previously.[27]


Notably the synthesis of chi-
meric lipoprotein 21 also dem-


onstrates that the Diels–Alder ligation is applicable to the
synthesis of sensitive protein conjugates such acid- and
base-sensitive lipoproteins.[28]


Conclusion


We have shown that the Diels–Alder ligation offers a new
opportunity for the site-selective functionalization of pro-
teins and peptides. It proceeds under very mild conditions
with high selectivity and is compatible with most functional
groups found in proteins. Its combination with other ligation
methods, in particular expressed protein ligation, is feasible
and allows for the rapid equipment of a given protein with
different functional groups in a site-specific manner, that is


Figure 4. SDS-PAGE analysis of the Diels–Alder ligation between masked Rab7 hexadienyl ester 18 and male-
imide probes 6e and 12. Diels–Alder labeled Rab7 19a–d appeared as a unique fluorescent protein band at ca
24 kDa. Ligation conditions: 18a and 100-fold 6e (lane 1 in a), 18a and 100-fold 12 (lane 3 in a), 18b and 50-
fold 6e (lane 3 in b), 18b and 100-fold 12 (lane 4 in b).


Figure 5. Spectrofluorometric titration of 19a with REP-1. Conditions:
25 8C, 25 mm HEPES pH 7.2, 40 mm NaCl, 2 mm MgCl2, 2 mm DTE and
20 mm GDP. The concentrations of 19a complexes were 50 nm. The exci-
tation/emission wavelengths were fixed at 333/440 nm. Data were fitted
to a quadratic equation as implemented in the program Grafit 5.1 (Eri-
thacus software) leading to Kd value of 1.9 � 0.5 nm and consistent with
1:1 stoichiometry. DTE: dithioerythritol, HEPES: 2-[4-(2-hydroxyethyl)-
1-piperazinyl]ethanesulfonic acid.
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at the C-terminus. The Diels–Alder coupling involving the
maleimide segment should be carried out at slightly acidic
conditions and in the absence of reactive thiol groups or
other groups of similar nucleophilicity. If the protein pos-
sesses reactive cysteine residues in its structure, the ligation
conditions must be adjusted to prevent unspecific reactions
by temporary blocking of the sulfhydryl groups. The Diels–
Alder reaction leads to a non-traceless ligation site, but the
final cycloadduct skeleton is relatively small and should not
significantly influence the protein structure. The 2,4-hexa-
diene moiety is stable under physiological conditions and
can be easily incorporated chemically into biomolecules
from the commercially available precursor trans,trans-2,4-


hexadienol. Maleimide derivatives and probes are available
from commercial suppliers.


Taken together the results described herein and the previ-
ous results for the bioconjugation of oligonucleotides and
saccharides demonstrates that the Diels–Alder [4+2] cyclo-
addition is an advantageous method for covalent biomole-
cule modification and a real alternative for the in vitro as-
sembly of semisynthetic proteins and biopolymers.


Experimental Section


General methods : Peptide synthesis grade solvents and deionized water
(Millipore Q-Plus System) were used for all experiments. Peptides and
reagents, unless otherwise noted, were purchased from commercial sup-
pliers. Purifications were performed by reversed-phase HPLC on Agilent
preparative HPLC 1100 Series system using a Nucleodur C18 Gravity
column (Macherey–Nagel) and detection at 215 nm. Linear gradients of
solvent B (0.1% TFA in acetonitrile) in solvent A (0.1% TFA in water)
were applied at 25 mLmin�1 flow rate. Optical rotations were measured
in a Schmidt and Haensch Polartronic HH8 polarimeter at 589 nm and
concentrations are given in g per 100 mL solvent. NMR spectra were re-
corded using a Varian Mercury 400 MHz spectrometer and calibrated ac-
cording with solvent standard peaks. Analytical reversed-phase HPLC
was carried out in a Hewlett Packard HPLC 1100 system using a Nucleo-
syl 100-5 C18 Nautilus column, detection at 215 and 254 nm and linear
gradients of solvent B in solvent A at 1 mLmin�1 flow rate. Electrospray
mass spectrometric analyses (ESI-MS) were performed on a Finnigan
LCQ spectrometer. Mass spectra from proteins were deconvoluted using
the Biomass program included in the Xcalibur software (ThermoFinni-
gan) Fast atom bombardment (FAB) mass spectra were recorded on a


Scheme 6. Combination of expressed protein ligation and Diels–Alder ligation for the synthesis of a lipidated protein. a) 1 equiv 40 mm Rab7 18a in DA
buffer, 100 equiv maleimide 20 (in MeOH/CH2Cl2 3:1), 24 h, 25 8C (ligated product 21 precipitates); b) centrifugation and washing of the pellet with
MeOH (3N) and to remove excess peptide; c) the precipitate was dissolved in denaturation buffer (100 mm Tris-HCl, pH 8.0, 6m guanidinium-HCl,
100 mm DTE, 1% CHAPS, 1 mm EDTA) over night at 4 8C, d) protein renaturated by diluting 25-fold dropwise into refolding buffer (50 mm HEPES,
pH 7.5, 2.5 mm DTE, 2 mm MgCl2, 10 mm GDP, 1% CHAPS, 400 mm arginine-HCl, 400 mm trehalose, 0.5 mm PMSF, 1 mm EDTA) 20-fold stirring at
25 8C 3 h, e) protein was concentrated up to ca. 40 mm by ultracentrifugation (Amicon 10 kDa cut-off). Tris: tris(hydroxymethyl)aminomethane, EDTA:
ethylenediaminetetraacetate, PMSF: phenylmethylsulfonyl fluoride.


Figure 6. SDS-PAGE analysis of the Diels–Alder ligation product 21
(lane 3) obtained from masked Rab7 hexadienyl ester 18a (lane 1) and
maleimide BODIPY-peptide 20 (lane 2).
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Finnigan MAT MS 70 spectrometer, using m-nitrobenzylalcohol as
matrix. MALDI-TOF measurements were carried out with Voyager-DE
Pro Biospectrometry Workstation from PerSeptive Biosystems utilizing
a-cyano-hydroxycinnammic acid as matrix. Calculated masses were ob-
tained using the program ChemDraw Ultra (CambridgeSoft Corpora-
tion). Streptavidin and avidin proteins were obtained from Sigma. Tris/
glycine 15% gels were applied for denaturating SDS-PAGE, with fluores-
cence detection at 302 nm (Reprostar II UV illuminator, Camag) and
subsequent staining with Coomassie Blue. Rab7 thioester,[21] and REP-
1[25] were expressed and purified as described in the respective referen-
ces.


General procedure for solid-phase peptide synthesis (SPPS)
Peptides were assembled by manual solid-phase synthesis using the
HBTU/HOBt/DIPEA activation method. Typically couplings were car-
ried out with 4 equiv Fmoc-amino acid, 4 equiv HBTU, 4 equiv HOBt
and 8 equiv DIPEA in DMF, for a minimum of 1 h and monitored by the
Kaiser test. Fmoc-deprotection was accomplished by treating the resin
with 20% piperidine in DMF for 10 minutes twice. N-Maleimidoyl gly-
cine[17] or N-maleimido-b-alanine were coupled using 4 equiv of the re-
spective maleimide, 4 equiv DIC and 4 equiv HOBt in DCM/DMF 1:1
for 2 h or allowed to react overnight.


General procedure for the solid-phase synthesis of the fully protected
hexadienyl peptide esters 3 using the sulfonamide linker resin


First amino acid loading and peptide assembly : The resin loaded with
Fmoc-glycine was obtained by treatment of 4-sulfamylbutyryl AM resin
(Novabiochem) with a mixture of Fmoc-Gly-OH (7 equiv), N-methylimi-
dazole (7 equiv) and DIC (7 equiv) in DCM/DMF 4:3 overnight (quanti-
tative loading as determined by the UV-Fmoc method). The peptide
chain was assembled as indicated in the general procedure above.


Activation/cleavage from resin : Iodoacetonitrile (25 equiv) and DIPEA
(10 equiv) were dissolved in NMP (4 mLmmol�1 ICH2CN), filtered
through basic alumina, and added to the fully protected peptidyl resin
(pre-swollen in DCM and NMP). The resulting mixture was shielded
from light and shaken at room temperature for 18–24 h. The resin was
washed with NMP (5N) and THF (3N). The activated resin was directly
transferred to a round bottom flask and treated with a solution of trans-
trans-2,4-hexadien-1-ol (2 ; 20 equiv) and DMAP (0.5 equiv) in dry THF
(10 mLg�1 resin) for 24 h. The resin was filtered and washed several
times with THF. The filtrates were combined and THF was removed
under reduced pressure. The crude product was purified by reversed-
phase HPLC. Fractions containing the product (analyzed by MALDI-
TOF) were combined and dried by lyophilization.


Fmoc-Lys ACHTUNGTRENNUNG(Fmoc)-Pro-Phe-Leu-Gly-OHxd (3a): Starting from sulfona-
mide resin (122 mg) loaded with Fmoc-Gly (0.075 mmol), a colorless
solid (35 mg, 0.032 mmol, 43%) was obtained. 1H NMR (CDCl3,
400 MHz): d=0.62–0.80 (m, 6H, 2NCH3 Leu), 1.10–2.10 (m, 16H, d-CH2


Lys, g-CH2 Lys, b-CH2 Leu, g-CH Leu, CH3 Hxd, b-CH2 Lys, b-CH2 Pro,
g-CH2 Pro), 2.9–3.2 (m, 4H,b-CH2 Phe, e-CH2 Lys), 3.45–3.70 (m, 2H, e-
CH2 Pro), 3.75–3.90 (m, 2H, a-CH2 Gly), 4.00–4.55 (m, 12H, a-CH Lys,
a-CH Pro, a-CH Leu, a-CH Phe, CH2 Hxd, 2NCH2 Fmoc, 2NCH
Fmoc), 5.36–5.49 (m, 1H, CH=CHCH3), 5.60–5.68 (m, 1H, CH2CH=


CH), 5.82–5.94 (m, 1H, CH=CHCH3), 6.06–6.13 (m, 1H, CH2CH=CH),
7.00–7.10 (m, 5H, Ar Phe), 7.13–7.23 (m, 4H, 2NAr Fmoc), 7.25–7.35
(m, 4H, 2NAr Fmoc), 7.40–7.55 (m, 4H, 2NAr Fmoc), 7.60–7.70 ppm
(m, 4H, 2NAr Fmoc); ESI-MS: m/z : calcd for C64H72N7O10: 1085.5;
found: 1085.3 [M+H]+ .


Fmoc-Pro-Cys ACHTUNGTRENNUNG(StBu)-Ser-Met-Gly-OHxd (3b): Starting from sulfona-
mide resin (151 mg) loaded with Fmoc-Gly (0.10 mmol) the product was
cleaved from the resin as Fmoc-Pro-Cys ACHTUNGTRENNUNG(StBu)-SerACHTUNGTRENNUNG(Trt)-Met-Gly-OHxd
and purified by RP-HPLC. The resulting fractions containing product
were combined and concentrated in vacuo. After evaporation of the sol-
vent, partial Trt deprotection was detected (MALDI and LC-MS). In
order to achieve complete removal of the Trt group, the crude product
(58 mg) was further treated with DCM/TFA/TIS 100:1:5 (1 mL) for 2 h
at room temperature. Solvents were removed in vacuo and the product
was purified by RP-HPLC, affording colorless solid (18 mg, 0.02 mmol,
20%); 1H NMR (CD3OD, 400 MHz): d = 1.20/1.32 (s, 9H, tBu), 1.73 (d,
3H, J=6.6 Hz, CH3 Hxd), 1.86–2.10 (m, 4H, g-CH2 Pro, b-CH2 Pro), 2.06


(s, 3H, CH3 Met), 2.10–2.38 (m, 2H, b-CH2 Met), 2.44–2.65 (m, 2H, g-
CH2 Met), 2.92–3.20 (m, 2H, b-CH2 Cys), 3.41–3.70 (m, 2H, e-CH2 Pro),
3.78–3.88 (m, 2H, b-CH2 Ser), 3.92 (m, 2H, a-CH2 Gly), 4.18–4.56 (m,
6H, CH Fmoc, CH2 Fmoc, 3Na-CH), 4.59 (d, 2H, J=6.5 Hz, CH2 Hxd),
4.62–4.66 (m, 1H, a-CH), 5.57–5.63 (m, 1H, CH=CHCH3), 5.70–5.79 (m,
1H, CH2CH=CH), 6.01–6.08 (dd, 1H, J=15.0, 10.4 Hz, CH=CHCH3),
6.21–6.28 (dd, 1H, J=15.0, 10.3 Hz, CH2CH=CH), 7.32 (t, 2H, J=
7.4 Hz, Ar Fmoc), 7.40 (t, 2H, J=7.4 Hz, Ar Fmoc), 7.65 (t, 2H, J=
7.4 Hz, Ar Fmoc), 7.80 ppm (d, 2H, J=7.4 Hz, Ar Fmoc) and weak
amide signals; ESI-MS: m/z for C43H57N5O9S3: 884.3; found: 884.4
[M+H]+ ; MALDI-TOF: m/z : 906.8 [M+Na]+ , 922.8 [M+K]+ .


Fmoc-Lys ACHTUNGTRENNUNG(Fmoc)-Leu-Gly-Phe-Ala-Gly-OHxd (3c): Starting from sulfo-
namide resin (51 mg) loaded with Fmoc-Gly (0.043 mmol) a colorless
solid (16 mg, 0.014 mmol, 33%) was obtained. 1H NMR ([D6]DMSO,
400 MHz): d=0.81 (d, 3H, J=6.5 Hz, CH3 Leu), 0.82 (d, 3H, J=6.5 Hz,
CH3 Leu), 1.23 (d, 3H, J=7.1 Hz, CH3 Ala), 1.22–1.65 (m, 9H, 3NCH2


Lys, b-CH2 Leu, g-CH Leu), 1.70 (d, 3H, J=6.6 Hz, CH3 Hxd), 2.71–2.77
(m, 1H, b-CH2 Phe), 2.92–2.99 (m, 2H, CH2 Lys), 2.99–3.05 (m, 2H, b-
CH2 Phe), 3.55–3.71 (m, 2H, a-CH2 Gly), 3.77–3.91 (m, 2H, a-CH2 Gly),
3.94–4.00 (m, 1H, a-CH), 4.14–4.35 (m, 8H, 2NCH Fmoc, 2Na-CH, 2N
CH2 Fmoc), 4.51–4.55 (m, 1H, a-CH), 4.56 (d, 2H, J=6.2 Hz, CH2 Hxd),
5.60 (ddd, 1H, J=12.8, 6.4, 6.4 Hz, CH=CHCH3), 5.69–5.78 (m, 1H,
CH2CH=CH), 6.04 (dd, 1H, J=14.9, 10.2 Hz, CH=CHCH3), 6.27 (dd,
1H, J=15.0, 10.3 Hz, CH2CH=CH), 7.13–7.26 (m, 5H, Ar Phe), 7.31 (t,
4H, J=7.4 Hz, Ar Fmoc), 7.40 (t, 4H, J=7.4 Hz, Ar Fmoc), 7.66–7.71
(m, 4H, Ar Fmoc), 7.84–7.86 (m, 1H, NH), 7.87 (d, 4H, J=7.4 Hz, Ar
Fmoc), 7.98 (d, 1H, J=8.2 Hz, NH), 8.05 (t, 1H, J=5.3 Hz, NH), 8.13 (t,
1H, J=5.7 Hz, NH), 8.19 ppm (d, 1H, J=7.6 Hz, NH); ESI-MS: m/z :
calcd for C64H73N7O11: 1116.5; found: 1116.2 [M+H]+ ; MALDI-TOF:
m/z : 1155.1 [M+K]+ .


Fmoc-Lys ACHTUNGTRENNUNG(Fmoc)-Leu-Gly-Lys ACHTUNGTRENNUNG(Mtt)-Ala-Gly-OHxd (3d): Starting from
sulfonamide resin (59 mg) loaded with Fmoc-Gly (0.05 mmol) a colorless
solid (21 mg, 0.016 mmol, 32%) was obtained. ESI-MS: m/z : calcd for
C81H92N8O11: 1353.7; found: 1353.4 [M+H]+ ; FAB-LRMS: m/z : 1352.79
[M]+ . Compound 3d was not further characterized and directly convert-
ed into compound 4d.


Fmoc-Lys ACHTUNGTRENNUNG(Fmoc)-Cys ACHTUNGTRENNUNG(StBu)-Gly-Val-Phe-Gly-OHxd (3e): Starting from
Fmoc-Gly sulfonamide resin (164 mg) loaded with Fmoc-Gly
(0.056 mmol), a colorless solid (14 mg, 0.012 mmol, 22%) was obtained.
[a]20D =�13.5 (c=0.2, MeOH); 1H NMR ([D7]DMF, 400 MHz): d=0.92
(d, 3H, J=6.8 Hz, CH3 Val), 0.94 (d, 3H, J=6.8 Hz, CH3 Val), 1.46 (s,
9H, tBu), 1.63–1.72 (m, 4H, g-CH2 Lys, d-CH2 Lys), 1.88 (d, 3H, J=
6.6 Hz, CH3 Hxd), 1.90–2.10 (m, 2H, b-CH2 Lys), 2.16–2.25 (m, 1H, b-
CH Val), 3.28–3.50 (m, 6H, e-CH2 Lys, b-CH2 Phe, b-CH2 Cys), 4.00–4.21
(m, 4H, 2Na-CH2 Gly), 4.34–4.48 (m, 8H, 2NCH Fmoc, 2Na-CH, 2N
CH2 Fmoc), 4.78 (d, 2H, J=6.4 Hz, CH2 Hxd), 4.85–4.90 (m, 2H, 2Na-
CH), 5.78–5.85 (m, 1H, CH=CHCH3), 5.90–5.98 (m, 1H, CH2CH=CH),
6.22–6.28 (dd, 1H, J=15.0, 11.0 Hz, CH=CHCH3), 6.45–6.52 (dd, 1H, J=
15.0, 10.4 Hz, CH2CH=CH), 7.34 (t, 1H, J=7.2 Hz, Ar Phe), 7.41 (t, 2H,
J=7.2 Hz, Ar Phe), 7.47 (d, 2H, J=7.0 Hz, Ar Phe), 7.50 (t, 4H, J=
7.4 Hz, Ar Fmoc), 7.60 (t, 4H, J=7.4 Hz, Ar Fmoc), 7.84–7.97 (m, 8H,
Ar Fmoc, 4NCONH), 8.05 (d, 4H, J=7.4 Hz, Ar Fmoc), 8.35 (t, 1H, J=
6.0 Hz, CONH), 8.49 (t, 1H, J=5.8 Hz, CONH), 8.66 ppm (d, 1H, J=
7.5 Hz, CONH); ESI-MS: m/z : calcd for C67H79N7O11S2: 1222.5; found:
1222.2 [M+H]+ ; FAB-LRMS: m/z : 1221.7 [M]+ .


Fmoc-Lys ACHTUNGTRENNUNG(Fmoc)-Phe-Pro-Ile-Gly-Leu-Phe-Gly-OHxd (3 f) and Fmoc-
Lys ACHTUNGTRENNUNG(Fmoc)-Phe-Pro-Ile-Gly-Leu-Gly-Phe-Gly-OHxd (3g): Sulfonamide
resin (106 mg) loaded with Fmoc-Gly (0.09 mmol) was used. The cou-
pling of the second glycine residue was incomplete, yielding a mixture of
two peptides 3 f and 3g which were separated by means of HPLC: 16%
overall yield: 3 f (14.5 mg, 0.010 mmol, 12%) and 3g (5.4 mg,
0.0037 mmol, 4%). 3 f : MALDI-TOF: m/z : calcd for C81H95NaN9O13:
1424.7; found: 1424.7 [M+Na]+ , 1440.7 [M+K]+ ; 3g : MALDI-TOF:
m/z : calcd for C83H98N10O14: 1481.7; found: 1481.7 [M+Na]+ , 1497.7
[M+K]+ . Compounds 3 f and 3g were not further characterized and im-
mediately converted to compounds 4 f and 4g.


Fmoc-Cys ACHTUNGTRENNUNG(StBu)-Gly-Pro-Ala-Gly-O-hexadienylester (3h): Sulfonamide
resin (291 mg) loaded with Fmoc-Gly (0.24 mmol) was used. The product
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was purified by flash chromatography, eluting with DCM and DCM/
MeOH 100:1!20:1 to give a colorless solid (70 mg, 0.09 mmol, 37%). Rf


= 0.31 (DCM/MeOH 10:1); MALDI-TOF: m/z : calcd for
C40H51NaN5O8S2: 816.3; found: 816.6 [M+Na]+ , 833.5 [M+K]+ . Com-
pound 3h was not further characterized and immediately converted to
compound 4h.


General procedure for Fmoc-protecting group removal to give hexadien-
yl esters 4 : A solution of 5–30 mg Fmoc-protected peptide 3 was treated
with 0.5–2.0 mL 20% piperidine in DMF or DCM for 40 minutes at
room temperature. The reaction mixture was coevaporated with metha-
nol to remove excess of piperidine. The product was purified by re-
versed-phase-HPLC, fractions containing the product (evaluated by
MALDI-TOF) were combined and dried by lyophilization.


H-Lys-Pro-Phe-Leu-Gly-OHxd (4a): Starting from 3a (33 mg,
0.032 mmol) a colorless solid (15 mg, 0.023 mmol, 72%) was obtained.
[a]20D =�27.98 (c=0.3, MeOH); 1H NMR (CD3OD, 400 MHz): d=0.91
(d, 3H, J=6.1 Hz, CH3 Leu), 0.94 (d, 3H, J=6.2 Hz, CH3 Leu), 1.46–
1.82 (m, 7H, d-CH2 Lys, g-CH2 Lys, b-CH2 Leu, g-CH Leu), 1.74 (d, 3H,
J=6.7 Hz, CH3 Hxd), 1.84–2.23 (m, 6H, b-CH2 Pro, g-CH2 Pro, b-CH2


Lys), 2.90–3.00 (m, 2H, e-CH2 Lys), 3.02 (dd, 1H, J=13.9, 7.7 Hz, b-CH2


Phe), 3.13 (dd, 1H, J=13.9, 6.5 Hz, b-CH2 Phe), 3.56–3.63 (m, 1H, e-CH2


Pro), 3.67–3.73 (m, 1H, e-CH2 Pro), 3.81–3.96 (m, 2H, a-CH2 Gly), 4.25
(t, 1H, J=6.1 Hz, a-CH), 4.42 (dd, 1H, J=9.5, 5.5 Hz, a-CH), 4.50 (t,
1H, J=5.2 Hz, a-CH), 4.57 (t, 1H, J=6.6 Hz, a-CH), 4.61 (d, 2H, J=
6.6 Hz, CH2 Hxd), 5.61 (ddd, 1H, J=13.5, 6.5, 6.5 Hz, CH=CHCH3),
5.72–5.81 (m, 1H, CH2CH=CH), 6.06 (dd, 1H, J=15.0, 10.4 Hz, CH=


CHCH3), 6.28 (dd, 1H, J=15.0, 10.4 Hz, CH2CH=CH), 7.17–7.30 ppm
(m, 5H, Ar Phe); ESI-MS: m/z : calcd for C34H52N6O6: 641.4; found:
641.4 [M+H]+ ; FAB-HRMS: m/z : 640.3945 [M]+ .


H-Pro-Cys ACHTUNGTRENNUNG(StBu)-Ser-Met-Gly-OHxd (4b): Starting from 3b (6 mg,
6.8 mmol) a colorless solid (2.3 mg, 3.5 mmol, 51%) was obtained. [a]20D =


�17.18 (c=0.1, MeOH); 1H NMR (CD3OD, 400 MHz): d=1.35 (s, 9H,
tBu), 1.75 (d, 3H, J=6.6 Hz, CH3 Hxd), 1.90–2.21 (m, 6H, g-CH2 Pro, b-
CH2 Pro, b-CH2 Met), 2.09 (s, 3H, CH3 Met), 2.38–2.64 (m, 2H, g-CH2


Met), 3.02 (dd, 1H, J=13.7, 9.1 Hz, b-CH2 Cys), 3.23 (dd, 1H, J=13.6,
5.0 Hz, b-CH2 Cys), 3.30–3.45 (m, 2H, e-CH2 Pro), 3.75 (dd, 1H, J=10.9,
5.9 Hz, b-CH2 Ser), 3.85 (dd, 1H, J=10.9, 5.4 Hz, b-CH2 Ser), 3.94 (m,
2H, a-CH2 Gly), 4.31 (dd, 1H, J=8.4, 6.3 Hz, a-CH Pro), 4.40 (t, 1H,
J=5.7 Hz, a-CH Met), 4.56 (dd, 1H, J=9.0, 4.9 Hz, a-CH Ser), 4.62 (d,
2H, J=6.7 Hz, CH2 Hxd), 4.69 (dd, 1H, J=9.0, 5.1 Hz, a-CH Cys), 5.61
(ddd, 1H, J=13.2, 6.5, 6.5 Hz, CH=CHCH3), 5.73–5.81 (m, 1H, CH2CH=


CH), 6.06 (dd, 1H, J=15.0, 10.4 Hz, CH=CHCH3), 6.27 ppm (dd, 1H,
J=15.1, 10.3 Hz, CH2CH=CH); ESI-MS: m/z : calcd for C28H47N5O7S3:
662.3; found: 662.2 [M+H]+ , 684.3 [M+Na]+ ; MALDI-TOF: m/z : 662.8
[M+H]+ , 684.8 [M+Na]+ , 700.8 [M+K]+ .


H-Lys-Leu-Gly-Phe-Ala-Gly-OHxd (4c): Starting from 3c (7 mg,
0.0063 mmol) a colorless solid (3.5 mg, 0.0052 mmol, 83%) was obtained.
[a]20D =�7.28 (c=0.3, MeOH); 1H NMR (CD3OD, 400 MHz): d=0.95 (d,
3H, J=6.5 Hz, CH3 Leu), 0.97 (d, 3H, J=6.5 Hz, CH3 Leu), 1.38 (d, 3H,
J=7.2 Hz, CH3 Ala), 1.45–1.91 (m, 9H, 3NCH2 Lys, b-CH2 Leu, g-CH
Leu), 1.74 (d, 3H, J=6.4 Hz, CH3 Hxd), 2.90–3.20 (m, 4H, b-CH2 Phe,
CH2 Lys), 3.88–3.97 (m, 4H, 2Na-CH2 Gly), 4.34–4.42 (m, 2H, 2Na-
CH), 4.58–4.61 (m, 2H, 2Na-CH), 4.62 (d, 2H, J=6.2 Hz, CH2 Hxd),
5.62 (ddd, 1H, J=13.6, 6.6, 6.6 Hz, CH=CHCH3), 5.72–5.81 (m, 1H,
CH2CH=CH), 6.06 (dd, 1H, J=15.0, 10.5 Hz, CH=CHCH3), 6.28 (dd,
1H, J=15.1, 10.3 Hz, CH2CH=CH), 7.18–7.29 ppm (m, 5H, Ar Phe);
ESI-MS: m/z : calcd for C34H53N7O7: 671.4; found 671.4 [M]+ ; MALDI-
TOF: m/z : 672.9 [M+H]+ , 694.9 [M+Na]+ , 710.9 [M+K]+ .


H-Lys-Leu-Gly-LysACHTUNGTRENNUNG(Mtt)-Ala-Gly-OHxd (4d): Starting from 3d (21 mg,
15.5 mmol) a colorless solid (10.2 mg, 11.2 mmol, 73%) was obtained.
1H NMR (CD3OD, 400 MHz): d=0.94 (d, 3H, J=6.4 Hz, CH3 Leu), 0.96
(d, 3H, J=6.4 Hz, CH3 Leu), 1.29–1.40 (m, 2H, g-CH2 Lys), 1.39 (d, 3H,
J=7.2 Hz, CH3 Ala), 1.44–1.55 (m, 2H, g-CH2 Lys), 1.58–1.93 (m, 11H,
2Nd-CH2 Lys, b-CH2 Leuk, 2Nb-CH2 Lys, g-CH Leu), 1.74 (d, 3H, J=
6.6 Hz, CH3 Hxd), 2.38 (s, 3H, CH3 Mtt), 2.85–2.99 (m, 4H, 2Ne-CH2


Lys), 3.77–3.96 (m, 5H, 2Na-CH2 Gly, a-CH), 4.26–4.43 (m, 3H, 3Na-
CH), 4.58 (d, 2H, J=6.6 Hz, CH2 Hxd), 5.59 (ddd, 1H, J=13.3, 6.6,
6.6 Hz, CH=CHCH3), 5.71–5.80 (m, 1H, CH2CH=CH), 6.05 (dd, 1H, J=


15.0, 10.4 Hz, CH=CHCH3), 6.28 (dd, 1H, J=15.0, 10.6 Hz, CH2CH=


CH), 7.18 (d, 2H, J=8.4 Hz, Ar Mtt), 7.27–7.33 (m, 6H, Ar Mtt), 7.43–
7.49 ppm (m, 6H, Ar Mtt); FAB-HRMS: m/z : calcd for C34H52N6O6:
909.5602; found 909.5684 [M+H]+ .


H-Lys-CysACHTUNGTRENNUNG(StBu)-Gly-Val-Phe-Gly-OHxd (4e): Starting from 3e (11 mg,
9.0 mmol) a colorless solid (5.6 mg, 7.2 mmol, 80%) was obtained. [a]20D =


�9.08(c=0.1, MeOH); 1H NMR (CD3OD, 400 MHz): d=0.73 (d, 3H, J=
6.8 Hz, CH3 Val), 0.82 (d, 3H, J=6.8 Hz, CH3 Val), 1.34 (s, 9H, tBu),
1.45–1.55 (m, 2H, g-CH2 Lys), 1.63–1.70 (m, 2H, d-CH2 Lys), 1.74 (d,
3H, J=6.6 Hz, CH3 Hxd), 1.84–1.95 (m, 2H, b-CH2 Lys), 2.01–2.10 (m,
1H, b-CH Val), 2.94 (t, 2H, J=7.6 Hz, e-CH2 Lys), 2.98–3.07 (m, 2H, b-
CH2 Phe), 3.20 (dt, 2H, J=13.9, 6.4 Hz, b-CH2 Cys), 3.68 (d, 1H, J=
16.1 Hz, a-CH Val), 3.94 (s, 2H, a-CH2 Gly), 3.98 (t, 1H, J=6.4 Hz, a-
CH Lys), 4.08 (t, 2H, J=8.2 Hz, a-CH2 Gly), 4.63 (d, 2H, J=6.6 Hz,
CH2 Hxd), 4.63–4.66 (m, 2H, a-CH Cys, a-CH Phe), 5.58–5.65 (m, 1H,
CH=CHCH3), 5.72–5.82 (m, 1H, CH2CH=CH), 6.03–6.10 (dd, 1H, J=
15.0, 10.4 Hz, CH=CHCH3), 6.25–6.32 (dd, 1H, J=15.1, 10.5 Hz,
CH2CH=CH), 7.18–7.30 ppm (m, 5H, Ar Phe); MALDI-TOF: m/z : calcd
for C37H59N7O7S2: 778.4; found 778.8 [M+H]+ , 800.8 [M+Na]+ , 816.7
[M+K]+ .


H-Lys-Phe-Pro-Ile-Gly-Leu-Phe-Gly-OHxd (4 f): Starting from 3 f
(14.5 mg, 10.3 mmol) a colorless solid (9.0 mg, 9.4 mmol, 91%) was ob-
tained. [a]20D =�28.68 (c=0.3, MeOH); 1H NMR (CD3OD, 400 MHz): d=
0.82 (dd, 3H, J=6.3, 4.3 Hz, CH3 Ile), 0.87 (d, 3H, J=6.3 Hz, CH3 Ile),
0.91–1.00 (m, 6H, 6NCH3 Leu), 1.21–1.71 (m, 10H, CH2 Ile, d-CH2 Lys,
g-CH2 Lys, b-CH2 Leu, b-CH2 Lys), 1.74 (d, 3H, J=6.6 Hz, CH3 Hxd),
1.83–2.14 (m, 6H, b-CH2 Pro, g-CH2 Pro, g-CH Leu, b-CH Ile), 2.90–3.04
(m, 4H, 2N1Hb-CH2 Phe, e-CH2 Lys), 3.17–3.26 (m, 2H, 2N1H b-CH2


Phe), 3.32–3.52 (m, 1H, e-CH2 Pro), 3.76–3.95 (m, 6H, e-CH2 Pro, 2Na-
CH2 Gly), 4.08 (t, 1H, J=7.0 Hz, a-CH Pro), 4.22–4.28 (m, 2H, 2Na-
CH), 4.53–4.67 (m, 2H, 2Na-CH), 4.62 (d, 2H, J=6.5 Hz, CH2 Hxd),
5.61 (ddd, 1H, J=13.6, 6.4, 6.4 Hz, CH=CHCH3), 5.72–5.81 (m, 1H,
CH2CH=CH), 6.06 (dd, 1H, J=15.0, 10.5 Hz, CH=CHCH3), 6.28 (dd,
1H, J=15.2, 10.5 Hz, CH2CH=CH), 7.17–7.34 ppm (m, 10H, Ar Phe);
ESI-MS: m/z : calcd for C51H75N9O9: 958.6; found: 958.7 [M+H]+ ;
MALDI-TOF: m/z : 958.9 [M+H]+ , 980.9 [M+Na]+ , 996.8 [M+K]+ ;
FAB-LRMS: m/z : 958.75 [M+H]+ .


H-Lys-Phe-Pro-Ile-Gly-Leu-Gly-Phe-Gly-OHxd (4g): Starting from 3g
(5.4 mg, 3.7 mmol) a colorless solid (3.5 mg, 3.4 mmol, 92%) was obtained.
[a]20D =�25.78 (c=0.2, MeOH); 1H NMR (CD3OD, 400 MHz): d=0.82
(dd, 3H, J=6.3, 3.1 Hz, CH3 Ile), 0.87 (d, 3H, J=6.5 Hz, CH3 Ile), 0.90–
1.00 (m, 6H, 2NCH3 Leu), 1.17–1.72 (m, 10H, CH2 Ile, d-CH2 Lys, g-CH2


Lys, b-CH2 Leu, b-CH2 Lys), 1.73 (d, 3H, J=6.6 Hz, CH3 Hxd), 1.83–2.04
(m, 5H, b-CH2 Pro, g-CH2 Pro, g-CH Leu), 2.04–2.13 (m, 1H, b-CH Ile),
2.89–3.04 (m, 4H, 2N1H b-CH2 Phe, e-CH2 Lys), 3.17–3.26 (m, 2H, 2N
1H b-CH2 Phe), 3.32–3.52 (m, 1H, e-CH2 Pro), 3.72–4.02 (m, 8H, e-CH2


Pro, 3Na-CH2 Gly), 4.10 (m, 1H, a-CH), 4.21–4.28 (m, 2H, 2Na-CH),
4.49–4.56 (m, 2H, 2Na-CH), 4.62 (d, 2H, J=6.5 Hz, CH2 Hxd), 5.62
(ddd, 1H, J=13.2, 6.7, 6.7 Hz, CH=CHCH3), 5.71–5.82 (m, 1H, CH2CH=


CH), 6.06 (dd, 1H, J=14.9, 10.5 Hz, CH=CHCH3), 6.27 (dd, 1H, J=
14.6, 10.0 Hz, CH2CH=CH), 7.19–7.35 ppm (m, 10H, Ar Phe); ESI-MS:
m/z : calcd for C53H78N10O10: 1015.6; found: 1015.7 [M+H]+ ; MALDI-
TOF: m/z : 1015.9 [M+H]+ , 1037.8 [M+Na]+ , 1053.8 [M+K]+ .


H-Cys ACHTUNGTRENNUNG(StBu)-Gly-Pro-Ala-Gly-OHxd (4h): Starting from 3h (70 mg,
0.09 mmol) a colorless solid (18 mg, 0.05 mmol, 35%) was obtained.
[a]20D =�18.58 (c=0.2, MeOH); 1H NMR (CD3OD, 400 MHz): d=1.37 (s,
9H, tBu), 1.38 (d, 3H, J=7.3 Hz, CH3 Ala), 1.75 (d, 2H, J=6.7 Hz, CH3


Hxd), 1.86–2.38 (m, 4H, b-CH2, g-CH2 Pro), 3.07 (dd, 1H, J=8.5,
14.3 Hz, b-CH2 Cys), 3.26 (dd, 1H, J=5.2, 14.1 Hz, b-CH2 Cys), 3.52–3.74
(m, 2H, d-CH2 Pro), 3.89–4.01 (m, 2H, a-CH2 Gly), 4.05–4.17 (m, 3H, a-
CH2 Gly, a-CH Cys), 4.36–4.46 (m, 2H, 2Na-CH), 4.62 (d, 2H, J=
6.6 Hz, CH2 Hxd), 5.61 (ddd, 1H, J=13.8, 7.1, 7.1 Hz, CH=CHCH3),
5.72–5.81 (m, 1H, CH2CH=CH), 6.06 (dd, 1H, J=15.1, 10.5 Hz, CH=


CHCH3), 6.28 (dd, 1H, J=15.2, 10.4 Hz, CH2CH=CH); ESI-MS: m/z :
calcd for C25H41N5O6S2: 572.3; found: 572.3 [M+H]+ , 594.3 [M+Na]+ ;
FAB-HRMS: m/z : 571.2521 [M]+ .


H-Lys-Cys-Gly-Val-Phe-Gly-OHxd (5): Peptide 4d (4.2 mg, 5.4 mmol)
was dissolved in a degassed solution (800 mL) of 0.1m ammonium bicar-
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bonate/DMF 5:3 under an argon atmosphere. DTT (12 mL, 0.14 mmol)
dissolved in degassed DMF (12 mL) was added to the peptide solution
and the mixture was stirred under argon at room temperature for 2.5 h.
The crude product was dried by lyophilization, redissolved in DMF, fil-
tered and purified by reversed-phase HPLC, to afford a colorless solid
(2.7 mg, 3.9 mmol, 72%); 1H NMR (CD3OD, 400 MHz): d=0.73 (d, 3H,
J=6.8 Hz, CH3 Val), 0.82 (d, 3H, J=6.8 Hz, CH3 Val), 1.28–1.33 (m, 1H,
SH), 1.47–1.54 (m, 2H, g-CH2 Lys), 1.63–1.72 (m, 2H, d-CH2 Lys), 1.74
(d, 3H, J=6.6 Hz, CH3 Hxd), 1.86–1.92 (m, 2H, b-CH2 Lys), 2.00–2.07
(m, 1H, b-CH Val), 2.81–3.03 (m, 4H, e-CH2 Lys, b-CH2 Phe), 3.20 (dt,
2H, J=8.8, 5.0 Hz, b-CH2 Cys), 3.77 (d, 1H, J=16.1 Hz, a-CH Val), 3.94
(s, 2H, a-CH2 Gly), 3.98 (t, 1H, J=6.4 Hz, a-CH Lys), 4.07 (t, 2H, J=
6.4 Hz, a-CH2 Gly), 4.53 (t, 2H, a-CH), 4.62 (d, 2H, J=6.6 Hz, CH2


Hxd), 4.66 (t, 2H, J=5.0 Hz, a-CH), 5.58–5.65 (m, 1H, CH=CHCH3),
5.72–5.81 (m, 1H, CH2CH=CH), 6.03–6.10 (ddd, 1H, J=15.0, 10.4 Hz,
CH=CHCH3), 6.25–6.32 (dd, 1H, J=15.1, 10.5 Hz, CH2CH=CH), 7.18–
7.30 ppm (m, 5H, Ar Phe); MALDI-TOF: m/z : calcd for C33H51N7O7S:
690.4; found: 691.0 [M+H]+ , 713.0 [M+Na]+ , 729.0 [M+K]+ .


General procedure for the solid-phase synthesis of the maleimido-pep-
tides 6 using Wang resin : Wang resin (Novabiochem) was loaded with
Fmoc-Gly-OH using 4 equiv amino acid, 4 equiv DIC and 0.1 equiv
DMAP in DMF (overnight, quantitative loading by UV-Fmoc determina-
tion). After peptide chain assembly was complete (SPPS), the peptidyl
resin was treated with TFA containing 2.5% TIS and 2.5% H2O as scav-
engers for 2–3 h. After partial evaporation of the resulting solution, the
crude peptide was precipitated by adding diethyl ether, filtered and
washed with diethyl ether. Finally the products were redissolved in a mix-
ture of MeOH/water and lyophilized.


N-Maleimido-Gly-Tyr-Thr-Gly-OH (6a): Starting from Wang resin
(301 mg) loaded with Fmoc-glycine (0.31 mmol) a colorless solid (91 mg,
0.19 mmol, 62%) was obtained. [a]20D =++16.28 (c=0.4, DMF); 1H NMR
(D2O, 400 MHz): d=0.99 (d, 3H, J=6.4 Hz, CH3 Thr), 2.81–2.90 (m, 2H,
b-CH2 Tyr), 3.77 (s, 2H, a-CH2 Gly), 4.02–4.07 (m, 1H, a-CH Thr), 4.10
(d, 2H, J=2.8 Hz, a-CH2 Gly), 4.17 (d, 1H, J=4.0 Hz, b-CH Thr), 4.50
(t, 1H, J=7.8 Hz, a-CH Tyr), 6.66 (d, 2H, J=8.4 Hz, Ar Tyr), 6.75 (s,
2H, CH=CH), 6.97 ppm (d, 2H, J=8.4 Hz, Ar Tyr); 13C NMR (D2O,
100 MHz): d=18.8, 36.4, 39.9, 41.4, 55.7, 58.9, 67.2, 115.7, 127.8, 130.7,
134.7, 154.5, 169.0, 171.7, 171.9, 172.7, 173.2 ppm; ESI-MS: m/z : calcd for
C21H24N4O9: 477.1; found: 477.0 [M+H]+ , 499.0 [M+Na]+ ; FAB-HRMS:
m/z : 499.1458 [M+Na]+ .


N-Maleimido-Gly-Thr-Gln-Phe-His-Gly-OH (6b): Starting from Wang
resin (276 mg) loaded with Fmoc-glycine (0.32 mmol), a colorless solid
(140 mg, 0.19 mmol, 60%) was obtained. [a]20D =�20.28 (c=1.0, DMF);
1H NMR ([D6]DMSO, 400 MHz): d=1.00 (d, 3H, J=6.2 Hz, CH3 Thr),
1.61–1.68 (m, 1H, b-CH2 Gln), 1.80–1.88 (m, 1H, b-CH2 Gln), 1.99–2.11
(m, 2H, g-CH2 Gln), 2.78 (dd, 1H, J=13.6, 9.4 Hz, b-CH2), 2.83–3.01 (m,
2H, 2N1H b-CH2), 3.11 (dd, 1H, J=15.2, 5.4 Hz, b-CH2), 3.68–3.84 (m,
2H, a-CH2 Gly), 3.91–3.98 (m, 1H, b-CH Thr), 4.14–4.30 (m, 4H, a-CH2


Gly, 2Na-CH), 4.43 (dd, 1H, J=8.8, 5.4 Hz, a-CH), 4.62 (dd, 1H, J=7.7,
6.0 Hz, a-CH), 6.82 (br s, 1H, CH His), 7.08 (s, 2H, CH=CH), 7.16–7.26
(m, 5H, Ar Phe), 7.35 (br s, 1H, CH His), 8.02 (d, 1H, J=7.6 Hz,
CONH), 8.07 (d, 1H, J=7.5 Hz, CONH), 8.14 (t, 1H, J=5.8 Hz,
CONH), 8.20 (d, 1H, J=8.1 Hz, CONH), 8.35 (d, 1H, J=8.5 Hz,
CONH), 8.95 ppm (s, 1H, NH); ESI-MS: m/z : calcd for C32H39N9O11:
726.3; found: 726.3 [M+H]+ ; MALDI-TOF: m/z : 726.9 [M+H]+ , 748.9
[M+Na]+ , 764.9 [M+K]+ .


N-Maleimido-Gly-Ser-Glu-Trp-Ile-Gly-OH (6c): Starting from Wang
resin (350 mg) loaded with Fmoc-glycine (0.40 mmol) a colorless solid
(152 mg, 0.21 mmol, 53%) was obtained. [a]20D =�24.5 (c=0.7, DMF);
1H NMR ([D6]DMSO, 400 MHz): d=0.80 (t, 3H, J=7.4 Hz, CH3 Ile),
0.84 (d, 3H, J=6.8 Hz, CH3 Ile), 1.00–1.13 (m, 1H, CH2 Ile), 1.38–1.47
(m, 1H, CH2 Ile), 1.65–1.75 (m, 2H, b-CH2 Glu), 1.83–1.92 (m, 1H, b-
CH Ile), 2.19 (t, 2H, J=8.0 Hz, g-CH2 Glu), 2.89 (dd, 1H, J=14.8,
8.6 Hz, b-CH2 Trp), 3.11 (dd, 1H, J=14.8, 5.4 Hz, b-CH2 Trp), 3.49–3.59
(m, 2H, b-CH2 Ser), 3.65–3.80 (m, 2H, a-CH2 Gly), 4.12 (d, 2H, J=
5.5 Hz, a-CH2 Gly), 4.17–4.28 (m, 2H, 2Na-CH), 4.34 (dd, 1H, J=7.7,
5.9 Hz, a-CH), 4.59 (dd, 1H, J=8.1, 5.7 Hz, a-CH), 6.96 (t, 1H, J=
8.0 Hz, Ar Trp), 7.04 (t, 1H, J=8.0 Hz, Ar Trp), 7.07 (s, 2H, CH=CH),


7.11 (d, 1H, J=2.3 Hz, Ar Trp), 7.30 (d, 1H, J=8.0 Hz, Ar Trp), 7.56 (d,
1H, J=7.8 Hz, Ar Trp), 7.86 (d, 1H, J=8.9 Hz, CONH), 8.02 (d, 1H, J=
8.0 Hz, CONH), 8.10–8.12 (m, 2H, 2HCONH), 8.33 (d, 1H, J=7.8 Hz,
CONH), 10.76 ppm (d, 1H, J=2.0 Hz, NH Trp); ESI-MS: m/z : calcd for
C33H41N7O12: 728.3; found: 728.1 [M+H]+ ; MALDI-TOF: m/z : 750.8
[M+Na]+ , 766.8 [M+K]+ .


N-Maleimido-Gly-Ala-Lys-Thr-Ser-Ala-Glu-Ser-Tyr-Ser-Gly-OH (6d):
Starting from Wang resin (285 mg) loaded with Fmoc-glycine
(0.29 mmol), a colorless solid (196 mg, 0.17 mmol, 59%) was obtained.
[a]20D =�7.78 (c=0.3, DMF); 1H NMR (D2O, 400 MHz): d=1.05 (d, 3H,
J=6.4 Hz, CH3 Thr), 1.20–1.37 (m, 2H, g-CH2 Lys), 1.26 (d, 6H, J=
7.2 Hz, 2NCH3 Ala), 1.47–1.57 (m, 2H, d-CH2 Lys), 1.58–1.78 (m, 2H, b-
CH2 Lys), 1.79–1.97 (m, 2H, b-CH2 Glu), 2.31 (t, 2H, J=7.5 Hz, g-CH2


Glu), 2.82–2.92 (m, 4H, e-CH2 Lys, b-CH2 Tyr), 3.63–3.79 (m, 6H, 3Nb-
CH2 Ser), 3.83 (s, 2H, a-CH2 Gly), 4.10–4.33 (m, 11H, 8Na-CH, a-CH2,
b-CH Thr), 4.50 (t, 1H, J=7.5 Hz, a-CH), 6.67 (d, 2H, J=8.5 Hz, Ar
Tyr), 6.80 (s, 2H, CH=CH), 7.00 ppm (d, 2H, J=8.5 Hz, Ar Tyr); ESI-
MS: m/z : calcd for C47H68N12O21: 1137.5; found: 1137.5 [M+H]+ ;
MALDI-TOF: m/z : 1137.7 [M+H]+ , 1159.7 [M+Na]+ , 1175.6 [M+K]+ ;
FAB-LRMS: m/z : 1136.45 [M]+ .


N-Maleimido-bAla-Ser-Lys-Thr-Lys ACHTUNGTRENNUNG(dansyl)-Gly-OH (6e): Starting from
Wang resin (147 mg) loaded with Fmoc-glycine (0.13 mmol) a colorless
solid (67 mg, 0.074 mmol, 57%) was obtained. [a]20D =�19.08 (c=0.4,
MeOH); 1H NMR (CD3OD, 400 MHz): d=1.16 (d, 3H, J=6.4 Hz, CH3


Thr), 1.22–1.43 (m, 4H, 2Ng-CH2 Lys), 1.47–1.73 (m, 6H, 2Na-CH2 Lys,
b-CH2 Lys), 1.73–1.81 (m, 1H, b-CH2 Lys), 1.94–2.03 (m, 1H, b-CH2


Lys), 2.54 (t, 2H, J=6.7 Hz, CH2 bAla), 2.84 (t, 2H, J=6.3 Hz, e-CH2


Lys), 2.94–3.00 (m, 8H, e-CH2 Lys, 2NCH3 Dan), 3.68–3.83 (m, 4H, CH2


bAla, b-CH2 Ser), 3.84–3.93 (m, 2H,a-CH2 Gly), 4.13–4.19 (m, 1H, b-CH
Thr), 4.25 (dd, 1H, J=9.1, 4.8 Hz, a-CH), 4.29–4.34 (m, 2H, 2Na-CH),
4.43 (dd, 1H, J=9.7, 4.7 Hz, a-CH), 6.79 (s, 2H, CH=CH), 7.39 (d, 1H,
J=7.6 Hz, Ar Dan), 7.59–7.64 (m, 2H, Ar Dan), 8.20 (d, 1H, J=7.3 Hz,
Ar Dan), 8.42 (d, 1H, J=8.7 Hz, Ar Dan), 8.53 ppm (d, 1H, J=8.6 Hz,
Ar Dan); ESI-MS: m/z : calcd for C40H57N9O13S: 904.4; found: 904.7
[M+H]+ ; MALDI-TOF: m/z : 904.9 [M+H]+ , 926.9 [M+Na]+ , 942.9
[M+K]+ ; FAB-HRMS: m/z : 904.3904 [M+H]+ .


Fmoc-Lys ACHTUNGTRENNUNG(dansyl)-OH (7): Fmoc-Lys ACHTUNGTRENNUNG(Boc)-OH (500 mg, 1.1 mmol) was
treated with TFA/DCM 1:1 (10 mL) for 80 min at room temperature.
Excess of TFA was removed by coevaporation with toluene and the pep-
tide was dried under reduced pressure (colorless oil, Fmoc-Lys-
OH·TFA). The side-chain deprotected peptide was dissolved in MeOH/
H2O 5:2 (35 mL), followed by addition of NaHCO3 (270 mg, 3.2 mmol)
and dansyl chloride (432 mg, 1.6 mmol). The reaction mixture was stirred
for 19 h at room temperature. The pH was adjusted to 2 by adding HCl
1m and the product was extracted 3Nwith DCM, washed with brine,
dried over Na2SO4 and concentrated in vacuo. Purification was per-
formed by silica gel flash chromatography, eluting first with DCM, fol-
lowed by DCM/MeOH 10:1, affording (336 mg, 0.56 mol, 52%) a light
yellow oil (fluorescent). Rf=0.10 (DCM/MeOH 10:1); [a]20D =�5.58 (c=
0.4, CHCl3);


1H NMR (CD3OD, 400 MHz): d=1.07–1.34 (m, 4H, g-CH2,
d-CH2), 1.35–1.70 (m, 2H, b-CH2), 2.77–2.84 (m, 2H, e-CH2), 2.79 (s, 6H,
2NCH3 Dan), 3.95 (dd, 1H, J=4.5, 9.2 Hz, a-CH), 4.20 (t, 1H, J=
6.7 Hz, CH Fmoc), 4.33 (d, 2H, J=6.0 Hz, CH2 Fmoc), 7.06 (d, 1H, J=
7.1 Hz, Ar Dan), 7.10–7.21 (m, 2H, Ar Dan), 7.27 (t, 2H, J=7.4 Hz, Ar
Fmoc), 7.40 (t, 2H, J=7.4 Hz, Ar Fmoc), 7.50 (d, 2H, J=7.0 Hz, Ar
Fmoc), 7.64 (d, 2H, J=7.5 Hz, Ar Fmoc), 8.17 (d, 1H, J=7.2 Hz, Ar
Dan), 8.34 (d, 1H, J=8.7 Hz, Ar Dan), 8.51 ppm (d, 1H, J=8.5 Hz, Ar
Dan); 13C NMR (CD3OD, 100 MHz): d=22.4, 29.1, 31.8, 42.8, 45.6, 47.3,
54.0, 67.2, 115.5, 119.3, 120.0, 123.5, 125.4, 127.1, 127.8, 128.5, 129.6,
129.8, 130.0, 130.5, 135.1, 141.4, 143.9, 144.1, 152.0, 156.8, 174.8 ppm;
MALDI-TOF: m/z : calcd for C33H35N3O6S: 600.2; found: 600.4 [M�H]+ ,
624.4 [M+Na]+ .


General procedure for the Diels–Alder ligation : Diene- and dienophile–
peptides were dissolved in water at room temperature to a concentration
of 10 mm. If required, methanol or DMF was added in minimum amounts
to support peptide solubilization (Table 3). The ligation was monitored
by HPLC analysis. After appropriate reaction time (20–48 h), the ligation
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product was directly purified by reversed phase HPLC and finally lyophi-
lized.


H-Val-Ala-Gly-O-cyclo-N-Gly-Tyr-Thr-Gly-OH (8a): Stirring of Val-Ala-
Gly-OHxd (1; 11 mg, 0.033 mmol) and 6a (19 mg, 0.039 mmol) in H2O/
MeOH 10:3 (1 mL) for 20 h gave a colorless solid (23 mg, 0.029 mmol,
87%). [a]20D =++11.78 (c=1.0, DMF); 1H NMR (CD3OD, 400 MHz): d=
1.03 (d, 3H, J=6.8 Hz, CH3 Val), 1.06 (d, 3H, J=6.9 Hz, CH3 Val), 1.14
(d, 3H, J=6.4 Hz, CH3 Thr), 1.39 (d, 3H, J=7.2 Hz, CH3 Ala), 1.40 (d,
3H, J=7.0 Hz, CH3 cyclo), 2.14–2.24 (m, 1H, b-CH Val), 2.44–2.52 (m,
1H, H6), 2.65–2.72 (m, 1H, H3), 2.88 (dd, 1H, J=13.7, 7.8 Hz, b-CH2


Tyr), 3.02 (dd, 1H, J=13.9, 6.3 Hz, b-CH2 Tyr), 3.18 (dd, 1H, J=8.4,
7.2 Hz, H5), 3.39 (dd, 1H, J=8.5, 6.1 Hz, H4), 3.67 (d, 1H, J=5.6 Hz, a-
CH Val), 3.84–4.09 (m, 6H, 3Na-CH2 Gly), 4.13–4.20 (m, 1H, b-CH
Thr), 4.31 (t, 1H, J=3.5 Hz, a-CH), 4.47 (ddd, 1H, J=14.3, 7.1, 3.2 Hz,
CH2 cyclo), 4.51–4.63 (m, 3H, CH2 cyclo, 2Na-CH), 5.71–5.79 (m, 2H,
CH=CH), 6.69 (d, 2H, J=7.4 Hz, Ar Tyr), 7.04 ppm (d, 2H, J=8.5 Hz,
Ar Tyr); ESI-MS: m/z : calcd for C37H51N7O13: 802.4; found: 802.4
[M+H]+ ; MALDI-TOF: m/z : 802.9 [M+H]+ , 824.9 [M+Na]+ , 840.9
[M+K]+ .


H-Lys-Pro-Phe-Leu-Gly-O-cyclo-N-Gly-Tyr-Thr-Gly-OH (8b): Stirring
of 4a (10 mg, 0.015 mmol) and 6a (7 mg, 0.015 mmol) at room tempera-
ture in H2O/MeOH 4:1 (1 mL) for 24 h gave a colorless solid (10 mg,
0.009 mmol, 60%). [a]20D =�23.28 (c=0.3, MeOH); 1H NMR (CD3OD,
400 MHz): d=0.90 (d, 3H, J=6.0 Hz, CH3 Leu), 0.94 (d, 3H, J=6.0 Hz,
CH3 Leu), 1.14 (d, 3H, J=6.4 Hz, CH3 Thr), 1.39/1.40 (ratio 1:1, d, 3H,
J=7.3 Hz, CH3 cyclo), 1.51–1.74 (m, 7H, g-CH2 Lys, d-CH2 Lys, b-CH2


Leu, g-CH Leu), 1.87–2.09 (m, 5H, g-CH2 Pro, b-CH2 Lys, b-CH2 Pro),
2.16–2.26 (m, 1H, b-CH2 Pro), 2.45–2.51 (m, 1H, H6), 2.64–2.73 (m, 1H,
H3), 2.87 (dd, 1H, J=13.9, 7.8 Hz, b-CH2 Tyr), 2.92–3.15 (m, 5H, b-CH2


Tyr, e-CH2 Lys, b-CH2 Phe), 3.13/3.20 (ratio 1:1, dd, 1H, J=8.5, 7.2/8.4,
7.2 Hz, H5), 3.38/3.46 (ratio 1:1, dd, 1H, J=8.4, 6.2/8.5, 6.3 Hz, H4), 3.55–
3.64 (m, 1H, d-CH2 Pro), 3.67–3.74 (m, 1H, d-CH2 Pro), 3.83–4.11 (m,
6H, 3Na-CH2 Gly), 4.13–4.19 (m, 1H, b-CH Thr), 4.23–4.28 (m, 1H, a-
CH), 4.32 (t, 1H, J=3.7 Hz, a-CH), 4.39–4.46 (m, 1H, CH2 cyclo), 4.48–
4.52 (m, 1H, CH2 cyclo), 4.54–4.65 (m, 4H, 4Na-CH), 5.70–5.78 (m, 2H,
CH=CH), 6.69 (d, 2H, J=8.4 Hz, Ar Tyr), 7.03 (d, 2H, J=8.5 Hz, Ar
Tyr), 7.18–7.31 ppm (m, 5H, Ar Phe); ESI-MS: m/z : calcd for
C55H76N10O15: 1117.6; found: 1117.6 [M+H]+ ; MALDI-TOF: m/z : 1118.0
[M+H]+ , 1140.0 [M+Na]+ , 1156.0 [M+K]+ .


H-Lys-Leu-Gly-LysACHTUNGTRENNUNG(Mtt)-Ala-Gly-O-cyclo-N-Gly-Thr-Gln-Phe-His-Gly-
OH (8c): Compounds 4d (2.0 mg, 2.2 mmol) and 6b (1.6 mg, 2.2 mmol)
were stirred in H2O/MeOH 10:1 (200 mL) for 24 h. Partial removal of
Mtt protection groups from lysine side chain took place during the reac-
tion, giving two cycloadducts 8c (with Mtt) and 8c’ (without Mtt). These
compounds were isolated by reversed-phase HPLC in 74% overall yield.
8c : colorless solid (1.3 mg, 0.80 mmol, 43%), compound with Mtt group.
1H NMR (CD3OD, 400 MHz): d=0.94 (d, 3H, J=6.7 Hz, CH3 Leu), 0.96
(d, 3H, xJ=6.7 Hz, CH3 Leu), 1.20 (d, 3H, J=6.2 Hz, CH3 Thr), 1.39 (d,
6H, J=7.1 Hz, CH3 Ala, CH3 cyclo), 1.3–2.3 (m, CH2 Lys, CH2 Gln,
CH2,CH Leu), 2.37 (s, 3H, CH3 Mtt), 2.44–2.51 (m, 1H, H6), 2.63–2.72
(m, 1H, H3), 2.9–3.4 (m, b-CH2 Phe, b-CH2 His, b-CH2 Lys, H5, H4), 3.7–
4.7 (m, 5H, a-CH2 Gly, a-CH, CH2 cyclo), 5.72–5.76 (m, 2H, CH=CH),
7.17–7.49 (m, 20H, Ar Phe, Ar Mtt, CH His), 8.73 ppm (br s, 1H, NH
His); MALDI-TOF: m/z : calcd for C83H111N17O18: 1378.7; found: 1379.1
[(M�Mtt)+H]+ , 1417.1 [(M�Mtt)+K]+ , 257.3 [Mtt]+ . 8c’: colorless solid
(0.8 mg, 0.58 mmol, 31%), compound without Mtt group. 1H NMR
(CD3OD, 400 MHz): d=0.95 (d, 3H, J=6.6 Hz, CH3 Leu), 0.98 (d, 3H,
J=6.6 Hz, CH3 Leu), 1.20 (d, 3H, J=6.4 Hz, CH3 Thr), 1.40 (d, 6H, J=
7.5 Hz, CH3 Ala, CH3 cyclo), 1.4–2.3 (m, CH2 Lys, CH2 Gln, CH2,CH
Leu), 2.47–2.53 (m, 1H, H6), 2.67–2.74 (m, 1H, H3), 2.9–3.4 (m, b-CH2


Phe, b-CH2 His, b-CH2 Lys, H5, H4), 3.7–4.7 (m, a-CH2 Gly, a-CH, CH2


cyclo), 5.73–5.77 (m, 2H, CH=CH), 7.35 (br s, 1H, CH His), 7.18–7.29
(m, 5H, Ar Phe), 8.71 ppm (br s, 1H, NH His); MALDI-TOF: m/z : calcd
for C63H95N17O18: 1378.7; found: 1379.5 [M+H]+ , 1401.4 [M+Na]+ ,
1417.4 [M+K]+ .


H-Lys-Leu-Gly-LysACHTUNGTRENNUNG(Mtt)-Ala-Gly-O-cyclo-N-Gly-Ser-Glu-Trp-Ile-Gly-
OH (8d): Compounds 4d (2.0 mg, 2.2 mmol) and 6c (1.6 mg, 2.2 mmol)
were stirred in H2O/DMF 4:1 (200 mL) for 48 h. Partial removal of Mtt


protection groups from lysine side chain took place during the reaction,
giving two cycloadducts 8d (with Mtt) and 8d’ (without Mtt). These com-
pounds were isolated by reversed-phase HPLC in 64% overall yield. 8d :
colorless solid (1.2 mg, 0.73 mmol, 40%), compound with Mtt group.
1H NMR (CD3OD, 400 MHz): d=1.40 (d, 3H, CH3 Hxd), 2.38 (s, 3H,
Mtt), 5.67–5.75 (m, 2H, CH=CH), 7.1–7.5 ppm (Mtt); MALDI-TOF: m/
z : calcd for C84H113N15O19: 1380.7; found: 1381.5 [(M�Mtt)+H]+ , 1403.4
[(M�Mtt)+Na]+ , 1419.4 [(M�Mtt)+K]+ , 257.3 [Mtt]+ . 8d’: colorless
solid (0.6 mg, 0.43 mmol, 24%), compound without Mtt group. 1H NMR
([D6]DMSO, 400 MHz): d=1.2 (d, 3H, CH3 Hxd), 5.02–5.75 ppm (m,
2H, CH=CH); MALDI-TOF: m/z : calcd for C64H97N15O19: 1380.7;
found: 1381.3 [M+H]+ , 1403.2 [M+Na]+, 1419.2 [M+K]+ .


H-Pro-Cys ACHTUNGTRENNUNG(StBu)-Ser-Met-Gly-O-cyclo-N-Gly-Tyr-Thr-Gly-OH (8e):
Stirring of 4b (2.0 mg, 3.0 mmol) and 6a (3.5 mg, 7.3 mmol) in H2O/
MeOH 3:2 (500 mL) for 24 h gave a colorless solid (1.1 mg, 0.97 mmol,
32%. [a]20D =�31.58 (c=0.1, MeOH); 1H NMR (CD3OD, 400 MHz): d=
1.14 (d, 3H, J=6.5 Hz, CH3 Thr), 1.35 (br s, 9H, tBu Cys), 1.40/1.41
(ratio 1:1, d, 3H, J=7.0 Hz, CH3 cyclo), 1.89–2.21 (m, 5H, g-CH2 Pro, b-
CH2 Pro, b-CH2 Met), 2.08 (s, 3H, CH3 Met), 2.42–2.65 (m, 4H, b-CH2


Pro, H6, g-CH2 Met), 2.66–2.72 (m, 1H, H3), 2.85–2.92 (m, 1H, b-CH2


Tyr), 2.97–3.05 (m, 2H, b-CH2 Tyr, b-CH2 Cys), 3.2–3.5 (m, b-CH2 Cys,
H5, H4), 3.56–4.19 (m, 11H, d-CH2 Pro, b-CH2 Ser, 3Na-CH2 Gly, b-CH
Thr), 4.29–4.45 (m, 3H, 3Na-CH), 4.53–4.66 (m, 4H, 2Na-CH, CH2


cyclo), 4.69–4.73 (m, 1H, a-CH), 5.68–5.80 (m, 2H, CH=CH), 6.68/6.69
(ratio 1:1, d, 2H, J=8.5 Hz, Ar Tyr), 7.03/7.04 ppm (ratio 1:1, d, 2H, J=
8.3 Hz, Ar Tyr); ESI-MS: m/z : calcd for C49H71N9O16S3: 1138.4; found:
1138.4 [M+H]+ ; MALDI-TOF: m/z : 139.1 [M+H]+ , 1161.0 [M+Na]+ ,
1177.0 [M+K]+ .


H-Lys-Phe-Pro-Ile-Gly-Leu-Phe-Gly-O-cyclo-N-Gly-Ala-Lys-Thr-Ser-
Ala-Glu-Ser-Tyr-Ser-Gly-OH (8 f): Stirring of 4 f (2.8 mg, 2.9 mmol) and
6d (3.3 mg, 2.9 mmol) in H2O (300 mL) for 48 h gave a colorless solid
(3.5 mg, 1.7 mmol, 69%). [a]20D =�22.98 (c=0.1, MeOH); 1H NMR
(CD3OD, 400 MHz): d=0.81–1.00 (m, 12H, 2NCH3 Ile, 2NCH3 Leu),
1.19 (d, 3H, J=6.3 Hz, CH3 Thr), 1.19–1.77 (m, 22H, 2Nb-/g-/d-CH2 Lys,
2NCH3 Ala, CH2 Ile, b-CH2 Leu), 1.43 (d, 3H, J=7.3 Hz, CH3 cyclo),
1.81–2.20 (m, 8H, b-CH2 Glu, b-CH2 Pro, g-CH2 Pro, g-CH Leu, b-CH
Ile), 2.41–2.46 (m, 2H, g-CH2 Glu), 2.47–2.53 (m, 1H, H6), 2.66–2.74 (m,
1H, H3), 2.89–3.26 (m, 11H, 2Ne-CH2 Lys, b-CH2 Tyr, 2Nb-CH2 Phe,
H5), 3.34–3.57 (m, 3H, H4, e-CH2 Pro), 3.71–4.00 (m, 14H, 3Nb-CH2 Ser,
4Na-CH2 Gly), 4.06–4.68 (m, 15H, 13Na-CH, CH2 cyclo), 5.71–5.77 (m,
2H, CH=CH), 6.68 (d, 2H, J=8.4 Hz, Ar Tyr), 7.08 (d, 2H, J=8.5 Hz,
Ar Tyr), 7.17–7.34 ppm (m, 10H, Ar Phe); ESI-MS: m/z : calcd for
C98H143N21O30: 1048; found: 1048 [M+H]2+ ; MALDI-TOF: m/z : 2098
[M+H]+ , 2120 [M+Na]+ , 2135 [M+K]+ .


H-Lys-Phe-Pro-Ile-Gly-Leu-Gly-Phe-Gly-O-cyclo-N-Gly-Ala-Lys-Thr-
Ser-Ala-Glu-Ser-Tyr-Ser-Gly-OH (8g): Stirring of 4g (2.8 mg, 2.7 mmol)
and 6d (3.1 mg, 2.7 mmol) in H2O (270 mL) for 48 h gave a colorless solid
(3.2 mg, 1.5 mmol, 67%). [a]20D =�22.28 (c=0.1, MeOH); 1H NMR
(CD3OD, 400 MHz): d=0.82–1.00 (m, 12H, 2NCH3 Ile, 2NCH3 Leu),
1.19 (d, 3H, J=6.3 Hz, CH3 Thr), 1.20–1.74 (m, 22H, 2Nb-/g-/d-CH2 Lys,
2NCH3 Ala, CH2 Ile, b-CH2 Leu), 1.43 (d, 3H, J=7.3 Hz, CH3 cyclo),
1.83–2.19 (m, 8H, b-CH2 Glu, b-/g-CH2 Pro, g-CH Leu, b-CH Ile), 2.41–
2.47 (m, 2H, g-CH2 Glu), 2.47–2.53 (m, 1H, H6), 2.66–2.74 (m, 1H, H3),
2.89–3.26 (m, 11H, 2Ne-CH2 Lys, b-CH2 Tyr, 2Nb-CH2 Phe, H5), 3.32–
3.57 (m, 3H, H4, e-CH2 Pro), 3.70–4.02 (m, 16H, 3Nb-CH2 Ser, 5Na-CH2


Gly), 4.06–4.68 (m, 16H, 14Na-CH, CH2 cyclo), 5.73–5.77 (m, 2H, CH=


CH), 6.68 (d, 2H, J=8.6 Hz, Ar Tyr), 7.06–7.09 (m, 2H, Ar Tyr), 7.17–
7.33 ppm (m, 10H, Ar Phe); ESI-MS: m/z : calcd for C100H146N22O31:
1076; found: 1076 [M+H]2+ ; MALDI-TOF: m/z : 2155 [M+H]+ , 2177
[M+Na]+ , 2193 [M+K]+ .


Pimeloyl succinimidyl hexadienyl ester (9): Pimeloyl diene ester 10
(160 mg, 0.66 mmol), N-hydroxysuccinimide (96 mg, 0.83 mmol) and
DMAP (8.6 mg, 0.07 mmol) were dissolved in dry THF (6 mL). Then
DIC (118 mL, 0.76 mmol) was added dropwise at room temperature and
the reaction mixture was allowed to react overnight. The solvent was re-
moved under reduced pressure and the urea was precipitated by adding
EtOAc/cyclohexane and separated by filtration. The crude product was
purified by silica gel flash chromatography cyclohexane/EtOAc 3:1 !
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1:1, to give a colorless oil (184 mg, 0.55 mmol, 82%). Rf=0.31 (cyclohex-
ane/EtOAc 1:1); 1H NMR (CDCl3, 400 MHz): d=1.38–1.46 (m, 2H,
CH2), 1.60–1.68 (m, 2H, CH2), 1.69–1.77 (m, 2H, CH2), 1.73 (d, 3H, J=
6.6 Hz, CH3 Hxd), 2.30 (t, 2H, J=7.5 Hz, CH2), 2.58 (t, 2H, J=7.5 Hz,
CH2), 2.80 (br s, 4H, 2NCH2 NHS), 4.54 (d, 2H, J=6.6 Hz, CH2 Hxd),
5.59 (ddd, 1H, J=14.0, 6.6, 6.6 Hz, CH=CHCH3), 5.68–5.77 (m, 1H,
CH2CH=CH), 6.02 (dd, 1H, J=15.0, 10.7 Hz, CH=CHCH3), 6.21 ppm
(dd, 1H, J=15.1, 10.5 Hz, CH2CH=CH); 13C NMR (CDCl3, 100 MHz):
d=18.3, 24.4, 24.5, 25.8, 28.4, 30.9, 34.1, 65.0, 123.9, 130.6, 131.4, 135.0,
168.7, 169.4, 173.4 ppm; ESI-MS: m/z : calcd for C17H23NaNO6: 360.1;
found: 360.1 [M+Na]+ ; FAB-HRMS: m/z : 360.1448 [M+Na]+ .


Pimeloyl hexadiene ester (10): A solution of DIC (619 mL, 4 mmol) in
THF (5 mL) was added dropwise over a 30-minute period at room tem-
perature to a solution of pimelic acid (3.2 g, 20 mmol), trans,trans-2,4-
hexadien-1-ol (393 mg, 4 mmol) and DMAP (49 mg, 0.4 mmol) in THF
(30 mL). The reaction mixture was stirred overnight. The solvent was
then evaporated and the urea was removed by precipitation with EtOAc/
cyclohexane. The filtrate was concentrated under reduced pressure and
the product was purified by silica gel flash chromatography cyclohexane/
EtOAc 10:3, affording a colorless oil (401 mg, 1.7 mmol, 43%). Rf=0.16
(cHex/EtOAc 10:3); 1H NMR (CDCl3, 400 MHz): d=1.33–1.41 (m, 2H,
CH2), 1.60–1.68 (m, 4H, 2NCH2), 1.75 (d, 3H, J=6.6 Hz, CH3 Hxd), 2.32
(t, 2H, J=7.4 Hz, CH2), 2.35 (t, 2H, J=7.4 Hz, CH2), 4.56 (d, 2H, J=
6.6 Hz, CH2 Hxd), 5.61 (ddd, 1H, J=13.6, 6.4, 6.4 Hz, CH=CHCH3),
5.70–5.79 (m, 1H, CH2CH=CH), 6.04 (dd, 1H, J=15.1, 10.5 Hz, CH=


CHCH3), 6.24 ppm (dd, 1H, J=15.2, 10.4 Hz, CH2CH=CH); 13C NMR
(CDCl3, 100 MHz): d=18.3, 24.5, 24.8, 28.7, 34.0, 34.3, 65.1, 123.9, 130.6,
131.5, 135.1, 173.6, 179.9 ppm; ESI-MS: m/z : calcd for C13H20NaO4:
263.1; found: 263.1 [M+Na]+ ; MALDI-TOF: m/z : 263.2 [M+Na]+ , 279.2
[M+K]+ .


Preparation of the streptavidin-diene conjugate (11)


A solution of streptavidin (1.09 mg, 21 nmol) in water (450 mL) was com-
bined with of a freshly prepared 50 mm solution (2.5 mL) of the diene
cross-linker 9 in DMF (125 nmol) for 30 min at 25 8C. The reaction mix-
ture was transferred to a Microcon centrifugal filtration device (10 kDa
cut-off), diafiltered with four changes of water and concentrated to a
final volume protein concentration of 19 mgmL�1.


N-Dansyl-2-maleimido-ethylamine (12): 2-Maleimido-ethylamine[19]


(38 mg, 0.15 mmol), dansyl chloride (54 mg, 0.20 mmol) and DIPEA
(78 mL, 0.45 mmol) were dissolved in 2.0 mL dry DMF and the solution
was stirred at room temperature for 1 h. Acetic acid (120 mL) was added
and the solution was concentrated under high vacuum. The residue was
redissolved in DCM and the organic solution was washed with HCl 0.1m
(3N), brine (1N), dried over Na2SO4 and concentrated. The product was
purified by reversed-phase HPLC and freeze-dried to give a light yellow
solid (45 mg, 0.12 mmol, 80%). 1H NMR (CD3OD, 400 MHz): d=3.09–
3.13 (m, 2H, CH2), 3.11 (s, 6H, N ACHTUNGTRENNUNG(CH3)2), 3.45 (t, 2H, J=5.7 Hz, CH2),
6.45 (s, 2H, CH=CH maleoyl), 7.56 (d, 1H, J=7.7 Hz, Ar), 7.62–7.68 (m,
2H, Ar), 8.19 (d, 1H, J=7.3 Hz, Ar), 8.44 (d, 1H, J=8.6 Hz, Ar),
8.48 ppm (d, 1H, J=8.6 Hz, Ar); 13C NMR (CD3OD, 100 MHz): d=37.2
(CH2), 40.3 (CH2), 45.3 (N ACHTUNGTRENNUNG(CH3)2), 116.8 (Ar), 122.5 (Ar), 124.5 (Ar),
127.8 (Ar), 128.1 (Ar), 128.5 (Ar), 129.4 (Ar), 129.5 (Ar), 133.5 (CH=


CH), 170.9 ppm (C=O); MALDI-TOF: m/z : calcd for C18H19N3O4S:
374.1; found: 374.5 [M+H]+ , 396.5 [M+Na]+ , 412.5 [M+K]+ ; FAB-
HRMS: m/z : 373.1098 [M]+ .


N-Fluoresceinoyl-2-maleimido-ethylamine (13): 2-Maleimido-ethyla-
mine[19] (9 mg, 0.035 mmol), fluoresceine succinimidyl ester (15 mg,
0.028 mmol) and DIPEA (16 mL, 0.106 mmol) were dissolved in dry
DMF (1.0 mL) and the solution was stirred at room temperature for
2.5 h. Acetic acid (15 mL) was added and the product was directly puri-
fied by reversed-phase HPLC, affording a yellow solid (6.5 mg,
0.013 mmol, 46%). 1H NMR (CD3OD, 400 MHz): d (I/II ratio 1:0.65) =


3.49/3.61 (t, 2H, J=6.1 Hz, CH2), 3.67/3.78 (t, 2H, J=5.0 Hz, CH2), 6.22–
6.67 (m, 2H, Xan), 6.71/6.82 (s, 2H, CH=CH maleoyl), 6.71–6.82 (m, 2H,
Xan), 6.78–6.80 (m, 2H, Xan), 7.31 (d, 1H, J=8.0 Hz, Ar [II]), 7.54 (s,
1H, Ar [I]), 8.03 (d, 1H, J=8.0 Hz, Ar [I]), 8.11 (d, 1H, J=8.0 Hz, Ar
[I+ II]), 8.34 ppm (s, 1H, Ar [II]); ESI-MS: m/z : calcd for C27H18N2O4:


499.1; found: 499.5 [M+H]+ ; MALDI-TOF: m/z : 499.5 [M+H]+ , 521.5
[M+Na]+ , 537.5 [M+K]+ .


Diels–Alder ligation of the streptavidin–diene conjugate and fluorescent-
ly labeled dienophiles (14): Hexadiene-conjugate 11 at 3–5 mgmL�1 con-
centration in water was incubated with 30-fold excess of maleimides 6e,
12 or 13 and kept at 25 8C for 24 h while shaking. After this time, the
excess dienophile was removed by passing the reaction mixture through a
spin gel filtration column (DyeEx columns from Qiagen). The ligated
protein was analyzed by SDS-PAGE and MALDI-TOF experiments. The
same procedure was performed by carrying out the ligation of 11 with
100-fold excess of 6e in 20 mm sodium phosphate buffer pH 5.5, 6.0, 6.5
or 7.0.


Ligation of the Rab7DC3 thioester and peptides 16 or 4h (17): An ali-
quot of a stock solution (100 mL) of Rab7DC3 thioester 15 (6.8 mgmL�1


in buffer 25 mm sodium phosphate pH 7.5, 25 mm NaCl, 0.5m MESNA,
10 mm GDP, 2 mm MgCl2, 30 nmol) was combined with ligation buffer
(13 mL; 25 mm sodium phosphate pH 7.5, 100 mm NaCl, 100 mm MESNA,
2% CHAPS, 50 mm GDP, 1 mm MgCl2) and 10 mL of a solution of peptide
16 or 4h (60 mm in methanol, 600 nmol) was added. The final concentra-
tions were 250 mm for Rab7 thioester and 5 mm for the peptide (ca. 20
equivalents). The ligation reaction mixture was incubated overnight at
16 8C with slight shaking. Small samples were removed for analysis by
ESI-MS and SDS-PAGE. The resulting solution of ligated protein 17 was
directly submitted to the next step without further purification.


Masking of cysteine residues with EllmannFs reagent (18): An aliquot of
dienyl Rab7 17 (ca. 5.7 mgmL�1) solution (85 mL) was mixed with 30 mm


DTNB (115 mL; in 60 mm sodium phosphate pH 8) at 25 8C for 4 h. Sub-
sequently the yellowish reaction solution was dialyzed against DA buffer
(5 mm sodium phosphate buffer pH 6.0, 20 mm NaCl, 0.2 mm MgCl2 and
20 mm GDP). The final concentration was approximately 1.2–1.5 mgmL�1


of a colorless solution. Small samples were removed for analysis by ESI-
MS and SDS-PAGE. The protein solution was shock frozen and stored at
�80 8C.


Diels–Alder ligation of Rab7 hexadienyl ester 30 and maleimide com-
pounds (19): In different scale experiments, 10–300 mL of Rab7 hexadien-
yl ester 18 solution in DA buffer at concentration of approximately
1 mgmL�1 (ca. 40 mm protein) were combined with 30 to 100 equivalents
of maleimide compounds 6e or 12. The ligation mixture was incubated at
25 8C for 24 h. Under these conditions, the ligated protein usually precipi-
tated gradually during the reaction course. The reaction was quenched by
adding 200 mm DTT (50 equiv relative to the amount of dienophile
added). The deprotection of the cystein residues was visually noticed by
the development of a yellow color upon addition of DTT resulted from
the release of the TNB groups into solution. After 2 h, the reaction mix-
ture was analyzed by SDS-PAGE and ESI-MS.


Purification of the Rab7 cycloadduct 19a : After incubation of Rab7 hex-
adienyl ester 18a with maleimide 6e, the reaction mixture was centri-
fuged and the supernatant was removed. The pellet was washed with
methanol (2N) to remove excess dienophile and then redissolved in de-
naturating buffer (100 mm Tris-HCl pH 8.0, 6m guanidinium-HCl, 100 mm


DTE, 1% CHAPS and 1 mm EDTA) to a concentration of about
1 mgmL�1 (the solution became yellowish because of the TNB group re-
lease) and incubated overnight at 4 8C. The protein was refolded by dilut-
ing it 25-fold dropwise with folding buffer (100 mm HEPES pH 7.5, 5 mm


DTE, 2 mm MgCl2, 100 mm GDP, 1% CHAPS) and incubated at room
temperature for 3 h with slight stirring. The folded protein was submitted
to two different procedures respectively: 1) it was dialyzed against buffer
25 mm HEPES pH 7.5, 40 mm NaCl, 3 mm DTE, 2 mm MgCl2 and 20 mm


GDP, concentrated by ultracentrifugation (Microcon 10 KDa cut-off) and
stored at �80 8C for subsequently use in spectrofluorometric assays; or 2)
an equimolar amount of the REP-1 protein was added and the solution
was incubated overnight at 4 8C, and the resulting complex was dialyzed
against 25 mm HEPES pH 7.5, 40 mm NaCl, 3 mm DTE, 2 mm MgCl2 and
20 mm GDP, concentrated by ultracentrifugation (Amicon 10 KDa cut-
off) and stored at �80 8C.
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Catalytic Ethylene Polymerisation in Carbon Dioxide as a Reaction Medium
with Soluble Nickel(II) Catalysts
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Introduction


Dense carbon dioxide, that is liquid or supercritical carbon
dioxide (scCO2), offers unique properties as a reaction
medium, such as variation of the solvent properties through
the density; volatility at ambient conditions, thus enabling
facile removal of the solvent; environmental friendliness
and non-toxicity.[1] In reactions of gaseous substrates, the
high miscibility of scCO2 with some gases can additionally
help to avoid mass transport limitations, which are frequent-
ly encountered in such reactions. In polymerisation process-
es and polymer processing, the CO2 solvent or suspension
medium, respectively, can be removed conveniently by re-
ducing the pressure, resulting in a dry polymer product. This


can be of interest, for example, to eliminate emissions of
volatile organic compounds. The aforementioned unique
properties of CO2 can be employed to control polymer mor-
phologies. In some cases, the elimination of energy-intensive
drying procedures may be environmentally and economical-
ly beneficial, though the effort for compression of CO2 must
also be considered.[2]


Most studies of polymerisation in CO2 dealt with free-rad-
ical polymerisation, although an early example of cationic
polymerization was reported in the 1960s.[3] Interest in-
creased considerably with the report of homogeneous poly-
merisation in scCO2 to afford soluble amorphous fluoropoly-
mers in the 1990s.[4] Free-radical polymerisation in scCO2


under heterogeneous conditions, either as precipitation, dis-
persion or emulsion polymerisations, has also been studied
recently. Typical monomers investigated are methylmetha-
crylate,[5] styrene,[6] vinyl acetate and acrylamide.[2]


By contrast to free-radical polymerisations, catalytic poly-
merisation offers control of polymer microstructures in gen-
eral terms.[7,8] Traditional Ziegler and metallocene catalysts
are based on early transition metals. Due to their high oxo-
philicity, early-transition-metal complexes are likely to react
with CO2. Late-transition-metal complexes are much less
oxophilic, as demonstrated by the possibility of copolymeri-
sation of polar monomers like acrylates[9] and polymerisa-
tion in aqueous emulsions.[10,11,12] Ring-opening metathesis
polymerisation (ROMP) of norbornene and derivatives,[13, 14]


polycarbonate synthesis from CO2 and epoxides[15,16] and


Abstract: A series of neutral NiII–sali-
cylaldiminato complexes substituted
with perfluorooctyl- and trifluorometh-
yl groups, [Ni{k2-N,O-6-C(H)=NAr-2,4-
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ACHTUNGTRENNUNGC6H3, R’= I) were studied as catalyst
precursors for ethylene polymerisation
in supercritical CO2. Catalyst precur-
sors 6a and 6c, which are soluble in
scCO2, afford the highest polymer
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phenylacetylene polymerisation[17] have been reported in
scCO2 as a reaction medium. Ethylene polymerisation has
been studied in scCO2 with BrookhartPs palladium catalyst,
with an emphasis on the analysis of the microstructure of
the highly branched, amorphous polyethylenes formed.[18, 19]


Also, the synthesis of polyketones by olefin/CO copolymeri-
sation has been investigated.[20]


Ethylene polymerisation with neutral NiII complexes has
received renewed interest, as these catalysts are more func-
tional-group tolerant than their cationic NiII counter-
parts.[10,11,21] k2-N,O-salicylaldiminato–NiII complexes are
very active for ethylene polymerisation, and afford high mo-
lecular weight polyethylene (Mn>105 g mol�1) at the same
time.[21] Remote substituents of the salicylaldiminato ligand
can strongly influence the degree of branching and polymer
molecular weight, by promoting or retarding b-hydride
transfer. Thus, ethylene homopolymerisation affords poly-
ethylenes ranging from semicrystalline, nearly linear to
amorphous, highly branched.[22] The unique combination of
versatility and functional group tolerance prompted us to
study polymerisation in CO2 as a reaction medium with
these complexes. Nickel(II) complexes with perfluoroalkyl-
substituted salicylaldimine ligands, which render them
“CO2-philic”,[23] were prepared for this purpose.


Results and Discussion


Complex synthesis and properties : As outlined, remote sub-
stituents of N-terphenylsalicylaldiminato–NiII complexes
have a strong impact on their polymerisation properties,
namely molecular weight and degree of branching of ethyl-
ene homopolymers (Scheme 1).[22] For example, whereas for
R=CF3 high molecular weight, nearly linear semicrystalline
polyethylene is obtained (Mw=105 g mol�1; 10 branches per
1000 C atoms), a catalyst precursor with R=CH3 affords
highly branched, entirely amorphous low molecular-weight
polymer (Mw=2.3 ? 103 g mol�1; 76 branches per 1000 C
atoms).


Based on these insights,
complexes were targeted with
long-chain perfluoroalkyl sub-
stituents (RF), which should
enhance solubility in scCO2,


[23]


but without insulating -CH2-
spacers. Perfluorinated octyl
groups (RF=C8F17) were intro-
duced by copper-catalysed cou-
pling, affording the aryl bro-
mide 1.[24] In analogy to the
synthesis of the aforemen-
tioned terphenyl-substituted
salicylaldimines,[22, 25] transfor-
mation of bromide 1 into a
boronic acid (2) followed by
Suzuki coupling afforded ani-
line 3, which bears para-RF-


substituted aryl groups in the 2,6-positions. Condensation of
3 with 3,5-diiodosalicylaldehyde yielded salicylaldimine 5a
in 70 % yield (Scheme 2).


Using a similar synthetic approach, aniline 3’ bearing
para-CF3-substituted aryl groups in the 2,6-positions was
prepared, starting from 1-bromo-4-(trifluoromethyl)benzene,
and converted to the corresponding imine 5b (Scheme 3).


Employing aldehyde 4’[26] substituted with 3,5-(CF3)2-
ACHTUNGTRENNUNG(C6H3) groups introduces a higher number of fluorinated
groups to the ligand backbone,[27] and can also render the
salicylaldimine ligand more electron withdrawing. Conden-
sation with different anilines afforded salicylaldimines 5c
and 5d. Efforts to prepare a ligand containing para-RF-sub-
stituted aryl groups in the aldehyde moiety, through Suzuki
coupling of 1 and 4, failed.[28]


The aforementioned synthesis afforded a set of salicylaldi-
mines (5a–5d) with systematically varied substitution pat-
terns and a fluorine content ranging from 16–54 wt. %. This
degree of fluorination is well in the range required for CO2


solubility with catalytic species.[29] Indeed, preliminary solu-
bility experiments carried out with ligands 5a and 5c
showed a sufficient solubility in supercritical CO2 at concen-
trations required for the use as a catalyst precursor.[30]


Reaction of [Ni ACHTUNGTRENNUNG(tmeda)(Me)2]
[31] (tmeda: N,N,N,N-tetra-


methylethylenediamine) with the corresponding fluorinated


Scheme 1. Effect of remote substituents in ethylene polymerisation (*:
monosubstitution only of the aryl groups for NO2).[22]


Scheme 2. Synthesis of perfluorinated salicylaldimine 5a.
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ligands in the presence of pyridine (py) afforded the neutral
nickel methyl complexes [NiACHTUNGTRENNUNG(k2-N^O)(Me)(py)] 6a–6d. The
complexes were isolated as air-stable orange or red solids.
Characterisation in solution by 1H and 13C NMR spectrosco-
py shows the presence of a single isomer at room tempera-
ture for all compounds. The nickel-bound methyl group and
the O donor atom are arranged in a trans position, as previ-
ously found for similar nickel–salicylaldiminato complexes
(Scheme 4).[22, 32]


It has been documented that nickel complexes can react
with CO2, which would result in catalyst deactivation.[33] For
example, insertion of carbon dioxide into a Ni–ethyl bond of
[Ni(Et)2ACHTUNGTRENNUNG(bipy)], to afford diethylketone and the nickel pro-
pionate complex [Ni(Et) ACHTUNGTRENNUNG(OCO2Et) ACHTUNGTRENNUNG(bipy)], has been report-
ed.[34] We studied the reactivity of 6b towards CO2 by bub-
bling CO2 through a solution of 6b in [D6]benzene for an
hour at room temperature. Neither disappearance of the


Ni�Me signal, nor variation of
the pyridine signals were ob-
served (see Figure S1 in Sup-
porting Information). Under
the conditions investigated,
there is no evidence of any re-
action of 6b with CO2.


Polymerisation experiments :
Complexes 6a–6d, and for
comparison also the known[22]


complex 6e (Scheme 4), were
studied as catalyst precursors
for ethylene polymerisation in
supercritical carbon dioxide.
The complexes were introduced


as solids in a 10 mL stainless-steel high-pressure reactor
equipped with thick-walled borosilicate windows. The vessel
was pressurised with ethylene to 40 bar at room tempera-
ture, and CO2 was condensed in at 0 8C. Complexes 6c and
6d instantaneously dissolved affording a bright orange-red
solution, which shows the high solubility of these precursors
in compressed CO2. Complex 6a was completely soluble
upon warming to 10 8C, whereas 6e was dissolved complete-
ly only at 20 8C (1 ACHTUNGTRENNUNG(CO2)=0.96 g mL�1). For complex 6b


almost no solubility was ob-
served even at 50 8C in neat CO2


(pACHTUNGTRENNUNG(CO2)=126 bar), and there-
fore catalysis with this com-
pound was not further studied.


Ethylene polymerisation with
the different catalyst precursors
was studied at 50 8C (Table 1).
The reaction could be followed
visually through the windows of
the pressure reactor. Upon
warming to the reaction temper-
ature, the orange solution
became turbid already at 35 8C,
indicating that polyethylene pre-
cipitated. After 1 h of reaction,
significant amounts of polymer
had precipitated and the reactor
was carefully vented, extracting
at the same time unreacted mon-
omer or any low-molecular-
weight oligomers of ethylene.
The polyethylene formed was
obtained as a dry powder.


True catalyst activities cannot be derived from the present
data, as no conversion/time profiles are available. From the
observation of immediate onset of turbidity it appears that
there is no significant induction period. Furthermore, the
total turnover numbers (TON=mol ACHTUNGTRENNUNG(ethylene)/mol(Ni)) at
identical reaction times provide evidence for the relative
catalyst performance. Overall productivities are highest with
6a and 6c, approaching 2 ? 103 TONs within one hour. Note


Scheme 3. Fluorinated salicylaldimines prepared.


Scheme 4. Synthesis and structure of NiII complexes (py=pyridine).
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that these productivities are not limited by a complete con-
sumption of ethylene, as the initial amount of ethylene in
the reactor is 0.8–1 g, corresponding to a substrate to nickel
ratio of approximately 8 ?103. Catalyst precursor 6e, which
previously showed high activity in toluene and water,[22, 36] is
also active in supercritical carbon dioxide as solvent. Com-
plex 6d, which contains the largest number of CO2-philic
groups, was found to be the least active probably due to fast
decomposition of the catalyst, as evidenced by the yellowish
colour of the reaction mixture, a typical indication for de-
composition for these salicylaldimine complexes. The initial
pressure of 40 bar ethylene at room temperature corre-
sponds to an ethylene concentration of approximately
2.3 mol L�1.[37] This concentration corresponds to polymerisa-
tion experiments in toluene solution at about 27 atm (calcu-
lating the ethylene concentration with the data of Prausnitz
et al.).[38] Activities found for 6e in toluene at 50 8C are 8 ?
103 TONh�1 at 5 bar and 4 ?104 TONh�1 at 40 bar.[22] This
indicates that productivities are somewhat lower in scCO2


by comparison to toluene at the same monomer concentra-
tion, but within the same order of magnitude. The lower
productivity may be due to the lower solubility of the poly-
mer in scCO2 as compared with toluene, resulting in precipi-
tation of polymer and possible enclosure of catalyst at an
early point, which can reduce catalyst activity. Another im-
portant difference is that the polymer will be less swollen
with CO2 than with toluene, which may also contribute to a
reduced overall rate.


For 6c and 6e, which have also been studied in toluene as
a reaction medium, the overall properties of the polyethy-
lenes obtained in scCO2 and in toluene are similar (toluene;
40 bar ethylene pressure; 50 8C polymerisation temperature;
6c : Mw=4.6 ? 104 g mol�1; Mw/Mn=2.3; Tm=111 8C; 45 %
crystallinity;[26] 6e : Mw=1.0 ?105 g mol�1; Mw/Mn=5.1; Tm=


123 8C; 50 % crystallinity[22]). Comparing the polymers pre-
pared in scCO2 with the different catalyst precursors,
branching and thus crystallinity can be varied over a sub-
stantial range through the substitution pattern of the salicy-
laldimine ligand (Table 1).


Analysis of polymer microstructures by 13C NMR spectro-
scopy reveals that the polymers predominantly contain
methyl branches; a small amount of ethyl and higher


branches (C4+) is also detecta-
ble in some spectra (Figure S2
in the Supporting Information).


Based on these results, poly-
merisation with 6c was studied
in more detail (Table 2). The
effect of reaction temperature
was studied (entries 1 to 3). At
30 8C, polymerisation is slug-
gish. At 70 8C, overall produc-
tivity is increased twofold
versus polymerisation at 50 8C.
This demonstrates that the cata-


lyst is quite temperature stable in scCO2. The narrow molec-
ular weight distribution of the polymer obtained at 30 8C
(entry 1) indicates that the chain transfer rate is on the same
order as the reaction time of 1 h at this temperature, and
that living ethylene polymerisation in CO2 may be possible.


Increased branching occurs with increasing temperature,
as expected, resulting in a lower melting temperature of the
semicrystalline polyethylene (compare entry 2 with 3). A
similar behaviour was found for catalyst precursor 6e in tol-
uene.[22]


The effect of carbon dioxide density on activity was also
studied (entries 3–5). For this purpose, the 10 mL reactor
used was charged with different amounts of CO2 (4.3–9.9 g,
corresponding to a density of 0.43–0.99 g mL�1). As an over-
all trend, productivities decreased with decreasing density.
This results at least partly from insufficient solubility of the
catalyst precursor in the reaction medium at lower densities,
which could be confirmed visually through the reactor win-
dows (Table 2).


Precipitation of polyethylene in carbon dioxide occurs
from the very beginning of the reaction, already at 35 8C, as
seen through the reactor windows. It was therefore investi-
gated whether appropriate surfactants with a CO2-philic and
a CO2-phobic moiety that can interact with the polyethylene


Table 1. Ethylene polymerisation in scCO2 with various complexes as catalyst precurors.[a]


Catalyst
precursor


1 ACHTUNGTRENNUNG(CO2)
ACHTUNGTRENNUNG[gmL�1]


Initial pressure[b]


ACHTUNGTRENNUNG[bar]
TON[c] Tm


[d]


[8C]
Crystallinity


[%][d,e]
Branches[f] Mw


[g] (Mw/Mn)


1 6a 1.00 300 2079 102–116 39 24 2.0 ? 104 (4.4)
2 6c 0.99 282 2015 125 52 17 6.5 ? 104 (3.1)
3 6d 0.94 292 125 74 21 n.d.[i] 2.9 ? 103 (3.7)[h]


4 6e 0.96 253 1566 125 54 11 6.7 ? 104 (2.7)


[a] Reaction conditions: 4 mmol catalyst precursor; initial ethylene pressure: 40 bar; temperature: 50 8C; reac-
tion time: 1 h. [b] Measured at 50 8C after loading the 10 mL reactor with 40 bar ethylene at room temperature
and with CO2. [c] Average turnover number (mol ACHTUNGTRENNUNG[ethylene]/mol[Ni]); [d] Determined by DSC (10 8C min�1).
[e] Enthalpy of 100 % crystalline PE is 293 J g�1.[35] [f] Branches per 1000 carbon atoms determined by
13C NMR; predominantly Me branches, but also Et and C4+ higher branches, see Figure S2 in Supporting In-
formation. [g] Determined by GPC at 160 8C in trichlorobenzene versus linear polyethylene standards. [h] Bi-
modal. [i] n.d.=not determined.


Table 2. Polymerisation of ethylene in scCO2 with catalyst 6c : effect of
density, temperature and surfactants.[a]


1 ACHTUNGTRENNUNG(CO2)
ACHTUNGTRENNUNG[g mL�1]


T
[8C]


Surfactant
[mg]


TON[b] Tm


[8C]
Mw (Mw/Mn)
ACHTUNGTRENNUNG[gmol�1]


1 1.02 30 – 446 114–124 9.0? 103 (1.3)
2 0.94 70 – 4706 119 1.9? 104 (16)[g]


3 0.99 50 – 2015 125 6.5? 104 (3.1)
4 0.73 50 – 88[c] 108 4.1? 104 (2.5)
5 0.43 50 – 179[c] n.d.[h] n.d.[h]


6 0.99 50 25[d] 670 107–119 3.0? 104 (4.8)
7 1.03 50 25[e] 4914 122 6.9? 104 (3.2)
8 1.00 50 90[f] 2059 107 1.7? 104 (2.5)
9 1.04 50 190[f] 846 113 6.6? 104 (3.0)


[a] Reaction conditions: 4 mmol catalyst precursor 6c ; 10 mL reactor; ini-
tial ethylene pressure: 40 bar; reaction time: 1 h. [b] Calculated from
mass of polymer isolated, mass of surfactant is subtracted (mol[E]/
mol[Ni]). [c] Precipitation of the catalysts was observed. [d] Fluowet
NMQ. [e] Fluowet PL80. [f] CF3-(CF2)2-CO2-(CH2)11-CH3. [g] Multi-
modal. [h] n.d.=not determined.
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particles may influence polymer particle formation and pol-
ymer morphologies.[5] To this end, preliminary experiments
were carried out in the presence of Fluowet NMQ (cationic
fluorinated quaternary ammonium salt, see Figure S4 in the
Supporting Information), Fluowet PL80 (mixture of per-
fluorinated phosphinic and phosphonic acid), and perfluoro-
butyric acid dodecyl ester. All compounds were found to be
compatible with the catalyst and no significant deactivation
occurred. The presence of the surfactants affects the out-
come of the polymerisation reaction in terms of polymer
molecular weight, yield and crystallinity (Table 2, entries 6–
9), but no general trends can be derived from the data so
far.


The surface morphology of the polyethylene particles
formed was studied by transmission electron microscopy
(TEM). In the absence of surfactants, large irregular-shaped
polyethylene particles are obtained (Figure 1, left). The
presence of the cationic surfactant Fluowet NMQ and the
neutral perfluorobutyric acid dodecyl ester appears to result
in somewhat smaller and more compact particles with
needle-like structures on their surface (Figure 1 middle and
right).


Summary and Conclusions


Ethylene can be polymerised in a precipitation polymerisa-
tion process by using scCO2 as a reaction medium with neu-
tral NiII complexes as catalysts. Semicrystalline polyethylene
is obtained. The branching structure, and thus the crystallini-
ty of the polymer can be altered through variation of the
catalyst and the reaction conditions employed. This differs
from a previous report on ethylene polymerisation with a
cationic Pd–diimine complex, which invariably affords
highly branched amorphous polyethylene with a given over-
all degree of branching.[19b] Catalyst precursors soluble in
the reaction medium are required for high catalyst activities.
A series of nickel(II)–salicylaldiminato complexes with vari-
ous substitution patterns of perfluorooctyl and trifluorome-
thylgroups was prepared. Solubility in scCO2 increases not
only with increasing fluorine content, but also with the
number of fluorine-containing moieties. Complex 6c, with


eight trifluoromethyl groups, is well soluble in scCO2. A
comparison with toluene as a reaction medium indicates
that catalyst productivities are slightly lower in scCO2 under
comparable conditions. The presence of surfactants appears
to alter polymer morphologies on a micron scale.


Experimental Section


General procedures and materials : All reactions were carried out by
using standard Schlenk techniques under an argon atmosphere. Solvents
were distilled and deoxygenated prior to use. Ethylene (2.5 grade) and
carbon dioxide (5.5 grade) supplied by Praxair were used without further
purification. [Ni ACHTUNGTRENNUNG(tmeda)(Me)2] was supplied by MCat (Konstanz). 4-(Tri-
fluoromethyl)phenylboronic acid[39] (2’), 6-C(H)=O-2,4-{3,5-
(F3C)2C6H3}2C6H2OH (4’),[26] and 6-C(H)=N ACHTUNGTRENNUNG[2,6- ACHTUNGTRENNUNG{3,5- ACHTUNGTRENNUNG(F3C)2C6H3}2C6H3]-
2,4-{3,5-(F3C)2C6H3}2C6H2OH (5c),[26] and complexes 6c[26] and 6e[22] were
prepared according to known procedures. Perfluorinated surfactants
FLUOWET NMQ and Fluowet PL80 were provided by Clariant GmbH.
1H and 13C NMR spectra were recorded on either a Bruker ARX 300, a
Bruker Avance DRX 600 or a Varian Inova 400 spectrometer. 1H and 13C
chemical shifts were referenced to solvent signals. Assignments were
made from NOE, gCOSY and gHMQC experiments (for numbering of
atoms see Scheme 4). High-temperature NMR spectroscopy for polyethy-
lene characterisation was performed in [D2]1,1,2,2-tetrachloroethane at
100 8C. Elemental analyses were carried out on a Elementar Vario EL In-
strument at Freiburg University. Mass spectra were obtained with a Ther-
moelectron TSQ-7000 mass spectrometer at Freiburg University. Differ-
ential scanning calorimetry (DSC) was performed on a Netzsch DSC 204
F1 at a heating rate of 10 K min�1. DSC data reported are from second
heating cycles. Molecular weight determination was carried out with a PL
GPC-220 instrument using a Mixed B column in trichlorobenzene at
160 8C versus polyethylene standards.


1-Bromo-4-(perfluorooctyl)benzene (1): 4-Bromophenyliodide was treat-
ed with C8F17I in the presence of copper following a reported proce-
dure.[24] Yield: 79%. 1H NMR (300 MHz, CDCl3, RT): d=7.66 (d, 3J=
9 Hz, 2H; CH), 7.46 ppm (d, 3J=9 Hz, 2H; CH); 13C NMR (75.4 MHz,
CDCl3, RT): d=132.3 (CH), 128.7 (CH), 128.4 (C-RF), 127.3 (C-Br),
119.4–106.9 ppm (overlapped RF signals); 19F NMR (376.5 MHz, CDCl3,
RT): d=�81.3 (CF3), �111.5 (CF2), �121.7 (CF2), �122.4 (3 CF2),
�123.3 (CF2), �126.7 ppm (CF2); MS (EI): m/z : 574 [M]+ , 205
[M�C7F15]


+ .


4-(Perfluorooctyl)phenylboronic acid (2): BuLi (9.6 mmol) was added
dropwise at �78 8C to a solution of 1 (5 g, 8.7 mmol) in Et2O (25 mL)
and stirred for an hour. After this time BACHTUNGTRENNUNG(OEt)3 (9.6 mmol) was added
dropwise at �78 8C and the mixture stirred for 1.5 h. Acidic hydrolysis of
the boronic ester, and extraction from the aqueous mixture with Et2O
yielded the product as a white solid. Yield: 85 %. 1H NMR (300 MHz,


Figure 1. TEM micrographs of polyethylene obtained with precursor 6c at 50 8C; in the absence of surfactant (left), in the presence of FLUOWET NMQ
(middle), and in the presence of CF3-(CF2)2-CO2-(CH2)11-CH3 (right).
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[D6]acetone, RT): d=8.40 (d, 3J=8.3 Hz, 2H), 8.20 ppm (d, 3J=8.3 Hz,
2H); 13C NMR (75.4 MHz, [D6]acetone, RT): d=136.7 (CH), 131.8, 127.9
(CH), 113.7 ppm; 19F NMR (282.4 MHz, [D6]acetone, RT): d=�80.9
(CF3), �110.8 (CF2), �121.0 (CF2), �121.7 (3 CF2), �122.6 (CF2),
�126.1 ppm (CF2).


Synthesis of 2,6-disubstituted anilines : The corresponding aryl boronic
acid (3.16 mmol) in EtOH (3 mL) and an aqueous Na2CO3 solution (2m,
5 mL) were added to 2,6-dibromoaniline (0.38 g, 1.5 mmol) in toluene
(15 mL), and the mixture was degassed. [Pd ACHTUNGTRENNUNG(PPh3)4] (0.15 mmol) was
added and the reaction mixture was heated to 96 8C and stirred for 24 h.
The aqueous phase was separated and extracted with Et2O. The solvent
was removed from the organic phases by evaporation under reduced
pressure, and the product was purified by chromatography on silica.


2,6-Di-(4-perfluorooctyl)phenylaniline (3): Yield: 85%. Rf=0.47
(hexane); 1H NMR (300 MHz, CDCl3, RT): d=7.68 (m, 8H; H8, H9),
7.16 (d, 3J=7.7 Hz, 2H; H3, H5), 6.93 (t, 3J=7.7 Hz, 1 H; H4), 3.80 ppm
(br, 2 H; NH2); 13C NMR (75.4 MHz, CDCl3, RT): d=143.7 (s, C1), 140.7
(s, C10), 130.6 (s, C3, C5), 129.8 (s, C8 or C9), 127.7 (s, C2, C6, C7), 126.8 (s,
C9 or C8), 118.9 (s, C4), 116.1 (m, CF), 111.7 (m, CF), 107.1 ppm (m, CF);
19F NMR (282.4 MHz, CDCl3, RT): d=�80.8 (CF3), �110.6 (CF2),
�121.3 (CF2), �121.7 (CF2), �121.9 (2 CF2), �122.7 (CF2), �126.5 ppm
(CF2); MS (CI): m/z : 1082 [M]+ .


2,6-Di-(4-trifluoromethyl)phenylaniline (3’): Yield: 56%. Rf=0.93 (tol-
uene); 1H NMR (300 MHz, CDCl3, RT): d=7.74 (m, 4H; H9), 7.65 (m,
4H; H8), 7.15 (d, 3J=7.5 Hz, 2H; H3, H5), 6.93 (t, 3J=7.5 Hz, 1H; H4),
3.79 ppm (br, 2H; NH2); 13C NMR (75.4 MHz, CDCl3, RT): d=143.4 (s,
C1), 140.7 (s, C10), 130.7 (s, C3, C5), 129.6 (s, C8), 129.2 (m, CF3), 126.9 (s,
C7), 126.1 (s, C2, C6), 125.7 (s, C9), 118.8 ppm (s, C4); 19F NMR
(282.4 MHz, CDCl3, RT): d=�63.0 ppm (CF3); MS (EI): m/z : 381 [M]+ ,
235 [M�C7H4F3]


2+ , 167 [M�C7H4F3�CF3]
2+ .


Synthesis of salicylaldimines : The corresponding aniline (1.16 mmol) (for
aniline 3 dissolved in (trifluoromethyl)undecafluorocyclohexane (3 mL))
and a catalytic amount of formic acid were added to a solution of 3,5-
diiodosalicylaldehyde (4) or aldehyde 4’ (1.27 mmol) in MeOH (4 mL),
and the mixture heated overnight at reflux. The precipitated imine was
isolated by filtration and washed with cold methanol.


Data for 5a : Yield: 70 %; 1H NMR (300 MHz, CDCl3, RT): d=8.00 (d,
4J=2.1 Hz, 1H; CH-CI), 7.71 (s, 1H; N=CH), 7.60 (d, 3J=8.4 Hz, 4 H;
H8), 7.47 (m, 7 H; H3, H4, H5, H9), 7.04 ppm (d, 4J=2.1 Hz, 1H; CH-CI);
13C NMR (75.4 MHz, CDCl3, RT): d=167.2 (s, N=C), 159.8 (s, C-OH),
150.0 (s, CH-CI), 144.3 (s, C1), 143.0, 140.4 (s, CH-CI), 134.0 (s, C8 or C9),
131.2, 130.1 (s, C9 or C8), 129.8–127.0 (m, C10, C4, C-F), 119.9, 87.0 (s, C-
I), 80.1 ppm (s, C-I); 19F NMR (282.4 MHz, CDCl3, RT): d=�81.1 (CF3),
�111.2 (CF2), �121.6 (CF2), �122.0 (br, 2CF2), �123.1 (CF2),
�126.5 ppm (CF2); MS (EI): m/z : 1437 [M]+ .


Data for 5b : Yield: 61 %; 1H NMR (300 MHz, C6D6, RT): d=13.6 (s,
1H; OH), 7.87 (d, 4J=2.1 Hz, 1H; CH-CI), 7.44 (d, 3J=8.1 Hz, 4H; H9


or H8), 7.35 (s, 1H; N=CH), 7.23 (m, 7 H; H3, H4, H5, and H9 or H8),
6.78 ppm (d, 4J=2.1 Hz, 1 H; CH-CI); 13C NMR (75.4 MHz, C6D6, RT):
d=167.5 (s, N=C), 160.1 (s, C-OH), 150.2 (s, CH-CI), 144.6 (s, C1), 142.8,
140.3 (s, CH-CI), 134.0 (s, C2, C6), 131.1, 130.2 (s, C8, C9), 126.7 (s, C4),
125.8 (m, C10), 120.0 (s, C12), 87.7 (s, C-I), 80.5 ppm (s, C-I); 19F NMR
(282.4 MHz, C6D6, RT): d=�62.6 ppm (CF3); MS (EI): m/z : 737 [M]+ ,
392.2 [M�C6H3OI2]


+ ; elemental analysis calcd (%) for C27H15F6I2NO
(737.2): C 43.99, H 2.05, N 1.90; found: C 43.98, H 1.80, N 1.73.


Data for 5d : Yield: 76%; 1H NMR (400 MHz, CDCl3, RT): d=13.2 (br,
OH), 8.05 (s, 1H; N=CH), 8.01 (br, 2 H; CH), 7.89 (br, 1 H; CH), 7.81
(br, 3H; CH), 7.62 (d, 3J=8.2 Hz, 4H; H8), 7.56 (d, 3J=8.2 Hz, 4H; H9),
7.57 (d, 4J=2.0 Hz, 1H; H15 or H17), 7.51 (m, 3H; H3, H4, H5), 7.05 ppm
(d, 4J=2.0 Hz, 1H; H15 or H17); 13C NMR (100.5 MHz, CDCl3, RT): d=
168.8 (s, C=N), 158.8 (s, C-OH), 144.5 (s, C1), 144.5, 143.2, 141.6, 140.7,
138.6, 134.1 (s, C2, C6), 132.9, 132.8, 132.3 (q, 1J ACHTUNGTRENNUNG(C,F)=142 Hz, CF3),
131.1, 130.6, 130.2 (s, C8 or C9), 130.0, 129.8 (s, C9 or C8), 129.7 (br, CF),
128.3, 128.2, 127.7 (m, CF), 127.4 (m, CF), 127.1 (s, C4), 126.9, 124.9,
124.7, 122.2, 122.0, 121.6 (m, CF), 121.2 (m, CF), 119.3 (s, C12),
118.9 ppm; MS (EI): m/z : 1608.5 [M]+ .


Synthesis of complexes 6a, 6b and 6d : The corresponding salicylaldimine
(0.49 mmol) followed by pyridine (0.5 mL) were added to a solution of
[Ni ACHTUNGTRENNUNG(tmeda)(Me)2]


[31] (100 mg, 0.49 mmol) in diethyl ether (10 mL) at
�30 8C. Instantaneously, an orange-red solution formed and an orange-
red precipitate appeared. The reaction mixture was stirred for 2 h at
�30 8C. The solvent was removed at reduced pressure, and the solid ob-
tained was washed with cold pentane affording the neutral methylnicke-
l(II) complexes.


Data for 6a : Yield: 68%; 1H NMR (400 MHz, C6D6, RT): d=8.15 (br,
2H; py), 7.95 (d, 4J=2 Hz, 1H; CH-CI), 7.59 (d, 3J=8.2 Hz, 4H; H9 or
H8), 7.45 (d, 3J=8.2 Hz, 4 H; H8 or H9), 7.14 (overlapped with solvent,
H3, H5), 7.05 (m, 1 H; H4), 6.80 (s, 1H; N=CH), 6.77 (d, 4J=2 Hz, 1 H;
CH-CI), 6.69 (br, 1 H; py), 6.41 (br, 2H; py), �0.72 ppm (s, 3H; Ni-Me);
13C NMR (100.5 MHz, CDCl3, RT): 168.0 (s, C=N), 163.9 (s, CO-Ni),
151.5 (br, CHpy), 150.1, 149.9 (s, CH-CI), 143.8, 141.7 (s, CH-CI), 136.3
(br, CHpy), 134.9, 131.0 (s, C3+C5 +C8 or C9), 128 (C4 overlapped with
solvent), 127.4 (s, C9 or C8), 126.8, 123.2 (br, CHpy), 120.7 (s, C12), 97.5 (s,
CI), 72.5 (s, CI), �7.9 ppm (s, Ni-CH3); 19F NMR (282.4 MHz, C6D6, RT):
�81.1 (CF3), �110.9 (CF2), �121.6 (CF2), �122.2 (3 CF2), �123.1 (CF2),
�126.5 ppm (CF2); no satisfactory elemental analysis was obtained as the
high fluorine content disturbed the analysis.


Data for 6b : Yield: 88%; 1H NMR (400 MHz, C6D6, RT): d=8.13 (br,
2H; py), 7.92 (d, 4J=2.4 Hz, 1 H; CH-CI), 7.54 (d, 3J=8.2 Hz, 4H; H8),
7.43 (d, 3J=8.2 Hz, 4 H; H9), 7.13 (d, 3J=7.6 Hz, 2H; H3, H5), 7.06 (t,
3J=7.6 Hz, 1 H; H4), 6.82 (s, 1H; N=CH), 6.79 (d, 4J=2.4 Hz, 1H; CH-
CI), 6.63 (br, 1H; py), 6.39 (br, 2H; py), �0.73 ppm (s, 3 H; Ni-Me);
13C NMR (100.5 MHz, C6D6, RT): 167.9 (s, C=N), 163.8 (s, CO-Ni), 151.4
(br, CHpy), 150.2, 149.9 (s, CH-CI), 143.5, 141.8 ACHTUNGTRENNUNG(s, CH-CI), 136.2 (br,
CHpy), 135.1, 131.0 (C8, C9), 130.3, 129.9, 129.7 (q, 2JC-F=33 Hz, C10),
129.6 (s, C4), 126.7 (s, C3+C5), 126.3, 125.7 (m, CF3), 123.6, 123.2 (br,
CHpy), 120.7 (s, C12), 97.7 (s, CI), 72.7 (s, CI), �7.87 ppm (s, Ni-Me); ele-
mental analysis calcd (%) for NiC33H22F6I2N2O (889.0): C 44.59, H 2.49,
N 3.15; found: C 43.98, H 2.71, N 3.39.


Data for 6d : Yield: 71%; 1H NMR (400 MHz, C6D6, RT): d=7.78 (br,
4H; CH, py), 7.73 (br, 1H; CH), 7.67 (d, 3J=8.4 Hz, 4 H; H9 or H8), 7.60
(br, 1 H; CH), 7.54 (m, 6 H; H9 or H8 and CH), 7.16 (N=CH and H15 or
H17 overlapped with solvent signal), 7.13 (m, 3 H; H3, H4, H5), 6.70 (d,
4J=2.4 Hz, 1 H; H15 or H17), 6.68 (m, 1H; py), 6.24 (m, 2H; py),
�0.76 ppm (s, 3H; Ni-Me); 13C NMR (100.5 MHz, C6D6, RT): d=169.9
(s, C=N), 165.0 (s, CO-Ni), 150.5, 150.1, 143.9, 143.8 (s, C1), 142.6, 141.5,
140.8 (s, C10), 136.5, 134.9, 133.0 (s, CH), 131.0 (s, C8 or C9), 130.8, 127.4,
126.9 (s, C9 or C8), 126.6 (s, CH), 125.8 (s, CH), 123.8, 123.3, 121.2, 119.9
(s, CH), 118.8 (s, C4), �7.3 ppm (s, Ni-Me); 19F NMR (282.4 MHz, C6D6,
RT): d=�63.8 (CF3), �82.0 (CF2-CF3), �111.1 (CF2), �111.5 (CF2),
�122.2 (CF2), �122.4 (CF2), �122.9 (CF2), �123.7 (CF2), �127.2 ppm
(CF2); no satisfactory elemental analysis was obtained, as the high fluo-
rine content disturbed the analysis.


Ethylene polymerisation in scCO2 : The reactions were performed in a
stainless steel high-pressure reactor (10 mL) equipped with glass win-
dows. In a typical experiment, the catalyst (4 mmol) was placed in the re-
actor under inert atmosphere, followed by pressurizing with ethylene to
about 40 bar. CO2 was condensed into the reactor from a central high-
pressure supply at 0 8C. The amount of ethylene and CO2 were deter-
mined by weighing the reactor before and after these steps. The reactor
was warmed to 50 8C and stirred (1000 rpm) at this temperature for 1 h.
After carefully venting, polyethylene was collected, weighed and subject-
ed directly to further analysis.
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Pyrene as Chromophore and Electrophore: Encapsulation in a Rigid
Polyphenylene Shell


Stefan Bernhardt, Marcel Kastler, Volker Enkelmann, Martin Baumgarten, and
Klaus M)llen*[a]


Introduction


The fluorescence properties of pyrene are well known and
characterized by long excited-state lifetimes[1] and distinct
solvatochromic shifts.[2] Furthermore, pyrene exhibits char-
acteristic excimer formation in concentrated solutions and
in the solid state, due to self-association of the polyaromatic
hydrocarbon moieties. However, this leads to a dramatic de-
crease in fluorescence and also to less defined, broadened
fluorescence spectra. Therefore, excimer formation of
pyrene can be used to study aggregation phenomena.[1b,3] In
addition, the sensitive solvatochromic shift of pyrene has
been used to exploit the inner structure and polarity of den-
drimers by introducing pyrene in the exterior, interior, or
throughout the dendritic structure.[4] Moreover, monolayers


and thin films containing pyrene derivatives turned out to
be promising candidates for several applications such as or-
ganic light-emitting diodes (OLEDs).[5]


Polyphenylene dendrimers have attracted great attention
due to their highly stiff and shape-persistent dendritic back-
bones[6] on the nanometer scale. Furthermore, this class of
dendrimers can be synthesized strictly monodisperse in high
yields, and this allows accurate control over the size of the
resulting spherical macromolecules. Recently, we have
shown that by attaching polyphenylene dendrons of differ-
ent generations, an encapsulated perylene chromophore can
be shielded from the surrounding medium.[7] However, a sig-
nificant decrease in fluorescence quantum yield was ob-
served with increasing dendrimer generation. Moore and
others combined luminescent chromophores with phenylace-
tylene dendrons and found energy transfer from peripheral-
ly attached donors to the emitting core.[8] Likewise, excita-
tion of polyphenylene dendrons leads to emission of encap-
sulated perylene, giving rise to an extra excitation band in
the UV region.[7a,9]


Insight into the relationship between dendrimer structure
and core encapsulation can be derived from investigation of
encapsulated redox-active core moieties. For example, a de-


Abstract: Starting from the fourfold
ethynyl-substituted chromophore
1,3,6,8-tetraethynylpyrene as core, a
series of polyphenylene dendrimers
was prepared in high yield by combin-
ing divergent and convergent growth
methods. The fluorescence quantum
yields (Qf>0.92) of the encapsulated
pyrene chromophore were independent
of the size of the polyphenylene shell.
Fluorescence quenching studies and
temperature-dependent fluorescence
spectroscopy were performed to inves-
tigate the site isolation of the core.
They indicate that a second-generation


dendrimer layer is needed to efficiently
shield the encapsulated pyrene and
prevent aggregate formation. Alkali-
metal reduction of the encapsulated
pyrene core was carried out to afford
the corresponding pyrene radical
anions, for which hampered electron
transfer to the core was observed with
increasing dendrimer generation, which
is further proof of the site isolation due


to the polyphenylene shell. To improve
film formation and solubility of the ma-
terial, solubilizing alkyl chains were in-
troduced on the periphery of the spher-
ical particles. Furthermore, highly
transparent films obtained by a simple
drop-casting method showed blue emis-
sion mainly from the unaggregated spe-
cies. The materials presented herein
combine high quantum efficiency, good
solubility, and improved film-forming
properties, which make them possible
candidates for several applications in
electronic devices.
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creased reversibility of electrochemical charge transfer has
often been correlated with increasing dendrimer generation.
Porphyrin is perhaps the most investigated example of a
redox-active core to which different types of dendrimer
arms have been attached.[10] In this regard, Gorman et al.[11]


found that a rigid dendritic architecture hampered the elec-
tron-transfer rate to a iron sulfur core much more than a
flexible architecture.
Herein the encapsulation of a pyrene moiety in polyphe-


nylene dendrimers of different sizes is described. This is ex-
pected to separate the chromophores from each other due
to the stiff dendritic arms and therefore suppress aggrega-
tion in solution and in the solid state. Since amorphous
glassy films are a prerequisite for several electronic devices,
a large number of peripherally attached, branched alkyl
chains was introduced to improve the film-forming ability of
the dendronized pyrenes. The influence of the polypheny-
lene dendrons on the optical properties of the pyrene core
was investigated by UV/Vis absorption and fluorescence
spectroscopy. Additional insight into the relationship be-
tween dendrimer structure and core encapsulation was de-
rived from alkali-metal reduction of the pyrene dendrimers
with pyrene as electrophore.


Results


Synthesis and characterization : To ensure a dense and there-
fore highly shielding polyphenylene shell around the pyrene
core, a large number of starting points for dendrimer growth
is desired. Thus, fourfold bromination of pyrene (1) in the
1,3,6,8-positions was carried out according to the litera-
ture[12] to obtain 2 (Scheme 1).


Hagihara–Sonogashira[13] cross-coupling of 2 with trime-
thysilylethyne afforded 3 in 83% yield, which was deprotect-
ed with K2CO3 in methanol to give activated pyrene core 4
in high yield. The preparation of structurally defined poly-
phenylene dendrimers with a pyrene core was realized by
repetitive coupling and activation steps based on Diels–
Alder cycloadditions[14] (Scheme 2). Despite of the low solu-
bility of 4, first-generation dendrimer 6 was obtained by
Diels–Alder cycloaddition with tetraphenylcyclopentadie-
none (5) in quantitative yield.


Since the shielding of the encapsulated pyrene core was
expected to increase with increasing dendrimer generation,
the unsubstituted second- to fourth-generation dendrimers
(11, 20, 21) were synthesized by repetitive cycloadditions of
the branching unit 3,4-bis(4-triisopropylsilyethynylphenyl)-
2,5-diphenylcyclopentadienone[15] (8) and quantitative desi-
lylation of the protecting groups with tetrabutylammonium
fluoride (TBAF; Scheme 3).
Third-generation dendrimer 20 was synthesized by a com-


bination of convergent and divergent synthetic steps: firstly,
synthesis of second-generation dendron 19[16] and, secondly,
reaction of 19 with ethynyl-substituted first-generation den-
drimer 10. Due to the higher steric demand of dendron 19,
the yield of the Diels–Alder cycloaddition step was reduced.
To improve the film-formation ability and thus reduce the
crystallinity of the materials, alkyl chains were introduced
into second-generation derivative 11b by using the corre-
sponding alkyl-substituted tetraphenylcyclopentadienone 14.
These alkyl chains lowered significantly the isotropization
temperature of liquid-crystalline polyaromatic hydrocarbons,
and much higher solubility was observed.[17] Cyclopentadie-
none 14 was obtained by oxidation of substituted diphenyla-
cetylene 12 to corresponding benzil derivative 13 and subse-
quent Knoevenagel condensation with 1,3-diphenylpropan-
2-one.
All higher generation dendrimers have good solubility in


common organic solvents, (e.g., 15 even in hexane) which
allows purification by column chromatography and full char-
acterization by standard spectroscopic techniques. The
1H NMR spectra showed well-separated and clearly assigna-
ble signals for the aromatic pyrene protons, as well as for
the ethynyl or triisopropylsilyl (TiPS) protons. For the
higher generation dendrimers, not all the aromatic signals


could be distinguished due to
strong signal overlap. In the
case of the ethynyl- and TiPS-
substituted dendrimers, the in-
tensity ratios between aromatic
and aliphatic signals corre-
sponded to the expected values.
As an additional proof of struc-
ture, the single proton on the
pentaphenyl repeating units
(see Scheme 2) was used, since
generation-dependent chemical
shifts were observed. The mon-


odispersity of the described dendrimers could easily be veri-
fied by MALDI-TOF mass spectrometry. For all dendrimers,
the calculated and experimentally determined m/z ratios
were in good agreement, even for fourth-generation den-
drimer 21 with a molecular weight of 23031 gmol�1.
The growth of single crystals of suitable size and perfec-


tion is often difficult, mainly due to the conformational flex-
ibility of most dendritic backbones.[18] To gain further insight
into the spatial arrangement of the shielding polyphenylene
dendrons, first-generation dendrimer 23 bearing an addition-
al phenyl group on each dendritic branch was synthesized


Scheme 1. Synthesis of 1,3,6,8-tetraethynylpyrene (4). i) Bromine, nitrobenzene, 160 8C, 90%; ii) 6 equiv trime-
thysilylethyne, [PdCl2 ACHTUNGTRENNUNG(PPh3)2], PPh3, CuI, toluene/triethylamine, 80 8C, 83%; iii) 8 equiv K2CO3, methanol,
95%.
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(Scheme 4). Due to the higher molecular symmetry of 23, a
more pronounced tendency towards crystallization was ex-
pected. Hagihara–Sonogashira cross-coupling of 2 with phe-
nylacetylene gave 1,3,6,8-tetrakis(phenylethynyl)pyrene
(22). Subsequent Diels–Alder reaction with tetraphenylcy-
clopentadienone (5) yielded first-generation dendrimer 23.
Crystals of 23 suitable for structure determination were


obtained from CH2Cl2 solution by slow evaporation at room
temperature.[19] A projection of the crystal structure is
shown in Figure 1.
The crystal contains eight well-ordered CH2Cl2 molecules


per dendrimer unit. The four central phenyl rings of the
pentaphenylbenzene substituents are oriented approximate-
ly perpendicular to the pyrene core. Thus, the dendrimer as-
sumes the shape of a cross.


UV/Vis and EPR spectroscopic studies : In the absorption
spectra of the first- to fourth-generation dendrimers 6, 11a,
20, and 21 two distinct bands, one in the visible region (ca.
395 nm) and the other in the UV region (280–350 nm), were
observed (Figure 2).[20]


The absorption in the visible region is due to the p–p*
transition of the pyrene core and showed a red-shift of up to
55 nm compared with unsubstituted pyrene (337 nm), in
accord with other phenyl-substituted pyrenes, for example,
1,3,6,8-tetraphenylpyrene (380 nm).[21] Additionally, the fine
structure of the pyrene absorption spectrum was lost due to
substitution with phenyl rings. The absorption band in the
UV region can be predominantly attributed to the polyphe-
nylene dendrons,[7a,9] as indicated by the linear increase in
the extinction coefficients e(l) with increasing number of at-
tached phenylene moieties. Going to higher generations has
no influence on the absorption maximum and extinction co-
efficients of the pyrene core.[22]


The emission spectra of 6, 11a, 20 and 21 (Figure 2), ob-
tained on excitation of the pyrene core at 390 nm displayed
a broad emission band at 425 nm, red-shifted compared to
the emission of parent pyrene (395 nm). No change in emis-
sion maximum or fluorescence intensity of the pyrene core
with changing dendrimer generation was observed. Excita-
tion of the polyphenylene dendrons at 310 nm resulted in
strong emission of the pyrene core at 425 nm, which indi-
cates efficient energy transfer from the polyphenylene den-


Scheme 2. Synthesis of first- and second-generation dendrimers 6, 11a, and 11b. Polyphenylene dendrimer 7 constructed from tetrahedral tetraphenylme-
thane as core.[15] i) 6 equiv 5, o-xylene, 160 8C, 95%; ii) 6 equiv 8, o-xylene, 160 8C, 71%; iii) TBAF, THF, 93%; iv) 11a : 16 equiv 5, o-xylene, 160 8C, 73%;
11b : 14 equiv 14, Ph2O, 220 8C, 63%. v) 1 equiv I2, DMSO, 170 8C, 40%; vi) 1 equiv 1,3-diphenylpropan-2-one, tert-butanol, 80 8C, 49%.
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drons to the pyrene core (for
further details, see Supporting
Information). The fluorescence
quantum yields Qf of 6, 11a, 20,
and 21 in CHCl3 were deter-
mined by using 9,10-diphenyl-
anthracene as reference chro-
mophore (Table 1).[23]


Pyrene exhibits sensitive sol-
vatochromic behavior in which
the relative intensity of emis-
sion bands is dependent on sol-
vent polarity.[2a, 24] Webber and
co-workers used this effect to
investigate the diffusion of


Scheme 3. Synthesis of third- and fourth-generation dendrimers 20 and 21. i) 12 equiv 8, o-xylene, 150 8C, 76%; ii) TBAF, THF, 91%; iii) 32 equiv 8, o-
xylene, 160 8C, 85%; iv) TBAF, THF, 89%; v) 65 equiv 5, Ph2O, 190 8C, 85%; vi) 16 equiv 19, o-xylene, 170 8C, 55%.


Scheme 4. Synthetic route to first-generation dendrimer 23. i) 6 equiv phenylacetylene, [PdCl2 ACHTUNGTRENNUNG(PPh3)2], PPh3,
CuI, toluene/triethylamine, 80 8C, 92%; ii) 6 equiv 5, Ph2O, 230 8C, 90%.
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pyrene from block-copolymer micelles.[25] Hecht et al. deter-
mined the influence of chain length and solvent polarity on
the encapsulation of a poly(e-caprolactone)-dendronized
pyrene.[4b] They found a solvation-induced encapsulation
effect, mainly due to the structural extent and collapse of
the dendrimer backbone. This should also be tested for poly-
phenylene-dendronized pyrenes. Accordingly, TiPS-substi-
tuted dendrimers 9 and 17 as well as 1,3,6,8-tetraphenylpyr-
ene (TPP) as reference were dissolved in cyclohexane and
methanol. The TiPS groups were necessary to ensure solu-
bility of the dendrimers in both solvents. Emission spectra
showed a bathochromic shift of the pyrene emission with in-
creasing solvent polarity of Dl=9 nm (9), 6 nm (17), and
9 nm (TPP).
In concentrated solutions (c>10�4m), pyrene exhibits


strong characteristic excimer fluorescence at 475 nm.[26]


When solutions of 10 in CHCl3 with different concentrations
were excited at 390 nm, a strong decrease in the overall flu-
orescence intensity was observed with increasing concentra-
tion (Figure 3a).


More detailed inspection of the spectra (inset in Fig-
ure 3a) showed a decrease in the emission band at 425 nm
and simultaneous increase in emission intensity at 470 nm.
This most probably indicates aggregation of the pyrene
cores in first-generation dendrimer.
Since the temperature dependence of the monomer–exci-


mer equilibrium can provide information on the steric or
electronic environment of the pyrene moiety,[3,27] the tem-
perature-dependent fluorescence spectra of polyphenylene-
dendronized pyrenes 10 and 11a were recorded (excitation
at 390 nm, Figure 3b).[28] At room temperature (300 K), a
10�2m solution of 10 in tetrachloroethane displayed a broad
emission spectrum with a maximum at 470 nm, which indi-
cates aggregation. A shoulder at 440 nm may be due to
emission from the unaggregated species. At 400 K a small
increase in the intensity of this band was noted, while strong
fluorescence at 470 nm was still detectable. In contrast,
second-generation dendrimer 11a with the same concentra-
tion at 300 K showed an emission spectrum (lmax=436 nm)
almost similar to that of the unaggregated species in dilute
solution (compare Figure 2). When the temperature was in-


Figure 1. X-ray structure of 23 recrystallized from CH2Cl2.


Figure 2. Absorption and emission spectra of dendronized pyrenes 6,
11a, 20, and 21 in CHCl3. Excitation: 390 nm. The emission spectra were
normalized to the same optical density at the excitation wavelength.


Table 1. Fluorescence quantum yields of dendronized pyrenes 6, 11a, 20,
and 21 in CHCl3.


6 11a 20 21


Qf
[a] 0.96�0.03 0.97�0.02 0.97�0.03 0.92�0.02


[a] Excitation: 350 nm; errors were estimated by using GaussLs law of
propagation of error.


Figure 3. a) Emission spectra of 10 with increasing concentration in
CHCl3. Excitation: 390 nm. b) Temperature-dependent fluorescence spec-
tra of dendronized pyrenes 10 and 11a (c=10�2m) in tetrachloroethane,
normalized to their emission maximum. Excitation: 390 nm.
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creased to 400 K no change in spectral shape was observed,
and this rules out underlying aggregate fluorescence at
lower temperature.
The fluorescence intensity of a fluorophore depends on


the natural lifetime of its first excited singlet state and on
the rate at which nonradiative processes deactivate it.
Quenching processes depend significantly on the location
and accessibility of the fluorophore within a macromolecular
structure. Therefore, fluorescent probes such as dansyl chlor-
ide are used especially in biochemistry to study the various
binding sites in large macromolecules.[29] Furthermore, for
pyrenyl moieties on the focal point of poly ACHTUNGTRENNUNG(amido) dendrim-
ers, decreasing Stern–Volmer quenching constants KSV were
found with increasing dendrimer generation.[4a] This was at-
tributed to a greater steric congestion with increasing den-
dron size making the chromophore less accessible. The
Stern–Volmer expression: [Eq. (1)]


F0=F ¼ 1þKSV½Q� ¼ 1þhkqihti0½Q� ð1Þ


allows the quenching process to be investigated by measur-
ing the fluorescence intensity in the absence and presence of
the quencher, F0 and F, respectively. In Equation (1), KSV is
the Stern–Volmer quenching constant, hkqi< the average bi-
molecular quenching constant, hti0 the mean fluorophore
lifetime in the absence of the quencher, and [Q] the analyti-
cal concentration of the quencher. Comparing different fluo-
rophores with each other by means of their hkqi< values re-
quires determination of the mean fluorescence lifetime hti0.
We used nitromethane and N,N-dimethylaniline, both


well-known quenchers of pyrene fluorescence.[1b] The fluo-
rescence quenching of polyphenylene-dendronized pyrenes
and TPP was well described by the Stern–Volmer expression
(nitromethane: r2>0.996; N,N-dimethylaniline: r2>0.97)
(Figure 4a,b). By applying Equation (1), the Stern–Volmer
quenching constants KSV were determined from the slope of
the derived curves.
For nitromethane, the Stern–Volmer quenching constant


KSV decreased clearly on going from TPP to first-generation
dendrimer 6 and second-generation dendrimer 11a
(Table 2). In particular, no further decrease in KSV was ob-
served for third- and fourth-generation dendrimers 20 and
21, respectively.


N,N-Dimethylaniline as quencher had only a minor influ-
ence on the fluorescence intensity of the dendronized pyr-
enes. Therefore, experimental errors significantly contribute
to the obtained curves, as can be seen by the value of
r 2>0.97. The KSV values, derived
from a linear fit, were about 15
times smaller than for nitrome-
thane and decreased significant-
ly only between the first- and
the second-generation dendrim-
ers 6 and 11a, respectively.
When tetrachloromethane was
used as fluorescence quencher,
diverse results were obtained


(Figure 4c). Similarly to nitromethane, KSV decreased from
TPP to first-generation dendrimer 6, but a further significant
decrease was only observed between third- and fourth-gen-
eration dendrimers 20 and 21, respectively (Table 2).


Figure 4. Stern–Volmer quenching plots for a) nitromethane, b) N,N-di-
methylaniline, and c) tetrachloromethane in CHCl3. Excitation: 360 nm.
Inset in b): Enlarged plot for N,N-dimethylaniline. F0 and F are the fluo-
rescence intensity in the absence and the presence of the quencher, re-
spectively: &: 6, &: 11a, *: 20, *: 21, ~: TPP.


Table 2. Stern–Volmer quenching constants KSV for TPP, 6, 11a, 20, and 21 in CHCl3, respectively, obtained
with different quenching agents. Excitation: 360 nm.


KSV [m
�1][a]


TPP 6 11a 20 21


CH3NO2 17.27�1.18 5.72�0.28 3.43�0.19 3.77�0.22 3.57�0.12
C6H5N ACHTUNGTRENNUNG(CH3)2 6.98�0.17 0.33�0.04 0.19�0.03 0.16�0.04 0.19�0.04
CCl4 8.41�0.42 6.20�0.60 6.35�0.71 5.30�0.35 0.62�0.18


[a] Errors were estimated by using GaussLs law of propagation of error.
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The encapsulation effect of the dendronized pyrenes was
also tested by means of the electron-transfer behavior of in-
creasingly shielded pyrene cores. Reduction of dendronized
pyrenes 11a and 21 was carried out on a potassium mirror
under high vacuum in absolute THF by using a technique
previously described.[30] Formation of the charged species
was followed by EPR and UV/Vis spectroscopy (for UV/Vis
spectra, see Supporting Information). On contact with the
potassium mirror the color of the solution of second-genera-
tion dendrimer 11a turned from light yellow to green, and
two absorption bands at 456 and 640 nm appeared in the
UV/Vis spectrum. This can be ascribed to formation of the
radical anion of the substituted pyrene.[31] The disappear-
ance of the absorption band of the neutral starting material
at 394 nm on prolonged contact suggested quantitative con-
version. The EPR spectroscopic monitoring showed first a
broad signal with four shoulders, which should be attributed
to the four protons at positions 4, 5, 9, and 10 of the pyrene
core (aH�0.2 mT, Figure 5a), whose splittings are very close


to those of the corresponding protons of the known pyrene
radical anion (aH=0.208 mT).[32]


On further reduction, the intensity of this signal was di-
minished, but instead of reaching a diamagnetic dianionic
state, a new sharp signal appeared in the center of the spec-
trum and increased in intensity (DHpp�0.1 mT). In a control
experiment, second-generation dendrimer 7 was considered


for charging. The EPR and UV/Vis spectra of the reduction
of 7 were similar to those observed after prolonged reduc-
tion of 11a, namely, a sharp signal (inset in Figure 5b) and
absorption maxima at 450 and 750 nm. On reduction of
fourth-generation dendrimer 21 a strong sharp signal imme-
diately appeared in the EPR spectrum (DHpp�0.1 mT, Fig-
ure 5b), as also found for 7.[33] However, after equilibrating
with neutral compound (comproportionation) a broad signal
with four shoulders (aH�0.2 mT) was found, similar to the
EPR spectrum of 11a, which strongly supports the assign-
ment of this signal to the radical monoanion of dendronized
pyrenes 11a and 21. The pyrene radical monoanion could
not be observed in the absorption spectra of 21 recorded
during reduction, mainly due to unresolved spectra. On fur-
ther reduction of 21 the sharp line in the EPR spectrum re-
appeared and revealed close similarity to the control sample
7. In all three samples the sharp line broadened on pro-
longed contact with the potassium mirror, but no defined
number of transferred electrons could be ascribed (DHpp


�0.6 mT).
To investigate the solid-state photophysics of dendronized


pyrenes, the absorption and fluorescence spectra of alkyl-
chain-decorated second-generation dendrimer 11b were re-
corded. Films of good optical quality were obtained by
simple drop casting and spin coating from toluene solution
onto quartz substrates. The transparency of the films of den-
drimer 11b was much higher than for those made from
parent pyrene, mainly due to crystallization of the non-
dendronized species. Absorption and emission spectra of the
films showed a typical broadening relative to solution spec-
tra (Figure 6).


Thin-film dendrimer 11b displayed an absorption maxi-
mum of at 393 nm, almost unshifted compared with solution
spectra. The absorption band in the UV region at 260 nm
can be assigned to the polyphenylene dendrons.[7a] Com-
pared with solution (337 nm), the absorption maximum of
unsubstituted pyrene in the film (337 nm) was not shifted at
all. The emission maximum of the film prepared from un-
substituted pyrene (446 nm) was red-shifted by 51 nm com-
pared to that in solution (395 nm), that is, emission in the


Figure 5. EPR spectra (RT, K, THF) a) 11a in the order of further reduc-
tion 1–3; b) 21 with initial spectrum 1, partial comproportionation 2, and
complete comproportionation 3. Inset in b): EPR spectrum for the reduc-
tion of 7.


Figure 6. Absorption and emission spectra of 11b in a film prepared from
toluene solution. Excitation: 390 nm.
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solid state originated mainly from aggregated species (exci-
tation: 390 nm). On the contrary, emission of 11b occurred
at 449 nm, that is, a bathochromic shift of only 20 nm com-
pared with solution spectra.


Discussion


Monodisperse polyphenylene dendrimers with an encapsu-
lated pyrene moiety have been synthesized in high yield
starting from tetraethynyl-substituted pyrene core 4. The
crystal structure of the first-generation dendrimer 23
showed that the first-generation polyphenylene shell already
produces pronounced steric shielding of the pyrene core.
The shape persistence of the polyphenylene dendrons[6] sug-
gests that shielding would be even more pronounced for
higher generations. This expectation is indeed born out by
the fact that, compared to TPP as reference, third-genera-
tion dendrimer 17 showed a less solvatochromically shifted
emission maximum. One can attribute this to the creation of
a stable hydrophobic environment around the pyrene core,
due to the large number of surrounding phenyl rings. In con-
trast to dendrimers constructed from flexible building units,
the shape and conformation of the stiff polyphenylene den-
drons do not change with changing polarity of the surround-
ing medium.
No decrease in fluorescence quantum yield was observed


with increasing dendrimer generation. This is in contrast to
results from polyphenylene-dendronized perylenes, for
which the fluorescence quantum yield decreased from 0.83
for the first-generation dendrimer down to 0.73 for the
third-generation dendrimer.[7b] New nonradiative deactiva-
tion pathways were suggested in this case, which do not
seem to apply to a pyrene core.
Additional proof for efficient shielding of the core was


obtained by fluorescence quenching experiments with nitro-
methane and N,N-dimethylaniline. Note that KSV values can
only be compared with each other when the fluorescence
lifetimes of the investigated fluorophores are equal
[Eq. (1)]. Since detailed photophysical investigations were
not within the scope of this paper, fluorescence lifetimes of
the herein-described dendrimers will be reported in a future
paper. However, for polyphenylene dendrimers with pery-
lene diimide as core, fluorescence lifetimes hti0 were con-
stant for different sizes of the dendritic shell.[34] It can there-
fore be assumed that the dendrimers with pyrene as core
will also have constant fluorescence lifetimes irrespective of
generation. The KSV values significantly decreased on going
from TPP to first-generation dendrimer 6 and to second-
generation dendrimer 11a. Remarkably, KSV did not further
decrease for the third- and fourth-generation dendrimers.
This quenching behavior can not be ascribed only to smaller
diffusion constants of the larger dendrimers, since in that
case KSV would constantly decrease with increasing genera-
tion. Therefore, one can suggest that the second-generation
dendrons of 11a already produced the maximum achievable
steric shielding. The KSV values for nitromethane were much


larger than those of N,N-dimethylaniline. For both quench-
ers almost equal kq values were reported.[35] It can thus be
suggested, that the different quenching behavior originates
from a size-exclusion effect provided by the polyphenylene
shell, which hampers diffusion of the larger quencher N,N-
dimethylaniline. Tetrachloromethane as fluorescence
quencher showed a further strong decrease in KSV between
dendrimers 20 and 21, probably due to an enhanced density
of phenyl rings in the outer shell of fourth-generation den-
drimer 21. This suggestion is somewhat confirmed by the
fact that steric congestion prevents defect-free growth of a
fifth-generation polyphenylene dendrimer when branching
unit 8 is used.[36]


In concentrated solutions (c>10�4m) first-generation den-
drimer 10 displayed aggregation of the pyrene core, which
suggests that a first-generation polyphenylene shell is too
small to inhibit aggregation (Figure 3a). Surprisingly, tem-
perature-dependent fluorescence spectroscopy showed that,
even at high temperatures, a 10�2m solution of the first-gen-
eration dendrimer still displayed mainly aggregation. A
higher temperature is normally expected to hamper self-as-
sociation due to increased rotational motion of the dendrons
within the molecules. However, the small increase in intensi-
ty of the absorption band at 440 nm indicated that at lower
concentration (c<10�2m) 10 exists exclusively in the unasso-
ciated form at high temperature. Under the same conditions
second-generation dendrimer 11a displayed no aggregation
of the core, and this can again be attributed to the larger di-
ameter of the dendritic polyphenylene shell in the case of
11a (10 : d = 2.5 nm, 11a : d = 3.9 nm).[37] This supports the
results derived from the quenching experiments. Moreover,
the small influence of temperature on the monomer–aggre-
gate equilibrium of dendronized pyrenes suggested a stiff,
temperature-independent arrangement of the dendritic
shell. This conclusion is confirmed by investigations on poly-
phenylene dendrimers by small-angle neutron scattering and
solid-state NMR spectroscopy.[6c,d] In the latter case the
slowed motion of the terminal phenyl groups was proven
and, furthermore, it was demonstrated that the dendrons
can not reorient even at high temperatures.
Alkali-metal reduction of second- and fourth-generation


dendrimers 11a and 21 produced the radical anion of the
pyrene core. However, significant differences were observed
during the reduction of the two dendrimers. With second-
generation dendrimer 11a the radical anion of pyrene was
formed immediately, as indicated by UV/Vis and EPR spec-
troscopy. On the contrary, in the case of fourth-generation
dendrimer 21 an intense sharp signal in the EPR spectrum
appeared at the beginning. The same sharp signal was ob-
served for reduction of polyphenylene dendrimer 7 without
a pyrene core under the same conditions. This leads to the
conclusion that charging of the polyphenylene shell of 7 and
21 immediately took place on contact with the potassium
mirror. The sharp EPR signal indicated a highly mobile
electron spin, which might be due to hopping between dif-
ferent oligomeric phenylene sites. Thus, no specific charged
bi- or triphenyl units could be identified.[38] After compro-
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portionation with neutral compound, the pyrene radical
anion of 21 was also detected. This suggests that a more
highly charged state was generated in the beginning, since
only in this case does comproportionation result in the radi-
cal anion. The observed differences in reduction between
11a and 21 can be attributed to the larger diameter of
fourth-generation dendrimer 21 (21: d=6.8 nm, 11a : d=
3.9 nm).[37] This hampered diffusion of electrons to the
pyrene core to such an extent that in the beginning only the
charged polyphenylene shell was detected by EPR spectro-
scopy. On the contrary, for 11a diffusion of electrons to the
core is easier due to the smaller distance between core and
outer dendritic shell; thus, the pyrene radical anion could
immediately be observed. A diffusion-controlled reduction
process can therefore be suggested, strongly influenced by
the density and diameter of the surrounding dendrimer
shell.
Since good film-forming ability is a major prerequisite for


compounds suitable for application in OLEDs, the optical
properties of films prepared from alkyl-decorated second-
generation dendrimer 11b were investigated. Films of good
quality and high transparency were obtained by simple drop
casting and spin coating. Small bathochromic shifts of the
emission maximum compared to solution spectra showed
that the emission in the film mainly occurred from unaggre-
gated species. Hence, the second-generation dendrons al-
ready suppress aggregation of pyrene, not only in solution
but also in film.


Conclusion


A series of monodisperse polyphenylene dendrimers with an
encapsulated pyrene core has been prepared in high yield
by a straightforward divergent growth method. Stern–
Volmer quenching experiments and temperature-dependent
fluorescence spectroscopy indicated that a second-genera-
tion dendrimer shell is sufficient for efficiently shielding the
pyrene core and thereby preventing aggregate formation.
Alkali-metal reduction of pyrene dendrimers yielded the
corresponding pyrene radical anions. Thereby, hampered
electron transfer to the core was observed with increasing
dendrimer generation, which further verifies the site-isola-
tion concept. From the synthetic point of view, it is interest-
ing that the improvements in the optical properties, such as
high quantum efficiency in solution (Qf>0.92), were already
achieved by applying a second-generation dendrimer shell,
and therefore gram-scale synthesis of these new materials is
possible.
The herein-presented macromolecules are exciting new


materials that combine excellent optical features and an im-
proved film-forming ability. Thus, application in OLEDs can
be suggested and further exploration into this area is under-
way.


Experimental Section


General procedures : All starting materials, e.g., pyrene (1) and tetraphe-
nylcyclopentadienone (5), were obtained from commercial suppliers (Al-
drich, Fluka, Fischer, Strem, Acros) and were used without purification.
Solvents were used in HPLC grade as purchased. All atmosphere-sensi-
tive reactions were performed under argon using Schlenck techniques. 1H
and 13C NMR spectra were recorded on a Bruker AMX250, AC300,
AMX500, or 700Ultrashield NMR spectrometer. Specific protons in the
dendritic structures (positions shown in Scheme 2) are assigned as HG1,
HG2, etc. for the corresponding dendrimer generation to which they
belong. FD mass spectra were recorded with a VG-Instruments ZAB 2-
SE-FDP. MALDI-TOF mass spectra were measured with a Bruker
Reflex II and dithranol as matrix (molar ratio dithranol/sample 250:1).
UV/Vis absorption spectra were recorded on a Perkin-Elmer Lambda 9
spectrophotometer, and fluorescence spectra on a SPEX Fluorolog II
(212) spectrometer. For the temperature-dependent fluorescence meas-
urements an Oxford cryostat (GF 1204) with sapphire windows was used.
EPR spectra were recorded on a CW X-band ESP 300 equipped with an
NMR gauss meter (Bruker ER 035), a frequency counter (Bruker ER
041 XK), and a variable-temperature continuous-flow N2 cryostat
(Bruker B-VT 2000). Elemental analysis was carried out by the Micro-
analytical Laboratory of the University of Mainz, Mainz, Germany. Be-
cause of the high carbon content in some molecules, incomplete combus-
tion (sooting) may have resulted in lower values than expected for the
carbon content. The crystal structure determinations were carried out in
glass capillaries on a Nonius KCCD diffractometer with graphite-mono-
chromated MoKa radiation at 120 K. The structures were solved by direct
methods (SHELXS97). Refinement was done with anisotropic tempera-
tures factors for C, and the hydrogen atoms were refined with fixed iso-
tropic temperature factors in the riding mode.


General procedure for the Diels–Alder cycloaddition of ethynyl com-
pounds and tetraphenylcyclopentadiene derivatives : A mixture of the
ethynyl compound and tetraphenylcyclopentadienone derivative was re-
fluxed in o-xylene or diphenyl ether under argon atmosphere. In the case
of the unsubstituted dendrimers, the cooled reaction mixture was poured
into pentane to remove the excess of tetraphenylcyclopentadienone. The
precipitated product was filtered and the filter washed with pentane until
the filtrate became colorless. All crude products were purified by column
chromatography (silica gel, petroleum ether/CH2Cl2). Reactions were
conveniently monitored by MALDI-TOF mass spectrometry to ensure
their completeness.


General procedure for the desilylation of triisopropylsilylethynyl deriva-
tives: The triisopropylsilylethynyl derivative was dissolved in dry THF
and 1 equiv of TBAF (dissolved in THF) per triisopropylsilylethynyl
group was added under argon atmosphere. The end of the reaction (ca.
5–15 min) was determined by TLC. The reaction was quenched with
water, and the reaction mixture extracted with water and CH2Cl2. The or-
ganic phase was separated and dried over MgSO4. After having removed
the solvent under reduced pressure, the crude product was purified by
column chromatography (silica gel, petroleum ether/CH2Cl2).


1,3,6,8-Tetrabromopyrene (2): Pyrene (0.5 g, 2.47 mmol) was dissolved in
nitrobenzene (15 mL). Under vigorous stirring, bromine (1.62 g,
10.13 mmol) was added. After complete addition, the temperature was
increased to 160 8C and maintained for 3 h. The cooled reaction suspen-
sion was poured into acetone and the precipitate filtered off. Further
drying of the precipitate in high vacuum gave the crude product, which
was used without further purification (1.15 g, 2.22 mmol, 90%). 1H NMR
(500 MHz, [D5]nitrobenzene, 433 K, TMS): d=8.44 (s, 2H; 2,7-pyrene
H), 8.42 ppm (s, 4H; 4,5,9,10-pyrene H); MS (FD, 8 kV): m/z (%): 517.98
(100) [M]+ .


1,3,6,8-Tetrakis(trimethylsilanylethynyl)pyrene (3): Compound 2 (0.5 g,
0.97 mmol) was suspended in triethylamine (20 mL) and toluene (3 mL),
and bis(triphenylphosphine)palladium(ii) dichloride (136 mg, 0.19 mmol),
copper(i) iodide (73 mg, 0.39 mmol), and triphenylphosphine (101 mg,
0.39 mmol) were added. The flask was evacuated and flushed with argon.
While stirring, the reaction mixture was heated to 60 8C and trimethylsily-
lethyne (0.57 g, 5.8 mmol) was injected through a septum. After 15 min


Chem. Eur. J. 2006, 12, 6117 – 6128 D 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6125


FULL PAPERPyrenes



www.chemeurj.org





of stirring at this temperature the reaction was heated to 80 8C and stir-
red overnight under argon atmosphere. The cooled reaction mixture was
diluted with CH2Cl2 and extracted with water. The organic phase was
dried over MgSO4, and the solvent was removed under reduced pressure.
The crude product was purified by column chromatography (silica gel,
petroleum ether) to afford 3 as an orange solid (470 mg, 0.8 mmol, 83%).
1H NMR (250 MHz, CD2Cl2, 300 K, TMS): d=8.59 (m, 4H; 4,5,9,10-
pyrene H), 8.27 (s, 2H; 2,7-pyrene H), 0.39 ppm (s, 36H; CH3);


13C NMR
(75 MHz, CD2Cl2, 300 K, TMS): d=134.7, 132.3, 127.3, 123.8, 119.1 (all
aromat. C), 102.8 (Ar�C�C), 102.1 (�C�Si), 0.1 ppm (CH3); MS (FD,
8 kV): m/z (%): 587.24 (100) [M]+; elemental analysis calcd (%) for
C36H42Si4: C 73.65, H 7.21; found: C 73.14, H 7.55.


1,3,6,8-Tetraethynylpyrene (4): Compound 3 (1 g, 1.7 mmol) was suspend-
ed in methanol (100 mL). K2CO3 (1.9 g, 13.6 mmol) was added and the
reaction mixture stirred overnight and then poured into water (500 mL)
and filtered. The filter was washed with water until the filtrate was neu-
tral to afford 4 as a slightly brown solid (480 mg, 1.61 mmol, 95%).
1H NMR (300 MHz, [D8]THF, 300 K, TMS): d=8.70 (s, 4H; 4,5,8,10-
pyrene H), 8.36 (s, 2H; 2,7-pyrene H), 4.31 ppm (s, 4H; �CH); 13C NMR
(75 MHz, [D8]THF, 300 K, TMS): d=135.6, 133.1, 127.7, 124.4, 119.2 (all
aromat. C), 86.2 (Ar�C�C), 81.8 ppm (�CH); MS (FD, 8 kV): m/z (%):
298.08 (100) [M]+ .


Compound 6 : Compounds 4 (0.2 g, 0.67 mmol) and 5 (1.55 g, 4.03 mmol)
were heated in o-xylene (20 mL) for 12 h at 160 8C. The reaction mixture
was poured into methanol and the precipitate filtered off. Compound 6
was obtained by repeated precipitation from ethanol (1.08 g, 0.63 mmol,
95%) until the red color of 5 had disappeared. 1H NMR (700 MHz,
C2D2Cl4, 373 K, TMS): d=7.86–7.40 (m, 6H; pyrene H), 7.24–6.52 ppm
(m, 84H; aromat. H); 13C NMR (75 MHz, CD2Cl2, 300 K, TMS): d=


142.1, 141.7, 141.1, 141.0, 140.7, 140.5, 140.3, 139.9, 131.9, 131.8, 131.3,
131.0, 130.3, 128.3, 128.2, 128.1, 127.4, 127.5, 126.9, 126.6, 126.4, 126.2,
125.6, 125.3, 125.2, 125.1 ppm (all aromat. C); MS (FD, 8 kV): m/z (%):
1725 (100) [M]+ .


Compound 9 : Compounds 4 (250 mg, 0.84 mmol) and 8 (3.0 g,
4.03 mmol) were heated in o-xylene (30 mL) for 12 h at 160 8C. Purifica-
tion was performed by column chromatography (silica gel, petroleum
ether/CH2Cl2) to afford 9 as a yellow solid (1.88 g, 0.59 mmol, 71%).
1H NMR (250 MHz, CD2Cl2, 300 K, TMS): d=8.02–7.57 (m, 6H; pyrene
H), 7.42 (m, 4H; HG1), 7.19–6.61 (m, 72H; aromat. H), 1.10 ppm (s,
215H; CH/CH3);


13C NMR (75 MHz, [D8]THF, 300 K, TMS): d=142.3,
142.2, 141.9, 141.9, 141.8, 141.7, 141.7, 141.6, 141.6, 141.6, 141.6, 141.5,
141.5, 141.4, 141.3, 141.3, 141.2, 141.1, 140.9, 140.9, 140.7, 140.6, 140.5,
140.4, 140.4, 139.9, 139.6, 139.6, 139.5, 139.4, 139.4, 139.3, 137.4, 137.3,
137.2, 137.1, 136.8, 136.5, 136.0, 132.4, 132.4, 131.6, 131.3, 130.7, 130.6,
130.7, 129.7, 129.0, 128.9, 128.8, 128.7, 128.4, 128.0, 127.5, 127.2, 126.5,
126.0, 125.2, 121.7, 121.4 (all aromat. C), 108.5 (Ar�C�), 90.2, 90.0 (both
�C�Si), 19.0 (CH3), 12.2 ppm (CH); MALDI-TOF-MS: m/z (%): 3166
(100) [M]+ .


Compound 10 : Compound 9 (1.43 g, 0.45 mmol) was dissolved in dry
THF (30 mL) and treated with TBAF (1.14 g, 3.6 mmol). Purification was
performed by column chromatography (silica gel, petroleum ether/
CH2Cl2) to afford 10 as a yellow solid (0.8 g, 0.42 mmol, 93%). 1H NMR
(250 MHz, CD2Cl2, 300 K, TMS): d=7.89–7.73 (m, 6H; pyrene H), 7.53–
7.43 (m, 4H; HG1), 7.17–6.60 (m, 80H; aromat. H), 3.02 ppm (m, 8H; �
CH); 13C NMR (75 MHz, [D8]THF, 300 K, TMS): d=142.3, 142.2, 142.1,
141.9, 141.8, 141.7, 141.6, 141.6, 141.5, 141.5, 141.3, 141.3, 141.2, 141.2,
141.1, 140.9, 140.8, 140.7, 140.6, 140.6, 140.5, 140.4, 140.3, 140.2, 139.9,
139.6, 139.5, 139.5, 139.4, 139.4, 139.3, 137.3, 137.3, 137.3, 137.1, 136.9,
136.8, 136.5, 136.4, 136.1, 134.8, 134.6, 134.4, 134.2, 133.9, 132.7, 132.5,
132.3, 131.9, 131.6, 131.3, 130.7, 130.6, 130.1, 129.6, 128.9, 128.9, 128.7,
128.5, 128.1, 127.5, 127.3, 126.8, 126.5, 126.5, 126.3, 126.1, 126.0, 125.9,
125.5, 125.4, 125.2, 125.1, 125.0, 121.0, 120.6 (all aromat. C), 84.2 (Ar�C�),
78.7, 78.6 (both �CH), 67.4 ppm (Cq); MALDI-TOF-MS: m/z (%): 1916
(100) [M]+ ; elemental analysis calcd (%) for C152H90: C 95.27, H 4.73;
found C 94.61, H 4.91.


Compound 11a : Compounds 10 (200 mg, 0.1 mmol) and 5 (640 mg,
1.67 mmol) were dissolved in o-xylene (10 mL) and heated for 16 h at
160 8C. Purification was performed by column chromatography (silica gel,


petroleum ether/CH2Cl2) to afford 11 as a yellow solid (360 mg, 76 mmol,
73%. 1H NMR (250 MHz, CD2Cl2, 300 K, TMS): d=7.78–7.61 (m, 6H;
pyrene H), 7.43–7.35 (m, 12H; HG1+G2), 7.16–6.53 ppm (m, 232H;
aromat. H); 13C NMR (75 MHz, [D8]THF, 300 K, TMS): d=142.8, 142.7,
142.0, 141.7, 141.4, 141.3, 141.1, 141.0, 140.1, 140.1, 140.0, 139.7, 139.4,
139.2, 138.9, 132.4, 132.0, 130.6, 129.5, 129.2, 129.1, 128.3, 127.6, 127.3,
126.9, 126.3, 126.0 ppm (all aromat. C); MALDI-TOF-MS: m/z (%):
4768 (100) [M]+ ; elemental analysis calcd (%) for C376H250 : C 94.72, H
5.87; found C 94.00, H 5.87.


Compound 11b : Compounds 10 (18 mg, 9.4 mmol) and 14 (140 mg,
132 mmol) were dissolved in Ph2O (4 mL) and heated for 16 h at 220 8C.
Purification was performed by column chromatography (silica gel, petro-
leum ether/CH2Cl2) to afford 11b as a yellow oil (60 mg, 5.9 mmol, 63%).
1H NMR (500 MHz, CD2Cl2, 300 K, TMS): d=7.80–6.42 (m, 234H;
aromat. H), 2.31 (m, 16H; CH), 1.27–1.19 (m, 672H; CH2), 0.88–
0.87 ppm (m, 96H; CH3);


13C NMR (125 MHz, CD2Cl2, 300 K, TMS): d=
168.2, 168.0, 156.9, 156.3, 142.8, 142.7, 142.5, 141.9, 141.7, 141.4, 141.4,
141.2, 141.0, 140.9, 140.9, 140.8, 140.2, 140.1, 139.9, 139.8, 139.6, 139.4,
139.3, 138.9, 138.7, 138.7, 138.5, 138.2, 135.6, 134.3, 133.9, 133.6, 133.3,
133.2, 133.0, 132.8, 132.3, 131.9, 131.8, 131.7, 131.5, 131.4, 131.4, 131.1,
130.7, 130.6, 130.4, 130.4, 130.3, 130.3, 130.2, 130.0, 129.9, 129.8, 129.5,
129.4, 129.3, 129.3, 129.2, 129.0, 128.9, 128.7, 128.6, 128.5, 128.4, 128.2,
128.0, 128.0, 127.9, 127.7, 127.6, 127.4, 126.6, 126.0, 125.6, 120.5 (all
aromat. C), 41.21, 40.77, 40.63, 40.22, 40.19, 39.71, 39.64, 39.51, 39.44 (all
aCH2/CH), 33.71, 33.62, 34.17, 34.00, 32.52, 30.65, 30.29, 30.25, 29.92,
27.10, 27.13, 23.23 (all CH2), 14.33 ppm (CH3); MALDI-TOF-MS: m/z
(%): 10161 (100) [M]+ .


1,2-Bis[4-(2-decyltetradecyl)phenyl]ethane-1,2-dione (13): Compound 12
(2.2 g, 2.58 mmol) and iodine (330 mg, 1.3 mmol) were dissolved in
DMSO (30 mL). The mixture was stirred for 24 h at 170 8C and the prod-
uct extracted with CH2Cl2 and water. The organic phase was removed in
vacuo and the residue was purified by column chromatography (silica
gel, hexane/ethyl acetate) to give 13 as a colorless oil (0.9 g, 1.0 mmol,
40%). 1H NMR (300 MHz, CD2Cl2, 300 K, TMS): d=7.86 (d, 3J ACHTUNGTRENNUNG(H,H)=
8.3 Hz, 4H; 2,2’,6,6’-aromat. H), 7.31 (d, 3J ACHTUNGTRENNUNG(H,H)=8.3 Hz, 4H; 3,3’,5,5’-
aromat. H), 2.62 (d, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 4H; aCH2), 1.66 (m, 2H; CH),
1.50–1.10 (m, 80H; CH2), 0.89 ppm (t, 3J ACHTUNGTRENNUNG(H,H)=6.5 Hz, 12H; CH3);
13C NMR (75 MHz, CD2Cl2, 300 K, TMS): d=195.0 (C=O), 150.8 (4,4’-
aromat. C), 131.2 (2,2’,6,6’-aromat. C), 130.2 (3,3’,5,5’-aromat. C), 130.1
(1,1’-aromat. C), 41.2 (aCH2), 40.0 (CH), 33.5, 32.4, 30.3, 30.1, 29.8, 26.9,
23.1 (all CH2), 14.3 ppm (CH3); MS (FD, 8 kV): m/z (%): 441.8 (100)
[M]2+ , 883.6 (45) [M]+ .


3,4-Bis[4-(2-dodecyltetradecyl)phenyl]-2,5-diphenyl-cyclopenta-2,4-dien-
one (14): Compound 13 (1.37 g, 1.55 mmol) and 1,3-diphenylpropan-2-
one (326 mg, 1.55 mmol) were dissolved in degassed tBuOH (3 mL) at
80 8C. 1 mL of a 0.8m solution of tetrabutylammonium hydroxide in
methanol was diluted with tBuOH (3 mL) and added to the reaction mix-
ture. After 20 min the reaction was stopped by adding water (10 mL). Ex-
traction with CH2Cl2 and concentration of the organic layer gave a resi-
due which was further purified by column chromatography to obtain 14
as a purple oil (802 mg, 0.76 mmol, 49%). 1H NMR (300 MHz, CD2Cl2,
300 K, TMS): d=7.23 (s, 10H; aromat. H), 6.95 (d, 3J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 4H;
aromat. H), 6.8 (d, 3J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 4H; aromat. H), 2.47 (d, 4H;
aCH2), 1.40–1.10 (m, 80H; CH2), 0.88 ppm (t, 3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 12H;
CH3);


13C NMR (75 MHz, CD2Cl2, 300 K, TMS): d=200.8 (C=O), 155.4,
143.2, 131.7, 130.8, 130.5, 129.6, 129.0, 128.3, 127.6, 125.3 (all aromat. C),
40.9 (aCH2), 40.0 (CH), 33.6, 32.3, 30.4, 30.1, 30.1, 29.8, 26.9, 23.1 (all
CH2), 14.3 ppm (CH3); MS (FD, 8 kV): m/z (%): 1058.2 (100) [M]+ .


Compound 15 : Compounds 10 (300 mg, 0.16 mmol) and 8 (1.4 g,
1.88 mmol) were dissolved in o-xylene (10 mL) and heated for 20 h at
150 8C. Purification was performed by column chromatography (silica gel,
petroleum ether/CH2Cl2) to afford 15 as a yellow solid (0.91 g,
0.12 mmol, 76%). 1H NMR (250 MHz, CD2Cl2, 300 K, TMS): d=7.78–
7.61 (m, 6H; pyrene H), 7.42–7.31 (m, 12H; HG1+G2), 7.18–6.40 (m,
216H; aromat. H), 1.09 ppm (s, 336H; CH/CH3);


13C NMR (75 MHz,
[D8]THF, 300 K, TMS): d=142.6, 142.4, 141.9, 141.9, 141.8, 141.7, 141.4,
141.2, 141.0, 140.6, 140.5, 140.4, 140.3, 140.1, 140.0, 139.6, 139.5, 139.2,
139.2, 138.9, 137.4, 136.9, 136.6, 136.2, 132.3, 131.5, 131.2, 130.8, 130.6,
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130.1, 129.5, 129.2, 128.8, 128.5, 128.3, 127.8, 127.2, 127.0, 126.7, 126.7,
126.5, 123.8, 121.6, 121.3 (all aromat. C), 108.5, 108.5 (both Ar�C�), 90.2,
90.0 (both �C�Si), 67.4 (Cq), 19.0 (CH3), 12.2 ppm (CH); MALDI-TOF-
MS: m/z (%): 7657 (100) [M]+ ; elemental analysis calcd (%) for
C552H570Si16 : C 86.62, H 7.51; found C 86.94, H 7.61.


Compound 16 : Compound 15 (0.8 g, 0.1 mmol) was dissolved in dry THF
(15 mL) and treated with TBAF (518 mg, 1.67 mmol). Purification was
performed by column chromatography (silica gel, petroleum ether/
CH2Cl2) to afford 16 as a yellow solid (0.49 g, 95 mmol, 91%). 1H NMR
(250 MHz, CD2Cl2, 300 K, TMS): d=7.78–7.61 (m, 6H; pyrene H), 7.46–
7.32 (m, 12H; HG1+G2), 7.18–6.54 (m, 216H; aromat. H), 3.02 ppm (m,
16H; �CH); 13C NMR (75 MHz, [D8]THF, 300 K, TMS): d=141.6, 141.3,
141.1, 139.5, 139.4, 139.0, 138.8, 138.5, 131.8, 131.5, 131.2, 130.8, 130.2,
129.0, 128.6, 128.1, 127.9, 127.4, 126.9, 126.2, 119.7, 119.4 (all aromat. C),
83.8 (Ar�C�), 77.3 ppm (�CH); MALDI-TOF-MS; m/z (%): 5147 (100)
[M]+ ; elemental analysis calcd (%) for C408H250 : C 95.11, H 4.89; found C
94.38, H 5.76.


Compound 17: Compounds 16 (200 mg, 39 mmol) and 8 (0.93 g,
1.25 mmol) were dissolved in o-xylene (10 mL) and heated for 20 h at
160 8C. Purification was performed by column chromatography (silica gel,
petroleum ether/CH2Cl2) to afford 17 as a yellow solid (0.55 g, 33 mmol,
85%). 1H NMR (250 MHz, CD2Cl2, 300 K, TMS): d=7.78–7.59 (m, 6H;
pyrene H), 7.40–7.27 (m, 28H; HG1–G3), 7.17–6.38 (m, 504H; aromat. H),
1.08 ppm (s, 672H; CH/CH3);


13C NMR (75 MHz, [D8]THF, 300 K,
TMS): d=142.8, 142.7, 142.7, 142.4, 141.9, 141.9, 141.8, 141.7, 141.4,
141.0, 140.9, 140.6, 140.1, 140.0, 139.9, 139.8, 139.5, 139.3, 139.2, 139.2,
139.1, 139.0, 138.8, 137.4, 136.9, 132.3, 132.0, 131.5, 131.2, 130.7, 130.6,
130.1, 129.4, 129.1, 128.5, 128.3, 127.8, 127.2, 126.9, 126.7, 126.5, 121.6,
121.3 (all aromat. C), 108.5 (Ar�C�), 90.2, 90.0 (both �CH), 19.0 (CH3),
12.2 ppm (CH); MALDI-TOF-MS: m/z (%): 16640 (100) [M]+ ; elemen-
tal analysis calcd (%) for C1208H1210Si32: C 87.26, H 7.33; found C 86.22, H
7.79.


Compound 18 : Compound 17 (0.4 g, 24.1 mmol) was dissolved in dry
THF (15 mL) and treated with TBAF (243 mg, 0.77 mmol). Purification
was performed by column chromatography (silica gel, petroleum ether/
CH2Cl2) to afford 18 as a yellow solid (250 mg, 21.5 mmol, 89%).
1H NMR (250 MHz, CD2Cl2, 300 K, TMS): d=7.77–7.59 (m, 6H; pyrene
H), 7.42 (m, 8H; HG2), 7.38 (m, 16H; HG3), 7.31–7.29 (m, 4H; HG1),
7.13–6.44 (m, 504H; aromat. H), 3.04–2.00 ppm (m, 32H; �CH);
13C NMR (75 MHz, [D8]THF, 300 K, TMS): d=142.8, 142.7, 142.3, 141.9,
141.8, 141.8, 141.7, 141.4, 141.0, 140.9, 140.5, 140.0, 139.9, 139.4, 139.3,
139.2, 139.2, 139.0, 138.8, 132.4, 132.0, 131.5, 131.2, 130.7, 130.6, 129.4,
129.1, 128.5, 128.3, 127.8, 127.2, 127.0, 126.9, 126.7, 126.5, 120.9, 120.6 (all
aromat. C), 84.2 (Ar�C�), 78.6 ppm (�CH); MALDI-TOF-MS: m/z (%):
11618 (100) [M]+ .


Compound 20 : Compounds 10 (100 mg, 52 mmol) and 19 (950 mg,
0.83 mmol) were dissolved in o-xylene (10 mL) and heated for 2 d at
170 8C. The solvent was removed under reduced pressure and the crude
product was purified by column chromatography (silica gel, petroleum
ether/CH2Cl2) to afford 20 as a yellow solid (310 mg, 29 mmol, 55%).
1H NMR (250 MHz, CD2Cl2, 300 K, TMS): d=7.76–7.60 (m, 6H; pyrene
H), 7.41 (m, 8H; HG2), 7.37 (m, 16H; HG3), 7.32–7.29 (m, 4H; HG1),
7.13–6.44 ppm (m, 536H; aromat. H); 13C NMR (75 MHz, [D8]THF,
300 K, TMS): d=142.8, 142.7, 142.0, 141.7, 141.4, 141.4, 141.3, 141.1,
141.0, 140.2, 140.1, 140.0, 140.0, 139.7, 139.5, 139.4, 139.4, 139.2, 138.9,
132.4, 132.0, 130.6, 129.6, 129.5, 129.2, 128.9, 128.3, 127.6, 127.3, 126.9,
126.5, 126.3, 126.3, 126.0 ppm (all aromat. C); MALDI-TOF-MS: m/z
(%): 10837 (100) [M]+ ; elemental analysis calcd (%) for C856H570 : C
94.71, H 5.29; found C 94.50, H 5.24.


Compound 21: Compounds 18 (100 mg, 8.6 mmol) and 5 (420 mg,
0.56 mmol) were dissolved in Ph2O (8 mL) and heated for 5 d at 190 8C.
Purification was performed by column chromatography (silica gel, petro-
leum ether/CH2Cl2) to afford 21 as a yellow solid (170 mg, 7.3 mmol,
85%). 1H NMR (250 MHz, CD2Cl2, 300 K, TMS): d=7.79–7.59 (m, 6H;
pyrene H), 7.41–7.30 (m, 58H; HG1–G4), 7.14–6.42 ppm (m, 1146H;
aromat. H); 13C NMR (75 MHz, [D8]THF, 300 K, TMS): d=142.8, 142.7,
142.0, 141.7, 141.4, 141.3, 141.1, 141.0, 140.1, 140.1, 140.0, 139.7, 139.4,
139.2, 138.9, 132.4, 132.0, 130.6, 129.5, 129.2, 129.1, 128.3, 127.6, 127.3,


126.9, 126.3, 126.0 ppm (all aromat. C); MALDI-TOF-MS: m/z (%):
23019 (100) [M]+ ; elemental analysis calcd (%) for C1816H1210: C 94.70, H
5.30; found C 94.58, H 5.37.


1,3,6,8-Tetrakis(phenylethynyl)pyrene (22): Compound 2 (314 mg,
61 mmol) was suspended in triethylamine (15 mL) and toluene (5 mL),
and bis(triphenylphosphine)palladium(ii) dichloride (130 mg, 0.18 mmol),
copper(i) iodide (45 mg, 0.24 mmol), and triphenylphosphine (64 mg,
0.24 mmol) were added. The flask was evacuated and flushed with argon.
Under stirring, the reaction mixture was heated to 60 8C and phenylacety-
lene (0.56 mL, 4.8 mmol) was injected through a septum. After 15 min of
stirring the reaction was heated to 80 8C and stirred overnight under
argon atmosphere. After cooling, the reaction mixture was filtered and
the orange precipitate 22 thoroughly washed with CH2Cl2 and acetone
(340 mg, 56.4 mmol, 92%). 1H NMR (250 MHz, CD2Cl2, 300 K, TMS):
d=7.78–7.69 (m, 6H; pyrene H), 7.56–7.02 ppm (m, 20H; aromat. H);
13C NMR (125 MHz, C2D2Cl4, 373 K, TMS): d=134.1 (1,3,6,8-pyrene C),
132.2, 132.1, 128.9, 128.7 (all aromat. C), 127.2 (2,7-pyrene C), 124.5,
123.6 (both aromat. C), 119.5 (4,5,9,10-pyrene C), 96.8 (Ar�C�),
88.1 ppm (pyrene �C�); MS (FD, 8 kV): m/z (%): 603.1 (100) [M]+ ,
301.7 (20) [M]2+ .


Compound 23 : Compounds 22 (79 mg, 0.13 mmol) and 5 (300 mg,
0.78 mmol) were dissolved in Ph2O (5 mL) and heated for 24 h at 230 8C.
Purification was performed by column chromatography (silica gel, petro-
leum ether/CH2Cl2) to afford 23 as a yellow solid (170 mg, 7.3 mmol,
90%). 1H NMR (500 MHz, C2D2Cl4, 373 K, TMS): d=7.31 (d, 3J ACHTUNGTRENNUNG(H,H)=
6.0 Hz, 2H; 2,7-pyrene H), 7.23 (d, 3J ACHTUNGTRENNUNG(H,H)=5.5 Hz, 4H; 4,5,9,10-pyrene
H), 6.81–6.75 (m, 80H; aromat. H), 6.52 ppm (m, 20H; aromat. H);
13C NMR (500 MHz, C2D2Cl4, 373 K, TMS): d=141.6, 141.3, 140.8, 140.7,
138.6, 134.8, 134.0, 131.9, 131.8, 131.4, 126.6, 126.5, 126.3, 125.1,
125.0 ppm (all aromat. C); MS (FD, 8 kV): m/z (%): 2031.4 (100) [M]+ .
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Introduction


The intriguing helical shape of biomolecules, with the a-
helix as one of the most abundant secondary architectures
in Nature, has always fascinated chemists. Native peptides
are, therefore, an attractive source of inspiration to disclose
the interactions reversibly inducing helicity. The numerous
interactions that govern folding in natural systems have
prompted chemists to design synthetic analogues to give
more insight into the structural requirements for folding.[1]


Closest to naturally occurring a-helices are the helical sec-
ondary structures based on b-peptides.[2] Investigations of
Gellman and Seebach illustrate that modification of the b-
amino acid building blocks give more control over the sec-
ondary architecture.[3,4] Even more fascinating is the finding
that helical architectures comprising b-peptides are more
stable than their a-peptide counterparts,[5] which is encour-


aging for a entirely synthetic approach. Besides the peptides
or peptidomimetics also the folding of other synthetic poly-
mers or oligomers into helical architectures are consid-
ered.[6] All of these structures belong to the class of foldam-
ers, according to Moore, being structures reversibly folding
into a conformationally ordered state in solution.[6e] Most
frequently, the folding is directed by intramolecular hydro-
gen bonding. In several cases folding relies on solvophobici-
ty while additional p–p stacking may stabilize the secondary
architecture. Numerous strategies have been reported to
arrive at non-natural foldamers. Prominent architectures are
based on aromatic electron donor–acceptor couples,[7] m-
phenylene–ethynylenes[8] and their backbone rigidified ana-
logues,[9] aromatic oligoamides,[10–12] aromatic oligoureas,[6b,13]


aromatic oligohydrazides[14] and aromatic iminodicarbon-
yls[15] and foldamers based on supramolecular polymers.[16]


Depending on their design they may possess an inner void
of sufficient size to host ions or small molecules. Obviously,
mimicking nature with abiotic foldamers demands solubility
in water. Natural helices constructed from a-peptides can
rely on their intrinsic bipolar zwitterionic state to ensure sol-
ubility in water. However, synthetic foldamers often contain
structural elements hampering solubility in an aqueous envi-
ronment. The use of ionic groups in non-natural foldamers
is not without consequence since it will probably also affect
folding. m-Phenylene–ethynylenes (mPEs) are known for
their helical secondary architectures.[8] However, it is still
ambiguous whether their amphiphilic ionic counterparts
adopt a helical conformation or an extended all trans con-


Abstract: Poly(ureidophthalimide)s
decorated with hydrophilic side chains,
that ensure solubility in aqueous
media, have been synthesized and char-
acterized by UV/Vis and circular di-
chroism (CD) spectroscopy. Tempera-
ture and concentration dependent CD
measurements in water have revealed
an almost temperature and concentra-
tion independent Cotton effect, indica-


tive for a strong intramolecular organi-
zation. Similar studies in THF demon-
strate the dynamic nature of the secon-
dary architecture, a characteristic of
foldamers. In addition, the bisignated
Cotton effect in water is opposite in


sign to that in THF, suggestive for a
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formation in aqueous solutions.[17,18] The best strategy is
probably the use of non-ionic functionalities such as ethyl-
ene oxides to guarantee solubility in water. To our knowl-
edge only Moore and co-workers have reported on a strat-
egy to solubilize mPE foldamers in water/acetonitrile solu-
tion by decoration of the backbone with chiral[19] and achi-
ral[20] ethylene oxide chains and in water by longer achiral[21]


ethylene oxide chains. In the latter case, preference of one
handedness over the other is realized by addition of a chiral
guest, a small organic molecule, which fits in the inner void
of the foldamer. This beautiful example demonstrates the
potential of synthetic foldamers as candidates for mimicking
biological functions. Besides the use of mPEs as a host, simi-
lar experiments albeit not in water, with aromatic oligo-
amides have been reported.[22] With the use of oligo(ureido–
meta-phenylene)s even mimicking of transmembrane ion
channels is anticipated.[6b,23] In that case the urea functions
adopt a cisoid conformation due to intramolecular hydrogen
bonding between the urea hydrogens and the carbonyl of an
adjacent ester functionality.
Previously we have reported on a poly(ureido-para–


phthalimidyl) foldamer in which the urea N-H groups adopt
a cisoid conformation.[24] In that case the consecutive mono-
meric units introduce a curvature in the ureidophthalimide
backbone due to intramolecular hydrogen bonding of urea
protons with the adjacent imide carbonyls. This interaction
induces a bend of somewhat larger than 1208, and thus nu-
cleates folding (Figure 1). Due to the para substitution in
the phthalimide unit a larger inner void is created upon
folding than in the oligo(ureido–meta-phenylene) system.
CD studies of the polymer in THF indicate folding into a


helical architecture. Moreover, studies in heptane indicate
the stacking of shorter oligomers to larger chiral aggregates.
However, the same compound dissolved in CHCl3 proves to
be CD silent and is regarded as residing in the non-folded
state.
Similar to the work of Moore, the oligo(ureidophthal-


imide) foldamer presented in this paper also relies on oligo-
(ethylene oxide) functionalities to ensure solubility in water.
Recently, we reported a general synthetic strategy towards


an array of 3,6-diaminophthalimides,[25] the building blocks
for the foldamers. In this way chiral oligo(ethylene oxide)
side chains have been incorporated in the foldameric struc-
ture enabling a CD study—after isolation of the high molec-
ular weight fraction—of the polymer in aqueous solution.


Results and Discussion


The ureidophthalimide based polymer 3 was obtained by re-
action of diamine 1 with diisocyanate 2 in refluxing dioxane
in the presence of one equivalent of 4-dimethylaminopyri-
dine (DMAP) (Scheme 1).
Previously, an efficient synthetic approach to tosylated


(2S)-2-methyl-3,6,9,12,15-pentaoxahexadecanol (4) and its
coupling to methyl gallate 5 have been described
(Scheme 2).[26] Subsequently, methyl ester 6 was hydrolyzed
and the acid converted to the acid chloride,[26] which was
treated with sodium azide to acyl azide 7. Curtius rearrange-
ment in dioxane at elevated temperatures rendered isocya-
nate 8, which in turn was hydrolysed to the corresponding
amine 9 by slow addition to aqueous potassium hydroxide in
dioxane at 90 8C.


Figure 1. Folding in poly(ureidophthalimide) induced by intramolecular
hydrogen bonding.


Scheme 1. Polymerization of diamine 1 with diisocyanate 2. i) DMAP (1 equiv), dioxane, reflux, 17 h.
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The chirality in oligo(ethylene oxide) 4 was introduced by
starting from ethyl (S)-(�)-lactate (purity of 98%) of which
the ee value was determined by gas chromatography (GC)
on a capillary column with a permethylated b-cyclodextrin
stationary phase yielding an ee > 99.5%.[27] Part of the
routes is based on earlier work that also showed the fidelity
of keeping the enantiomeric excess as high as the starting
materials.[28]


Amine 9 was converted into the phthalimide synthon 11
by reaction with 3,6-bis(acetylamino)phthalic anhydride 10
(Scheme 3).[29,25] Removal of the acetyl functions to afford
the corresponding diamine 1 was achieved by exposure of
diamide 11 to 1.5m aqueous HCl in refluxing dioxane fol-
lowed by neutralization. Subsequent treatment of diamine 1
with 20 wt% phosgene in toluene afforded diisocyanate 2.
The conversion was monitored by IR spectroscopy and
proved to be complete and quantitative after 30 minutes at
room temperature.


Polymerization of diamine 1 with diisocyanate 2 according
to Scheme 1 furnished ureidophthalimide polymer 3. Moni-
toring the polymerization by IR spectroscopy indicated that
the reaction was finished after 17 h in refluxing dioxane
when all diisocyanate was consumed. The non-migrating
DMAP was removed by filtration over silica gel upon elu-
tion with a solvent mixture of 10% methanol in 1,2-dime-
thoxyethane. A separation of shorter and longer oligomers
was effectuated by column chromatography over silica gel
with a solvent mixture gradient from 1 to 10% methanol in
1,2-dimethoxyethane. Due to the polar nature of the oligo-
(ethylene oxide) tails, the first fraction (3a) was a mixture
of predominantly short oligomers with a small amount of
longer oligomers. The second fraction (3b) contained only
oligomers longer than eight units. The difference in poly-
meric distribution has been established on GPC (CHCl3,
mixed-E column, detection at 310 nm). Fraction 3a had a
longer elution time (max. 5.69 min) than fraction 3b (max.
4.37 min). Furthermore, from 1H NMR endgroup analysis


Scheme 2. Synthesis of amine 9. i) 4 (3.05 equiv), 5, K2CO3 (6.2 equiv), Bu4NBr (0.05 equiv), MIBK, reflux, 6 h; KOH (3.3 equiv), EtOH/H2O 1:1, reflux,
17 h; 0.1m HCl until pH ~3, 95%; (COCl)2 (1.2 equiv), DMF (5 drops), CH2Cl2, RT, 17 h, 99%;


[26] ii) NaN3 (18 equiv), THF/H2O 1:1, 5 8C, 1 h, 99%;
iii) dioxane, reflux, 4 h, ~100%; iv) KOH (160 equiv), H2O, 90 8C, 30 min, 97%. MIBK = methylisobutylketone.


Scheme 3. Syntheses of polymer building blocks 1 and 2. i) Dioxane, reflux, 17 h, 90%; ii) dioxane/water/HCl (12m) 6:1.5:1, 90 8C, 45 min, 95%;
iii) COCl2 (40 equiv), PhCH3, RT, 2.5 h, ~100%.
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on the latter an average degree
of polymerization has been de-
duced of 20 units, that is, an Mn


of 21450 gmol�1 has been esti-
mated.
Previous studies on ureidoph-


thalimide based polymers have
been restricted to organic sol-
vents such as heptane, chloro-
form and THF due to the
apolar periphery. For such sys-
tems the largest Cotton effect
was observed in THF.[24] How-
ever, the polar nature of the
oligo(ethylene oxide) tails pres-
ent in 3b ensured solubility in
water. Thus, a dilute aqueous
solution of the high molecular
weight fraction 3b was subject-
ed to a UV/Vis and CD study.
The transparency of water al-
lowed to investigate a spectral
ranging from 190 to 500 nm.
The UV/Vis spectrum shows
three distinct absorption
maxima located at 209 (with a
shoulder at 230 nm), at 312 and 398 nm (Figure 2).
The absorptions located at 310 and 398 nm can be attrib-


uted to the phthalimide part of the structure by comparison
with the absorption spectrum of amine 12. In CD spectros-
copy two bisignate Cotton effects were observed. The first
bisignate effect displayed maxima of De=�53m�1 cm�1


(gabs=�0.0012) at 205 nm and De=++21m�1 cm�1 (gabs=
0.0009) at 222 nm (Figure 2). The zero-crossing at 213 nm
coincides with the absorption maximum in the UV/Vis spec-
trum. The second bisignate Cotton effect displays maxima
with De=�69m�1 cm�1 (gabs=�0.0040) at 304 nm and De=


+56m�1 cm�1 (gabs=0.0045) at 330 nm. The zero-crossing at
318 nm coincides with the absorption maximum of the
phthalimide unit in UV/Vis spectrometry. Additionally a
small negative CD effect was observed that relates to the
absorption at 398 nm and is presumably to be attributed to
the terminal amino end capped phthalimide. It must be
noted that 3,6-diaminophthalimide 1 as well as its precursor
3,6-bis(acetylamino)phthalimide 11 proved to be CD silent
in water.
The appearance of a Cotton effect in water is remarkable


since the folding is designed to be directed by intramolecu-
lar hydrogen bonding of the urea protons with the imide
carbonyl oxygens. Preliminary molecular modelling studies
in vacuo of a section of a poly(ureidophthalimide) helix (n
= 30) showed a cone-like structure (Figure 3). It indicates
that seven units per turn create an inner part of approxi-
mately 14 K. The cisoid conformation is apparent, while p–
p stacking was observed reminiscent to that of helicenes. It
is safe to state that initial folding is driven by shielding the
apolar core from the polar solvent. This solvophobic effect


Figure 2. Temperature dependent UV/Vis and CD spectra of 3b in water (4.7L10�5m), 15 8C (black line), 90 8C
(dashed line), and intermediate temperatures (grey lines), and absorption spectrum of amine 12 (closed cir-
cles).


Figure 3. Top and side view of a section of a poly(ureidophthalimide)
helix after a 1 ns molecular dynamics simulation in vacuo at 300 K. Tails
and C-H protons are omitted for clarity.
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creates a hydrophobic microdomain which allows the ex-
pression of subtle hydrogen-bonding interactions. Once initi-
ated the system is templated towards folding since the favor-
able hydrophobic pocket, secured by p–p stacking, is al-
ready there. In addition, although variations were observed,
the intensity of the Cotton effect was hardly affected by
raising the temperature. The remarkable stability of this
folded structure in water contrasts to many native helix-
forming proteins which are only marginally stable in
water.[30,31] The extreme stability in water is easily explained
by the strong hydrophobic forces and p–p interaction ham-
pering the structure to be water-soluble in its unfolded form.
The significant CD effects are attributed to supramolecular
chirality and strongly support the presence of a helical archi-
tecture.
The oligo(ethylene oxide)-rich periphery of 3b does not


restrict the solubility of 3b to water alone. Thus, a dilute sol-
ution of 3b in freshly distilled THF has been subjected to a
UV/Vis and CD spectroscopy study. The width of the spec-
tral window was reduced to approximately 250 nm. The UV/
Vis spectrum revealed two absorption maxima located at
315 and 394 nm (Figure 4).
The CD spectrum of the same solution shows a Cotton


effect with a De of +24m�1 cm�1 (gabs=0.0009) at 313 nm


and De=�17m�1 cm�1 (gabs=0.0017) at 331 nm, respectively,
with a zero-crossing at 323 nm. In contrast to the tempera-
ture dependent CD measurements in water, the Cotton
effect in THF decreased upon raising the temperature and
completely vanished at 55 8C. The original value was re-
claimed upon cooling to room temperature illustrating the
dynamics of the system in THF. The loss of the Cotton
effect at elevated temperatures may be attributed to the un-
folding of the helical architecture into a random coil confor-
mation or mark the attained equilibrium between P and M
helices. The latter seems to be in agreement with the spec-
tral behavior at different temperatures. Elevation of the
temperature does not result in a shift of the absorption max-
imum, which implies that there is no evidence for a change
in the aromatic packing.[32] Moreover, the presence of an
isodichroic point throughout the temperature dependent
measurements in THF indicates that the structure does not
adopt other conformations or aggregation states.[19a] A melt-
ing curve (Figure 4, right) could be constructed from the
temperature dependent CD data. An exponential function
represented by a grey line adequately fits the data points.
The slope of the curve, denoted by the black line, enables
estimation of the change in enthalpy involved in this pro-
cess. Applying the formula DH = slope·T 2 gives DH =


�5.5 kJmol�1.
The comparison of 3b in THF and in water shows that the


Cotton effect in THF is smaller and of opposite sign com-
pared to the measurement in water. The lower intensity of
the CD effect in THF can point to a less tight packing of
the chromophores and/or less intermolecular aggregation of
the helical architectures. The latter possibility is addressed
with concentration dependent CD studies in water and THF,
which does not reveal a strong correlation between concen-
tration and CD intensity over a 100 fold concentration
range (10�4 to 10�6m), implying that in THF and in water
only monomolecular species are present (Figure 5).
This is supported by temperature dependent gel permea-


tion chromatography experiments in THF (Figure 6). Mea-
surements at 55 8C show even a shift to shorter retention
times compared with measurements at 25 8C, strongly sug-
gesting the absence of aggregation.
Hence, the less intense Cotton effect in THF can most


likely be attributed to looser packing of the aromatic
system. This is supported by a 23% higher molar extinction
coefficient of 3b at 314 nm in THF compared with the over-
all optical density in water. Hypochromicity is a convincing
indication of a tighter packing of the chromophores and is
also observed in DNA, RNA and other polymers.[33] The ob-
served hypochromic effect can be rationalized by the prop-
erties of the solvent. THF is a good solvent for both the
apolar core and the polar oligo(ethylene oxide) periphery.
However, water can only dissolve the polar oligo(ethylene
oxide) periphery and will force the apolar core to minimize
exposure to water by tight folding and as a consequence in-
duces tight packing of the aromatic units.
The opposite sign of the Cotton effect in THF compared


with water hints towards inversion of the helical handedness.


Figure 4. Top: Temperature dependent CD (upper) and UV/Vis (lower)
spectra of 3b in THF (5.0L10�5m) from 15 8C (black line) to 55 8C
(dashed line) with steps of 5 8C (grey lines). Bottom: melting curve con-
structed from the CD intensity at 320 nm (black circles), a fitted expo-
nential curve (dashed line) and a straight line representing the slope
(black line).
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Solvent induced inversion of helicity in macromolecular sys-
tems has been reported previously.[34] In this case the effect
might be attributed to differences in hydrogen-bonding in-
teractions with the two solvents and a different conforma-
tion of the chiral oligo(ethylene oxide) side chains. There is
a preference for a gauche conformation along the C–C axis
and for a trans conformation along the C–O axis of the oli-
go(ethylene oxide) tails in water, as has been established by
Matsuura et al. with detailed IR spectroscopy studies on
poly(ethylene oxide).[35] Recently a similar effect was report-
ed in dendrons decorated with chiral oligo(ethylene oxide)
tails that show an opposite Cotton effect in water compared
with THF.[36] Therein, this effect is explained as a helical M
! P transition upon going from THF to water. To investi-
gate the relative influence of the solvent on the helical ar-
chitecture, 3b is studied in THF/water mixtures, keeping the
concentration constant. From the UV/Vis spectra it becomes
clear that the optical density in pure water is increased upon
addition of the THF solution (Figure 7). This suggests loos-
ening of the intramolecular packing, which eventually might
permit helix inversion.
The accompanying CD spectra show that upon increasing


the THF/water ratio the Cotton effect gradually decreases.
It is quite remarkable that over 99 vol% of THF in water is
required to reach inversion of the Cotton effect. These find-
ings demonstrate the dominant influence of water on the


Figure 5. Concentration dependent CD measurements of 3b at 20 8C
from 5.0L10�4m (thick black line) to 5.0L10�6m (dashed line) in 5 steps
(black lines) in water (top) and in THF (bottom).


Figure 6. GPC chromatograms at 25 8C (solid line) and 55 8C (dashed
line) of 3b uncorrected (top); PSMP (polystyrene) standard, Mw: 30300,
10150, 5000 and 1600 (middle); 3b with correction of PSMP Mw 10150
(uncorrected curve of 3b + 0.235 minutes; bottom).


Figure 7. CD (top) and UV/Vis (bottom) spectra of mixing of 3b in THF
(dashed line) with a solution of 3b in water (thick black line) in 10%
steps (intermediate lines) keeping the concentration constant at 4.2L
10�5m. Every curve represents a new mixture of 3b in THF with 3b in
water and hence does not equal a titration.
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conformation of the secondary architecture. This is in line
with the insensitivity of the Cotton effect in water to tem-
perature changes (Figure 2).


Conclusion


A novel hydrophilic ureidophthalimide polymer has been
synthesized that establishes a folding dynamics in THF and
that reveals outstanding stability of the putative helical ar-
chitectures in water. Circular dichroism studies at different
concentrations show a concentration independent Cotton
effect, indicative for intramolecular folding. Temperature
dependent GPC measurements in THF suggest the absence
of intermolecular aggregation. The opposite Cotton effect
observed in water compared with THF indicates a solvent
induced preference for helical handedness. Titration experi-
ments with water/THF mixtures denote the dominant influ-
ence of water on the handedness. Furthermore, the assumed
helical inversion allows control over the diastereomeric
excess. The dimensions of the hollow core created by fold-
ing, may allow the hosting of ions and may even be suitable
for accommodation of small molecules. Our future research
will focus on the potential exploitation of the inner void.


Experimental Section


General experimental : All solvents used were provided by Biosolve and
of AR quality. Dry tetrahydrofuran was obtained by distillation from
Merck 4 K molecular sieves. 1,2-Dimethoxyethane was purchased from
Acros and purified by distillation. 4-Dimethylaminopyridine was ob-
tained from Aldrich and was used as stock solution in distilled dioxane
containing molecular sieves (4) K). Phosgene was purchased from Fluka
as a 20 wt% solution in toluene. 1H and 13C NMR spectra were recorded
on a Varian Mercury, 400 MHz for 1H NMR and 100 MHz for 13C NMR,
or on a Varian Gemini, 300 MHz for 1H NMR and 75 MHz for 13C NMR.
Proton chemical shifts are reported in ppm downfield from tetramethylsi-
lane (TMS) and carbon chemical shifts in ppm downfield from TMS
using the resonance of the deuterated solvent as internal standard. IR
spectra were obtained using a Perkin–Elmer Spectrum One ATR-FTIR
machine. UV/vis spectra were measured on a Perkin–Elmer Lambda 40
spectrometer, using (HELMA) quartz cuvettes (path length 1 cm). Circu-
lar dichroism spectra were recorded on a Jasco J600 equipped with a
Jasco PTC-348WI temperature controller. All e and De values were cal-
culated per mole monomeric phthalimide units. Matrix assisted laser de-
sorption/ionization mass spectra were obtained using a-cyano-4-hydroxy-
cinnamic acid as the matrix on a PerSeptive Biosystems Voyager-DE
PRO spectrometer. Elemental analyses were carried out using a Perkin–
Elmer 2400. All moisture sensitive reactions were performed under an at-
mosphere of dry argon. Analytical thin layer chromatography was per-
formed on Kieselgel F-254 precoated silica gel plates. Visualization was
accomplished with UV light. Column chromatography was carried out on
Merck silica gel 60 (70–230 mesh or 230–400 mesh ASTM). GPC meas-
urements on the oligomeric mixtures were performed on a mixed D
column (PL gel 5 mm, 200–400000 gmol�1), with a flow of 1 mLmin�1,
and chloroform as the eluting solvent. The injection volume was 50 mL
and UV detection (254 or 310 nm) was applied. Molecular weights and
polydispersity indices were calculated from a polystyrene standard.


3,4,5-Tris[(2S)-2-(2-{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}ethoxy)pro-
poxy]benzoyl azide (7): Under argon, gallic acid chloride 6[26] (7.88 g,
8.441 mmol) was dissolved in THF (23 mL) and slowly added to an ice-
cold suspension of NaN3 (10.09 g, 0.155 mol) in water (23 mL) keeping


the temperature below 5 8C. After addition, the mixture was stirred for
1 h and THF was evaporated in vacuo at RT. The aqueous residue was
extracted with dichloromethane (4L100 mL), the combined organic
layers were dried over MgSO4 and filtered followed by concentration of
the filtrate in vacuo, yielding 7 (4.354 g, 4.621 mmol, 99%) as a light
brown thick oil that was used as such. 1H NMR (400 MHz, CDCl3, 25 8C):
d=7.31 (s, 2H, a), 4.14–4.04 (3H, b), 3.96–3.85 (5H, c), 3.81–3.69 (7H,
d), 3.68–3.58 (36H, e), 3.56–3.53 (6H, f), 3.37 (s, 9H, g), 1.31–1.27 ppm
(9H, h); FT-IR (ATR): ñ = 2870, 2143, 1686, 1584/1498, 1453/1429, 1331,
1298, 1236, 1194, 1098, 1036, 935, 853, 808, 743, 666 cm�1.


5-Isocyanato-1,2,3-tris[(2S)-2-(2-{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}-
ethoxy)propoxy]benzene (8): Under argon, gallic acyl azide 7 (2.368 g,
2.513 mmol) was dissolved in dioxane (50 mL) and heated under reflux
for 4 h. Analysis by IR spectroscopy proved full conversion to the isocya-
nate 8. The solution was used as such in the next step. FT-IR (ATR): ñ =


2870, 2263, 1591/1514, 1452/1425, 1374, 1350, 1301, 1228, 1200, 1099,
1022, 942, 848, 677 cm�1.


3,4,5-Tris[(2S)-2-(2-{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}ethoxy)pro-
poxy]aniline (9): Under argon, isocyanate 8 (2.292 g, 2.513 mmol) in di-
oxane (50 mL) was slowly added through a cannula to a hot (60 8C), well-
stirred solution of KOH (22.44 g, 0.40 mol, an excess is used to minimize


urea formation) in water (200 mL), which was purged with nitrogen gas
for 0.5 h prior to use. After addition of the isocyanate the mixture was
stirred at 90 8C under argon for 0.5 h and then concentrated in vacuo to
remove the dioxane. The aqueous residue was extracted with CH2Cl2 (3L
75 mL). The combined organic layers were dried over MgSO4, filtered
and concentrated in vacuo. Under argon the residue was mixed with a
solution of NaOH (8.0 g, 0.20 mol) in water (100 mL) and dioxane
(40 mL), which was purged with nitrogen for 30 minutes before use. The
stirred reaction mixture was heated under reflux for 3 d to hydrolyze the
small amount of urea present in the mixture. Then, the mixture was al-
lowed to reach room temperature and brine (10 mL) was added. Subse-
quently, the mixture was extracted with CH2Cl2 (3L75 mL), the com-
bined organic layers dried over MgSO4 and the suspension filtered. Con-
centration of the filtrate in vacuo gave 9 (2.169 g, 2.447 mmol, 97%) as a
thick brownish oil that was used as such. Rf=0.41 (silica gel, 1,2-dime-
thoxyethane); HPLC (PDA detector): tR=2.33 min, purity ~97%.
1H NMR (400 MHz, CDCl3, 25 8C): d=5.93 (s, 2H, a), 3.99 (m, 2H, b),
3.92 (m, 1H, c), 3.85–3.69 (12H, d), 3.67–3.61 (36H, e), 3.58–3.53 (6H, f),
3.38 (s, 9H, g), 1.28–1.26 ppm (9H, h); 13C NMR (50 MHz, CDCl3,
25 8C): d=153.4 (C1), 143.2 (C2), 130.7 (C3), 94.8 (C4), 76.8 (C5), 75.2
(C6), 74.6 (C7), 72.8 (C8), 72.1 (C9), 71.1–70.7 (C10), 69.0 (C11), 68.7
(C12), 59.3 (C13), 18.0–17.8 ppm (C14); FT-IR (ATR): ñ = 3362, 2870,
2160, 1608, 1507, 1453, 1374, 1350, 1294, 1237, 1200, 1096, 1025, 945, 849,
737 cm�1; MALDI-TOF MS: m/z (%): calcd for: 885.53; found: 885.73
(100) [M]+ , 908.72 (55) [M+Na]+ , 924.74 (10) [M+K]+ ; Elemental analy-
sis calcd (%) for C42H79NO18: C 56.93, H 8.99, N 1.58; found: C 56.61, H
9.00, N 1.53.


3,6-Bis(acetylamino)-N-{3,4,5-tris[(2S)-2-(2-{2-[2-(2-methoxyethoxy)-
ethoxy]ethoxy}ethoxy)propoxy]phenyl}phthalimide (11): Under argon,
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3,6-bis(acetylamino)phthalic anhydride 10[25] (0.377 g, 1.438 mmol) and
amine 9 (1.333 g, 1.504 mmol) were mixed in dioxane (7.2 mL). After
17 h reflux the mixture was concentrated in vacuo and the remaining resi-
due was purified by column chromatography (silica gel, 25 vol% heptane
in 1,2-dimethoxyethane) yielding 11 (1.457 g, 1.289 mmol, 90%) as a
yellow thick oil. Rf=0.31 (silica gel, 20 vol% heptane in 1,2-dimethoxy-
ethane). tR=8.38 min (GPC, mixed D, 254 nm, CHCl3).


1H NMR
(400 MHz, CDCl3, 25 8C): d=9.38 (s, 2H, a), 8.81 (s, 2H, b), 6.62 (s, 2H,
c), 4.10–4.02 (3H, d), 3.90–3.81 (6H, e), 3.77–3.69 (6H, f), 3.68–3.62
(36H, g), 3.56–3.52 (6H, h), 3.39–3.37 (s, 9H, i), 2.26 (s, 6H, j), 1.32–
1.29 ppm (9H, k); 13C NMR (50 MHz, CDCl3, 25 8C): d=169.0 (C1),
168.3 (C2), 152.9 (C3), 138.0 (C4), 133.3 (C5), 127.5 (C6), 126.0 (C7),
113.8 (C8), 105.6 (C9), 76.4 (C10), 75.1 (C11), 74.4 (C12), 72.8 (C13),
72.0 (C14), 70.9–70.5 (C15), 68.9 (C16), 68.6 (C17), 59.1 (C18), 24.9
(C19), 17.7–17.5 ppm (C20); FT-IR (ATR): ñ = 3363, 2871, 2184, 1754,
1699, 1637, 1616, 1548, 1598, 1491, 1438, 1393, 1369, 1297, 1239, 1200,
1099, 1016, 978, 906, 845, 762, 688, 665 cm�1; UV/Vis (H2O, 4.87L
10�5 molL�1): lmax (e) = 259 (24000), 367 nm (4500 mol�1 dm�3 cm�1);
MALDI-TOF MS: m/z (%): calcd for: 1152.57, found: 1152.65 (100)
[M+Na]+ , 1169.61 (22) [M+K]+ ; elemental analysis calcd (%) for
C54H87N3O22: C 57.38, H 7.76, N 3.72; found: C 57.41, H 7.78, N 3.61.


3,6-Diamino-N-{3,4,5-tris[(2S)-2-(2-{2-[2-(2-methoxyethoxy)ethoxy]-
ethoxy}ethoxy)propoxy]phenyl}phthalimide (1): Under argon, 3,6-bis-
(acetylamino)phthalimide 11 (1.247 g, 1.104 mmol) was dissolved in a


mixture of dioxane, water and HCl (12m) (4.2 mL/1.1 mL/0.7 mL). The
stirred reaction mixture was heated at 90 8C for 45 min, and then poured
into ice-water. Subsequently, satd aq NaHCO3 solution and brine were
added, adjusting the pH to 8. The
aqueous mixture was then extracted
with CH2Cl2 (4L75 mL), the com-
bined organic layers were dried over
MgSO4 and the filtrate concentrated
in vacuo. The residue was purified by
column chromatography (silica gel,
10 vol% heptane in 1,2-dimethoxy-
ethane, Rf=0.3) yielding 1 (1.150 g,
1.099 mmol, 95%) as an orange thick
oil. tR=8.58 min (GPC, mixed D,
254 nm, CHCl3); tR=8.93 min
(HPLC, PDA), purity > 97%;
1H NMR (400 MHz, CDCl3, 25 8C):
d=6.81 (s, 2H, a), 6.65 (s, 2H, b),
5.00 (s, 4H, c), 4.08–4.02 (3H, d),
3.90–3.78 (6H, e), 3.78–3.68 (6H, f),
3.68–3.59 (36H, g), 3.56–3.53 (6H, h),
3.38–3.36 (s, 9H, i), 1.31–1.27 ppm (d,
9H, j); 13C NMR (50 MHz, CDCl3,
25 8C): d=168.4 (C1), 152.5 (C2),
138.8 (C3), 137.1 (C4), 127.5 (C5),


125.5 (C6), 108.3 (C7), 105.8 (C8), 76.3 (C9), 75.0 (C10), 74.3 (C11), 72.6
(C12), 71.9 (C13), 70.8–70.4 (C14), 68.8 (C15), 68.5 (C16), 59.0 (C17),
17.7–17.5 ppm (C18); FT-IR (ATR): ñ = 3465, 3355, 2871, 2179, 1732,
1688, 1656, 1619, 1595, 1494, 1434, 1374, 1350, 1292, 1242, 1190, 1094,
1025, 941, 829, 767, 730, 706 cm�1; UV/Vis (H2O, 4.21L10


�5 molL�1): lmax
(e) = 260 (13100), 448 nm (7400 mol�1dm�3 cm�1); MALDI-TOF MS:
m/z (%): calcd for: 1045.56, found 1045.47 (8) [M]+ , 1068.47 (100)
[M+Na]+ , 1084.45 (13) [M+K]+ ; elemental analysis calcd (%) for
C50H83N3O20: C 57.40, H 8.00, N 4.02; found: C 57.48, H 8.14, N 4.02.


3,6-Diisocyanato-N-{3,4,5-tris[(2S)-2-(2-{2-[2-(2-methoxyethoxy)ethoxy]-
ethoxy}ethoxy)propoxy]phenyl}phthalimide (2): Under argon, 3,6-diami-
nophthalimide 1 (0.157 g, 0.150 mmol) was dissolved in dry toluene
(2.0 mL). A phosgene solution (3.75 mL, 7.09 mmol of a 20 w% solution


in PhCH3) was slowly added to the reaction mixture under continuous
stirring. After addition the reaction mixture was stirred for 2.5 h at room
temperature. Subsequent concentration in vacuo gave 2 (0.165 g, ~100%)
as a thick dark-yellow oil that was used as such. 1H NMR (400 MHz,
CDCl3, 25 8C): d=7.29 (s, 2H, a), 6.62 (s, 2H, b), 4.08–4.02 (3H, c), 3.89–
3.69 (12H, d), 3.69–3.59 (36H, e), 3.58–3.52 (6H, f), 3.38–3.37 (9H, g),
1.31–1.28 ppm (9H, h); FT-IR (ATR): ñ = 2872, 2246, 1769, 1717, 1597,
1505, 1539, 1437, 1370, 1299, 1239, 1181, 1111, 902, 847, 759, 704 cm�1.


Amino terminated oligo(3-ureido-N-{3,4,5-tris[(2S)-2-(2-{2-[2-(2-methoxy-
ethoxy)ethoxy]ethoxy}ethoxy)propoxy]phenyl}phthalimide-N’,6-diyl) (3):
Under argon, a solution of 3,6-diaminophthalimide 1 (0.157 g,
0.152 mmol) and dry 4-dimethylaminopyridine (DMAP) (18.3 mg,
0.15 mmol) in dioxane (0.5 mL) was added to 3,6-diisocyanatophthali-
mide 2 (0.165 g, 0.150 mmol). The reaction mixture was heated to reflux
overnight under continuous stirring followed by evaporation of the sol-
vent in vacuo. The DMAP was removed by column chromatography
(silica gel, 10 vol% MeOH in 1,2-dimethoxyethane) yielding a yellow-
orange sticky solid (0.316 g, 95%). A second separation by column chro-
matography (silica gel, gradient from 1 to 10 vol% MeOH in 1,2-dime-
thoxyethane) afforded 3a (0.153 g) containing the shorter oligomers,
GPC (CHCl3, mixed-E, 310 nm), tR (min)=max. 5.69 min; and 3b
(0.140 g) containing the long oligomers as dark yellow sticky solids. 3b ;
GPC (CHCl3, mixed-E, 310 nm), tR (min)=max. 4.73 and max. 4.35, tail-
ing. 1H NMR (400 MHz, CDCl3, 25 8C): d=9.03–8.70 ((4n+2)H, a and b),
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8.44 (d, 2H, 3J ACHTUNGTRENNUNG(H,H)=9.2 Hz, c), 6.98 (d, 2H, 3J ACHTUNGTRENNUNG(H,H)=9.2 Hz, d), 6.61–
6.61 (2nH, e), 5.29 (s, 4H, f), 4.10–3.24, 1.32–1.28 ppm ((75n+150)H, g).
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Abstract: We report the structure,
properties and a mechanism for the
catecholase activity of a tetranuclear
carbonato-bridged copper(II) cluster
with the macrocyclic ligand [22]pr4pz
(9,22-dipropyl-1,4,9,14,17,22,27,28,29,
30-decaazapentacyclo[22.2.1.14,7.111,14.
117,20]triacontane-5,7(28),11(29),12,18,
20(30),24(27),25-octaene). In this com-
plex, two copper ions within a macro-
cyclic unit are bridged by a carbonate
anion, which further connects two mac-
rocyclic units together. Magnetic sus-
ceptibility studies have shown the exis-
tence of a ferromagnetic interaction
between the two copper ions within
one macrocyclic ring, and a weak anti-
ferromagnetic interaction between the


two neighboring copper ions of two dif-
ferent macrocyclic units. The tetranu-
clear complex was found to be the
major compound present in solution at
high concentration levels, but its disso-
ciation into two dinuclear units occurs
upon dilution. The dinuclear complex
catalyzes the oxidation of 3,5-di-tert-
butylcatechol to the respective quinone
in methanol by two different pathways,
one proceeding via the formation of
semiquinone species with the subse-
quent production of dihydrogen perox-


ide as a byproduct, and another pro-
ceeding via the two-electron reduction
of the dicopper(II) center by the sub-
strate, with two molecules of quinone
and one molecule of water generated
per one catalytic cycle. The occurrence
of the first pathway was, however,
found to cease shortly after the begin-
ning of the catalytic reaction. The in-
fluence of hydrogen peroxide and di-
tert-butyl-o-benzoquinone on the cata-
lytic mechanism has been investigated.
The crystal structures of the free ligand
and the reduced dicopper(I) complex,
as well as the electrochemical proper-
ties of both the CuII and the CuI com-
plexes are also reported.
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Introduction


Since the report on the crystal structure of catechol oxidase
by Krebs and co-authors a few years ago,[1] the interest in
model compounds of this biocatalyst, as well as for other
type-3 copper enzymes (e.g., hemocyanin and tyrosinase)
has taken a new turn. In particular, investigations on the
substrate coordination to the copper centers,[2–4] the dioxy-
gen activation and the subsequent reactivity of the peroxo-
dicopper species,[5–9] and the role of a thioether linkage in a
close proximity of the dicopper center,[10, 11] found in cate-
chol oxidase from Ipomoea batatas[1] and some hemocya-
nins[12,13] and tyrosinases,[14] have received a significant inter-
est from the scientific community. Although there have
been numerous reports on model complexes of catechol oxi-
dase, detailed mechanistic studies on the catechol oxidation
mechanism are unfortunately quite scarce,[15–19] and only in a
few cases the mode of dioxygen reduction, for example, to
dihydrogen peroxide or water, has been definitely establish-
ed.[15,16,18,20–24]


The mechanism of catechol oxidation by the natural
enzyme, as proposed by Krebs and co-authors,[1] can be
briefly outlined as follows. The native met (m-hydroxo dicop-
per(II)) form of the enzyme reacts stoichiometrically with
one equivalent of the substrate, generating the correspond-
ing quinone and the reduced deoxy (dicopper(I)) form. The
latter binds dioxygen in a m-h2 :h2 mode, resulting in the for-
mation of the oxy (peroxo-dicopper(II)) form, which then
oxidizes the second equivalent of catechol to quinone with
the restoration of the original met form of the enzyme. The
binding of catechol and dioxygen to the deoxy form may
also occur simultaneously, as can be proposed from the crys-
tal structure of the catechol oxidase adduct with the mole-
cule of the inhibitor thiourea.[1]


Recently, we reported the mechanism of catechol oxida-
tion by a m-hydroxo–dicopper(II) complex with the macro-
cyclic ligand [22]py4pz (Figure 1, left).[8] In this complex, a


single hydroxo bridge connects two copper(II) ions, each of
which is further coordinated by four nitrogen donor atoms,
provided by the ligand. The complex oxidizes catechol by a
mechanism that is rather similar to the one proposed by
Krebs and co-workers.[1] Our interest in modeling the active
site of the type-3 copper proteins has now prompted us to
study in detail the catecholase activity of the copper(II)
complex with the related macrocyclic ligand [22]pr4pz
(Figure 1, right). Instead of two pyridine-containing pendant


arms, present in the ligand [22]py4pz, this ligand contains
two propyl residues, thus providing two N3 donor sets for
the metal coordination, and mimicking the active site of the
natural enzyme even more closely. In the isolated copper(II)
complex with [22]pr4pz, the two metal ions within a macro-
cyclic unit are bridged by a carbonate anion, and two
copper ions of two different macrocyclic units are further
doubly bridged by two oxygen atoms of two carbonates, re-
sulting in a tetranuclear structure in the solid state. Herein
we report on the crystal structures of the perchlorate salt of
the macrocyclic ligand [H2[22]pr4pz] ACHTUNGTRENNUNG(ClO4)2, the tetracop-
per(II) complex of the composition [Cu2([22]pr4pz)ACHTUNGTRENNUNG(CO3)-
ACHTUNGTRENNUNG(H2O)]2ACHTUNGTRENNUNG(CF3SO3)4·2CH3CN·4H2O and its reduced dicop-
per(I) analogue [Cu2([22]pr4pz) ACHTUNGTRENNUNG(CH3CN)2] ACHTUNGTRENNUNG(ClO4)2, the ki-
netic studies on the catechol oxidation by the copper(II)
complex and the anaerobic studies on its interaction with
catechol, and discuss the catalytic reaction mechanism.


Results and Discussion


Synthesis of the ligand and the coordination compounds :
The schematic representation of the macrocyclic ligand
[22]pr4pz ((9,22-dipropyl-1,4,9,14,17,22,27,28,29,30-decaaza-
pentacyclo[22.2.1.14,7.111,14.117,20]triacontane-5,7(28),11(29),
12,18,20(30),24(27),25-octaene) is depicted in Figure 1
(right). The macrocyclic cavity comprises four pyrazolyl
moieties and two nitrogen atoms of tertiary amine groups,
providing two N3 donor sets for the coordination of the
metal ions. Diethyl ether diffusion into solution of copper-
(II) triflate (two molar equiv), the ligand (one molar equiv),
and sodium carbonate (one molar equiv) in acetonitrile re-
sults in the formation of small blue crystals of the copper(II)
complex. The X-ray structure determination (see below) re-
vealed that it can be described as a tetranuclear complex of
the formula (I)2 ACHTUNGTRENNUNG(CF3SO3)4·2CH3CN·4H2O, in which I2+ cor-
responds to the dicopper unit [Cu2([22]pr4pz) ACHTUNGTRENNUNG(CO3) ACHTUNGTRENNUNG(H2O)]2+


. The copper(I) complex was isolated by reacting two molar
equivalents of CuI as a tetrakis(acetonitrile) complex with a
solution of the ligand in methanol. The solid complex, which
precipitated upon addition of diethyl ether, is the dinuclear
CuI complex, denoted II ACHTUNGTRENNUNG(ClO4)2, in which II2+ corresponds
to [Cu2([22]pr4pz) ACHTUNGTRENNUNG(CH3CN)2]


2+ .


Crystal structure of [H2[22]pr4pz] ACHTUNGTRENNUNG(ClO4)2 : The molecular
structure[25] of the bis(perchlorate) salt of the ligand is
shown in Figure S1 in the Supporting Information. The cati-
onic ligand is located on an exact, crystallographic inversion
center. The protonated N�H moiety acts as a donor of an
intermolecular bifurcated hydrogen bond with two perchlo-
rate oxygen atoms as acceptors; the angles at the hydrogen
atom add up to 359(4)8 (Table 1). Due to the inversion
center in the ligand, the N21–N22 ring and its symmetry re-
lated N21’–N22’ ring are arranged in a parallel fashion; the
centroid–centroid distance is 4.4089(18) P and the parallel
distance between the two planes of the aromatic rings is
only 3.211 P, indicating the presence of p stacking. The


Figure 1. Schematic representation of the macrocyclic ligands [22]py4pz
(left) and [22]pr4pz (right).
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angle between the centroid–centroid vector and the normal
to the aromatic ring plane is 43.258.


Crystal structure of (I)2ACHTUNGTRENNUNG(CF3SO3)4·2CH3CN·4H2O : The mo-
lecular structure[25] of the isolated solid complex consists of
a tetracopper complex cation [Cu2([22]pr4pz)ACHTUNGTRENNUNG(CO3)-
ACHTUNGTRENNUNG(H2O)]2


4+ ((I)2
4+), four counter ions CF3SO3


�, two non-co-
ordinated acetonitrile molecules, and four non-coordinated
water molecules. The structure of the cation (I)2


4+ is shown
in Figure 2, and selected bond lengths and angles are report-
ed in Table 2. It contains four copper(II) centers, two macro-
cyclic ligands, two coordinated carbonates and two coordi-


nated water molecules. In contrast to the structure of the
protonated ligand [22]pr4pz adopts a syn (boat) conforma-
tion, with two propyl residues located on the same side of
the macrocyclic ring plane. Each macrocyclic unit encloses
two copper(II) ions (Cu1 and Cu2, and Cu1’ and Cu2’),
which are bridged by a carbonate anion (the Cu1···Cu2 or
Cu1’···Cu2’ intramacrocyclic distance is 4.5427(18) P). Two
bridging oxygen atoms O51 and O51’ from two different car-
bonate molecules connect the two central copper atoms Cu1
and Cu1’ to form a centrosymmetric four-membered ring,
resulting in the Cu1···Cu1’ intermacrocyclic distance of
3.281(2) P. Each carbonate ion is thus bound in a syn, syn–
anti fashion; for example, the oxygen atoms of the carbo-
nate anion (O51 and O51’) bridge the Cu1 and Cu1’ copper
atoms of two different macrocyclic rings, whereas two other
oxygen atoms (O52 and O52’) bind to another copper ions
(Cu2 and Cu2’, respectively).


The coordination sphere around the Cu1 ion can be de-
scribed as a weakly distorted square pyramid (t=0.23),[26]


with the atoms N12, N17, N22, and O51 occupying the basal
plane and the oxygen atom O51’ at a distance of 2.330(3) P
occupying the apical position. All copper–nitrogen distances
are approximately equal (the average Cu1�N distance is
2.03 P), whereas the O51 atom is located at a somewhat
shorter distance of 1.926(3) P.


Similarly, the coordination geometry around the Cu2 ion
can also be best described as a weakly distorted square pyr-
amid (t=0.1),[26] in which the basal plane is occupied by the
nitrogen atoms N32, N37, and N42 at an average distance of
2.02 P, and the oxygen atom O52 at the distance of
1.957(3) P. The axial position is occupied by the oxygen
O80 atom from a coordinated water molecule at a distance
of 2.267(4) P.


The crystal packing was found to be uneventful, with only
van der Waals interactions realized in the crystal lattice.


Crystal structure of IIACHTUNGTRENNUNG(ClO4)2 : The molecular structure of
the complex cation II2+ is shown in Figure 3. Selected bond


Table 1. Bifurcated hydrogen bond for [H2 [22]pr4pz]ACHTUNGTRENNUNG(ClO4)2.
[a]


D�H···A d ACHTUNGTRENNUNG(D�H) [P] d ACHTUNGTRENNUNG(H···A) [P] aDHA [8] d ACHTUNGTRENNUNG(D···A) [P]


N27�H27···O3 0.92(3) 2.52(3) 135(2) 3.233(3)
N27�H27···O3i 0.92(3) 2.25(3) 147(2) 3.063(3)


[a] Symmetry operation i: 1�x, �y, 1�z ; angle O1···H27···O1i: 77.2(10)8.


Figure 2. ORTEP projection of the tetranuclear cation [Cu2([22]pr4pz)-
ACHTUNGTRENNUNG(CO3) ACHTUNGTRENNUNG(H2O)]2


4+ ((I)2
4+) (top) and ORTEP projection of half of the tetra-


nuclear cation (bottom). Hydrogen atoms and solvent molecules are
omitted for clarity. Symmetry operation ’: 2�x, y, 0.5�z.


Table 2. Selected bond lengths [P] and angles [8] for (I)2-
ACHTUNGTRENNUNG(CF3SO3)4·2CH3CN·4H2O.


Cu1···Cu1’ 3.281(2) Cu1···Cu2 4.5427(18)
Cu1�O51 1.926(3) Cu2�O52 1.957(3)
Cu1�O51’ 2.330(3) Cu2�O80 2.267(4)
Cu1�N12 2.030(5) Cu2�N32 1.989(5)
Cu1�N17 2.025(4) Cu2�N37 2.087(4)
Cu1�N22 2.028(5) Cu2�N42 1.998(5)


O51-Cu1-N12 99.94(15) O52-Cu2-O80 87.38(15)
O51-Cu1-N17 174.55(16) O52-Cu2-N32 97.65(14)
O51-Cu1-N22 99.54(15) O52-Cu2-N37 166.99(15)
O51-Cu1-O51’ 79.47(13) O52-Cu2-N42 96.75(14)
N12-Cu1-N17 80.9(2) O80-Cu2-N32 96.99(16)
N12-Cu1-N22 160.18(16) O80-Cu2-N37 105.60(16)
N12-Cu1-O51’ 92.46(14) O80-Cu2-N42 96.00(16)
N17-Cu1-N22 80.0(2) N32-Cu2-N37 81.92(17)
N17-Cu1-O51’ 95.13(14) N32-Cu2-N42 160.99(16)
N22-Cu1-O51’ 94.69(14) N37-Cu2-N42 81.25(17)


Symmetry operation: ’=2�x, y, 1/2�z.
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lengths and angles are presented in Table 3. Similarly to the
structure of the earlier reported dicopper(I) complex with
the related macrocyclic ligand [22]py4pz, the ligand adopts a


saddle-shaped conformation.[8] However, in [22]py4pz com-
plex the tertiary nitrogen atoms of the ligand fail to bind to
the metal ions, resulting in distorted trigonal surroundings
for both copper(I) ions. In contrast, in II ACHTUNGTRENNUNG(ClO4)2 both copper
ions are tetracoordinate and have a distorted tetrahedral
surrounding, with three positions in the coordination sphere
being occupied by the nitrogen donor atoms from the ligand
(N12, N17, N22 and N32, N37, N42) and one by the nitrogen
atom of an acetonitrile molecule (N50 and N53). The tripo-
dal nitrogen donor atoms N17 and N37 are located at some-
what longer distances (2.292(2) P and 2.277(2) P, respec-
tively) than the nitrogen atoms of the pyrazolyl rings of the
ligand (the average Cu1�Npyrazole distance is 2.05 P, the aver-
age Cu2�Npyrazole distance is 2.07 P). The nitrogen atoms
N50 and N53 of the acetonitrile molecules are located at
shorter distances of 1.897(2) P and 1.903(2) P, respectively.
The N-Cu-N angles for both copper(I) ions vary in quite a
large range, namely, from 78 to 1328, indicating a significant
distortion of the coordination sphere from a regular tetrahe-
dral geometry. The distance between the two copper(I) ions
is very large, namely, 5.547(2) P.


Magnetic properties of (I)2ACHTUNGTRENNUNG(CF3SO3)4·2CH3CN·4H2O : The
thermal dependence of the complex cT (in which c is the


magnetic susceptibility per Cu2 formula unit) is plotted in
Figure 4. cT gradually increases, upon lowering the tempera-
ture, from 0.84 cm3mol�1K at 300 K to reach a maximum
around 0.95 cm3mol�1K at 15 K. A decrease is then ob-


served down to 0.81 cm3mol�1K at 5 K. Values at high tem-
peratures are in agreement with two uncoupled spin 1/2 cen-
ters (e.g., 0.75 cm3mol�1K for g=2), while the increase ob-
served is the signature of intramolecular ferromagnetic in-
teractions. The full Hamiltonian describing the pairwise in-
teractions among the CuII ions in
(I)2ACHTUNGTRENNUNG(CF3SO3)4·2CH3CN·4H2O can be written as Equation (1)
in which the structural numbering scheme has been kept.


H ¼�2 J1ðS1S2 þ S10S20 Þ�2 J2ðS1S10 Þ�2 J3ðS1S20 þ S10S2Þ
�2 J4ðS2S20 Þ


ð1Þ


The energy levels and their spin quantum numbers were
derived previously.[27] Testing the influence of each interac-
tion parameter on the quality of the fit, J4 was found to be
of no influence, while J3 was found to be undetermined
when allowed to vary freely together with J2. Indeed, al-
though it was observed in a specific case,[27] a significant
coupling between fourth neighboring spins (J4) is unlikely.
On the other hand, given the low spin density in the axial
position for a close to square-pyramidal coordination envi-
ronment, the central coupling pathway through the two
oxygen atoms in axial and equatorial positions (J2) can be
expected to be more significant than that through the carbo-
nato bridge also with one axial and one equatorial oxygen
atom (J3). In light of these magneto-structural considera-
tions, J3 and J4 were fixed to 0. The best fit parameters were
then found to be J1/kB=11.4(5) K, J2/kB=�3.49(4) K and
g=2.10(1), with a temperature independent paramagnetism
(TIP) term of 6.6(3)Q10�4 cm3mol�1. Note that a small neg-
ative value of J3 (<1 K) is likely, but could not be deter-
mined with accuracy, given its interdependence with J2, and
its small influence on the quality of the fit. The resulting


Figure 3. ORTEP projection of the complex cation [Cu2([22]pr4pz)-
ACHTUNGTRENNUNG(CH3CN)2]


2+ (II2+). Hydrogen atoms are omitted for clarity.


Table 3. Selected bond lengths [P] and angles [8] for IIACHTUNGTRENNUNG(ClO4)2.


Cu1···Cu2 5.547(2)
Cu1�N12 2.028(2) Cu2�N32 2.055(2)
Cu1�N17 2.292(2) Cu2�N37 2.277(2)
Cu1�N22 2.063(2) Cu2�N42 2.085(2)
Cu1�N50 1.897(2) Cu2�N53 1.903(2)


N12-Cu1-N17 79.47(8) N32-Cu2-N37 79.64(7)
N12-Cu1-N22 112.09(8) N32-Cu2-N42 110.05(8)
N12-Cu1-N50 121.36(9) N32-Cu2-N53 123.26(9)
N17-Cu1-N22 78.20(8) N37-Cu2-N42 78.06(8)
N17-Cu1-N50 131.82(8) N37-Cu2-N53 132.19(8)
N22-Cu1-N50 121.24(9) N42-Cu2-N53 120.69(9)


Figure 4. Semi-logarithmic plot of cT versus T for (I)2-
ACHTUNGTRENNUNG(CF3SO3)4·2CH3CN·4H2O under 0.1 T applied field, in which c is the
magnetic susceptibility per Cu2 formula unit. The inset shows the thermal
dependence of the inverse magnetic susceptibility. Full lines represent
the best fit obtained with a tetramer model (see text for further details).


Chem. Eur. J. 2006, 12, 6138 – 6150 J 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6141


FULL PAPERBioinorganic Chemistry



www.chemeurj.org





low-lying states are then a singlet ground state with a triplet
state and a quintuplet state at about 1.4 K and 5.4 K above
it, respectively. The ferromagnetic coupling propagated
through the syn–syn carbonato bridge is in agreement with
previous observations in dinuclear[28] and trinuclear[29,30]


compounds with a syn–syn bridging coordination mode. On
the other hand, because of the low spin density in axial dz2
orbital, only a weak antiferromagnetic interaction, such as
that found for J2, can be expected from the orbital overlap
through the asymmetric di-m-Ocarbonate bridge.


Solution stability of (I)2ACHTUNGTRENNUNG(CF3SO3)4·2CH3CN·4H2O : ESI-MS
spectra of (I)2ACHTUNGTRENNUNG(CF3SO3)4·2CH3CN·4H2O (0.2 mm), recorded
in methanol, are characterized by two peaks at m/z=827
and m/z=1801, which correspond to the monocharged dinu-
clear [[Cu2([22]pr4pz)ACHTUNGTRENNUNG(CO3)] ACHTUNGTRENNUNG(CF3SO3)]


+ and the tetranu-
clear [[Cu2([22]pr4pz)ACHTUNGTRENNUNG(CO3)]2ACHTUNGTRENNUNG(CF3SO3)3]


+ ion moieties, re-
spectively, in agreement with the theoretical isotopic pat-
terns (Figure S2, Supporting Information). The tetranuclear
copper(II) core stability in methanol and its dependence on
the concentration was studied by EPR spectroscopy. The
EPR spectrum of the solid sample of (I)2-
ACHTUNGTRENNUNG(CF3SO3)4·2CH3CN·4H2O, recorded at 13 K, is dominated
by a strong isotropic signal (g=2.14), which is characteristic
for short-range metal–metal exchange interactions, leading
to exchange narrowing. The spectrum of (I)2-
ACHTUNGTRENNUNG(CF3SO3)4·2CH3CN·4H2O, recorded in KBr matrix (1%),
exhibits identical features (Figure 5, bold line). The spec-
trum of a 14 mm solution of the complex in methanol (for
simplicity, the complex concentration throughout the article
is calculated based on the molecular weight of the dinuclear
species [Cu2([22]pr4pz) ACHTUNGTRENNUNG(CO3) ACHTUNGTRENNUNG(H2O)] ACHTUNGTRENNUNG(CF3SO3)2·CH3CN·
2H2O) also contains a strong isotropic signal with the same
g value; however, the typical features of a triplet spectrum,


characteristic for the dinuclear copper(II) species, are also
observed (Figure 5, above 0.33 T). Upon further dilution,
the relative intensity of the isotropic signal gradually dimin-
ishes, until at 0.5 mm concentration, a typical triplet spec-
trum is finally observed. The isotropic signal, observed in
the solid state is likely to be caused by the copper–copper
interactions within the tetranuclear core, which also domi-
nate in a concentrated (14 mm) solution. However, upon di-
lution, the dissociation of the tetranuclear cluster into two
dinuclear species I2+ leads to a typical triplet dicopper(II)
spectrum, which gradually increases in relative intensity on
the expense of the original isotropic signal.


EPR studies have also been performed on a frozen solu-
tion of the complex in acetonitrile. The spectrum practically
does not change upon dilution, with the strong isotropic
signal remaining dominant in the spectrum (0.4–2 mm, Fig-
ure S3, Supporting Information), suggesting that the tetranu-
clear core remains largely intact in this solvent.


Electrochemical properties of (I)2 ACHTUNGTRENNUNG(CF3SO3)4·2CH3CN·4H2O
and IIACHTUNGTRENNUNG(ClO4)2 : The electrochemical properties of I2+ and
II2+ were studied by cyclic voltammetry (CV) in methanol
and in acetonitrile, using tetrabutylammonium triflate as a
supporting electrolyte in case of I2+ (NnBu4ClO4 could not
be used, as the complex precipitates as a perchlorate salt)
and tetrabutylammonium perchlorate in case of II2+ . The
potentials were referred to Ag/10 mm AgNO3 in acetonitrile.
In the negative range of potentials, the CV curve of I2+ in
MeOH (0.63 mm) is characterized by one irreversible elec-
trochemical signal at Epc=�0.62 V (Figure S4, Supporting
Information). Coulometric titrations indicate that this peak
corresponds to a one-electron transfer per copper center, re-
sulting in the formation of CuI species, its re-oxidation being
seen on the reverse scan as an irreversible peak at Epa=


0.14 V. Apparently, the mixed-valence CuIICuI species is not
formed and cannot be isolated, the copper centers in I2+


being electrochemically equivalent. This result was further
confirmed by following the changes in the EPR spectrum
upon electrochemical reduction of the complex I2+ . Since
the typical triplet dicopper(II) spectrum was still observed
after a one-electron transfer per dinuclear entity (Figure S5,
Supporting Information)—only its intensity is decreased by
a factor 2—it is concluded that no mixed-valence species
could be formed.


The CV curve of (I)2ACHTUNGTRENNUNG(CF3SO3)4·2CH3CN·4H2O in acetoni-
trile looks rather similar to that in methanol, with Epc=


�0.72 V and Epa=0.18 V. The tetranuclear core is largely
preserved in the latter solvent, whereas in methanol the
complex is mainly present in its dissociated form at the con-
centration level (0.63 mm) used for electrochemical studies;
hence we can conclude that the dissociation of the dimacro-
cyclic unit into two dinuclear fragments does not significant-
ly influence the metal reduction potentials.


The CV curve of II2+ in methanol is characterized by one
broad electrochemical signal at Epa=0.22 V, that is, at a po-
tential close to the one (0.14 V) observed for the CuI species
electrogenerated from I2+ (Figure S6, Supporting Informa-


Figure 5. Bold line: EPR spectrum of (I)2 ACHTUNGTRENNUNG(CF3SO3)4·2CH3CN·4H2O in
the solid state (1% in KBr matrix); solid lines: changes in the EPR spec-
trum of (I)2 ACHTUNGTRENNUNG(CF3SO3)4·2CH3CN·4H2O in methanol solution upon dilution
(a: 14 mm, b: 2 mm, c: 1 mm, d: 0.5 mm) at 13 K.
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tion). This small difference accounts likely for small discrep-
ancy in the coordination spheres around the copper(I)
center between the two complexes, for example, caused by
the initial presence of coordinated water molecules in I2+


and the acetonitrile molecule in II2+ or the carbonate bridge
in the copper coordination sphere in I2+ (the carbonate
bridge, however, is expected to dissociate upon electrochem-
ical reduction due to its poor ability to bridge two copper(I)
centers). Coulometric titration shows that this anodic proc-
ess corresponds to a one-electron transfer per copper center
leading to CuII species. The reduction of the electrogenerat-
ed two-electron-oxidized species from II2+ is seen on the
CV curve, during the reverse scan, as two ill-resolved peaks
at Epc1=0.03 V and Epc2=�0.45 V, suggesting the presence
of two different electrogenerated CuII species, likely ac-
counting for different re-coordinations with solvent mole-
cules.


Catecholase activity of (I)2 ACHTUNGTRENNUNG(CF3SO3)4·2CH3CN·4H2O—
kinetic studies : The catalytic oxidation of the model sub-
strate DTBCH2 (3,5-di-tert-butylcatechol) by (I)2-
ACHTUNGTRENNUNG(CF3SO3)4·2CH3CN·4H2O was evaluated spectrophotometri-
cally in dioxygen-saturated methanol by monitoring the in-
crease in absorbance at 400 nm, corresponding to the forma-
tion of the quinone product DTBQ (3,5-di-tert-butyl-o-ben-
zoquinone). The initial reaction rates were determined from
the slope of the trace at 400 nm during the first 0.7 minutes
of the reaction, when the absorption at 400 nm increases lin-
early. Because the concentration of the complex, used for
the catecholase activity studies, was 2Q10�5


m, the active
species can be regarded as dinuclear.


The rate-determining step was found to change with the
substrate to complex ratio. Thus, at low substrate to complex
ratios (< 12:1, [I2+]=2Q10�5


m), the reaction shows Michae-
lis–Menten behavior (Figure 6, bottom). The Lineweaver–
Burk treatment gives KM=0.176 mm and Vmax=2.47Q
10�6


m s�1. This behavior indicates the presence of equilibri-
um in the rate-determining step. At high substrate to com-
plex ratios (up to 200:1), the reaction rate depends linearly
on the DTBCH2 concentration, with the first-order rate con-
stant k1=2Q10�4 s�1 (R 2=0.9986, Figure 6, top).


A linear dependence on the complex concentration in the
whole concentration range at all substrate to complex ratios
was found (Figure 7).


The catalytic reaction was finished within a few minutes
at low catechol to complex ratios, whereas at high catechol
to complex ratios, full conversion of DTBCH2 could not be
achieved, not even after 24 h. To evaluate whether the reac-
tion rate might be influenced by the formed product DTBQ,
we performed kinetic studies in the presence of variable
amounts of added quinone. DTBQ was indeed found to
have a strong inhibiting effect on the catalytic process, as
can be seen from Figure 8. For instance, the initial reaction
rate was found to decrease to 50% of its initial value in the
presence of about five molar equivalents of DTBQ. This in-
hibiting effect was observed both at low (10:1) and high
(50:1) catechol to complex ratios ([I2+]=2Q10�5


m).


Interestingly, (I)2
4+ does not exhibit catecholase activity


in acetonitrile. Instead, only one equivalent of quinone is
formed stoichiometrically. The plot of the initial reaction
rates versus catechol concentration indicates a substrate sat-


Figure 6. Top: Dependence of the initial reaction rates on catechol con-
centration, as determined from the slope of trace at 400 nm in the first
0.7 min of the catalytic reaction. Bottom: Dependence of the initial reac-
tion rates on catechol concentration for substrate to catalyst ratios below
12:1 ([I2+]=2Q10�5


m); the inset shows the reciprocal Lineweaver–Burk
plot (R2=0.9932).


Figure 7. Dependence of the initial reaction rates on the concentration of
I2+ in the catalytic oxidation of DTBCH2 in methanol solution
([DTBCH2]=1 mm, k2=0.063 s�1, R2=0.9945).
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uration behavior (Figure S6, Supporting Information, left).
The reciprocal Lineweaver–Burk plot gives KM=0.42 mm


and Vmax=5Q10�7
m s�1.


Formation of H2O2 and its influence on the reaction : The re-
duction of dioxygen to dihydrogen peroxide upon catechol
oxidation by copper(II) complexes has been previously es-
tablished only in a few cases.[18, 20–24] We have studied the for-
mation of H2O2 in the course of the catalytic reaction for
two different catechol to complex ratios (10:1 and 50:1, [I2+]
=2Q10�5


m). In both cases, dihydrogen peroxide was formed
at the initial stage of the reaction, and its formation was
found to practically stop after a few minutes, although the
oxidation of DTBCH2 still continued (Figure 9). This sug-
gests that two different mechanisms may be operating
during the catalytic oxidation of DTBCH2 by I2+ : one in
which dioxygen undergoes a two-electron reduction to dihy-
drogen peroxide, and a second mechanism in which it is con-
verted into water upon four-electron reduction.


To evaluate the influence of dihydrogen peroxide on the
catalytic reaction, catalytic studies were performed in the
presence of variable amounts of H2O2. The plot of the initial
reaction rates versus dihydrogen peroxide concentrations is
depicted in Figure 10. As can be seen, at low H2O2 concen-
trations its presence has virtually no influence on the reac-
tion rates. At higher concentrations (above 20 molar equiva-
lents of H2O2 per one mole of the complex), it accelerates
the reaction rate. However, the concentration of dihydrogen
peroxide, formed during the reaction, does not reach this
level (Figure 9).


Anaerobic interaction of I2+ and II2+ with DTBCH2 and
DTBQ : As shown previously by Krebs and co-authors,[31]


the catalytic cycle of catechol oxidase starts with the native
met state of the enzyme, which reacts stoichiometrically
with catechol to produce one equivalent of the quinone and
leading to the dicopper(I) (deoxy) form. We studied the
anaerobic interaction of I2+ with DTBCH2 spectrophoto-
metrically. Upon addition of one molar equivalent of


DTBCH2 to a 0.5 mm solution of I2+ in methanol, two new
absorptions at 389 nm (e=2920m�1 cm�1) and 760 nm (e=
359m�1 cm�1) gradually develop in the spectrum (Figure 11,
top). Both bands are characteristic of the formation of the
semiquinone radical[32] and suggest that I2+ reacts with
DTBCH2, while undergoing a one-electron reduction, lead-
ing to the formation of mixed-valence CuIICuI–semiquinone
species (DTSQ). The rate constant k3 of this process is 1.8Q
10�3


m
�1 s�1. The addition of an excess of DTBCH2 (up to


Figure 8. Dependence of the initial reaction rates on the concentration of
DTBQ at low (~, 10:1) and high (&, 50:1) DTBCH2 to complex ratios
([I2+]=2Q10�5


m).


Figure 9. The course of DTBQ (^) and H2O2 (*) formation during the
catalytic reaction at low (10:1, top) and high (50:1, bottom) substrate to
catalyst ratios ([I2+]=2Q10�5


m).


Figure 10. Dependence of the initial reaction rates in the catalytic oxida-
tion of DTBCH2 by I


2+ in MeOH on the dihydrogen peroxide concentra-
tion. The initial concentration of DTBCH2 is 1 mm, the concentration of
I2+ is 2Q10�5


m.
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five molar equivalents) has no influence on the spectrum.
The formed semiquinone species is stable for at least 24 h
under anaerobic conditions.


These results were further confirmed by EPR spectrosco-
py (Figure 11, bottom). The EPR spectrum of a 1 mm frozen
solution of I2+ in the presence of one molar equivalent of
DTBCH2 in MeOH is characterized by a typical axial signal
of mononuclear CuII species (gk=2.23, Ak=175Q10�4 cm�1,
g?=2.04) and a sharp signal centered at g=2.00 corre-
sponding to an organic radical. The results explicitly show
the absence of interaction between the two metal centers,
indicating the presence of discrete CuII and CuI ions within
the complex, and the absence of interaction between the
semiquinone radical and the CuII ion.


The electrochemical behavior of the mixed-valence
CuIICuI–semiquinone species was also examined. The CV
curve, recorded under anaerobic conditions in a 0.5 mm solu-
tion of I2+ in methanol in the presence of one molar equiva-
lent of DTBCH2 is characterized in the negative region of
potentials by a reversible electrochemical signal at E1/2=


�0.34 V (Figure 12), which is followed at lower potential by


the copper(0) deposition onto the electrode surface. Based
on earlier reported electrochemical properties of the semi-
quinone species,[33,34] we have assigned this signal to the one-
electron reduction of the semiquinone radical. However, a
close examination of this signal shows that it displays a
shoulder suggesting the presence of two overlapping electro-
chemical systems. It is likely that the reduction process of
the CuII center in the mixed-valence CuIICuI–semiquinone
species is hidden underneath the electrochemical response
of the semiquinone moiety. In the positive range of poten-
tials, the electrochemical curve is characterized by two ill-re-
solved oxidation waves at Epa=0.12 V and Epa=0.42 V
(Figure 12), associated with the electrochemical responses of
the CuIICuI/CuIICuII redox couple and the one-electron oxi-
dation of the semiquinone radical.


It is interesting to note that the mixed-valence CuIICuI


species forms readily upon anaerobic reaction of I2+ with
DTBCH2, whereas it could not be generated electrochemi-
cally. These results suggest an asymmetric binding of the
substrate to only one of the two copper centers of the dinu-
clear subunit I2+ prior to the redox reaction, leading to the
differentiation of the two metal centers. This in turn results
in their different reduction potentials, allowing the subse-
quent formation of the mixed-valence dicopper core.


The mixed-valence CuIICuI–semiquinone species was also
found to form upon treating the solution of the dicopper(I)
complex II2+ (0.5 mm) with one molar equivalent of DTBQ
under anaerobic conditions. In contrast to the slow reaction
of I2+ with DTBCH2, upon reaction of II2+ with the quinone
the redox process occurs immediately, precluding the deter-
mination of the reaction rate constant. Upon exposing the
resulting solution to dioxygen, the characteristic bands of
semiquinone at 389 and 760 nm gradually diminish, with an
isosbestic point at 460 nm, indicating its oxidation by dioxy-
gen. Accordingly, the radical signal in the EPR spectrum
disappears, and an increase of the absorption at 400 nm in
the UV/Vis spectrum indicates the formation of the qui-
none. The iodometric H2O2 assay test in the presence of lac-
toperoxidase indicates that this process is accompanied by
the formation of one equivalent of dihydrogen peroxide as a
side product.


Figure 11. Top: Changes in the UV/Vis spectrum upon addition of one
equivalent of DTBCH2 to a solution of I2+ (0.5 mm) in methanol under
anaerobic conditions at 100 K. Bottom: EPR spectrum of the resulting
mixed-valence CuIICuI–semiquinonate species in anaerobic conditions
(1 mm solution of I2+ in methanol, 100 K). Inset: the enlarged signal of
the semiquinone radical.


Figure 12. Electrochemical curves of I2+ (0.5 mm) in the presence of one
equivalent of DTBCH2, recorded under anaerobic conditions in MeOH+


0.1m NnBu4CF3SO3 on a C disc (F=3 mm). Solid line: CV curves,
0.1 Vs�1; dotted line: RDE curves, 0.01 Vs�1, N=600 rpm.
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Mechanisms versus a coordination mode of the substrate :
Based on the results reported above it is possible to suggest
the mechanism of catechol oxidation by I2+ , as depicted in
Scheme 1. The catalytic cycle starts with the anaerobic oxi-
dation of DTBCH2 by I2+ ; however, in contrast to the natu-
ral enzyme behavior,[1,31] only one electron is transferred in
the stoichiometric reaction between the complex and the
substrate, leading to the formation of the mixed-valence
CuIICuI–semiquinone species. This observation is rather in-
teresting, as the formation of a semiquinone radical as an in-
termediate species in catechol oxidation was proposed earli-
er and/or observed in only a few cases.[23, 32,35, 36] In most
cases, such species were formed upon reaction of catechol
with mononuclear[36] or dinuclear[23] CuII complexes generat-
ed by self-assembly of two mononuclear units. In our case,
however, I2+ is essentially dinuclear in solution; neverthe-
less, the second copper(II) ion does not participate in the
redox process, playing solely a structural role.


The formed semiquinone radical is further oxidized by di-
oxygen, as was confirmed by UV/Vis and EPR spectroscopy.
According to the earlier mechanistic reports of Kaizer
et al.[36] and Kodera et al. ,[23] dioxygen can bind to the CuI


ion forming a CuII–superoxo species, with the consequent
one-electron oxidation of the semiquinone radical leading to
the release of quinone and hydrogen peroxide (Scheme 1,
cycle A). However, in the course of the catalytic oxidation
of DTBCH2 by I2+ the concentration of H2O2 stops increas-
ing after a few minutes, indicating that, most likely, a differ-
ent mechanism is operating at later stages of the reaction. A
proposal about H2O2 being consumed in the course of the
reaction, as suggested by some authors,[24] does not seem
plausible in this case, as the results of kinetic measurements
indicate that its presence has virtually no influence on the
catalytic cycle, except at unrealistically high concentrations
levels, which are never reached during the reaction. Another
reason to suggest a different mechanistic pathway operating
at later stages of the catalytic oxidation is the inhibiting
effect of DTBQ, indicating that the formed quinone does
not simply accumulate in the reaction mixture, but evidently
also participates in the catalytic process. This effect cannot


be explained based on the simple oxidation scheme via the
semiquinone formation (cycle A in Scheme 1).


Consequently, we propose that in later stages of the cata-
lytic reaction, the oxidation of DTBCH2 proceeds by a
“classic” mechanism, proposed by Krebs et al.[1] and Casella
et al. ,[15,16] involving a stoichiometric reaction between the
dicopper(II) species and the substrate, leading to the re-
duced dicopper(I) species. The oxidation of the second
equivalent of the substrate by a peroxo–dicopper(II) adduct,
formed upon dioxygen binding to the dicopper(I) intermedi-
ate, results in the formation of the second molecule of qui-
none and water as a by-product (Scheme 1, cycle B). The in-
hibiting effect of DTBQ on the catalytic cycle can then be
rationalized by considering its very fast reaction with the re-
duced dicopper(I) species (which is the only intermediate
species able to react with the quinone), leading to semiqui-
none formation (Scheme 1). Thus, at high concentrations,
DTBQ competes with dioxygen in the reoxidation of II2+ ,
resulting in the mixed-valence CuIICuI–semiquinone species,
which is then subsequently oxidized in the less efficient
cycle A. Consequently, the concentration of quinone in-
creases more slowly, as only one molecule of DTBQ is pro-
duced in cycle A, in contrast to cycle B.


On the other hand, when present in high concentration
(Figure 10), H2O2 can compete with dioxygen in the reoxida-
tion of the dicopper(I) complex to the dicopper(II) state,
therefore the increase in its concentration results in its pro-
gressive involvement as copper(I) oxidant. The increase of
the reaction rates in this case can be explained by a change
in the rate-determining step of the reaction, as previously
proposed by Casella and co-workers.[15]


The change of the catalytic mechanism in the course of
the reaction can be explained by proposing that the differ-
ent mechanistic pathways are directly related to the binding
mode of the substrate to the dicopper(II) core. This hypoth-
esis has often been debated in the literature in the past
years.[2–4,20,37] Up till now, different examples of substrate co-
ordination modes to dicopper(II) complexes have been re-
ported. Although the first example of a dicopper(II)–cate-
cholate adduct, crystallized by Karlin,[37] showed the cate-


Scheme 1. The proposed mechanism for the catalytic catechol oxidation by I2+.


www.chemeurj.org J 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 6138 – 61506146


J. Reedijk, C. Belle et al.



www.chemeurj.org





cholate to be coordinated as a bridging didentate ligand to
both dicopper(II) centers, later reports from Casella[4] and
Meyer[20] argued for an asymmetric binding of catechol to
only one of the two available copper(II) ions in an h2 fash-
ion, possibly with one of the two oxygen atoms being in-
volved in a weak interaction with either an adjacent cop-
per(II) ion, or in hydrogen bonding. This apparent contra-
diction can be rationalized by considering that the binding
mode of the substrate is, to a large extent, determined by
the distance between the two copper centers and their ac-
cessibility. Thus, the short metal–metal distance promotes a
binding of the catecholate in a didentate bridging fashion
(e.g., in the dicopper(II)–catecholate adduct reported by
Karlin[37] the two metal ions are kept at a distance of
3.248 P), whereas in case of long metal–metal separation, a
binding of the substrate to only one of the two metal centers
occurs. Consequently, in the latter case, only one electron
can be transferred from the substrate to the metal center,
resulting in the semiquinone formation, the subsequent oxi-
dation of which proceeds by the mechanism proposed by
Kodera[23] (Scheme 1, cycle A). In the case of a didentate
bridging coordination, both copper ions are reduced in the
stoichiometric reaction with the substrate, leading to the
quinone formation and the reduced dicopper(I) species, and
the catalytic reaction further proceeds by means of the
mechanism suggested by Krebs et al.[1] for the natural
enzyme (Scheme 1, cycle B).


The long Cu1–Cu2 separation (4.5427(18) P) observed for
the two copper ions in the macrocyclic unit in I2+ prohibits
the substrate binding in a bridging didentate fashion, thus
favoring the binding of catechol to only one metal center
with semiquinone formation. However, it is liable that in the
course of the catalytic reaction the original dicopper(II)
core undergoes substantial modification, as the carbonate
bridge is likely to be cleaved by the incoming catecholate, as
proposed in Scheme 1. Our earlier studies on other dicopper
complexes with structurally related macrocyclic ligands[38,39]


indicate that the macrocyclic cavity has a sufficient flexibili-
ty to bring two copper ions within a short distance of each
other, required for a didentate bridging coordination mode
of catechol. As a result, in the absence of the rigid carbo-
nate bridge the substrate can bind to both copper(II) ions in
a bridging fashion, pushing the catalytic reaction towards
the cycle B, whereas the relative influence of mechanistic
pathway A becomes negligible after a few minutes of the re-
action.


Concluding Remarks


It is very interesting to compare the catalytic behavior of I2+


with earlier reported examples of synthetic models of cate-
chol oxidase. The metal–metal distance in the dicopper(II)
core of I2+ exceeds 4.5 P and is thus much longer than the
usual range found in catalytically active copper(II) com-
pounds (2.9–3.5 P). However, I2+ still exhibits catecholase
activity, proving that a large copper–copper separation does


not inhibit the catalytic properties. Furthermore, the results
can give an answer to the question, whether the binding of
the substrate to the dicopper core includes a bridging cate-
cholate coordinated to the two copper ions[40] rather than a
monodentate coordination to only one metal center,[31] dem-
onstrating that in fact both options are possible. It is also
clear that different binding modes of the substrate to a di-
copper(II) core result in completely different mechanisms of
catechol oxidation by dicopper(II) complexes; furthermore,
in case of sufficiently flexible ligands, both mechanistic path-
ways can be realized.


In addition, a possible mechanism for the formation of di-
hydrogen peroxide is now established. Previously, it has
been suggested that the formation of dihydrogen peroxide is
the result of either the protonation of the peroxo–dicopper
intermediate, or its reaction with catechol, leading to the
formation of the reduced dicopper(I) species along with
H2O2.


[16,20,41] However, to the best of our knowledge, no
actual proof that either of these pathways indeed takes
place has been reported, although the formation of dihydro-
gen peroxide upon treating trans-m-1,2-peroxo–dicopper(II)
species with a strong acid is known.[42,43] We thus believe
that dihydrogen peroxide is formed as a byproduct during
the oxidation of the semiquinone intermediate with dioxy-
gen, when the metal–metal distance within a dicopper(II)
complex is too long to allow the binding of the substrate in
a didentate bridging fashion. Indeed, Meyer and co-workers
reported a recovery of 58–71% of dihydrogen peroxide for
a series of dicopper(II) complexes,[20] for which an asymmet-
ric coordination mode of a nonreactive catechol to only one
of the copper(II) centers has been clearly established. In ad-
dition, two other crystallographically characterized dicop-
per(II) complexes with essentially dinucleating ligands, for
which the reduction mode of dioxygen to dihydrogen perox-
ide has been definitely established, also possess a large
metal–metal separation (3.7 P and 7.8 P).[18]


It thus appears that the mechanism of catechol oxidation
by the model compounds is very intricate, which evidently
explains often contradictory literature reports on the catalyt-
ic behavior of copper(II) complexes. It is also very interest-
ing to note that some authors have recently reported the
formation of dihydrogen peroxide,[44] as well as semiquinone
radicals,[45] during the catalytic oxidation of DOPA by the
structurally related enzyme tyrosinase in haemolymph of
some insects. Although neither of these species has to the
best of our knowledge ever been observed during the sub-
strate oxidation by catechol oxidase, the question about the
possibility of two different catechol oxidation pathways for
the natural enzyme, as found for model compounds, still
needs to be answered.


Experimental Section


All starting materials were commercially available and used as pur-
chased, unless stated otherwise. The macrocyclic ligand [22]pr4pz was
synthesized as previously described.[38] The single crystals of
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[H2 [22]pr4pz] ACHTUNGTRENNUNG(ClO4)2 suitable for X-ray crystal structure determination
were obtained by diffusion of diethyl ether into a solution containing one
equivalent of [22]pr4pz and two equivalents of perchloric acid in metha-
nol. The solution ligand-field spectra were recorded on a Varian Cary 50
Scan UV/Vis spectrophotometer and on a Zeiss MCS500 Diode-Array
spectrometer (l=0.5 cm). X-band electron paramagnetic resonance
(EPR) measurements were performed on a Bruker ESP 300E spectrome-
ter equipped with a Bruker nitrogen flow cryostat, or on a Bruker EMX
spectrometer equipped with an ESR 900 helium flow cryostat (Oxford
Instruments). The electrochemical behavior of the complexes was investi-
gated in a 0.1m solution of tetra-n-butylammonium perchlorate (TBAP)
or tetra-n-butylammonium triflate in methanol using a EGG 273 poten-
tionstat coupled with a Kipp & Zonen x–y recorder. The experiments
were performed at room temperature in a three-compartment cell. Poten-
tials were referred to an Ag/10 mm AgNO3+CH3CN+0.1mTBAP refer-
ence electrode. The working electrode was a platinum disk of 5 mm di-
ameter. The working electrode was polished with 1 mm diamond paste
prior to each recording. C, H, N, S determinations were performed on a
Perkin Elmer 2400 Series II analyzer. ESI-mass spectra in methanol or
acetonitrile were recorded on a Bruker Esquire 300 apparatus.


Synthesis of [Cu2([22]pr4pz) ACHTUNGTRENNUNG(CO3) ACHTUNGTRENNUNG(H2O)]2 ACHTUNGTRENNUNG(CF3SO3)4·2CH3CN·4H2O
((I)2 ACHTUNGTRENNUNG(CF3SO3)4·2CH3CN·4H2O): Copper(II) triflate (36.9 mg, 0.10 mmol)
was dissolved in acetonitrile (5 mL) and the resulting solution was added
to a suspension of the ligand [22]pz4pz (25 mg, 0.05 mmol) in the same
solvent (3 mL; the ligand does not dissolve, unless coordinated to the
metal ions). A solution of anhydrous Na2CO3 (5.4 mg, 0.05 mmol) in a
minimal amount of water was added to the resulting clear blue solution.
The small amount of precipitate, most likely basic copper carbonate, was
filtered off. Diethyl ether diffusion into the resulting greenish-blue solu-
tion led to the appearance of small blue crystals, which were found to be
of a sufficient quality for X-ray single-crystal structure determination. El-
emental analysis calcd (%) for C62H94N22O24F12S4Cu4: C 34.8, H 4.4, N
14.4; found: C 35.1, H 4.6, N 14.4;
ESI-MS in CH3OH: m/z : 1801
[[Cu2([22]pr4pz) ACHTUNGTRENNUNG(CO3)]2ACHTUNGTRENNUNG(CF3SO3)3]


+ ,
827 [[Cu2([22]pr4pz) ACHTUNGTRENNUNG(CO3)]-
ACHTUNGTRENNUNG(CF3SO3)]


+ .


Synthesis of [Cu2([22]pr4pz)-
ACHTUNGTRENNUNG(CH3CN)2] ACHTUNGTRENNUNG(ClO4)2 (II ACHTUNGTRENNUNG(ClO4)2): In a
dry glove box, a solution of [Cu-
ACHTUNGTRENNUNG(CH3CN)4]ClO4 (13.1 mg, 0.04 mmol)
in dry methanol (2 mL) was added to
a solution of [22]py4pz (9.8 mg,
0.02 mmol) in methanol (2 mL). The
diffusion of diethyl ether into the re-
sulting solution led to the appearance
of very small colorless crystals, suita-
ble for X-ray diffraction analysis. The
complex was easily oxidized and
could only be stored in a dry glove
box atmosphere. 1H NMR (CD3OD,
300 MHz, 25 8C, TMS): d=7.72 (d,
3J ACHTUNGTRENNUNG(H,H)=2 Hz, 4H; 5’H(pz)), 6.32 (d,
3J ACHTUNGTRENNUNG(H,H)=2 Hz, 4H; 4’H(pz)), 4.87 (s,
8H; pz-(CH2)2-pz), 3.65 (s, 4H; N-
CH2-pz), 2.65 (t, 3J ACHTUNGTRENNUNG(H,H)=8 Hz, 4H;
N-CH2-C2H5), 1.50 (m, 4H; N-CH2-
CH2-CH3), 0.86 ppm (t, 3J ACHTUNGTRENNUNG(H,H)=
7 Hz, 6H; N-C2H5-CH3). ESI-MS
(CH3CN) m/z : 717
[[Cu2([22]py4pz)]ClO4]


+ .


X-ray crystallographic studies : X-ray
intensities of [H2[22]pr4pz] ACHTUNGTRENNUNG(ClO4)2
were measured on Nonius Kap-
paCCD diffractometer with rotating
anode and graphite monochromator
(MoKa radiation: l=0.71073 P). The
structure was solved with direct meth-


ods (SHELXS97[46]) and refined with SHELXL97[47] against F2 of all re-
flections. Non-hydrogen atoms were refined freely with anisotropic dis-
placement parameters. All hydrogen atoms were located in the difference
Fourier map. The N�H hydrogen atom was refined freely with isotropic
displacement parameters, C�H hydrogen atoms were refined with a
riding model. Geometry calculations and checking for higher symmetry
were performed with the Platon package.[25]


X-ray intensities of compound (I)2 ACHTUNGTRENNUNG(CF3SO3)4·2CH3CN·4H2O were meas-
ured on a Bruker AXS Apex diffractometer with a graphite monochro-
mator (MoKa radiation: l=0.71073 P). The structure was solved with
direct methods (SHELXS97[46]) and the refinement was performed with
SHELXL97[47] against F2 of all reflections. Molecular illustrations, and
checking for higher symmetry and geometry calculations were performed
with the Platon package.[25] The hydrogen atoms of the complex cation
were calculated on idealized positions using a riding model with isotropic
displacement parameters. The hydrogen atoms of the co-crystallized sol-
vent molecules were not calculated. All non-hydrogen atoms were re-
fined anisotropically.


Due to sensitivity of II ACHTUNGTRENNUNG(ClO4)2 towards dioxygen, the crystal was dropped
into grease and then quickly frozen at 150 K on the Bruker AXS-Enraf-
Nonius Kappa-CCD diffractometer using a graphite monochromator
(MoKa radiation: l=0.71073 P). The crystal was twinned and the two
components were separated using the EvalCCD software package[48] with
the following twin law [1�0.65�0.32, 0�10, 00�1] corresponding to a
twofold axis along the [100] direction. The structure was solved by direct
methods and refined by full-matrix least-squares, based on F2 from the
HKLF5 file[49] by using the SHELXL97 software[47] through the WinGX
program.[50] The fractional contributions of two domains were refined
and are 0.737(1), 0.263(1).


Further crystallographic data and additional parameters are given in
Table 4. CCDC-290372 ((H2[22]pr4pz)ACHTUNGTRENNUNG(ClO4)2), CCDC-290373 ((I)2-
ACHTUNGTRENNUNG(CF3SO3)4·2CH3CN·4H2O), and CCDC-284146 (II ACHTUNGTRENNUNG(ClO4)2) contain the


Table 4. Crystallographic data for [H2[22]pr4pz] ACHTUNGTRENNUNG(ClO4)2, [Cu2([22]pr4pz) ACHTUNGTRENNUNG(CO3) ACHTUNGTRENNUNG(H2O)]2-
ACHTUNGTRENNUNG(CF3SO3)4·2CH3CN·4H2O and [Cu2([22]pr4pz) ACHTUNGTRENNUNG(CH3CN)2] ACHTUNGTRENNUNG(ClO4)2.


[H2[22]pr4pz] ACHTUNGTRENNUNG(ClO4)2 (I)2 ACHTUNGTRENNUNG(CF3SO3)4·2CH3CN·4H2O
[a] II ACHTUNGTRENNUNG(ClO4)2


formula [C26H40N10] ACHTUNGTRENNUNG(ClO4)2 [Cu4C54H80N20O8] ACHTUNGTRENNUNG(CF3SO3)4·
2CH3CN·4H2O


[Cu2C30H44N12] ACHTUNGTRENNUNG(ClO4)2


Mr 691.58 2123.85 898.75
crystal system monoclinic monoclinic triclinic
space group P21/c (no. 14) C2/c (no. 15) P1̄ (no. 2)
a [P] 8.0611(14) 18.716(5) 11.079(3)
b [P] 11.660(2) 15.043(5) 11.825(4)
c [P] 17.306(3) 32.110(5) 17.329(5)
a [8] 90 90 87.10(2)
b [8] 96.557(16) 103.118(5) 74.92(2)
g [8] 90 90 68.81(2)
V [P3] 1615.9(5) 8804(4) 2041.5(11)
Z 2 4 2
1calcd [gcm�3] 1.421 1.602 1.462
F ACHTUNGTRENNUNG(000) 728 4328 928
m [mm�1] 0.264 1.156 1.233
crystal color colorless/yellowish blue colorless
T [K] 150 153 150
q min/max [8] 2.1/25.5 1.3/25.9 1.22/30.11
reflns measured 23591 25022 38986
independent reflns (Rint) 3002 (0.063) 8021 (0.177) 10797
observed reflns [I>2s(I)] 2353 4805 30714
parameters/restraints 213/0 597/0 0
R1 [I>2s(I)] 0.0529 0.0705 0.0591
wR2 (all data) 0.1415 0.2007 0.1632
S 1.06 0.94 1.07
min/max residual density
[eP�3]


�0.59/0.42 �1.33/1.41 �1.81/1.40


[a] The entries for formula weight, density, F ACHTUNGTRENNUNG(000) and m of complex (I)2 ACHTUNGTRENNUNG(CF3SO3)4·2CH3CN·4H2O are based
on the formula C54H76Cu4N20O8 ACHTUNGTRENNUNG(CF3O3S)4·2 ACHTUNGTRENNUNG(C2N)·4(O), which does not contain the hydrogen atoms of the sol-
vent molecules.
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supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.


Catecholase activity studies : The catecholase activity of I2+ was evaluat-
ed by reaction with 3,5-di-tert-butylcatechol at 25 8C in methanol. The ab-
sorption at 400 nm (e=1400m�1 cm�1), characteristic of the formed qui-
none, was measured as a function of time. The experiments were run
under 1 atm of dioxygen. The kinetic parameters were determined for 2Q
10�5


m solutions of the complex (for simplicity, the complex concentration
throughout the article has been calculated based on the molecular weight
of dinuclear species ([Cu2([22]pr4pz) ACHTUNGTRENNUNG(CO3) ACHTUNGTRENNUNG(H2O)]-
ACHTUNGTRENNUNG(CF3SO3)2·CH3CN·2H2O) and 0.05–3 mm solutions of the substrate. In a
typical catalytic experiment, 2.5 mL of the solution of I2+ were placed in
a 1 cm path-length cell, and the solution was saturated with dioxygen. Af-
terwards, 75 mL of the solution of substrate were added. After thorough
shaking, the changes in UV/Vis spectra were recorded over a period of
30 min.


Effect of dihydrogen peroxide on the kinetics of DTBCH2 oxidation : The
effect of dihydrogen peroxide on the reaction rates was studied in dioxy-
gen-saturated methanol by varying the concentration of H2O2 in the
range of 0.01–1 mm at constant concentrations of the complex (2Q10�5


m)
and DTBCH2 (1 mm).


Effect of 3,5-DTBQ on the kinetics of DTBCH2 oxidation : The effect of
DTBQ on the reaction rates was studied in dioxygen-saturated methanol
by varying the concentration of DTBQ in the range of 0.01–0.412 mm at
constant concentrations of the complex and DTBCH2. The concentration
of I2+ was 2Q10�5


m ; the concentration of DTBCH2 was 0.2 mm and
1 mm.


Detection of dihydrogen peroxide in the catalytic DTBCH2 oxidation :
The presence of dihydrogen peroxide in the reaction mixture was ana-
lyzed using the iodiometric assay based on I3


�, which has a characteristic
absorption band at 353 nm (e=26000m�1 cm�1 in water). The oxidation
reaction of DTBCH2 by I2+ was carried out as described in the kinetic
experiment. When the formation of quinone reached a desired value at
400 nm the solution was acidified with H2SO4 to pH 2 to stop the reac-
tion. Water (3 mL) was added and the reaction mixture was then extract-
ed with CH2Cl2 (Q2) to remove the formed DTBQ. A solution of KI
(1 mL, 0.3m) in water with a catalytic amount of lactoperoxidase, to ac-
celerate the formation of I3


�, was added to a 2 mL aliquot of the aqueous
layer. Blank experiments were performed under identical conditions in
the presence of DTBQ and I2+ , but only minor formation of I3


� was ob-
served.
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Introduction


Organometallic ruthenium(II)–arene complexes of the type
[(h6-arene)Ru(XY)Cl]+ (e.g., arene=biphenyl, XY=ethyl-
ACHTUNGTRENNUNGenediamine (en)) exhibit anticancer activity both in vitro
and in vivo.[1-4] These complexes are monofunctional; that is,
they have one reactive chloride ligand that can undergo acti-
vation through aquation and bind strongly to N7 of G on
DNA.[5–7] The widely used anticancer drug cisplatin is also
activated through aquation, but is bifunctional and can bind
to two neighbouring guanines on DNA, causing the double
helix to bend.[8] In work on adducts of [(h6-arene)Ru(X-


Y)Cl]+ with guanosine and guanosine 5’-monophosphate,
we found that binding of Ru to G-N7 can be accompanied
by strong hydrogen bonding between G-O6 and en-NH, to-
gether with p–p stacking between the purine ring of G and
the arene when the arene is extended (e.g. arene=biphenyl
or tetrahydroanthracene).[6]


The aim of the present work was to investigate the inter-
action of these ruthenium–arene anticancer complexes with
single-strand and duplex DNA. We chose the short self-com-
plementary hexamer dACHTUNGTRENNUNG(CGGCCG), because it is known to
crystallise readily and can accommodate organic intercala-
tors.[9] We have compared reactions of two ruthenium–arene
complexes [(h6-arene)Ru(en)Cl]+ , arene=p-cymene (com-
plex 1) and biphenyl (complex 2), with the DNA single
strand dACHTUNGTRENNUNG(CGGCCG) and the DNA duplex d ACHTUNGTRENNUNG(CGGCCG)2.
The arenes were chosen as examples of potential intercala-
tors (biphenyl) and nonintercalators (p-cymene). Unfortu-
nately, crystals of the ruthenated duplex grown by vapour
diffusion from sitting drops diffracted X-rays too poorly to
allow a structure determination.[10] Therefore in this work,
we have used NMR spectroscopy to obtain structural infor-
mation in solution. We have compared the ruthenation of
duplex DNA with that of the single strands. This has re-
vealed some interesting features of the specificity of ruthe-
nation. Solution studies on this DNA are complicated by the
presence of three potential ruthenation sites on each strand,
but HPLC has allowed us to separate and identify the sites
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of ruthenation, which has simplified interpretation of the
NMR spectra.


Results


We studied reactions of the p-cymene complex 1 and bi-
phenyl complex 2 with the self-complementary DNA hex-
amer d ACHTUNGTRENNUNG(CGGCCG) (Figure 1) at low ionic strength in which


it is largely a single strand (I) and at high ionic strength
(100 mm NaClO4, I=0.05) in which it is largely a duplex
(II), at molar Ru/I and Ru/II ratios of 0.5–6.0:1.0 and
1.0:1.0, respectively. These reactions proceed through hy-
drolysis of the chloro complex to give the aqua adducts [(h6-
arene)Ru(en) ACHTUNGTRENNUNG(H2O)]2+ , which are more reactive towards
DNA bases.[7] We used reverse-phase HPLC to separate
equilibrium mixtures, mass spectrometry to identify the
products and NMR spectroscopy to determine the ruthena-
tion sites.


Scheme 1 indicates the reaction pathways that were fol-
lowed during the course of this study. HPLC led to the sepa-
ration of single strands, even for reactions of the duplex.
Four equilibrium mixtures resulting from reactions shown in
Scheme 1 (II+1, II+2, I+1 and I+2) and a diruthenated
duplex (II–Ru2–G3G9, formed by annealing HPLC-separat-
ed fractions I–Ru–G3 (Ru= [(h6-biphenyl)Ru(en)]2+ ,
Scheme 1) were studied by one-dimensional 1H, 15N-decou-
pled two-dimensional [1H,1H] COSY, TOCSY, ROESY,
NOESY and 15N-decoupled two-dimensional [1H,15N] HSQC
NMR experiments by using 15N-en labelled complexes. Al-
though the equilibrium reaction mixtures gave complicated
NMR spectra, it was possible to make complete assignments
of proton resonances for the ruthenated species present with


the aid of the HPLC and MS data. This procedure allowed
us to investigate the sequence specificity of ruthenation of
guanine residues in the context of CpG, GpG and GpC base
steps and also to compare the structural perturbations in-
duced by p-cymene and biphenyl arenes.


HPLC and ESI-MS characterisation of products


ss-DNA I+p-cymene complex 1 or biphenyl complex 2 :
Aqueous solutions of 1 or 2 were incubated with I at 310 K
at Ru/I molar ratios ranging from 0.5:1 to 6.0:1 for 48 h,
and were then analysed by HPLC. New peaks were ob-
served for each reaction (Figure 2), and the adducts associ-
ated with them were identified subsequently by ESI-MS.
The peaks for the observed negative ions are shown in Fig-
ure S1 and listed in Table S1 in the Supporting Information.
Reaction at a Ru/I molar ratio of 0.5:1 resulted in three
monoruthenated products, and at a 1:1 molar ratio the same
three monoruthenated products together with three di-
ACHTUNGTRENNUNGruthenated products. Reaction at a Ru/I molar ratio of 6:1
(for 1) or 3:1 (for 2), gave only one main HPLC peak corre-
sponding to a triruthenated product.


Figure 1. Structures and NMR numbering schemes for the cations of [(h6-
p-cymene)Ru(en)Cl] ACHTUNGTRENNUNG[PF6] (1) and [(h6-biphenyl)Ru(en)Cl] ACHTUNGTRENNUNG[PF6] (2), and
for the 5’-d ACHTUNGTRENNUNG(CpGp) fragment of the hexamer d ACHTUNGTRENNUNG(CGGCCG); en=ethyl-
ACHTUNGTRENNUNGenediamine.


Scheme 1. A) Reaction of single-stranded (ss) hexamer I (0.2 mm) with
3–6 mol equiv of 1 or 2 in 90 % H2O/10 % D2O, 310 K for 48 h, gives tri-
ACHTUNGTRENNUNGruthenated I (I–Ru3–G2G3G6). B) Reaction of double-stranded (ds)
hexa ACHTUNGTRENNUNGmer II (0.3 mm, 0.1m NaClO4) with 1 mol equiv of 1 or 2 in 90%
H2O/10 % D2O gives rise to two monoruthenated duplexes II–Ru–G3
and II–Ru–G6 as products. C) Reaction of duplex II (0.3 mm, 0.1m
NaClO4) with 1 mol equiv of 2 gives two main products: II–Ru–G3 and
II–Ru–G6. After HPLC separation, the monoruthenated single-stranded
I–Ru–G3 was collected, and annealed to form the diruthenated product
II–Ru2–G3G9. Ru=bound fragments [(h6-p-cymene)Ru(en)]2+ (1’) or
[(h6-biphen ACHTUNGTRENNUNGyl)Ru(en)]2+ (2’); for structures of 1 and 2, see Figure 1.
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Duplex II+1 or 2 : An aqueous solution of 1 or 2 was incu-
bated with duplex II in 0.1m NaClO4 at ambient tempera-
ture for three weeks (for 1) or two days (for 2) at a Ru/II
molar ratio of 1:1. The equilibrium mixtures gave HPLC
peaks that were identified by ESI-MS as ss-DNA I and two
monoruthenated single-strand products (see Figure 2d, Fig-
ure S1, and Table S1 in the Supporting Information), with
relative peak area ratios of 1.2:1 (for II+1) and 3:1 (for
II+2). The HPLC peak for the major monoruthenated
single-strand adduct in the 1:1 equilibrium mixture of II+2
was collected, desalted and annealed by adding 100 mm


NaClO4 to give the diruthenated duplex II–Ru2–G3G9 (see
Scheme 1C). The melting temperature (Tm) of this diruthen-
ated duplex was 302.3�0.9 K (100 mm NaClO4), which is
14 K lower than that of the free duplex II (Tm=316.8�
0.1 K).


NMR characterisation of products : The assignments of the
1H NMR resonances of free DNA duplex II have been re-
ported by Lam and Au-Yeung[11] and the chemical shifts are
listed in Table S3 in the Supporting Information. Assign-
ments of the 1H NMR peaks for the ruthenated DNA du-
plexes were made on the basis of the established methods
developed for studying right-handed B-DNA duplexes by
NMR spectroscopy.[12–15] Terminal (3’) base resonance as-
signments were identified from NOESY NMR data sets and
were based on ordering of the H2’ and H2’’ proton chemical
shifts (dH2’>dH2’’) compared with the other nucleotide
units (dH2’<dH2’’).


II+p-cymene complex 1: Figure 3 shows the imino and aro-
matic region of the 600 MHz 1H NMR spectrum of DNA


duplex II in the absence (Fig-
ure 3A) and presence (Fig-
ure 3B) of one molar equivalent
of 1. The binding of 1 resulted
in the formation of a number of
new peaks (especially near
8.5 ppm), and the broadening
of many DNA proton resonan-
ces. It is notable that after
ruthenation, the intensity of the
DNA imino proton resonances
for the terminal base-pairs
G6·C7 and G12·C1 increased
(d=13.19 ppm). Two imino
proton resonances were shifted
to high field by 0.19 (G3*) and
0.11 ppm (G6*), respectively,
relative to duplex II (Figure 3,
Tables 1 and 2).


Two major new species were
detected by two-dimensional
[1H,15N] HSQC NMR analysis
of the equilibrium mixture of
duplex II and 15N-1 (the 15N la-
belled p-cymene complex 1) at


283 K in 90 % H2O/10 % D2O (Figure 4A) or D2O (Fig-
ure 4B) by analysis of peaks assignable to en-NHu resonan-
ces (the NH protons oriented towards the coordinated arene
ring, see Figure 1 and Table S2 in the Supporting Informa-


Figure 2. HPLC data for reaction of [(h6-p-cymene)RuCl(en)]PF6 (1) (panel A) or [(h6-biphenyl)RuCl(en)]PF6


(2) (panel B) with ss-DNA d ACHTUNGTRENNUNG(CGGCCG) (I) (0.1 mm in H2O) at Ru/I mol ratios of a) 1:2, b) 1:1, c) 6:1 (for 1)
or 3:1 (for 2), and d) for reaction of 1 or 2 with ds-DNA d ACHTUNGTRENNUNG(CGGCCG)2 (II) (0.3 mm, 0.1m NaClO4, 90 % H2O/
10% D2O) at a Ru/II mol ratio of 1:1. The monoruthenated duplex II–Ru1 elutes as monoruthenated ss-DNA
I (I–Ru–G3 and I–Ru–G6, see d). It is notable that G2 is readily ruthenated for single strand I (see I–Ru–G2
in a) but not for duplex II (see d). Ru= [(h6-p-cymene)Ru(en)]2+ (1’) or [(h6-biphenyl)Ru(en)]2+ (2’), and is
bound to G3N7 or G6N7; for DNA sequence, see Scheme 1.


Figure 3. 600-MHz 1H NMR spectra of the imino and aromatic region for
A) duplex d ACHTUNGTRENNUNG(CGGCCG)2 (II) and B) the 1:1 equilibrium mixture of
duplex II and complex 1 in 90% H2O/10% D2O at 283 K, 0.1m NaClO4


at pH 7.0. Assignments of DNA imino resonances (13–13.5 ppm) and G-
H8 resonances (ca. 8.0 ppm) are indicated and resonances for ruthenated
guanines are marked with asterisks. Broadening of resonances and the
appearance of new peaks in B are due to the ruthenation of duplex II.
The increase in the intensity of the imino peaks for the terminal bases
G6 and G12 when the duplex is ruthenated suggests an increase in imino
proton residence time within terminal base-pairs indicative of base-pair
stabilisation in what are normally regarded as “frayed ends”. The assign-
ments of peaks G3* and G6* to two monoruthenated duplexes are based
on two-dimensional correlation experiments (shown in Figure 5, see also
Tables 1–3); f= formate impurity.


Chem. Eur. J. 2006, 12, 6151 – 6165 I 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 6153


FULL PAPERBioinorganic Chemistry



www.chemeurj.org





tion) of monoruthenated duplexes Ru–IIa and Ru–IIb
(Ru= [(h6-p-cymene)Ru(en)]2+ (1’)). This result is consistent
with the HPLC and MS data. Strong cross-peaks for en-
NHu resonances of Ru–IIa and Ru–IIb (Figure 4B) were
still detected after the equilibrium mixture had been freeze-
dried, re-dissolved in D2O and left to stand for 72 h at
283 K. The en-NHd resonances of both Ru–IIa and Ru–IIb
were not observed. In contrast, the en-NHu and en-NHd
resonances of unreacted 1 (and its aqua adducts) were de-
tected in 90 % H2O (Figure 4A), but not in D2O due to H-D
exchange (Figure 4B). The assignments are listed in
Table S2 in the Supporting Information.


The two-dimensional [1H,1H] COSY NMR spectrum of
the equilibrium mixture of duplex II and complex 1 clearly


showed the existence of two
monoruthenated duplexes Ru–
IIa and Ru–IIb, as well as un-
reacted duplex II. This can be
seen for example in the cyto-
sine H5-H6 cross-peak region
shown in Figure 5. Three sets
of H5-H6 cross-peaks were de-
tected for the cytosine C4, C5,
C7 and C10 residues. The pro-
portions of Ru–IIa, Ru–IIb and
unreacted duplex II were estab-
lished by integration of the
COSY cross-peaks for C4-H5
and C4-H6 of Ru–IIa, C5-H5
and C5-H6 of Ru–IIb, and by
comparing the HPLC peak
areas I–Ru–G3:I–Ru–G6 from
the equilibrium mixture (see
Figure 2A, spectrum d). The
amounts of free 1 and its aqua
adduct H2O-1 in the mixture
were taken into account. The
ratios of Ru–IIa/Ru–IIb/duplex
II were 0.4:0.4:0.2 (�10 %).
The presence of other com-
plexes was estimated to account
for less than 10 % of the total
duplex.


Assignments for 1H NMR
peaks of monoruthenated du-
plexes Ru–IIa and Ru–IIb in
the mixture (II+1) are listed in
Tables 1 and 2, and intermolec-
ular NOEs in Table 3. For Ru–
IIa, a large low-field shift of the
G3-H8 resonance, relative to
free duplex II, was observed
(Dd=0.58 ppm), as was also the
case for H5 and H6 of the
neighbouring C4 base (Dd=
0.40 and 0.67 ppm, respective-
ly), and H5 of C10 (Dd=


0.14 ppm) in the second strand, which is paired with G3
(Table S3 in the Supporting Information). The largest
changes in deoxyribose H1’ chemical shifts occur for the G3
residue (Dd=0.33 ppm), with smaller change for the neigh-
bouring C4 (Dd=0.06 ppm) and C10 (Dd=0.10 ppm) resi-
dues (Figure S2 in the Supporting Information and Table 1).
Weak NOE cross-peaks are found between G3-H8 and 1’-
en-NHu, G3-H8 and 1’-CH3a, G3-H2’’ and 1’-Hb/1’-Hb’ pro-
tons, and intermediate intensity cross-peaks between G3-H2’
and 1’-Hb/1’-Hb’, and between G3-H1’ and 1’-CH protons
(Figure 6 and Table 3; for atom labelling see Figure 1).


For the adduct Ru–IIb large low-field shifts were ob-
served for the G6-H8 resonance (Dd=0.49 ppm) and for H5
and H6 resonances of the neighbouring C5 residue (Dd=


Table 1. 1H NMR chemical shifts for the product Ru–IIa in the 1:1 equilibrium mixture of duplex II and com-
plex 1 (283 K; Ru= [(h6-p-cymene)Ru(en)]2+).


Residue[a] Proton[b]


H8 H6 H5 H1’ H2’ H2’’ H3’ H4’ imino


C1 7.66 5.95 5.76 1.93 2.40 4.75 4.09
G2 7.96 5.56 2.77 2.77 5.04 4.34 13.15
G3 8.48


ACHTUNGTRENNUNG(0.58)[c]
6.36
ACHTUNGTRENNUNG(0.33)


2.79
ACHTUNGTRENNUNG(0.09)


2.92
ACHTUNGTRENNUNG(0.13)


5.03 n.a.[d] 13.16
ACHTUNGTRENNUNG(�0.19)


C4 7.85
ACHTUNGTRENNUNG(0.40)


6.09
ACHTUNGTRENNUNG(0.67)


6.09
ACHTUNGTRENNUNG(0.06)


2.12 2.50 4.85 n.a.


C5 7.51 5.81
ACHTUNGTRENNUNG(0.09)


5.62 2.04 2.36 4.90 4.14


G6 8.00 6.22 2.67 2.40 4.75 4.24 13.21
C7 7.66 5.95 5.76 1.93 2.40 4.75 4.09
G8 7.96 5.56 2.77 2.77 5.04 4.34 13.15
G9 7.90 6.02 2.70 2.77 5.07 4.46 13.35
C10 7.52


ACHTUNGTRENNUNG(0.07)
5.56
ACHTUNGTRENNUNG(0.14)


6.13
ACHTUNGTRENNUNG(0.10)


2.14 2.54
ACHTUNGTRENNUNG(0.05)


4.90 n.a.


C11 7.54 5.73 5.62 2.04 2.36 4.88 4.14
G12 8.00 6.22 2.67 2.40 4.75 4.24 13.21


[a] For DNA sequence, see Scheme 1. [b] For atom labels, see Figure 1. [c] Values in brackets are chemical
shift changes from free II (see Table S3 in the Supporting Information) of �0.05 ppm [Dd=d ACHTUNGTRENNUNG(Ru–IIa)�d(II)].
[d] n.a.=not assigned. 1’ is bound at N7 of G3.


Table 2. 1H NMR chemical shifts for product Ru–IIb in the 1:1 equilibrium mixture of duplex II and complex
1 (283 K; Ru= [(h6-p-cymene)Ru(en)]2+).


Residue[a] Proton[b]


H8 H6 H5 H1’ H2’ H2’’ H3’ H4’ imino


C1 7.66 5.95 5.76 1.93 2.40 4.75 4.09
G2 7.96 5.56 2.77 2.77 5.04 4.34 13.15
G3 7.89 6.01 2.70 2.77 5.07 n.a.[c] 13.35
C4 7.48 5.51 6.02 2.09 2.48 4.90 4.24
C5 7.94


ACHTUNGTRENNUNG(0.41)[d]
6.11
ACHTUNGTRENNUNG(0.39)


6.11
ACHTUNGTRENNUNG(0.46)


2.12
ACHTUNGTRENNUNG(0.05)


2.50
ACHTUNGTRENNUNG(0.11)


n.a. n.a.


G6 8.51
ACHTUNGTRENNUNG(0.49)


6.36
ACHTUNGTRENNUNG(0.12)


2.98
ACHTUNGTRENNUNG(0.28)


2.54
ACHTUNGTRENNUNG(0.12)


4.75 n.a. 13.10
ACHTUNGTRENNUNG(�0.11)


C7 7.72
ACHTUNGTRENNUNG(0.06)


5.84
ACHTUNGTRENNUNG(�0.12)


5.95
ACHTUNGTRENNUNG(0.17)


1.93 2.43 n.a. 4.10


G8 7.96 5.56 2.77 2.77 5.04 4.34 13.15
G9 7.90 6.02 2.70 2.77 5.07 4.46 13.35
C10 7.48 5.47 6.02 2.09 2.48 4.90 4.24
C11 7.54 5.73 5.62 2.04 2.36 4.88 4.14
G12 8.00 6.22 2.67 2.40 4.75 4.24 13.21


[a] For DNA sequence, see Scheme 1. [b] For atom labels, see Figure 1. [c] n.a.=not assigned. [d] Values in
brackets are chemical shift changes from free II (see Table S3 in the Supporting Information) of �0.05 ppm
[Dd=d ACHTUNGTRENNUNG(Ru–IIb)�d(II)]. 1’ is bound at N7 of G6.
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0.41, 0.39 ppm, respectively). The H6 resonance of C7 in the
complementary strand, which is paired with G6, shifted
slightly to low field (Dd=0.06), but the H5 resonance shift-
ed to high field (Dd=�0.12 ppm) relative to free duplex II
(Table 2 and Table S3 in the Supporting Information). The
largest changes in H1’ chemical shifts were found for C5
(Dd=0.46 ppm), G6 (Dd=0.12 ppm) and C7 (Dd=
0.17 ppm) (Figure S2 in the Supporting Information and
Table 2). Weak NOE cross-peaks were found between G6-
H8 and 1’-en-NHu, G6-H8 and 1’-CH3a, and G6-H1’ and 1’-
CH protons (Figure 6 and Table 3).


Only one set of signals was observed for bound fragment
[(h6-p-cymene)Ru(en)]2+ (1’) in the two ruthenated duplex-
es Ru–IIa and Ru–IIb (Figure S3 and S4 in the Supporting
Information and Table 3). Relative to the signals observed
for unbound 1, peaks for 1’-CH3a, 1’-CH3b and 1’-CH of the
coordinated arene were shifted to high field by 0.27, 0.17
and 0.32 ppm, respectively.


II+biphenyl complex 2 : Comparison of the imino and aro-
matic regions of the 1H NMR spectrum of duplex II in the
absence (Figure S5A in the Supporting Information) and in
the presence (Figure S5B) of one molar equivalent of com-
plex 2 showed that new peaks appeared, although the imino
proton resonances broadened after ruthenation.


Two major new species were detected in the two-dimen-
sional [1H,15N] HSQC NMR spectrum of the 1:1 equilibrium
mixture of duplex II and 15N-2 (15N-labelled complex 2) at
283 K in 90 % H2O/10 % D2O (Figure 7A) or in D2O (Fig-
ure 7B), with peaks assignable to en-NHu and en-NHd (see
Figure 1) of Ru–IIc and Ru–IId (Ru= [(h6-biphenyl)-
Ru(en)]2+ (2’)) (for chemical shifts see Table S2 in the Sup-
porting Information). This result is consistent with the
HPLC and MS data (Figure 2 and Table S1 in the Support-
ing Information). Cross-peaks for en-NHu resonances of
Ru–IIc and Ru–IId were still detected after the mixture had
been freeze-dried and re-dissolved in D2O and left standing
at 283 K for 5 h. The en-NHd resonances of both Ru–IIc
and Ru–IId were not observed in D2O (Figure 7B).


The two-dimensional TOCSY NMR spectrum of the 1:1
equilibrium mixture (II+2) clearly shows the existence of
two monoruthenated duplexes, as seen for example in the
aromatic region in Figure 8. Two sets of H5-H6 cross-peaks
were detected for the C4, C5, C7 and C10 residues. The pro-
portions of Ru–IIc and Ru–IId at 283 K were determined by
integration of the TOCSY cross-peak volumes of C4-H5/C4-
H6 of Ru–IIc, and C5-H5/C5-H6 of Ru–IId, and the HPLC
peak areas for I–Ru–G3 and I–Ru–G6 (see Figure 2B, spec-
trum d). This gave a Ru–IIc/Ru–IId ratio of 3:1 (�10 %).
Other species account for less than 10 % of the total DNA.


Figure 4. Two-dimensional [1H,15N] HSQC NMR spectra of a 1:1 equili-
brium mixture of duplex II and 15N-1 (0.3 mm, 0.1m NaClO4 at 283 K,
pH 7.0) in (A) 90 % H2O/10 % D2O and (B) 100 % D2O after 72 h. As-
signments for both en-NH(d) and NH(u) resonances of the unreacted
15N-1 (aqua species H2O-1 and chloro complex 1) are shown in A); in
contrast in B) all NH groups are deuterated for H2O-1 and 1 (empty
boxes in B). Assignments: a, a’=en-NH(u) resonances of II–Ru–G3; b,
b’=en NH(u) resonances of II–Ru–G6; c, c’ and d are not assigned. The
en NH(d) resonances of both II–Ru–G3 and II–Ru–G6 were not ob-
served. Strong NH peaks for the DNA-bound complexes were still de-
tected at about 6 ppm for the D2O solution after 72 h (B), suggesting the
existence of strong G-O6···HN-en hydrogen bonding. Ru= [(h6-p-cym-
ACHTUNGTRENNUNGene)Ru(en)]2+ . For atom labels and structures of II–Ru–G3 and II–Ru–
G6, see Figure 1 and Scheme 1.


Figure 5. Two-dimensional [1H,1H] COSY NMR spectrum in the cytosine
H5/H6 cross-peak region for a 1:1 equilibrium mixture of duplex II and 1
(0.3 mm, 0.1m NaClO4) in 90% H2O/10 % D2O at 283 K. Note that three
sets of resonances are observed for the C4, C5, C7 and C10 residues, sug-
gesting the presence of two monoruthenated products as well as unreact-
ed duplex II. Assignments are based on the two-dimensional [1H,1H]
NOESY NMR spectrum (see Figure 6 and Tables 1–3); for DNA se-
quence, see Scheme 1.


Table 3. 1H NMR chemical shifts for [(h6-p-cymene)Ru(en)(Cl)] ACHTUNGTRENNUNG[PF6] (1)
and bound fragment [(h6-p-cymene)Ru(en)]2+ (1’), and intermolecular
NOEs in the 1:1 equilibrium mixture of duplex II and 1 (at 283 K).


Proton[a] 1 1’ Dd[b] NOEs (II-1’)[e]


Ru–IIa Ru–IIb


CH3a 2.26 1.99 �0.27 G3*H8(w)[c] G6*H8(w)
CH3b 1.30 1.13 �0.17
en-CH2 2.45 2.51 0.06
CH 2.86 2.54 �0.32 G3*H1’ (m) G6*H1’ (m)
en-NHd 4.22 n.a.[d]


Ha, Ha’ 5.60 5.64
Hb, Hb’ 5.81 5.77 G3*H2’ (m)


G3*H2’’ (w)
en-NHu 6.15 6.08 �0.07 G3*H8 (w) G6*H8 (w)


[a] For atom labels and DNA sequence, see Figure 1 and Scheme 1.
[b] Dd=d(1’)�d(1) (�0.05 ppm). [c] s= strong, m=medium, w=weak.
[d] n.a.=not assigned. [e] 1’ is bound at G3N7 (in Ru-IIa) or G6N7 (in
Ru-IIb) and ruthenated guanines are marked with asterisks.
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Assignments for 1H NMR peaks of Ru–IIc and Ru–IId in
the mixture (II+2) are shown in Tables 4 and 5, and inter-
molecular NOE contacts in Figure 9 and Table 6. For Ru–
IIc, a large low-field shift of the G3-H8 resonance was ob-
served (Dd=0.40 ppm). The same was also true for H5
(Dd=0.39 ppm) and H1’ (Dd=0.08 ppm) resonances of the
neighbouring C4 base, but high-field shifts were observed
for the H1’ resonances of C10 paired with G3 in the comple-
mentary strand (Dd=�0.08 ppm, Table 4). Weak NOE
cross-peaks were observed between G3-H8 and the coordi-
nated arene 2’-Ho and non-coordinated phenyl 2’-Ho’ pro-
tons, between G3-H1’ and 2’-Ho’, and between C4H1’ and
2’-Ho’ protons (Figure 9 and Table 6; for atom labelling, see
Figure 1).


For the second monoruthen-
ated duplex Ru–IId a large low-
field shift of the H8 resonance
was observed for G6 (Dd=
0.28 ppm), and also for H5
(Dd=0.14 ppm) and H1’ (Dd=
0.38 ppm) resonances of the
neighbouring C5 base, but high-
field shifts were observed for
the H5 (Dd=�0.08 ppm) and
H2’’ (Dd=�0.14 ppm) resonan-
ces of C7 in the complementary
strand (paired with G6;
Table 5). Weak NOE cross-
peaks were found between G6-
H8 and 2’-Ho and 2’-Ho’ pro-
tons, between G6-H1’ and 2’-
Ho’, and between C5-H1’ and
2’-Ho’ protons (Figure 9 and
Table 6).


One set of signals was detect-
ed from the non-coordinated
phenyl ring B of bound frag-
ment [(h6-biphenyl)Ru(en)]2+


(2’) in the mixture II+2, but two sets of signals were ob-
served for the coordinated ring A (Table 6). Compared to
unbound 2, 2’-Ho’, 2’-Hp’ and 2’-Hm’ resonances of ring B
were shifted upfield by between 0.48 and 0.63 ppm, the larg-
est shift being for 2’-Hm’ (Dd=�0.63 ppm). For ring A, the
change in shift of 2’-Ho resonances was very small. Howev-
er, 2’-Hp resonances were shifted upfield by 0.37 (Ru–IIc)
or 0.44 ppm (Ru–IId), and the 2’-Hm resonances shifted
downfield by 0.55 (Ru–IIc) or 0.61 ppm (Ru–IId). One set
of unshifted signals for 2’-en CH2 for both Ru–IIc and Ru–
IId was detected. No signals from unreacted ruthenium
complex 2 were observed in the equilibrium mixture.


Figure 6. Part of the two-dimensional [1H,1H] NOESY NMR spectrum of the 1:1 equilibrium mixture of
duplex II and complex 1 (0.3 mm, 0.1m NaClO4, 90 % H2O/10 % D2O at 283 K, pH 7.0, mixing time 400 ms).
The observed intermolecular [(h6-p-cymene)Ru(en)]2+–II cross-peaks from monoruthenated product II–Ru–
G3 are: G3*H8/1’-enNHu, G3*H8/1’-CH3a, 1’-Hb/G3*H2’ and 1’-Hb/G3*H2’’; and from II–Ru–G6 are:
G6*H8/1’-enNHu and G6*H8/1’-CH3a. Cross-peaks within the ruthenated guanine residues G3* or G6*, and
within the bound ruthenium complex 1’ are also indicated. Labels: 1’= [(h6-p-cymene)Ru(en)]2+ ; ruthenated
guanines are marked with asterisks. For NMR chemical shifts, see Tables 1–3, and for atom labels, see
Figure 1.


Figure 7. Two-dimensional [1H,15N] HSQC NMR spectra of the 1:1 mix-
ture of duplex II and 15N-2 (0.3 mm, 0.1m NaClO4 at 283 K, pH 7.0) in
(A) 90% H2O/10 % D2O and (B) 100 % D2O after 5 h of reaction (equili-
brium). Assignments: a=en NH(u) of II–Ru–G3; b=en NH(u) of II–
Ru–G6; d=en NH(d) of II–Ru–G3 and II–Ru–G6; c is not assigned. NH
peaks were still detected at ca. 6 ppm for the D2O solution after 5 h (B),
suggesting existence of G-O6···HN-en hydrogen bonding; Ru= [(h6-bi-
phenyl)Ru(en)]2+ (2’); for atom labels and structures of II–Ru–G3 and
II–Ru–G6, see Figure 1 and Scheme 1.


Figure 8. Two-dimensional [1H,1H]-{15N} TOCSY NMR spectrum showing
the cytosine H5/H6 cross-peaks for the 1:1 equilibrium mixture of duplex
II and 15N-2 (0.3 mm, 0.1m NaClO4, D2O, pH 7.0) at 283 K. Note that two
sets of resonances are observed for the C4, C5, C7 and C10 residues, sug-
gesting the presence of two monoruthenated products. Assignments are
based on the two-dimensional [1H,1H]-{15N} NOESY NMR spectrum (see
Figure 9 and Tables 4–6); for DNA sequence, see Scheme 1.
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Diruthenated duplex II–Ru2 : Figure S6 in the Supporting In-
formation shows the aromatic and imino proton resonance
regions of the 1H NMR spectra of DNA duplex II and the
diruthenated duplex II–Ru2 (Ru= [(h6-biphenyl)Ru(en)]2+


(2’)). This diruthenated duplex was obtained by annealing
the monoruthenated single-strand I collected by HPLC (I–
Ru–G3; Scheme 1 and Figure 2). The broadening and inten-
sity decrease of the imino proton resonances was notable.


The two-dimensional [1H,15N] HSQC NMR spectrum of
II–Ru2 at 283 K in 90 % H2O/10 % D2O (Figure 10) gave
rise to two cross-peaks at d=6.62/�27.17 ppm, assignable to
en-NHu, and d=4.20/�27.17 ppm, assignable to en-NHd
resonance of 2’ (Table S2 in the Supporting Information).


After lyophilisation and re-dis-
solution of this sample in D2O,
no NH peaks were detected.


Figure 11 shows the two-di-
mensional [1H,1H] TOCSY
NMR spectrum in the cytosine
H5/H6 cross-peak region for II–
Ru2 (1.1 mm, 0.1m NaClO4) in
D2O at 283 K. Two sets of reso-
nances were observed for the
C1, C4, C7 and C10 residues,
suggesting the presence of a dir-
uthenated product as well as a
very small amount of duplex II.
The sugar ring H1’ (6.4–
5.4 ppm) to H2’ and H2’’ (3.0–
1.7 ppm) TOCSY connectivities
of duplex II and II–Ru2 are
shown in Figure 12. The H1’/
H2’’ cross-peaks for C4 and
C10 residues in II–Ru2 were
shifted compared with free
duplex II to give new broad
peaks, but H1’/H2’’ cross-peaks
for G3 and G9 residues in II–
Ru2 were too broad to assign.
Decreased intensities of the
H1’/H2’ and H1’/H2’’ cross-
peaks were found for C5, C11,
G2 and G8 residues, but not for
C1, C7, G6 and G12 residues.


Assignments for 1H NMR
cross-peaks of diruthenated
duplex II–Ru2 are shown in
Table 7, and NOE contacts are
listed in Table 8. Large low-
field shifts of the G3-H8 and
G9-H8 resonances were ob-
served (Dd=0.43 and 0.36 ppm,
respectively), as was also the
case for the H5 resonances of
the neighbouring residues C4
(Dd=0.68 ppm) and C10 (Dd=
0.68 ppm). The largest changes


in H1’ chemical shifts occurred for the C4 and C10 residues
(both Dd=�0.19 ppm). Weak cross-peaks were found be-
tween G3-H2’’, G3-H2’, G9-H2’’, G9-H2’ and 2’-Ho arene
protons, between G3-H2’’, G3-H1’, G9-H2’’, G9-H1’, C4-
H1’, C10-H1’ and 2’-Ho’ protons, and between C4-H1’, C10-
H1’ and 2’-Hp’ protons (Figure 13 and Table 8).


Two sets of signals were observed for the coordinated
phenyl ring A, but only one set of signals for the non-coor-
dinated phenyl ring B for the two bound fragments 2’ in II–
Ru2 (Table 8). Relative to unbound 2 (in aqua species H2O-
2), the 2’-Ho’, 2’-Hp’ and 2’-Hm’ resonances of ring B were
shifted upfield by 0.41 to 0.52 ppm, and the largest shift was
for 2’-Hm’ (Dd=0.52 ppm). For ring A, little change occur-


Table 4. 1H NMR chemical shifts for product Ru–IIc in the 1:1 equilibrium mixture of duplex II and 2 (at
283 K; Ru= [(h6-biphenyl)Ru(en)]2+).


Residue[a] Proton[b]


H8 H6 H5 H1’ H2’ H2’’ H3’ H4’


C1 7.66 5.95 5.76 1.93 2.40 4.75 4.09
G2 7.96 5.56 2.77 2.77 5.04 4.34
G3 8.30


ACHTUNGTRENNUNG(0.40)[c]
6.06 2.69 2.81 n.a.[d] 4.21


C4 7.52
ACHTUNGTRENNUNG(0.07)


5.81
ACHTUNGTRENNUNG(0.39)


6.11
ACHTUNGTRENNUNG(0.08)


2.08 2.40
ACHTUNGTRENNUNG(�0.09)


4.85 4.22


C5 7.51 5.69 5.62 2.04 2.36 4.90 4.14
G6 8.00 6.22 2.67 2.40 4.75 4.24
C7 7.66 5.95 5.76 1.93 2.40 4.75 4.09
G8 7.96 5.56 2.77 2.77 5.04 4.34
G9 7.90 6.02 2.70 2.77 5.07 4.46
C10 7.49 5.42 5.95


ACHTUNGTRENNUNG(�0.08)
2.25
ACHTUNGTRENNUNG(0.15)


2.72
ACHTUNGTRENNUNG(0.23)


5.05
ACHTUNGTRENNUNG(0.17)


4.07
ACHTUNGTRENNUNG(�0.18)


C11 7.54 5.73 5.62 2.04 2.36 4.88 4.14
G12 8.00 6.22 2.67 2.40 4.75 4.24


[a] For DNA sequence, see Scheme 1. [b] For atom labels, see Figure 1. [c] Values in brackets are chemical
shift changes from free II (see Table S3 in the Supporting Information) of �0.05 ppm [Dd=d ACHTUNGTRENNUNG(Ru–IIc)�d(II)].
[d] n.a.=not assigned. 2’ is bound at N7 of G3.


Table 5. 1H NMR chemical shifts for product Ru–IId in the 1:1 equilibrium mixture of duplex II and 2 (at
283 K; Ru= [(h6-biphenyl)Ru(en)]2+).


Residue[a] Proton[b]


H8 H6 H5 H1’ H2’ H2’’ H3’ H4’


C1 7.66 5.95 5.76 1.93 2.40 4.75 4.09
G2 7.96 5.56 2.77 2.77 5.04 4.34
G3 7.89 6.01 2.70 2.77 5.07 n.a.[c]


C4 7.48 5.51 6.02 2.09 2.48 4.90 4.24
C5 7.52 5.86


ACHTUNGTRENNUNG(0.14)[d]
6.03
ACHTUNGTRENNUNG(0.38)


2.27
ACHTUNGTRENNUNG(0.20)


2.66
ACHTUNGTRENNUNG(0.27)


4.87 4.24
ACHTUNGTRENNUNG(0.10)


G6 8.30
ACHTUNGTRENNUNG(0.28)


6.09
ACHTUNGTRENNUNG(-0.15)


2.89
ACHTUNGTRENNUNG(0.19)


2.41 4.84
ACHTUNGTRENNUNG(0.10)


4.21


C7 7.61
ACHTUNGTRENNUNG(�0.05)


5.88
ACHTUNGTRENNUNG(�0.08)


5.74 1.92 2.28
ACHTUNGTRENNUNG(�0.14)


4.72 4.00
ACHTUNGTRENNUNG(�0.09)


G8 7.96 5.56 2.77 2.77 5.04 4.34
G9 7.90 6.02 2.70 2.77 5.07 4.46
C10 7.48 5.47 6.02 2.09 2.48 4.90 4.24
C11 7.54 5.73 5.62 2.04 2.36 4.88 4.14
G12 8.00 6.22 2.67 2.40 4.75 4.24


[a] For DNA sequence, see Scheme 1. [b] For atom labels, see Figure 1. [c] n.a.=not assigned. [d] Values in
brackets are chemical shift changes from free II (see Table S3 in the Supporting Information) of �0.05 ppm
[Dd=d ACHTUNGTRENNUNG(Ru–IId)�d(II)]. 2’ is bound at N7 of G6.
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red for the 2’-Ho resonance. However, the resonances of 2’-
Hp were shifted upfield by 0.35 (for 2’ bound to G3) or
0.28 ppm (for 2’ bound to G9), and those of 2’-Hm down-
field by 0.49 (for 2’ bound to G3) or 0.59 ppm (for 2’ bound
to G9). One set of unshifted signals for en CH2 of 2’ was de-
tected.


Reaction of single strand I with complex 1 or 2 : The reac-
tion mixtures of ss-DNA I with 15N-1 (1:6) or 15N-2 (1:4) in


90 % H2O/10 % D2O at 283 K
were also studied by one- and
two-dimensional NMR spectros-
copy. Spectra for the reaction
mixture of I+1 are shown in
Figure S7 in the Supporting In-
formation and assignments are
given in Tables S2, S5 and S6 in
the Supporting Information.
The two-dimensional [1H,15N]
HSQC NMR spectrum (data
not shown) of the mixture con-
tained three species: the chloro
complex 1, aqua complex H2O-
1 and triruthenated single
strand adduct I–Ru3 (Ru= [(h6-
p-cymene)Ru(en)]2+ (1’))


Figure 9. Part of the two-dimensional [1H,1H]-{15N} NOESY NMR spec-
trum of the 1:1 equilibrium mixture of duplex II and 15N-2 (0.3 mm, 0.1m
NaClO4, 283 K, pH 7.0, mixing time 400 ms) in D2O. The interresidue
[(h6-biphenyl)Ru(en)]2+–II cross-peaks observed for the monoruthenated
product II–Ru–G3 are: G3*H8/2’-Ho’(a), G3*H1’/2’-Ho’(a) and 2’-Ho’/
C4H1’(a); and for II–Ru–G6 are: G6*H8/2’-Ho’(b), G6*H1’/2’-Ho’(b)
and 2’-Ho’/C5H1’(b). Cross-peaks observed within the ruthenated gua-
nine residues G3* or G6*, and within the bound ruthenium complex 2’
are also indicated. Labels: 2’= [(h6-biphenyl)Ru(en)]2+ ; ruthenated gua-
nines are marked with asterisks; for NMR chemical shifts, see Tables 4–6,
and atom labels, see Figure 1.


Figure 10. Two-dimensional [1H,15N] HSQC NMR spectrum of the di-
ACHTUNGTRENNUNGruthenated duplex II–Ru2–G3G9 (1.1 mm, 0.1m NaClO4) in D2O at
283 K; Ru= [(h6-biphenyl)Ru ACHTUNGTRENNUNG(15N-en)]2+ (15N-2’). Assignments: a=en
NH(u) resonances of II–Ru2–G3G9; b=en NH(d) resonances of II–Ru2–
G3G9. No NH peaks were detected for D2O solutions. It is notable that
in a similar duplex monoruthenated with [(h6-p-cymene)Ru(en)]2+ (1’),
the NH peaks are still detectable in the D2O solution (Figure 4). This
suggests that the G-O6···HN-en hydrogen bonds in II–Ru2–G3G9 are
weakened due to intercalation of the biphenyl ligand. For the mono-
ruthenated II (II–Ru–G3 and II–Ru–G6), the en NH(u) resonances are
also detectable in D2O (Figure 7), though they are weakened compared
with those in 90% H2O. It is possible that double ruthenation mediates
hydrogen bonding further, see discussion section. For atom labels and
structure of II–Ru2–G3G9, see Figure 1 and Scheme 1.


Figure 11. Two-dimensional [1H,1H]-{15N} TOCSY NMR spectrum in the
cytosine H5/H6 cross-peak region for the diruthenated duplex II–Ru2–
G3G9 (1.1 mm, 0.1m NaClO4) in D2O at 283 K; Ru= [(h6-biphenyl)-
Ru(en)]2+ (2’). Note that two sets of resonances are observed for the C1,
C4, C7 and C10 residues suggesting the presence of a diruthenated prod-
uct as well as a small amount of unreacted duplex II. Assignments are
based on the two-dimensional [1H,1H]-{15N} NOESY NMR spectrum (see
Figure 13 and Tables 7 and 8); for DNA sequence, see Scheme 1.


Table 6. 1H NMR chemical shifts for [(h6-biphenyl)Ru(en)Cl] ACHTUNGTRENNUNG[PF6] (2) and bound fragment [(h6-biphenyl)-
Ru(en)]2+ (2’), and intermolecular NOEs in the 1:1 equilibrium mixture of duplex II and 2 (at 283 K).


Proton[a] Ru–IIc Ru–IId
2 2’ Dd[b] NOEs


(II-2’)[c]
2’ Dd[b] NOEs


(II-2’)[c]


en-CH2 2.36 2.45 2.47 2.47
en-NHd 4.14 n.a.[d] n.a.[d]


Ho 6.20 6.15 �0.05 G3*H8(w)[e] 6.12 �0.08 G6*H8 (w)
Hp 6.10 5.73 -0.37 5.66 �0.44
Hm 5.93 6.48 0.55 6.54 0.61
Ho’ 7.81 7.21 �0.60 G3*H8(w)


G3*H1’(w)
C4H1’(w)


7.21 �0.60 G6*H8 (w)
G6*H1’ (w)
C5H1’ (w)


Hp’ 7.61 7.13 �0.48 7.13 �0.48
Hm’ 7.61 6.98 �0.63 6.98 �0.63
en-NHu 6.19 6.61 0.42 6.55 0.36


[a] For atom labels and DNA sequence, see Figure 1 and Scheme 1. [b] Dd=d(2’)�d(2) (�0.05 ppm). [c] 2’ is
bound at G3N7 or G6N7, and the ruthenated guanines are marked with asterisks. [d] n.a.=not assigned.
[e] s= strong, m=medium, w=weak.
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(Table S2 in the Supporting Information). In the one-dimen-
sional spectra of I in the presence of six molar equivalents
of 1 (Figure S7 in the Supporting Information), the binding
of [(h6-p-cymene)Ru ACHTUNGTRENNUNG(en)]2+ was indicated by the large low-
field shift of all the guanine H8 resonances (0.51–0.66 ppm)
and the cytosine H6 and H5 resonances (0.12–0.60 ppm)
(Table S5 in the Supporting Information). Compared to free
1, 1’-CH3b, 1’-CH and 1’-CH3a


1H resonances were shifted
to high field (by 0.14–0.31 ppm), and 1’-Ha/Ha’ proton reso-
nances were shifted to low field (by 0.06 ppm); the 1’-en
CH2 proton resonances were unshifted. The largest shift was
for 1’-CH (Table S6 in the Supporting Information).


The 1H NMR spectra for the reaction mixture of I+2 are
shown in Figure S8 in the Supporting Information and as-
signments are shown in Tables S2, S7 and S8 in the Support-
ing Information. The two-dimensional [1H,15N] HSQC NMR
spectrum (data not shown) of the mixture showed the pres-


ence of three species: 2, H2O-2 and triruthenated single
strand adduct I–Ru3 (Ru= [(h6-biphenyl)Ru(en)]2+ (2’))
(Table S2 in the Supporting Information). The binding of
[(h6-biphenyl)Ru(en)]2+ is indicated by the large low-field
shift of all the G-H8 resonances (0.49–0.61 ppm) and the C-
H6 and C-H5 resonances (0.12–0.47 ppm) (Table S7 in the
Supporting Information). There was only one set of signals
from the non-coordinated phenyl ring B of the bound frag-
ment 2’, and there were three sets of signals from the ring
A. Relative to free 2, 2’-Ho’, 2’-Hp’ and 2’-Hm’ resonances
of non-coordinated ring B were shifted to high field (0.34–
0.41 ppm), the largest shift was for 2’-Ho’; but for ring A, 2’-
Hp was shifted to high field (0.29 ppm), and the 2’-Ho
(0.07–0.18 ppm), and 2’-Hm (0.48–0.55 ppm) resonances to
low field.


Discussion


Reverse-phase HPLC together with ESI-MS allowed separa-
tion and identification of mono-, di- and triruthenated DNA
hexamers formed during reactions of the single-strand d-
ACHTUNGTRENNUNG(CGGCCG) or duplex d ACHTUNGTRENNUNG(CGGCCG)2 with RuII–arene anti-
cancer complexes [(h6-arene)Ru(en)Cl]+ (arene=p-cymene
(1) or biphenyl (2)).[1,16] Even isomeric ruthenated DNA ad-
ducts were readily separated by HPLC. Since the ruthenat-
ing fragment [(h6-arene)Ru(en)]+ is relatively hydrophobic,
the greater the extent of ruthenation of the DNA, the
longer was the retention time, which also depended on the
position of the ruthenation in the sequence.


Adducts of duplex II eluted as single strands from the re-
verse-phase HPLC column (Figure 2d). This has often been
observed for reactions of duplex DNA with platinum anti-
cancer complexes.[17] For example, 3’-G and 5’-G platinated
single-strand monoadducts and the GG-chelate adducts
have been separated on a C18 reverse-phase column from
the 1:1 reaction mixture of the duplex d ACHTUNGTRENNUNG(TTGGCCAA)2


with cis-[Pt ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(H2O)2]
2+ and [Pt ACHTUNGTRENNUNG(NH3)3 ACHTUNGTRENNUNG(H2O)]2+ . [Pt-


ACHTUNGTRENNUNG(dien)Cl]+ adducts of 10- and 12-mer duplexes have been
separated by anion exchange chromatography.[12] The in-
crease in hydrophobicity, together with partial charge neu-
tralisation of the ruthenated DNA probably accounts for the
observed precipitation of triruthenated single-strand adducts
at concentrations higher than 0.20 mm, and when more than
one molar equivalent of 1 or 2 was added to duplex II
(0.2 mm). Three monoruthenated products were detected for
reactions of single strand I with 1 or 2 at a Ru/I mol ratio of
0.5:1, but only two monoruthenated products for reactions
of duplex II with 1 or 2 at a Ru/II mol ratio of 1:1, indicat-
ing that the ruthenation of duplex II is base- and sequence-
selective.


The pattern of ruthenation of single strand DNA I by 1
and 2 was similar (Figure 2a–c). However, the biphenyl com-
plex 2 is much more reactive towards the duplex II than is
the p-cymene complex 1, as has been observed previously
with calf thymus DNA.[5]


Figure 12. Two-dimensional [1H,1H]-{15N} TOCSY NMR spectra of
A) duplex II and B) the diruthenated duplex II–Ru2–G3G9 (1.1 mm, 0.1m
NaClO4 in D2O, at 283 K and pH 7.0, mixing time 80 ms), showing the
sugar ring H1’ (6.4–5.4 ppm) to H2’ and H2’’ (3.0–1.7 ppm) connectivities;
Ru= [(h6-biphenyl)Ru(en)]2+ (2’). The circles indicate C-H1’/H2’ and C-
H1’/H2’’ or G-H1’/H2’ and G-H1’/H2’’ cross-peaks: a, C4/C10-H1’/H2’; b,
C4/C10-H1’/H2’’; c, G3/G9-H1’/H2’; d, G3/G9-H1’/H2’’; e, C5/C11-H1’/
H2’; f, C5/C11-H1’/H2’’; g, G2/G8-H1’/H2’ and G2/G8-H1’/H2’’. Note the
downfield shift of cross-peaks a, b and c to give a*, b* and c*, respective-
ly and decrease in intensity of cross-peaks e, f and g after ruthenation of
G3N7 and G9N7. For DNA sequence, see Scheme 1.
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Determination of the binding sites by NMR spectroscopy :
Previous studies of reactions of [(h6-arene)Ru(en)Cl]+ com-
plexes with nucleobases[6] have shown that the reactivity de-
creases in the order G(N7)>T(N3)>C(N3)>A(N7),
A(N1), and in competitive reactions of nucleotides binding
only to G is observed. For the single-strand 14-mer d(ATA-
CATGGTACATA), complex 1 binds strongly and selectively
to the central G bases forming monofunctional adducts.[1]


Selective binding to N7 of the G residues of the 6-mer
DNA used here was evident from the 1H NMR chemical
shift changes. Binding of Ru–arene complexes 1 or 2 to 5’-
GMP[1,6] through N7 caused a low-field shift of the H8
1H NMR resonance by up to 0.7 ppm. Similar shifts were ob-
served for the H8 resonances of G bases in the hexamer,


and allow assignment of the
binding sites as G3 in Ru–IIa
and G6 in Ru–IIb formed from
the reaction of II+1, G3 in
Ru–IIc and G6 in Ru–IId
formed from the reaction of
II+2 (Tables 1, 2, 4 and 5). If
the binding fragment [(h6-p-
cymeme)Ru(en)]2+ is labelled
as 1’ and [(h6-biphenyl)-
Ru(en)]2+ as 2’, then the mono-
ruthenated duplex Ru–IIa is as-
signed as II–Ru–G3(1’), Ru–IIb
as II–Ru–G6(1’), Ru–IIc as II–
Ru–G3(2’), and Ru–IId as II–
Ru–G6(2’) (for DNA sequence,
see Scheme 1).


The low-field shifts of the H8
resonances of G3 and G9 by up
to 0.40 ppm in the diruthenated


duplex II–Ru2 (Ru= [(h6-biphenyl)Ru(en)]2 (2’), Table 7),
indicate that the binding sites for 2’ in the duplex are G3N7
and G9N7, and thus the duplex II–Ru2 is assigned as II–
Ru2–G3G9(2’).


The low-field shifts of all G-H8 resonances (by up to
0.66 ppm) in the 1:6 mixture of I+1 and in 1:4 mixture of
I+2 (Tables S5 and S7 in the Supporting Information), indi-
cate that under these conditions all G N7 s are ruthenated
by 1’ or 2’ to form triruthenated single strand DNA adducts
I–Ru3–G2G3G6(1’) and I–Ru3–G2G3G6(2’).


Figure 13. Part of the two-dimensional [1H,1H]-{15N} NOESY NMR spec-
trum of the diruthenated duplex II–Ru2–G3G9 (1.1 mm, 0.1m NaClO4 in
D2O, at 283 K and pH 7.0, mixing time 400 ms); Ru= [(h6-biphenyl)-
Ru(en)]2+ (2’). Intra-residue and [(h6-biphenyl)Ru(en)]2+–II cross-peaks
arising from NOEs between ruthenated guanine residues G3* or G9*
and the bound ruthenium complex 2’ are indicated. Labels; resonances
for ruthenated guanine are marked with asterisks; for NMR chemical
shifts, see Table 7 and Table 8, and for atom labels, see Figure 1.


Table 7. 1H NMR chemical shifts for the nucleotides in diruthenated duplex II–Ru2 (at 283 K; Ru= [(h6-biphe-
nyl)Ru(en)]2+).


Residue[a] Proton[b]


H8 H6 H5 H1’ H2’ H2’’ H3’ H4’


C1 7.62 5.92 5.74 1.92 2.40 4.71 4.07
G2 7.98 5.56 2.77 2.77 5.00 4.33
G3 8.33


ACHTUNGTRENNUNG(0.43)[c]
6.07 2.38


ACHTUNGTRENNUNG(�0.32)
2.67


ACHTUNGTRENNUNG(�0.12)
n.a.[d] 4.18


ACHTUNGTRENNUNG(�0.32)
C4 7.48 6.10


ACHTUNGTRENNUNG(0.68)
5.84


ACHTUNGTRENNUNG(�0.19)
2.03


ACHTUNGTRENNUNG(�0.07)
2.39


ACHTUNGTRENNUNG(�0.10)
4.82


ACHTUNGTRENNUNG(�0.06)
4.19


ACHTUNGTRENNUNG(�0.06)
C5 7.53 5.69 5.60 2.03 2.39 4.82 4.11
G6 7.99 6.21 2.66 2.39 4.70 4.21
C7 7.62 5.92 5.74 1.92 2.40 4.71 4.07
G8 7.98 5.56 2.77 2.77 5.00 4.33
G9 8.26


ACHTUNGTRENNUNG(0.36)
6.04 2.38


ACHTUNGTRENNUNG(�0.32)
2.67


ACHTUNGTRENNUNG(�0.12)
n.a. 4.16


ACHTUNGTRENNUNG(�0.34)
C10 7.48 6.10


ACHTUNGTRENNUNG(0.68)
5.84


ACHTUNGTRENNUNG(�0.19)
2.03


ACHTUNGTRENNUNG(�0.07)
2.39


ACHTUNGTRENNUNG(�0.10)
4.82


ACHTUNGTRENNUNG(�0.06)
4.19


ACHTUNGTRENNUNG(�0.06)
C11 7.53 5.69 5.60 2.03 2.39 4.82 4.11
G12 7.99 6.21 2.66 2.39 4.70 4.21


[a] For DNA sequence, see Scheme 1. [b] For atom labels, see Figure 1. [c] Values in brackets are chemical
shift changes from free II (see Table S3 in the Supporting Information) of �0.05 ppm [Dd=d ACHTUNGTRENNUNG(II–Ru2) - d(II)].
[d] n.a.=not assigned. 2’ is bound at N7 of G3 and G9.


Table 8. 1H NMR chemical shifts for [(h6-biphenyl)Ru(en) ACHTUNGTRENNUNG(H2O)]2+


(H2O-2) and G3 or G9 bound fragment [(h6-biphenyl)Ru(en)]2+ (2’-G3
or 2’-G9), and NOEs between arene and DNA protons in the diruthenat-
ed duplex II–Ru2 (at 283 K, Ru= [(h6-biphenyl)Ru(en)]2+)


Proton[a] H2O-2 2’-G3/2’-G9 Dd[b] G3/G9 NOEs (II-2’)[e]


en-CH2 2.44 2.46
en-NHd 4.02 n.a.[c]


Ho 6.14 6.17/6.17 G3*H2’ (w)[d]/G9*H2’ (w)
G3*H2’’ (w)/G9*H2’’ (w)


Hp 5.97 5.62/5.69 �0.35/�0.28
Hm 5.88 6.37/6.47 0.49/0.59
Ho’ 7.77 7.27/7.27 �0.50/�0.50 G3*H1’ (w)/G9*H1’ (w)


C4H1’ (w)/C10H1’ (w)
G3* H2’’ (w)/G9*H2’’


Hp’ 7.57 7.16/7.16 �0.41/�0.41 C4H1’ (w)/C10H1’ (w)
C4H2’ (w)/C10H2’ (w)
C4H2’’ (w)/C10 H2’’ (w)


Hm’ 7.57 7.05/7.05 �0.52/�0.52
en-NHu 6.04 6.50/6.50 �0.46/�0.46


[a] For atom labels and DNA sequence, see Figure 1 and Scheme 1.
[b] Dd=d(2’)�d ACHTUNGTRENNUNG(H2O-2) (�0.05 ppm). [c] n.a.=not assigned. [d] s=
strong, m=medium, w=weak. [e] 2’ is bound at G3N7 and G9N7 and
the ruthenated guanines are marked with asterisks.
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Duplex ruthenation was also accompanied by selective
changes in imino proton resonances: those of G3 in II–Ru–
G3(1’), and G6 in II–Ru–G6(1’) shifted to high field by 0.19
and 0.11 ppm, respectively. Platination of the 14-mer duplex
d(TATGTACCATGTAT)/d(ATACATGGTACATA) also
causes high field shifts of G imino proton resonances.[14] As
with platination,[14] ruthenation also affects the resonances
of neighbouring bases: large low-field shifts of the H5 and
H6 resonances are observed for C4 in II–Ru–G3(1’) and C5
in II–Ru–G6(1’), of H5 for C4 in II–Ru–G3(2’) and C5 in
II–Ru–G6(2’), and also for the C4 and C10 bases in II–Ru2–
G3G9(2’) (Tables 1, 2, 4, 5 and 7).


Intercalation : We sought to determine whether the biphenyl
ligand in 2 could intercalate into the hexamer duplex in con-
trast to the p-cymene ligand in 1, which cannot intercalate.
Literature reports show that intercalation into DNA base-
pairs often results in upfield 1H NMR shifts of resonances of
the intercalator,[18–23] and the interruption or weakening of
NOE connectivities between sequential DNA nucleo-
ACHTUNGTRENNUNGtides.[18,19, 21] NOE cross-peaks between protons of the inter-
calator and those of DNA have been observed at sites of in-
tercalation,[21,22] and peaks for H1’ and H2’/H2’’ sugar pro-
tons at the intercalated base steps are shifted upfield.[18,19, 23]


The DNA melting temperature (Tm) usually increases after
intercalation.[18–23]


For the p-cymene complex, the CH3a, CH3b and CH
1H NMR resonances of bound 1’ in both II–Ru–G3(1’) or
II–Ru–G6(1’) were shifted to high field by �0.16 to
�0.32 ppm. However, the en-CH2


1H resonances were shift-
ed to low field and the arene ring Ha/Ha’ and Hb/Hb’
proton resonances changed little (Table 3). Interruptions of
the sequential NOE connectivities between the G3 and C4
in II–Ru–G3(1’), and between the C5 and G6 in II–Ru–
G6(1’) were observed. Interresidue NOE cross-peaks were
observed only between protons of bound fragment 1’ and
residues G3 or G6. Also the H1’ and H2’/H2’’ sugar protons
of G3 and G6 were shifted to low field (Tables 1 and 2).
These data are consistent with the lack of intercalation of p-
cymene, which has bulky methyl and isopropyl substituents,
in adducts II–Ru–G3(1’) and II–Ru–G6(1’), as expected.[5]


Experiments carried out in D2O revealed the retention of
en-NH for a monitored period of 72 h, slow NH/ND ex-
change being attributable to the presence of hydrogen bond-
ing between G3O6 and en-NH. This can occur only if the en
ligand is oriented such that en-NH comes into close contact
with G3-O6.


Large upfield shifts of 0.41–0.63 ppm for all proton reso-
nances of the non-coordinated phenyl ring B of 2’ were
found for monoruthenated duplexes II–Ru–G3(2’) and II–
Ru–G6(2’) (Table 6), and also for diruthenated II–Ru2–
G3G9(2’) (Table 8). These shifts are attributable to shielding
effects from the ring currents of nucleobases that form a
sandwich with the intercalated phenyl ring B of bound 2’.
Such shielding is commonly considered as evidence for an
intercalative binding mode.[18–27] For example, upfield shifts
of a similar magnitude (0.4–1.0 ppm) have been reported for


intercalated acridine.[18,19] NOE cross-peaks were found not
only between ring B of bound 2’ and H1’ and H8 protons of
G3 in II–Ru–G3(2’), but also between ring B and H1’ of C4
(Table 6). This can occur only if the intercalation occurs at
the G3pC4 base step. Analogous NOE cross-peaks between
ring B of bound 2’ and H1’ and H8 of G6 and H1’ of C5
were found for II–Ru–G6(2’), indicating that intercalation
occurs between G6 and C5 (Table 6). For the diruthenated
duplex II–Ru2–G3G9(2’), NOE cross-peaks were detected
not only between ring B of bound 2’ and H1’ and H2’/H2’’
of G3 and H1’ of C4, but also between ring B and H1’ of
C10 and H1’ and H2’/H2’’ of G9, indicating the presence of
intercalation sites between G3 and C4, and between C10
and G9 (Table 8). The interruption of NOE connectivities
between the corresponding base-pairs is consistent with
these intercalation sites. Intercalation of acridin-9-ylthiourea
into dACHTUNGTRENNUNG(GGACGTCC)2 or dACHTUNGTRENNUNG(GGAGCTCC)2 gives rise to up-
field shifts of some of the H1’ and H2’/H2’’ sugar protons at
the intercalation base steps.[18] Such upfield shifts (up to
Dd=�0.32 ppm) are also observed for the H1’ and H2’/H2’’
protons of G3/C4 and G9/C10 at the proposed intercalation
sites of the diruthenated duplex II–Ru2–G3G9 (Table 7)
caused by ring current effects of the intercalated phenyl
ring.


In II–Ru–G3(2’), 2’ is eventually oriented in such a way
that a G3-O6 to en-NH hydrogen bond is less likely to form
compared with II–Ru–G3(1’), consistent with the weak en-
NH resonances observed for II–Ru–G3(2’) in D2O
(Figure 7). Resonances for Ho’, Hp’ and Hm’ of 2’ are con-
sistently shielded relative to free 2, consistent with the base
stacking of the non-coordinated phenyl ring. The data impli-
cate biphenyl as an aggressive ligand, the non-coordinated
ring B pushing through the major groove deep enough to
give rise to NOE contacts between protons of ring B and
H1’ and H2’/H2’’ protons of G3 and in particular between
Hp’ of 2’ and the H1’ proton of residue C4, together with
changes in the H4’ proton chemical shifts at the intercala-
tion sites (see Table 5). The driving force for the intercala-
tion is likely to arise from the hydrophobic nature of the
non-coordinated phenyl ring, which would tend to bury
itself within the DNA base stack rather than be exposed to
solvent in the major groove. This tendency is then likely to
be stabilised by p–p interactions within the G3–phenyl ring–
C4 or the G9–phenyl ring–C10 “sandwich”. This intercala-
tion distorts the DNA and reduces the strength of hydrogen
bonding between en-NH and G3-O6. It was reported[9,18–27]


that the GpC site is the preferred intercalation binding site
for actinomycin D (ActD) ligands and, moreover, the flank-
ing sequences at the GpC binding site play an important
role in the binding affinity of this intercalator. It is interest-
ing in the present work that all of the intercalation occurs
between GpC base steps, and there is no evidence for inter-
calation at the GpG base steps. This may be due to the less-
ening of steric crowding at the GpC step relative to the
GpG step, thereby allowing accommodation of the arene
ring. A further driving force for GpC rather than GpG inter-
calation is the weaker purine–pyrimidine p–p stacking inter-
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action for GpC compared to purine-purine GpG steps.[28] It
is therefore likely that intercalation at GpC by 2’ has a
lower energy penalty when compared with intercalation at
GpG base steps.


In the diruthenated duplex II–Ru2–G3G9(2’), intercala-
tion is likely between G3/C4 when the biphenyl complex is
bound at G3, but this may preclude intercalation at G9/C10
for the Ru biphenyl bound at G9. This would make the
duplex unsymmetrical and account for the observation of
two sets of NMR peaks, one for each strand.


Dynamics : The intensities of the imino proton resonances
for the terminal base-pairs G6·C7 and G12·C1 of the duplex
increased after ruthenation at G3 or G6 by the p-cymene
complex 1’, whilst those for the inner base-pairs G2·C11,
G3·C10, G8·C5 and G9·C4 remained unchanged. This sug-
gests that ruthenation results in a decrease in the opening
rate of these base-pairs. In contrast the imino proton reso-
nances of the duplexes II–Ru–G3(2’) or II–Ru–G6(2’) and
duplex II–Ru2–G3G9(2’) became broad and weak, implying
that the base-pairs are disrupted in the duplex with an in-
crease in dynamic mobility of the bases. Such perturbations
of the structure of the DNA duplex may have implications
for protein binding and contribute to mechanism of action
of these anticancer complexes.


The effect of intercalation is often to increase the melting
temperature (Tm) of DNA duplexes by �20 K.[18–26] In the
current case the melting temperature of the double-interca-
lated duplex II–Ru2–G3G9(2’) (Tm=302.3�0.9 K, 100 mm


NaClO4) is 14 K lower than that of the free duplex II (Tm=


316.8�0.1 K), clearly indicative of destablisation of the
double helix. Experimentally this would lead to lower inten-
sity imino and amino proton resonances, due to the weaken-
ing of interstrand hydrogen bonds, resulting in a duplex that
is largely destabilised in the vicinity of the ligand binding
site. Isothermal calorimetric studies[29] of monofunctional
(G) adducts of the potential intercalating complex [(h6-tetra-
hydroanthracene)Ru(en)]2+ and of the p-cymene complex 1
with the 15-mer duplex d(CTCTCTTGTCTTCTC)·d(GA-
GAAGACAAGAGAG) have shown that the duplex is de-
stabilised enthalpically by 4.4 and 7.4 kcal mol�1, respective-
ly.


Ru–enNH···GO6 hydrogen bonding : Strong stereospecific
intramolecular hydrogen bonding between an en NH proton
oriented away from the arene (en NHd) and the C6 carbon-
yl of G is observed in the solid state and implied from NMR
data of solutions of [(arene)Ru(en)]2+ adducts of model
guanine complexes.[6] Such hydrogen bonding partly ac-
counts for the high preference for binding to G versus A
(adenine) which lacks a hydrogen-bond acceptor at the 6-
position of the purine residue.


For model G adducts with 2, such as guanosine 5’-mono-
phosphate, Ru-enNH···GO6 hydrogen bonding greatly in-
hibits NH/ND exchange in D2O; the hydrogen-bonded NH
proton is NH(d). However, this resonance appears close to
the water peak and is detectable only over the pH range 6<


pH<8, disappearing at pH values <6 and >8.[6] For the ad-
ducts of complex 1 with duplex II studied here (II–Ru–
G3(1’) and II–Ru–G6(1’), Figure 4), the resonance for
NH(d) was too broad to observe even at 283 K. Surprisingly,
the exchange of the en-NHu protons was very slow and was
reasonably slow for the monointercalated biphenyl duplexes
II–Ru–G3(2’) or II–Ru–G6(2’) (Figure 7). However, NH ex-
change was rapid for the en-NH(u) protons in the double-in-
tercalated duplex II–Ru2–G3G9(2’) (no 1H/15N cross-peaks
being detected for a D2O solution of II–Ru2–G3G9(2’),
Figure 10). The slow exchange of NH(u) protons could pri-
marily be rationalised by additional hydrogen-bonding inter-
actions. In all cases the most likely rationale is for hydrogen
bonding to occur between en-NH(u) and either nearby
phosphodiester backbone residues or hydrogen-bonding ac-
ceptors on the complementary DNA strand. For instance hy-
drogen bonding between en-NH(u) and O2P at the C1pG2


step of II–Ru–G3(1’) could occur through motion of the
phosphodiester backbone. For II–Ru–G3(2’) the arene inter-
calation forces the en-NH(u) protons into geometrical posi-
tions that are much less favourable for hydrogen bonding
with either the phosphodiester backbone or with compo-
nents of the complementary strand.


It is clear that exchange of NH(u) with solvent D is slow
on the NMR timescales in specific instances (Figures 3 and
6). Exchange of en-NH2 protons could occur either by Ru�
N bond cleavage or through proton dissociation. It appears
therefore that NH(u) hydrogen bonding decreases the labili-
ty of NH protons and/or strengthens the Ru�N bond.


Sequence specificity of G metallation : Reactions of com-
plexes 1 and 2 with the duplex II dACHTUNGTRENNUNG(CGGCCG)2 give rise to
little ruthenation of G2. Many studies have been carried out
on the specificity of platination of G residues in GG sequen-
ces, since attack on GG by cisplatin with subsequent forma-
tion of 1,2-intrastrand cross-links leads to DNA bending and
HMG protein recognition.[30,31] Exclusive attack on the 3’-G
(G3), as seen for these organometallic Ru–arene complexes,
is uncommon for platination. For example, only 5’-G plati-
nation is found when the monofunctional complex [Pt-
ACHTUNGTRENNUNG(dien)Cl]+ (dien=diethylenetriamine) reacts with DNA
duplex d(TATGGCCATA)2.


[12] The rates of binding of
mono ACHTUNGTRENNUNGfunctional cis-[PtCl ACHTUNGTRENNUNG(H2O) ACHTUNGTRENNUNG(NH3)2]


+ or bifunctional cis-
[Pt ACHTUNGTRENNUNG(H2O)2 ACHTUNGTRENNUNG(NH3)2]


2+ to the 5’-G of the double-strand oligo-
nucleotides are much greater than those for the 3’-G.[32] The
pseudo-octahedral coordination site on an [(arene)-
ACHTUNGTRENNUNG(RuII)(en)] complex is more sterically demanding than that
of a square-planar site on PtII, and this may contribute to
the difference in sequence specificities. For DNA bases in
proximity to the phosphodiester backbone, C (six-membered
ring attached through glycosidic bond with H5/H6 exposed
in the major groove) is expected to be more sterically de-
manding than G (five-membered ring attached at the glyco-
sidic bond). The combined steric demands of C plus the RuII


complex are likely to account for a preference in binding to
G3-N7 compared to G2-N7. Although both of G2 and G6
follow a cytosine, G2 is also adjacent to a guanine, whereas
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G6 is terminal, which implies that there is less steric hin-
drance around G6 than G2. Therefore G6 is apparently
ruthenated while G2 is not.


Conclusion


We have studied the binding of two RuII–arene complexes
to single- and double-stranded DNA. The p-cymene com-
plex 1 (IC50 10 mm) is less cytotoxic to A2780 ovarian cancer
cells than the biphenyl complex 2 (IC50 5 mm).[2] We have
previously shown that the arene can exert a significant
effect on the chemical reactivity of these RuII complexes
and on distortions induced in DNA.[5,29, 33] For example the
rate of reaction of 1 with cGMP is approximately three
times slower than that of 2,[7] and the biphenyl complex 2 in-
duces an unwinding angle twice that of p-cymene complex
1.[5] Arene intercalation may account for the larger unwind-
ing angle induced in DNA by 2[5] and influence the further
downstream effects of damaged DNA, for example, those
involved in repair processes. Indeed repair DNA synthesis
by repair-proficient HeLa cell-free extracts and nucleotide
excision repair by rodent excinuclease are much less effi-
cient when the complex contains a potentially intercalating
arene compared to p-cymene.[29] Even though complex 1
cannot act as a DNA intercalator, it can still cause signifi-
cant distortions and thermal destablisation of DNA,[5] which
may explain why the IC50 values of complexes 1 and 2 are
similar. Model complexes with guanine derivatives suggest[6]


that the non-coordinated phenyl ring of [(h6-biphenyl)-
Ru(en)]2+ adducts of DNA can undergo p–p stacking inter-
actions with the purine ring of G, which should allow favour-
able intercalation into duplex DNA. In the present study we
sought evidence for this in our studies of the ruthenation of
the self-complementary 6-mer d ACHTUNGTRENNUNG(CGGCCG). HPLC and
ESI-MS studies allowed us to separate and characterise
mono-, di- and triruthenated adducts and the specific bind-
ing sites were identified by two-dimensional NMR spectro-
scopic studies. Although all three G?s were readily ruthenat-
ed at N7 in the single-stranded 6-mer, only G3 and G6, and
not G2, in the duplex were ruthenated, attributable to un-
favourable steric interactions between the duplex and arene
for binding at G2. The NMR shift changes were indicative
of the intercalation of the biphenyl ring of 2, selectively be-
tween G3 and C4 and between G6 and C5 with weakening
of the GO6···NH(en) hydrogen bonding compared to ad-
ducts of 1. Further work is in progress in our laboratory[34]


on a non-self-complementary 14-mer DNA duplex with the
aim of defining more fully the structural changes induced by
intercalating arenes so that models of the complexes can be
proposed.


Experimental Section


Materials : [(h6-p-cymene)RuCl(en)]PF6 (1), [(h6-biphenyl)RuCl(en)]PF6


(2) and 15N-labelled 1 (15N-1) and 2 (15N-2) were synthesised as described


previously.[1, 7] The sodium salt of FPLC-purified dACHTUNGTRENNUNG(CGGCCG) I was pur-
chased from Oswel (Southampton, UK) and further purified by HPLC.
Sodium perchlorate and acetonitrile (HPLC grade) were obtained from
Fisher, and triethylammonium acetate buffer (TEAA) from Fluka.


High-performance liquid chromatography (HPLC): A Hewlett–Packard
Series 1100 quaternary pump and a Rheodyne sample injector with
100 mL and 500 mL loops, a HP 1100 series UV/Vis detector and HP 1100
series Chemstation with a HP enhanced integrator were used. Analytical
separations for reaction mixtures of ruthenium complexes with DNA
were carried out on an ACE300–5C8 reversed-phase column (250 T
4.6 mm, 300 U, 5 mm, Hichrom Ltd), and semipreparative work on an
ACE300–5C8 reversed-phase column (250 T 10 mm, 5 mm, Hichrom Ltd)
with detection at 260 nm. Mobile phases were A: 20 mm TEAA (in
water, purified using a Millipore Elix 5 system) and B: 20 mm TEAA in
acetonitrile. For analytical assays, the flow rate was 1.0 mL min�1, for
semipreparative work, 5 mL min�1. A 35 min linear gradient from 2.0–
16.8 % B was applied for all reaction mixtures of complex 1. A 28 min
linear gradient from 2.0–24.3 % B was applied for all reaction mixtures of
complex 2.


HPLC-electrospray ionisation mass spectrometry (HPLC-ESI-MS): Neg-
ative-ion ESI mass spectra were obtained with a Platform II mass spec-
trometer (Micromass, Manchester, U.K.) interfaced with a Waters 2690
HPLC system. The gradient described above was applied to an analytical
ACE-5 column with a flow rate of 1.0 mL min�1 and a splitting ratio of 1/
6. The spray voltage and the cone voltages were 3.50 kV and 40 V, respec-
tively. The capillary temperature was 413 K with a 450 Lh�1 flow of ni-
trogen drying gas. The quadrupole analyser, operated at a background
pressure of 2T 10�5 Torr, was scanned at 950 Da s�1. Data were collected
and analysed on a Mass Lynx (ver. 2.3) Windows NT PC data system
using the Max Ent Electrospray software algorithm and calibrated versus
an NaI calibration file.


NMR spectroscopy: NMR data were acquired on 800 MHz or 600 MHz
Bruker Avance NMR spectrometers equipped with a triple resonance
TXI (1H,13C,15N) xyz-gradient probe and a triple resonance TXI
(1H,13C,15N) z-gradient cryoprobe, respectively. Experiments were carried
out at 283 K by using dioxane as the internal reference (d(1H)=3.767,
298 K). NMR spectra for samples of 15N-1, 15N-2, I, II and the reaction
mixtures of 15N-1 or 15N-2 with I or II were recorded as follows. One-di-
mensional 1H NMR spectra were acquired typically with 256 or 1 k tran-
sients into 16 k data points over a spectral width of 20 ppm by using the
double-pulsed-field-gradient-spin-echo (DPFGSE) pulse sequence.[35]


Two-dimensional 15N-decoupled [1H,15N] HSQC NMR data sets were ac-
quired and processed according to previously reported methods.[7] Two-
dimensional 15N-decoupled [1H,1H] NOESY NMR data sets were ac-
quired typically with 64 to 544 transients over a 1H spectral width of
20 ppm into 4096 data points for each of 512 t1 increments (States-TPPI)
using mixing times of 100, 150, 250 or 400 ms. Two-dimensional 15N-de-
coupled [1H,1H] COSY NMR data sets were acquired with 128 transients
for each of 512 t1 (QF) increments over a spectral width of 10 ppm. Two-
dimensional 15N-decoupled [1H,1H] TOCSY NMR data sets were ac-
quired typically with 64 to 320 transients over a 1H spectral width of
10 ppm into 4096 data points for each of 512 t1 increments (States-TPPI)
using a mixing time of 80 ms. Two-dimensional 15N-decoupled [1H,1H]
ROESY NMR data sets were acquired with 72 transients over a 1H spec-
tral width of 20 ppm into 4096 data points for each of 512 t1 increments
(States-TPPI) using a mixing time of 150 ms or 200 ms. Two-dimensional
15N-edited TOCSY NMR data sets were acquired with 128 transients
over a 1H spectral width of 10 ppm in F2 domain and 5 ppm in F1
domain into 2048 data points for each of 128 t1 increments (States-TPPI)
using a mixing time of 80 ms. Two-dimensional 15N-edited NOESY NMR
data sets were acquired with 256 transients over a 1H spectrum width of
20 ppm in F2 domain and 5 ppm in F1 domain into 4096 data points for
each of 128 t1 increments (States-TPPI) using a mixing time of 400 ms.
The water peak in NOESY, TOCSY and ROESY experiments was sup-
pressed by using a DPFGSE routine.[35] Water suppression for COSY ex-
periments was achieved using a water presaturation. In all cases the 15N
transmitter was centred at �30 ppm and 15N chemical shifts were refer-
enced relative to 15NH4Cl (0 ppm). All NMR data were processed using
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Xwin-nmr (Version 3.5, Bruker BioSpin Ltd). Data were processed using
standard apodizing functions prior to Fourier transformation.


pH measurements : All pH measurements were made using a Corning
240 pH meter equipped with an Aldrich micro combination electrode
calibrated with Aldrich standard buffer solutions of pH 4, 7 and 10. For
NMR samples in 90% H2O/10 % D2O, no correction was applied for the
effect of deuterium on the glass electrode.


HPLC purification of dACHTUNGTRENNUNG(CGGCCG) I : The self-complementary 6-mer
DNA oligonucleotide I was purified on an ACE-5 reverse phase column
(250 T 10 mm) with a gradient (B %) of 4.2–6.2 % over 15 min and a flow
rate of 5 mL min�1. The single-strand DNA had a retention time of
4.1 min, and the fraction was identified by LC-MS (MW=1792 Da). The
solvents and TEAA were removed by freeze-drying twice, once at pH 12
and once at pH 3. The purity of I was checked by both HPLC and one-
dimensional 1H NMR spectroscopy; the concentration was determined
on a Perkin Elmer Lambda 16 UV spectrometer (e260=51.30 mm


�1 cm�1;
stock solution 0.80 mm).


Preparation of duplex DNA II : D2O (50 mL) and NaClO4 (25 mL, 2m)
were added to I (425 mL, 0.80 mm) and the pH of the solution was adjust-
ed to 7.0 by adding HClO4 and NaOH. The final concentration of II was
0.34 mm (in 0.1m NaClO4). The sample was annealed by heating from
288 K to 353 K over 2 min and then cooling slowly down to 288 K over
3.5 h. The formation of II was monitored and confirmed by one-dimen-
sional 1H NMR spectroscopy.


Reactions of II with 15N-1 and 15N-2 : An equimolar quantity of 15N-1
(42 mL, 4.0 mm) or 15N-2 (17 mL, 10.0 mm) was added to an NMR sample
containing II (500 mL, 0.34 mm, 90 % H2O/10 % D2O); the final concen-
trations of II were 0.31 mm and 0.33 mm, respectively, and the pH of the
solutions was adjusted to 7.00. Dioxane was added as an internal
1H NMR reference. The mixtures were shaken for several minutes and
kept at 298 K for three weeks (15N-1+ II) or 2 days (15N-2+ II) in the
dark. The ruthenation reactions were studied by both one-dimensional
1H and two-dimensional [1H,1H] NMR spectroscopy, and by HPLC.
These mixtures were then freeze-dried and re-dissolved in 99.99 % D2O
for studies of non-exchangeable protons only. Reaction mixtures (10 mL)
of 15N-2 (0.34 mm) and II (0.34 mm) were separated on a semipreparative
ACE-5 column. The fraction eluting at 14.4 min and containing I–Ru–G3
(Ru= [(h6-biphenyl)Ru(en)]2+ (2’)) was collected, freeze-dried, and then
re-dissolved in deionised water. The resultant solution was desalted by
using a Tube-O-Dialyzer (MW cut-off=1000, Geno Technology Inc.
USA). After checking the purity using an HPLC assay and measuring
the concentration of DNA by UV, the aqueous solution was freeze-dried
and re-dissolved in 10% D2O/90 % H2O. Then NaClO4 (25 mL, 2.0m) was
added to 500 mL of the solution, together with dioxane as internal
1H NMR reference standard. The resulting ruthenated DNA solution was
annealed by heating briefly from 288 K to 353 K over 2 min, followed by
cooling slowly to 288 K over 3.5 h (to give duplex II–Ru2–G3G9). The
extent of duplex formation was verified by one-dimensional 1H NMR
spectroscopy, and 15N-decoupled two-dimensional [1H,1H] TOCSY,
COSY and NOESY, and two-dimensional [1H,15N] HSQC NMR spectra
were recorded subsequently. The solution was also freeze-dried from
90% H2O and re-dissolved in 99.99 % D2O for studies of non-exchangea-
ble protons only.


Reactions of I with 15N-1 or 15N-2 : Solutions of 15N-1 (150 mL, 4.0 mm) or
15N-2 (40 mL, 10.0 mm) were added into NMR tubes [containing I
(125 mL, 0.80 mm), D2O (50 mL) and H2O ACHTUNGTRENNUNG( 175 mL)], respectively; the
final concentration of I was 0.20 mm and the ratios of Ru/I were 6:1 (15N-
1:I) or 4:1 (15N-2 :I); the pH of the solution was adjusted to 7.00. Dioxane
was added as internal 1H NMR reference. The mixtures were shaken for
several minutes and kept at 310 K for two days in the dark. The reactions
were investigated by HPLC and both one-dimensional 1H and two-di-
mensional [1H,1H] and [1H,15N] NMR spectroscopy.
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Copper(I) Alkynyl Clusters, [Cux+yACHTUNGTRENNUNG(hfac)xACHTUNGTRENNUNG(C�CR)y], with Cu10–Cu12 Cores


Christopher W. Baxter, Timothy C. Higgs, Philip J. Bailey, Simon Parsons,
Fiona McLachlan, Mary McPartlin, and Peter A. Tasker*[a]


Introduction


Copper(I) b-diketonates have been used extensively in
chemical vapour deposition processes to generate copper
metal circuitry.[1–7] Volatile by-products can be recovered
and recycled [Eq. (1)].


2½CuIðb-diketonateÞL� !
Cuð0Þ þ ½CuIIðb-diketonateÞ2� " þ 2 L "


ð1Þ


As part of a programme to develop comparable materials
which would deposit copper from a liquid phase, we have
studied the formation and decomposition of a range of cop-
per(I) hexafluoroacteylacetonates, [Cu ACHTUNGTRENNUNG(hfac)(L)n], with neu-
tral soft ligands (L). When alkynes were used as the auxili-
ary ligands in such complexes it was found[8–11] that a range
of polynuclear copper(I) alkynyl complexes with up to 26
copper atoms were obtained with the generic formula, [Cux+y-


(hfac)xACHTUNGTRENNUNG(C�CR)y]. The nuclearity of these clusters and the dis-
position of the “bridging” alkynyl groups and “capping” b-di-
ketonate units appear to be dependent on the nature of the
substituents on the alkyne and on replacement of the CF3


groups on the hexafluoroacetoacetonate with other groups. In
this paper we consider the importance of the bulk of the
alkyne and show that for relatively large substituents (R= tBu
or SiMe3), the size of the cluster
is limited to 10 or 12 copper
atoms. Whilst the overall shapes
of these new Cu10 to Cu12 cluster
vary considerably, they all have a
similar Cu4C4 core (Figure 1) de-
fined by bridges from the termi-
nal alkynyl carbon atoms. A sim-
ilar structural motif was first re-
ported[12] for a copper alkyl com-
plex, [Cu4ACHTUNGTRENNUNG(Me3SiCH2)4], with a
square arrangement of Cu atoms (Cu	Cu 2.42 :). Each alkyl
ligand forms three-centre two electron (3c-2e) bonds with two
copper atoms resulting in C-Cu-C angles of 1648 and a “pinch-
ing in” of the Cu atoms on the sides of the C4 square.


Subsequently [Cu4ACHTUNGTRENNUNG(aryl)4] analogues have been character-
ized [aryl = 2,4,6-triisopropylphenyl (2,4,6-iPr3C6H2


	),[13]


pentamethylphenyl (C6Me5
	),[14] thienyl (C4H3S


	),[15] penta-
fluorophenyl (C6F5


	),[16] mesityl (2,4,6-Me3C6H2
	)[17] and o-


Abstract: The facile syntheses and the
structures of five new CuI alkynyl clus-
ters, [Cu12ACHTUNGTRENNUNG(hfac)8ACHTUNGTRENNUNG(C�CnPr)4ACHTUNGTRENNUNG(thf)6]·THF
(1), [Cu12ACHTUNGTRENNUNG(hfac)8ACHTUNGTRENNUNG(C�CtBu)4] (2), [Cu12-
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ACHTUNGTRENNUNG(C�CtBu)3ACHTUNGTRENNUNG(C�CnPr)(diethyl ether)] (4)
and [Cu10 ACHTUNGTRENNUNG(hfac)6ACHTUNGTRENNUNG(C�CtBu)4(diethyl
ether)] (5) are reported, in which
hfacH=1,1,1,5,5,5-hexafluoropentan-
2,4-dione. The first independent mole-
cule found in the crystals of 4 (4 a)
proved to be chemically identical to 5.


The Cu10 and Cu12 cores in these clus-
ters are based on a central “square”
Cu4C4 unit. Whilst the connectivities of
the Cu10 or Cu12 units remain identical
the geometries vary considerably and
depend on the bulk of the alkynyl
group, weak coordination of ether mol-
ecules to copper atoms in the core and


Cu···O intramolecular contacts formed
between Cu–hfac units on the periph-
ery of the cluster. Similar intermolecu-
lar contacts and interlocking of Cu–
hfac units are formed in the simple
model complex [Cu2ACHTUNGTRENNUNG(hfac)2ACHTUNGTRENNUNG(HC�
CtBu)] (6). When linear alkynes,
CnH2n+1C�CH, are used in the synthe-
sis and non-coordinating solvents are
used in the workup, further association
of the Cu4C4 cores occurs and clusters
with more than eighteen copper atoms
are isolated.
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Figure 1. Cu4C4 Core.
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vinylphenyl[18]] which also have a square arrangement of
four Cu atoms. The plane of the bridging aryl ligands are
characteristically orientated perpendicular to the Cu4 plane.
In some cases[14,15,17] the Cipso atoms lie in the same plane as
the Cu4 core, but in the other examples[13,16,18] they are locat-
ed alternately above and below the Cu4 plane forming a
puckered ring as in Figure 2 (top). The pinching in of the
Cu atoms shown in Figure 1 varies considerably with some
C-Cu-C units[13,16] being linear within experimental error.


A rhombus-shaped Cu4 core is observed in the dimethyl-
sulfide and thiophene[19–21] adducts [Cu4Ph4ACHTUNGTRENNUNG(SMe2)2] and
[Cu4ACHTUNGTRENNUNG(mesityl)4ACHTUNGTRENNUNG(C4H4S)2] (Figure 2 bottom). The increased


thermal stability of these thioether adducts was attributed to
the reduced electron deficiency in the core that accompanies
the coordination of the Lewis bases.[21] Incorporation of ter-
tiary amine groups onto the aryl unit has allowed the isola-
tion of [Cu4(L)4] complexes (L=2-(Me2N)CH2C6H4,


[22] 2-
(Me2NCH2)-5-CH3C6H3,


[23] and 8-(Me2N)napthyl[24]) in
which the chelated amino groups appear to promote the loss
of planarity of the Cu4 core. Some of the alkynyl-bridged
clusters, [Cux+yACHTUNGTRENNUNG(hfac)xACHTUNGTRENNUNG(C�CR)y] (4 a, 4 b, 5), described below
contain coordinated diethyl ether molecules, which have a
major influence on the structure of the central Cu4C4 core
and the disposition of the peripheral Cu–hfac units.


The purpose of the work reported below was to establish
what ligand characteristics favour the formation of the rela-
tively low nuclearity (Cu10–12) clusters and to define the
structural motifs present. In the longer term it was intended
to establish whether the larger clusters (Cu16–26) are formed
by assembly of these motifs.


Results and Discussion


We have determined the X-ray crystal structures of [Cu12-
ACHTUNGTRENNUNG(hfac)8ACHTUNGTRENNUNG(C�CnPr)4ACHTUNGTRENNUNG(thf)6]·THF, (1) [Cu12ACHTUNGTRENNUNG(hfac)8ACHTUNGTRENNUNG(C�CtBu)4]
(2), [Cu12 ACHTUNGTRENNUNG(hfac)8ACHTUNGTRENNUNG(C�CSiMe3)4] (3), [Cu10ACHTUNGTRENNUNG(hfac)6ACHTUNGTRENNUNG(C�
CtBu)4(diethyl ether)]ACHTUNGTRENNUNG[Cu10ACHTUNGTRENNUNG(hfac)6ACHTUNGTRENNUNG(C�CtBu)3ACHTUNGTRENNUNG(C�
CnPr)(diethyl ether)] (4) and [Cu10 ACHTUNGTRENNUNG(hfac)6ACHTUNGTRENNUNG(C�CtBu)4(diethyl
ether)] (5); the X-ray data and refinement details are in
Table 1. With the exception of 1, these clusters were pre-
pared by the simple two-step procedure outlined in
Scheme 1, which has been reported previously for Cu16–Cu26


Figure 2. The puckered Cu4C4 ring observed in some tetraaryl CuI com-
plexes[13,16,17] and the rhombus shaped Cu4 core in bis-thioether ad-
ducts,[19–21] [Cu4 ACHTUNGTRENNUNG(aryl)4 ACHTUNGTRENNUNG(R2S)2].


Table 1. Crystal data for 1, 2, 3, 4, 5 and 7.


1 2 3 4 5 7


formula C88H92Cu12F48O23 C64H44Cu12F48O16 C60H44Cu12F48O16Si4 C115H102Cu20F72O16 C59H52Cu10F36O13 C16H12Cu2F12O4


Mr 3192.10 2743.47 2807.79 4539.76 2288.41 623.34
T [K] 150(2) 150(2) 150(2) 150(2) 150(2) 150(2)
crystal system orthorhombic monoclinic orthorhombic triclinic monoclinic monoclinic
space group Cmc21 P21/n (alt. No. 14) C2221 P1 (No. 1) C2/c P21/n (alt. No. 14)
a [:] 29.444(4) 12.7505(13) 15.3619(8) 13.8102(7) 26.649(6) 12.353(8)
b [:] 20.032(4) 30.793(3) 28.2000(13) 14.0182(8) 15.601(3) 18.764(12)
c [:] 19.626(3) 23.094(2) 22.3712(11) 23.3814(13) 23.619(5) 20.208(13)
a [8] 90 90 90 98.0770(10) 90 90
b [8] 90 90.432(16) 90 101.3170(10) 115.242(3) 97.513(5)
g [8] 90 90 90 114.3360(10) 90 90
V [:3] 11576(3) 9067.0(2) 9691.3(8) 3918.0(4) 8882(3) 4644(5)
Z 4 4 4 1 4 8
1calcd [Mgm	3] 1.832 2.010 1.924 1.924 1.711 1.783
m [mm	1] 2.296 2.908 2.770 2.796 2.467 1.947
F ACHTUNGTRENNUNG(000) 6336 5344 5472 2228 4496 2448
crystal size [mm3] 1.5N0.8N0.8 0.07N0.14N0.46 0.19N0.25N0.35 0.49N0.40N0.32 0.28N0.49N0.45 0.35N0.27N0.17
q range [8] 1.61–28.91 1.32–22.57 3.52–23.00 1.65–25.00 1.55–24.71 3.74–22.00
reflections collected 42526 36456 20997 28761 21806 19179
independent reflections 14216


[R ACHTUNGTRENNUNG(int)=0.0619]
11935
[R ACHTUNGTRENNUNG(int)=0.0747]


6732
[RACHTUNGTRENNUNG(int)=0.0496]


25181
[R ACHTUNGTRENNUNG(int)=0.0139]


7542
[RACHTUNGTRENNUNG(int)=0.0294]


5513
[R ACHTUNGTRENNUNG(int)=0.0864]


min/max transmission 0.862/0.457 1/0.657 1/0.744 1/0.898 0.862/0.705 1/0.805
data/restraints/parameters 14216/1023/864 11935/0/1261 6732/0/526 25181/241/2097 7542/0/536 5513/27/622
R1 [ jF j>4sACHTUNGTRENNUNG(jFj)] 0.0576 0.0512 0.0722 0.0449 0.0496 0.0914
wR2 (all data) 0.1454 0.1334 0.1905 0.1189 0.1327 0.2303
largest peak [e:	3] 0.933 0.721 1.437 1.107 0.451 1.318
largest hole [e:	3] 	0.992 	0.750 	0.628 	0.543 	0.077 	0.813
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clusters.[8–11] Crystals of 2 and 3 separated from saturated
hexane solutions, whilst the Cu10 clusters 4 and 5 were ob-
tained when the residue from heating under vacuum was tri-
turated with or recrystallised from diethyl ether.


The molecule 4 a, one of the two independent molecules
in the crystals of 4, proved to be [Cu10ACHTUNGTRENNUNG(hfac)6ACHTUNGTRENNUNG(C�
CtBu)4(diethyl ether)], which is chemically identical and
structurally similar to that characterized crystallographically
in 5. Consequently, only the structural details of 5 are dis-
cussed below. The isolation of the cluster 4 b, with both tert-
butyl and n-propylalkyne in the Cu4C4 core, was unexpected.
The purpose of using a mixture of the alkynes in excess in
the preparation was to establish which alkyne was preferred
in cluster formation.


The complex [Cu12ACHTUNGTRENNUNG(hfac)8ACHTUNGTRENNUNG(C�CnPr)4ACHTUNGTRENNUNG(thf)6]·THF (1) was
obtained in a different way. The Cu18 cluster [Cu18ACHTUNGTRENNUNG(hfac)10-
ACHTUNGTRENNUNG(C�CnPr)8] (6), isolated from hexane after preparation as
outlined in Scheme 1, was found to rearrange, giving 1,
when attempts were made to recrystallise it from THF.


There are remarkable similarities between the structures
of 1–5. The connectivities associated with the Cu4C4 core
and the eight peripheral copper atoms are the same in all
the Cu12 clusters (1–3), and the Cu10 compounds are closely
related. In the Cu12 clusters the eight peripheral copper
atoms occur in pairs, each p-bonded to one alkynyl unit.
The resulting connectivity and the atom-labelling scheme
for the Cu12 clusters are shown in Figure 3 (top), and are ex-
emplified by the structure of the solvated cluster 1 (Figure 3
bottom).


In the Cu12 clusters, four central Cu atoms (Cu1A, Cu1B,
Cu1C and Cu1D) are linked by the terminal carbons atoms
of four h1-bridging alkynyl ligands, C1A�C2A, C1B�C2B,
C1C�C2C and C1D�C2D, respectively. Each alkynyl ligand
is further coordinated to two Cu–hfac units containing the
copper atoms Cu2A and Cu3A, Cu3B and Cu3B, Cu2C and
Cu3D, Cu2D and Cu3D, respectively. These units have a
(m2-h


1:m2-h
2)-alkynyl bridge and resemble a “butterfly” in


which copper and the chelate form the wings and the C�C
unit forms the body (Figure 3 top). Throughout this paper


the letters A, B, C and D in the atom labels are used to
denote the “butterfly” unit to which an atoms belongs, not
internal symmetry. In the Cu10 structures (4 b and 5) the con-
nectivity remains the same as in the Cu12 clusters except
that two cis-alkynyls (C1B�C2B and C1C�C2C) are coordi-
nated to only one Cu–hfac unit so forming two “half butter-
flies”.


A higher degree of solvation is observed in 1 compared to
the other compounds (see below). The central Cu atoms
form a slightly irregular square with sides 2.427(2)–
2.538(2) : and diagonal Cu···Cu contacts of approximately
equal length, Cu1A···Cu1C and Cu1B···Cu1D are 3.419(2)
and 3.448(2) :, respectively. There is a slight tetrahedral
distortion of the central Cu4 plane with diagonally disposed
Cu atoms displaced to the same side of the least-squares


Scheme 1. Condensation of cuprous oxide, hexafluoroacetylacetone and a
terminal alkyne to form polynuclear CuI alkynyl complexes [Cux+y-
ACHTUNGTRENNUNG(hfac)xACHTUNGTRENNUNG(C�CR)y].


Figure 3. The connectivities and atom-labelling scheme. Top: the central
alkynyl bridged core and the butterfly units in the Cu12 clusters (the Cu10


analogues have “half-butterflies” attached at C1B and C1C with the
Cu3B and Cu3C “wings” missing). Bottom: the planar Cu12ACHTUNGTRENNUNG(hfac)8ACHTUNGTRENNUNG(C�
CnPr)4 core in [Cu12 ACHTUNGTRENNUNG(hfac)8 ACHTUNGTRENNUNG(C�CnPr)4ACHTUNGTRENNUNG(thf)6]·THF (1) with the H and F
atoms and THF solvate molecules removed and the “butterfly bodies”
C1	C2 shown with dark bonds for clarity.
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plane by approximately �0.27(1) :. Despite the identical
connectivity of all the Cu12 clusters, the unsolvated mole-
cules 2 and 3 have structures (Figure 4) that are markedly
different from that of 1 (Figure 3 bottom). Whereas cluster
1 has a nearly planar Cu12 arrangement (maximum deviation
0.540 A) the structures of clusters 2 and 3 are considerably
twisted from overall planarity with maximum deviations of
peripheral Cu atoms from the central Cu4 plane of
2.395 :in 2 and in 2.693 :in 3 (Table 2).


The Cu10 core of the smaller clusters 4 b and 5 have the
same connectivity as the corresponding atoms in the Cu12


clusters and like 2 and 3 have markedly twisted metal cores
(maximum deviations of the peripheral Cu atoms
2.72(1) :in 4 b and 2.46(1) :in 5). The structures of the
Cu10 clusters, which are all diethyl ether derivatives, are
shown in Figure 5.


Unexpectedly, the structures of all the twisted clusters, 2,
3, 4 b and 5 have much more planar Cu4 cores than those ob-
served in the overall nearly planar Cu12 molecule 1, shown
in Figure 3 (bottom). In the structure of 1, the slight tetrahe-
dral distortion of the Cu4 core gives deviations from its
least-square plane of about �0.27 :, whereas for the Cu4


planes in all the other four clusters the maximum displace-
ment of any one Cu atom is 0.0124 : (for Cu1A in 4 b). In
the Cu12 clusters 2 and 3, which contain no ether molecules,
the Cu4 core adopts a rhombic arrangement with sides of
similar length, falling in the range 2.444(1)–2.506(1) :
(Table 2), but with diagonals Cu1A···Cu1C (3.737(2) and
3.700(3) :) longer than Cu1B···Cu1C (3.273(3) and
3.283(3) :) in 2 and 3, respectively. In 2 the C-Cu-C angles
at Cu1A and Cu1C are approximately linear (177.3 and
173.7(3)8, respectively) and greater than those at Cu1B and
Cu1D angles (164.7 and 165.1(3)8, respectively), the Cu4C4


unit being “pinched in” at the Cu1B and Cu1D atoms. In 3
the angles at Cu1A and Cu1C (198.3 and 176.0(7)8, respec-
tively) are again considerably larger than those at Cu1B and
Cu1D (both 139.1(6)8). The large reflex value of the angle
at Cu1A appears to be related to the displacement of the
two alkynyl ligands at Cu2A out of the Cu4 plane (see
below). In the Cu10 systems (4 b and 5) there is a diethyl
ether molecule coordinated to Cu1C and this copper atom is
displaced towards the donor oxygen atom; it is, therefore,
the external C-Cu-C angle at Cu1C that is reflex in this case
[195.9(3)8 (4 b) and 199.6(3)8 (5); Table 3]. The angle at
Cu1A is approximately linear [173.4(3) (4 b) and 175.1(3)
(5)] and again the angles at Cu1B and Cu1D are the small-
est [157.5–165.4(3)8]. This gives a kite-shaped rather than
rhomboidal arrangement of the central Cu4 core in 4 b and
5, with Cu1C···Cu1B,Cu1D distances (range 2.532–2.564 :)
greater than Cu1A···Cu1B,Cu1C (range 2.431–2.433 :;
Table 3).


As the alkynyl ligand is known to be a good s-donor, pro-
viding an electron from the terminal carbon sp hybrid orbi-
tal, it is reasonable to assume that the bonding in 1–5 is sim-
ilar to that in the [Cu4ACHTUNGTRENNUNG(aryl)4] family with four 3c–2e bonds
formed by overlap of the Cterminal sp-hybrid orbital with a
bonding combination of Cu orbitals creating an alkynyl-as-


Figure 4. The twisted structures of the unsolvated Cu12 clusters (with the
“butterfly bodies” C1	C2 shown with dark bonds) [Cu12ACHTUNGTRENNUNG(hfac)8ACHTUNGTRENNUNG(C�
CtBu)4] (2, top) and [Cu12ACHTUNGTRENNUNG(hfac)8ACHTUNGTRENNUNG(C�CSiMe3)4] (3, bottom). H atoms and
CF3 groups are omitted for clarity. There is a crystallographic C2 axis
through Cu1A/Cu1C in the structure of 3.


Table 2. Displacement of Cu1A, Cu1B, Cu1C and Cu1D [:] from their
least squares planes in 1, 2, 3, 4a, 4b and 5. Atom labelling is defined in
Figure 3.


1 2 3 4a 4b 5


Cu1A 0.285(4) 0.011(1) 0.000(0) -0.0026(4) 0.0124(4) 0.000(0)
Cu1B 	0.278(4) 	0.011(1) 0.000(0) 0.0024(4) 	0.012(4) 0.000(0)
Cu1C 0.264(4) 0.011(1) 0.000(0) 	0.0023(4) 0.0114(4) 0.000(0)
Cu1D 	0.270(4) 	0.011(1) 0.000(0) 0.0025(4) 	0.0118(4) 0.000(0)
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sisted Cu	Cu bond. It seems that the Cu4C4 cores in 1–5 are
able to accommodate considerable variations of geometry to
meet the requirements of other components of the assembly,
for example, the incorporation of Lewis bases such as
ethers.


The overall shapes of the clusters appear to be largely de-
termined by interactions between peripheral Cu–hfac units.
These “butterfly” units are aligned to optimise two main
types of Cu···O interaction. Firstly there are facial interac-
tions between Cu–hfac chelate rings of neighbouring units
aligning the dipoles on adjacent Cu	O bonds; secondly


there are approximately perpendicular, T-shaped approaches
of some Cu–hfac units that also result in close Cu···O con-
tacts. The co-facial and T-shaped interactions between Cu–
hfac units are most easily illustrated in the solid-state struc-
ture of a simple dimeric model compound, [Cu2ACHTUNGTRENNUNG(hfac)2ACHTUNGTRENNUNG(HC�
CtBu)] (7). Crystals of this compound were isolated in low
yield from the preparation of higher nuclearity clusters by
the route outlined in Scheme 1. In the solid state the mole-
cules occur in pairs of crystallographically independent “but-
terfly” dimeric units locked together by the interdimer inter-
actions shown in Figure 6. The co-facial interaction of the
two Cu–hfac units containing Cu2A and Cu2B from differ-
ent dimers is accompanied by two T-shaped O···Cu interac-
tions between the two dimers with the copper atoms Cu3B
and Cu3A.


Such interlocking of pairs of adjacent butterfly units is a
feature of the structures of 2–5. The pairs of interlocking
units are located on opposite sides of the Cu4 core. The A
“butterfly” (body C1A	C2A)) interlocks with the D “but-
terfly” (body C1D	C2D) and similarly B with C. The inter-
locking of the B and C units in the Cu12 cluster 2 is shown in
Figure 7 (top), and closely resembles that of A and D. The
structure of 3 adopts a similar interlocked structure to 2
with Cu···O distances between the B and C butterflies in the
range 3.146(9) to 3.185(9) :, but with considerably longer
Cu···O distances between A and D (3.465 to 3.550(10) :).
This difference is apparently caused by a slight displacement
of the A and D butterflies to facilitate the two symmetry-re-
lated, strong interactions between their outer wings and the
Cu4 core (Cu1D···O4A, Cu1B···O4D 2.379(9) :), which can
be seen in Figure 4 (bottom).


In the Cu10 clusters 4 b and 5, the full “butterfly” units A
and D interlock, but this type of double interaction is impos-
sible for the B and C units which are only “half-butterflies”.
In the 4 b and 5 clusters the single wings of the “half-butter-
flies” B and C adopt co-facial approaches to Cu-hfac units
in the neighbouring full butterflies A and D. In compound
4 b these co-facial orientations result in relatively short con-
tacts [Cu···O 3.226 to 3.356(6) :] as shown in Figure 7
(bottom), but in 5 the closest Cu···O contacts between the
single wing Cu-hfac unit and the full butterflies is
4.020(6) :.


The planarity of cluster 1 (Figure 3 bottom) is related to
the coordination of THF solvent molecules. Four of the six
coordinated THF molecules lie round the periphery of the
Cu12 core, alternately above and below the mean plane of
the copper atoms, with one THF oxygen atom being located
between each pair of Cu–hfac wings of the four butterfly
units (Cu2,3···O contacts in the range 2.584–2.692(5) :), so
separating the two wings of each “butterfly” unit (Figure 8;
Table 4). This allows co-facial alignment of Cu–hfac wings
from adjacent “butterflies” giving interchelate Cu···O con-
tacts (3.203(5)–3.363(5) :), but the presence of the THF sol-
vates prevents the twisting of the “wings” necessary for for-
mation of the T-shaped interactions present in all the other
clusters. Two additional THF molecules are located central-
ly, one above and one below the Cu12 plane, and coordinate


Figure 5. The structures of the Cu10 clusters (the C1	C2 “bodies” of the
whole “butterflies” A and D and the half “butterflies” C and B are
shown with dark bonds), [Cu10 ACHTUNGTRENNUNG(hfac)6 ACHTUNGTRENNUNG(C�CtBu)3ACHTUNGTRENNUNG(C�CnPr)(diethyl ether)]
(4b, top) and [Cu10 ACHTUNGTRENNUNG(hfac)6 ACHTUNGTRENNUNG(C�CtBu)4(diethyl ether)] (5, bottom). H atoms
and CF3 groups are omitted for clarity. There is a crystallographic C2 axis
through Cu1A/Cu1C in the structure of 5.
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to two adjacent copper atoms of the Cu4 core
(Cu1B···O(6S) 2.875(9) and Cu1C···O5S 2.646(9) :).


Whilst the favourable interactions of Cu–hfac units and
their interlocking is a feature of the Cu10 and Cu12 com-
plexes described in this paper, it appears that it is other fac-
tors that control the nuclearity and overall shapes of the
clusters which separate from the reaction Scheme shown in
Scheme 1. The bulk of the alkynyl groups is particularly sig-
nificant. The dispositions of the alkynyl units relative to the
least squares planes defined by the Cu4 cores in 1–5 are
shown in Table 5.


In [Cu12 ACHTUNGTRENNUNG(hfac)8ACHTUNGTRENNUNG(C�CtBu)4]
(2) the tert-butylalkynyl
groups lie fairly close to the
plane of the central Cu4 unit
and show a “tetrahedral” dis-
placement (Figure 9 top) The
analogous trimethylsilylalkyn-
yl cluster [Cu12ACHTUNGTRENNUNG(hfac)8ACHTUNGTRENNUNG(C�
CSiMe3)4] (3) has a very dif-
ferent configuration, with the
two alkynyl units containing
C1A/C2A and C1D/C2D
being considerably displaced
from the central Cu4 plane
(Table 4 and Figure 9 bottom),
whilst the other two alkynyl
groups lie close to the plane.
This appears to be related to
the very short contacts of the


outer wings of the A and D butterflies with the Cu4 core dis-
cussed above.


The bulk of the alkynyl group also appears to influence
the nuclearity of the cluster formed. The relatively low nu-
clearity Cu<12 clusters were only obtained from the reaction
outlined in Scheme 1 when a bulky tert-butyl or trimethylsil-
yl substituent is present on the alkyne or when complexes
with linear n-alkynyl ligands were recrystallized from ethers.
No clusters with Cu>12 have been isolated from reactions
with tert-butyl- or trimethylsilylacetylene. This may be a
consequence of their bulk preventing the formation of the
disc-shaped structures observed[8–11] for the Cu16–Cu26 clus-
ters in which the alkynes are closely packed on the circular
faces of the discs and the Cu–hfac units define the rims. The
formation of the smaller Cu10–Cu12 clusters also appears to
be favoured by the presence of weakly coordinating mole-
cules such as THF or diethyl ether, which compete for space
at the alkyne-bridged core.


Conclusion


The isolation of a remarkable range of copper(I) clusters
from the reaction of cuprous oxide, hexafluoroacetylacetone
and 1-alkyne depends on subtle differences between the
nature of the alkyne, the solvents used in workup and on
variation of substituents on the acac. This paper has defined
requirements for obtaining lower nuclearity compounds
with ten or twelve copper atoms. Further association of the
alkynyl-bridged cores is suppressed when there are large
substituents on the alkyne and when weakly coordinating
ether molecules are associated with the central copper
atoms. Whilst the latter is favourable in terms of reducing
the electron deficiency at the copper atom associated with
the 3c-2e bonds in the Cu4C4 core, they lead to steric crowd-
ing and control the overall shape of the molecule. Weak
Cu···O contacts between adjacent Cu–hfac units on the pe-
riphery of the clusters lead to two different modes of inter-


Table 3. Cu···Cu distances [:] and angles [8] in 1, 2, 3, 4a, 4b and 5.


1 2 3 4 a 4b 5


Cu1A···Cu1B 2.427(2) 2.506(1) 2.444(2) 2.424(1) 2.431(1) 2.433(1)
Cu1B···Cu1C 2.520(2) 2.469(1) 2.503(2) 2.630(1) 2.532(1) 2.564(1)
Cu1C···Cu1D 2.538(2) 2.482(1) 2.503(2)[a] 2.604(1) 2.565(1) 2.564(1)[a]


Cu1A···Cu1D 2.422(2) 2.478(1) 2.444(2)[a] 2.431(1) 2.432(1) 2.433(1)[a]


Cu1A···Cu1C 3.419(3) 3.737(2) 3.700(3) 4.005(2) 3.975(2) 4.042(1)
Cu1B···Cu1D 3.448(3) 3.273(1) 3.283(3) 3.063(1) 2.990(1) 2.936(1)


C1A-Cu1A-C1D 172.6(3) 177.3(3) 161.7(7) 178.1(2) 173.4(3) 175.1(3)
C1A-Cu1B-C1B 145.3(4) 164.7(3) 139.1(6) 165.3(2) 163.9(2) 157.5(2)
C1B-Cu1C-C1C 145.9(4) 173.3(3) 176.0(7) 198.7(3) 199.6(3) 195.9(3)
C1C-Cu1D-C1D 172.6(3) 165.1(3) 139.1(6) 164.5(2) 165.4(3) 157.5(2)
Cu1A-Cu1B-Cu1C 87.4(1) 97.4(1) 96.8(1) 104.8(1) 106.4(1) 108.0(1)
Cu1B-Cu1C-Cu1D 85.9(1) 82.8(1) 82.0(1) 71.6(1) 71.8(3) 69.9(1)
Cu1C-Cu1D-Cu1A 86.1(1) 97.8(1) 96.8(1) 105.4(1) 105.7(1) 108.0(1)
Cu1D-Cu1A-Cu1B 89.4(1) 82.1(1) 84.4(1) 78.2(1) 76.1(1) 74.2(1)


[a] These distances are related to Cu1A···Cu1B and Cu1B···Cu1C by a crystallographic mirror plane passing
through C1A and C1C.


Figure 6. The structure of the two independent dinuclear molecules in
the crystal of 7 (molecule A dark bonds and molecule B open bonds)
showing the intermolecular co-facial overlap of Cu–hfac rings containing
Cu2A and Cu2B (dihedral angle 17.7(3)8, Cu2A···O2B 2.85(1) and
Cu2b···O2A 2.79(1) :) and the perpendicular approach of these two
rings to the neighbouring Cu–hfac units contain Cu3A and Cu3B
(O2A···Cu3B 3.22(1) and O2B···Cu3A 3.14(1) :). All H and F atoms
have been omitted for clarity.
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locking of the peripheral units that influence the overall
shape of the molecule.


Despite major differences in the overall shapes of the
molecules the connectivities associated with either the Cu10


or the Cu12 units remain the same. The integrity of these
units suggests that the multicentre Cu/alkynyl bonding is
very favourable and can accommodate major changes in ge-
ometry. Weak Cu···Cu “cuprophilic” interactions may help


to account for this. Analysis of the higher nuclearity clus-
ters[25] suggests that the integrity of their cores is retained in
Cu16, Cu18, Cu20 and Cu26 reported previously[8–11] and in new
compounds containing variants of the hfac ligand.[25]


Experimental Section


Materials and reagents : All reagents were obtained from Aldrich Chemi-
cals and used without further purification. n-Hexane was distilled from


Figure 7. Illustration of the types of Cu···O interactions present in clusters
2–5 (H and F atoms removed for clarity). Top: The interlocking of the B
and C butterflies in the Cu12 cluster 2 ; distances O3C···Cu2B,Cu3B 3.369,
2.829(7) and O4B···Cu2C,Cu3C 3.046, 2.871(7) :, respectively. Bottom:
The interactions in the Cu10 cluster 4b between the full “butterflies” A
and D (Cu···O 2.971–3.477(7) :), and the co-facial interaction of the
single wings of the “half-butterflies” B and C with Cu-hfac units in D
and A (Cu···O 3.226–3.356(6) :).


Figure 8. The structure of the [Cu12ACHTUNGTRENNUNG(hfac)8ACHTUNGTRENNUNG(C�CnPr)4 ACHTUNGTRENNUNG(thf)6]·THF cluster 1
showing the coordination of the THF solvates. Four THF ligands are
each separating the wings of a “butterfly” (Cu2,3···O contacts in the
range 2.584–2.692(5) :) and two are coordinated on opposite sides of the
central Cu4 unit (Cu1B···O6S 2.875(1) and Cu1C···O5S 2.65(1) :). All H
atoms and CF3 groups are omitted for clarity.


Table 4. Cu···O contacts [:] between Cu–hfac units in 1 (see also
Figure 4).


Cu2A···O4A 3.259(5) Cu3A···O1A 3.203(5)
Cu3D···O1AA 3.203(5) Cu2D···O4AA 3.259(5)
Cu2C···O4BA 3.242(5) Cu3C···O1BA 3.363(5)
Cu3B···O1B 3.363(5) Cu2B···O4B 3.242(5)


Table 5. Displacements of alkynyl carbon atoms [:] from the least
squares planes of Cu1A, Cu1B, Cu1C and Cu1D cores in 1–5. Atom la-
belling is defined in Figure 3.


1 2 3 4 a 4b 5


C1A 1.00(1) 	0.26(1) 1.27(2) 	0.613(6) 	0.694(6) 0.439(3)
C2A 1.88(1) 	0.58(1) 2.41(1) 	1.219(6) 	1.360(7) 0.892(3)
C1B 	0.43(1) 0.29(1) 0.03(1) 0.690(6) 0.799(6) 	0.482(5)
C2B 	1.10(1) 0.62(1) 0.23(1) 1.153(6) 1.401(6) 	0.919(5)
C1C 	0.17(1) 	0.49(1) 	0.03(1) 	0.679(6) 	0.803(6) 0.482(5)
C2C 0.22(1) 	1.04(1) 	0.23(1) 	1.154(6) 	1.404(6) 0.919(5)
C1D 	0.52(1) 0.36(1) 	1.27(2) 0.617(5) 0.718(6) 	0.439(3)
C2D 	1.30(1) 0.83(1) 	2.41(1) 1.213(6) 1.370(6) 	0.892(3)
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sodium/benzophenone/tetraglyme (trace) under N2. N2 gas was dried with
4 : molecular sieves and deoxygenated with BTS catalyst.[26] All prepara-
tions of copper(I) complexes were carried out under anaerobic and anhy-
drous conditions by using standard Schlenk techniques. 3,3-Dimethyl-1-
butyne, 3-phenyl-1-propyne and 1,1,1,5,5,5-hexafluoropentan-2,4-dione
(hfacH) were degassed by freeze/vac/thaw cycles.


ACHTUNGTRENNUNG[Cu12ACHTUNGTRENNUNG(hfac)8ACHTUNGTRENNUNG(C�CnPr)4 ACHTUNGTRENNUNG(thf)6] (1): Complex 6 (2.50 g, 0.67 mmol) was dis-
solved in a minimum volume of hot THF (5 mL). The mixture was stored
at 4 8C and after 4 days large pale orange blocks and deeper orange hex-
agonal plate crystals separated. The supernatant liquid was decanted by
using a cannula needle. The crystals were washed with n-hexane (2 mL),
re-dissolved in hot THF (7 mL) and set aside at 	25 8C for 4 days during
which only the pale orange block crystals separated. The mother liquor
was removed by using a cannula needle and the crystals were washed
with cold THF (2N1 mL) and dried in vacuo to give complex 1. Yield:
0.65 g (27%); elemental analysis calcd (%) for C84H84Cu12F48O22: C
32.34, H 2.71; found: C 32.2, H 2.6; IR (KBr disk): ñ=3433 (w), 2972
(w), 2881 (w), 1642 (s), 1557 (m), 1532 (m), 1462 (s), 1345 (m), 1259 (s),
1217 (s), 1147 (s), 1099 (m), 1051 (w), 888 (w), 802 (m), 744 (w), 672 (m),
588 (m), 528 cm	1 (w)


ACHTUNGTRENNUNG[Cu12ACHTUNGTRENNUNG(hfac)8ACHTUNGTRENNUNG(C�CtBu)4] (2), [Cu10ACHTUNGTRENNUNG(hfac)6 ACHTUNGTRENNUNG(C�CtBu)4(diethyl ether)] (4 a)
and [Cu10ACHTUNGTRENNUNG(hfac)6ACHTUNGTRENNUNG(C�CtBu)3 ACHTUNGTRENNUNG(C�CnPr)(diethyl ether)] (4 b): Cu2O (1.64 g,
11.5 mmol) and anhydrous MgSO4 (ca. 2 g) were added to a solution of
3,3-dimethyl-1-butyne (2.9 g, 35 mmol) and 1-pentyne (2.38 g, 35 mmol)
in hexane (10 mL). Dropwise addition of hfacH (2.5 mL, 18 mmol) was
accompanied by an exothermic reaction. After stirring for 18 h at room
temperature the mixture was cannula-filtered and the solid residue
washed with hexane (3N10 mL). The combined lime green filtrate and


washings were combined and the solvent removed in vacuo. The resulting
brown/red solid was heated at 65 8C for 2 h under vacuum. To the solid
was added hexane (5 mL) and the mixture heated to reflux. Approxi-
mately half the solid dissolved giving a dark red solution, which was sep-
arated from insoluble yellow material by cannula filtration. This was set
aside at 4 8C and after 48 h yellow crystals had separated. Two further re-
crystallisations from hexane yielded yellow crystals suitable for X-ray dif-
fraction. The supernatant liquid was removed and the crystals of 2 were
washed with hexane and dried in vacuo. Yield: 0.65 g (12.5%); elemental
analysis calcd (%) for C64H44O16Cu12F48.C12H28: C 31.31, H 2.48; found: C
31.4, H 2.0. The yellow solid that was insoluble in hexane and collected
by filtration from the red solution was dissolved in a hexane/diethyl ether
(1:1, 20 mL) mixture and stored at 	30 8C. After twelve weeks yellow
crystalline blocks separated that were suitable for X-ray diffraction. Two
individual molecules were observed in the crystal structure, 4a and 4b.
The crystals were collected by filtration and dried in vacuo. Yield: 0.58 g
(11.2%); elemental analysis calcd (%) for C115H102O26Cu20F72: C 30.13, H
2.16; found: C 30.1, H 2.2.


ACHTUNGTRENNUNG[Cu12ACHTUNGTRENNUNG(hfac)8ACHTUNGTRENNUNG(C�CSiMe3)4] (3): HfacH (2.5 mL, 18 mmol) was added
dropwise to a suspension of Cu2O (1.64 g, 11.5 mmol) and MgSO4 (ca.
2 g) in (trimethylsilyl)acetylene (7.2 mL, 51 mmol). The mixture was stir-
red for two hours then cannula-filtered. The solid residue was washed
with hexane (3N10 mL) and the washings combined with the lime green
filtrate. The volatile components were removed in vacuo leaving an oily
red material containing some yellow solid, which was dried at 65 8C for
two hours. The red oil was extracted in hexane (15 mL) and separated
from the insoluble yellow solid by cannula filtration. The solution was
stored at 4 8C overnight, during which time orange crystals separated suit-
able for X-ray diffraction. The supernatant liquid was removed and the
crystals washed with hexane and dried in vacuo. Yield: 0.80 g (15%); ele-
mental analysis calcd (%) for C60H44O16F48Si4: C 25.67, H 1.58; found: C
25.6, H 1.5.


ACHTUNGTRENNUNG[Cu10ACHTUNGTRENNUNG(hfac)6ACHTUNGTRENNUNG(C�CtBu)4(diethyl ether)] (5): Cluster 5 was isolated by
using the same synthetic procedure described for 2. During the recrystal-
lisation step, a very small quantity of yellow crystalline material separat-
ed along with the red Cu16 material. The yellow crystals were character-
ised by X-ray structure determination, but due to the small quantities iso-
lated and the instability of the material, further analysis was not possible.


ACHTUNGTRENNUNG[Cu18ACHTUNGTRENNUNG(hfac)10ACHTUNGTRENNUNG(C�CnPr)8] (6): Cu2O (2.53 g, 18 mmol) and anhydrous
MgSO4 (2.0 g, 17 mmol) was placed in 1-pentyne (7.0 mL), forming a red
suspension. Addition of hfacH (2.50 mL, 18 mmol) to the reaction mix-
ture followed by stirring at RT for 66 h resulted in a viscous orange sus-
pension. n-Hexane (10 mL) was added to dilute the suspension to allow
cannula filtration. The residue was washed with n-hexane (3N10 mL) and
the filtrate and washings combined to give a pale green solution. The vol-
atile components of the solution were evaporated to dryness in vacuo,
and after warming to 65 8C for 30 min a solid was obtained which was
washed with hexane (20 mL, 2N5 mL), leaving a bright orange microcrys-
talline material which was dried in vacuo to give 6. Yield: 2.87 g (44%);
elemental analysis calcd (%) for C90H66Cu18F60O20: C 28.82, H 1.77;
found: C 28.9, H 1.8; IR (KBr disk): 3499 (w), 2964 (w), 1672 (m), 1642
(s), 1554 (m), 1528 (s), 1513 (s), 1463 (m), 1255 (s), 1209 (s), 1146 (s),
1100 (m), 795 (m), 743 (w), 662 (m), 580 (m), 526 cm	1 (w).


X-ray crystallography : X-ray intensity data were collected on a Bruker
Smart Apex CCD diffractometer using molybdenum radiation l=


0.71073 :. The SADABS absorption correction was applied. Details of
data collection, absorption corrections, refinement and crystal data are in
Table 1.


Structure solution and refinement :[27] For all crystals the positions of the
non-hydrogen atoms were located by direct methods and refinement was
based on F2. Poor diffraction at high angle by the crystals of 6 resulted in
a shortage of data, and relatively high final residuals and esdQs on all
metric parameters, but despite this the overall features of the structure is
clearly established. In the crystals of compounds 1, 3 and 5 the asymmet-
ric unit contains a half molecule, the overall structures having crystallo-
graphic Cs (1) or C2 (3 and 5) symmetry in the crystal. In the figure the
letters A, B, C and D on the atom labels are used to denote the chemi-
cally equivalent “butterflies” or “half-butterflies” to which the atoms


Figure 9. The variation in disposition of the alkynyl groups relative to the
Cu4 plane in the Cu4(tert-butylalkynyl)4 units of 2 (top) and in the
Cu4(trimethylsilylalkynyl)4 unit of 3 (bottom), showing the symmetry-re-
lated Cu···O interactions (Cu1B···O4D, Cu1D···O4A 2.379(9) :).
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belong. They do not denote crystallographic symmetry that is defined in
the caption to the figure where relevant.


The structure of 1 has an unusual 50:50 disorder of two copper atoms of
the central Cu4 core {Cu(1B) and Cu(1C)} caused by a random distribu-
tion, throughout the crystal of two orientations of the molecule in which
all atoms apart from Cu(1B) and Cu(1C) are superimposed. Thus the iso-
lated molecules of 1 are asymmetric, but their superimposition means
they occur on a site of mirror symmetry in the crystal. Figure 10 shows


the two components of the Cu12 disorder. There is also a corresponding
disorder of the two THF molecules linked to the two Cu atoms affected
by the disorder, Cu1B and Cu1C, and all these atoms were refined with
half occupancy. The crystals of 4 contain two independent molecules, 4 a
and 4b, which differ from each other in the replacement of one tert-hexy-
lalkyne ligand (4a) by a n-pentylalkyne group (4 b) and this results in
small but significant differences in their metal framework. As a conse-
quence, although some atoms of the two molecules are approximately re-
lated by inversion, the crystals provide a rare example of the chiral space
group P1 in an inorganic molecule. In the crystals of 7 the asymmetric
unit consists of two independent chemically identical molecules.


Relatively high displacement parameters for the trifluoromethyl groups
show some evidence of rotational disorder of this group in all the com-
pounds, which explains the rather poor crystal diffraction at high angle.
In each of the compounds, apart from 2, it proved possible to resolve sev-
eral CF3 groups into two components with fluorine atoms of partial occu-
pancy. The hydrogen atoms for all six structures were placed in calculated
positions with displacement parameters set equal 1.2Ueq (or 1.5Ueq for
methyl groups) of the parent carbon atoms. In the final cycles of full-
matrix least-squares refinement, the non-hydrogen full-occupancy atoms
and the half occupancy Cu-atoms in 1 were assigned anisotropic displace-
ment parameters.
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Figure 10. The disorder in the Cu12 metal arrangement in 1. There is a
crystallographic mirror plane through the midpoints of Cu3A/Cu3D and
Cu3B/Cu3C, so that in 1 atoms on opposite sides of this plane are related
by symmetry apart from the half occupancy atoms Cu1B and Cu1C
which are crystallographically related to Cu1F and Cu1E respectively.
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… with up to three generations of
amphiphilic dendrons based on
AB, constitutional isomeric AB2,
and AB3 biphenyl-4-methyl ether
building blocks were synthesized
by Percec et al. , as described on
page 6216ff., and analyzed by
using the retrostructural analysis
method shown. These dendrons
self-assemble into hollow and non-
hollow supramolecular dendrimers
up to twice as large as those for
the architecturally related benzyl
ether. These results expand the
structural diversity of non-hollow
and hollow supramolecular den-
drimers and demonstrate the gen-
erality of self-assembling dendrons
based on amphiphilic arylmethyl
ethers.


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


Solid-State Phenomena
Spin-crossover behavior depends as much on molecular
properties as it does on intermolecular interactions, includ-
ing both the spin active and the spin inactive components.
In their Full Paper on page 6207 ff. , K. W. Tçrnroos et al.
describe their investigations of spin-crossover processes in
solvated tris(2-picolylamine)iron(II) dichloride complexes.


Fullerene Chemistry
The lowest-energy members of the C20 family of trivalent
polyhedral carbon clusters are calculated to be a cage, a
bowl, and a ring. In their Full Paper on page 6268 ff., H.
Prinzbach et al. describe the synthesis of the C20 fullerene
through a series of 22 “one-pot” operations.


Ligands for Molecular Imaging
Bis(thiosemicarbazones) have attracted attention as ligands
for 64Cu, a key element in the next generation of radioiso-
topes for use in positron emission tomography (PET) and
radiotherapy. These relatively simple looking compounds
are synthetically challenging and in their Concept on
page 6194 ff., M. Christlieb and J. R. Dilworth present a
discussion of the synthetic experiences from various groups
from 1954 to 2005.
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CORRIGENDUM


P. V�stil�, A. B. Zaitsev, J. Wettergren,
T. Privalov, H. Adolfsson* . . 3218–3225


The Importance of Alkali Cations in
the [{RuCl2ACHTUNGTRENNUNG(p-cymene)}2]–Pseudo-
dipeptide-Catalyzed Enantioselective
Transfer Hydrogenation of Ketones


Chem. Eur. J. , 2006, 12


DOI: 10.1002/chem.200501384


In the Full Paper by Adolfsson and co-workers, the structure of ligand 4 presented
in Figure 1 was incorrect. The correct structure of ligand 4 is shown below. The au-
thors apologize for this error.
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Ligands for Molecular Imaging:
The Synthesis of Bis(thiosemicarbazone) Ligands


Martin Christlieb* and Jonathan R. Dilworth*[a]


Introduction


Bis(thiosemicarbazones) have been known for over 50
years. There is considerable current interest in their biologi-
cal activity both as free ligands 1 and as metal complexes 2.


They have been the subject of at least twelve patents from
four different organisations, mainly concerned with their an-
tibacterial properties. In many cases their activity in biologi-


cal systems is enhanced by coordination and in 1964 Peter-
ing wrote that “it is probable that much of the toxicity of
these compounds is related in some way to their ability to
bind trace metals especially copper and zinc.”[1]


The copper complex of diacetylbis(N-methylthiosemicar-
bazone) (atsm; R1=R4=Me, R2=R3=H, Q=Me) has been
used in humans and animals as a highly effective imaging
agent for PET studies to locate hypoxic tissue.[2,3] The neu-
tral CuII species is easily transported into and out of cells,
while the reduced CuI species is trapped inside cells with
low oxygen concentration. The complex [Cu ACHTUNGTRENNUNG(atsm)], which
was identified as being hypoxic selective sometime ago, is
still the lead complex of Cu for hypoxia imaging; however,
its mechanism of selectivity remains unclear although de-
tailed DFT studies have shed some light on some of the
chemical process that may relate to its hypoxic selectivity.[4,5]


Recently our group discovered that the zinc complexes
are fluorescent. We have been able to show that this fluores-
cence may be used to image the cellular distribution of [Zn-
ACHTUNGTRENNUNG(atsm)] in three human tumour cell lines.[6] A DFT study
was able to show how the absorption of light relates to the
electronic structure and suggested how to influence the opti-
cal properties in these compounds.[7]


To extend and refine the medicinal applications, function-
al substituents, such as carboxylate groups, have been built
into the backbone (at Q1 or Q2) to enable biological target-
ing vectors to be attached.[8–11] The last section of this article
details some of the radiolabelling work involving such con-
jugated species. Ongoing work in our and other groups con-
tinues to seek new ways of conjugating metal-containing
bis(thiosemicarbazones) to interesting biological targeting
vectors.
It is clear that future improvements on the [Cu ACHTUNGTRENNUNG(atsm)]


system will depend on the synthesis of new ligand systems.
In this concept article we focus on the known preparations
of tetradentate bis(thiosemicarbazone) ligands and present
some of the problems that can be encountered and how
they can be circumvented. Some of the synthetic difficulties
may be addressed by expanding the ligand to include back-
bones that containing more than two carbon atoms.[12] These


Abstract: Bis(thiosemicarbazones) have been of interest
to chemists for over fifty years; they display antitumour,
antibiotic and antiviral properties. Recently it has
become apparent that they may also provide a conven-
ient way of labelling biologically active molecules by
using metallic radionuclides and/or fluorescence. Al-
though apparently simple, the synthesis of bis(thiosemi-
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expanded ligands are more flexible than atsm and itLs deriv-
atives and may incorporate metal cations that prefer non-
square-planar geometries, for example, CuI. We discuss the
synthesis of compounds with expanded backbones; this
work is actively being pursued in our laboratories and else-
where. This article focuses on tetradentate thiosemicarba-
zone ligands; bi-, tri-, penta- or hexadentate ligands have
been specifically excluded.


General Comments


Numbering system for ligands and complexes : The number-
ing system used for thiosemicarbazones starts with the cen-
tral backbone carbons as follows C(1)=N(1)�N(2)H�C(3)(S)�
N(4); in bis(thiosemicarbazones), the second arm is designat-
ed with primed numbers [for example, N(1’)] .


Organisation of this article : This survey is broadly organised
according to the synthetic strategy used in making the bis-
ACHTUNGTRENNUNG(thiosemicarbazone) (Scheme 1). Three approaches have
been used: formation of the N(2)�C(3) bond (route a), forma-
tion of the bond C(3)�N(4) (route b) and formation of the C=
N(1) bond (route c).


Route a—Formation of the N(2)�C(3) Bond


This is potentially a convenient route to dissymmetric bis-
ACHTUNGTRENNUNG(thiosemicarbazones) (R2¼6 R3, R1¼6 R4). A representative
procedure is as follows: a solution of one equivalent of 2-di-
methylaminoethyl isothiocyanate in ethanol was added to a
boiling solution of butanedione dihydrazone 3 in ethanol
and the resulting mixture was heated to reflux for 15 mi-
nutes to give butanedione mono(2-dimethylamino-ethylthio-
semicarbazone) monohydrazone 4 in 68% yield. The prod-
uct was then treated with isobutyl isothiocyanate in ethanol,
under reflux, for three hours to give the desired bis(thiose-
micarbazone) 5 in 77% yield (Scheme 2).[13,14]


The method has also been used with butanedione hydra-
zone–oxime 6 to make an intermediate 7 that is elaborated


by oxime–hydrazone exchange (see later) to give the desired
material 8 (Scheme 3).[15,16]


The second step in this synthesis is an exchange of an
oxime group for a hydrazone and this segment of the syn-
thesis is therefore part of route c (see Scheme 1, route c,
X=N�OH).
The strategy is limited to 1,2-diketone-derived dihydra-


zones. The reactions of acyclic 1,3- and 1,4-diketones with
hydrazine give diazaheterocycles and cannot be used in this
synthetic approach. Access to the isothiocyanates is also re-
quired and the presence of reactive functional groups in the
isothiocyanate synthesis limits the generality of this route.
We have investigated this synthetic approach and have en-


countered considerable problems isolating species such as 4
(Scheme 2). A mixture of dihydrazone 3 and phenyl isothio-
cyanate (2:1 molar ratio) was stirred under reflux in ethanol
for 15 minutes. The product obtained was a >7:1 mixture of
the desired butanedione bis(4-phenylthiosemicarbazone)
and the intermediate butanedione mono(4-phenylthiosemi-
carbazone) mono ACHTUNGTRENNUNGhydrazone in 86% yield. When the experi-
ment was repeated with a 1:1 molar ratio, an 8:1 mixture of


Scheme 1. Retrosynthetic analysis of routes to bis(thiosemicarbazones).


Scheme 2. Synthesis of dissymmetric bis(thiosemicarbazones) 5 from di-
hydrazone 3.


Scheme 3. Synthesis of ligand 8 from hydrazone–oxime 6.
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butanedione mono(4-phenylthiosemicarbazone) monohydra-
zone and butanedione bis(4-phenylthiosemicarbazone) in
75% yield was obtained. The mixtures could not be separat-
ed. In our experience, dissymmetric bis(thiosemicarbazones)
are better made by route c (see below).


Route b—Formation of the C(3)�N(4) Bond


When S-methyldithiocarbazide 9 and concentrated HCl in
ethanol were added, dropwise, to a solution of butanedione
in ethanol and heated under reflux for an hour, the inter-
mediate 10 was obtained.[17] Reaction of 10 with amines in
ethanol for 3 h under reflux was reported to give bis(thio-
ACHTUNGTRENNUNGsemicarbazone) 11 (Scheme 4). No yields were given for
these reactions.


As represented above, the approach is limited to the syn-
thesis of symmetric compounds 11; the synthesis of products
1 (R1¼6 R4, R2¼6 R3) is complicated by the formation of stat-
istical mixtures.
The synthesis of 9 must be carried out with good tempera-


ture control. Failure to do so gives evolution of methyl sul-
fide and mixtures of dimers and higher oligomers. Our at-
tempts to displace the methyl sulfide group in 9 with benzyl
amine were not successful, presumably because the hydra-
zinic nitrogen in 9 is a better nucleophile than benzylamine.
Synthesis of butanedione mono(S-methyldithiocarbazone)


12 was straightforward (Scheme 5), but attempts to displace
the methyl sulfide with benzylamine or aniline failed, even
after prolonged heating at 90 8C in DMF.


Barrett et al. showed that S-methyldithiocarbazide 9 could
be condensed with acetophenone to give a simple S-methyl-
dithiocarbazone (13 ; Scheme 6).[17] The methylsulfide group


could then be displaced with an alkyl amine 14 and then the
acetophenone removed with aqueous acid to release the al-
kylthiosemicarbazide 15.
In principle, this could be a solution to the synthesis of N-


alkylthiosemicarbazides, which are otherwise difficult to pre-
pare. We found this process successful with benzylamine
(50%), although we had to heat to 90 8C in DMF overnight
to get any appreciable displacement.[7] Aniline did not react
even after prolonged heating in DMF. Interestingly, reaction
of 16 with N-methyl 3-aminopropyne is reported to give 17
in 66% yield (Scheme 7).[18] The desired N-methyl-N-propy-


nylthiosemicarbazide was made from propynyl isothiocya-
nate.
Scovill reported that a mixture of Me,Ph–thiosemicarba-


zide, morpholine, and 2-acylpyridine, when heated under
reflux for 15 minutes in acetonitrile, gave 18 in 58%
yield.[19] It has been shown that compounds such as 14 and
18 form complexes with zinc and copper (Scheme 8).[20,21]


Surprisingly, when 19 was heated for 45 minutes in acetoni-
trile the product reported was 20 in 89% yield.[18,22]


Scovill reported that N-methylaniline may be displaced
from Me,Ph–thiosemicarbazide by treatment with an alkyl
amine under reflux for 15 minutes in acetonitrile.[19] We
were able to reproduce this result using morpholine (26%


Scheme 4. Synthesis of 11 from hydrazide 9.


Scheme 5. Synthesis of mono-S-methylthiocarbazone 12.


Scheme 6. Displacement of the S-methyl group in 13.


Scheme 7. Displacement of S-methyl group with N-methyl 3-aminopro-
pyne.
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yield; compare with the literature value of 53%) and pyrro-
lidine (41% yield; compare with the literature value of
72%) as the alkyl amines. Again this represents a potential-
ly valid method for the synthesis of thiosemicarbazides by
C(3)�N(4) bond formation, but the yields are low, and the
scope is limited if the amine used is difficult to make or not
commercially available.
The range of N(4) substituents may be expanded to include


amide groups (Scheme 9).[23] Subsequent reaction of the
thiohydrazide with 1,2-diketones gives the corresponding
bis(thioacylhydrazone) in the usual way.


Route c—Formation of the C=N(1) Bond


This is the most commonly used route to bis(thiosemicarba-
zone) ligands. However, this route sometimes throws up un-


expected complexities; these problems will be discussed in
this section and in the section on cases that give unexpected
results. A large range of compounds has been prepared;
Table 1 gives a representative survey with references and
yields. Dissymmetric bis(thiosemicarbazones) may be de-
rived from two sources. Either they are prepared from non-
symmetric dicarbonyl compounds, or from the stepwise con-
densation of a symmetric dicarbonyl compound with two
different thiosemicarbazides. It is worth recording here the
comments of Gringas et al. who, despite some success, point
out that; “The reaction of dicarbonyl compounds with H2–
thiosemicarbazide is not simple and mixtures of products
are usually obtained. The separation of these mixtures is
complicated by the low solubility of the various components
and the discrepancies encountered in the literature concern-
ing their melting points.”[24]


Typically, the bis(thiosemicarbazone) is made by heating a
thiosemicarbazide under reflux with an a-diketone in an al-
coholic solvent with an acid catalyst. A representative pub-
lished procedure is as follows: pyruvaldehyde 21 (Q1=Me,
Q2=H) was added dropwise over 30–40 minutes, as a solu-
tion in water or 50% ethanol, to a solution of thiosemicar-


Scheme 8. Synthesis of 18 and rearrangement reaction of 19.


Scheme 9. Synthesis of a thiohydrazide.


Table 1. Representative substituents on published bis(thiosemicarbazones).


Q1 Q2 R1 and R4 R2 and R3 Yield[e] Ref.


Me H Me H NG [1]
Me H Me H NG [1]
Me Bu, Ph H H NG [24]
Me H H H NG [40]
Me, Pr, MeOCH2CH2OC(Me)H H H, Me, H, Me NG [42]
Me, Et, MeCH ACHTUNGTRENNUNG(OEt), Pr, iPr, Bu, Ph H H, Me, Et H, Me NG [41]
MeCH(OR)[a or b] H H, Me H, Me, Et, Pr, iPr, RC(O)[d] NG [42–44]
MeCH(OR)[c] H H, Me, Ph, Bn, pBrC6H4 H NG [45]
2-pyr[f] 2-pyr Et Et NG [31, 32]
2-pyr 2-pyr C5H10 NG [31, 32]
2-pyr 2-pyr C6H12 NG [31, 32]
2-pyr 2-pyr Pr Pr NG [31]


C3H6 H H 81 [57]
C4H8 H H 45 [57]
C5H10 H, H H, Me 80, 85 [57]
C6H12 H H 19 [57]


CH2CH2C(H)MeCH2CH2 H H 36 [57]
CH2CH2CH2C(H)Me H H 22 [57]


C5H10 H H 60 [58]
C3H6, C4H8 Me, Et Bu, Me NG [58]


[a] R=Me, Et, Ac. [b] R=H, Me, Et, Pr, iPr, MeC(O), EtC(O) or PrC(O). [c] R=Me, Et, Pr, Bu. [d] R=Me, Et, Pr, iPr. [e] NG=not given in the refer-
enced literature. [f] 2-pyr=2-pyridyl.
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bazide 22a (R1=R2=H), Me–thiosemicarbazide 22b (R1=


H, R2=Me) or Me2–thiosemicarbazide 22c (R1=R2=Me)
in water, with 5% AcOH, at 50–60 8C. The mixture was left
to stand at ambient temperature for several hours and was
then refrigerated for two days. The products 23a–c were col-
lected by filtration (crude yield 75–80%) and recrystallised
from boiling methanol (85% recovery) after addition of an
equal volume of water (Scheme 10).[1]


West et al. have discussed the crystal structures of a
number of bis(thiosemicarbazones), derived from butane-
dione, and their metal complexes.[25] The thiosemicarbazides,
which were not commercially available, were made accord-
ing to the Scovill procedure.[19] We have also prepared a
number of bis(thiosemicarbazones) and their copper(II)
complexes by this method.[26]


Stepwise condensation of a dicarbonyl with two different
thiosemicarbazides : Taft and Shepherd have reported the
synthesis of mono(thiosemicarbazones) and bis(thiosemicar-
bazones) from butanedione.[27] Conducting the reaction in
ethanol under reflux gives the bis(thiosemicarbazones) in
56% yield with a 12% yield of the mono(thiosemicarba-
zones). The mono(thiosemicarbazone) was formed selective-
ly (53%) by stirring the neat reagents at room temperature.
Barry et al. have also made compounds from pyruvaldehyde
(R1=Me, Et; R2=H). In a representative procedure
(Scheme 11): Me–thiosemicarbazide 22b was suspended in
water and NaHCO3 added. The mixture was warmed until a
clear solution was obtained. The resulting solution was
added to butanedione (1 equiv) in ethanol. The mixture was
heated under reflux for 15 minutes. The product 24 (46%)
could be isolated by filtration after removal of some of the
solvent. The mono(thiosemicarbazone) 24 was then treated
with 4-ethyl-thiosemicarbazide in DMF with acetic acid cat-
alysis. The bis(thiosemicarbazone) 25 was isolated (in 76%
yield) by filtration.[12] We have had considerable success


with this approach following the method of Gummerus.[28]


Whichever procedure is followed for the synthesis of asym-
metric thiosemicarbazides, great care has to be employed to
ensure that mixtures are not generated, and even if the pure
dissymmetric bis(thiosemicarbazide) is generated it can dis-
proportionate to give mixtures if heated in solution. Claims
to the synthesis of dissymmetric bis(thiosemicarbazones)
should therefore be treated with caution.
Several coccidiostats have been based on [4-(w-dimethyl-


ACHTUNGTRENNUNGaminoalkyl)-1-piperazinyl]thiosemicarbazides (shown here:
n=1, 2 or 3), several species of gut parasite being controlled
by oral dosing.[17,29,30] There has
also been interest in using pyri-
dil as the starting diketone, as
the two pyridine rings are a site
for coordination of a second
metal atom.[31,32]


Stepwise synthesis of bis(thio-
ACHTUNGTRENNUNGsemicarbazones) from precursors other than diketones : The
displacement of hydroxylamine from isonitrosoacetone 26
by thiosemicarbazide is known. The ketone group reacts
first to give 27. A second thiosemicarbazide may then be
added to displace the oxime and give the final product 28.
A substantial range of compounds were made with various
alkyl groups on the nitrogen atoms (Scheme 12; R1=H, Me,


Et, Pr, iBu, Bn, cHex, allyl and amyl; R2=H, Me, Et, Pr,
iBu, cHex, allyl and amyl).[12] Few yields were given (one ex-
ample R1=Me 97% first step: R2=H, 75% second step).
Barry et al. reported that the reactions between pyruval-


dehyde and H2-thiosemicarbazide were unpredictable.[33]


They regarded the synthesis from isonitrosoacetone as supe-
rior.
Barry et al. also made a series of compounds by stepwise


condensation of isonitrosoacetone with H2–thiosemicarba-
zide (X=S), semicarbazides (X=O) and azasemicarbazides
(X=NH) (Scheme 13 and Table 2).[12] Few yields were given
(e.g., R1=Me, X1=S, 97% first step: R2=H, X2=NH, 21%
second step). Similar systems were made by simply condens-


Scheme 10. Synthesis of 23 from pyruvaldehyde and a thiosemicarbazide.


Scheme 11. Stepwise addition of two thiosemicarbazides to 2-oxopropa-
nal.


Scheme 12. Use of isonitrosoacetone 27 as a starting material.
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ing two equivalents of the appropriate thiosemicarbazide,
semicarbazide or azasemicarbazide with pyruvaldehyde.
Green et al. reported having difficulty repeating the meth-


ods, outlined above, based on the use of isonitrosoace-
tone.[34] Although they were able to isolate compounds such
as 27, treatment with a second thiosemicarbazide gave mix-
tures of symmetric and dissymmetric bis(thiosemicarba-
zones). As an alternative they used an a-ketoacetal 29 as
the starting material.[34] The ketone reacts first to give imi-
noacetal 30 (R1=H, Me: 60–80% yield), which is then con-
verted to the aldehyde 31 by a Lewis acid and water (90%
yield) before addition of the second thiosemicarbazide to
give 32 in 50–60% yields (Scheme 14). The scope of this
route has been expanded to include a range of alkyl and ali-
cyclic groups at N(4).


[35]


Use of non-symmetrical dicarbonyls : West et al. used the
standard conditions, with H2SO4 added, to prepare N(4)-
methyl- and N(4)-ethyl-substituted bis(thiosemicarbazones)
from 1-phenyl-1,2-propanedione[36] and phenylglyoxal.[17,37–39]


Pyruvaldehyde[40] and various alkyl-substituted glyoxals[41,42]


have been prepared, along with a series of compounds de-
rived from branched chain diketones.[43–45] 3-Phenanthryl-
glyoxal has been used as the dicarbonyl precursor[46] and a
series of compounds made from cyclohexylglyoxal, 1-
phenyl-2,3-dioxobutane and 3-ethoxy-2-oxobutanal have
also been reported.[17] Petering used a range of ketoalde-
hydes with oxygenated side chains, including ethoxypyruval-
dehyde[1] and 3-methoxy-2-oxobutanal.[47] Despite the range


of 1,2-dicarbonyl compounds that have been used, apparent-
ly successfully, to make the bis(thiosemicarbazones), unique
difficulties were encountered with benzil (discussed below).
The synthesis of bis(thiosemicarbazones) has been used to


trap the dicarbonyl products of the oxidation of imidazole.
N-Bromosuccinimide (NBS) oxidation of a substituted imi-
dazole 33 gives a substituted glyoxal 34, which reacts with
H2–thiosemicarbazide to give 35 ; the result may be used to
quantify the formation of dicarbonyl compound
(Scheme 15).[48] The carboxylate group in compound 35 has
the potential to be used a conjugation site for biological
molecules.


Cao and West et al. were able to prepare bis(thiosemicar-
bazones) and their metal (CuII and NiII) complexes from di-
ketones derived from ribose 36, galactose 37 and glucose 38
(Scheme 16).[49] There has been much interest in these
sugar-derived structures;[50–55] for example, Horton et al.[51]


noted that the use of 2-methoxyethanol as solvent gives
better results than the use of ethanol or methanol. It was
suggested that 2-methoxyethanol allows a higher concentra-
tion and temperature. Preliminary studies with copper, plati-


Scheme 13. Synthesis of bis(thiosemicarbazones), bis(semicarbazones),
bis(azasemicarbazones) and mixed dissymmetric derivatives.


Table 2. Variants on the bis(thiosemicarbazone) theme (Scheme 13).


R1 X1 X2 R2 Ref.


Me S NH H [25]
H NH S Me [25]
H S NH H [25]
H NH O H [25]
H O NH H [25]
H O S Me [25]
H O O H [38]
H S S H [38]
H NH NH H [38]


Scheme 14. Alternative two-step synthesis of dissymmetric bis(thiosemi-
carbazones).


Scheme 15. Quantification of the oxidation of imidazole 34.
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num and palladium complexes have shown activity against
the poliovirus type 1.[52] Testing against the murine L-1210
tumour line was also reported.[51]


Bis(thiosemicarbazones) derived from para-substituted
phenyl glyoxals : A series of bis(thiosemicarbazones) was
prepared from para-substituted phenylglyoxals and H2–thio-
semicarbazide under acidic conditions.[56] The authors report
that the elemental analysis of the bis(thiosemicarbazone)
shows that the H2–thiosemicarbazide is still present; they re-
moved it with DOWEX resin. The para-substituents exam-
ined were SO3


�, CN, SMe, CO2H, OCH2CO2H, SO2Me,
C(O)NH2 and N(H)COMe; only the derivative with a sul-
fate group failed to produce the required bis(thiosemicarba-
zone). The copper(II) complexes were made in hot metha-
nol from the metal acetate. When the phenyl ring bore a
carboxylate substituent, a ligand exchange reaction between
the acetate groups and the carboxylate groups occurred, as
indicated by IR spectroscopy. The products were not fully
characterised.


Cyclic diketones : Cyclic 1,2-diketones have also been
used;[57,58] bis(thiosemicarbazones) were made from cyclo-
pentanedione, cyclohexanedione, cycloheptanedione and cy-
clooctanedione.
A cyclic 2-hydroxyenone 39 was also used as a starting


material and condensed with H2–thiosemicarbazide
(Scheme 17).[59]


We were able to follow the work of McCleverty[60,61] and
others[62] and repeat the synthesis of bis(thiosemicarbazone)


from cyclohexanedione. We had hoped to follow this work
by using cyclic diones: camphorquinone, 9,10-phenanthrene-
quinone and 1,10-phenanthroline-5,6-dione; however, in our
hands these compounds could only be induced to condense
with one thiosemicarbazide, leaving one ketone group un-
touched. McCleverty claimed the synthesis of a bis(thiose-
micarbazone) from camphorquinone,[60,61] but we were only
able to obtain the bis(thiosemicarbazone) in the presence of
a zinc template; even then significant levels of mono(thiose-
micarbazone) were present.


Cases That Give Unexpected Results


Many of the published syntheses of bis(thiosemicarbazones)
and related compounds follow the generalisations given
above. In the following paragraphs we discuss the cases
where the syntheses are not straightforward.


Syntheses using 1,3-, 1,4- and higher related dicarbonyls : We
were able to isolate the bis(thio ACHTUNGTRENNUNGsemicarbazone) from treat-
ment of 2-acetylcyclopentanone with Me–thio ACHTUNGTRENNUNGsemicarbazide
(Scheme 18).


Gringas et al. reported trying to make a range of bis(thio-
semicarbazones) with variation in the backbone.[24] In their
paper they report the synthesis of bis(thiosemicarbazones)
from 1-phenyl-1,3-butanedione 40 (13% yield) and 2,5-hex-
ACHTUNGTRENNUNGaneACHTUNGTRENNUNGdione 41 (87% yield). The reactions were conducted in
boiling ethanol and water/acetic acid, respectively
(Scheme 19). The authors comment that they failed to iso-
late either mono- or bis(thiosemicarbazone) from the reac-
tion of H2–thiosemicarbazide with 2,4-pentanedione. They


Scheme 16. Preparation of bis(thiosemicarbazones) from sugar-derived
dicarbonyls.


Scheme 17. Synthesis of a bis(thiosemicarbazone) from 39.


Scheme 18. Synthesis of bis(thiosemicarbazone) from 2-acetylcyclopenta-
none.


Scheme 19. Use of 1,3- and 1,4-diketones as the dicarbonyls.
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were able to isolate acetyl thiosemicarbazide [Me-
C(O)NHNHC(S)NH2] showing that the 1,3-diketone is de-
graded under the reaction conditions.
We also found that 2,4-pentanedione could be used direct-


ly as a starting material in the synthesis of bis(thiosemicar-
bazones), but that we achieved better yields with a slightly
different approach:[63] the diketone was treated with 1,2-eth-
ylenediamine to give 1,2-bis(1-methyl-3-oxobutylideneami-
no)ethane (42 ; Scheme 20). Reaction of 42 with Et–thio-


ACHTUNGTRENNUNGsemicarbazide gave not the expected product 43, but rather
a cyclised form, pyrazoline 44. This is consistent with the re-
sults reported by Davies et al.[64] and Hunter et al.[65] Fortu-
nately the cyclisation proved to be reversible and treatment
of 44 with a metal cation (CuII or NiII, but not ZnII or CuI)
gave the desired product 45. The structures of 44 and the
copper complex 45 were confirmed by X-ray crystallogra-
phy.[63] Exposure of the metal complexes to air results in oxi-
dation of the backbone methylene unit to give 46.
The synthesis above worked well for Me– and Et–thio-


ACHTUNGTRENNUNGsemicarbazides. When we tried to use Ph–thio ACHTUNGTRENNUNGsemicarbazide
a new problem appeared. The reaction of 42 with Ph–thio-
ACHTUNGTRENNUNGsemicarbazide gave impure material from which crystals of
N,N’-diphenyl-[1,3,4]thiadiazole-2,5-diamine 47 were isolat-


ed. Satisfactory metal com-
plexes similar to 45 could be
prepared from the impure ma-
terial, but a significant side re-
action is evidently occurring.


The direct synthesis of 47 from Ph–thiosemicarbazide alone
has been independently reported.[66]


McCleverty et al. reported the synthesis of bis(thiosemi-
carbazones) from treatment of 2,5-hexanedione (75–85%
yield), (Z)-hex-3-ene-2,5-dione (45–62% yield) and o-
phthal ACHTUNGTRENNUNGaldehyde (50% yield) with H2– and Me–thiosemicar-
bazide.[60,61] During the reaction
of Me–thiosemicarbazide with
1,2-diacetylbenzene, a side
product was observed which the
authors suggest may be 48. The
reaction of thiosemicarbazide
with 2,6-diacylpyridine pro-
ceeds without complications.[67]


During their work with 2,4-pentanedione, Barry et al. re-
ported isolating a pyrazole 49, which they believe was
formed from 50.[68] Examination of the crude reaction mix-
ture by IR spectroscopy indicated the presence of methyl
isothiocyanate, which may have been formed during the de-
composition of 50 (Scheme 21).


Barry et al. have also reported their results using 1,5-di-
carbonyls.[69] They found that when 1,5-dicarbonyl 51 was
treated with two equivalents of thiosemicarbazide in water
in the presence of acetic acid the corresponding bis(thio-
ACHTUNGTRENNUNGsemicarbazone) 52 could be isolated in good yields (R=Me,
55%; R=Pr, 79%; R=95%). However, when a single
equivalent of thiosemicarbazide was used, the morpholine
derivative 53 was the only product (R=H, Me,
CH2CH2OH, Pr, Bn in 79, 44, 38, 45 and 73% yield, respec-
tively). Dialdehyde 51 (X=O) with a benzyloxy substituent
on one of the methylene groups gave only morpholine prod-
ucts regardless of how much thiosemicarbazide was used:
conversely the dialdehyde 51 (X=S) only gives bis(thio-


Scheme 20. Synthesis of copper complex 45 from 2,4-pentanedione.


Scheme 21. Side products formed during the reaction of Me-thiosemicar-
bazide with 2,4-pentanedione.
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ACHTUNGTRENNUNGsemicarbazones) even when only one equivalent of thiose-
micarbazide is used. For dialdehydes 51 (X=NAr), although
condensation with hydroxylamine proceeded as above, the
formation of bis(thiosemicarbazones) had to be undertaken
in the absence of acid (R=H: X=NPh 44% yield,
NC6H5Cl 70% yield).
Barry et al. have shown that bis(thiosemicarbazones) may


be prepared from dicarbonyl compounds with a 1,6- or
higher relationship between the carbonyl groups.[68] They
successfully prepared bis(thiosemicarbazones) from: 1,6-;
1,9-; 1,10-; 1,13- and 1,14-related diketones. They have re-
ported the synthesis of polymeric thiosemicarbazides from
sugar-derived polymeric dialdehydes.[70,71] Bis(thiosemicarba-
zones) have been made from 1,1’-diacetylferrocene and H2–
thiosemicarbazide.[72] The complexes with CoII and CdII are
dimetallic dimers, showing coordination of the metal to both
arms of a bis(thiosemicarbazone) unit and one arm of the
second bis(thiosemicarbazone): in contrast, the tetrametallic
CuI species only shows two different metal environments,
each metal coordinated to one arm of each bis(thiosemicar-
bazone).


Compounds derived from H2–thiosemicarbazide : Two
papers have published on a cyclisation reaction that occurs
with bis(thiosemicarbazones) derived from H2–thiosemicar-
bazide itself. In both papers it is reported that treatment of
the bis(thiosemicarbazone) with acetic anhydride in pyridine
caused a double cyclisation event.[54,55] Exposure to acetic
anhydride for one hour at room temperature gave a 29%
yield of cyclised product, 4.5 h under reflux gave cyclised
product 54 in 75% yield (Scheme 22). These are not com-


monly reported results, but many attempts at bis(thiosemi-
carbazone) synthesis report low to moderate yields and this
type of cyclisation may be possible under acidic, Lewis
acidic or other acylation/alkylation conditions and represent
a possible competing side reaction in the synthesis or elabo-
ration of any bis(thiosemicarbazone).


Syntheses using benzil as the diketone starting material : The
use of benzil as the dicarbonyl introduces a number of com-
plicating side reactions that either do not occur in the ab-
sence of the two phenyl rings or are much reduced.
The presence of an NH2 group on the thiosemicarbazide


allows double condensations to occur. The phenyl rings


allow extensive delocalisation,
which presumably explains the
formation of compounds such
as 55. Gringas et al., examined
both benzil and 1,3-diphenyl-
1,3-propanedione.[24] In contrast
to their observations with
glyoxal and phenyl glyoxal,
they report that benzil gives a mixture of mono- and bis-
ACHTUNGTRENNUNG(thiosemicarbazone) and a triazine product 55. An analysis
of the spectral data for the mono(thiosemicarbazone) sug-
gests a structure 56, in which a considerable degree of hy-
drogen bonding is present. This may explain why the forma-
tion of bis(thiosemicarbazone) is difficult.
Treatment of 1,3-diphenyl-1,3-propanedione with H2–thio-


semicarbazide gave the mono(thiosemicarbazone) 57 (14%
yield) and 3,5-diphenylpyrazole (58 ; 35% yield); this result
stands in contrast to that obtained with 1-phenyl-1,3-butane-
dione (Scheme 19), but is consistent with the results high-
lighted in Scheme 21.


Reaction of benzil with two equivalents of H2–, Me– or
Ph–thiosemicarbazide in methanol gave the crude bis(thio-
semicarbazone) 59 (R=H, Me or Ph) and this could be pu-
rified by rapid recrystallisation from DMF–methanol.[73]


Slow recrystallisation gave both the bis(thiosemicarba-
zone) 59 and the cyclised material 60, which was identified
by X-ray crystallography. Cyclic product 60 has been report-


ed by others.[74] Recrystallisation from water gave only the
mono(thiosemicarbazone) 61. Since isolation of the desired
bis(thiosemicarbazone) is possible under the right crystalli-
sation conditions, the bis(thiosemicarbazone) is present but
not stable with respect to partial solvolysis. Formation of the
cyclic intermediate 60 is not limited to H2–thiosemicarba-
zide. Jasinski et al. found that when bis ACHTUNGTRENNUNG(benzil)-1,3-diimino-
propane 62 was treated with Me–thiosemicarbazide the iso-
lated product was a triazine thione 63 (Scheme 23).[75]


Use of a 4,4-disubstituted-thiosemicarbazide seems to pre-
vent this problem. Jasinski et al. recently reported an at-
tempt to prepare copper complex 64 from a mixture of


Scheme 22. Double cyclisation of bis(thiosemicarbazone) derived from
pyruvaldehyde.
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benzil, copper acetate and piperidylthiosemicarbazide
(Scheme 24).[75] In contrast to the trouble free use of pyridil
in making thiosemicarbazones, no identifiable products were
isolated using this method.


Instead, bis ACHTUNGTRENNUNG(benzil)-1,3-diiminopropane 62 was used in
place of benzil (Scheme 24). It seems that imine to imine
conversion is easier than ketone to imine conversion. This
should probably be seen in the same light as the observation
that acetal-to-acetal conversion is easier than making acetals
from carbonyls. The use of a 4,4-disubstituted thiosemicar-
bazide prevented formation of 60 or 63. Lacking a hydrogen
atom at N(4) does not allow formation of the cyclic struc-
tures; however, the comparison has to be cautious since it is
not known whether the copper acted as a template or stabi-
lised the product and prevented degradation to the mono-
ACHTUNGTRENNUNG(thiosemicarbazone).
Formation of a cyclised intermediate was also observed


by Mendiola et al.[76] In the presence of copper(II) the tri-
ACHTUNGTRENNUNGazine thione 60 was converted to a macrocycle 65 in 2 h
(Scheme 25). The authors picture 65 as in Scheme 25; that
is, as a head-to-tail dimer of the mono(thiosemicarbazone)
61 (R=H), but they only report elemental analysis, IR and
NMR data. This information given does not allow us to ex-
clude the equivalent head-to-head dimer, or a polymeric
structure. Interestingly elemental analysis shows no copper


in the sample and the role of the copper in the macrocyclisa-
tion is not clear. Although a model was proposed for a
copper template, no copper coordinated species was isolated
and the metal cation may simply promote ring-opening of
60. The formation of macrocycle 65 also occurs in the pres-
ence of a mercury cation; this time the product is isolated as
a 1:1 complex with mercury(II). The authors suggest loss of
two protons and coordination through the two sulfur atoms,
although the diagram they use implies some rather unusual
bond angles at the carbon and nitrogen atoms; it is possible
that HgL aggregates are formed in which each mercury
cation is bound to two ligands.
Despite the results just quoted, there were no problems


with the synthesis of 66 from 1-phenylpropane-1,2-dione
and piperidylthiosemicarbazide.[75] The reaction proceeded
smoothly in the presence of copper acetate (Scheme 26).


Bis(thiosemicarbazones) from butanedione and 4,4-disubsti-
tuted-thiosemicarbazides : The nature of the substituents on
the 4-position of the thiosemicarbazide has a significant
impact of the course of the reaction of thiosemicarbazides
with butanedione. Generally, if the thiosemicarbazide is 4-
monosubstituted then the reaction to form the bis(thiosemi-
carbazone) will proceed
smoothly. However, when we
tried to form the bis(thiosemi-
carbazone) from Me,Ph–thio-
ACHTUNGTRENNUNGsemicarbazide and butanedione
by heating the mixture under
reflux in ethanol–water (1:1)
for 2 h the bicyclic compound
67 was obtained.[77]


Conjugation and Radiolabelling


The majority of interest shown in the medical application of
bis(thiosemicarbazones) has been inspired by the intrinsic
biological activity of both the
compounds and their metal
complexes. However, attempts
have been made to conjugate
the metal complexes of bis-
ACHTUNGTRENNUNG(thiosemicarbazones) to anti-
bodies and small proteins.
McPherson et al. , prepared


64Cu-labelled 68.[10] They tried
several labelling strategies


Scheme 23. Unexpected synthesis of triazine 63.


Scheme 24. Synthesis of 64.


Scheme 25. Unexpected synthesis of macrocycle 65.


Scheme 26. Successful synthesis of 66.
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before finding that the labelling was most effective when
n=2 and when the metal was introduced before conjugation
to bovine serum albumin via formation of the tetrafluoro-
phenyl ester. The copper labelling was found to be stable
for up to one hour (>80% label remains) when challenged
with EDTA, but that after 24 h only 50% of the label re-
mained, decreasing to virtually zero at 48 h. Interestingly
they found that if the free bis(thiosemicarbazone) was con-
jugated to the protein, copper labelling still occurred and oc-
curred exclusively at the bis(thiosemicarbazone).
Arano et al. made a series of compounds with a carboxy-


late group tethered to the backbone through a phenyl ring
68.[8,11] The phenyl ring is critical; a simple alkyl chain
allows cyclisation involving the free acid to dominate the re-
action used for the preparation of the bis(thiosemicarba-
zone). AranoLs group combined the assumed 99mTc(V)–oxo
complex with HSA and monoclonal antibody IgG (56C).
The conditions must be carefully controlled to ensure that
only one complex is introduced per protein. The Arano
group has also studied the 64Cu complex 69 in vivo.[9] Good
brain uptake was observed when the labelling conditions
were controlled to ensure that monometallic species were
formed.


We have also had some success conjugating bis(thiosemi-
carbazones) to peptides, this time through a phenylcarboxy-
late mounted on the terminal nitrogens.[78] We prepared a
sample of bis(thiosemicarbazone) 70 that was labelled with
both Cu and 64Cu; the radiolabelling proceeding smoothly
under the same conditions as used to complex the Cu. The
Cu complexes were coupled to H2N-LysACHTUNGTRENNUNG(Boc)-OH and the
pendant Phe-NH2 residue of octreotide. Again the coupling
proceeded through an active ester, in this case the N-hy-
droxysuccinimdyl ester.


Conclusion


The biological activity of the bis(thiosemicarbazones) and
their metal complexes has, historically, been the driving
force for the interest shown in this interesting class of com-
pounds. The metal complexes of bis(thiosemicarbazones)
are useful both as biological agents and as tools for fluores-
cence imaging and radiomedicine.
Although the retrosynthetic analysis of bis(thiosemicarba-


zones) appears straightforward, there are pitfalls for the
unwary. Methods lack generality and when bis(thiosemicar-
bazone) products are obtained there can be real difficulties


in purification. The literature is often inconsistent and the
products intractable. In this article we have attempted to
bring together most of the literature on the synthesis of bis-
ACHTUNGTRENNUNG(thiosemicarbazones), to compare the findings of the con-
tributors to this field and to add our own experiences and
those from the laboratory of our collaborator Dr. Jo Peach.
We hope that this review will assist others in finding the ap-
propriate precedent for their work and help them evaluate
the potential difficulties.
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Interplay of Spin Conversion and Structural Phase Transformations:
Re-Entrant Phase Transitions in the 2-Propanol Solvate of Tris(2-
picolyl ACHTUNGTRENNUNGamine)iron(II) Dichloride


Karl W. Tçrnroos,*[a] Marc Hostettler,[b] Dmitry Chernyshov,[c] Brita Vangdal,[a] and
Hans-Beat B6rgi[b]


Introduction


Much of the continuing activity in spin-crossover research
on octahedral complexes with 3d metals is motivated by po-
tential applications for display, memory and switching devi-
ces.[1–3] Such applications require materials that can be
switched rather abruptly between states with different physi-
cal properties. There is still a debate whether such switching
can be achieved with noninteracting, bistable molecules.[4] In
the solid state molecular bistability is only one factor gov-
erning the changes of physical properties, another one being
the interactions between the ions and molecules in a crystal.


The complex interplay between molecular and crystal prop-
erties produces solid-state phenomena including not only
bistability, but also multistability and complete suppression
of changes in physical properties. This entire spectrum of
behaviour has been observed serendipitously in a family of
six chemically and structurally very closely related spin-
crossover compounds, namely [FeII ACHTUNGTRENNUNG(2-pic)3]Cl2 solvates with
methanol, ethanol, 1-propanol, 2-propanol, tert-butanol and
allyl-alcohol (2-pic: 2-picolylamine).[5] Our inability to corre-
late crystal structure parameters to the spin transition prop-
erties has motivated us to investigate these compounds in
greater detail. Crystal structures and magnetic properties
between liquid helium and room temperature of the ethanol
solvate have been reported earlier;[6] corresponding infor-
mation on the 2-propanol solvate is described in this work.
The crystal structures of the two solvates are very similar;
surprisingly their magnetic behaviour is quite different.
For octahedral iron(II) complexes like the [FeII ACHTUNGTRENNUNG(2-pic)3]Cl2


solvates, the conversion is between the low-spin singlet state
(LS, S=0, (t2g)


6(eg)
0) and the high-spin quintet state (HS,


S=2, (t2g)
4(eg)


2). Quantum-chemical calculations on the iso-
lated complexes seem to be a powerful tool to estimate the
molecular contributions to the HS/LS enthalpy and entropy


Abstract: Crystal structures, magnetic
and thermodynamic properties of the
spin-crossover compound tris(2-picolyl-
ACHTUNGTRENNUNGamine)iron(II) dichloride (with 2-prop-
anol solvent molecules) have been
measured in the temperature range
from 15 to 293 K. X-ray diffraction,
SQUID, and calorimetric experiments
all showed two first-order phase transi-
tions with hysteresis loops, a narrow
one at T1~196 K and a broad, triangu-
lar one covering the range 153<T2<
166 K. Crystal structures were analysed


at fourteen temperatures in a cooling
cycle and at seven temperatures in a
heating cycle. They reveal a complex,
temperature-dependent ordering be-
haviour of both the complex cations
and the alcohol molecules. A phenom-
enological model accounting for spin
conversion, solvent ordering and cou-


pling between the two processes de-
scribes the observed phase transitions
and ordering phenomena reasonably
well. Similarities and differences in the
behaviour of the corresponding ethanol
solvate with the same crystal architec-
ture are discussed. It is concluded that
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much on molecular properties as it
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both of the spin active and the spin in-
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differences.[7,8] The molecular entropy increases on going
from the LS to the HS state, due to the difference in spin
multiplicity, to an increased flexibility of the HS state arising
from the increase in metal–ligand bond lengths and to the
appearance of disorder in the counterion and/or solvent
molecules. Complicated and possibly cooperative interac-
tions between the spin active cations, the anions and other
molecules in the crystal structures also affect spin equilibria,
but are much more difficult to understand.[9] If the spin
changes are accompanied by order–disorder transitions in-
volving any of the entities in the unit cell, configurational
entropy is another factor to be taken into account. Thermal-
ly induced phase changes of spin-crossover compounds are
expected to be accompanied by changes of physical proper-
ties including colour, magnetisation and molecular volume.
The dependence of spin conversion on external stimuli


such as temperature and pressure is conventionally depicted
with the help of so-called transition curves, which represent
the evolution of the magnetic moment or of structural pa-
rameters during the transition from a HS phase at high tem-
peratures to a mixed phase of HS and LS molecules at inter-
mediate temperatures and eventually to a LS phase at low
temperatures. Transition curves may be gradual or abrupt,
show hysteresis, and be one- or multistep, thus suggesting
scenarios ranging from gradual crossover to first-order, mul-
tistep transitions. In the case of gradual, one-step crossover
the space groups of the HS and LS end members are the
same, thus implying an isostructural scenario of spin transi-
tion;[9] at intermediate stages of the transition HS and LS
molecules are disordered and show short-range order at
best. In the case of a first-order transition, the crystal struc-
tures may retain or change crystal symmetry and separate
HS and LS domains may coexist. Alternative scenarios char-
acterised by two gradual or abrupt steps with a plateau near
equal concentrations of HS and LS molecules have also
been observed in a number of spin-crossover com-
pounds.[6,10–12] In all two-step cases we are aware of, the crys-
tal structures associated with a plateau in the spin transition
curve differ from the HS and LS structures by having super-
structure Bragg reflections, indicating a transition scenario
with symmetry breaking. If the HS and LS phases in a two-
step spin crossover are isostructural, the sequence of transi-
tions is called “re-entrant”. So far ordering of HS and LS
molecules has been observed mostly near a HS concentra-
tion of ~50%. The models describing the different scenarios
of spin transitions are usually based on an Ising-like phe-
nomenological approach[13] or on a Landau expansion of the
free energy.[9]


In this contribution we report on magnetic and calorimet-
ric measurements as well as on a multitemperature single-
crystal diffraction study of the [FeII ACHTUNGTRENNUNG(2-pic)3]Cl2·2-propanol
solvate (1).[5] The crystal structure was measured at 21 tem-
peratures, 14 of them covering a cooling cycle from 293 to
15 K, and 7 a heating cycle between 149 and 206 K. The
transition curve based on magnetic data is thus endorsed by
a microscopic characterisation of the thermal evolution of


the crystal structure. Aspects of the spin-crossover behav-
iour of 1 deserving detailed discussion include:


1) The intermediate plateau occurs at an unusual HS con-
centration of ~95% and extends over a large tempera-
ture range, from ~200 to ~153 K; the corresponding crys-
tal structure shows a doubled unit cell and the sequence
of phases is re-entrant, analogous to, but different from
that observed for other representatives of the family.


2) There is a remarkable correlation between spin popula-
tions of the iron complexes and the degree of ordering
of the 2-propanol solvate molecules.


3) Diffraction experiments show coexistence of the ordered
and intermediate phases which is paralleled by hysteresis
in the spin transition curve.


4) A simple phenomenological model based on ideas of
Drickamer and Slichter and of Landau, first suggested in
reference [9], reproduces the observed transition scenar-
io over a large temperature range.


Results


Magnetisation and differential scanning calorimetry (DSC):
The transition curve of 1 shows an abrupt transition at T1~
196 K from a high-temperature phase which is 100% HS, to
one which is ~98% HS (Figure 1, top); we call it the “HS
intermediate phase” (HS IP). The transition shows a narrow
hysteresis loop, no more than 1–2 K wide and is therefore
first-order. Further decrease of temperature is accompanied
by a slow decrease of the HS concentration until at T~
158 K the HS fraction drops steeply. Below T1/2~147 K the
HS concentration decreases more gradually towards the LS
state with complete conversion below ~100 K (T1/2 is the
temperature at which the concentrations of the HS and LS
states are equal). Upon re-heating a hysteresis loop with an
unusual triangular shape unfolds. It extends between T~153
and ~166 K and indicates another first-order phase transi-
tion occurring in this temperature range. On further heating
the compounds reverts to its HS phase at T1~196. Cooling
the sample from room temperature to some temperature be-
tween 166 and 147 K and subsequent heating revealed inner
hysteresis loops (Figure 1, top, insert). The DSC measure-
ments confirm the first-order character of both transitions,
the one from the high-temperature, pure HS phase to the
HS IP, and from the HS IP to the LS/HS zone of the low-
temperature phase (Figure 1, bottom). The hysteresis widths
from DSC and SQUID measurements differ somewhat; we
attribute this effect to the low heat conductivity of the
sample, which could delay the appearance of a DSC signal
at the heating and cooling rate used (10 Kmin�1).[14] The
broad bump found below the signals associated with the
first-order transformation and centred at T1/2 is a typical fea-
ture of a gradual spin crossover.[15]


Based on these observations the transition curve may be
subdivided into the following, partly overlapping zones:
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1) A high-temperature phase, purely HS, above ~196 K.
2) An intermediate HS phase (HS IP) bracketed between
two first-order transitions, both associated with hysteresis
loops, a narrow one at T1~196 K and a broad one cover-
ing the range 153<T2<166 K.


3) A triangular hysteresis zone between ~153 and ~166 K.
4) The HS/LS zone of a low-temperature phase with a HS
fraction gradually decreasing from ~50 to 0% between
147 and ~100 K.


5) Continuation of the low-temperature phase below
~100 K, purely LS.


These five zones, defined on the basis of macroscopic
properties, will now be further characterised in terms of the
underlying crystal structures.


Structural aspects : The crystal structure of the high-temper-
ature, pure HS phase of 1 has been reported before.[5] It is
built from layers made of FeII complexes hydrogen bonded
through chlorine counterions, which also act as hydrogen-
bond acceptors for the hydroxyl groups of the 2-propanol
molecules. The hydroxyl groups are disordered over two
sites. The 2-propyl groups, protruding out of a given layer,
fit into the wedge-shaped cavities formed by pairs of pyri-
dine rings belonging to an iron complex in the neighbouring
layers. These and numerous other van der Waals contacts
keep neighbouring layers together. The space group symme-
try is B21/c ; the asymmetric unit of the crystal structure is
composed of one pair of chloride ions, one 2-propanol mole-
cule and a single iron complex occupied with HS iron atoms


(a nonconventional description
has been chosen for ease of
comparison with the other
phases of 1 and with the crystal
structures of the other members
of the family; the transforma-
tion matrix from the standard
description in space group P21/a
to B21/c is [001] [010]
[�20�1]).
During the first-order transi-


tion from the high-temperature
phase to the HS IP at 196 K the
crystal structure looses the B-
centring and changes the space
group to P21/a. The general ar-
chitecture of the HS IP remains
the same as that of the high-
temperature phase, but its
asymmetric unit now comprises
two crystallographically inequi-
valent iron complexes, four
chlorine ions, and two solvent
molecules. HS complexes,
hardly distinguishable from
those in the pure HS phase,
occupy one of the two iron


sites. The other is occupied by a disordered mixture of HS
and LS complexes, the composition of which changes from
~9:1 to ~8:1 with decreasing temperature. The ordered site
with only HS iron complexes is associated through its chlo-
ACHTUNGTRENNUNGrine ions with disordered 2-propanol molecules, while the
disordered complex is associated with ordered solvent mole-
cules. Within the layers the two sites are arranged in two dif-
ferent kinds of parallel zigzag chains alternating along the b
axis (Figure 2, left).
Below 153 K the original translational symmetry with


space group B21/c is recovered and maintained down to
15 K. The asymmetric unit is reduced back to one iron com-
plex, two chlorine ions, and one ordered solvent molecule.
In the HS/LS zone of this low-temperature phase the HS
and LS complexes are distributed in a largely uncorrelated
manner as deduced from the absence of any noticeable dif-
fuse scattering.
The following, additional observations are also worth


noting: 1) the change of the average Fe�N bond length ac-
companying the changes in temperature and crystal phase
correlates well with the spin transition curve derived from
the magnetic data (Figure 1 and Figure 3); 2) the two first-
order phase transitions are associated with strong elastic
strain, as seen from the changes of the unit cell volume and
of the monoclinic angle, the latter changing by nearly 10 de-
grees between 200 and 147 K (Figure 3); and 3) within the
wide hysteresis region a superposition of the diffraction pat-
terns of the HS IP and of the low temperature B21/c phase
is observed as illustrated by the zone images shown in
Figure 4. Given the co-existence of two phases with such


Figure 1. Macroscopic properties of [FeII(2-pic)3]Cl2·2-propanol (1) as a function of temperature. The num-
bered grey zones indicate the following macroscopic regimes (see text): 1) High-temperature phase, purely
HS. 2) Intermediate HS phase (HS IP). 3) Hysteresis zone. 4) Low-temperature phase, HS/LS zone. 5) Low-
temperature phase, purely LS. Top left: cT from SQUID measurements, the insert shows inner hysteresis
loops. Bottom left: heat flow as recorded by DSC for a heating and a cooling cycle. Top right: g(T) from a
phenomenological model (see text). The temperature dependence of the average HS fraction is shown as a
bold solid line, the HS fractions of the two different iron sites within zones 2 and 3 as thin dashed lines.
Bottom right: specific heat from the phenomenological model (see text).


www.chemeurj.org 	 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 6207 – 62156210


K. W. Tçrnroos et al.



www.chemeurj.org





dramatic differences in unit cell shape, it seems remarkable
that some samples survived the changes in temperature and
in some instances still produce single-crystal diffraction
images after having shown phase coexistence.


Modelling the transition curve :
The macroscopic and diffrac-
tion experiments have uncov-
ered a re-entrant sequence of
two first-order phase transitions
with hysteresis. Whereas the
spin transition curve of the
ethanol solvate is nearly sym-
metric with respect to T1/2,


[6] the
corresponding curve of 1 is
highly asymmetric. To account
for this particular combination
of spin conversion and phase
transformations, we found it
useful to somewhat modify
[Eq. (1)] the classical Landau
expansion of the free energy
of a spin transition[9] as justi-
fied in the discussion part
below:


F ¼ðDH�TDSÞgþ RT½glnðgÞ þ ð1�gÞlnð1�gÞ� þ Ggð1�gÞþ
1
2
b1g


2 þ 1
4
b2g


4 þ . . .


l1ðg�gcÞg2 þ l2ðg�gcÞ2g2 þ . . .


ð1Þ


The first line represents the free energy of spin crossover
in the Slichter–Drickamer representation.[16] It is closely
similar to the mean-field Gorsky–Bragg–Williams expres-
sion[17] and related to the conventional Ising-like model for
a spin-crossover system.[18] In this expression DH and DS are
the enthalpy and entropy changes associated with the spin
conversion of the complex; they include both molecular and
solid-state packing contributions. The term in RT is the con-
figurational (mixing) entropy; G is a phenomenological “co-
operativity parameter” for the spin-conversion process. The
quantity g denotes the fraction of HS states, g=NHS/N, in
which NHS is the number of iron complexes in the HS state
and N is the total number of spin active complexes. In the
high-temperature phase of 1 g~1, in the low-temperature
phase g<0.5, with g=0 at 15 K corresponding to the LS
end member. The scalar quantity g is thus taken as the
order parameter (OP) for the spin transition, which is not
symmetry breaking. The second line in Equation (1) gives
the Landau expansion of the excess free energy associated
with the ordering process. The third line introduces the cou-
pling between spin conversion and ordering. The coefficients
bi and li are phenomenological constants. The coefficient b1
is assumed to be a linear function of temperature, b1=
ACHTUNGTRENNUNGbACHTUNGTRENNUNG(T�Tc); it is negative below Tc, the temperature close to
which the phase transition may take place; b2 is >0 to
assure stability of the intermediate phase. The quantity gc is
the fraction of HS states in the vicinity of which the phase
transition takes place. The OP y characterises the degree of
ordering in the sites of the HS IP, which are occupied by HS


Figure 2. Packing diagrams of [Fe(2-pic)3]Cl2·2-propanol (1, left) and of the corresponding ethanol solvate
(right) in their intermediate phases. Note the different ordering patterns indicated by red (LS) and yellow
(HS) iron atoms. Chlorine atoms are shown as small green balls, hydrogen bonding is indicated by dashed,
black lines.


Figure 3. Structural properties of [Fe(2-pic)3]Cl2·2-propanol (1) as a func-
tion of temperature. Top: average iron–nitrogen bond lengths; the insert
shows the overall average bond lengths and the separate averages for the
two crystallographically inequivalent iron complexes in the HS IP region.
Middle: unit cell volume. Bottom: monoclinic angle undergoing two
jumps at the first order transformations. Dark-grey balls represent meas-
urements from a cooling cycle, light-grey balls from a heating cycle. Solid
lines are guides for the eye. The numbered grey zones have the same
meaning as in Figure 1.
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and LS complexes or by orientationally disordered solvent
molecules. For a model with equal numbers of nodes in both
sublattices and in the neighbourhood of gc=1/2, y is conven-
iently chosen as 2(NA


HS�NB
HS)/N=gA�gB, in which NA


HS(N
B
HS)


denotes the number of iron complexes in the HS state in
sublattice A(B), also 0�gB�gA�1 in analogy to 0�g�1
for one sublattice. For gc¼6 0.5 this definition of y is suitably
normalised [Eq. (2)]:


The physical meaning of y is analogous to that for order-
ing of binary alloys. It always equals one if, for a given g,
the difference jgA�gB j between the two sublattices is maxi-
mal. In the expansion in Equation (1) the terms in y are all
even, as required by the irreducible representation Y2


+ as-
sociated with the observed change of symmetry during the
phase transitions of 1.[19] The coupling between the two
processes includes linear-quadratic (/y2g) and bi-quadratic
(/y2g2) terms, both of which are symmetry allowed.
The temperature evolution of the system follows from the


equilibrium conditions [Eq. (3)]:


@F
@g


¼ 0 ¼DH�TDS þ RT ln
�


g


1�g


�
þ Gð1�2gÞ


þl1y
2 þ 2 l2ðg�gcÞy2


ð3aÞ


@F
@y


¼ 0 ¼ ½bðT�TcÞ þ b2y
2 þ 2 l1ðg�gcÞ þ 2 l2ðg�gcÞ2�y


ð3bÞ


The well-known temperature dependence of g describing
normal spin crossover uninterrupted by a structural phase
transition[18] follows from Equation (3a) with the trivial solu-
tion of Equation (3b), y=0 [Eq. (4)]:


T ¼ DH þ Gð1�2gÞ


DS þ R ln
�
1�g


g


�
ð4Þ


The intermediate phase (HS IP) is associated with the
nontrivial solution of Equation (3b), y2�0 [Eq. (5a)]:


y2ðTÞ ¼ � 1
b2


½bðT�TcÞ þ 2l1ðg�gcÞ þ 2l2ðg�gcÞ2� ð5aÞ


or in more compact form [Eq. (5b)]:


y2ðTÞ ¼ � 1
b2


ðbðT� ~TcÞ þ 2l2ðg�~gcÞ2Þ


with ~Tc ¼ Tc þ
l1
2


2bl2
and ~gc ¼ gc�


l1
2l2


ð5bÞ


The role of the linear quadratic term l1(g�gc)y
2 in Equa-


tion (1) is therefore to renormalise critical concentration
and temperature, as shown before for gc0.5.[9] In the fol-
lowing we use renormalised parameters.


The domain of existence of the intermediate phase (HS
IP, y¼6 0) in terms of g values follows from Equations (4)
and (5), specifically from the roots of the equation [Eq. (6)]:


� 2l2
b


ðg�~gcÞ2 þ ~Tc ¼
DH þ Gð1�2gÞ


DS þ R ln
�
1�g


g


�
ð6Þ


Within this domain the temperature dependence of the
order parameter g can be found [Eq. (7)] from the equilibri-


Figure 4. Upper panels: (h0 l) zone images of 1 at 196, 156, 153 and 152 K. Lower panels: schematic interpretation of the diffraction images. The circled
numbers have the same meaning as in Figure 1. (Codes: Circles: reflections with h+ l=2n ; stars: reflections with h+ l=2n+1; light yellow: high-temper-
ature phase; dark yellow: HS IP; red: low-temperature phase, HS/LS zone). In the hysteresis zone 3 the diffraction patterns of both the HS IP (dark
yellow) and the low-temperature phase (red) appear.
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um conditions [Eq. (3)]:


T ¼ DH þ Gð1�2gÞ þ 2l2ðg�~gcÞ½b ~Tc�2l2ðg�~gcÞ2�=b2


DS þ Rln
�
1�g


g


�
þ 2bl2ðg�~gcÞ=b2


ð7Þ


The temperature dependence of y follows from Equa-
tion (5a). Outside the range of existence of the intermediate
phase y=0 and the normal spin-crossover regime according
to Equation (4) is recovered.
The changes in entropy and heat capacity associated with


spin and structural transitions follow from the first and
second derivatives of the total free energy [Eq. (1)] with re-
spect to temperature. Abrupt changes of order parameters
are associated with sharp peaks in the heat capacity and su-
perimposed on a broad bump at T1/2. A numerical illustra-
tion of the expected temperature dependences of the HS
fraction g and the OP y is shown in Figure 1 (right). The
model parameters used in the numerical calculations
are: DH=4.41 kcalmol�1, DS=0.03 kcalmol�1K�1, G=


0.1 kcalmol�1, g̃c=0.94, T̃c=605 K, b=0.005, b2=100, l2=
500. Comparison of the calculated and the experimental
data shows that the model catches the essential features ob-
served in the magnetic, calorimetric and diffraction experi-
ments: a plateau in the transition curve at g~0.95, different
HS populations in the two sublattices within the plateau, the
first-order character of both phase transformations, a trian-
gular hysteresis loop and sharp peaks in the heat capacity
superimposed on a broad bump at T1/2. There are several
quantitative differences, however. The one in the tempera-
ture evolution of the HS concentrations on the two iron sub-
lattices in the HS IP may be traced to the truncation of the
Landau expansion for the ordering process and the coupling
of the order parameters to fourth and second order terms in
y, respectively; qualitative conclusions are not affected by
the truncation. The difference in the slopes of the hysteresis
walls, especially those in the cooling cycle, is probably relat-
ed to phase coexistence and defect-related smearing of the
transition, which is not included in the present model.


Discussion


The 2-propanol solvate (1) and the ethanol analogue are
chemically and structurally very similar and they both show
two consecutive, re-entrant structural phase transitions.[6]


There are important qualitative and quantitative differences,
however.[5] In the ethanol solvate ordering occurs at ~50%
HS concentration, whereas for 1 it happens near ~95%. In
the former the HS and LS species within a hydrogen-
bonded layer order—nearly completely—in a chessboardlike
pattern, whereas in 1 they form an arrangement of alternat-
ing zigzag chains; the complexes in one chain are nearly all
HS and those in the other present a disordered mixture of
HS and LS states (Figure 2). The two compounds also differ
in the temperature evolution of the solvent disorder.[5] All
these differences are achieved by simply changing an ethyl


group to a 2-propyl group in an otherwise unchanged crystal
architecture. For example, average iron–ligand bond lengths
are practically the same for both solvates in the HS phase at
200 K, 2.192(1) U for the ethanol and 2.196(2) U for the 2-
propanol solvate. There are numerous changes of van der
Waals contacts,[5] but their influence on the packing and the
spin crossover behaviour is too complex to understand, let
alone to predict.
In the LS phases differences in the average Fe–N distan-


ces between the two solvates appear more significant:
2.012(2) U for the ethanol (12 K) and 2.000(2) U for the 2-
propanol solvate (15 K). The longer distance for the ethanol
analogue indicates a somewhat weaker ligand field, in agree-
ment with the fact that T1/2 of the ethanol solvate is lower
than T1/2 of the 2-propanol solvate by ~20 K. However, such
correlations have to be taken with a grain of salt, since the
difference in bond length is marginal (0.012(3) U). In addi-
tion there are factors other than the ligand field influencing
the transition temperature; vibrational contributions and
different degrees of disorder of the solvent molecules are
but two of them.
Hysteresis behaviour marks another difference between


the two solvates: no hysteresis has been found for the etha-
nol derivative, while a distinct triangular hysteresis loop is
observed for 1 at the low-temperature side of the HS IP
(Figure 1). Within this loop macroscopic domains of the HS
IP and of the disordered LS/HS zone of the low-tempera-
ture phase coexist, a conclusion that follows from the simul-
taneous appearance of Bragg reflections from both phases
at 153 K (Figure 4). Such phase coexistence has also been
observed in other spin crossover solids at very low tempera-
tures, when the light-induced HS phase relaxes towards the
LS ground state.[10, 20] A loop similar to that in 1 has been
observed in the [FeII(2-pic)3]Br2 ethanol solvate, but no
structural interpretation has been given so far.[21]


For the ethanol solvate the free-energy change due to
spin crossover was modelled with a minimal Landau poten-
tial including only first, second and fourth order terms.[9]


This approximation holds best around g=0.5, that is, in the
neighbourhood of the crossover and first-order phase-transi-
tion temperatures T1/2, but does not show the required
asymptotical behaviour of the transition curve: it exceeds
the limiting values of g=1 and 0 at high and low tempera-
tures, respectively. In the case of 1 the intermediate phase
occurs close to g=1. It is therefore desirable to have a faith-
ful description of the spin transition part of the model
across the entire range 0�g�1. The Slichter–Drickamer ex-
pression for the free energy [Eq. (1), first line] does indeed
show the correct asymptotic behaviour at high and low tem-
peratures. The quantities in this expression are in the form
of the enthalpy and entropy changes during spin crossover,
the mixing entropy coming from the solid solution of the
HS and LS complexes, and of a cooperativity parameter.
Formally they appear to be quite different from the con-
stants multiplying the polynomial terms in the order param-
eters of a Landau potential. However, in either case the re-
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spective constants must be considered as phenomenological
parameters chosen to reproduce experimental data.
For both the ethanol and 2-propanol solvates the ordering


processes of the solvate molecules and the coupling between
spin-related and spin-independent processes have been ex-
pressed with a Landau expansion, the minimal algebraic
form of which has been found from symmetry arguments.
The resulting model is capable to map a plateau in the tran-
sition curve centred at any critical HS concentration. By
virtue of the coupling terms it also accounts for the different
spin crossover behaviour of the two different sites in the HS
IP of 1. The rather drastic changes of the size and the shape
of the unit cell with temperature (Figure 3) may be taken
into account by bringing in a coupling between lattice
strains and order parameters.[22]


The model given in Equation (1) may be generalised to
spin transitions accompanied by any structural transforma-
tion. Note, however, that the phenomenological constants in
the thermodynamic functions do not have an evident inter-
pretation in terms of a specific microscopic model of a given
substance, and thus no clear-cut microscopic significance.
Nevertheless, our phenomenological approach uncovers the
generic nature of multistability in spin-crossover solids,
namely coupling between single-site spin crossover and de-
grees of freedom responsible for structural ordering.
Changes in solvent disorder not only contribute to


changes in entropy during the spin-crossover process, but
may also trigger the transition.[23,24] It was suggested that sol-
vent disorder in the [FeII(2-pic)3]Cl2 ethanol solvate modifies
the elastic properties and therefore affects spin conver-
sion.[25] We note that the role of the solvent molecules is
more complex, at least in the series of [FeII(2-pic)3]Cl2 sol-
vates. The diffraction study of 1 shows that the OH···Cl and
the NH···Cl hydrogen bonds may change by as much as
0.1 U across the phase transitions. Similarly the orientation
of the pyridine rings relative to the ab plane may change by
up to 68 ; assuming a radius of ~6 U for the complex cation,
such reorientations correspond to displacements of the pe-
ripheral hydrogen atoms again amounting to ~0.1 U. These
perturbations at or in the immediate environment of the
[FeII(2-pic)3] units are related to the cooperativity of spin
crossover in a complicated way that does not seem to follow
simple rules.[5] This problem is best illustrated by reiterating
the fact that in the series of isostructural [FeII(2-pic)3]Cl2 sol-
vates we have observed not only bistability, tristability and a
range of transition temperatures, but also cases of complete
suppression of spin conversion. These results and especially
the detailed findings described for the 2-propanol and etha-
nol solvates illustrate that cooperative transitions between
two states in crystals built from bistable constituents are but
the simplest among a multitude of possible scenarios, only
some of which have been observed experimentally or pre-
dicted theoretically so far.


Experimental Section


Compound 1 was synthesised and crystallised according to a published
method.[26] The procedures for measuring and reducing the magnetisation
data are described in reference [5]. Heat flow has been recorded using a
differential scanning calorimeter (Perkin Elmer Pyris 1, DSC) with heat-
ing and cooling rates of 10 Kmin�1.


Single-crystal diffraction data were collected in cooling and heating
cycles. The former included measurements at 293, 256, 226, 206, 201, 186,
176, 166, 158, 156, 151, 141, 106 and 15 K, the latter at 149, 158, 161, 163,
173, 193 and 206 K. The data at 293 and 15 K data were collected at the
Swiss–Norwegian beam lines at the ESRF (Grenoble, France) with focus-
ing optics and l=0.7100(1) U. The 293 K data were recorded on a
MAR345 image-plate detector using f-scans of 1.58 and a readout pixel
resolution of 150 mm. The 15 K data were recorded with an Oxford Dif-
fraction Onyx CCD detector using w scans of 18 and an Oxford Diffrac-
tion HeliJet open-flow He-cryostat. Intensities were integrated with Crys-
ACHTUNGTRENNUNGAlis,[27] reflections shadowed by the cryostats were removed from the
data by means of locally written software. The data for all other tempera-
ture points were collected with a Bruker AXS SMART 2 K CCD diffrac-
tometer by means of 0.38 w scans with MoKa radiation (l=0.71073 U)
using SMART and were integrated using SAINT.[28] Samples were cooled
with an Oxford Cryostream series 600 cryostat. Experiments above and
within the hysteresis zone were achieved through gradual cooling. Due to
the drastic changes in the monoclinic angle at the two transition points,
acceptable crystal quality below the second transition point could only be
achieved through flash cooling of the sample to a temperature below the
transition point, that is, <153 K. Crystals with an anisotropic shape, that
is, flatter prisms (predominant faces in P setting, {100}), were less prone
to cracking than more isotropic prisms. Mounting of crystals on to glass
fibres was best done on one of the smaller faces, typically {021}. In total
eight different crystal specimens were used to gather the 21 data sets. Of
these six were taken within the triangular hysteresis loop, three on cool-
ing and three on heating.


All data apart from the two synchrotron sets, were subject to numerical
absorption correction using XPREP.[29] Empirical absorption correction
was applied to the two latter sets using SADABS.[29] Structure solution
and model refinement was done using SHELXS-97 and SHELXL97.[30]


CCDC-604575–604595 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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Introduction


Self-assembling dendrons and dendrimers accessed by diver-
gent[1] and convergent[2] synthetic methods provide some of
the most powerful monodisperse nonbiological architec-
tures[3–5] available to investigate the principles by which pri-
mary structure determines the formation of three-dimen-
sional structure in macromolecules.[6] Current architectures
that enable the elaboration of self-assembling dendrons that
provide supramolecular dendrimers able to self-organize in


periodic arrays[5] are elaborated from dendrons containing
anisotropic mesogenic repeat units,[7a–f, r] mesogenic dendrons
and dendrimers,[7g,k] amorphous or liquid dendrimers con-
taining mesogenic groups on their periphery,[7a,g] amphiphilic
dendrons based on benzyl ether[8–12] and phenylpropyl ether
units,[13] other amphiphilic dendrons,[14] and from polymer
backbones dendronized with self-assembling dendrons.[15,16]


A diversity of new periodic[8d,11,12a,b] and quasiperiodic[12b]


lattices were discovered by the structural and retrostructural
analysis of ordered arrays generated from self-assembling
dendrons. Our laboratory explores functionalized benzyl
ether[8–12] and phenylpropyl ether[13] based dendrons to
assess the structural origin of functions,[6] according to bio-
logical principles, by studying their three-dimensional terti-
ary and quaternary assemblies. The dimensions of current
three-dimensional structures generated from self-assembling
dendrons are limited both by the dendritic architecture and
by the chemical structure of their repeat unit. The transition
from benzyl ether[9b] to phenylpropyl ether[13] and to more-
complex hybrid dendrons generated from combinations of
(AB)y–AB3 and (AB)y–AB2 building blocks[10] increased the


Abstract: General, efficient and inex-
pensive methods for the synthesis of
dendritic building blocks methyl 3’,4’-
dihydroxybiphenyl-4-carboxylate, 3’,5’-
dihydroxybiphenyl-4-carboxylate, and
methyl 3’,4’,5’-trihydroxybiphenyl-4-
carboxylate were elaborated. In all syn-
theses the major step involved an inex-
pensive NiII-catalyzed Suzuki cross-
coupling reaction. These three building
blocks were employed together with
methyl 4’-hydroxybiphenyl-4-carboxy-
late in a convergent iterative strategy


to synthesize seven libraries containing
up to three generations of 3’,4’-, 3’,5’-,
and 3’,4’,5’-substituted biphenyl-4-
methyl ether based amphiphilic den-
drons. These dendrons self-assemble
into supramolecular dendrimers that
self-organize into periodic assemblies.
Structural and retrostructural analysis


of their assemblies demonstrated that
these dendrons self-assemble into
hollow and non-hollow supramolecular
dendrimers exhibiting dimensions of up
to twice those reported for architectur-
ally related dendrons based on benzyl
ether repeat units. These new dendrons
expand the structural diversity and
demonstrate the generality of the con-
cept of self-assembling dendrons based
on amphiphilic arylmethyl ethers.
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dimensions of supramolecular structures from less than 70 G
to up to 217 G. Here we report the replacement of 4-, 3,4-,
3,5-, and 3,4,5-substituted benzyl ether repeat units from
amphiphilic self-assembling dendrons with the architectural-
ly related biphenyl-4-methyl ether to explore the scope and
limitations of these new dendritic architectural motifs.


Results and Discussion


Synthesis : The esters of the constitutional isomeric 3’,4’- and
3’,5’-dihydroxybiphenyl-4-carboxylic acids (4a,b and 10) and
of 3’,4’,5’-trihydroxybiphenyl-4-carboxylic acid (15) were se-
lected as starting building blocks for the synthesis of the
novel library of self-assembling dendrons. They are architec-
turally related to the benzyl ether and phenylpropyl ether
dendrons reported previously by us. Scheme 1 outlines the
synthesis of these building blocks.


The synthesis of 3,4-(dimethoxy)phenyl-1-boronic acid 1
was accomplished according to a literature procedure.[17]


The lithiation of 1-bromo-3,4-dimethoxybenzene with nBuLi
at �78 8C was performed in THF under N2 for 2.5 h. Subse-
quently, B ACHTUNGTRENNUNG(OMe)3 was added as the reaction mixture was al-
lowed to warm to 22 8C over 14 h. Finally, the reaction mix-
ture was treated with 15% HCl at 22 8C to afford the boron-
ic acid 1 in 64.9% yield. 1-Bromo-3,4-dimethoxybenzene
was synthesized by the electrophilic bromination of 1,2-di-
methoxybenzene with n-bromosuccinimide in acetone.[18a]


Methyl and ethyl 4-bromobenzoate (2a,b) were synthesized
from the corresponding commercially available acid by es-
terification with MeOH (EtOH) using H2SO4 as catalyst at
reflux for 18 h. The Suzuki coupling of 1 with 2a,b, cata-
lyzed by freshly prepared [Pd ACHTUNGTRENNUNG(PPh3)4],


[18b] produced methyl
and ethyl 3’,4’-dimethoxybiphenyl-4-carboxylates (3a,b) in
95 and 73% yields, respectively. This Suzuki reaction can
also be catalyzed by [NiCl2ACHTUNGTRENNUNG(dppe)] (dppe=1,2-bis(diphenyl-
phosphino)ethane).[19] Compound 3a was subsequently de-
protected with BBr3


[20] to give 4a (78%). Compound 3b was


treated with pyridinium hydrochloride[21] (PyHCl) to yield a
mixture of 4b and the corresponding acid was subsequently
esterified by using a saturated solution of dry HCl in EtOH
to give 4b in 86% overall yield.


The 3’,5’-dihydroxybiphenyl building block was prepared
in a similar way. 4-Methylphenylboronic acid (6)[22] was
cross-coupled with the commercially available 1-chloro-3,5-
dimethoxybenzene (5) by using an in situ prepared Pd com-
plex with 2-(di-tert-butylphosphino)biphenyl as catalyst[23] to
give the desired 3’,5’-dimethoxy-4-methylbiphenyl 7 in 95%
yield. When this cross-coupling was catalyzed by [NiCl2-
ACHTUNGTRENNUNG(dppe)]/PPh3, 7 was obtained in 86% yield.[19] Previously,
the synthesis of 7 was accomplished by the Pd-catalyzed
cross-coupling of 1-iodo-3,5-dimethoxybenzene, which was
prepared in several steps from 1-chloro-3,5-dimethoxyben-
zene, with 6.[24] After oxidation of 7 with KMnO4 to acid 8
(77%) and esterification with MeOH/H2SO4 (96%), the me-
thoxy groups were deprotected with BBr3 to afford methyl
3’,5’-dihydroxybiphenyl-4-carboxylate (10) in 78% yield.


The 3’,4’,5’-trihydroxy derivative 15 was synthesized by a
related sequence of reactions. 2,6-Dimethoxyphenol (11)
was deprotonated with NaH in a mixture of CHCl3 and
MeOH and brominated with N-bromosuccinimide (NBS) at
�60 8C for 2 h, then warmed to 22 8C and heated to reflux
for 1 h to give 4-bromo-2,6-dimethoxyphenol.[25] The methyl-
ation of 4-bromo-2,6-dimethylphenol with Me2SO4 produced
1-bromo-3,4,5-trimethoxybenzene (12) in 58% overall yield
starting from 11. [NiCl2ACHTUNGTRENNUNG(dppe)]/PPh3-catalyzed


[19] cross-cou-
pling of 12 with 6 produced 13 in 96% yield. Oxidation of
13 with KMnO4 followed by acid-catalyzed esterification
with MeOH generated 14 in 76% yield. Compound 14 was
demethylated with BBr3 and subsequently esterified at
reflux with MeOH by using H2SO4 as catalyst to produce 15
in 65% yield.


These three new building blocks, together with 4-[4’-(n-
dodecan-1-yloxy)phenyl]benzyl chloride (11), prepared as
previously reported,[26] were employed in the synthesis of
seven libraries of dendrons. The synthesis of the dendrons


Scheme 1. Synthesis of biphenyl building blocks. Reagents and conditions: (a) [Pd ACHTUNGTRENNUNG(PPh3)4], Na2CO3, H2O, toluene, EtOH, reflux; (b) BBr3, CH2Cl2, 0–
20 8C; (c) [NiCl2ACHTUNGTRENNUNG(dppe)]/PPh3, K3PO4, toluene, 80 8C; (d) KMnO4, pyridine/H2O (1:1); (e) MeOH, H2SO4 (cat.), reflux; (f) (i) PyHCl, 190 8C; (ii) EtOH,
HCl; (g) (i) NBS, NaH, CHCl3; (ii) Me2SO4, K2CO3.


Chem. Eur. J. 2006, 12, 6216 – 6241 E 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6217


FULL PAPER



www.chemeurj.org





was accomplished by using the convergent strategy[2] devel-
oped in our laboratory for the synthesis of dendritic benzyl
ethers.[8d]


The building blocks 16, 4a, 4b, and 15 were etherified
with 1-bromododecane. The resulting ethers were reduced
with LiAlH4 and chlorinated with SOCl2 to generate 17, 20,
and 23 (Scheme 2). For simplicity, the nomenclature of bi-
phenyl derivatives employs, for example, 3,4,5- rather than
3’,4’,5’-. This facilitates an easy comparison with the corre-
sponding benzyl ether dendrons. These compounds were
used to functionalize the periphery of all dendrons. The syn-
thesis of the first two libraries of dendrons based entirely on
3’,4’-disubstituted biphenyl-4-methyl ether internal repeat
units is outlined in Scheme 3. Etherification of 4a,b with 17
in DMF at 70 8C for 15 h in the presence of K2CO3 as base
produced the first generation of biphenyl-based dendrimers
(4Bp-3,4Bp)12G1-CO2CH3 (24) and (4Bp-3,4Bp)12G1-
CO2C2H5 (25) in 58 and 78% yields, respectively. The reduc-
tion of 24 with LiAlH4 in THF at 0–50 8C produced 95% of
(4Bp-3,4Bp)12G1-CH2OH (26) after 4 h reaction time.
Chlorination of 26 with SOCl2 in CH2Cl2 at 40 8C for 4 h in
the presence of 2,6-di-tert-butyl-4-methylpyridine (DTBMP)
proton trap[27] afforded 27 in 90% yield. The second genera-


tion, ACHTUNGTRENNUNG(4Bp- ACHTUNGTRENNUNG(3,4Bp)2)12G2-CO2CH3 (28), was prepared by
the etherification of 4a with 27 in DMF at 70 8C for 48 h
under N2 in 83% yield. At this generation, the lower solubil-
ity of both 27 and of the product 28 limited the synthesis of


Scheme 2. Synthesis of the building blocks from the periphery of den-
drons. Reagents and conditions: (a) C12H25Br, K2CO3, DMF, 90 8C; (b)
LiAlH4, THF, 0 8C; (c) SOCl2, DMF (cat.), CH2Cl2.


Scheme 3. Synthesis of 3,4-disubstituted and 3,5-disubstituted biphenyl dendrons. Reagents and conditions: (a) K2CO3, DMF, 70–90 8C; (b) LiAlH4,
THF; (c) SOCl2, DTBMP, CH2Cl2.
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higher generations from this library. Compound 28 was
almost insoluble in all organic solvents, except for hot
chloroform. Column chromatography and recrystallization
from chloroform yielded white crystalline 28.


The second library from the 3’,4’-series contains 3’,4’-di-
ACHTUNGTRENNUNGsubstituted biphenyl also on the periphery. These dendrons
bear more aliphatic tails and, therefore, were expected to be
more soluble in organic solvents than those with 4’-3’,4’-sub-
stitution pattern on the periphery of the aromatic region.
The bottom part of Scheme 3 outlines the synthesis of the
first three generations of the ACHTUNGTRENNUNG(3,4Bp)n12Gn-X dendrons. The
first-generation dendron ACHTUNGTRENNUNG(3,4Bp)12G1-CO2CH3 (18) was
prepared by etherification of 4a with 1-bromododecane
under the usual conditions in 78% yield (Scheme 2). Com-
pound 18 was reduced with LiAlH4 (94%) and subsequently
chlorinated with SOCl2 (94%) to give 20. The etherification
of 4a,b with 20 in DMF at 70 8C under N2 for 15 h in the
presence of K2CO3 afforded ACHTUNGTRENNUNG(3,4Bp)212G2-CO2CH3 (29) and
ACHTUNGTRENNUNG(3,4Bp)212G2-CO2C2H5 (30) in 86 and 66% yields, respec-
tively. The esters 29 and 30 were purified by column chro-
matography with CHCl3 as eluent followed by recrystalliza-
tion from EtOAc. The synthesis of the third generation of
this series involved the reduction of 29 with LiAlH4 to pro-
duce alcohol 31 (83%). Compound 31 was chlorinated to
ACHTUNGTRENNUNG(3,4Bp)212G2-CH2Cl (32) (92%). Etherification of 4a with
32 in DMF at 80 8C for 15 h under N2 with K2CO3 as base af-
forded ACHTUNGTRENNUNG(3,4Bp)312G3-CO2CH3 (33) in 80% yield. Com-
pound 33 was more soluble than 28 and, therefore, was puri-
fied by recrystallization from EtOH.


The following three libraries consist of dendrons contain-
ing biphenyl building blocks with the substitution pattern
(4Bp-3,4Bp-3,5Bp)12G2-X and ACHTUNGTRENNUNG((3,4Bp)a-(3,5Bp)b)12Gn ACHTUNGTRENNUNGX
(n=a+b ; a=1, 2; b=0, 1). Their synthesis is outlined in
Scheme 4.


Similarly, (4Bp-3,4Bp-3,5Bp)12G1-CO2CH3 (34) was pre-
pared by etherification of 10 and 27. The limited solubility
of 34 allowed purification only by column chromatography
with CHCl3/hexanes as eluent. Reduction of 34 with LiAlH4


generated 35 in 77% yield. Compound ACHTUNGTRENNUNG((3,4Bp)2-
3,5Bp)12G3-CO2CH3 (36) was prepared by the etherifica-
tion of 10 with 32 in 74% yield. Dendron 36 was soluble in
hexanes. The dramatic increase in solubility of 36 versus 28,
34, and 35 provides a remarkable example of the dendritic-
architecture effect. The second-generation dendron (3,4Bp-
3,5Bp)12G2-CO2CH3 (37) was prepared by etherification of
10 with the chloride 20 under the standard conditions in
69% yield. Reduction of 37 with LiAlH4 produced 38 in
85% yield. Chlorination of 38 with SOCl2 generated 39 in
87% yield. Etherification of 10 with 39 afforded the third-
generation dendron ACHTUNGTRENNUNG(3,4Bp- ACHTUNGTRENNUNG(3,5Bp)2)12G3-CO2CH3 (40)
(85%).


The synthesis of the last two libraries of dendrons is out-
lined in Scheme 5. Both libraries are based on 3’,4’,5’-trisub-
stituted and 3’,5’-disubstituted biphenyl-4-methyl ether
repeat units. Etherification of 17 with 15 produced first-gen-
eration (4Bp-3,4,5Bp)12G1-CO2CH3 (41) in 83% yield.
Compound 41 was reduced with LiAlH4 to generate 42


(87%), whose chlorination with SOCl2 produced 43 in 94%
yield. The etherification of 10 with 43 yielded 83% of (4Bp-
3,4,5Bp-3,5Bp)12G2-CO2CH3 (44). Reduction of 44 with
LiAlH4 produced 45. The final library contains 3’,4’,5’-bi-
phenyl repeat units both on the periphery and in the inner
part of the dendron. Compound ACHTUNGTRENNUNG(3,4,5Bp)212G2-CO2CH3


(46) (82%) was obtained by the etherification of 15 with 23.
Compound 46 was reduced with LiAlH4 to produce 47
(95%). The chlorination of 47 with SOCl2 in the presence of
DTBMP yielded 48 (95%). Dendron ACHTUNGTRENNUNG(3,4,5Bp)312G3-
CO2CH3 was obtained in 59% yield by the etherification of
15 with 48. The structure and >99% purity of all dendrons
were demonstrated by a combination of 1H and 13C NMR,
HPLC, and MALDI-TOF analyses.


Structural and retrostructural analysis : The phase behavior
of all dendrons was analyzed by a combination of differen-
tial scanning calorimetry (DSC), thermal optical polarized
microscopy (TOPM), and small- and wide-angle X-ray dif-
fraction (XRD) analysis carried out on powder and aligned
fibers.[6,8c,d,9b,10]


Figure 1 shows the DSC traces obtained from the first and
second heating and from the first cooling scans. Crystalline
phases were not determined. However, all smectic, columnar
and cubic phases were analyzed.


Table 1 summarizes the phase behavior of all dendrons
that exhibit, in addition to crystalline phases, various liquid-
crystal (LC) phases with lattices of different symmetries.
The d spacings and lattice symmetries are summarized in
Table 2.


Table 3 reports the lattices dimensions (a,b), the experi-
mental densities (120), the diameters of supramolecular den-
drimers (Dexp), the number of dendrons in the supramolecu-
lar sphere or in the 4.7-G[9b,10,13] cross-section of a supramo-
lecular column (m), and the projection of the solid angle of
the dendron (a’).


All three first-generation dendrons of the (4-3,4) or (4-
3,5) series with ester groups in their apex, that is, (4Bp-
3,4Bp)12G1-CO2CH3, (4Bp-3,4Bp)12G1-CO2C2H5, and
(4Bp-3,5Bp)12G1-CO2CH3, show one or two crystalline and
one smectic (S) LC mesophases with isotropization tempera-
tures of 209.7, 204.3, and 147.2 8C, respectively (Scheme 6).


These smectic phases have interlayer separations of a=
39.7–40.6 G. The molecular-model length of a dimerlike ar-
rangement of these dendrons in their all-trans configuration
is 74.2 G. This suggests that the molecules are paired up in a
parallel fashion forming an interdigitated bilayer structure.
Such an arrangement is known for rodlike molecules, such
as unbranched biphenyls.[28] In the case of (4Bp-
3,4Bp)12G1-CH2OH, the smectic phase is replaced by a
simple rectangular columnar (p2mm, Fr-s) phase whose lat-
tice parameters are a=70.9 and b=89.3 G at 160 8C. As ex-
pected, the lattice parameter a is slightly smaller than twice
the interlayer distance of the highly interdigitated smectic
systems, such as those found in ACHTUNGTRENNUNG(3,4Bp)12G1-CO2CH3. This
corresponds to Da=70.9 G and Db=89.3 G, respectively.
Therefore, the hydroxyl groups present in (4Bp-
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Scheme 4. Synthesis 3,5-disubstituted biphenyl dendrons. Reagents and conditions: (a) K2CO3, DMF, 70–90 8C; (b) LiAlH4, THF; (c) SOCl2, DTBMP,
CH2Cl2.
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3,4Bp)12G1-CH2OH are inducing the formation of hydro-
gen bonds that prevent a parallel arrangement, such as that
in the smectic examples mentioned above.


The second-generation dendron ACHTUNGTRENNUNG(4Bp- ACHTUNGTRENNUNG(3,4Bp)2)12G2-
CO2CH3 also forms a simple rectangular LC phase (p2mm,
Fr-s) at temperatures above 90.9 8C. The lattice dimensions
and column diameters are a=83.5 G, b=132.9 G, and Dcol=


83.5 and 132.9 G. This is one of the largest Dcol diameters of
a supramolecular dendrimer reported so far. Results of DSC
indicates decomposition at the isotropization temperature of
~285 8C (Figure 1). However, TOPM analysis revealed that
slow decomposition already begins at lower temperatures
and, therefore, XRD studies at higher temperatures were
not possible.


The replacement of the inner 3’,4’-disubstituted biphenyl
repeat unit by a 3’,5’-disubstituted biphenyl repeat unit gives
the dendron (4Bp-3,4Bp-3,5Bp)12G2-CO2CH3 (Scheme 6,
right column). The introduction of this 3’,5’-disubstituted bi-
phenyl repeat unit decreases the isotropization temperature
by ~80 8C. Dendron (4Bp-3,4Bp-3,5Bp)12G2-CO2CH3 forms
a smectic phase at low temperatures and self-assembles into
a columnar hexagonal (p6mm, Fh) lattice, with a column di-
ameter of 85.7 G at higher temperatures. The X-ray plot
shows slightly enhanced d110 and d200 peaks. The detailed
structure of this supramolecular column will be discussed
later. At 210 8C, (4Bp-3,4Bp-3,5Bp)12G2-CO2CH3 self-as-
sembles into supramolecular spheres forming a cubic phase
(Scheme 6). The molecular weight (MW=533583.5) and di-


Scheme 5. Synthesis 3,4,5-trisubstituted biphenyl dendrons. Reagents and conditions: (a) K2CO3, DMF, 70–90 8C; (b) LiAlH4, THF; (c) SOCl2, DTBMP,
CH2Cl2.
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ameter (117.6 G) of this supramolecular sphere reveal the
largest dendritic supramolecular sphere achieved so
far.[9b,10,13] This sphere is generated by the assembly of 261
dendrons. The replacement of the methyl ester from the
apex of (4Bp-3,4Bp-3,5Bp)12G2-CO2CH3 with CH2OH pro-
vides (4Bp-3,4Bp-3,5Bp)12G2-CH2OH that self-assembles
in a Fh phase.


The second series of dendrons based on biphenyl building
blocks reported here contains only 3,4-disubstituted biphen-
yl repeat units on their periphery (Scheme 7). The first-gen-
eration dendron from this series, that is, ACHTUNGTRENNUNG(3,4Bp)12G1-X
(X=CO2CH3, CH2OH), does not exhibit a mesophase.
However, all dendrons of the second and third generations,
that is, ACHTUNGTRENNUNG(3,4Bp)212G2-X (X=CO2CH3, CO2C2H5, and


Figure 1. DSC traces [10 8Cmin�1] of biphenyl-based dendrons. Transition temperatures [8C] are marked on each trace: (a) first heating scan; (b) first
cooling scan; (c) second heating scan. Peak intensities are not scaled.
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CH2OH) and ACHTUNGTRENNUNG(3,4Bp)312G3-CO2CH3 self-assemble into
spherical dendrimers that self-organize in a Pm3̄n cubic lat-
tice (Scheme 7). The number of dendrons per single sphere
(m), calculated according to results of density measurements
by using the formula m=NAabt1/2M (in which NA=


6.022045M1023; a,b= lattice dimensions; t=average thick-
ness of a stratum; 1=density; M=molecular weight) is ex-
tremely high (X=CO2CH3: m=171; X=CO2C2H5: m=166;


X=CO2C4H9: m=243; X=CH2OH: m=140; see Table 3
and Scheme 7). This can be explained by the long and sharp
shape of the conical dendrons. Consequently, the molecular
weights of the formed spheres (MW) are some of the high-
est reported so far.


Interestingly, the diameters of the spheres formed by the
esters of the second generation for ACHTUNGTRENNUNG(3,4Bp)212G2-CO2CH3


at 125 8C is 88.6 G, and for ACHTUNGTRENNUNG(3,4Bp)212G2-CO2C2H5 at 118 8C


Table 1. Thermal transitions of supramolecular dendrimers self-assembled from dendrons containing biphenyl building blocks, determined by DSC.


Dendron Thermal transitions [8C] and corresponding enthalpy changes [kcalmol�1][a]


heating cooling


(4Bp-3,4Bp)12G1-CO2CH3 k[b] 133.7 (19.37) S[c] 213.4 (3.55) i[d]


k 105.9 (�8.82) k 132.2 (17.88) S 209.7 (2.73) i
i 206.9 (2.70) S 109.4 (7.25) k


(4Bp-3,4Bp)12G1-CO2C2H5 k 23.4 (1.17) k 112.3 (5.87) S 205.6 (4.00) i
k 76.9 (2.38) k 111.0 (5.29) S 204.3 (3.93) i


i 200.8 (3.84) S 58.1 (7.57) k


(4Bp-3,4Bp)12G1-CH2OH k 124.5 (20.44) Fr-s
[e] 216.1 (5.77) i


k 108.0 (1.79) 112.6 (�0.76) k 122.8 (3.83) Fr-s 215.5 (5.72) i
i 212.6 (5.62) Fr-s 75.4 (7.66) k


ACHTUNGTRENNUNG(4Bp- ACHTUNGTRENNUNG(3,4Bp)2)12G2-CO2CH3 k 47.1 (0.56) k 90.7 (6.17) Fr-s 136.9 (1.21) 155.2 (0.25)[i] –
ACHTUNGTRENNUNG(3,4Bp)12G2-CO2CH3 k 80.2 (17.93) i


k 79.9 (16.96) i
i 55.4 (7.91)[k] 52.7[j] k


ACHTUNGTRENNUNG(3,4Bp)12G2-CH2OH k 78.8 (0.15) 92.8 (16.32) i
k 92.7 (16.32) i


i 92.8 (10.48) k


ACHTUNGTRENNUNG(3,4Bp)212G2-CO2CH3 k 79.1 (9.25) Cub[h] 137.9 (4.30) i
k 79.5 (1.67) Cub 137.7 (4.34) i


i 134.2 (4.09) Cub 20.8 (0.57) k


ACHTUNGTRENNUNG(3,4Bp)212G2-CO2C2H5 k 78.6 (9.20) Cub 128.0 (4.52) i
k 74.5 (1.66) Cub 127.8 (4.49) i


i 124.5 (4.67) Cub 23.6 (1.28) k


ACHTUNGTRENNUNG(3,4Bp)212G2-CH2OH k 83.0 (9.21) Cub 176.7 (5.22) i
k 28.2 (0.60) Cub 174.0 (5.46) i


i 170.7 (5.24) Cub 23.0 (0.14) k


ACHTUNGTRENNUNG(3,4Bp)312G3-CO2CH3 k 68.7 (1.24) Cub 217.0 222.1[j] (6.62)[k] i
k 63.3 (1.04) Cub 211.2 219.0[j] (6.46)[k] i


i 216.5 (6.17)[k] 203.8[j] Cub 57.4 (0.88) k


(4Bp-3,4Bp-3,5Bp)12G2-CO2CH3 S 96.3 (27.10) Fh
[f] Cub 220.3 (11.76) i


g[l] 61.7 Fh Cub 218.8 (11.40) i
i 216.2 (11.47) Cub 178.0 (0.93) Fh 59.1 g


(4Bp-3,4Bp-3,5Bp)12G2-CH2OH g 24.9 94.0 (17.09) Fh 244.6 (9.52) i
g 63.6 Fh 226.8 (4.35) i


i 224.1 (5.44) Fh 60.5 g


ACHTUNGTRENNUNG((3,4Bp)2-(3,5Bp))12G3-CO2CH3 k 45.4 (1.06) 71.6 (7.17) Cub 171.6 (4.12) i
g 51.7 Cub 166.7 (4.10) i


i 163.2 Cub 48.9 g


(3,4Bp-3,5Bp)12G2-CO2CH3 k 61.3 (13.85) S 75.9 (1.24) i
k 34.5 (6.15) k 40.4 (�1.92) k 47.6 (0.90) S 59.4 (2.11) i


i 31.3 (0.62) S 24.0 (4.33) k


(3,4Bp-3,5Bp)12G2-CH2OH k 42.2 (4.15) Fh 78.1 (0.41) Cub 86.0 (0.96) i
g 31.7 Fh 78.1 (0.46) Cub 85.6 (0.93) i


i 81.7 (1.13) Cub 69.9 (0.74) Fh 27.0 g


ACHTUNGTRENNUNG(3,4Bp-ACHTUNGTRENNUNG(3,5Bp)2)12G3-CO2CH3 Fh 61.4 (21.25) i
g 53.4 Fh 72.2 (0.83) i


i 65.3 (0.94) Fh 39.8 g


(4Bp-3,4,5Bp)12G1-CO2CH3 F3D
h 133.0 (20.4) i


F3D
h 99.6 (3.98) 101.8 (�1.12) k 118.2 (3.99) Fh 121.1 (1.38) i


i 118.4 (2.32) Fh 78.1 (9.22) F3D
h


(4Bp-3,4,5Bp)12G1-CH2OH k 71.5 (2.96) 88.4 (�1.47) Fr-c
[g] 117.2 (8.41) Fh 171.2 174.6[j] (3.44)[k] i


Fr-c 117.6 (8.61) Fh 171.0 174.5[j] (3.39) i
i 172.2 168.7[j] (3.73)[k] Fh 83.1 (7.02) Fr-c


(4Bp-3,4,5Bp-3,5Bp)12G2-CO2CH3 g 46.1 109.9 (7.32) Fh 141 (�13.84) F3D
r-s 170.9 (19.76) i


g 72.3 F3D
r-s 163.2 (1.72) i


i 160.25 (1.43) F3D
r-s 66.9 g


(4Bp-3,4,5Bp-3,5Bp)12G2-CH2OH g 73.2 Fh 191.9 (4.18) i
g 70.7 Fh 190.8 (3.99) i


i 186.9 (3.69) Fh 67.7 g


ACHTUNGTRENNUNG(3,4,5Bp)12G2-CO2CH3 k 43.7 (22.12) i
k 24.8 (�5.86) 43.0 (21.41) i


i 13.7 (13.54) k


ACHTUNGTRENNUNG(3,4,5Bp)12G2-CH2OH k 59.9 (18.32) i
k 35.1 (3.52) 38.9 (�9.68) 58.0 (16.35) i


i 17.7 (8.45) k


ACHTUNGTRENNUNG(3,4,5Bp)212G2-CO2CH3 Fr-s 56.5 (18.34) i
g 17.1 Cub 51.8 (1.06) i


i 49.4 (0.29) Cub 43.8 (0.16) 10.0 g


ACHTUNGTRENNUNG(3,4,5Bp)212G2-CH2OH k 43.5 (7.91) Fh 62.8 (8.65) Cub 100.2 (0.73) i
g 19.5 Fh 53.9 (0.30) Cub 100.2 (0.65) i


i 92.4 (0.25) Cub 11.0 g


ACHTUNGTRENNUNG(3,4,5Bp)312G3BpCO2CH3 g 49.3 k 94.0 (�0.20) Cub 111.4 (0.34) i
g 40.5 k 90.1 (�0.20) Cub 110.9 i


i 103.4 (0.16) Cub 41.4 g


[a] Data from the first heating and cooling scans are on the first line and data from the second heating are on the second line. [b] k=Crystalline. [c] S=
Smectic phase. [d] i= Isotropic. [e] Fr-s=p2mm simple rectangular columnar lattice. [f] Fh=p6mm hexagonal columnar lattice. [g] Fr-c=c2mm centered
rectangular columnar lattice. [h] Cub=Pm3̄n cubic lattice. [i] Sample starts to decompose. [j] Peaks of phase transition are not fully resolved. [k] Enthal-
py based on two overlapped peaks. [l] g=Glassy.
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is 88.5 G. These are almost the same as that of spheres
formed by the third-generation dendron of this series
(93.9 G for ACHTUNGTRENNUNG(3,4Bp)312G3-CO2CH3 at 110 8C). The length of
a dimerlike arrangement of ACHTUNGTRENNUNG(3,4Bp)212G2-CO2CH3 mole-
cules in the all-trans configuration calculated from the mo-
lecular model is 72 G and, thus, is ~20 G smaller than the
diameter of the sphere formed by these supramolecular den-
drimers. However, the length of the same type of dimerlike
arrangement of ACHTUNGTRENNUNG(3,4Bp)312G3-CO2CH3 molecules is only
~94 G (from molecular models), which is very close to the
experimental diameter of the supramolecular spherical
object formed by this dendron. These observations suggest
some unusual structural features in the cubic phase formed
by (3,4)2 dendrons. The nature of these features will be dis-
cussed later.


The replacement of the 3,4-biphenyl repeat unit(s) closest
to the apex by 3,5-biphenyl repeat units leads to dendrons
that tend to self-assemble into columns that subsequently
self-organize into columnar lattices, rather than form
spheres, as found for the series of dendrons based on 3,4-bi-
phenyl repeat units only (Scheme 7 middle and right col-


umns and Scheme 6). Moreover, the isotropization tempera-
tures of their periodic arrays decrease as the number of 3,5-
biphenyl building blocks introduced rises. This behavior is
similar to that observed for the corresponding dendrons
based on benzyl ether repeat units.[9a]


Similar to the first-generation dendron (4Bp-3,4Bp)12G1-
CO2CH3, the second-generation ester (3,4Bp-3,5Bp)12G2-
CO2CH3 forms a smectic mesophase with an interlayer dis-
tance of a=40.0 G at 70 8C. In the same fashion, the en-
hanced hydrogen-bonding interactions of the corresponding
alcohol (3,4Bp-3,5Bp)12G2-CH2OH leads to a replacement
of the smectic mesophase by a columnar or cubic meso-
phase. Between ~30 and ~72 8C, (3,4Bp-3,5Bp)12G2-
CH2OH forms a hexagonal columnar mesophase with only
6.3 dendrons per column stratum. Between ~72 and ~85 8C,
this compound self-assembles into spherical objects, which
subsequently self-organize into a Pm3̄n cubic lattice. The
number of conical dendrons per sphere, m, is 72.7. The third-
generation dendron ACHTUNGTRENNUNG(3,4Bp- ACHTUNGTRENNUNG(3,5Bp)2)12G3-CO2CH3 forms
only a hexagonal columnar phase (m=3). It is striking that
the number of dendrons m for the ACHTUNGTRENNUNG(3,4Bp- ACHTUNGTRENNUNG(3,5Bp)n�1)12Gn-


Table 2. Measured d spacing [G] of the smectic (SAd), p2mm simple rectangular columnar (Fr-s), c2mm centered rectangular columnar (Fr-c), p6mm hex-
agonal columnar (Fh), and Pm3̄n cubic (Cub) lattices generated by dendrons based on biphenyl building blocks.


Dendron d Spacings and their indices
T


[8C]
lattice d100


[a] d200 d300


d100
[b] d110 d120 d030 d200 d220 d050 d330 d260 d010 d210 d020


d200
[c] d210 d211 d220 d222 d310 d320 d321 d400 d420 d421 d422 d520


d100
[d] d110 d200 d210


d100
[e] d110 d200 d020 d220


(4Bp-3,4Bp)12G1-CO2CH3 160 SAd 40.5[a]


(4Bp-3,4Bp)12G1-CO2C2H5 120 SAd 39.7[a] 19.8
(4Bp-3,4Bp)12G1-CH2OH 160 p2mm 70.6[b] 55.6 37.2 29.9 35.7 27.7
ACHTUNGTRENNUNG(4Bp- ACHTUNGTRENNUNG(3,4Bp)2)12G2-CO2CH3 104 p2mm 83.8[b] 72.2 40.8 35.5 26.4 23.4 19.5
ACHTUNGTRENNUNG(3,4Bp)212G2-CO2CH3 125 Pm3̄n 71.4[c] 63.5 58.3 49.9 45.2 39.8 38.1 35.5 32.2 31.4 29.1
ACHTUNGTRENNUNG(3,4Bp)212G2-CO2C2H5 118 Pm3̄n 70.6[c] 64.1 58.7 37.9 35.5 34.1
ACHTUNGTRENNUNG(3,4Bp)212G2-CO2C4H9 93 Pm3̄n 78.5[c] 72.2 64.8 57.1 49.5 44.9 42.5 39.5 35.9 35.1 32.7 29.6
ACHTUNGTRENNUNG(3,4Bp)212G2-CH2OH 190 Pm3̄n 64.1[c] 57.6 52.8 45.5 37.0 34.7 32.4 28.3 26.2
ACHTUNGTRENNUNG(3,4Bp)312G3-CO2CH3 178 Pm3̄n 76.4[c] 67.7 62.3 40.3 37.2 32.8
(4Bp-3,4Bp-3,5Bp)12G2-CO2CH3 25 SAd 72.5[a] 36.2 24.5


80 p6mm 74.3[d] 42.6 36.7 27.5
210 Pm3̄n 95.2[c] 84.6 77.3 55.6 61.4 53.2 51.6 47.6


(4Bp-3,4Bp-3,5Bp)12G2-CH2OH 120 p6mm 75.4[d] 41.1 35.9 26.6
ACHTUNGTRENNUNG((3,4Bp)2-3,5Bp)12G3-CO2CH3 110 Pm3̄n 74.8[c] 67.7 62.1 40.0 37.5 33.0
(3,4Bp-3,5Bp)12G2-CO2CH3 70 SAd 40.0[a] 19.8
(3,4Bp-3,5Bp)12G2-CH2OH 58 p6mm 51.9[d] 29.4 25.3


80 Pm3̄n 54.7[c] 49.0 44.8 29.0 27.1 24.1
ACHTUNGTRENNUNG(3,4Bp-ACHTUNGTRENNUNG(3,5Bp)2)12G3-CO2CH3 58 p6mm 50.5[d] 29.0 25.1
(4Bp-3,4,5Bp)12G1-CO2CH3 115 p6mm 57.1[d] 32.1 28.6
(4Bp-3,4,5Bp)12G1-CH2OH 110 c2mm 43.4[e] 55.2 23.4 21.5


150 p6mm 54.4[d] 31.1 26.9
(4Bp-3,4,5Bp-3,5Bp)12G2-CO2CH3 120 p6mm 58.9[d] 33.7 29.2 22.1


168 p2mm 54.0[b] 38.1 22.2 19.4
(4Bp-3,4,5Bp-3,5Bp)12G2-CH2OH 150 p6mm 56.1[d] 32.4 28.2
ACHTUNGTRENNUNG(3,4,5Bp)212G2-CO2CH3 25 p2mm 47.9[b] 37.5 27.7


50 Pm3̄n 51.9[c] 46.5 43.0 33.2 28.7 27.8 26.1 23.1
ACHTUNGTRENNUNG(3,4,5Bp)212G2-CH2OH 43 p6mm 44.3[d] 25.4 22.0


81 Pm3̄n 49.8[c] 44.6 40.3 35.5 31.4 27.3 26.3 24.6 22.0 21.5
ACHTUNGTRENNUNG(3,4,5Bp)312G3-CO2CH3 100 Pm3̄n 51.1[c] 45.9 41.9 36.7 32.5 28.4 27.4 25.6


[a] Smectic lattice (SAd). [b] Simple rectangular columnar lattice p2mm (Fr-s). [c] Cubic lattice Pm3̄n (Cub). [d] Hexagonal columnar lattice p6mm (Fh).
[e] Centered rectangular columnar lattice c2mm (Fr-c).


www.chemeurj.org E 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 6216 – 62416224


V. Percec et al.



www.chemeurj.org





CO2CH3 assemblies is much lower than the m values for the
corresponding dendrons with only 3’,4’-biphenyl repeat
units. This can arise from the steric hindrance due to the rel-
atively wider 3’,5’-biphenyl repeat units. The column diame-
ter and the lattice dimension of ACHTUNGTRENNUNG(3,4Bp-ACHTUNGTRENNUNG(3,5Bp)2)12G3-
CO2CH3 are remarkably small (D=a=58.1 G). This sug-
gests a large dendron-tilt in the supramolecular column.


The dendron ACHTUNGTRENNUNG((3,4Bp)2-3,5Bp)12G3-CO2CH3, which con-
tains only one 3’,5’-biphenyl repeat unit (Scheme 7), behaves
similarly to ACHTUNGTRENNUNG(3,4Bp)312G3-CO2CH3. The dendron ACHTUNGTRENNUNG((3,4Bp)2-
3,5Bp)12G3-CO2CH3 forms a cubic Pm3̄n lattice with m=


94.6 and MW=262997.5, which are close to the values ob-
served for ACHTUNGTRENNUNG(3,4Bp)312G3-CO2CH3 (m=98.3; MW=


273283.8). The diameters of
the two supramolecular
spheres are also equal (93.4
versus 93.9 G).


Scheme 8 summarizes the
structural and retrostructural
analysis of the libraries gener-
ated with 3’,4’,5’-trisubstituted
and 3’,5’-disubstituted biphenyl
dendrons. Dendrons (4Bp-
3,4,5Bp)12G1-CO2CH3 self-as-
semble into supramolecular
columns that self-organize into
hexagonal columnar periodic
arrays. The corresponding
benzyl ether requires a carbox-
ylic or ester group at its apex
to self-assemble into a supra-
molecular column.[9b] Interest-
ingly, the diameter of the su-
pramolecular column self-as-
sembled from (4Bp-
3,4,5Bp)12G1-CO2CH3, 25 G,
is larger than that self-assem-
bled from the corresponding
benzyl ether dendron contain-
ing the �COOH group at the
apex. Therefore, (4Bp-
3,4,5Bp)12G1-CO2CH3 does
not require a hydrogen-bond-
ing group at the apex to medi-
ate its self-assembly. This
makes this self-assembling den-
dron a very interesting building
block to mediate the self-as-
sembly of a large diversity of
functional groups in the core
of its supramolecular column.
Dendron (4Bp-3,4,5Bp)12G1-
CH2OH also self-assembles in
ovoidal columns that self-or-
ganize in a centered rectangu-
lar lattice (Fr-c).


The second-generation
(4Bp-3,4,5Bp-3,5Bp)12G2-X also self-assemble into supra-
molecular columns. If X=CO2CH3, they form circular col-
umns that self-organize in a Fh lattice at 120 8C and ovoidal
columns that form a simple rectangular lattice (Fr-s). If X=


CH2OH, the dendrons self-assemble only in circular col-
umns forming a Fh lattice. Therefore, (4Bp-3,4,5Bp)12G1-X
and (4Bp-3,4,5Bp-3,5Bp)12G2-X expand considerably the
limited number of dendrons that self-assemble into supra-
molecular columns.


The final library investigated contains only 3’,4’,5’-biphen-
yl based dendrons. As in the case of the corresponding
benzyl ether dendrons, with the exception of the first gener-
ation that is crystalline, all other generations self-assemble


Table 3. Structural characterization of supramolecular dendrimers self-assembled from dendrons based on bi-
phenyl building blocks.


Dendron T
[oC]


Lattice a ACHTUNGTRENNUNG(a,b)
[G]


120
[f]


ACHTUNGTRENNUNG[g cm�3]
Dexp


[G]
m a’[o]


[8]


(4Bp-3,4Bp)12G1-CO2CH3 160 SAd 40.5[a] 1.04
(4Bp-3,4Bp)12G1-CO2C2H5 120 SAd 39.7[a] 1.02
(4Bp-3,4Bp)12G1-CH2OH 160 p2mm 70.9; 89.3[b] 0.98 70.9; 89.3[g] 19.1[k] 18.8
ACHTUNGTRENNUNG(4Bp- ACHTUNGTRENNUNG(3,4Bp)2)12G2-CO2CH3 104 p2mm 83.5; 132.9[b] 1.02 83.5; 132.9[g] 15.7[k] 23.0
ACHTUNGTRENNUNG(3,4Bp)212G2-CO2CH3 125 Pm3̄n 142.7[c] 1.03 88.6[h] 171.0[l] 2.1
ACHTUNGTRENNUNG(3,4Bp)212G2-CO2C2H5 118 Pm3̄n 142.1[c] 1.02 88.5[h] 166.0[l] 2.2
ACHTUNGTRENNUNG(3,4Bp)212G2-CO2C4H9 93 Pm3̄n 162.1[c] 1.02 100.6[h] 243.4[l] 1.5
ACHTUNGTRENNUNG(3,4Bp)212G2-CH2OH 190 Pm3̄n 132.4[c] 1.02 82.2[h] 140.0[l] 2.6
ACHTUNGTRENNUNG(3,4Bp)312G3-CO2CH3 178 Pm3̄n 151.3[c] 1.04 93.9[h] 98.3[l] 3.7
(4Bp-3,4Bp-3,5Bp)12G2-CO2CH3 25 SAd 72.5[a]


80 p6mm 85.7[d] 1.04 85.7[i] 8.8[m] 40.8
210 Pm3̄n 189.6[c] 117.6[h] 261.2[l] 1.4


(4Bp-3,4Bp-3,5Bp)12G2-CH2OH 120 p6mm 80.6[d] 1.10 80.6[i] 7.7[m] 46.7
ACHTUNGTRENNUNG((3,4Bp)2-3,5Bp)12G3-CO2CH3 110 Pm3̄n 150.6[c] 1.02 93.4[h] 94.6[l] 3.8
(3,4Bp-3,5Bp)12G2-CO2CH3 70 SAd 40.0[a] 1.02
(3,4Bp-3,5Bp)12G2-CH2OH 58 p6mm 59.1[d]


1.01
59.1[i] 6.3[m] 57.0


80 Pm3̄n 109.1[c] 67.7[h] 72.7[l] 4.9
ACHTUNGTRENNUNG(3,4Bp-ACHTUNGTRENNUNG(3,5Bp)2)12G3-CO2CH3 58 p6mm 58.1[d] 1.03 58.1[i] 3.0[m] 120.0
(4Bp-3,4,5Bp)12G1-CO2CH3 115 p6mm 65.4[d] 1.02 65.4[i] 7.8[m] 46.1
(4Bp-3,4,5Bp)12G1-CH2OH 110 c2mm 109.5; 46.8[e]


1.08
63.2; 46.8[j] 6.1[n] 59.0


150 p6mm 62.4[d] 62.4[i] 7.7[m] 46.9
(4Bp-3,4,5Bp-3,5Bp)12G2-CO2CH3 120 p6mm 67.6[d]


1.00
67.6[i] 4.0[m] 90.0


168 p2mm 54.2; 38.8[b] 54.2; 38.8[g] 2.1[k] 167.9
(4Bp-3,4,5Bp-3,5Bp)12G2-CH2OH 150 p6mm 45.4[d] 1.02 45.4[i] 3.6[m] 100.0
ACHTUNGTRENNUNG(3,4,5Bp)212G2-CO2CH3 25 p2mm 49.3; 55.6[b]


0.97
49.3; 55.6[g] 3.1[k] 115.6


50 Pm3̄n 104.2[c] 64.6[h] 35.9[l] 10.0
ACHTUNGTRENNUNG(3,4,5Bp)212G2-CH2OH 43 p6mm 50.9[d]


1.02
50.9[i] 2.7[m] 131.0


81 Pm3̄n 99.0[c] 61.4[h] 31.2[l] 11.5
ACHTUNGTRENNUNG(3,4,5Bp)312G3-CO2CH3 100 Pm3̄n 102.5[c] 0.99 63.6[h] 11.3[l] 31.9


[a] Smectic lattice parameter (= layer separation) a= (d10+2d20+3d30+4d40)/4. [b] p2mm simple rectangular col-
umnar lattice parameters a and b ; a=hd, b=kd ; (h0) and (k0) from diffractions. [c] Pm3̄n cubic lattice param-
eter a= (
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In cases for which 1 is not measured, it is assumed to be 1.02Gcm�3. [g] Experimental elliptical column diame-
ters of p2mm simple rectangular columnar lattice Da=a and Db=b. [h] Experimental Pm3̄n cubic spherical di-
ameter D=23
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and


Db=b. [k] Number of dendrons per elliptical p2mm simple rectangular column stratum m= (NAabt1)/M.
[l] Number of dendrons per Pm3̄n spherical dendrimer m=m’/8, m’= (a3NA1)/M. [m] Number of dendrons per
p6mm hexagonal column stratum m= (


ffiffiffi
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NAD


2t1)/2M. [n] Number of dendrons per elliptical c2mm centered
rectangular column stratum m= (NAabt1)/2M. [o] Projection of the solid angle for tapered and conical dendron
a’=2p/m [8]. AvogadroNs number NA=6.0220455M1023 mol�1, the average height of the column stratum t=
4.7 G,[9b,10] M=molecular weight of dendron.
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into spherical dendrimers that self-organize in cubic phases
(Scheme 8, right column). It is, however, remarkable that
ACHTUNGTRENNUNG(3,4,5Bp)212G2-X self-assemble into supramolecular col-
umns.


Comparison of the supramolecular dendrimers based on bi-
phenyl building blocks with that based on benzyl ether :
Table 4 compares the LC phases and dimensions of the su-
pramolecular dendrimers generated by the self-assembly of
dendrons based on benzyl and biphenyl building blocks.


The abbreviated short nomenclature of the dendrons is
given in the first column of Table 4: only the branching
units and apex groups are given, for example, “ACHTUNGTRENNUNG(4-3,4)-
CO2Me” stands for ACHTUNGTRENNUNG(4-3,4)12G1-CO2CH3 in the case of
benzyl ether repeat units and for (4Bp-3,4Bp)12G1-CO2CH3


in the case of biphenyl methyl ether repeat units.
In general, more LC phases are found for biphenyl-based


dendrons than are reported for the corresponding benzyl


ether dendrons. This can be explained by the larger func-
tional contribution to the aromatic region by the biphenyl
systems, which also increases the interactions of the aromat-
ic part of the supramolecule. Moreover, smaller biphenyl
dendrons tend to form smectic rather than hexagonal colum-
nar LC mesophases, such as for the examples (4-3,4)-
CO2CH3 and (3,4-3,5)-CO2CH3. This is not surprising as bi-
phenyl dendrons have a rodlike architecture and, therefore,
behave more like “conventional” rodlike molecules and
form smectic LCs as long as other groups that provide a
strong interaction (e.g., �CH2OH instead of �CO2H) are
not present at the apex. The longer shape of the biphenyl
methyl ether repeat unit relative to that of the benzyl ether
repeat unit is also responsible for the fact that
ACHTUNGTRENNUNG(4Bp- ACHTUNGTRENNUNG(3,4Bp)2)12G2-CO2CH3 self-organizes into a simple
rectangular columnar structure, whereas (4- ACHTUNGTRENNUNG(3,4)2)12G2-
CO2CH3 forms a cubic (Pm3̄n) structure.


As expected, the supramolecular objects formed by bi-
phenyl dendrons are larger than those formed by benzyl
ether dendrons. The elliptical columns formed by
ACHTUNGTRENNUNG(4Bp- ACHTUNGTRENNUNG(3,4Bp)2)12G2-CO2CH3 are the largest reported so far
for supramolecular dendrimers (Da=83.5, Db=132.9 G).
The largest sphere diameter (D=117.6 G) is found for the
supramolecular objects formed by (4Bp-3,4Bp-3,5Bp)12G2-
CO2CH3. As a comparison, the largest column diameter for
benzyl ether systems found so far is 57.9 G ACHTUNGTRENNUNG(4-3,4-ACHTUNG-
TRENNUNG(3,5)2)12G3-CO2CH3, whereas the largest sphere diameter
for benzyl ether systems is D=75.0 G (4-(3,4)3)12G3-
CO2CH3.


[9b]


Wide-angle XRD analysis of oriented fibers : The colum-
nar supramolecular dendrimers were also investigated by
wide-angle XRD analysis on oriented fibers. A representa-
tive XRD result is shown in Figure 2.


This XRD pattern demonstrates that both circular and el-
liptical supramolecular columns[29e] are assembled from
tilted dendrons arranged in a helical arrangement.[6] There-
fore, the supramolecular columns are chiral structures self-
assembled from achiral building blocks. This helical arrange-
ment was also supported by results of circular dichroism ex-
periments.[6b]


The helical pitch i and tilt angle t (Figure 2) of the supra-
molecular columns were determined from oriented fiber
XRD experiments as reported previously,[6] and are summar-
ized in Table 5. The tilt of the dendron increases as the
number of 3,5Bp repeat units from the inner part of the
dendron increases.


Hollow supramolecular dendrons : Inspection of the intensity
of the higher-order diffraction peaks of the powder wide-
angle diffractograms revealed that some of the supramolecu-
lar columns exhibit a porous structure.[6b,29] Representative
examples of porous columns are shown in Figures 3 and 4.
The electron-density maps from Figure 3b,c were calculated
from four diffraction peaks. If more diffraction peaks had
been used, the minimum density of the pore would have
been below that of the alkyl groups from the column[29e] pe-
riphery. The diameter of the pore (Dpore) of the porous col-


Scheme 6. Retrostructural analysis of supramolecular dendrimers self-as-
sembled from 3,4- and 3,5-disubstituted AB2 biphenyl-based dendrons.
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umns was calculated by using
the method elaborated pre-
viously[6b,e] and the results are
summarized in Table 6.


The results in Table 6 indi-
cate that the presence of the
3’,5’- and even 3’,4’,5’-biphenyl
repeat units at the apex of the
self-assembling dendron favor
the assembly of hollow supra-
molecular columns.


The intensity of the XRD
pattern of spherical supramo-
lecular dendrimers was also in-
spected. The structures report-
ed in Table 7 exhibit enhanced
intensity of their higher-order
diffraction peaks. This indi-
cates the possible assembly of
hollow supramolecular spheres.
This hypothesis is also support-
ed by the larger-than-expected
diameter for the supramolecu-
lar sphere assembled from
ACHTUNGTRENNUNG(3,4Bp)212G2-X building
blocks (Scheme 7). A represen-
tative XRD result indicating a
potential hollow sphere is
shown in Figure 4b.


Conclusion


The design, synthesis, and self-
assembly of dendrons based on
AB, constitutional isomeric
AB2, and AB3 biphenyl-4-
methyl ether building blocks
was described. The retrostruc-
tural analysis of the lattices
self-organized from libraries of
their supramolecular dendrim-
ers revealed supramolecular
structures up to twice as large
as those reported previously
for the architecturally related
benzyl ether,[9b] and which
were comparable with some of
the phenylpropyl ether den-
drons.[13] The lower solubility
and the high transition temper-
atures of these biphenyl den-
drons have, however, limited
the number of generations ac-
cessible from these building
blocks. Nevertheless, the archi-
tectures reported here com-


Scheme 7. Retrostructural analysis of supramolecular dendrimers self-assembled from 3,4- and 3,5-disubstitut-
ed AB2 biphenyl-based dendrons.


Table 4. Comparison of dimensions of columns, spheres, or interlayer distances formed by the self-organiza-
tion of supramolecular dendrimers based on benzyl and biphenyl building blocks.


Branching units and
apex group


Supramolecular dendrimers based on
benzyl building blocks


Supramolecular dendrimers based on
biphenyl building blocks


lattice type D [G][a] lattice type D [G][a]


(T [8C]) (T [8C])


ACHTUNGTRENNUNG(4-3,4)-CO2Me Fh
[9b] 57.6 (57) S 40.5 (160)


ACHTUNGTRENNUNG(4-3,4)-CH2OH no LC phase[8i] n/a Fr-s 70.9; 89.3 (160)
(4- ACHTUNGTRENNUNG(3,4)2)-CO2Me Pm3̄n[9b] 72.8 (89) Fr-s 83.5; 132.9 (104)
(4-3,4-3,5)-CO2Me Fh


[9b] 56.7 Fh 84.9 (80)
Cub 117.6 (210)


ACHTUNGTRENNUNG(4-3,5)-CO2Me no LC phase[15d] n/a S 40.6 (135)
ACHTUNGTRENNUNG(3,4)2-CO2R


[b] Pm3̄n[32] 51.8 (112) Pm3̄n 89.6 (125)
ACHTUNGTRENNUNG(3,4)2-CH2OH no LC phase[9b] n/a Pm3̄n 81.3 (160)
ACHTUNGTRENNUNG(3,4)3-CO2R


[b] Pm3̄n[9b] 59.6 (145) Pm3̄n 93.9 (178)
ACHTUNGTRENNUNG((3,4)2-3,5)-CO2Me n/a n/a Pm3̄n 93.6 (110)
ACHTUNGTRENNUNG(3,4-3,5)-CO2R


[b] Fh
[9b] 43.3 (66) S 40.0 (70)


ACHTUNGTRENNUNG(3,4-3,5)-CH2OH Fh
[9b] 42.6 (49) Fh Pm3̄n 59.1 (58) 67.7 (80)


ACHTUNGTRENNUNG(3,4- ACHTUNGTRENNUNG(3,5)2)-CO2Me Fh
[9b] 53.1 (36) Fh 58.1 (58)


(4-3,4,5-3,5)-CO2Me Fh
[9b] 47.0 (60) Fh 67.6 (120)


Fh
[9b] 46.1 (70) Fr-s 54.2; 38.3 (168)


[a] Column or sphere diameter. [b] For the 12Gn systems, R = H; for the 12GnBp systems, R = Me. Interest-
ingly, the corresponding esters, that is, 12Gn-CO2Me, do not form an LC phase.
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bined with concepts reported in previous publications[10,13]


indicate pathways to enhance solubility, reduce thermal
transitions, and access higher generations most probably via
biphenylpropyl ether based dendrons.[13] It is expected that


biphenylpropyl ethers together with dendritic architectural
motifs based on combinations of (AB)y–AB2 and (AB)y–
AB3 dendrons


[10] will provide access to the design of highly
dynamic[13] supramolecular structures with dimensions ap-
proaching the range required to manipulate light. These bi-
phenyl-4-methyl ether dendrons also demonstrated that den-
dritic building blocks based on 3’,5’- and 3’,4’,5’-biphenyl
groups at the apex allowed the discovery of, and will facili-
tate a new and rational strategy to design, hollow columnar
and spherical supramolecular structures that were previously
accessible from self-assembling dendritic dipeptides
only,[6b,29] and from few examples of amphiphilic dendrons.[13]


Finally, these experiments demonstrate the generality of the
concept of self-assembling dendrons based on amphiphilic
arylmethyl ether repeat units by transplanting them from
benzyl- to biphenyl methyl ethers, thereby expanding the di-
versity of self-assembling amphiphilic dendrons.[9b,10,13]


Experimental Section


Materials : Al2O3 (activated, basic, Brokmann I, standard grade,
~150 mesh, 58 G) and silica gel (ICN EcoChrom SiliTech 23–63 D 60 G)
were used as received. THF, dioxane, and Et2O (Fisher, A.C.S. reagents)
were refluxed over sodium ketyl and were freshly distilled before use.
CH2Cl2 (Fisher, A.C.S. reagent) was refluxed over CaH2 and was freshly
distilled before use. MeOH, EtOH, DMSO, CHCl3, HNO3, H2SO4, HCl,
DMF, toluene, Na2S2O3, KOH, MgSO4, K2CO3, Na2CO3, and NaHCO3


(all Fisher, A.C.S. reagents) were used as received. KF (B & A), 5-
chloro-1,3-dimethoxybenzene (Acros), 2-(di-tert-butylphosphino)biphenyl
(99%, Strem), KMnO4, trimethyl borate (98%), 1-bromododecane (98+
%), 4-bromobenzoic acid (98%), pyridine, 2,6-di-tert-butyl-4-methylpyri-
dine (DTBMP) (97%), Pd ACHTUNGTRENNUNG(OAc)2, and PdCl2 (all from Lancaster) were
used as received. n-Butyl lithium (2.5 or 1.6m solution in hexanes), PPh3


(99%), dimethyl sulfide (anhydrous, 99%), 4-bromobenzoic acid (98%),
neutral chromatographic Al2O3, SOCl2 (97%), 4-hydroxybenzoic acid
(98%), 3,4-dihydroxybenzoic acid (98%), LiAlH4 (95+ %), BBr3 (99+
%) (all from Aldrich) were used as received.


Techniques : 1H (200, 250, and 500 MHz) NMR spectra were recorded by
using Bruker AC-200, AC-360, and DRX500 instruments. 13C (90,
125 MHz) NMR spectra were recorded by using Bruker AC-360 and
DRX 500 spectrometers. Melting points were measured by using a uni-
melt capillary melting-point apparatus (Arthur H. Thomas Company,
Philadelphia, USA) and are uncorrected. Thin layer chromatography
(TLC) was performed by using precoated TLC plates (silica gel with F254


indicator; layer thickness, 200 mm; particle size, 5–25 mm; pore size, 60 G,
SIGMA–Aldrich). HPLC analyses were performed by using a Shimadzu
LC-10AT high-pressure liquid chromatograph equipped with CTO-10A
column oven (40 8C), PE Nelson Analytical 900 Series integrator data
station, Shimadzu RID-10A RI detector, SPD-10A UV/Vis detector
(254 nm), and a PL gel column (5 mm, 100 G). THF (Fisher, HPLC
grade) was used as eluent at a flow rate of 4 mLmin�1. GC analysis was
performed by using a Hewlett–Packard HP68 gas chromatograph. Ther-
mal transitions were measured by using a TA Instruments 2920 modulat-
ed differential scanning calorimeter (DSC). In all cases, heating and cool-
ing rates were 10 8Cmin�1. Transition temperatures were reported as the
maxima and minima of their endothermic and exothermic peaks. Indium
was used as calibration standard. An Olympus BX-40 optical polarized
microscope (100X magnification) equipped with a Mettler FP 82 hot
stage and a Mettler FP 80 central processor was used to verify thermal
transitions. X-ray diffraction (XRD) measurements were performed by
using CuKa1 radiation (l=1.54178 G) from a Bruker–Nonius FR-591 ro-
tating anode X-ray source equipped with a 0.2M0.2 mm2 filament operat-
ed at 3.4 kW. The Cu radiation beam was collimated and focused by a


Scheme 8. Retrostructural analysis of supramolecular dendrimers self-as-
sembled from 3,5-disubstituted AB2 and 3,4,5-trisubstituted AB3 biphenyl
based dendrons.


Table 5. Data from XRD experiments on oriented fibers.


Dendron T
[8C]


Tilt angle
[8]


Short-range
helical pitch
[G]


(4Bp-3,4Bp)12G1-CH2OH 160 0 4.5
(4Bp-3,4Bp-3,5Bp)12G2-CO2CH3 125 9.5 4.0
(4Bp-3,4Bp-3,5Bp)12G2-CH2OH 122 10 4.6
(3,4Bp-3,5Bp)12G2-CH2OH 58 20 4.4
ACHTUNGTRENNUNG(3,4Bp-ACHTUNGTRENNUNG(3,5Bp)2)12G3-CO2CH3 60 29 4.0
(4Bp-3,4,5Bp-3,5Bp)12G2-
CO2CH3


80 20 4.5
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Figure 2. Wide-angle XRD patterns of aligned samples: (a) and (b) ACHTUNGTRENNUNG(3,4Bp- ACHTUNGTRENNUNG(3,5Bp)2)12G3-CO2CH3 at 25 and 60 8C, respectively; (c) and (d) (4Bp-
3,4,5Bp-3,5Bp)12G2-CO2CH3 at 80 and 130 8C, respectively; (e) azimuthal chi plots of the 4.5-G alkyl-tail correlation regions for the patterns in (a–d);
(f) and (g) the small-angle XRD patterns in (c) and (d), respectively; (hk), (hk0), (hkl): lattice reflections; e : equatorial features positioned at the 4.5-G
average alkyl-tail separation; a : sharp correlation features positioned at the 4.5-G average alkyl-tail separation; i : short-range helical feature; t : dendron-
tilt feature.


Figure 4. Representative small-angle X-ray powder diffraction plots: (a)
comparison of the Fh phases of (4Bp-3,4,5Bp)12G1-CO2CH3 and (4Bp-
3,4,5Bp-3,5Bp)12G2-CO2CH3 ; (b) the first (3,4,5)-substituted dendron
with hydrogenated tails that exhibit Fh and Pm3̄n cubic phases.


Figure 3. Small-angle powder XRD stack plots for supramolecular den-
drimers with enhanced intensities of higher-order diffractions (a), and the
reconstructed two-dimensional electron-density maps of the (4Bp-3,4Bp-
3,5Bp)12G2-CO2CH3 (b) and (4Bp-3,4Bp-3,5Bp)12G2-CH2OH (c).
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single bent mirror and sagittally focused through a Si ACHTUNGTRENNUNG(111) monochroma-
tor, to generate a 0.3M0.4 mm2 spot on a Bruker-AXS Hi-Star multiwire
area detector. To minimize attenuation and background scattering, an in-
tegral vacuum was maintained along the length of the flight tube and
within the sample chamber. Samples were held in quartz capillaries (0.7–
1.0 mm in diameter), mounted in a temperature-controlled oven (temper-
ature precision: �0.1 8C, temperature range from �120 to 270 8C). The
distance between the sample and the detector was 12.0 cm for wide-angle
diffraction experiments and 54.0 cm for intermediate-angle diffraction ex-
periments, respectively. Aligned samples for fiber XRD experiments
were prepared by using a custom-made extrusion device. The powdered
sample (~10 mg) was heated inside the extrusion device above isotropiza-
tion temperature. After slow cooling from the isotropic phase, the fiber
was extruded in the liquid-crystal phase and cooled to 22 8C. Typically,
the aligned samples have a thickness of ~0.3–0.7 mm and a length of ~3–
7 mm. All XRD measurements were performed with the aligned sample
axis perpendicular to the beam direction. XRD peaks position and inten-
sity analysis was performed by using Datasqueeze Software (version
2.01) that allows background elimination and Gaussian, Lorentzian, Lor-
entzian squared, or Voigt peak-shape fitting.


MALDI-TOF mass spectra were recorded by using a PerSpective Biosys-
tems Voyager DE using 2-(4-hydroxyphenylazo)benzoic acid as matrix.
Angiotensin I and des-Arg1-Bradykinin were used as standards. Sample
preparation was as follows: The matrix (ca. 10 mg) was dissolved in 1 mL
of THF. The sample (ca. 10 mg) was also dissolved in 1 mL of THF. The
matrix solution (50 mL) and the sample solution (10 mL) were mixed,
then 10 mL of the THF solution of AgTFA (1 mgmL�1) was added. The
mixture was mixed well and an amount (5 mL) was loaded onto a
MALDI plate and air dried before inserting into the vacuum chamber of
the MALDI instrument. Mass spectra were recorded by direct sample in-
troduction onto a LCMS (Micromass) platform (electron spray ionizer,
electron energy 70 eV). Elemental analyses of all new compounds (M-H-
W Laboratories, Phoenix, AZ) agree with the calculated values to within
�0.4%.


Synthesis : The synthesis of 1-bromo-3,4-dimethoxybenzene,[18a] 3,4-(dime-
thoxy)phenyl-1-boronic acid[17] (1), 4-methylphenylboronic acid[22] (6),
and [Pd ACHTUNGTRENNUNG(PPh3)4]


[18b] followed literature procedures. Methyl and ethyl 4-
bromobenzoate (2a,b) were prepared by acid-catalyzed esterification of
4-bromobenzoic acid with MeOH or EtOH, respectively. The synthesis of


(4’-(n-dodecane-1-yloxy)biphenyl-4-methyl chloride (17) was performed
as reported previously.[26] Pyridinium hydrochloride was prepared by the
dropwise addition of HCl to pyridine until pH 4–5 was reached, followed
by evaporation of water.


Methyl 3’,4’-dimethoxybiphenyl-4-carboxylate (3a): Compound 3a was
prepared by using a modified literature procedure.[18c] To a thoroughly
degassed mixture of 1 (35.3G, 194 mmol) in EtOH (143 mL), Na2CO3


(30G, 283 mmol) in H2O (143 mL), and 2a (36.0G, 168.4 mmol) in tol-
uene (840 mL) were added under Ar. [Pd ACHTUNGTRENNUNG(Ph3P)4] (7.0G, 6.7 mmol) was
added against an Ar flow. The mixture was heated to reflux overnight,
after which TLC (CH2Cl2) indicated complete reaction. The mixture was
cooled to 22 8C, H2O and Et2O were added, and the organic phase was
separated. The aqueous layer was then extracted twice with Et2O, the
ethereal portion was washed twice with NaOH solution (2m), dried over
Na2SO4, and concentrated. Purification by column chromatography
(silica gel, CH2Cl2) gave the product as a white solid (43.4G, 95%). Rf=


0.51 (CH2Cl2); m.p. 122–123 8C (ref. [18d] 130–131.5 8C); 1H NMR
(500 MHz, CDCl3, 20 8C): d=3.94, 3.96 (3 s, overlapped, 9H; 3’,4’
ArOCH3, CO2CH3), 6.96 (d, J=8.3 Hz, 1H; 2’ ArH), 7.13 (d, J=2.0 Hz,
1H; 5’ ArH), 7.20 (dd, J=2.0, 8.3 Hz, 1H; 6’ ArH), 7.62 (d, J=8.4 Hz,
2H; 2,6 ArH), 8.07 ppm (d, J=8.4 Hz, 2H; 3,5 ArH). The NMR data
was consistent with the literature.[18d]


Ethyl 3’,4’-dimethoxybiphenyl-4-carboxylate (3b): Compound 3b was
prepared by using a modified literature procedure.[18c] To a two-necked
500-mL flask containing a degassed mixture of 1 (10G, 0.055 mol in
35 mL EtOH), Na2CO3 (2m, in 40 mL H2O), and 2b (8.00G, 50 mmol, in
80 mL toluene), [Pd ACHTUNGTRENNUNG(PPh3)4] (1.43G, 1.5 mmol) was added after 20 min
and the mixture was heated to 115 8C for 12 h under stirring. The mixture
was concentrated and the residue was extracted with Et2O. The organic
phase was washed with NaOH solution (1m) and brine, then dried over
MgSO4 and passed through a plug of basic Al2O3 by using CH2Cl2. The
solvent was removed under vacuum and the solid was recrystallized twice
from a hexanes/acetone mixture to yield 10.4G (72.5%) of a white
powder. Rf=0.50 (hexanes/EtOAc 2:1); m.p. 90–92 8C; purity (HPLC):
99+ %; 1H NMR (500 MHz, CDCl3, 20 8C): d=1.41 (t, J=6.9 Hz, 3H;
CH2CH3), 3.93, 3.96 (2s, 6H; 3’,4’ ArOCH3), 4.40 (q, J=7.2 Hz, 2H; Ar-
OCH2CH3), 6.96 (d, J=8.4 Hz, 1H; 5’ ArH), 7.13 (d, J=2.2 Hz, 1H; 2’
ArH), 7.19 (dd, J=2.2, 8.3 Hz, 1H; 6’ ArH), 7.61 (d, J=8.4 Hz, 2H; 2,6
ArH), 8.07 ppm (d, J=8.4 Hz, 2H; 3,5 ArH); 13C NMR (125 MHz,


Table 7. XRD data for selected examples of supramolecular spheres with enhanced higher-order diffractions.


Dendron T
[8C]


d200
[a]


[G]
d210


[a]


[G]
d211


[a]


[G]
d220


[a]


[G]
d222


[a]


[G]
d310


[a]


[G]
d320


[a]


[G]
d321


[a]


[G]
d400


[a]


[G]
d420


[a]


[G]
d421


[a]


[G]
d422


[a]


[G]
d520


[a]


[G]
D
[G]


m


ACHTUNGTRENNUNG(3,4Bp)212G2-
CO2CH3


125 71.4 63.5 58.3 49.9 45.2 39.8 38.1 35.5 32.2 31.4 29.1 88.6 171


ACHTUNGTRENNUNG(3,4Bp)212G2-
CO2C2H5


118 70.6 64.1 58.7 37.9 35.5 34.1 2 166


ACHTUNGTRENNUNG(3,4Bp)212G2-
CO2C4H9


93 78.5 72.2 64.8 57.1 49.5 44.9 42.5 39.5 35.9 35.1 32.7 29.6 100.6 243.4


ACHTUNGTRENNUNG(3,4Bp)212G2-
CH2OH


190 64.1 57.6 52.8 45.5 37.0 34.7 32.4 28.3 26.2 82.2 140


[a] d Spacings of the Cub phase.


Table 6. XRD data and Dpore for selected supramolecular porous columns.


Dendron T
[8C]


d10
[a] [G]


ACHTUNGTRENNUNG(A10
[b]
ACHTUNGTRENNUNG[a.u.])


d11
[a] [G]


ACHTUNGTRENNUNG(A11
[b]
ACHTUNGTRENNUNG[a.u.])


d20
[a] [G]


ACHTUNGTRENNUNG(A20
[b]
ACHTUNGTRENNUNG[a.u.])


d21
[a] [G]


ACHTUNGTRENNUNG(A21
[b]
ACHTUNGTRENNUNG[a.u.])


a=Dcol


[G]
Dpore


[G]
m a


[8]


(4Bp-3,4Bp-3,5Bp)12G2-CO2CH3 80 74.3 42.6 36.7 27.5 85.7 13.2 8.6 41.9
ACHTUNGTRENNUNG(44.3) ACHTUNGTRENNUNG(23.4) ACHTUNGTRENNUNG(24.0) ACHTUNGTRENNUNG(8.3)


(4Bp-3,4Bp-3,5Bp)12G2-CH2OH 120 75.4 41.1 35.9 26.6 80.6 12.4 7.7 46.8
ACHTUNGTRENNUNG(45.4) ACHTUNGTRENNUNG(22.9) ACHTUNGTRENNUNG(23.0) ACHTUNGTRENNUNG(7.6)


(4Bp-3,4,5Bp)12G1-CO2CH3 100 56.6 32.5 28.1 65.1 7.6 7.0 51.4
ACHTUNGTRENNUNG(53.3) ACHTUNGTRENNUNG(27.8) ACHTUNGTRENNUNG(18.9)


(4Bp-3,4,5Bp-3,5Bp)12G2-CO2CH3 110 58.6 33.8 29.3 22.1 67.6 4.6 3.7 97.3
ACHTUNGTRENNUNG(60.3) ACHTUNGTRENNUNG(20.8) ACHTUNGTRENNUNG(16.1) ACHTUNGTRENNUNG(2.8)


[a] d Spacings of the Fh phase. [b] Peak amplitude scaled to the sum of the observed diffraction peaks is given in parenthesis (a.u.=arbitrary units).
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CDCl3, 20 8C): d=14.35 (CH2CH3), 56.01, 56.03 (ArOCH3, 3’,4’ posi-
tions), 60.90 (CO2CH2CH3), 110.50 (ArCH, 2’ position), 111.59 (ArCH, 5’
position), 119.78 (ArCH, 6’ position), 126.57 (ArCH, 2,6 positions),
128.80 (ArCCO2CH3), 130.04 (ArCH, 3,5 positions), 132.97 (ArC, 1’ posi-
tion), 145.32 (ArC, 1 position), 149.35 (overlapped ArC, 3’,4’ positions),
166.52 ppm (CO2CH3); MS (ESI-TOF): m/z : 309.1 [M+Na]+ ; elemental
analysis calcd (%) for C17H18O4 (286.32): C 71.31, H 6.34; found: C 71.16,
H 6.25.


Methyl 3’,4’-dihydroxybiphenyl-4-carboxylate (4a): Compound 4a was
prepared by using a modified literature procedure.[24] Compound 3a
(4.35G, 16.7 mmol) was dissolved and degassed in dry CH2Cl2 (100 mL)
and cooled over ice under Ar. BBr3 (4.72 mL. 50 mmol) was dissolved in
degassed dry CH2Cl2 (50 mL) to produce a 4m solution. After about half
of the BBr3 had been added by using a syringe, the mixture cleared to a
bright-yellow solution. The mixture was left to stir over ice, gradually
warming to 22 8C overnight. The reaction was then quenched by cautious
addition of MeOH. The mixture was slowly added to Na2S2O3 (0.2m,
150 mL) solution with stirring. The organic phase was extracted with
EtOAc. The aqueous layer was extracted with CH2Cl2 and the combined
organic layer was dried over MgSO4. The solvent was removed under
vacuum and the product was recrystallized from acetone to yield 3.00G
(78.0%) of white crystals. Rf=0.35 (hexanes/EtOAc 1:1); m.p. 188–
190 8C; 1H NMR (500 MHz, [D6]DMSO, 20 8C): d=3.89 (s, 3H;
CO2CH3), 6.89 (d, J=8.3 Hz, 1H; 5’ ArH), 7.07 (dd, J=2.0, 8.3 Hz, 1H;
6’ ArH), 7.16 (d, J=2.0 Hz, 1H; 2’ ArH), 7.71 (d, J=8.4 Hz, 2H; 2,6
ArH), 8.01 (d, J=8.4 Hz, 2H; 3,5 ArH), 9.25 ppm (br s, 2H; 2MOH);
13C NMR (125 MHz, [D6]DMSO, 20 8C): d=53.00 (CO2CH3), 115.07
(ArCH, 2’ position), 117.13 (ArCH, 5’ position), 119.16 (ArCH, 6’ posi-
tion), 126.93 (ArCH, 2,6 positions), 128.22 (ArCCO2CH3), 130.74
(ArCH, 3,5 positions), 130.96 (ArC, 1’ position), 145.93 (ArC, 4’ posi-
tion), 146.76 (ArC, 3’ position), 147.18 (ArC, 1 position), 167.13 ppm
(CO2CH3); MS (ESI-TOF): m/z : 244.7 [M�H]+ ; elemental analysis calcd
(%) for C14H12O4 (245.24): C 68.85, H 4.95; found: C 68.61, H 4.98.


Ethyl 3’,4’-dihydroxybiphenyl-4-carboxylate (4b): Compound 3b (2.86G,
10 mmol) was placed in a round-bottomed flask containing a large excess
of pyridinium chloride (PyHCl) under Ar. The solid mixture was heated
to 190 8C, forming a clear, yellow melt, which was stirred for 3 h, then al-
lowed to cool to 110 8C. Subsequently, H2O (50 mL) was added and the
mixture was cooled to 0 8C. The precipitate was filtered and the superna-
tant was extracted twice with Et2O (50 mL). The solvent was removed
under vacuum. NMR and TLC analysis of the resulting solid revealed
that the ester group was partially cleaved. Consequently, esterification
was performed on the mixture by using a saturated solution of HCl in
dry EtOH at 70 8C for 12 h. The solvent was removed under vacuum and
the product was further purified by column chromatography (silica gel,
hexanes/EtOAc 1:1). Recrystallization from toluene yielded 2.22G
(86.0%) of white crystals. Rf=0.5 (hexanes/EtOAc 1:1); m.p. 163 8C;
purity (HPLC): 99+%; 1H NMR (500 MHz, [D6]DMSO, 20 8C): d=1.33
(t, J=7.0 Hz, 3H; CO2CH2CH3), 4.32 (q, J=7.0 Hz, 2H; CO2CH2CH3),
6.85 (d, J=8.3 Hz, 1H; 5’ ArH), 7.03 (m, 1H; 6’ ArH), 7.13 (m, 1H; 2’
ArH), 7.66 (d, J=8.4 Hz, 2H; 2,6 ArH), 7.96 (d, J=8.4 Hz, 2H; 3,5
ArH), 9.30 ppm (br s, 2H; 2MOH); 13C NMR (125 MHz, [D6]DMSO,
20 8C): d=14.08 (CO2CH2CH3), 60.45 (CO2CH2CH3), 114.02 (ArCH, 2’
position), 116.07 (ArCH, 5’ position), 118.06 (ArCH, 6’ position), 125.81
(ArCH, 2,6 positions), 127.45 (ArCCO2CH3), 129.59 (ArCH, 3,5 posi-
tions), 129.93 (ArC, 1’ position), 144.81 (ArC, 4’ position), 145.68 (ArC,
3’ position), 146.08 (ArC, 1 position), 165.53 ppm (CO2CH2CH3); MS
(ESI-TOF): m/z : 257.6 [M�H]+ ; elemental analysis calcd (%) for
C15H14O4 (258.27): C 69.76, H 5.46; found: C 69.68, H 5.36.


3’,5’-Dimethoxy-4-methylbiphenyl (7): Compound 7 was synthesized ac-
cording to a modified literature procedure.[23] A Schlenk tube was evacu-
ated and backfilled with Ar and charged with p-tolylboronic acid (6)
(6.00G, 44.1 mmol), KF (5.12G, 88.1 mmol), 5-chloro-1,3-dimethoxyben-
zene (5) (5.08G, 29.4 mmol), PdACHTUNGTRENNUNG(OAc)2 (66 mg, 0.29 mmol, 1.0 mol%),
and 2-(di-tert-butylphosphino)biphenyl (175 mg, 0.588 mmol, 2.0 mol%).
The flask was sealed with a teflon screwcap and evacuated/backfilled sev-
eral times. Dry, degassed THF (40 mL) was added by using a syringe and
the reaction mixture was stirred at 22 8C until the aryl chloride had been


consumed (GC analysis, 4 h). The mixture was diluted with Et2O
(250 mL), filtered, and washed with NaOH solution (1m, 200 mL). The
aqueous layer was extracted with Et2O (2M150 mL), the combined organ-
ic layer was washed with brine (150 mL) and dried over MgSO4. After
evaporation the crude material was passed through a short column of
silica by using CH2Cl2 as eluent. The solvent was evaporated and the
product was recrystallized from EtOH to yield 6.40G (95.0%) of white
crystals. Rf=0.66 (hexanes/EtOAc 1:1); m.p. 56–57 8C (ref. [24] 57.3–
57.5 8C); purity (GC): 99+%.


3’,5’-Dimethoxybiphenyl-4-carboxylic acid (8): Compound 7 was oxidized
according to modified literature procedures.[30] Compound 7 (11.7G,
51.3 mmol) was dissolved in pyridine (300 mL) and H2O (300 mL) at
50 8C. Then 5 equivalents of KMnO4 (41.0G, 259.4 mmol) were added in
one portion. The temperature was raised to 100 8C and the mixture was
stirred for 2 h. An additional portion of KMnO4 (40.0G, 253 mmol) was
added and stirring was continued for 1 h. The excess of KMnO4 was
quenched with EtOH, the solid was filtered and washed with hot H2O.
The colorless filtrate was concentrated and acidified with 10% HCl. The
precipitate was collected by filtration, washed with H2O, and dried in
vacuo to yield 10.2G (77.0%) of a white crystalline solid. Rf=0.41 (hex-
anes/EtOAc 1:1); m.p. 185.0–186.5 8C; purity (HPLC): 99%; 1H NMR
(500 MHz, CDCl3, 20 8C): d=3.87 (s, 6H; ArCOCH3), 6.53 (t, J=2.2 Hz,
1H; 4’ ArH), 6.76 (d, J=2.2 Hz, 1H; 2’,6’ ArH), 7.67 (d, J=8.4 Hz, 2H;
2,6 ArH), 8.17 ppm (d, J=8.4 Hz, 2H; 3,5 ArH); 13C NMR (125 MHz,
CDCl3, 20 8C): d=100.21 (ArC, 4’ position), 105.68 (ArCH, 2’,6’ posi-
tions), 127.26 (ArCH, 2,6 positions), 128.22 (ArCCO2CH3), 130.67
(ArCH, 3,5 positions), 142.10 (ArC, 1’ position), 146.50 (ArC, 1 position),
161.23 (ArC, 3’,5’ positions), 170.98 ppm (CO2H); MS (ESI-TOF): m/z :
259.1 [M+H]+ ; elemental analysis calcd (%) for C15H14O4 (258.27): C
69.76, H 5.46; found: C 70.13, H 5.35.


Methyl 3’,5’-dimethoxybiphenyl-4-carboxylate (9): Compound 8 (15.50G,
60.0 mmol) was dissolved in MeOH (300 mL) and conc. H2SO4 (15 mL).
The solution was stirred under reflux for 16 h and then allowed to cool to
22 8C. H2O (600 mL) was added and the mixture was stirred for 10 min.
The precipitate was collected by filtration, washed with H2O, and dried
in vacuo to yield 12.7G (96.0%) of ester 9 as a white crystalline solid.
Rf=0.73 (hexanes/EtOAc 1:1); m.p. 80.5–81.5 8C; purity (GC): 99+ %;
1H NMR (500 MHz, CDCl3, 20 8C): d=3.86 (s, 6H; ArCOCH3), 3.94 (s,
3H; CO2CH3), 6.50 (t, J=2.1 Hz, 1H; 4’ ArH), 6.75 (d, J=2.1 Hz, 1H;
2’,6’ ArH), 7.63 (d, J=8.4 Hz, 2H; 2,6 ArH), 8.07 ppm (d, J=8.4 Hz,
2H; 3,5 ArH); 13C NMR (125 MHz, CDCl3, 20 8C): d=52.13 (CO2CH3),
55.45 (ArCOCH3), 99.96 (ArCH, 4’ position), 105.54 (ArCH, 2’,6’ posi-
tions), 127.09 (ArCH, 2,6 positions), 129.11 (ArCCO2CH3), 130.01
(ArCH, 3,5 positions), 142.17 (ArC, 1’ position), 145.56 (ArC, 1 position),
161.12 (ArC, 3’,5’ positions), 166.93 ppm (CO2CH3); MS (ESI-TOF):
m/z : 273.1 [M+H]+ ; elemental analysis calcd (%) for C16H16O4 (272.30):
C 70.57, H 5.92; found: C 70.47, H 5.79.


Methyl 3’,5’-dihydroxybiphenyl-4-carboxylate (10): Compound 10 was
synthesized according to a modified literature procedure.[24] The ester 9
(10.0G, 36.7 mmol) was dissolved in dry CH2Cl2 (250 mL) under N2 at
22 8C and purged with N2 for 15 min. The solution was cooled to 0 8C and
a solution of BBr3 (10.6 mL, 110.2 mmol) in dry CH2Cl2 (110 mL) was
added by using a syringe over the period of 15 min. The solution was
kept at 0 8C for 4 h and then allowed to warm up to 22 8C overnight
under N2. The reaction was carefully quenched with MeOH and stirred
for 5 min. The excess of BBr3 was eliminated by adding Na2S2O3 solution
(200 mL, 0.2m). EtOAc (300 mL) was added. The organic layer was sepa-
rated and washed with H2O. After the evaporation of the solvents, the
crude product was purified by column chromatography (silica gel, hex-
anes/EtOAc 1:1) to give 6.97G (78%) of creamy solid. Rf=0.54 (hex-
anes/EtOAc 1:1); m.p. 213.5–214.5 8C; purity (HPLC): 99+ %; 1H NMR
(500 MHz, [D6]DMSO, 20 8C): d=3.90 (s, 3H; CO2CH3), 6.31 (t, J=
2.1 Hz, 1H; 4’ ArH), 6.56 (d, J=2.1 Hz, 1H; 2’,6’ ArH), 7.71 (d, J=
8.4 Hz, 2H; 2,6 ArH), 8.03 (d, J=8.4 Hz, 2H; 3,5 ArH), 9.51 ppm (br s,
2H; 2MOH); 13C NMR (125 MHz, [D6]DMSO, 20 8C) d=53.10
(CO2CH3), 103.53 (ArCH, 4’ position), 106.04 (ArCH, 2’,6’ positions),
127.70 (ArCH, 2,6 positions), 129.29 (ArCCO2CH3), 130.70 (ArCH, 3,5
positions), 141.76 (ArC, 1’ position), 146.09 (ArC, 1 position), 159.91
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(ArC, 3’,5’ positions), 167.03 ppm (CO2CH3); MS (ESI-TOF): m/z : 244.1
[M]+ ; elemental analysis calcd (%) for C14H12O4 (244.24): C 68.85, H
4.95; found: C 69.85, H 4.73.


1-Bromo-3,4,5-trimethoxybenzene (12):[25] 2,6-Dimethoxyphenol 11
(15.2G, 98.6 mmol) was dissolved in dry CHCl3 (150 mL). MeOH
(1.5 mL) and NaH (0.2G, 5 mmol) were added under Ar. The blue solu-
tion was cooled to �608C and stirred for 20 min. N-Bromosuccinimide
(NBS) (17.6G, 98.6 mmol) was added rapidly. The reaction mixture was
stirred at �608C for 2 h and then allowed to warm to 228C, refluxed for
1 h, and evaporated to dryness. The brown solid was suspended in Et2O
(200 mL) and succinimide was filtered off. The filtrate was evaporated to
yield a cream-colored solid. The solid was dissolved in boiling heptane
(650 mL). The hot solution was decanted from brown oil and filtered
through Celite into a preheated flask. A brown oil precipitated at ~228C.
The solution was decanted and filtered again. A white precipitate ap-
peared in a cold receiving flask. 15.8G of white woolly crystals of 4-
bromo-2,6-dimethoxyphenol in 95% purity was obtained after filtration
and drying. The crude product was dissolved in acetone (200 mL). K2CO3


(9.65G, 69.8 mmol) was added followed by dimethyl sulfate (8.7G,
69.8 mmol). The reaction mixture was heated to reflux for 4 h. Then an
additional amount of dimethyl sulfate (4.3G, 34.9 mmol) was added.
100% conversion was detected by TLC (hexane/EtOAc 6:1) after anoth-
er 14 h of heating. The reaction mixture was allowed to cool to 228C. In-
organic solids were filtered and washed with acetone. 14.2G (58% over
two steps) of white crystals was obtained after two recrystallizations from
MeOH. Rf=0.4 (hexane/EtOAc 6:1); m.p. 748C; purity (HPLC): 99+ %;
1H NMR (500 MHz, CDCl3, 208C): d=3.82 (s, 3H; 4 ArOCH3), 3.85 (s,
6H; 3,5 ArOCH3), 6.73 ppm (s, 2H; ArH). Melting point and 1H NMR
were consistent with literature data.[31]


3’,4’,5’-Trimethoxy-4-methylbiphenyl (13):[25] A 250 mL flask was loaded
with 12 (8.0G, 34.3 mmol), 4-methylphenylboronic acid (6.1G,
44.6 mmol), [NiCl ACHTUNGTRENNUNG(dppe)] catalyst (0.91G, 1.7 mmol), dppe (0.68G,
1.7 mmol), K3PO4 (21.9G, 103.0 mmol), and thoroughly flushed with Ar.
Toluene (160 mL) was added and the reaction mixture was heated to
808C under Ar. 100% conversion was detected by TLC (CH2Cl2) in 14 h.
The reaction mixture was allowed to cool to ~228C and quenched with
CH2Cl2 (200 mL). Inorganic solids were removed by filtration through
silica gel. The filtrate was evaporated to dryness. 8.5G (96%) of white
crystals were obtained by crystallization from hexane. Rf=0.2 (CH2Cl2);
m.p. 658C; purity (HPLC): 99+%; 1H NMR (500 MHz, CDCl3, 208C):
d=2.41 (s, 3H; ArCH3), 3.89 (s, 3H; 4’ ArOCH3), 3.93 (s, 6H; 3’,5’
ArOCH3), 6.78 (s, 2H; 2’,6’ ArH), 7.25 (d, J=8.0 Hz, 2H; 2,6 ArH),
7.46 ppm (d, 2H; 3,5 ArH); 13C NMR (125 MHz, CDCl3, 20 8C): d=21.28
(ArCH3), 56.46 (3’,5’ ArOCH3), 61.17 (4’ ArOCH3), 104.68 (2’ ArC),
127.15 (2 ArC), 129.66 (3 ArC), 137.31 (4 ArC), 137.41 (4’ ArC), 137.51
(1’ ArC), 138.71 (1 ArC), 153.69 ppm (3’ ArC); MS (ESI-TOF): m/z :
258.3 [M+]; elemental analysis calcd (%) for C16H18O3 (258.31): C 74.39,
H 7.02; found: C 74.16, H 7.08.


Methyl 3’,4’,5’-trimethoxybiphenyl-4-carboxylate (14): Compound 13
(1.0G, 3.9 mmol) was dissolved in a pyridine/water mixture (1:1, 50 mL)
and heated to 1008C. KMnO4 (6.1G, 38.7 mmol) was added in two por-
tions over 4 h. 100% conversion was detected by TLC (CH2Cl2/MeOH
15:1). The reaction was allowed to cool to ~228C and EtOH (100 mL)
was added. The mixture was filtered and washed with hot EtOH. The fil-
trate was evaporated to dryness, dissolved in H2O, and acidified to pH 2
with HCl (2m). The white precipitate was filtered, dried, and dissolved in
dry MeOH (50 mL). H2SO4 (0.5 mL) was added and the reaction mixture
was heated to reflux for 24 h, concentrated, dissolved in CH2Cl2 (50 mL),
washed with H2O, and evaporated to dryness. Residual 13 was removed
by washing the product with hexane (50 mL). 0.9G (76%) of ester 14
was obtained as white crystals. Rf=0.95 (CH2Cl2/MeOH 15:1); m.p.
998C; purity (HPLC): 99+ %; 1H NMR (500 MHz, CDCl3, 208C): d=


3.91 (s, 3H; 4’ ArOCH3), 3.95 (s, 6H; 3’,5’ ArOCH3), 3.96 (s, 3H;
CO2CH3), 6.82 (s, 2H; 2’,6’ ArH), 7.63 (d, J=8.5 Hz, 2H; 2,6 ArH),
8.10 ppm (d, 2H; 3,5 ArH); 13C NMR (125 MHz, CDCl3, 208C): d=52.17
(CO2CH3), 56.53 (3’,5’ ArOCH3), 61.17 (4’ ArOCH3), 105.00 (2’ ArC),
127.16 (3 ArC), 129.16 (1 ArC), 130.29 (2 ArC), 136.07 (1’ ArC), 138.77
(4’ ArC), 145.94 (4 ArC), 153.85 (3’ ArC), 167.12 ppm (CO2CH3); MS


(ESI-TOF): m/z : 302.2 [M+]; elemental analysis calcd (%) for C17H18O5


(302.32): C 67.54, H 6.00; found: C 67.4, H 6.06.


Methyl 3’,4’,5’-trihydroxybiphenyl-4-carboxylate (15): BBr3 (1.4 mL,
14.9 mmol) was dissolved in dry CH2Cl2 (20 mL) under Ar at �788C.
Compound 14 (0.9G, 3.0 mmol) was added. The reaction mixture was al-
lowed to warm to ~228C and stirred for 19 h. H2O (3 mL) was added to
quench the excess of BBr3. The precipitated 3’,4’,5’-trihydroxybiphenyl-4-
carboxylic acid was filtered and dissolved in dry MeOH (40 mL). Then
H2SO4 (0.5 mL) was added, the solution was heated to reflux for 20 h
and evaporated to dryness. 0.5G (65%) of 15 was obtained by crystalliza-
tion from acetonitrile. Rf=0.4 (CH2Cl2/MeOH 15:1); m.p. 205 8C; purity
(HPLC): 99+ %; 1H NMR (500 MHz, [D6]DMSO, 20 8C): d=3.85 (s,
3H; CO2CH3), 6.65 (s, 2H; 2’,6’ ArH), 7.61 (d, J=8.7 Hz, 2H; 2,6 ArH),
7.96 (d, 2H; 3,5 ArH), 8.42 (br s, 4’ ArOH), 9.05 ppm (br s, 2H; 3’,5’
ArOH); 13C NMR (125 MHz, [D6]DMSO, 20 8C): d=52.00 (CO2CH3),
105.79 (2’ ArC), 125.92 (2 ArC), 127.24, 129.08, 129.72 (3 ArC), 134.04,
145.22, 146.55, 166.13 ppm (CO2CH3); elemental analysis calcd (%) for
C14H12O5 (260.24): C 64.61, H 4.65; found: C 64.43, H 4.68.


Methyl 3’,4’-bisdodecyloxybiphenyl-4-carboxylate [(3,4Bp)12G1-
CO2CH3] (18): Compound 4a (1.86G, 7.6 mmol) was stirred and de-
gassed under Ar in a suspension of K2CO3 (4.42G, 32 mmol) in DMF
(120 mL) at 70 8C. 1-Bromododecane 18 (3.85 mL, 16.0 mmol) was added
slowly by using a syringe. The mixture was maintained at 90 8C for 15 h,
after which TLC indicated complete reaction. The mixture was poured
into HCl (10%, 300 mL+~50G ice) under vigorous stirring. The product
was extracted with Et2O (3M150 mL), washed with H2O, brine, and dried
over MgSO4. The solvent was evaporated and the solid was dissolved in
hot EtOH and decanted to remove oily, brown solid impurities. A further
recrystallization from EtOH yielded 3.44G (78%) of bright-white flaky
crystals. Rf=0.65 (hexanes/CH2Cl2 1:1); m.p. 77.5–78.5 8C; purity
(HPLC): 99+ %; 1H NMR (500 MHz, CDCl3, 20 8C): d=0.88 (m, 6H;
CH2CH3), 1.27 (m, 32H; CH3 ACHTUNGTRENNUNG(CH2)8), 1.48 (m, 4H; ArOCH2CH2CH2),
1.84 (qi, J=6.3 Hz, 4H; ArOCH2CH2), 3.93 (s, 3H; CO2CH3), 4.04 (2 t,
overlapped, J=6.7 Hz, 4H; ArOCH2), 6.95 (d, J=8.1 Hz, 1H; 5’ ArH),
7.16 (m, 2H; 2’,6’ ArH), 7.61 (d, J=8.3 Hz, 2H; 2,6 ArH), 8.06 ppm (d,
J=8.8 Hz, 2H; 3,5 ArH); 13C NMR (125 MHz, CDCl3, 20 8C): d=14.11
(CH3), 22.68 (CH2CH3), 26.05 (CH2CH2CH2OAr), 29.28–29.70 (Ar-
OCH2CH2, CH3CH2CH2 ACHTUNGTRENNUNG(CH2)6), 31.92 (CH3CH2CH2), 52.05 (CO2CH3),
69.29, 69.54 (ArOCH2CH2, 3’,4’ positions), 113.13 (ArCH, 2’ position),
113.91 (ArCH, 5’ position), 119.95 (ArCH, 6’ position), 126.54 (ArCH,
2,6 positions), 128.24 (ArCCO2CH3, 4 position), 130.04 (ArCH, 3,5 posi-
tions), 133.78 (ArC, 1’ position), 145.50 (ArC, 1 position), 149.40, 149.62
(ArC, 3’,4’ positions), 167.05 ppm (CO2CH3); MS (ESI-TOF): m/z :
1184.7 [M+Na]2+ ; elemental analysis calcd (%) for C38H60O4 (580.88): C
78.57, H 10.41; found: C 78.70, H 10.62.


(3’,4’-Bisdodecyloxybiphenyl-4-yl)methanol [(3,4Bp)12G1-CH2OH] (19):
Compound 18 (3.80G, 6.7 mmol) was dissolved in dry THF (50 mL) and
added to an ice-cooled stirred suspension of LiAlH4 (0.38G, 10 mmol) in
THF (150 mL) under Ar. After 30 min all starting material was con-
sumed (TLC) and the reaction was quenched by the dropwise addition of
NaOH (2m) until gas evolution ceased. The product was filtered through
Celite, washed with THF, dissolved in refluxing acetone, and filtered
from the solid residue. The solution was concentrated to about 80 mL to
yield a white powder precipitate that was filtered and recrystallized from
acetone to give 3.46G (94%) of fine white platelets. Rf=0.59 (hexanes/
EtOAc 1:1); m.p. 88.5–89 8C; purity (HPLC): 99+%; 1H NMR
(500 MHz, CDCl3, 20 8C): d=0.88 (m, 6H; CH2CH3), 1.27 (m, 32H; CH3-
ACHTUNGTRENNUNG(CH2)8), 1.49 (qi, J=7.3 Hz, 4H; ArOCH2CH2CH2), 1,70 (br s, 1H;
CH2OH), 1.84 (m, 4H; ArOCH2CH2), 3.93 (s, 3H; CO2CH3), 4.05 (2 t,
overlapped, J=6.6 Hz, 4H; ArOCH2), 4.72 (d, J=5.9 Hz, 1H; CH2OH),
6.94 (d, J=8.8 Hz, 1H; 5’ ArH), 7.11 (m, 2H; 2’,6’ ArH), 7.41 (d, J=
8.6 Hz, 2H; 2,6 ArH), 7.55 ppm (d, J=8.3 Hz, 2H; 3,5 ArH); 13C NMR
(125 MHz, CDCl3, 20 8C): d=14.10 (CH3), 22.68 (CH2CH3), 26.05
(CH2CH2CH2OAr), 29.31–29.70 (ArOCH2CH2, CH3CH2CH2 ACHTUNGTRENNUNG(CH2)6),
31.92 (CH3CH2CH2), 65.15 (CH2OH), 69.37, 69.48 (ArOCH2CH2, 3’,4’
positions), 113.14 (ArCH, 2’ position), 114.09 (ArCH, 5’ position), 119.56
(ArCH, 6’ position), 126.96 (ArCH, 2,6 positions), 127.42 (ArCH, 3,5 po-
sitions), 133.82 (ArC, 1’ position), 139.29 (ArC, 1 position), 140.55
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(ArCCH2Cl, 4 position), 148.91, 149.33 ppm (ArC, 3’,4’ positions); MS
(ESI-TOF): m/z : 1128.6 [M+Na]2+ ; elemental analysis calcd (%) for
C37H60O3 (552.87): C 80.38, H 10.94; found: C 80.51, H 10.93.


4-Chloromethyl-3’,4’-bisdodecyloxybiphenyl [(3,4Bp)12G1-CH2Cl] (20):
Compound 19 (3.2G, 5.7 mmol), SOCl2 (3.86 mL, 6.3 mmol), and DMF
(0.5 mL) were stirred for 1 h at 40 8C in degassed CH2Cl2 (150 mL) under
Ar. Additional CH2Cl2 (150 mL) was added, the solution was washed
with H2O (2M100 mL) followed by brine, and dried over MgSO4. The sol-
vent was evaporated to give a pale-yellow solid, which was recrystallized
from EtOH to yield fine white platelets (3.13G, 94%). Rf=0.73 (hex-
anes/EtOAc 5:1); m.p. 67–68 8C; purity (HPLC): 99+ %; 1H NMR
(500 MHz, CDCl3, 20 8C): d=0.88 (m, 6H; CH2CH3), 1.27 (m, 32H; CH3-
ACHTUNGTRENNUNG(CH2)8), 1.47 (qi, J=7.3 Hz, 4H; ArOCH2CH2CH2), 1.84 (m, 4H; Ar-
OCH2CH2), 4.05 (2 t, overlapped, J=6.6 Hz, 4H; ArOCH2), 4.62 (s, 2H;
CH2Cl), 6.94 (d, J=8.8 Hz, 1H; 5’ ArH), 7.11 (m, 2H; 2’,6’ ArH), 7.43
(d, J=8.6 Hz, 2H; 2,6 ArH), 7.54 ppm (d, J=8.4 Hz, 2H; 3,5 ArH);
13C NMR (125 MHz, CDCl3, 20 8C): d=14.10 (CH3), 22.68 (CH2CH3),
26.05 (CH2CH2CH2OAr), 29.31–29.70 (ArOCH2CH2, CH3CH2CH2-
ACHTUNGTRENNUNG(CH2)6), 31.92 (CH3CH2CH2), 46.10 (CH2Cl), 69.32, 69.47 (ArOCH2CH2,
3’,4’ positions), 113.12 (ArCH, 2’ position), 114.01 (ArCH, 5’ position),
119.62 (ArCH, 6’ position), 127.09 (ArCH, 2,6 positions), 128.98 (ArCH,
3,5 positions), 133.44 (ArC, 1’ position), 135.83 (ArCCH2Cl, 4 position),
141.29 (ArC, 1 position), 149.08, 149.34 ppm (ArC, 3’,4’ positions); MS
(ESI-TOF): m/z : 1165.3 [M+Na]2+ ; elemental analysis calcd (%) for
C37H59ClO2 (571.32): C 77.78, H 10.41; found: C 77.57, H 10.39.


Methyl 3’,4’,5’-tridodecyloxybiphenyl-4-carboxylate [(3,4,5Bp)12G1-
CO2CH3] (21): K2CO3 (249 mg, 1.80 mmol) was suspended in thoroughly
degassed DMF (50 mL) under Ar. Trihydroxy compound 15 (52 mg,
0.20 mmol) was added. The reaction mixture was heated to 708C. Dodec-
yl bromide (155 mg, 0.62 mmol) was dissolved in DMF (1 mL) and added
to the reaction mixture. Heating was continued for 10 h. The reaction
mixture was allowed to cool to ~22 8C, then poured into H2O (250 mL)
and extracted with Et2O (3M100 mL). The extract was washed with H2O,
dried over Na2SO4, evaporated to dryness, and dissolved in CH2Cl2
(3 mL). 110 mg (72%) of 21 was obtained by precipitation with MeOH.
Rf=0.95 (CH2Cl2); m.p. 448C; purity (HPLC): 99+%; 1H NMR
(500 MHz, CDCl3, 208C): d=0.89 (t, 9H; CH2CH3), 1.28 (m, 42H;
(CH2)7CH3), 1.37 (m, 6H; ArOCH2CH2CH2CH2), 1.50 (m, 6H; Ar-
OCH2CH2CH2), 1.78 (m, 2H; 4’ ArOCH2CH2), 1.84 (m, 4H; 3’,5’ Ar-
OCH2CH2), 3.95 (s, 3H; CO2CH3), 4.01 (t, J=6.6 Hz, 2H; 4’ ArOCH2),
4.05 (t, J=6.3 Hz, 4H; 3’,5’ ArOCH2), 6.79 (s, 2H; 2’,6’ ArH), 7.61 (d,
J=8.6 Hz, 2H; 2,6 ArH), 8.08 ppm (d, J=8.6 Hz, 2H; 3,5 ArH);
13C NMR (125 MHz, CDCl3, 208C): d=14.31 (CH3), 22.91 (CH2CH3),
26.36 (CH2), 29.58 (CH2), 29.70–30.61 (CH2), 32.15 (ArOCH2CH2), 52.30
(CO2CH3), 69.67 (3’,5’ ArOCH2), 73.83 (4’ ArOCH2), 106.54 (2’,6’ ArC),
127.10 (2,6 ArCH), 128.92 (1 ArC), 130.24 (3,5 ArCH), 135.45 (1’ ArC),
139.10 (4’ ArC), 146.13 (4 ArC), 153.76 (3’,5’ ArC), 167.23 ppm
(CO2CH3); MS (ESI-TOF): m/z : 765.4 [M+]; elemental analysis calcd
(%) for C50H84O5 (765.20): C 78.48, H 11.06; found: C 77.93, H 10.85.


(3’,4’,5’-Tridodecyloxybiphenyl-4-yl)methanol [(3,4,5Bp)12G1-CH2OH]
(22): Ester 21 (1.96G, 2.55 mmol) was dissolved in dry THF (50 mL) and
added into a suspension of LiAlH4 (0.18G, 4.51 mmol) in dry THF
(50 mL) at 08C. The reaction mixture was allowed to warm up to ~238C,
stirred for 1.5 h, and quenched with H2O (3 mL). Precipitation was re-
moved by filtration through Celite. Filtrate was evaporated to dryness,
dissolved in CH2Cl2, and precipitated with MeOH. 1.78G (93%) of 22
was obtained as white crystals. Rf=0.45 (CH2Cl2); m.p. 508C; purity
(HPLC): 99+ %; 1H NMR (500 MHz, CDCl3, 208C): d=0.90 (t, 9H;
CH2CH3), 1.28 (m, 48H; (CH2)8CH3), 1.50 (m, 6H; ArOCH2CH2CH2),
1.66 (t, 1H; CH2OH), 1.78 (m, 2H; 4’ ArOCH2CH2), 1.83 (m, 4H; 3’,5’
ArOCH2CH2), 4.01 (t, J=6.6 Hz, 2H; 4’ ArOCH2), 4.05 (t, J=6.3 Hz,
4H; 3’,5’ ArOCH2), 4.74 (d, J=4.5 Hz, 2H; CH2OH), 6.76 (s, 2H; 2’,6’
ArH), 7.42 (d, J=8.6 Hz, 2H; 2,6 ArH), 7.55 ppm (d, J=8.6 Hz, 2H; 3,5
ArH); 13C NMR (125 MHz, CDCl3, 208C): d=14.31 (CH3), 22.90
(CH2CH3), 26.39 (CH2), 29.58 (CH2), 29.65–30.62 (CH2), 32.15 (Ar-
OCH2CH2), 65.36 (CH2OH), 69.61 (3’,5’ ArOCH2), 73.80 (4’ ArOCH2),
106.39 (2’,6’ ArCH), 127.42 (2,6 ArCH), 127.58 (3,5 ArCH), 136.36 (1
ArC), 138.40 (4’ ArC), 139.94 (4 ArC), 141.18 (1’ ArC), 153.64 ppm (3’


ArC); MS (ESI-TOF): m/z : 736.8 [M+]; elemental analysis calcd (%) for
C49H84O4 (737.19): C 79.83, H 11.49; found: C 80.03, H 11.44.


4-Chloromethyl-3’,4’,5’-trisdodecyloxybiphenyl [(3,4,5Bp)12G1-CH2Cl]
(23): Alcohol 22 (1.50G, 2.04 mmol) was dissolved in dry CH2Cl2
(100 mL) under Ar. DMF (1 mL) and SOCl2 (0.18 mL, 2.44 mmol) were
added and the reaction mixture was stirred at 228C for 1 h, washed with
H2O (4M25 mL) and brine (25 mL), dried over MgSO4, and evaporated
to dryness yielding 1.35G (88%) of 23. Rf=0.9 (CH2Cl2); m.p. 37–398C;
purity (HPLC): 99+%; 1H NMR (500 MHz, CDCl3, 238C): d=0.89 (t,
9H; CH2CH3), 1.28 (m, 48H; (CH2)8CH3), 1.49 (m, 6H; Ar-
OCH2CH2CH2), 1.78 (m, 2H; 4’ ArOCH2CH2), 1.83 (m, 4H; 3’,5’ Ar-
OCH2CH2), 4.00 (t, J=6.0 Hz, 2H; 4’ ArOCH2), 4.04 (t, J=6.5 Hz, 4H;
3’,5’ ArOCH2), 4.64 (s, 2H; CH2Cl), 6.75 (s, 2H; 2’,6’ ArH), 7.44 (d, J=
7.9 Hz, 2H; 2,6 ArH), 7.54 ppm (d, J=7.9 Hz, 2H; 3,5 ArH); 13C NMR
(125 MHz, CDCl3, 20 8C): d=14.31 (CH3), 22.90 (CH2CH3), 26.38 (CH2),
29.57 (CH2), 29.21–30.12 (CH2), 32.16 (ArOCH2CH2), 45.91 (CH2Cl),
69.13 (3’,5’ ArOCH2), 73.21 (4’ ArOCH2), 105.88 (2’,6’ ArCH), 127.34
(2,6 ArCH), 127.49 (3,5 ArCH), 138.41 (4’ ArC), 139.92 (4 ArC), 141.17
(1’ ArC), 153.61 ppm (3’ ArC).


Methyl 3’,4’-bis(4’-dodecyloxybiphenyl-4-ylmethoxy)biphenyl-4-carboxy-
late [(4Bp-3,4Bp)12G1-CO2CH3] (24): A suspension of K2CO3 (4.83G,
25 mmol) and 4a (1.63G, 7 mmol) in DMF (110 mL) was degassed and
stirred for 1 h at 70 8C under Ar. Compound 17 (4.52G, 13.4 mmol) was
added in small portions against a flow of Ar. The mixture was maintained
at 90 8C for 15 h. Additional DMF (300 mL) was added and the mixture
was carefully poured into HCl (10%, 400 mL) under vigorous stirring
(care, much frothing was involved). The solid product was filtered,
washed with H2O, and recrystallized twice from CH2Cl2 to yield 3.85G
(58.4%) of white crystals. Rf=0.58 (CHCl3); m.p. 133.7 8C; purity
(HPLC) 99+%; 1H NMR (500 MHz, CDCl3, 20 8C): d=0.89 (t, J=
6.9 Hz, 6H; CH2CH3), 1.28 (m, 32H; CH3 ACHTUNGTRENNUNG(CH2)8), 1.48 (qi, J=7.3 Hz,
4H; ArOCH2CH2CH2), 1.81 (qi, J=7.1 Hz, 4H; ArOCH2CH2), 3.93 (s,
3H; CO2CH3), 4.00 (t, J=6.6 Hz, 4H; ArOCH2), 5.25, 5.27 (2 s, 4H; 3’,4’
ArOCH2), 6.96 (d, J=8.5 Hz, 4H; G1, 3’,5’ ArH), 7.05 (d, J=8.3 Hz,
1H; 5’ ArH), 7.22 (dd, J=2.0, 8.3 Hz, 1H; 6’ ArH), 7.26 (d, J=2.0 Hz,
1H; 2’ ArH), 7.70 (m, 14H), 8.06 ppm (d, J=8.3 Hz, 2H; 3,5 ArH);
13C NMR (125 MHz, CDCl3, 20 8C): d=14.12 (CH3), 22.69 (CH2CH3),
26.06 (CH2CH2CH2OAr), 29.30–29.70 (ArOCH2CH2, CH3CH2CH2-
ACHTUNGTRENNUNG(CH2)6), 31.92 (CH3CH2CH2), 52.07 (CO2CH3), 68.10 (ArOCH2CH2),
71.13, 71.50 (ArOCH2Ar, 3’,4’ positions), 114.52 (ArCH, 2’ position),
114.79 (ArCH, G1: 3’,5’ positions), 115.22 (ArCH, 5’ position), 120.60
(ArCH, 6’ position), 126.57 (ArCH, 2,6 positions), 126.79 (ArCH, G1: 2,6
positions), 127.76, 127.95 (ArCH, G1: 3,5 positions), 128.04 (ArCH, G1:
2’,6’ positions), 128.40 (ArCCO2CH3), 130.07 (ArCH, 3,5 positions),
133.02 (ArC, G1: 1’ position), 133.44 (ArC, 1’ position), 135.36, 135.40
(ArC, G1: 1 positions), 140.50, 140.53 (ArC, G1: 4 positions), 145.19
(ArC, 1 position), 149.21 (ArC, 4’ position), 149.42 (ArC, 3’ position),
158.80 (ArC, G1: 4’ positions), 167.00 ppm (CO2CH3); MS (ESI-TOF):
m/z : 968.2 [M+Na]+ ; elemental analysis calcd (%) for C64H80O6 (945.32):
C 81.32, H 8.53; found: C 81.29, H 8.54.


Ethyl 3’,4’-bis(4’-dodecyloxybiphenyl-4-ylmethoxy)biphenyl-4-carboxylate
[(4Bp-3,4Bp)12G1-CO2C2H5] (25): A suspension of K2CO3 (3.45G,
25 mmol) and 4b (1.29G, 50 mmol) in DMF (75 mL) was stirred for 1 h
at 70 8C under Ar. Subsequently, 17 (3.86G, 10 mmol) was added in small
portions. The mixture was maintained at 70 8C for 15 h, then DMF
(300 mL) was added and the mixture was poured into HCl (10%,
400 mL) under vigorous stirring. The organic layer was collected, washed
twice with H2O, and dried over MgSO4. After removal of the solvent
under vacuum, the crude product was further purified by column chro-
matography (silica gel, CHCl3). The eluent was evaporated and the resi-
due was recrystallized from EtOAc to yield 3.73G (77.9%) of white crys-
tals. Rf=0.53 (CHCl3); m.p. 112.3 8C; purity (HPLC) 99+%; 1H NMR
(500 MHz, CDCl3, 20 8C): d=0.89 (t, J=7.1 Hz, 6H; CH2CH3), 1.28 (m,
35H; CO2CH2CH3, CH3ACHTUNGTRENNUNG(CH2)8), 1.48 (qi, J=7.3 Hz, 4H; Ar-
OCH2CH2CH2), 1.81 (qi, J=7.0 Hz, 4H; ArOCH2CH2), 4.00 (t, J=
6.7 Hz, 4H; ArOCH2), 4.39 (t, J=6.7 Hz, 2H; ArCO2CH2CH3), 5.25,
5.27 (2s, 4H; 3’,4’ ArOCH2), 6.96 (d, J=8.9 Hz, 4H; G1: 3’,5’ ArH), 7.05
(d, J=8.2 Hz, 1H; 5’ ArH), 7.19 (dd, J=2.3, 8.3 Hz, 1H; 6’ ArH), 7.26
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(overlapped with solvent peak, d, J=2.0 Hz, 1H; 2’ ArH), 7.50 (m, 14H),
8.06 ppm (d, J=8.3 Hz, 2H; 3,5 ArH); 13C NMR (125 MHz, CDCl3,
20 8C): d=14.08 (CH3), 14.35 (CO2CH2CH3) 22.67 (CH2CH3), 26.07
(CH2CH2CH2OAr), 29.31–29.66 (ArOCH2CH2, CH3CH2CH2 ACHTUNGTRENNUNG(CH2)6),
31.91 (CH3CH2CH2), 60.88 (CO2CH2CH3), 68.13 (ArOCH2CH2), 71.21,
71.57 (ArOCH2Ar, 3’,4’ positions), 114.67 (ArCH, 2’ position), 114.82
(ArCH, G1: 3’,5’ positions), 115.35 (ArCH, 5’ position), 120.63 (ArCH, 6’
position), 126.53 (ArCH, 2,6 positions), 126.79 (ArCH, G1: 2,6 positions),
127.78, 127.96 (ArCH, G1: 3,5 positions), 128.04 (ArCH, G1: 2’,6’ posi-
tions), 128.40 (ArCCO2CH3), 130.03 (ArCH, 3,5 positions), 133.06 (ArC,
G1: 1’ position), 133.57 (ArC, 1’ position), 135.40, 135.44 (ArC, G1: 1 po-
sitions), 140.52, 140.55 (ArC, G1: 4 positions), 145.10 (ArC, 1 position),
149.47 (overlapped, ArC, 3’,4’ positions), 158.83 (ArC, G1: 4’ positions),
166.51 ppm (CO2CH3); MS (ESI-TOF): m/z : 982.3 [M+Na]+ ; elemental
analysis calcd (%) for C65H82O6 (959.34): C 81.38, H 8.62; found: C 80.98,
H 8.80.


[3’,4’-Bis(4’-dodecyloxybiphenyl-4-ylmethoxy)biphenyl-4-yl]methanol
[(4Bp-3,4Bp)12G1-CH2OH] (26): Compound 24 (3.02G, 3.2 mmol) was
added portionwise under a stream of Ar to a suspension of LiAlH4


(0.12G, 3.2 mmol) in THF (200 mL) at 0 8C. The mixture was heated to
50 8C for 2 h under stirring. As TLC indicated a trace of the starting ma-
terial, additional LiAlH4 (50 mg) was added and stirring was continued
for 1 h until complete reaction (TLC). The reaction mixture was filtered
through Celite, washed with THF, and the solvent was evaporated. The
product was recrystallized from THF to yield 2.92G (94.5%) of fine
white crystals. Rf=0.12 (hexanes/EtOAc 1:2); m.p. 124.5 8C; purity
(HPLC): 99+%; 1H NMR (500 MHz, CDCl3, 20 8C): d=0.88 (t, J=
6.9 Hz, 6H; CH2CH3), 1.27 (m, 32H; CH3 ACHTUNGTRENNUNG(CH2)8), 1.46 (qi, J=7.3 Hz,
4H; ArOCH2CH2CH2), 1.63 (t, J=5.9 Hz, 1H), 1.80 (qi, J=7.2 Hz, 4H;
ArOCH2CH2), 4.00 (t, J=6.6 Hz, 4H; ArOCH2), 4.72 (d, J=5.9 Hz, 2H;
CH2OH), 5.24, 5.25 (2 s, 4H; 3’,4’ ArOCH2Ar), 6.95 (d, J=8.5 Hz, 4H;
G1: 3’,5’ ArH), 7.04 (d, J=8.3 Hz, 1H; 5’ ArH), 7.13 (dd, J=1.8, 8.6 Hz,
1H; 6’ ArH), 7.22 (d, J=1.8 Hz, 1H; 2’ ArH), 7.40 (d, J=8.0 Hz, 2H; 2,6
ArH), 7.52 ppm (m, 14H); 13C NMR (125 MHz, CDCl3, 20 8C): d=14.11
(CH3), 22.68 (CH2CH3), 26.06 (CH2CH2CH2OAr), 29.30–29.70 (Ar-
OCH2CH2, CH3CH2CH2 ACHTUNGTRENNUNG(CH2)6), 31.91 (CH3CH2CH2), 65.13 (CH2OH),
68.10 (ArOCH2CH2), 71.24, 71.46 (ArOCH2Ar, 3’,4’ positions), 114.47
(ArCH, 2’ position), 114.78 (ArCH, G1: 3’,5’ positions), 115.38 (ArCH, 5’
position), 120.24 (ArCH, 6’ position), 126.77 (ArCH, G1: 2,6 positions),
126.97 (ArCH, 2,6 positions), 127.45 (ArCH, 3,5 positions), 127.78,
127.94 (ArCH, G1: 3,5 positions), 128.04 (ArCH, G1: 2’,6’ positions),
133.07 (ArC, G1: 1’ position), 133.48 (ArC, 1’ position), 135.54 (ArC, G1:
1 position), 139.43 (ArC, 1 position), 140.27, 140.46 (ArC, G1: 4 posi-
tions), 140.43 (ArC, 4 position), 148.76 (ArC, 4’ position), 149.17 (ArC, 3’
position), 158.78 ppm (ArC, G1: 4’ positions); MS (ESI-TOF): m/z : 940.3
[M+Na]+ ; elemental analysis calcd (%) for C63H80O5 (917.31): C 82.49,
H 8.79; found: C 82.59, H 8.65.


4-Chloromethyl-3’,4’-bis(4’-dodecyloxybiphenyl-4-ylmethoxy)biphenyl
[(4Bp-3,4Bp)12G1-CH2Cl] (27): Compound 26 (1.50G, 1.6 mmol),
DTBMP (0.68G, 3.3 mmol), and DMF (0.5 mL) were added to dry de-
gassed CH2Cl2 (200 mL) under Ar. Compound 25 did not dissolve com-
pletely. Subsequently, SOCl2 (0.18 mL, 2.64 mmol) was added dropwise
under Ar and the reaction mixture was stirred for 1 h at 40 8C. During
this time, all solids had dissolved and TLC showed that 25 had been con-
sumed. Additional CH2Cl2 (150 mL) was added and the organic layer
was washed with H2O (2M100 mL) and brine before drying over MgSO4.
Evaporation of the solvent gave a white powder, which was recrystallized
from CH2Cl2. Yield 1.38G (90%). Rf=0.70 (hexanes/CH2Cl2 1:1); m.p.
198–201 8C; 1H NMR (500 MHz, CDCl3, 20 8C): d=0.89 (t, J=7.0 Hz,
6H; CH2CH3), 1.28 (m, 32H; CH3 ACHTUNGTRENNUNG(CH2)8), 1.47 (qi, J=7.3 Hz, 4H; Ar-
OCH2CH2CH2), (1.80 qi, J=7.2 Hz, 4H; ArOCH2CH2), 4.00 (t, J=
6.6 Hz, 4H; ArOCH2), 4.62 (d, J=5.9 Hz, 2H; CH2Cl), 5.24, 5.26 (2 s,
4H; 3’,4’ ArOCH2), 6.96 (d, J=8.8 Hz, 4H; G1: 3’,5’ ArH), 7.04 (d, J=
8.4 Hz, 1H; 5’ ArH), 7.13 (dd, J=2.0, 8.4 Hz, 1H; 6’ ArH), 7.22 (d, J=
2.0 Hz, 1H; 2’ ArH), 7.42 (d, J=8.4 Hz, 2H; 2,6 ArH), 7.52 ppm (m,
14H); 13C NMR (125 MHz, CDCl3, 20 8C): d=14.11 (CH3), 22.68
(CH2CH3), 26.06 (CH2CH2CH2OAr), 29.30–29.67 (ArOCH2CH2,
CH3CH2CH2 ACHTUNGTRENNUNG(CH2)6), 31.92 (CH3CH2CH2), 46.08 (CH2Cl), 68.09 (Ar-
OCH2CH2), 71.20, 71.45 (ArOCH2Ar, 3’,4’ positions), 114.47 (ArCH, 2’


position), 114.78 (ArCH, G1: 3’,5’ positions), 115.31 (ArCH, 5’ position),
120.31 (ArCH, 6’ position), 126.77 (ArCH, G1: 2,6 positions), 127.11
(ArCH, 2,6 positions), 127.77, 127.93 (ArCH, G1: 3,5 positions), 128.04
(ArCH, G1: 2’,6’ positions), 129.02 (ArCH, 3,5 positions), 133.05 (ArC,
G1: 1’ position), 134.10 (ArC, 1’ position), 135.49 (ArC, G1: 1 position),
135.99 (ArC, 4 position), 140.43, 140.73 (ArC, G1: 4 positions), 140.99
(ArC, 1 position), 148.93 (ArC, 4’ position), 149.16 (ArC, 3’ position),
158.78 ppm (ArC, G1: 4’ positions); MS (ESI-TOF): m/z : 958.2 [M+Na]+


; elemental analysis calcd (%) for C63H79O4Cl (935.75): C 80.86, H, 8.51;
found: C 80.65, H 8.29.


Methyl 3’,4’-bis[3’,4’-bis(4’-dodecyloxybiphenyl-4-ylmethoxy)biphenyl-4-
ylmethoxy]biphenyl-4-carboxylate [(4Bp-(3,4Bp)2)12G2-CO2CH3] (28):
Compound 4a (0.123G, 0.53 mmol) was added under Ar to a suspension
of K2CO3 (0.37G, 2.7 mmol) in DMF (200 mL) under stirring. Subse-
quently, 27 (1.53G, 1.6 mmol) was added over 4 h under a stream of Ar
and the reaction mixture was stirred for 48 h at 90 8C. The reaction mix-
ture was poured into H2O, the solid was filtered and subsequently
washed on the filter with H2O, THF, and acetone to afford an off-white
powder. The crude product was dissolved in refluxing CHCl3, treated hot
with solid Na2CO3, and filtered. The CHCl3 solution was passed over a
silica gel column. After removal of most of the solvent, the product crys-
tallized on cooling. Yield: 1.00G (83%). Rf=0.55 (CHCl3); m.p. 90.7 8C;
purity (HPLC) 99+%; 1H NMR (500 MHz, CDCl3, 20 8C): d=0.88 (t,
J=7.0 Hz, 12H; CH2CH3), 1.27 (m, 64H; CH3 ACHTUNGTRENNUNG(CH2)8), 1.46 (m, 8H; Ar-
OCH2CH2CH2), 1.80 (m, 8H; ArOCH2CH2), 3.93 (s, 3H; CO2CH3), 3.98
(2 t overlapped, J=6.8 Hz, 8H; ArOCH2), 5.20, 5.21 (2s, 8H; G1: 3’,4’
ArOCH2Ar), 5.24, 5.25 (2s, 4H; 3’,4’ ArOCH2Ar), 6.92 (m, 8H; G2: 3’,5’
ArH), 7.03 (d, J=8.4 Hz, 2H; G1: 5’ ArH), 7.05 (d, J=8.5 Hz, 1H; 5’
ArH), 7.12 (m, 2H; G1: 6’ ArH), 7.19 (dd, J=2.0, 8.3, 1H; 6’ ArH), 7.23
(m, 2H; G1: 2’ ArH), 7.26 (overlapped with solvent peak, m, 1H; 2’
ArH), 7.52 (m, 26H), 8.60 ppm (d, J=8.4 Hz, 2H; 3,5 ArH); 13C NMR
(125 MHz, CDCl3, 20 8C): d=14.11 (CH3), 22.69 (CH2CH3), 26.07
(CH2CH2CH2OAr), 29.31–29.67 (ArOCH2CH2, CH3CH2CH2 ACHTUNGTRENNUNG(CH2)6),
31.92 (CH3CH2CH2), 52.08 (CO2CH3), 68.09 (ArOCH2CH2), 71.15, 71.23,
71.43, 71.52 (ArOCH2Ar, 3’, 4’ and G1: 3’,4’ positions), 114.37 (ArCH,
G1: 2’ positions), 114.74 (ArCH, G2: 3’ positions), 114.58 (ArCH, 2’ posi-
tion), 115.30 (ArCH, 5’ position), 115.35 (ArCH, G1: 5’ positions), 120.26
(ArCH, G1: 6’ positions), 120.64 (ArCH, 6’ position), 126.58 (ArCH, 2,6
positions), 126.74 (ArCH, G2: 2,6 positions), 126.92 (ArCH, G1: 2,6 posi-
tions), 127.80, 127.96, 128.03 (overlapped, ArCH, G1: 3,5 and G2: 3,5,2’
positions), 128.43 (ArCCO2CH3), 130.08 (ArCH, 3,5 positions), 133.06
(ArC, G2: 1’ positions), 133.50 (ArC, 1’ position), 134.42 (ArC, G1: 1’ po-
sitions), 135.50 (ArC, G2: 1 positions), 135.64, 135.69 (ArC, G1: 1 posi-
tions), 140.39, 140.42 (overlapped), 140.48 (ArC, G1: 4 and G2: 4 posi-
tions), 145.16 (ArC, 1 position), 148.84, 149.21, 149.41 (overlapped)
(ArC, 3’,4’ and G1: 3’,4’ positions), 158.77 (ArC, G2: 4’ positions),
166.99 ppm (CO2CH3); MS (MALDI-TOF): m/z : 2065.7 [M+Na]+ ; ele-
mental analysis calcd (%) for C140H168O12 (2042.82): C 82.31, H 8.29;
found: C 81.93, H 8.48.


Methyl 3’,4’-bis(3’,4’-bisdodecyloxybiphenyl-4-ylmethoxy)biphenyl-4-car-
boxylate [(3,4Bp)212G2-CO2CH3] (29): A mixture of 4a (0.51G,
2.2 mmol), K2CO3 (1.51G, 11.0 mmol), and 20 (2.5G, 4.38 mmol) in DMF
(100 mL) was stirred at 70 8C for 15 h, then poured into stirring H2O. The
organic phase was extracted with CH2Cl2 (3M200 mL), which was com-
bined, treated with HCl (0.1m, 100 mL) rapidly followed by Na2CO3 solu-
tion (0.4m, 100 mL), then washed with brine and dried over Na2SO4.
Evaporation and subsequent recrystallization from acetone yielded
2.44G (86%) of the product. Rf=0.52 (hexanes/EtOAc 1:1); m.p.
79.1 8C; purity (HPLC) 99+%; 1H NMR (500 MHz, CDCl3, 20 8C): d=
0.88 (m, 12H; CH2CH3), 1.27 (m, 64H; CH3 ACHTUNGTRENNUNG(CH2)8), 1.48 (m, 8H; Ar-
OCH2CH2CH2), 1.81 (qi, J=6.3 Hz, 8H; ArOCH2CH2), 3.93 (s, 3H;
CO2CH3), 4.04 (2 t overlapped, J=6.8 Hz, 8H; ArOCH2), 5.26, 5.27 (2s,
4H; 3’,4’ ArOCH2Ar), 6.94 (d, J=8.1 Hz, 2H; G1: 5’ ArH), 7.05 (d, J=
8.4 Hz, 1H; 5’ ArH), 7.12 (m, 4H; G1: 2’,6’ ArH), 7.18 (dd, J=2.2,
8.3 Hz, 1H; 6’ ArH), 7.25 (d, J=2.2 Hz, 1H; 2’ ArH), 7.53 (m, 10H),
8.06 ppm (d, J=8.6 Hz, 2H; 3,5 ArH); 13C NMR (125 MHz, CDCl3,
20 8C): d=14.10 (CH3), 22.69 (CH2CH3), 26.67 (CH2CH2CH2OAr),
29.34–29.69 (ArOCH2CH2, CH3CH2CH2 ACHTUNGTRENNUNG(CH2)6), 31.91 (CH3CH2CH2),
52.04 (CO2CH3), 69.33, 69.46 (ArOCH2CH2, G1: 3’,4’ positions), 71.05,
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71.41 (ArOCH2Ar, 3’,4’ positions), 113.07 (ArCH, G1: 2’ positions),
114.04 (ArCH, G1: 5’ positions), 114.43 (ArCH, 2’ position), 115.18
(ArCH, 5’ position), 119.56 (ArCH, G1: 6’ positions), 120.55 (ArCH, 6’
position), 126.54 (ArCH, 2,6 positions), 126.91 (ArCH, G1: 2,6 positions),
127.68, 127.89 (ArCH, G1: 3,5 positions), 128.39 (ArCCO2CH3), 130.05
(ArCH, 3,5 positions), 133.40 (ArC, G1: 1’ position), 133.73 (ArC, 1’ po-
sition), 135.48, 135.51 (ArC, G1: 1 positions), 140.72, 140.76 (ArC, G1: 4
positions), 145.15 (ArC, 1 position), 148.94, 149.16, 149.33, 149.35 (ArC,
3’,4’, G1: 3’,4’ positions), 166.96 ppm (CO2CH3); MS (ESI-TOF): m/z :
1336.7 [M+Na]+ ; elemental analysis calcd (%) for C88H128O8 (1313.95): C
80.44, H 9.82; found: C 80.59, H 10.12.


Ethyl 3’,4’-bis(3’,4’-bisdodecyloxybiphenyl-4-ylmethoxy)biphenyl-4-car-
boxylate [(3,4Bp)212G2-CO2C2H5] (30): A mixture of 4b (0.75G,
2.9 mmol), K2CO3 (1.2G, 8.7 mmol), and 20 (3.3G, 5.8 mmol) in DMF
(150 mL) was stirred at 70 8C for 15 h then poured into water and fil-
tered. The solid was dissolved in CHCl3, dried and purified by column
chromatography (silica gel, CHCl3). After the solvent was evaporated,
the product was recrystallized from EtOAc to yield 2.53G (65.7%) of
white crystals. Rf=0.47 (CHCl3); m.p. 78.6; purity (HPLC) 99+ %;
1H NMR (500 MHz, CDCl3, 20 8C): d=0.88 (m, 12H; CH2CH3), 1.27 (m,
67H; CH3 ACHTUNGTRENNUNG(CH2)8), 1.48 (m, 8H; ArOCH2CH2CH2), 1.81 (m, 8H; Ar-
OCH2CH2), 4.04 (2 t overlapped, J=6.8 Hz, 8H ArOCH2), 3.93 (q, J=
7.0 Hz, 2H; CO2CH2CH3), 5.26, 5.28 (2s, 4H; 3’,4’ ArOCH2Ar), 6.94 (m,
2H; G1: 5’ ArH), 7.11 (m, 5H; 5’ and G1: 2’,6’ ArH), 7.18 (dd, J=2.2,
8.3 Hz, 1H; 6’ ArH), 7.26 (overlapped with solvent peak, m, 1H; 2’
ArH), 7.53 (m, 10H), 8.07 ppm (d, J=8.6 Hz, 2H; 3,5 ArH); 13C NMR
(125 MHz, CDCl3, 20 8C): d=14.08 (CH3), 14.34 (CO2CH2CH3) 22.67
(CH2CH3), 26.07 (CH2CH2CH2OAr), 29.36–29.70 (ArOCH2CH2,
CH3CH2CH2 ACHTUNGTRENNUNG(CH2)6), 31.92 (CH3CH2CH2), 60.89 (CO2CH2CH3), 69.42,
69.54 (ArOCH2CH2, G1: 3’,4’ positions), 71.16, 71.51 (ArOCH2Ar, 3’,4’
positions), 113.25 (ArCH, G1: 2’ positions), 114.23 (ArCH, G1: 5’ posi-
tions), 114.62 (ArCH, 2’ position), 115.35 (ArCH, 5’ position), 119.63
(ArCH, G1: 6’ positions), 120.60 (ArCH, 6’ position), 126.53 (ArCH, 2,6
positions), 126.93 (ArCH, G1: 2,6 positions), 127.72, 127.89 (ArCH, G1:
3,5 positions), 128.82 (ArCCO2CH3), 130.03 (ArCH, 3,5 positions),
133.57 (ArC, G1: 1’ position), 133.82 (ArC, 1’ position), 135.54, 135.58
(ArC, G1: 1 positions), 140.76, 140.80 (ArC, G1: 4 positions), 145.08
(ArC, 1 position), 149.03, 149.25, 149.35, 149.43 (ArC, 3’,4’, G1: 3’,4’ posi-
tions), 166.96 ppm (CO2CH3); MS (ESI-TOF): m/z : 1350.6 [M+Na]+ ; el-
emental analysis calcd (%) for C89H130O8 (1327.98): C 80.49, H 9.87;
found: C 80.61, H 10.04.


[3’,4’-Bis(3’,4’-bisdodecyloxybiphenyl-4-ylmethoxy)biphenyl-4-yl]metha-
nol [(3,4Bp)212G2-CH2OH] (31): Compound 29 (1.80G, 1.38 mmol) was
added portionwise under Ar to a suspension of LiAlH4 (150 mg,
4.2 mmol) in THF (100 mL) at 0 8C, then stirred as it was warmed to
22 8C over 15 h. The reaction mixture was filtered through Celite, washed
with THF, and the filtrate was evaporated. The residue was dissolved in
hot CHCl3 (300 mL), then filtered to remove residual inorganic solids.
Evaporation and recrystallization from acetone yielded 1.47G (83%) of
a fine white solid. Rf=0.72 (hexanes/CH2Cl2 1:2); m.p. 83.0 8C; purity
(HPLC) 99+%; 1H NMR (500 MHz, CDCl3, 20 8C): d=0.89 (t, J=
6.9 Hz, 12H; CH2CH3), 1.28 (m, 64H; CH3ACHTUNGTRENNUNG(CH2)8), 1.46 (m, 8H; Ar-
OCH2CH2CH2), 1.67 (t, J=5.7 Hz, 1H; CH2OH), 1.84 (m, 8H; Ar-
OCH2CH2), 4.04 (2 t overlapped, J=6.9 Hz, 8H; ArOCH2), 4.72 (d, J=
5.4 Hz, 2H; CH2OH), 5.25, 5.27 (2s, 4H; 3’,4’ArOCH2Ar), 6.94 (d, J=
8.5 Hz, 2H; G1, 5’ ArH), 7.04 (d, J=8.3 Hz, 1H; 5’ ArH), 7.13 (m, 5H;
6’ and G1: 2’,6’ ArH), 7.23 (d, J=1.8 Hz, 1H; 2’ ArH), 7.40 (d, J=
8.0 Hz, 2H; 2,6 ArH), 7.54 ppm (m, 10H); 13C NMR (125 MHz, CDCl3,
20 8C): d=14.10 (CH3), 22.68 (CH2CH3), 26.06 (CH2CH2CH2OAr),
29.34–29.70 (ArOCH2CH2, CH3CH2CH2 ACHTUNGTRENNUNG(CH2)6), 31.91 (CH3CH2CH2),
65.08 (CH2OH), 69.35, 69.45 (ArOCH2CH2, G1: 3’,4’ positions), 71.17,
71.37 (ArOCH2Ar, 3’,4’ positions), 113.08 (ArCH, G1: 2’ positions),
114.06 (ArCH, G1: 5’ positions), 114.39 (ArCH, 2’ position), 115.33
(ArCH, 5’ position), 119.56 (ArCH, G1: 6’ positions), 120.21 (ArCH, 6’
position), 126.90 (ArCH, G1: 2,6 positions), 126.93 (ArCH, 2,6 positions),
127.42 (ArCH, 3,5 positions), 127.70, 127.86 (ArCH, G1: 3,5 positions),
133.78, 133.80 (ArC, G1: 1’ positions), 134.45 (ArC, 1’ position), 135.62
(ArC, G1: 1 positions), 139.46 (ArC, 4 position), 140.21 (ArC, 1 position),
140.66, 140.69 (ArC, G1: 4 positions), 148.64, 148.90, 149.12, 149.32 ppm


(ArC, 3’,4’, G1: 3’,4’ positions); MS (ESI-TOF): m/z : 1308.7 [M+Na]+ ;
elemental analysis calcd (%) for C87H128O7 (1285.94): C 81.26, H 10.03;
found: C 81.52, H 9.83.


4-Chloromethyl-3’,4’-bis(3’,4’-bisdodecyloxybiphenyl-4-ylmethoxy)biphen-
yl [(3,4Bp)212G2-CH2Cl] (32): Compound 31 (1.00G, 0.78 mmol), SOCl2
(0.09 mL, 1.20 mmol), and DTBMP (0.32G, 1.57 mmol) in CH2Cl2
(150 mL) were stirred for 3 h at 22 8C. After workup as described for 27,
the product 32 was obtained as a white solid. Two recrystallizations from
acetone gave fine white crystals (0.88G, 87%). A similar subsequent re-
action yielded 92% from a single recrystallization from EtOH. Rf=0.36
(hexanes/CH2Cl2 5:1); m.p. 128.0–129 8C; 1H NMR (500 MHz, CDCl3,
20 8C): d=0.89 (t, J=6.9 Hz, 12H; CH2CH3), 1.27 (m, CH3ACHTUNGTRENNUNG(CH2)8), 64H;
1.48 (m, 8H; ArOCH2CH2CH2), 1.84 (m, 8H; ArOCH2CH2), 4.04 (2 t
overlapped, J=6.9 Hz, 8H; ArOCH2), 4.62 (s, 2H; CH2Cl), 5.25, 5.27
(2s, 4H; 3’,4’ ArOCH2Ar), 6.94 (d, J=8.1 Hz, 2H; G1: 5’ ArH), 7.04 (d,
J=8.3 Hz, 1H; 5’ ArH), 7.12 (m, 5H; 6’ and G1: 2’,6’ ArH), 7.21 (d, J=
1.8 Hz, 1H; 2’ ArH), 7.42 (d, J=8.3 Hz, 2H; 2,6 ArH), 7.53 ppm (m,
10H); 13C NMR (125 MHz, CDCl3, 20 8C): d=14.10 (CH3), 22.68
(CH2CH3), 26.06 (CH2CH2CH2OAr), 29.34–29.70 (ArOCH2CH2,
CH3CH2CH2 ACHTUNGTRENNUNG(CH2)6), 31.92 (CH3CH2CH2), 46.06 (CH2Cl), 69.35, 69.45
(ArOCH2CH2, G1: 3’,4’ positions), 71.14, 71.38 (ArOCH2Ar, 3’,4’ posi-
tions), 113.08 (ArCH, G1: 2’ positions), 114.06 (ArCH, G1: 5’ positions),
114.42 (ArCH, 2’ position), 115.28 (ArCH, 5’ position), 119.57 (ArCH,
G1: 6’ positions), 120.28 (ArCH, 6’ position), 126.92 (ArCH, G1: 2,6 posi-
tions), 126.10 (ArCH, 2,6 positions), 127.70, 127.85 (ArCH, G1: 3,5 posi-
tions), 129.02 (ArCH, 3,5 positions), 133.78, 133.80 (ArC, G1: 1’ posi-
tions), 134.08 (ArC, 1’ position), 135.63 (ArC, G1: 1 positions), 136.02
(ArC, 4 position), 140.70 (ArC, G1: 4 positions), 140.99 (ArC, 1 position),
148.67, 148.92, 149.11, 149.33 ppm (ArC, 3’,4’, G1: 3’,4’ positions); MS
(ESI-TOF): m/z : 1327.8 [M+Na]+ elemental analysis calcd (%) for
C87H127ClO6 (1304.39): C 80.11, H 9.81; found: C 79.88, H 10.03.


Methyl 3’,4’-bis[3’,4’-bis(3’,4’-dodecyloxybiphenyl-4-ylmethoxy)biphenyl-
4-ylmethoxy]biphenyl-4-carboxylate [(3,4Bp)312G3-CO2CH3] (33): A
mixture of 32 (65 mg, 0.49 mmol), K2CO3 (276 mg, 2.0 mmol), and 4a
(59 mg, 0.25 mmol) in DMF (200 mL) was maintained at 80 8C for 15 h,
then poured into H2O. The precipitate was filtered and washed with H2O
and acetone. The solid was subsequently recrystallized from CH2Cl2 to
give 540 mg (80.0%) of a fine white powder. Rf=0.40 (hexanes/CH2Cl2
1:2); m.p. 68.7 8C; purity (HPLC): 99+ %; 1H NMR (500 MHz, CDCl3,
20 8C): d=0.88 (m, 24H; CH2CH3), 1.27 (m, 128H; CH3 ACHTUNGTRENNUNG(CH2)8), 1.48 (m,
16H; ArOCH2CH2CH2), 1.82 (m, 16H; ArOCH2CH2), 3.93 (s, 3H;
CO2CH3), 4.02 (2 t overlapped, J=6.8 Hz, 16H; ArOCH2), 5.22, 5.23 (2s,
8H; G1: 3’,4’ ArOCH2Ar), 5.25, 5.26 (2s, 4H; 3’,4’ ArOCH2Ar), 6.92 (m,
4H; G2: 5’ ArH), 7.03 (m, 3H; 5’ and G1: 5’ ArH), 7.11 (m, 10H; G1: 6’
and G2: 2’,6’ ArH), 7.18 (dd, J=2.2, 8.3 Hz, 1H; 6’ ArH), 7.24 (m, 3H;
2’ and G1: 2’ ArH), 7.52 (m, 26H), 8.60 ppm (d, J=8.6 Hz, 2H; 3,5
ArH); 13C NMR (125 MHz, CDCl3, 20 8C): d=14.10 (CH3), 22.68
(CH2CH3), 26.07 (CH2CH2CH2OAr), 29.38–29.69 (ArOCH2CH2,
CH3CH2CH2 ACHTUNGTRENNUNG(CH2)6), 31.92 (CH3CH2CH2), 52.07 (CO2CH3), 69.35, 69.45
(ArOCH2CH2, G1: 3’,4’ positions), 71.11. 71.19, 71.37, 71.47 (ArOCH2Ar,
3’,4’ and G1: 3’,4’ positions), 113.12 (ArCH, G2: 2’ positions), 114.10
(ArCH, G2: 5’ positions), 114.37 (ArCH, G1: 2’ positions), 114.58
(ArCH, 2’ position), 115.31, 115.40 (ArCH, 5’ and G1: 5’ positions),
119.58 (ArCH, G2: 6’ positions), 120.26 (ArCH, G1: 6’ positions), 120.62
(ArCH, 6’ position), 126.54 (ArCH, 2,6 positions), 126.88 (ArCH, G2:
2,6 positions), 126.92 (ArCH, G1: 2,6 positions), 127.72 (overlapped),
127.89, 127.93 (ArCH, G1: 3,5 and G2: 3,5 positions), 128.44 (ArC-
CO2CH3), 130.07 (ArCH, 3,5 positions), 133.49 (ArC, G1: 1’ positions),
133.80 (ArC, G2: 1’ positions), 134.41 (ArC, 1’ position), 135.68, 135.72
overlapped (ArC, G1: 1 and G2: 1 positions), 140.31, 140.76 (ArC, G1: 4
positions), 140.65, 140.69 (ArC, G2: 4 positions), 145.14 (ArC, 1 posi-
tion), 148.81, 148.94, 149.20, 149.36, 149.39 overlapped (ArC, 3’,4’, G1:
3’,4’, G2: 3’,4’ positions), 166.95 ppm (CO2CH3); MS (MALDI-TOF):
m/z : 2800.6 [M+Na]+ ; elemental analysis calcd (%) for C188H264O16


(2780.10): C 81.22, H 9.57; found: C 81.40, H 9.68.


Methyl 3’,5’-bis[3’,4’-bis(4’-dodecyloxybiphenyl-4-ylmethoxy)biphenyl-4-yl-
methoxy]biphenyl-4-carboxylate [(4Bp-3,4Bp-3,5Bp)12G2-CO2CH3] (34):
A mixture of 10 (65 mg, 0.27 mmol), K2CO3 (150 mg, 1.08 mmol), and 27
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(500 mg, 0.54 mmol) in Ar-degassed DMF (50 mL) was stirred at 70 8C
for 36 h, then poured into ice/water and stirred until a white precipitate
developed. This was filtered off and washed with H2O followed by ace-
tone. The product was washed with THF. The solvent was evaporated
and the product was purified by column chromatography (silica gel,
CHCl3/hexanes 5:1) to yield 120 mg (21.8%) of 34. Rf=0.49 (hexanes/
CH2Cl2 1:1); purity (HPLC): 99+%; 1H NMR (500 MHz, CDCl3, 20 8C):
d=0.88 (m, 12H; CH2CH3), 1.27 (t, J=7.1 Hz, 64H; CH3ACHTUNGTRENNUNG(CH2)8), 1.47
(m, 8H; ArOCH2CH2CH2), 1.80 (qi, J=6.8 Hz, 8H; ArOCH2CH2), 3.94
(s, 3H; CO2CH3), 3.99 (2 t overlapped, J=6.8 Hz, 8H; ArOCH2), 5.12 (s,
4H; 3’, 5’ ArOCH2Ar), 5.23, 5.24 (2 s, 8H; G1: 3’, 5’ ArOCH2Ar), 6.68 (t,
J=2.0 Hz, 1H; 4’ ArH), 6.87 (d, J=2.0 Hz, 2H; 2’,6’ ArH), 6.95 (m, 8H;
G2: 3’,5’ ArH), 7.04 (d, J=8.4 Hz, 2H; G1: 5’ ArH), 7.13 (dd, J=2.2,
8.3 Hz, 2H; G1: 6’ H), 7.23 (d, J=2.0 Hz, 2H; G1: 2’ ArH), 7.50 (m,
32H; ArH), 7.63 (d, J=8.3 Hz, 2H; 2,6 ArH), 8.09 ppm (d, J=8.3 Hz,
2H; 3,5 ArH); 13C NMR (125 MHz, CDCl3, 20 8C): d=14.11 (CH3), 22.69
(CH2CH3), 26.07 (CH2CH2CH2OAr), 29.31–29.66 (ArOCH2CH2,
CH3CH2CH2 ACHTUNGTRENNUNG(CH2)6), 31.92 (CH3CH2CH2), 52.14 (CO2CH3), 68.10 (Ar-
OCH2CH2, G2: 4’ positions), 70.03 (ArOCH2Ar, 3’,5’ positions), 71.24,
71.45 (ArOCH2CH2, G1: 3’,4’ positions), 101.62 (ArC, 4’ position), 106.87
(ArCH, 2’,6’ positions), 114.45 (ArCH, G1: 2’ positions), 114.78 (ArCH,
G2: 3’,5’ positions), 115.36 (ArCH, G1: 5’ positions), 120.30 (ArCH, G1:
6’ positions), 126.77 (ArCH, G1: 2,6 and G2: 2,6 positions), 127.05
(ArCH, 2,6 positions), 127.79, 127.94 (ArCH, G2: 3,5 positions), 128.04
(ArCH, G1: 3,5 and G2: 2’,6’ positions), 129.19 (ArCCO2CH3), 130.06
(ArCH, 3,5 positions), 133.08 (ArC, G2: 1’ position), 134.37 (ArC, G1: 1’
positions), 135.22 (ArC, G1: 1 positions), 135.51 (ArC, G2: 1 positions),
140.43, 140.47 (ArC, G2: 4 positions), 140.70 (ArC, G1: 4 positions),
142.22 (ArC, 1’ position), 145.43 (ArC, 1 position), 148.85, 149.20 (ArC,
G1: 3’,4’ positions), 158.78 (ArC, G2: 4’ positions), 160.31 (ArC, 3’,5’ po-
sitions), 166.92 ppm (CO2CH3); MS (MALDI-TOF): m/z : 2064.6
[M+Na]+ ; elemental analysis calcd (%) for C140H168O12 (2042.82): C
82.31, H 8.29; found: C 82.02, H 8.32.


{3’,5’-bis[3’,4’-bis(4’-dodecyloxybiphenyl-4-ylmethoxy)biphenyl-4-ylme-
thoxy]biphenyl-4-yl}methanol [(4Bp-3,4Bp-3,5Bp)12G2-CH2OH] (35):
Compound 34 (144 mg, 0.071 mmol) was dissolved in dry THF (60 mL)
and added into a suspension of LiAlH4 (29 mg, 0.705 mmol) in dry THF
(20 mL) under Ar at 0 8C. The reaction mixture was stirred at 0 8C for
1.5 h until 100% conversion by TLC (CH2Cl2/hexane 2:1), then quenched
by addition of water (0.2 mL) and NaOH solution (15%, 0.2 mL). Precip-
itation was removed by filtration through Celite. The filtrate was careful-
ly precipitated with MeOH and purified by crystallization from THF.
110 mg (77%) of 34 was obtained as white crystals. Rf=0.25 (CH2Cl2);
m.p. 94.0 8C; purity (HPLC): 99+ %; 1H NMR (500 MHz, CDCl3, 20 8C):
d=0.89 (m, 12H; CH2CH3), 1.27 (t, J=7.1 Hz, 64H; CH3ACHTUNGTRENNUNG(CH2)8), 1.65 (t,
1H; CH2OH), 1.47 (m, 8H; ArOCH2CH2CH2), 1.82 (m, 8H; Ar-
OCH2CH2), 3.99 (2 t overlapped, 8H; ArOCH2), 4.75 (d, J=5.6 Hz, 2H;
CH2OH), 5.13 (s, 4H; 3’, 5’ ArOCH2Ar), 5.24, 5.25 (2 s, 8H; G1: 3’, 5’ Ar-
OCH2Ar), 6.66 (s, 1H; 4’ ArH), 6.86 (d, J=2.1 Hz, 2H; 2’,6’ ArH), 6.97
(dd, J=2.1, 8.6 Hz, 8H; G2: 3’,5’ ArH), 7.05 (d, J=8.2 Hz, 2H; G1: 5’
ArH), 7.15 (dd, J=1.8, 8.3 Hz, 2H; G1: 6’ H), 7.25 (d, J=2.0 Hz, 2H;
G1: 2’ ArH), 7.40–7.60 ppm (overlapped m, 36H; ArH); 13C NMR
(125 MHz, CDCl3, 20 8C): d=14.31 (CH3), 22.90 (CH2CH3), 26.31
(CH2CH2CH2OAr), 29.56–28.89 (ArOCH2CH2, CH3CH2CH2 ACHTUNGTRENNUNG(CH2)6),
32.14 (CH3CH2CH2), 65.33 (CH2OH), 68.39 (ArOCH2CH2, G2: 4’ posi-
tions), 70.27 (ArOCH2Ar, 3’,5’ positions), 71.60, 71.80 (ArOCH2CH2, G1:
3’,4’ positions), 101.29 (ArC, 4’ position), 107.01 (ArCH, 2’,6’ positions),
114.89 (ArCH, G1: 2’ positions), 115.08 (ArCH, G2: 3’,5’ positions),
115.79 (ArCH, G1: 5’ positions), 120.59 (ArCH, G1: 6’ positions), 127.27
(ArCH, G1: 2,6 and G2: 2,6 positions), 127.27 (ArCH, 2,6 positions),
127.57 (ArCH, G2: 3,5 positions), 128.05, 128.20 (ArCH, G1: 3,5 and G2:
2’,6’ positions), 133.37 (ArCH), 134.81 (ArC), 135.67 (ArC, G1: 1 posi-
tions), 135.82 (ArC, G2: 1 positions), 140.50, 140.72 (ArC, G2: 4 posi-
tions), 140.90 (ArC, G1: 4 positions), 143.33 (ArC), 149.18 (ArC), 149.54
(ArC, G1: 3’,4’ positions), 159.06 (ArC, G2: 4’ positions), 160.52 ppm
(ArC, 3’,5’ positions); MS (MALDI-TOF): m/z : 2012.5 [M�H+]; elemen-
tal analysis calcd (%) for C139H168O11 (2014.81): C 82.86, H 8.40; found:
C 82.73, H 8.32.


Methyl 3’,5’-bis[3’,4’-bis(3’,4’-bisdodecyloxybiphenyl-4-ylmethoxy)biphen-
yl-4-ylmethoxy]biphenyl-4-carboxylate [(3,4Bp)2-3,5Bp)12G3-CO2CH3]
(36): A mixture of 10 (59 mg, 0.25 mmol), K2CO3 (138 mg, 1.0 mmol),
and 32 (650 mg, 0.5 mmol) in DMF (50 mL) was stirred at 70 8C for 15 h
then poured into H2O. The precipitated solid was extracted with CH2Cl2
(2M150 mL). The solution was washed with H2O and brine, dried over
Na2SO4, and evaporated. The product was subsequently dissolved in
warm hexanes. The hexanes solution was extracted with H2O to remove
residual DMF, then with brine, followed by concentrating to about
20 mL. The product was precipitated by the addition of acetone to yield
510 mg (74%) of 36. Rf=0.49 (hexanes/CH2Cl2 1:2); m.p. 71.6 8C; purity
(HPLC): 99+%; 1H NMR (500 MHz, CDCl3, 20 8C): d=0.88 (m, 24H;
CH2CH3), 1.27 (m, 128H; CH3 ACHTUNGTRENNUNG(CH2)8), 1.48 (m, 16H; ArOCH2CH2CH2),
1.82 (m, 16H; ArOCH2CH2), 3.94 (s, 3H; CO2CH3), 4.03 (2 t overlapped,
J=6.8 Hz, 16H; ArOCH2), 5.13 (s, 4H; 3’,5’ ArOCH2Ar), 5.25, 5.26 (s,
8H; G1: 3’,4’ ArOCH2Ar), 6.70 (t, J=2.0 Hz, 1H; 4’ ArH), 6.87 (d, J=
2.0 Hz, 2H; G1: 2’,6’ ArH), 6.93 (dd, J=1.4, 8.8 Hz, 4H; G2: 5’ ArH),
7.03 (d, J=8.4 Hz, 2H; G1: 5’ ArH), 7.11 (m, 10H; G1: 6’ and G2: 2’,6’
ArH), 7.30 (d, J=2.2 Hz, 2H; G1: 2’ ArH), 7.52 (m, 24H), 7.63 (d, J=
8.4 Hz, 2H; 3,5 ArH); 8.60 ppm (d, J=8.4 Hz, 2H; 3,5 ArH); 13C NMR
(125 MHz, CDCl3, 20 8C): d=14.10 (CH3), 22.68 (CH2CH3), 26.06
(CH2CH2CH2OAr), 29.34–29.70 (ArOCH2CH2, CH3CH2CH2 ACHTUNGTRENNUNG(CH2)6),
31.92 (CH3CH2CH2), 52.12 (CO2CH3), 69.36, 69.46 (ArOCH2CH2, G1:
3’,4’ positions), 70.03 (ArOCH2Ar, 3’,5’ positions), 71.18, 71.38 (ArO-
CH2Ar, G1: 3’,4’ positions), 101.60 (ArC, 4’ position), 106.81 (ArCH, 2’,6’
positions), 113.08 (ArCH, G2: 2’ positions), 114.06 (ArCH, G2: 5’ posi-
tions), 114.38 (ArCH, G1: 2’ positions), 115.32 (ArCH, G1: 5’ positions),
119.57 (ArCH, G2: 6’ positions), 120.27 (ArCH, G1: 6’ positions), 126.91
(ArCH, G1: 2,6 and G2: 2,6 positions), 127.02 (ArCH, 2,6 positions),
127.71, 127.87, 128.06 (ArCH, G1: 3,5 and G2: 3,5 positions), 129.18
(ArCCO2CH3), 130.04 (ArCH, 3,5 positions), 133.78, 133.80 (ArC, G2: 1’
positions), 134.36 (ArC, G1: 1’ positions), 135.21 (ArC, 1’ position),
135.64, 135.66 overlapped (ArC, G1: 1 and G2: 1 positions), 140.67,
140.71 (ArC, G1: 4 and G2: 4 positions), 145.41 (ArC, 1 position), 148.80,
148.91, 149.15, 149.32 (ArC, G1: 3’ 4’ and G2: 3’4’ positions), 160.31
(ArC, 3’,5’ positions), 166.90 ppm (CO2CH3); MS (MALDI-TOF): m/z :
2800.3 [M+Na]+ ; elemental analysis calcd (%) for C188H264O16 (2780.10):
C 81.22, H 9.57; found: C 80.94, H 9.70.


Methyl 3’,5’-bis(3’,4’-bisdodecyloxybiphenyl-4-ylmethoxy)biphenyl-4-car-
boxylate [(3,4Bp-3,5Bp)12G2-CO2CH3] (37): A mixture of 10 (367 mg,
1.6 mmol), K2CO3 (870 mg, 6.3 mmol), and 20 (1.85G, 3.15 mmol) in
DMF (70 mL) was stirred at 70 8C for 16 h under N2. The reaction mix-
ture was poured into H2O and extracted with CH2Cl2 (3M200 mL). The
CH2Cl2 solution was extracted once with HCl (100 mL, 0.1m), followed
by Na2CO3 (0.4m, 100 mL), washed with brine, dried over Na2SO4, and
evaporated to give a white solid that was further purified by column
chromatography (silica gel, CH2Cl2) to give 1.42G (69%) of 37. Rf=0.78
(CH2Cl2); m.p. 61.3 8C; purity (HPLC) 99+ %; 1H NMR (500 MHz,
CDCl3, 20 8C): d=0.88 (m, 12H; CH2CH3), 1.27 (m, 64H; CH3 ACHTUNGTRENNUNG(CH2)8),
1.48 (m, 8H; ArOCH2CH2CH2), 1.84 (qi, J=6.8 Hz, 8H; ArOCH2CH2),
3.94 (s, 3H; CO2CH3), 4.05 (2 t overlapped, J=6.8 Hz, 8H; ArOCH2),
5.14 (s, 4H; 3’, 5’ ArOCH2Ar), 6.70 (t, J=2.2 Hz, 1H; 4’ ArH), 6.88 (d,
J=2.3 Hz, 2H; 2’,6’ ArH), 6.95 (d, J=8.8 Hz, 2H; G1: 5’ ArH), 7.12 (m,
4H; G1: 2’,6’ ArH), 7.50 (d, J=8.4 Hz, 4H; G1: 2’,6’ ArH), 7.48 (d, J=
8.4 Hz, 4H; G1: 3’,5’ ArH), 7.64 (d, J=8.4 Hz, 2H; 2,6 ArH), 8.10 ppm
(d, J=8.6 Hz, 2H; 3,5 ArH); 13C NMR (125 MHz, CDCl3, 20 8C): d=


14.11 (CH3), 22.68 (CH2CH3), 26.57 (CH2CH2CH2OAr), 29.32–29.70 (Ar-
OCH2CH2, CH3CH2CH2 ACHTUNGTRENNUNG(CH2)6), 31.92 (CH3CH2CH2), 52.12 (CO2CH3),
69.36, 69.48 (ArOCH2CH2, G1: 3’,4’ positions), 70.06 (ArOCH2Ar, 3’,5’
positions), 101.66 (ArC, 4’ position), 106.78 (ArCH, 2’,6’ positions),
113.15 (ArCH, G1: 2’ positions), 114.07 (ArCH, G1: 5’ positions), 119.60
(ArCH, G1: 6’ positions), 127.04 (ArCH, G1: 2,6 positions), 127.08
(ArCH, 2,6 positions), 128.04 (ArCH, G1: 3,5 positions), 129.17 (ArC-
CO2CH3), 130.04 (ArCH, 3,5 positions), 133.74 (ArC, G1: 1’ position),
135.04 (ArC, G1: 1 positions), 141.10 (ArC, G1: 4 positions), 142.2 (ArC,
1’ position), 145.43 (ArC, 1 position), 148.93, 149.34 (ArC, G1: 3’,4’ posi-
tions), 160.32 (ArC, 3’,5’ positions), 166.91 ppm (CO2CH3); MS (ESI-
TOF): m/z : 1336.7 [M+Na]+ ; elemental analysis calcd (%) for C88H128O8


(1313.95): C 80.44, H 9.82; found: C 80.31, H 10.08.
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[3’,5’-Bis(3’,4’-bisdodecyloxybiphenyl-4-ylmethoxy)biphenyl-4-yl]metha-
nol [(3,4Bp-3,5Bp)12G2-CH2OH] (38): Compound 37 (1.22G,
0.93 mmol) was added portionwise under Ar to a suspension of LiAlH4


(150 mg, 4.2 mmol) in THF (100 mL) at 0 8C and stirred as it was
warmed to 22 8C for 1.5 h. After this time, TLC showed complete reac-
tion. The reaction mixture was filtered through Celite, washed with more
THF, followed by evaporation of the solvent. The residue was dissolved
in hot CHCl3 (200 mL), the solution was filtered to remove the inorganic
compounds and the solvent was evaporated. The product was subse-
quently recrystallized from acetone to yield 1.02G (85%) of a fine white
solid. Rf=0.17 (hexanes/CH2Cl2 1:2); m.p. 42.2 8C; purity (HPLC): 99+
%; 1H NMR (500 MHz, CDCl3, 20 8C): d=0.88 (m, 12H; CH2CH3), 1.27
(m, 64H; CH3 ACHTUNGTRENNUNG(CH2)8), 1.48 (qi, J=7.7 Hz, 8H; ArOCH2CH2CH2), 1.65
(t, J=4.2 Hz, 1H; CH2OH), 1.84 (qi, J=7.3 Hz, 8H; ArOCH2CH2), 4.05
(2 t overlapped, J=6.6 Hz, 8H; ArOCH2), 4.75 (d, J=4.2 Hz, 2H;
CH2OH), 5.13 (s, 4H; 3’,5’ ArOCH2Ar), 6.67 (t, J=2.2 Hz, 1H; 4’ ArH),
6.86 (d, J=2.2 Hz, 2H; 2’,6’ ArH), 6.95 (d, J=8.8 Hz, 2H; G1: 5’ ArH),
7.12 (m, 4H; G1: 2’,6’ ArH), 7.43 (d, J=8.1 Hz, 2H; 2,6 ArH), 7.49 (d,
J=8.1 Hz, 4H; G1: 3,5 ArH), 7.58 ppm (m, 6H; 3,5 and G1: 2,6 ArH);
13C NMR (125 MHz, CDCl3, 20 8C): d=14.10 (CH3), 22.68 (CH2CH3),
26.05 (CH2CH2CH2OAr), 29.32–29.70 (ArOCH2CH2, CH3CH2CH2-
ACHTUNGTRENNUNG(CH2)6), 31.92 (CH3CH2CH2), 65.06 (CH2OH), 69.36, 69.48 (Ar-
OCH2CH2, G1: 3’,4’ positions), 70.00 (ArOCH2Ar, 3’,5’ positions), 100.96
(ArC, 4’ position), 106.61 (ArCH, 2’,6’ positions), 113.16 (ArCH, G1: 2’
positions), 114.08 (ArCH, G1: 5’ positions), 119.60 (ArCH, G1: 6’ posi-
tions), 127.02 (ArCH, G1: 2,6 positions), 127.32, 127.37 (ArCH, 3,5 and
2,6 positions), 128.03 (ArCH, G1: 3,5 positions), 133.76 (ArC, G1: 1’ posi-
tion), 135.19 (ArC, G1: 1 positions), 140.23 (ArC, 4 position), 140.43
(ArC, 1 position), 140.94 (ArC, G1: 4 positions), 143.05 (ArC, 1’ posi-
tion), 148.97, 149.34 (ArC, G1: 3’,4’ positions), 160.26 ppm (ArC, 3’,5’ po-
sitions); MS (ESI-TOF): m/z : 1308.8 [M+Na]+ ; elemental analysis calcd
(%) for C87H128O7 (1285.0): C 81.26, H 10.03; found: C 81.56, H 10.28.


4-Chloromethyl-3’,5’-bis(3’,4’-bisdodecyloxybiphenyl-4-ylmethoxy)biphen-
yl [(3,4Bp-3,5Bp)12G2-CH2Cl] (39): A mixture of compound 38 (820 mg,
0.65 mmol), SOCl2 (0.09 mL, 1.20 mmol), and DTBMP (0.32G,
1.57 mmol) was stirred in degassed CH2Cl2 (50 mL) under Ar for 3 h. At
this time, TLC showed complete reaction and the mixture was poured
into H2O. The product was extracted with CH2Cl2, the organic phase was
dried over Na2SO4, and evaporated to yield a white solid. Subsequent re-
crystallization from acetone gave 0.73G (87.0%) of 39. Rf=0.40 (hex-
anes/CH2Cl2 1:1); purity (HPLC): 99+%; 1H NMR (500 MHz, CDCl3,
20 8C): d=0.88 (m, 12H; CH2CH3), 1.27 (m, 64H; CH3 ACHTUNGTRENNUNG(CH2)8), 1.47 (qi,
J=7.7 Hz, 8H; ArOCH2CH2CH2), 1.84 (qi, J=7.3 Hz 8H; Ar-
OCH2CH2), 4.05 (2 t overlapped, J=6.8 Hz, 8H; ArOCH2), 4.63 (s, 2H;
CH2Cl), 5.13 (s, 4H; 3’, 5’ ArOCH2Ar), 6.67 (t, J=2.2 Hz, 1H; 4’ ArH),
6.85 (d, J=2.2 Hz, 2H; 2’,6’ ArH), 6.95 (d, J=9.0 Hz, 2H; G1: 5’ ArH),
7.12 (m, 4H; G1: 2’,6’ ArH), 7.45 (d, J=8.4 Hz, 2H; 2,6 ArH), 7.49 (d,
J=8.3 Hz, 4H; G1: 3,5 ArH), 7.58 ppm (m, 6H; 3,5 and G1: 2,6 ArH);
13C NMR (125 MHz, CDCl3, 20 8C): d=14.10 (CH3), 22.68 (CH2CH3),
26.05 (CH2CH2CH2OAr), 29.32–29.70 (ArOCH2CH2, CH3CH2CH2-
ACHTUNGTRENNUNG(CH2)6), 31.92 (CH3CH2CH2), 45.96 (CH2Cl), 69.35, 69.47 (ArOCH2CH2,
G1: 3’,4’ positions), 70.00 (ArOCH2Ar, 3’,5’ positions), 101.16 (ArC, 4’
position), 106.64 (ArCH, 2’,6’ positions), 113.15 (ArCH, G1: 2’ positions),
114.07 (ArCH, G1: 5’ positions), 119.60 (ArCH, G1: 6’ positions), 127.02
(ArCH, G1: 2,6 positions), 127.49 (ArCH, 2,6 positions), 128.02 (ArCH,
G1: 3,5 positions), 128.99 (ArCH, 3,5 positions), 133.74 (ArC, G1: 1’ posi-
tion), 135.14 (ArC, G1: 1 positions), 136.76 (ArC, 4 position), 140.96
(ArC, G1: 4 positions), 141.20 (ArC, 1 position), 142.70 (ArC, 1’ posi-
tion), 148.98, 149.34 (ArC, G1: 3’,4’ positions), 160.26 ppm (ArC, 3’,5’ po-
sitions); MS (ESI-TOF): m/z : 1327.8 [M+Na]+ ; elemental analysis calcd
(%) for C87H127ClO6 (1304.39): C 80.11, H 9.81; found: C 80.39, H 10.07.


Methyl 3’,5’-bis[3’,5’-bis(3’,4’-bisdodecyloxybiphenyl-4-ylmethoxy)biphen-
yl-4-ylmethoxy]biphenyl-4-carboxylate [(3,4Bp-(3,5Bp)2)12G3-CO2CH3]
(40): A mixture of 10 (47 mg, 0.2 mmol), K2CO3 (110 mg, 0.8 mmol), and
39 (520 mg, 0.4 mmol) in Ar degassed DMF (50 mL) was heated to 70 8C
under stirring for 16 h and then poured into H2O. The organic precipitate
was extracted with hexanes (2M100 mL), then with a similar volume of
CH2Cl2. The combined organic layer was washed with brine, dried over
Na2SO4, and evaporated. The residues were redissolved in CH2Cl2 and


extracted with hexanes to remove some residual DMF. The solution was
concentrated to about 30 mL, and the product was precipitated by the
addition of acetone and then recrystallized from CH2Cl2/acetone to yield
0.46G (85.0%) of 40 as a white solid. Rf=0.56 (hexanes/CH2Cl2 1:2);
m.p. 61.4 8C; purity (HPLC): 99+ %; 1H NMR (500 MHz, CDCl3, 20 8C):
d=0.89 (m, 24H; CH2CH3), 1.28 (m, 128H; CH3 ACHTUNGTRENNUNG(CH2)8), 1.48 (m, 16H;
ArOCH2CH2CH2), 1.84 (qi, J=6.8 Hz, 16H; ArOCH2CH2), 3.94 (s, 3H;
CO2CH3), 4.05 (2 t overlapped, J=6.8 Hz, 16H; ArOCH2), 5.13 (s, 8H;
G1: 3’, 5’ ArOCH2Ar), 5.15 (s, 4H; 3’, 5’ ArOCH2Ar), 6.68 (t, J=1.8 Hz,
2H; G1: 4’ ArH), 6.70 (t, J=1.7 Hz, 1H; 4’ ArH), 6.87 (d, J=2.0 Hz,
4H; G1: 2’,6’ ArH), 6.89 (d, J=2.0 Hz, 2H; 2’,6’ ArH), 6.95 (d, J=
8.8 Hz, 4H; G2: 5’ ArH), 7.12 (m, 8H; G2: 2’,6’ ArH), 7.56 (m, 26H;
ArH), 8.11 ppm (d, J=8.1 Hz, 2H; 3,5 ArH); 13C NMR (125 MHz,
CDCl3, 20 8C): d=14.11 (CH3), 22.68 (CH2CH3), 26.06
(CH2CH2CH2OAr), 29.33–29.70 (ArOCH2CH2, CH3CH2CH2 ACHTUNGTRENNUNG(CH2)6),
31.92 (CH3CH2CH2), 52.12 (CO2CH3), 69.36, 69.48 (ArOCH2CH2, G2:
3’,4’ positions), 70.01 (ArOCH2Ar, 3’,5’ and G1: 3’,5’ positions), 101.03
(ArC, G1: 4’ position), 101.66 (ArC, 4’ position), 106.62 (ArCH, G1: 2’,6’
positions), 106.84 (ArCH, 2’,6’ positions), 113.14 (ArCH, G2: 2’ posi-
tions), 114.06 (ArCH, G2: 5’ positions), 119.60 (ArCH, G2: 6’ positions),
127.02 (ArCH, G1: 2,6 and G2: 2,6 positions), 127.07 (ArCH, 2,6 posi-
tions), 127.42 (ArCH, G1: 3,5 positions), 128.04 (ArCH, G2: 3,5 posi-
tions), 129.19 (ArCCO2CH3), 130.05 (ArCH, 3,5 positions), 133.74 (ArC,
G2: 1’ position), 135.16 (ArC, G2: 1 positions), 135.99 (ArC, G1: 1 posi-
tions), 140.92, 140.95 (overlapped ArC, G1: 4 and G2: 4 positions),
142.24 (ArC, 1’ position), 142.95 (ArC, G1: 1’ position), 145.40 (ArC, 1
position), 148.97, 149.33 (ArC, G2: 3’,4’ positions), 160.28, 160.31 (ArC,
3’,5’ and G1: 3’,5’ positions), 166.93 ppm (CO2CH3); MS (MALDI-TOF):
m/z : 2800.0 [M+Na]+ ; elemental analysis calcd (%) for C188H264O16


(2780.10): C 81.22, H 9.57; found: C 80.57, H 9.66.


Methyl 3’,4’,5’-tris(4’-dodecyloxybiphenyl-4-ylmethoxy)biphenyl-4-carbox-
ylate [(4Bp-3,4,5Bp)12G1-CO2CH3] (41): Trihydroxy compound 15
(135 mg, 0.52 mmol) was added to a thoroughly degassed suspension of
K2CO3 (645 mg, 4.67 mmol) in DMF (100 mL). The reaction mixture was
heated to 70 8C. A degassed solution of 17 (608 mg, 1.57 mmol) in DMF/
THF mixture (1:1, 20 mL) was added and heating was continued for an-
other 25 h until the complete absence of 17 in the reaction mixture was
confirmed by 1H NMR analysis. The reaction mixture was allowed to
cool to 22 8C and then poured into water (250 mL). The precipitate was
filtered, dissolved in THF (100 mL), carefully precipitated with MeOH,
and filtered. 563 mg (83%) of 41 was obtained after drying. Rf=0.9
(CH2Cl2); m.p. 133.0 8C; purity (HPLC): 99+%; 1H NMR (500 MHz,
CDCl3, 20 8C): d=0.89 (t, 9H; CH2CH3), 1.29 (m, 48H; (CH2)8CH3), 1.48
(m, 6H; ArOCH2CH2CH2), 1.82 (m, 6H; ArOCH2CH2), 3.95 (s, 3H;
CO2CH3), 4.00 (m, 6H; 4’ ArOCH2), 5.18 (s, 2H; 4’ ArOCH2Ar), 5.23 (s,
4H; 3’,5’ ArOCH2Ar), 6.92 (s, 2H; G1: 3’,5’ ArH), 6.95 (s, 2H; 2’,6’
ArH), 6.96 (s, 2H; G1: 3’,5’ ArH), 6.98 (s, 2H; G1: 3’,5’ ArH), 7.45–7.60
(overlapped m, 20H; 2,6 ArH, G1: 2,2’,3,5,6,6’ H), 8.08 ppm (d, J=
8.7 Hz, 2H; 3,5 ArH); 13C NMR (125 MHz, CDCl3, 20 8C): d=14.32
(CH3), 22.92 (CH2CH3), 26.32 (CH2), 29.58 (CH2), 29.68–29.91 (CH2),
32.15 (ArOCH2CH2), 52.31 (CO2CH3), 68.41 (ArOCH2), 71.68 (3’,5’ Ar-
OCH2Ar), 75.50 (4’ ArOCH2Ar), 107.86 (2’,6’ ArCH), 115.06 (3’,5’
ArCH), 127.02 (ArCH), 127.11 (ArCH), 128.26 (ArCH), 129.12 (ArCH),
129.30 (ArCH), 130.32 (3,5 ArCH), 133.29 (ArC), 133.48 (ArC), 135.52
(ArC), 135.96 (ArC), 136.40 (4-4 ArC), 139.44 (ArC), 140.63 (ArC),
140.85 (ArC), 145.72 (4 ArC), 153.51 (ArC), 159.01 (ArC), 159.12 (ArC),
167.16 ppm (CO2CH3); MS (ESI-TOF): m/z : 1310.53 [M+]; elemental
analysis calcd (%) for C89H114O8 (1311.85): C 81.48, H 8.76; found: C
81.43, H 9.58.


[3’,4’,5’-Tris(4’-dodecyloxybiphenyl-4-ylmethoxy)biphenyl-4-yl]methanol
[(4Bp-3,4,5Bp)12G1-CH2OH] (42): Methyl ester 41 (300 mg, 0.23 mmol)
was dissolved in dry THF (20 mL) and added into a suspension of
LiAlH4 (46 mg, 1.14 mmol) in dry THF (20 mL) at 0 8C. The reaction
mixture was stirred at 0 8C for 1 h and quenched by addition of 0.3 mL of
water, NaOH solution (0.3 mL, 15%), and water (0.3 mL). The precipi-
tate was removed by filtration through Celite. The filtrate was carefully
precipitated with MeOH. 257 mg (87%) of 42 was obtained as white
crystals. Rf=0.3 (CH2Cl2); m.p. 71.5 8C purity (HPLC): 99+ %; 1H NMR
(500 MHz, CDCl3, 20 8C): d=0.89 (t, 9H; CH2CH3), 1.29 (m, 48H;
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(CH2)8CH3), 1.48 (m, 6H; ArOCH2CH2CH2), 1.65 (t, 1H; CH2OH), 1.83
(m, 6H; ArOCH2CH2), 4.01 (m, 6H; 4’ ArOCH2), 4.75 (d, J=5.1 Hz,
2H; CH2OH), 5.17 (s, 2H; 4’ ArOCH2Ar), 5.22 (s, 4H; 3’,5’ ArOCH2Ar),
6.90–7.00 (m, 8H; overlapped 2’,6’ and G1: 2’,3’,5’,6’ ArH), 7.40–
7.58 ppm (overlapped m, 22H; 2,3,5,6 ArH, G1: 2,2’,3,5,6,6’ H; 13C NMR
(125 MHz, CDCl3, 20 8C): d=14.32 (CH3), 22.91 (CH2CH3), 26.32 (CH2),
29.58 (CH2), 29.66–29.90 (CH2), 32.15 (ArOCH2CH2), 65.33 (CH2OH),
68.38 (ArOCH2), 71.61 (3’,5’ ArOCH2Ar), 75.51 (4’ ArOCH2Ar), 107.65
(2’,6’ ArCH), 115.04 (3’,5’ ArCH), 126.65 (ArCH), 127.00 (ArCH),
127.42 (ArCH), 127.65 (ArCH), 128.25 (ArCH), 128.27 (3,5 ArCH),
129.29 (ArCH), 133.33 (ArC), 133.52 (ArC), 135.67 (ArC), 136.53 (4-4
ArC), 136.88 (ArC), 138.80 (ArC), 140.56 (ArC), 140.77 (ArC), 153.40
(4-3,5 ArC), 158.99 ppm (G1, 4’ ArC); MS (ESI-TOF): m/z : 1285.2
[M+H+]; elemental analysis calcd (%) for C88H114O7 (1283.84): C 82.33,
H 8.95; found: C 82.00, H 8.48.


4-Chloromethyl-3’,4’,5’-tris(4’-dodecyloxybiphenyl-4-ylmethoxy)biphenyl
[(4Bp-3,4,5Bp)12G1-CH2Cl] (43): Compound 42 (300 mg, 0.23 mmol)
and DTBMP (144 mg, 0.70 mmol) were dissolved in dry CH2Cl2 (15 mL)
under Ar at 25 8C. SOCl2 (1.7 mL of 0.27m solution in CH2Cl2,
0.46 mmol) was added. The reaction mixture was stirred for 6 h. DTBMP
(144 mg, 0.70 mmol) and SOCl2 (1.7 mL of 0.27m solution in CH2Cl2,
0.46 mmol) were added and stirring was continued for another 12 h until
100% conversion was detected by TLC. The reaction mixture was care-
fully precipitated with MeOH. The solid product was filtered, washed
with MeOH, and dried. 285 mg (94%) of white 43 was obtained. Rf=


0.95 (CH2Cl2);
1H NMR (500 MHz, CDCl3, 20 8C): d=0.89 (t, 9H;


CH2CH3), 1.29 (m, 48H; (CH2)8CH3), 1.47 (m, 6H; ArOCH2CH2CH2),
1.82 (m, 6H; ArOCH2CH2), 4.00 (m, 6H; 4’ ArOCH2), 4.63 (s, 2H;
CH2Cl), 5.17 (s, 2H; 4’ ArOCH2Ar), 5.21 (s, 4H; 3’,5’ ArOCH2Ar), 6.90–
6.98 (m, 8H; overlapped 2’,6’ and G1: 2’,3’,5’,6’ ArH), 7.45–7.58 ppm
(overlapped m, 22H; 2,3,5,6 ArH, G1: 2,2’,3,5,6,6’ ArH); 13C NMR
(125 MHz, CDCl3, 20 8C): d=14.31 (CH3), 22.91 (CH2CH3), 26.33 (CH2),
29.57 (CH2), 29.00–30.11 (CH2), 32.05 (ArOCH2CH2), 46.91 (CH2Cl),
69.02 (ArOCH2), 71.12 (3’,5’ ArOCH2Ar), 76.01 (4’ ArOCH2Ar), 106.77
(2’,6’ ArCH), 116.04 (3’,5’ ArCH), 126.20 (ArCH), 128.01 (ArCH),
128.04 (ArCH), 128.08 (ArCH), 128.91 (3,5 ArCH), 133.32 (ArC), 133.39
(ArCH), 133.51 (ArC), 135.68 (ArC), 136.91 (4-4 ArC), 137.61 (ArC),
139.92 (ArC), 140.89 (ArC), 153.09 (4-3,5 ArC), 160.21 ppm (G1, 4’
ArC); elemental analysis calcd (%) for C88H113ClO6 (1302.29): C 81.16, H
8.75; found: C 80.57, H 8.67.


Methyl 3’5’-bis[3’,4’,5’-tris(4’-dodecyloxybiphenyl-4-ylmethoxy)biphenyl-
4-ylmethoxy]biphenyl-4-carboxylate [(4Bp-3,4,5Bp-3,5Bp)12G2-CO2CH3]
(44): Dihydroxy compound 10 (24.2 mg, 0.099 mmol) in THF (10 mL)
was added into a thoroughly degassed suspension of K2CO3 (83 mg,
0.600 mmol) in DMF (50 mL) and heated to 80 8C. Benzyl chloride 43
(260 mg, 0.200 mmol) dissolved in degassed THF (10 mL) was added and
heating was continued for another 16 h until 100% conversion was con-
firmed by 1H NMR analysis of the reaction mixture. The reaction mixture
was allowed to cool to ~22 8C, poured into water (300 mL), and stirred
overnight. The white precipitate was filtered off, dissolved in CH2Cl2,
precipitated with MeOH, filtered off, and washed with MeOH. Slow ad-
dition of MeOH into stirred CH2Cl2 solution at 22 8C appeared to be the
most feasible procedure for gaining an isolable precipitation. The product
was purified by column chromatography (CH2Cl2/hexane 2:1). 229 mg
(83%) of 44 was obtained. Rf=0.3 (CH2Cl2/hexane 2:1); m.p. 109.9 8C;
purity (HPLC): 99+ %; 1H NMR (500 MHz, CDCl3, 20 8C): d=0.90 (t,
18H; CH2CH3), 1.29 (m, 96H; (CH2)8CH3), 1.49 (m, 12H; Ar-
OCH2CH2CH2), 1.81 (m, 12H; ArOCH2CH2), 3.95 (s, 3H; CO2CH3),
4.00 (m, 12H; ArOCH2), 5.16 (s, 8H; 3’,5’ ArOCH2Ar, G1: 4’ ArO-
CH2Ar), 5.21 (s, 8H; G1: 3’,5’ ArOCH2Ar), 6.70 (s, 1H; 4’ ArH), 6.89 (d,
J=2.2 Hz, 2H; 2’,6’ ArH), 6.90–6.98 (m, 16H; G1: 2’,6’ ArH, G2: 3’,5’
ArH), 7.42–7.58 (overlapped m, 44H; G1: 2,3,5,6 ArH, G2: 2,2’,3,5,6,6’
H), 7.64 (d, J=8.0 Hz, 2H; 2,6 ArH), 8.11 ppm (d, J=7.9 Hz, 2H; 3,5
ArH); 13C NMR (125 MHz, CDCl3, 20 8C): d=14.31 (CH3), 22.91
(CH2CH3), 26.32 (CH2), 29.58 (CH2), 29.68–29.91 (CH2), 32.15 (Ar-
OCH2CH2), 52.30 (CO2CH3), 68.40 (ArOCH2), 71.61 (3’,5’ ArOCH2Ar),
75.48 (4’ ArOCH2Ar), 107.20 (2’,6’ ArCH), 107.66 (G1: 2’,6’ ArCH),
115.05, 115.09 (2’,6’ ArCH, G1: 2’,6’ ArCH, G2: 3’,5’ ArCH), 126.65
(ArCH), 126.99 (ArCH), 127.33 (ArCH), 127.52 (ArCH), 127.70


(ArCH), 128.26 (ArCH), 129.27 (ArCH), 129.50 (G1: 3,5 ArCH), 133.31
(ArC), 133.50 (ArC), 135.63 (ArC), 136.00 (ArC), 136.51 (4-4 ArC),
140.50 (ArC), 140.78 (ArC), 141.20 (ArC), 142.53 (4 ArC), 153.44 (ArC),
159.09 (ArC), 160.63 (ArC), 167.01 ppm (CO2CH3); MS (MALDI-TOF):
m/z : 2797.2 [M+Na+]; elemental analysis calcd (%) for C190H236O16


(2775.90): C 82.21, H 8.57; found: C 81.60, H 8.22.


{3’,5’-bis[3’,4’,5’-tris(4’-dodecyloxybiphenyl-4-ylmethoxy)biphenyl-4-ylme-
thoxy]biphenyl-4-yl}methanol [(4Bp-3,4,5Bp-3,5Bp)12G2-CH2OH] (45):
Compound 44 (90 mg, 0.032 mmol) was dissolved in dry THF (6 mL) and
added into suspension of LiAlH4 (9 mg, 0.24 mmol) in dry THF (5 mL)
at 0 8C. The reaction mixture was stirred at 0 8C for 1 h. LiAlH4 (9 mg,
0.24 mmol) was added and the reaction mixture was stirred for another
hour until 100% conversion by TLC (CH2Cl2/hexane, 8:1), then
quenched by addition of water (0.1 mL), NaOH solution (0.1 mL, 15%),
and water (0.1 mL). Precipitation was removed by filtration through
Celite. The filtrate was carefully precipitated with MeOH and purified by
column chromatography (CH2Cl2/hexane, 8:1) and another precipitation
(CH2Cl2/MeOH). 25 mg (28%) of compound 45 was obtained as white
crystals. Rf=0.4 (CH2Cl2/hexane 2:1); m.p. 73.2 8C; purity (HPLC): 99+
%; 1H NMR (500 MHz, CDCl3, 20 8C): d=0.90 (t, 18H; CH2CH3), 1.29
(m, 96H; (CH2)8CH3), 1.48 (m, 12H; ArOCH2CH2CH2), 1.64 (m, 1H;
ArCH2OH), 1.81 (m, 12H; ArOCH2CH2), 4.00 (m, 12H; ArOCH2), 4.75
(d, J=5.6 Hz, ArCH2OH), 5.15 (m, 8H; 3’,5’ ArOCH2Ar, G1: 4’ ArO-
CH2Ar), 5.21 (m, 8H; G1: 3’,5’ ArOCH2Ar), 6.68 (s, 1H; 4’ ArH), 6.87
(d, J=2.2 Hz, 2H; 2’,6’ ArH), 6.90–6.98 (m, 16H; G1: 2’,6’ ArH, G2: 3’,5’
ArH), 7.40–7.60 ppm (overlapped m, 48H; 2,3,5,6 ArH, G1: 2,3,5,6 ArH,
G2: 2,2’,3,5,6,6’ H); 13C NMR (125 MHz, CDCl3, 20 8C): d=14.33 (CH3),
22.92 (CH2CH3), 26.32 (CH2), 29.58 (CH2), 29.68–29.90 (CH2), 32.15 (Ar-
OCH2CH2), 65.33 (ArCH2OH), 68.36 (ArOCH2), 70.23 (3’,5’ ArO-
CH2Ar), 71.57 (G1: 3’,5’ ArOCH2Ar), 75.52 (4’ ArOCH2Ar), 101.30
(ArCH), 107.02 (2’,6’ ArCH), 107.60 (G1: 2’,6’ ArCH), 115.02, 115.08
(2’,6’ ArCH, G1: 2’,6’ ArCH, G2: 3’,5’ ArCH), 126.66 (ArCH), 127.00
(ArCH), 127.30 (ArCH), 127.52 (ArCH), 127.59 (ArCH), 128.26
(ArCH), 129.28 (ArCH), 133.31 (ArC), 133.50 (ArC), 135.63 (ArC),
136.11 (ArC), 136.54 (4-4 ArC), 136.83 (ArC), 140.54 (ArC), 140.76
(ArC), 141.20 (ArC), 142.51 (4 ArC), 153.42 (ArC), 158.97 (ArC),
160.50 ppm (ArC); MS (MALDI-TOF): m/z : 2768.5 [M+Na+]; elemen-
tal analysis calcd (%) for C189H236O15 (2747.89): C 82.61, H 8.66; found:
C 82.38, H 8.54.


Methyl 3’,4’,5’-tris(3’,4’,5’-trisdodecyloxybiphenyl-4-ylmethoxy)biphenyl-
4-carboxylate [(3,4,5Bp)212G2-CO2CH3] (46): Compound 15 (128 mg,
0.49 mmol) was added into a thoroughly degassed suspension of K2CO3


(612 mg, 4.43 mmol) in DMF (100 mL). The reaction mixture was heated
to 70 8C. A degassed solution of 17 (1.16G, 1.48 mmol) in a DMF/THF
mixture (1:1, 50 mL) was added and heating was continued for another
18 h. The reaction mixture was allowed to cool to 22 8C and then poured
into water (600 mL). The resultant precipitate was filtered, dissolved in
CH2Cl2, precipitated into MeOH, and collected to give 970 mg (82%) of
46 after drying; Rf=0.5 (hexane/EtOAc 6:1); purity (HPLC): 99+ %;
1H NMR (500 MHz, CDCl3, 20 8C): d=0.89 (t, 27H; CH2CH3), 1.27 (m,
144H; (CH2)8CH3), 1.49 (m, 18H; ArOCH2CH2CH2), 1.80 (m, 18H; Ar-
OCH2CH2), 3.95 (s, 3H; COOCH3), 3.98 (t, J=8.1 Hz, 6H; 4’ ArOCH2),
4.05 (t, J=6.4 Hz, 12H; 3’,5’ ArOCH2), 5.20 (s, 2H; 4’ ArOCH2Ar), 5.24
(t, 4H; 3’,5’ ArOCH2Ar), 6.73 (s, 2H; G1: 2’,6’ ArH), 6.76 (s, 4H; G1:
2’,6’ ArH), 6.93 (s, 2H; 2’,6’ ArH), 7.47–7.59 (overlapped m, 14H, 2,6
ArH, G1: 2,3,5,6H), 8.08 ppm (d, J=8.5 Hz, 2H; 3,5 ArH); 13C NMR
(125 MHz, CDCl3, 20 8C): d=14.33 (CH3), 22.91 (CH2CH3), 26.38 (CH2),
29.59 (CH2), 29.71–30.00 (CH2), 32.15 (ArOCH2CH2), 52.36 (CO2CH3),
69.48 (3’,5’ ArOCH2), 71.53 (3’,5’ ArOCH2Ar), 73.78 (4’ ArOCH2), 75.20
(4’ ArOCH2Ar), 106.16 (G1, 2’,6’ ArCH), 107.86 (2’,6’ ArCH), 127.07
(ArCH), 127.41 (ArCH), 128.00 (ArCH), 129.10 (ArCH), 129.19
(ArCH), 130.30 (ArCH), 136.03 (ArC), 136.22 (ArC), 138.35 (ArC),
141.36 (ArC), 141.50 (ArC), 145.59 (ArC), 153.41 (ArC), 153.59 (ArC),
153.64 (ArC), 167.10 ppm (CO2CH3); MS (MALDI-TOF): m/z : 2413.9
[M�H+]; elemental analysis calcd (%) for C161H258O14 (2417.76): C 79.98,
H 10.76; found: C 79.78, H 10.92.


[3’,4’,5’-Tris(3’,4’,5’-trisdodecyloxybiphenyl-4-ylmethoxy)biphenyl-4-yl]-
methanol [(3,4,5Bp)212G2-CH2OH] (47): Methyl ester 46 (630 mg,


www.chemeurj.org E 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 6216 – 62416238


V. Percec et al.



www.chemeurj.org





0.26 mmol) was dissolved in dry THF (20 mL) and added into a suspen-
sion of LiAlH4 (156 mg, 3.91 mmol) in dry THF (20 mL) at 0 8C. The re-
action mixture was stirred at 0 8C for 2 h and quenched by addition of
water (0.5 mL), NaOH solution (0.5 mL, 15%), and water (1 mL). The
precipitate was removed by filtration through Celite. The filtrate was
evaporated to dryness, dissolved in CH2Cl2, and precipitated with
MeOH. 590 mg (95%) of 47 was obtained as white crystals. Rf=0.2
(hexane/EtoAc 6:1); m.p. 43.5 8C; purity (HPLC): 99+ %; 1H NMR
(500 MHz, CDCl3, 20 8C): d=0.89 (t, 27H; CH2CH3), 1.27 (m, 144H;
(CH2)8CH3), 1.48 (m, 18H; ArOCH2CH2CH2), 1.63 (t, 1H; CH2OH),
1.81 (m, 18H; ArOCH2CH2), 4.01 (m, 18H; ArOCH2), 4.74 (d, J=
6.00 Hz, 2H; CH2OH), 5.19 (s, 2H; 4’ ArOCH2Ar), 5.23 (t, 4H; 3’,5’ Ar-
OCH2Ar), 6.73 (s, 2H; G1: 2’,6’ ArH), 6.76 (s, 4H; G1: 2’,6’ ArH), 6.89
(s, 2H; 2’,6’ ArH), 7.42 (d, J=8.2 Hz, 2H; 2,6 ArH), 7.50–7.57 ppm
(overlapped m, 14H; 3,5 ArH, G1: 2,3,5,6H); 13C NMR (125 MHz,
CDCl3, 20 8C): d=14.32 (CH3), 22.91 (CH2CH3), 26.38 (CH2), 29.58–30.12
(CH2), 30.68 (CH2), 32.21 (ArOCH2CH2), 65.29 (CH2OH), 69.58 (3’,5’
ArOCH2), 71.61 (3’,5’ ArOCH2Ar), 73.77 (4’ ArOCH2), 75.18 (4’ ArO-
CH2Ar), 106.31 (G1, 2’,6’ ArCH), 127.12 (ArCH), 127.37 (ArCH), 127.63
(ArCH), 128.00 (ArCH), 129.21 (ArCH), 129.24 (ArCH), 136.23 (ArC),
141.39 (ArC), 144.28 (ArC), 153.41 (ArC), 153.61 (ArC), 153.69 ppm
(ArC); MS (MALDI-TOF): m/z : 2391.3 [M+H+]; elemental analysis
calcd (%) for C160H258O13 (2389.75): C 80.41, H; 10.88; found: C 80.12, H
10.90.


4-Chloromethyl-3’,4’,5’-tris(3’,4’,5’-trisdodecyloxybiphenyl-4-ylmethoxy)-
biphenyl [(3,4,5Bp)212G2-CH2Cl] (48): Compound 47 (532 mg,
0.22 mmol) and DTBMP (125 mg, 0.60 mmol) were dissolved in dry
CH2Cl2 (25 mL) under Ar at 0 8C. SOCl2 (1.5 mL of 0.27m solution in
CH2Cl2, 0.41 mmol) was added. The reaction mixture was stirred at 0 8C
for 1.5 h, concentrated to 3 mL, and precipitated with MeOH. The solid
product was filtered off, washed with MeOH, and dried to give 510 mg
(95%) of yellow-white 48. Rf=0.7 (hexane/EtOAc 6:1); purity (HPLC):
99+ %; 1H NMR (500 MHz, CDCl3, 20 8C): d=0.89 (t, 27H; CH2CH3),
1.27 (m, 144H; (CH2)8CH3), 1.50 (m, 18H; ArOCH2CH2CH2), 1.80 (m,
18H; ArOCH2CH2), 4.01 (m, 18H; ArOCH2), 4.63 (d, J=6.00 Hz, 2H;
CH2Cl), 5.20 (s, 2H; 4’ ArOCH2Ar), 5.23 (t, 4H; 3’,5’ ArOCH2Ar), 6.73
(s, 2H; G1: 2’,6’ ArH),), 6.76 (s, 4H; G1: 2’,6’ ArH), 6.89 (s, 2H; 2’,6’
ArH), 7.39–7.57 ppm (overlapped m, 16H; 2,3,5,6 ArH, G1: 2,3,5,6H);
13C NMR (125 MHz, CDCl3, 20 8C): d=14.31 (CH3), 22.91 (CH2CH3),
26.42 (CH2), 29.10–31.24 (CH2), 30.19 (CH2), 31.88 (ArOCH2CH2), 46.12
(CH2Cl), 68.89 (3’,5’ ArOCH2), 71.18 (3’,5’ ArOCH2Ar), 73.22 (4’
ArOCH2), 75.54 (4’ ArOCH2Ar), 104.28 (G1, 2’,6’ ArCH), 122.12
(ArCH), 127.14 (ArCH), 128.00 (ArCH), 129.31 (ArCH) 136.18 (ArC),
140.19 (ArC), 153.43 (ArC), 153.02 (ArC), 153.72 (ArC), 154.66 ppm.


Methyl 3’,4’,5’-tris[3’,4’,5’-tris(3’,4’,5’-trisdodecyloxybiphenyl-4-ylmethoxy)-
ACHTUNGTRENNUNGbiphenyl-4-ylmethoxy]biphenyl-4-carboxylate [(3,4,5Bp)312G3-CO2CH3]
(49): Trihydroxy compound 15 (17.3 mg, 0.066 mmol) was added into a
thoroughly degassed suspension of K2CO3 (83 mg, 0.600 mmol) in DMF
(50 mL). The reaction mixture was heated to 70 8C. A degassed solution
of 48 (480 mg, 0.199 mmol) in THF (10 mL) was added and heating was
continued for another 20 h. Then, THF (20 mL) was added and the tem-
perature was raised to 90 8C in an unsuccessful attempt to dissolve all re-
action components. Heating to 90 8C was continued for another 4 h after
which 100% conversion was confirmed by 1H NMR analysis of the reac-
tion mixture. The reaction mixture was allowed to cool to 22 8C. The
dark precipitate was isolated by decantation, dissolved in CH2Cl2, pre-
cipitated with MeOH, and filtered. Dissolving and precipitation was re-
peated twice. Slow addition of CH2Cl2 solution into a stirred excess of
MeOH at 22 8C appeared to be the most feasible procedure for gaining
isolable precipitate. 285 mg (59%) of 49 was obtained. Rf=0.5 (hexane/
EtOAc 6:1); m.p. 94.0 8C; purity (HPLC): 99+ %; 1H NMR (500 MHz,
CDCl3, 20 8C): d=0.89 (m, 81H; CH2CH3, 20 8C), 1.28 (m, 432H;
(CH2)8CH3), 1.48 (m, 54H; ArOCH2CH2CH2), 1.81 (m, 18H; Ar-
OCH2CH2), 3.93 (s, 3H; CO2CH3), 3.93–4.05 (m, 54H; ArOCH2), 5.13 (s,
2H; G1, 4’,4’ ArOCH2Ar), 5.15 (s, 8H; G1: 4’,3’,5’ and 3’,5’,4’ ArO-
CH2Ar), 5.20 (s, 10H; G1: 3’,5’,3’,5’ and 4’ ArOCH2Ar), 5.25 (s, 4H; 3’,5’
ArOCH2Ar), 6.70 (s, 2H; G2: 2’,6’ ArH (4’,4’)), 6.71 (s, 4H; G2: 2’,6’
ArH (4’,3’,5’)), 6.73 (s, 4H; G2: 2’,6’ ArH (3’,5’’,4’)), 6.75 (s, 8H; G2: 2’,6’
ArH (3’,5’,3’,5’)), 6.91 (s, 2H; G1: 2’,6’ ArH (4’)), 6.93 (s, 2H; 2’,6’ ArH),


6.95 (s, 4H; G1: 2’,6’ ArH (3’,5’)), 7.43–7.60 (overlapped m, 50H; 2,6,
G1: 2,3,5,6H, G2: 2,3,5,6H ArH), 8.07 ppm (d, J=8.3 Hz, 2H; 3,5 ArH);
13C NMR (125 MHz, CDCl3, 20 8C): d=14.31 (CH3), 22.91 (CH2CH3),
26.42 (CH2), 29.60 (CH2), 29.71–30.01 (CH2), 32.16 (ArOCH2CH2), 52.30
(CO2CH3), 69.54, 69.58 (3’,5’ ArOCH2), 71.57, 71.57 (3’,5’ ArOCH2Ar),
73.78 (4’ ArOCH2), 75.28 (4’ ArOCH2Ar), 106.28 (G2, 2’,6’ ArCH),
107.71 (G1, 2’,6’ ArCH), 108.20 (2’,6’ ArCH), 127.08 (ArCH), 127.36
(ArCH), 127.45 (ArC), 127.48 (ArCH), 128.06 (ArCH), 129.05 (ArCH),
129.08 (ArCH), 129.31 (ArCH), 130.33 (ArC), 136.12 (ArC), 136.26
(ArC), 136.45 (ArC), 137.00 (ArC), 138.51 (ArC), 141.43 (ArC), 141.43
(ArC), 145.60 (ArC), 153.45 (ArC), 153.48 (ArC), 153.63 (ArC), 153.68
(ArC), 167.00 ppm (CO2CH3); MS (MALDI-TOF): m/z : 7397.5 [M+Na+


]; elemental analysis calcd (%) for C494H78OO41 (7375.45): C 80.45, H
10.66; found: C 80.67, H 10.81.
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Bromination of Unsaturated Dodecahedranes—En Route to C20 Fullerene


Emmerich Sackers, Thomas Oßwald, Klaus Weber, Manfred Keller, Dieter Hunkler,
J/rgen Wçrth, Lothar Knothe, and Horst Prinzbach*[a]


Introduction


Ever since pentagonal dodecahedrane 1 became available in
serviceable quantities,[1–3] the installation of an increasing
number of C=C double bonds, ultimately leading to the syn-
thesis of the hydrogen-free carbon cage 2, the smallest possi-
ble fullerene, have been hotly pursued projects.[4,5] In this
context oligo ACHTUNGTRENNUNG(poly)bromododecahedranes played a major
role as the most promising precursor molecules. Perhaloge-
nation of 1, and generation and characterization of 2 will be
detailed in the two subsequent papers.[6,7] As a prelude we
present an updated report on attempts to achieve selective
oligo ACHTUNGTRENNUNG(poly)bromination of the dodecahedral skeleton by
starting with dodecahedrene 3 and 1,16-dodecahedradiene 4.
Both starting materials were available through practical syn-
theses, 3 through Paquette/s highly efficient bromination
protocol of 1[3,8] and subsequent cis-b-HBr elimination with
Schwesinger/s P2F base,[9] and 4 through flash-vacuum pyro- lytic decomposition of a bis-b-lactone precursor.[4] These


ball-shaped cycloalkenes feature strongly pyramidalized ole-
finic carbons and are extremely oxygen-sensitive yet can be
handled at room temperature. Dimerization,[10] extremely
rapid in similarly bent cycloalkenes, is efficiently inhibited
by the four allylic hydrogen atoms. As Appendix a brief ac-
count is given of the radical bromination of 1,6-dibromodo-
decahedrane and of experiments directed at (conjugated)


Abstract: As part of a study to achieve
selective oligo ACHTUNGTRENNUNG(poly)bromination—ulti-
mately perbromination—of the dodeca-
hedral C20 skeleton, the extent and di-
rection of the ionic bromination of do-
decahedrene and 1,16-dodecahedra-
diene were explored. Along sequences
of Br+ additions/deprotonations and
allylic rearrangements, up to ten hydro-
gen atoms were substituted (traces of
C20HxBr10). Tetrabromododecahedrenes
obtained under defined conditions in
up to 50 % total yield with three and
four allylic bromine substituents pro-


tecting the extremely bent C=C bonds,
proved highly unreactive even towards
oxygen but reacted rapidly with
CH2N2. Upon electron impact ioniza-
tion (MS) of the newly secured oligo-
ACHTUNGTRENNUNG(poly)bromododecahedra(e)nes, se-
quential loss of the substituents ended
generally in polyunsaturated dodecahe-
dranes (in the extreme C20H4, “tetrahy-


dro-C20 fullerenes”). Only subsequently
did skeletal fragmentations occur.
From X-ray crystal-structure analyses,
more information was obtained on the
structural response of the dodecahedral
skeleton to the strain induced by the
voluminous substituents. As Appendix,
the forcing radical bromination of 1,6-
dibromododecahedrane and explorato-
ry cis-b-HBr/cis-b-Br2 eliminations in
bromododecahedranes with
[Fe2(CO)9], P2F/ACHTUNGTRENNUNG[FeCp2] and [Fe-
ACHTUNGTRENNUNG(tmeda)Cp*Cl] (in situ protection) are
presented.


Keywords: dodecahedranes · fuller-
enes · polycycles · strained mole-
cules
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dodecahedradienes to hexaenes (C20H16–C20H8) and their in
situ protection as metal complexes.[11]


Results and Discussion


Electrophilic bromination of monoene 3 and diene 4 : On a
more theoretical background, the bromination experiments
with 3 and 4 complement prior studies performed with the
seco- and bisseco-dodecahedra(di)enes 5(6)[12] and 7(8)[13]


and with derivatives of 3 and 4, respectively (e.g. 19, see
Scheme 2) (Figure 1).[14] The dienes with through-space dis-


tances between the perfectly syn-planar C=C double bonds
(d) increasing from about 2.8 to 3.5 (ca. 2.8 to 3.7 R) and
with the olefinic pyramidalization angle increasing from
17.18 to 39.38 (9.98 to 46.68) became ideal objects for testing
the geometrical boundaries of strictly in-plane p,p-interac-
tions in the neutrals,[15] in the radical cations/dications (“s-
homoconjugation”, “s-homoaromaticity”),[16] and of primary
relevance here, in the cations generated through electrophil-
ic additions. The geometrical features now calculated for the
protonated species H4+ , H6+ , and H8+ [17] at the B3LYP/6–
31G* level (Figure 1)[17–19] substantiated the expectation that
with increasing p,p-distance homoconjugate stabilization,
hence homoconjugate addition, becomes less important. Ad-
dition reactions with Br2 or HBr provided an experimental
test: Diene 8 added Br2 neatly via the homoconjugate “bro-
monium ion” Br8+ ,[13, 20] 6 least preferentially via the homo-
conjugate Br6+ ,[12] derivatives of 4 neatly via the largely lo-
calized Br4+ ions.[14] In the latter two cases, the interception
by Br� ions to give cis-vicinal dibromides had to compete
with b-deprotonation leading to allylic bromides with mi-
grated C=C double bonds, a phenomenon well studied for
the addition of Br2 to sterically encumbered olefins.[21] The
monoenes 3, 5, and (functionalized) 7 fitted into this picture


in that Br7+ neatly underwent cis-1,2-addition, whereas
Br5+ and derivatized Br3+ showed dominant b-deprotona-
tion.[14] There were good reasons to expect that in the case
of the parents 3 and 4, in the absence of sterically and elec-
tronically deactivating substituents, electrophilic addition of
Br+ would initiate repeating sequences of Br+-addition/b-
deprotonation steps.[12] As to the possible length and stereo-
chemical direction of such sequences, hence the highest pos-
sibly achievable degree of bromination, it was understood,
though, that with an increasing degree of skeletal bromina-
tion, addition of Br+ would become increasingly slower and
b-deprotonation would be more and more kinetically con-
trolled.


The experimental results with 3 and the impact of broadly
varied reaction conditions upon the extent and direction of
the bromination can be illustrated with three sets of experi-
mental conditions (Scheme 1). i) When a dilute solution of 3
in CH2Cl2 was titrated at room temperature with bromine,
after consumption of one equivalent of Br2 (ca. 2 min, con-


Figure 1. Calculated (B3LYP/6–31G*;[18a] in parentheses MM3[18b]) p,p-
distances (d, [R]), olefinic pyramidalization angles (f [8]) of monoenes 3,
5, 7, and (italics) of dienes 4, 6, 8 ;[12] transcaveal distances (d/d’ [R]), se-
lected bond lengths [R] and olefinic pyramidalization angles (italics) of
H4+ , H6+ , and H8+ .


Scheme 1. i) 3 (0.20 mmol)/CH2Cl2 (5 mL)/RT/Br2 (ca. 1 mmol); ii) 3
(0.30 mmol)/ethylene oxide (50 mmol)/Br2 (3.0 mmol)/0 8C/2 min; iii) 3
(0.20 mmol)/Br2 (200.0 mmol)/0 8C/4(7) days; yields (%).
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comitant evolution of HBr), about 30 % of 3 remained.
After consumption of five equivalents of bromine and total
conversion of 3, chromatographically 15 % of known mono-
bromide 9,[8] 35 % of 1,2-dibromide 10, 18 % of 1,2,3-tribro-
mide 11, and about 30 % of a 5:1 mixture of at least six (un-
saturated) tetra-/pentabromides were separated (TLC, MS,
traces of hexabromides). ii) After treating a solution of 3 in
CH2Cl2 with 10 equivalents of bromine in the presence of a
vast excess of ethylene oxide as a scavenger of HBr, chro-
matographic workup after two minutes provided a trace of
9, 16 % of 10, 15 % of 11, a fraction (ca. 50 %) of at least
five tetrabromides (ca. 3:1:1, two traces) and a fraction (ca.
15 %) of penta-/hexabromides. Reverse-phase chromatogra-
phy of the 50 % fraction allowed the separation of the
3,4,9,11-tetrabromoene 12 (5 %) from a 3:1 mixture of
3,4,9,20-/3,9,11,20-tetrabromoenes 13/14 (37%). Through
crystallization (THF/CH3CN) of the latter mixture, the less
soluble 13 was obtained in pure form and 14 was obtained
as a highly enriched sample. iii) Upon stirring a solution of 3
in about 1000-fold excess of bromine at 0 8C for 4 days, the
deeply red, high-melting material consisted of about 10 % of
9, 10, and 11 and a complex mixture of tetra- to hexabro-
mides with traces of heptabromides. After seven days,
higher bromides were present only in trace quantities with
decabromides delineating the highest detected degree of
bromination (TLC, MS, GCMS). In all these experiments,
occasionally hydroxybromides 15 and 16 and others of com-
position C20H16Br2(OH)2/C20H16Br3OH (MS) were produced,
which were attributed to the interception of H2O under in-
completely anhydrous reaction conditions, rather than due
to hydrolysis during the separation procedures.


For diene 4, with homoconjugate addition excluded, origi-
nally a chance, admittedly remote, was seen that the bromi-
nation patterns of 12–14 could be installed on both sides to
provide inter alia the highly desired Ih symmetrical octabro-
modiene 17. Extensive experimentation did not, however,
fulfill expectations. In fact, the results were not significantly
different from those with the corresponding 1,6-diester.[14a]


Under the conditions applied for experiment ii, extremely
complex reaction mixtures were generated, not amenable to
GC/MS analysis and chromatographic separation, consisting
mainly of a multitude of penta-/hexabromides, traces of
hepta- to decabromides and of hydroxylated species (e.g.
C20H16Br2(OH)2). Only the known 1,6- (28, see Figure 4)[14c]


and 1,16-dibromide[22] resulting from the addition of two
equivalents of HBr to 4 could be identified in minute quan-
tities.


Pathways to 12–14 : In Scheme 2, the formation of the tetra-
bromoenes 12–14, which at first sight exhibit surprising sub-
stitution patterns of three or all four bromine substituents in
allylic positions, can be rationalized in analogy to prior argu-
mentation.[12, 14] The point is stressed, though, that at every
stage allylic bromination is an alternative. With this proviso,
only the 3,4,9,20-tetrabromo pattern of 13 can be traced
back exclusively to a sequence of addition/deprotonation
steps. In this case the C=C double bond migrated four times.


The route to 3,4,9,11-tetrabromide 12 branches off at the
stage of the second bromonium ion through loss of Hb.


[23]


Two subsequent addition/deprotonation steps produce a
contiguous tetrabromide, the high strain of which is reduced
by an allylic rearrangement (the fifth C=C migration, calcu-
lated DEstr �15 kcal mol�1). From the 3,4-dibromoene, the
route to 14 starts with an allylic shift and encompasses,
based on 3, three such shifts and four Br+-addition/deproto-
nation events (seven C=C migrations). Furthermore, not
only the two unidentified C20H12Br4 trace isomers leave
room for additional pathways. Attempts to independently
prepare the 3-bromoene 18, which is rapidly consumed
under the described conditions, through controlled Br+


transfer to 3 with the use of bis(sym-collidine)bromonium
triflate[24] failed. Even with equimolar amounts of reagent
up to three bromine substituents were introduced. The two
ester groups of 19 made the difference. The highly oxygen-
sensitive yet thermally rather stable monobromide 20


Scheme 2.


www.chemeurj.org O 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 6242 – 62546244


H. Prinzbach et al.



www.chemeurj.org





proved sufficiently resistant to further Br+ addition to allow
its selective preparation.[25]


Reactivity of 12–14 : Highly
bent C=C double bonds sur-
rounded by voluminous bro-
mine substituents (cf. 14,
Figure 2) as structural elements
in practically insoluble precur-
sor molecules of fullerene 2
(“per ACHTUNGTRENNUNG(poly)brominated dodeca-
hedrenes”) are the subject of


the follwing paper.[6] In this context, the soluble tetrabro-
moenes 12–14 served as most welcome model compounds.
The inductive deactivation and steric protection of the
highly bent C=C double bonds had, compared with the ex-
treme reactivity of parent 3, indeed impressive consequen-
ces. With bromine only slowly reacting, these tetrabro-
moenes resisted day-long exposure to oxygen. The lowered
HOMOs presumably did not allow an initiating electron
transfer.[26] N-Methyltriazolinedione, a powerful electrophile
towards unsaturated dodecahedranes[27] as well as dimethyl
dioxirane, a proven epoxidation reagent of electronically de-
activated, sterically congested alkenes,[28] had no effect.
Diels–Alder cycloadditions with furan, or inverse Diels–
Alder reactions with 3,6-bistrifluoromethyl-1,2,4,5-tetrazine,
rapid with 3 and 4,[4a,27] could not be enforced. It was only
the 1,3-dipolar diazomethane which was smoothly added to
give the respective D1-pyrazolines (Scheme 3). Out of a
mixture of 12–14 from 12, adduct 21 together with very
small amounts of (presumably) 22, from 13 adduct 23 (no
24) and from 14 adduct 25 were secured. The ease of the ad-
ditions and the regioselectivity observed with 21 (12 : dC1=


161.8 ppm, dC2=163.1 ppm) and 23 (13 : dC1=158.2 ppm,
dC2=162.8 ppm) are in line with the expectation for
HOMOACHTUNGTRENNUNG(dipole)–LUMO(dipolarophile) control.[29] As tested
with 23 (lmax=312 nm, CH3CN), neither photolysis (150-W
high-pressure Hg lamp, benzene solution, n!p* excitation)
nor very forcing thermolysis delivered the cyclopropano de-
rivative 26. Interception of intermediate (diazenyl, methyl-
ene) radicals by the nearby bromine substituents (cf. 25,
Figure 2) is the explanation previously forwarded for similar
situations. Direct photoexcitation of the mono-
ACHTUNGTRENNUNG(bis)pyrazolines derived from 3 and 4 neatly ended in the
respective cyclopropanododecahedranes.[30] On the other
hand, in the MS spectra of 21 and 23 loss of N2 and (H)Br
along differing sequences produced C21H16–11 ions (m/z 268–
263; m/z 133), possibly indicative of potentially valence-iso-
meric “homododecahedrenes” such as from 23 (-Br2-2 HBr)
the C21H14 ions 27+ (2+ ).[31]


NMR/MS spectral analyses : The substitution patterns of the
bromides 10–16 and 20, and the pyrazolines 21, 23, and 25
were derived from extensive lH and 13C NMR analyses
(Figure 3). The individual assignments were based on decou-
pling and 2D FT COSY or C/H heterocorrelation spectra
with the chemical shifts reflecting the established additive


increments for protons/carbons a/b- or g-positioned to C�
Br[8] and C=C double bonds, the smaller 3JH,H coupling con-
stants on the flattened olefinic sides, and the pronounced
solvent effects (CDCl3 vs. C6D6).[4,6, 8,12,14] The fragmentation
patterns manifested in the MS spectra of individual bro-
mides as well as of complex mixtures were in line with the
known trends. The composition of essential ions was con-
firmed by high-resolution measurements.[4,6, 12,14] Upon exclu-
sive a-cleavage, sequential loss of (H)Br from the parent
and daughter ions ended in unsaturated dodecahedranes
ranging from (protonated) C20H14 trienes to C20H4 octaenes
(m/z 255/254–245/244). It is only after loss of the Br sub-
stituents that skeletal fragmentation commenced. Weaker
signals at least in part belong to doubly charged ions. High
intensity particularly of m/2z 125/126 signals, and a signal
with m/z 83.33 for a triply charged pentaene, are indicative
of C=C/C=C (cross)conjugation in the C20H10(12) polyenes.
There were generally no indications for any skeletal disrup-
ture en route to the ultimate polyenes of the type noted for
4 (! C9 + C11) and 1,7,17-dodecahedratriene (! C5 +


C15).[14b] The congested situation around the CH2N2 units in
21, 23, and 25 (Figure 2) with calculated shortest nonbond-


Figure 2. Space-filling models
of 14 and 25 (MMFF[32]).


Scheme 3. i) 12–14 (0.10 mmol)/CH2Cl2 (10 mL)/CH2N2 (diethyl ether,
vast excess/0 C/RT/10 h; ii) 23 (0.10 mmol)/benzene (5 mL)/RT/hn (150-
W high-pressure Hg lamp).
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ing Br···HCH distances of about 2.6, 1.9, and 2.6 R, respec-
tively, was convincingly manifested in DdCH2


(C6D6)=1.63
and 1.77 for 21 (d=6.15/4.52) and 23 (d=6.38/4.61), respec-
tively (cf. dCH2


=6.31 for 25, which is Cs symmetrical, and
thus different from the MMFF structure in Figure 2).


X-ray crystal structures :[33]


From X-ray crystal-structural
analyses of dodecahedral bro-
mides more information was
expected as to the way the rigid
dodecahedral skeleton adjusts
to the strain introduced by vol-
uminous substituents.[7,34] Un-
fortunately, of the newly pre-
pared oligobromides only crys-
tals of 1,2,3-tribromide 11
proved suitable for an analy-
sis.[35] As complementation, in


Figure 3. 1H and 13C NMR assignments for tetrabromides 12–14 and cycloadducts 21, 23, and 25 (C6D6, d, J [Hz]).


Figure 4. ORTEP plots of 11, 28, and 29.
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Figure 4 the structures secured for the 1,6-dibromide 28 (see
Scheme 4) and 1,2,7,19-tetrabromide 29 are presented. The
latter had been obtained through brominative decarboxyla-
tion of the 8,9-dibromo-1,6-dicarboxylic acid.[14c] To reduce
rigid-body motions, the measurements were made at 100 K.


The two reported X-ray diffraction structures of parent
C20H20 dodecahedrane show perfectly eclipsed hydrogen
atoms around the periphery, average pentagon angles of
107.68 (108.08) and C�C bond lengths of 1.545 (1.538) R[1a, 36]


(1.545 R calculated, MM3).[37] Recent IR, Raman, and in-
elastic neutron scattering spectra make it likely that the ex-
perimental C�C bond lengths are shortened by disorder in
the crystals and should be revised to 1.558 R (periodic DFT
calculation).[38] It was understood that the crystal structures
of the bromides 11, 28, and 29 could be even more influ-
enced by intermolecular forces (repulsion, electrostatic, and
dispersion terms).[39]


For C2v-symmetrical 28 with its two bromine atoms far
apart from each other, the unit cell comprises two different
nonsymmetrical molecules (a, b) for which the two halves of
the molecule lie on a plane of symmetry. The C�C bond
lengths vary between 1.540–1.559 (1.539–1.558) R, the C�
CBr bonds between 1.543–1.556 (1.536–1.555) R, the C-C-C
angles between 107.0–109.5 (107.1–109.3)8, and the C-C-Br
angles between 109.6–111.1 (109.6–110.6)8. In both isomers,
one of the two C�Br bonds is somewhat shorter (1.966/
1.954 R; 1.992/2.002 R), undoubtedly due to the packing in
the unit cell. In the crystal structure of tetrabromide 29 with
its additional pair of vicinal bromine atoms, symmetry is
again lost. The variation of the C�C (1.531–1.560 R) and C�
CBr (1.532–1.568 R) bond lengths is somewhat broader than
in 28 ACHTUNGTRENNUNG(a,b). At a Br1···Br2 nonbonding distance of 3.29 R—
considerably smaller than the sum of the van-der-Waals
radii (3.8–4.0 R) and even smaller than the shortest intermo-
lecular Br···Br distance in crystalline bromine (3.31 R)[40]—
the BrC�CBr bond (1.567 R) is not extraordinarily elongat-
ed. The C-C-C angles (107.0–109.18) vary as in 28 ACHTUNGTRENNUNG(a,b). Of
the C-C-Br angles, the vicinal ones are considerably larger
(108.0–116.88 vs. 108.3–110.18). The two vicinal C�Br bonds
(1.964, 1.968 R) are at first sight surprisingly, not only signif-
icantly shorter than the non-vicinal ones (1.983, 1.985 R)
but also nearly ecliptical (Br-C1-C2-Br 0.3(4)8). Significant
torsional Br-C-C-H/H-C-C-H angles exist (with considerable
uncertainty) such as Br-C1-C11-H 8(4)8, Br-C3-C7-H 12(3)8,
Br-C7-C8-H 7(4)8, Br-C19-C20-H 5(4)8, H-C3-C4-H 4(6)8,
H-C4-C5-H 8(6)8, H-C9-C10-H 10(6)8, and H-C12-C13-H
9(6)8. In the again unsymmetrical structure of tribromide 11
with its three contiguous C�Br bonds, the length of the C�C
(1.536–1.555 R) and C�CBr bonds (1.543–1.555 R), the
angles C-C-C (106.4–108.88) and C-C-Br (113.9–115.98) are
close to those in 29. The two BrC�CBr bonds (1.578,
1.578 R) are as opposed to those in 29 substantially elongat-
ed, the three C�Br bonds (1.965, 1.971, 1.975 R), at Br···Br
distances of 3.22 and 3.26 R, are of equal length and similar
to the vicinal C�Br bonds in 29. Remarkable torsional
angles are found, again with high uncertainty, for Br-C1-C2-


Br 5.4(2)8, Br-C2-C3-Br 4.2(3)8, H-C4-C20-H, H-C12-C19-H
3(4)8, and H-C19-C20-H 4(4)8.


Conclusion


Electrophilic bromination of monoene 3 and diene 4 did not
allow selective oligobromination. Under forcing conditions
traces of C20HxBr10 decabromides marked the highest ob-
servable degree of substitution. Nevertheless, the di-/tribro-
mides 10/11 and tetrabromoenes 12–14 were obtained in
manageable quantities. Particularly the latter ones gave in-
sight into the reactivity of such highly bent yet inductively
and sterically highly deactivated C=C double bonds and
thus became much appreciated model compounds for the
hardly workable products met en route to the C20 fuller-
ene.[6,7, 14] The X-ray analyses for bromides 11, 28, and 29 not
only confirmed the NMR spectral assignments but illustrat-
ed once more[35] how, irrespective of packing effects, the
rigid dodecahedral skeleton copes with steric overcrowding
by voluminous substituents, particularly bromine atoms, in
fact by a sum of measures of different weighting such as
changes in bond lengths, bond angles, and out-of-plane dis-
tortions. The experiments summarized in the Appendix
again exclude any preparatively exploitable steric control by
bromine substituents and, with the view on C20 fullerene as
the ultimate target,[6,7] add to our understanding, i) that in-
stallation of more than eight to ten bromine atoms onto 1
would require extreme reaction conditions, ii) that in dodec-
ahedral bromides with [Fe2(CO)9] cis-1,2-HBr/cis-Br2 elimi-
nations can be effected with in situ complexation of the
highly bent olefins, and iii) that even h5-complexation might
be a helpful protecting measure. All novel functionalized
dodecahedranes survived the electron-impact induced loss
of their functionalities without damage to the dodecahedral
skeletons, additional support for the prior interpretation
that the observed C20HX


+ ions do indeed represent (hydro)-
fullerenes.


Appendix


Radical bromination of 1,6-dibromododecahedrane (28):
Very early in our explorative search for defined oligobromo-
dodecahedranes as precursor molecules of unsaturated do-
decahedranes it was clear that due to the rapidly increasing
number of isomers selective oligobromination of parent do-
decahedrane 1 would be problematic (see Table 1 in ref.
[6]). It was—admittedly naively—speculated that a calculat-
ed (MM2) increase in strain energy of about 3.5 kcal mol�1


for 1,2- verus 1,3-dibromination (see Table 2 in ref. [6])
might exert a preparatively exploitable steric effect in the
ultimate selective formation of the Th-symmetrical
1,3,5,8,10,13,16,19-octabromide (tetrahydro-17), the highest
non-vicinally brominated derivative of 1.[5] As a supplement
to the bromination study with 1,[5,6] bromination of the 1,6-
dibromide 28 in boiling BrCCl3, with the relatively volumi-
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nous CCl3 radical as chain carrier, was investigated
(Scheme 4). The dibromide 28 had been obtained in very
high yield from the respective dicarboxylic acid via a Barton


brominative decarboxylation protocol with BrCCl3 as bro-
mine source.[1a] With the here reported study, the side prod-
ucts (up to 10 %) could be identified as tribromides 12–14.
Under the given conditions, the intermediate “Platonic radi-
cals”[41] were obviously structurally inert, in contrast to the
cationic intermediates of Scheme 2.


After refluxing 28 in a vast excess of BrCCl3 for 24 h, the
product mixture of more than ten components (TLC, MS,
110 mg) and an elemental composition of C20H16.4Br3.6 con-
sisted mainly of tri- and tetrabromides. After four days, the
elemental composition had changed to C20H14.2Br5.8 and con-
tained mainly hexabromides, and after eight days it had
changed further to C20H12.0Br7.8 and contained mainly
hepta-/octabromides with traces of nonabromides. Even
longer reaction times raised the bromine content somewhat
yet not significantly above the highest degree of bromina-
tion. The fraction obtained through exhaustive extraction of
the C20H16.4Br3.6 product mixture with CCl4 could be separat-
ed by high-pressure liquid chromatography (HPLC, reverse
phase) and crystallization into three tribromides (30 (1,2,6),
31 (1,2,16), 32 (Cs, 1,3,17)) and four tetrabromides (33 (C2,
1,2,5,6), 34 (unknown substitution pattern), 35/36 (not sepa-
rated, unknown patterns)). The C2v-symmetrical 1,2,16,17-
tetrabromide 37,[14d] which is comparably strained to 33 and
of particular interest as an alternative precursor of diene


4,[4b] could be confidently excluded. The substitution pat-
terns of 30–33 are based on the NMR/MS spectral criteria.
Clearly, the bromine substituents in 28 do not exert the orig-
inally aspired steric control. Of the four characterized tri-/
tetrabromides three, like 10, 11, 12, and 13 of Scheme 1, fea-
ture vicinal disubstitution and the radical bromination even
under these rather forcing reaction conditions ended with
traces of C20H11(9)Br9 nonabromides, far from the desired
C20Br20.


[6]


Explorative elimination/in situ complexation experiments :
From prior experimentation it had been learnt that besides
C20H16 dienes such as 4, more strained C20H14 trienes, and
even C20H12 tetraenes have a limited lifetime in degassed
solution even at room temperature as long as the highly
bent C=C double bonds are nonconjugated and protected
against dimerization by four allylic hydrogens.[4,14] With the
C20 fullerene as the ultimate synthetic goal, the question was
posed up to what degree of unsaturation, dodecahedranes
with C=C double bonds increasingly less protected, as neu-
trals or anions, could—like fully unsaturated oligoqui-
nanes[42]—be stabilized as metal complexes. With the p-elec-
tron density shifted to the outer faces, such highly bent cy-
cloalkenes seemed predisposed for complexation.


As announced in a preliminary communication and de-
tailed in the Experimental Section [Fe2(CO)9] effects in the
sterically compressed periphery of monobromide 9 cis-b-
HBr eliminations and in 1,2-dibromide 10 cis-b-Br2 elimina-
tion providing in situ protection by rather strongly coordi-
nated Fe(CO)4 ligands.[11d, 43] The [C20H18Fe(CO)4] complex
38, isolated in good yield (75–80%) and spectroscopically
fully characterized (IR, 1H, 13C NMR, MS), also arose from
the reaction of dodecahedrene 3 with Fe(CO)5


(Scheme 5).[43, 44] It proved persistent for days in solution


Scheme 4. 28 (0.2 mmol)/BrCCl3 (0.2 mol)/reflux/24 h (i); 4 days (ii); 8
days (iii). Calculated strain energies (kcal mol�1, B3LYP/6–31G*[18]).


Scheme 5. i) [Fe2(CO)9] (3–5 equiv)/cyclohexane/RT; ii) [Fe(CO)5 /THF/
RT/3 days; iii) Ce ACHTUNGTRENNUNG(NO3)4/CH3OH/THF/RT.
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(CHCl3, benzene) and as a solid in air. Mild oxidation condi-
tions (CeACHTUNGTRENNUNG(NO3)4/CH3OH/THF/RT) deprotected 38 to 3 (Ep


�1.4 eV[15b]). Explorative experiments with the tetrabro-
mides 33 and 34 furnished pertinent information. Analogous
treatment of 33 and 34 with [Fe2(CO)9] caused primarily
elimination of two equivalents of Br2 and four equivalents
of HBr, respectively. According to the MS and TLC analy-
ses the beige crystalline solids secured after repeated crys-
tallization of the bromine-free reaction products from etha-
nol consisted largely of a bis complex (presumably 39, ca.
85 %) and at least partially a mixture of tetrakis complexes
(40). As noted before, the MS (EI) spectra were somewhat
puzzling in that the sequential loss of the [Fe(CO)4] ligands
was accompanied by a significant uptake of hydrogen.


With 1,2-dibromide 10 a possibility arose to directly iden-
tify a first dodecahedrane with conjugated C=C double
bonds. Conjugation in the s-cis/s-trans dienes 41/42
(Scheme 6) would create, compared with diene 4 (Figure 1),


even higher olefinic pyramidalization (f up to 528, MM3),
reduced steric protection, and particularly enhanced tenden-
cy for thermal dimerization or polymerization. As repeated-
ly pointed out, cis-b-eliminations on the very encumbered
dodecahedral periphery are (only) possible with the very
small, very strong but weakly nucleophilic “naked” F�


Schwesinger-base (P2F, pH8 in benzene ca. 35[9c]). Though
cis-isomer 41, which is somewhat more stable than 42,[45]


was calculated to be a much weaker acid than cyclopenta-
diene (pKs ca. 24 versus ca. 18 (CH3CN), B3LYP/6–
32G*)[11c,27b]—the p orbitals of the cyclopentadienyl anion 43
deviate significantly from parallel orientation—it should still
be amenable to deprotonation by the F� base. Upon mixing
about 10�2


m C6D6 solutions of 10 and six equivalents of per-
deuterated, possibly not perfectly dry base ([D36]P2F was
kindly provided by the Schwesinger group) P2Br was mo-


mentarily deposited. After total consumption (NMR con-
trol), the MS spectrum displayed intense m/z 256 ions for
41/42 (and m/z 274 for [C20H17OH]+ , hydroxylated mono-
ene(s), cf. 15, 16).[46] With numerous 1H multiplets between
d=3.6–2.4 ppm, and 27 13C signals between d=168.8–163.4
(C=C) and 80.4–60.0 ppm (114.5–103.5 for C�OH), the evi-
dence for the formation of 41 and 42 was rather convincing
(cf. for diene 4 : 1H: 3.60–2.94 ppm; 13C: 170.5, 73–
57 ppm)[4b]). The spectra recorded for various runs were,
however, too complex, to establish the presence of anion 43.
Whilst dimerization of 41/42 was apparently still rather slow,
cycloaddition of anthracene (persistent towards P2F) was
rapid. After addition of the reagent (3 equiv) to a freshly
prepared reaction solution, MS control confirmed the for-
mation of unsaturated C20H16


.anthracene monoadducts (44,
m/z 435 (44) [M+H]+ , 434 (30) [M]+ , 257 (100), 256 (45)
[41/42]+). The oxygen-sensitivity of the cycloadducts prohib-
ited their separation, and their steric hindrance the catalytic
hydrogenation to give the common, fully characterized satu-
rated C20H18


.anthracene adduct obtained from 3.[4c] Since
anion 43 could not be spectroscopically identified, its possi-
ble interception with [FeCp2] (ferrocene) or [FeACHTUNGTRENNUNG(tmeda)/
Cp*Cl] (Cp*=C5Me5) was tested, efficient, against P2F suf-
ficiently inert [FeCpACHTUNGTRENNUNG(Cp*)] transfer reagents.[47] Indeed, ex-
posure of 10 to P2F in the presence of [FeCp2] or [Fe-
ACHTUNGTRENNUNG(tmeda)/Cp*Cl] provided after standard workup very com-
plex (TLC) dark lime-colored solids, for which MS analyses
indicated the presence of 45a,b.[48]


Experimental Section


General : Melting points (m. p.) were determined on a Monoskop IV (Fa.
Bock) instrument and are uncorrected. Elemental analyses were per-
formed by the Analytische Abteilung des Chemischen Laboratoriums
Freiburg i. Br. Analytical TLC: Merck silica gel plates with F254 indica-
tor with detection by UV, KMnO4 or phosphomolybdic acid solution
(PMS). IR spectra were recorded with a Perkin Elmer 457 spectrometer,
UV spectra with Perkin Elmer Lamda 15 spectrometer, MS spectra with
Finnigan MAT 44S and MAT 8200 instruments (EI, 70 eV, if not speci-
fied otherwise), 1H NMR spectra with Bruker WM 250, AM 400, and
DRX 500 spectrometers (if not specified otherwise the 400 MHz spectra
in CDCl3 are given), 13C NMR spectra with Bruker AM 400
(100.6 MHz), DRX 500 (125.7 MHz) spectrometers (if not specified oth-
erwise, the 100.6 MHz spectra in CDCl3 are given); chemical shifts (ppm)
were recorded relative to TMS (d=0), and coupling constants are in
Hertz. Assignments marked with an asterisk are interchangeable. Assign-
ments have been confirmed by homo- and heteronuclear decoupling and
H’H, H’X correlation experiments. The silica gel used for column chro-
matography was Merck (0.040–0.063 mm) or ICN Biomedicals GmbH
(0.032–0.063 mm). All reactions have been performed in anhydrous, de-
gassed solutions with carefully dried reagents, the reactions with P2F
bases and metal complexes in a glovebox (M. Braun Labmaster 130, the
O2 and H2O values were below 1 ppm, solvents removed from the atmos-
phere by a special charcoal filter).


Bromination of 3 :


i): A suspension of 3 (52 mg, 0.20 mmol) in CH2Cl2 (5 mL) was titrated
with a solution of Br2/CH2Cl2 (ca. 2 W 10�1


m; instantaneous evolution of
HBr). After consumption of about one equivalent of Br2 (ca. 1 mL), the
homogeneous solution contained about 17 mg of residual 3. After con-
sumption of about five equivalents of bromine (ca. 5 mL of reagent solu-
tion), 3 was totally consumed. On concentration in vacuo the solid


Scheme 6. i) [D36]P2F (6 equiv)/C6D6/RT; ii) anthracene (3 equiv)/RT; iii)
[FeCp2] (ferrocene), [Fe ACHTUNGTRENNUNG(tmeda)/Cp*Cl]/RT.
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brownish residue (ca. 120 mg) consisting of a multitude of components
(TLC, GC/MS) was chromatographed on silica gel (CCl4/cyclohexane
1:1) providing 9 (10 mg, 15%), 10 (29 mg, 35%), 11 (18 mg, 18 %), and
an approximate 5:1 mixture (42 mg) of mainly unsaturated tetra-/pentab-
romides (at least six, TLC, MS).


ii): To a suspension of 3 (78 mg, 0.30 mmol) in a mixture of CH2Cl2


(5 mL)/ethylene oxide (2.0 g, 50 mmol) at 0 8C, Br2 (480 mg, 3.0 mmol)
was added (no evolution of HBr). After stirring for 2 min the homogene-
ous solution was concentrated in vacuo, the red solid residue chromato-
graphically (silica gel, CCl4/n-hexane 1:4) separated into 9 (trace), 10
(Rf=0.36, 20 mg, 16%), 11 (Rf=0.21, 21 mg, 14%), unsaturated tetrabro-
mides (C20H14Br4, Rf=0.06–0.08, up to 85 mg, ca. 50 %), and (unsatu-
rated) penta-/hexabromides (Rf=0.5–0.4, ca. 15 %). The 50% fraction
consisting of three major and two trace components (TLC) was separated
by reverse-phase chromatography (LiChrospher RP-18 column/CH3CN
(68 %)/THF ACHTUNGTRENNUNG(2 %)/H2O ACHTUNGTRENNUNG(30 %)/flow rate of 1 mL min�1, detection at
246 nm) into 12 (8–10 mg, retention time 9.8 min), and a ca. 3:1 mixture
of 13/14 (60 mg, retention time 11.2 min). Through crystallization (THF/
CH3CN 1:1), the mixture of 13/14 was separated into pure 13 (30 mg,
Rf=0.64, CCl4/CH2Cl2 5:1) and highly enriched 14 (10 mg, Rf=0.52,
CCl4/CH2Cl2 5:1). When such a run was worked up after 15 min, trace
quantities of 9, 10 (and 11?), and about 15% each of 12 and 13 were iso-
lated in addition to (unsaturated) penta-/hexabromides and traces of hep-
tabromides (C20H15(13)/14(12)/13(11)Br5/6/7).


iii): A solution of 3 (52 mg, 0.2 mmol) in bromine (36.0 g, 200.0 mmol)
was stirred at 0 8C for four days. After evaporation in vacuo, TLC/GC/
MS analysis of the dark red solid residue attested to the presence of alto-
gether 10 % of 9, 10, and 11, and of several (unsaturated) tetra-/penta-/
hexabromides (C20H16(14)/15(13)/14(12)Br4/5/6) and traces of heptabromides
(C20H13(11)Br7). After a reaction time of seven days, hepta- to decabro-
mides were still present in only trace quantities (MS).


If in these bromination experiments moisture was not perfectly excluded
hydroxylated bromides 15 (Rf (CCl4/CH2Cl2 5:1)=0.64), 16 (Rf (CCl4/
CH2Cl2 5:1)=0.52), and of composition C20H16Br2(3)OH2(1) were formed
in varying quantities.


1,2-Dibromoundecacyclo[9.9.0.02,9.03,7.04,20.05,18.06,16.08,15.010,14.012,19.013,17]-
ACHTUNGTRENNUNGicosane (10): Colorless crystals, m. p. 257 8C; IR: ñ=2944, 871, 745, 690
(C-Br) cm�1; 1H NMR: d=4.10 (m, 3-,9-,11-,20-H), 3.68 (m, 7-,8-,12-,19-
H), 3.54 (m, 4-,10-H), 3.41 ppm (m, 5-,6-,13-,14-,15-,16-,17-,18-H);
J3,4(4,20;9,10;10,11)=12.0 Hz; 1H NMR (C6D6): d=4.08 (m, 3-,9-,11-,20-H),
3.25 (m, 7-,8-,12-,19-H), 3.11 (m, 4-,10-H), 2.86 ppm (m, 5-,6-,13-,14-,15-,
16-,17-,18-H); 13C NMR (C6D6): d=98.4 (C-1,-2), 80.5 (C-3,-9,-11,-20),
66.0 (C-5,-14)*, 65.9 (C-16,-17)*, 65.8 (C-7,-8,-12,-19)*, 65.8 (C-6,-13,-15,
-18)*, 62.0 ppm (C-4,-10); MS: m/z (%): (339 (97), 337 (100))
[M�(H)Br]+ , (258 (20), 257 (39), 256 (10)) [M�2(H)Br]+ , 215 (5), 207
(10), 152 (6), (129 (14), 128 (13)) [M�2(H)Br]2+ , 127 (6), 44 (17); ele-
mental analysis calcd (%) for C20H18Br2 (418.2): C 57.45, H 4.34; found:
C 57.21, H 4.22.


1,2,3-Tribromoundecacyclo[9.9.0.02,9.03,7.04,20.05,18.06,16.08,15.010,14.012,19.013,17]-
ACHTUNGTRENNUNGicosane (11): Colorless crystals, m. p. 256 8C (CH2Cl2, decomp); IR: ñ=
2948, 858, 760, 680 (C-Br) cm�1; 1H NMR: d=4.31 (t, 9-H), 4.14 (m, 4-,7-,
11-,20-H), 3.68 (m, 5-,14-,15-,19-H), 3.57 (m, 8-,10-H), 3.42 ppm (m, 6-,
12-,13-,16-,17-,18-H); J8,9=12.2 Hz; 1H NMR (C6D6): d=4.19 (t, 9-H),
4.02 (m, 4-,7-,11-,20-H), 3.18 (m, 5-,14-,15-,19-H), 3.06 (m, 8-,10-H), 2.78
(m, 6-,12-,13-,16-H), 2.72 ppm (17-,18-H); J8,9=12.2 Hz; 13C NMR: d=


101.8 (C-2), 97.5 (C-1,-3), 80.7 (C-4,-9,-20)*, 80.4 (C-7,-11)*, 67.7 (C-14,
-15), 65.9, 65.7, 65.4, 65.3, 61.8 ppm (C-8,-10); MS: m/z (%): 497 (1) [M]+,
(418(28), 417 (12), 416 (53), 415 (28)) [M�(H)Br]+ , (339 (97), 337)
[M�2(H)Br]+ , 258 (32), (257 (35), 256 (15)) [M�3(H)Br]+, 215 (5), 207
(11), 165 (10), 129 (19), 128 (18) [M�2Br�HBr]2+, 115 (12), 44 (21); ele-
mental analysis calcd (%) for C20H17Br3 (497.1): C 48.33, H 3.45; found:
C 48.49, H 3.18.


Crystals suitable for the X-ray analysis were obtained through diffusion
of diethyl ether into a saturated solution of 11 in CH2Cl2.


3,4,9,11-Tetrabromoundecacyclo[9.9.0.02,9.03,7.04,20.05,18.06,16.08,15.010,14.012,19-
ACHTUNGTRENNUNG.013,17]icos-1-ene (12): Colorless crystals, m.p. 183 8C (THF/CH3CN 1:1);
IR (PTFE): ñ=2950, 2920, 1729, 1555, 1472, 1005, 940, 634, 504 cm�1;
1H NMR (500 MHz, C6D6): d=4.08 (d, 10-H), 3.82 (d, 20-H), 3.63 (t, 5-


H), 3.61 (dd, 7-H), 3.47 (m, 8-H), 3.21 (dd, 12-H), 2.95 (q, 14-H), 2.94
(dd, 19-H), 2.78 (dd„ 18-H), 2.68 (dd, 6-H), 2.64 (q, 13-H), 2.63 (q, 15-
H), 2.28 ppm (m, 16-,17-H); J5,6=J5,18=12.0, J6,7=11.2, J7,8=9.9, J8,15=


11.2, J10,14=11.5, J17,18=11.2, J18,19=12.0, J19,20=9.8 Hz; 1H NMR
(500 MHz): d=4.16 (d, 10-H), 4.06 (d, 20-H), 4.02 (t, 5-H), 3.90 (m, 7-
H)*, 3.75 (m, 8-H)*, 3.72 (m, 12-H), 3.65 (m, 14-,18-,19-H)*, 3.55 (m, 6-,
13-,15-H)*, 3.25 ppm (m, 16-,17-H); J10,14=11.5, J19,20=9.6 Hz; 13C NMR
(C6D6): d=163.1 (C-2), 161.8 (C-1), 93.3 (C-3)*, 92.7 (C-4)*, 91.5 (C-
9)**, 91.4 (C-11)**, 78.9 (C-10), 75.9 (C-20)**, 74.9 (C-5)**, 74.6 (C-
7)***, 74.5 (C-8)***, 74.2 (C-12)***, 63. 4, 63.2, 62.5, 61.9, 61.9, 61.7,
61.4, 59.1 ppm; MS: m/z (%): (496 (35), 495 (21), 494 (100), 493 (98.7),
490 (33)) [M�(H)Br]+ , (415 (5), 414 (3), 413 (6), 412 (1)) [M�2(H)Br]+ ,
(336 (2), 335 (12), 334 (3), 333 (11)) [M�3(H)Br]+ , (255 (3), 254 (13),
253 (19), 252 (16), 250 (10)) [M�4(H)Br]+ , 227 (2), (127 (13), 126.5 (16),
126 (35), 125 (11)) [M�4(H)Br]2+ , 113 (19), 80 (4); C20H14Br4 (574.0);
C20H14


79Br81Br2; HRMS: m/z calcd: 492.8625, found: 492.8622;
C20H13


79Br81Br; calcd: 412.9363, found: 412.9363. C20H14
79Br; calcd:


333.0280, found: 333.0278; C20H13; calcd: 253.1018, found: 253.1017;
C10H6; calcd: 126.0469, found: 126.0469.


3,4,9,20-Tetrabromoundecacyclo[9.9.0.02,9.03,7.04,20.05,18.06,16.08,15.010,14.012,19-
ACHTUNGTRENNUNG.013,17]icos-1-ene (13): Colorless crystals, m. p. 192 8C (THF/CH3CN 1:1);
IR: ñ=2959, 2929, 1724, 1452, 645, 628, 559, 516 cm�1. 1H NMR
(500 MHz, C6D6): d=3.85 (t, 5-H), 3.68 (dd, 7-H), 3.52 (m, 8-H), 3.50
(10-H), 3.43 (m, 19-H), 3.40 (m, 11-H), 2.79 (m, 14-H), 2.77 (m, 18-H),
2.75 (m, 6-H), 2.73 (m, 12-H), 2.67 (m, 15-H), 2.31 (m, 13-H), 2.29 ppm
(m, 16-,17-H); J5,6=J5,18=12.0, J7,8=9.9, J8,15=10.6, J10,11=11.2, J11,12=10.5,
J12,13=9.9, J13,14=J14,15=11.2 Hz; 1H NMR (500 MHz): d=4.15 (t, 5-H),
4.00 (dd, 7-H), 3.93 (m, 8-,10-H), 3.83 (t, 11-H), 3.78 (dd, 19-H), 3.65 (q,
14-H), 3.52 (m, 6-,12-,15-,18-H), 3.38 (m, 13-H), 3.68 ppm (m, 16-,17-H);
J5,6=J5,18=12.3, J6,7=10.2, J7,8=10.2, J10,11=11.3. J11,12=10.7, J13,14=


11.0 Hz; 13C NMR: d=162.8 (C-2), 158.2 (C-1), 98.1 (C-4), 93.3 (C-3)*,
91.9 (C-9)*, 90.1 (C-20)*, 78.9, 78.8, 78.3, 78.1, 77.3, 75.9, 64.9, 63.1, 62.8,
62.4, 62.0, 61.5, 60.1, 59.4 ppm; MS: m/z (%): 576 (1), (575 (2), 574 (1),
573 (3), 572 (1), 571 (2)) [M]+ , (498 (6), 497 (31), 496 (15), 495 (100), 494
(12), 493 (99), 492 (6), 491 (32)) [M�(H)Br)]+ , (416 (3), 415 (18), 414
(4), 413 (20), 412 (6)) [M�2(H)Br]+ , (337 (7), 336 (5), 335 (26), 334 (6),
333 (22), 332 (2), 331 (3)) [M�3(H)Br]+ , 257 (3), 256 (2), 255 (8), (254
(21), 253 (35) 252 (35), 251 (9), 250 (15)) [M�4(H)Br]+ , 248 (3), 247 (2),
246 (2), 240 (3), 226 (11), 207 (5), 127 (4), 126 (17), 125 (5) [M�4HBr]2+ ,
120 (4), 113 (9), 112 (2), 57 (2); C20H13 (253.3); HRMS: m/z calcd:
253.1018, found: 253.1017; elemental analysis calcd (%) for C20H14Br4


(574.0): C 41.85, H 2.46; found: C 41.69, H 2.30.


3,9,11,20-Tetrabromoundecacyclo[9.9.0.02,9.03,7.04,20.05,18.06,16.08,15.010,14.012,19-
ACHTUNGTRENNUNG.013,17]icos-1-ene (14): Colorless crystals (ca. 85 % pure). 1H NMR
(500 MHz, C6D6): d=4.07 (d, 4-,10-H), 3.42 (m, 7-,8-,12-,19-H), 2.94 (q,
5-,14-H), 2.61 (m, 6-,13-,15-,18-H), 2.24 ppm (m, 16-,17-H); J4,5=J10,14=


11.5, J5,6=J5,18=J13, 14=J14,15=11.5 Hz; 13C NMR (C6D6): d=164.4 ppm
(C-1,-2).


2-Bromoundecacyclo[9.9.0.02,9.03,7.04,20.05,18.06,16.08,15.010,14.012,19.013,17]icosanol
(15): Colorless crystals, m. p. 232 8C. 1H NMR (C6D6): d=4.02 (t, 3-,9-
H), 3.65 (t, 11-,20-H), 3.40 (m, 7-,8-H), 3.3–3.35 (m, 4-,10-,12-,19-H), 3.15
(br. m., 5-,14-H), 3.0–2.9 ppm (m, 6-,13-,15-,16-,17-,18-H); 1H NMR
(500 MHz): d=4.01 (m, 11-,20-H), 3.82 (t, 3-,9-H), 3.62 (m, 7-,8-H), 3.52
(m, 12-,19-H), 3.49 (br. m.,4-,5-,10-,14-H), 3.4–3.3 ppm (m, 6-,13-,15-,16-,
17-,18-H); J10,11=11.6 Hz; 13C NMR (C6D6): d=118.2 (C-OH), 96.6 (C-
Br), 80.0 (C-3,-9), 68.2 (C-11,-20), 66.5, 66.2, 66.1, 66.0, 65.7, 65.5, 65.2,
61.7 ppm; MS: m/z (%): (340 (6), 339 (25)) [M�OH]+ , 338 (10), 337
(26), 259 (100), 258 (51) [M�OH�Br]+ , 257 (37), 256 (6)
[M�HOH�HBr]+ ; elemental analysis calcd (%) for C20H19BrO (355.3):
C 67.62, H 5.29; found: C 67.43 H 5.01.


2,3-Dibromoundecacyclo[9.9.0.02,9.03,7.04,20.05,18.06,16.08,15.010,14.012,19.013,17]-
ACHTUNGTRENNUNGicosanol (16): Colorless crystals, m. p. 242 8C. 1H NMR (C6D6): d=4.14
(t, 7-H), 4.07 (m, 9-H), 3.95 (t, 4-H), 3.68 (m, 20-H), 3.61 (m, 11-H), 3.38
(m, 10-H), 3.32 (m, 8-H), 3.22 (m, 6-,12-H), 3.05 (m, 3H), 2.85 (br.m.,
3H), 2.72 ppm (m, 2H); J8,9=11.8, J10,11=12.2, J15,20=10.9 Hz; 1H NMR
(500 MHz): d=4.21 (t, 7-H), 4.08 (m, 4-,9-H), 3.82 (m, 11-,20-H), 3.65
(m, 8-,10-H), 3.56 (m, 4 H), 3.43–3.31 ppm (br.m., 6H); 13C NMR (C6D6):
d=117.8 (C-1), 100.5 (C-2), 97.6 (C-3), 80.9 (C-4)*, 80.9 (C-7)*, 77.1 (C-
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9)*, 70.4, 66.3, 66.2, 65.7, 65.5, 65.5, 65.0, 64.9, 64.8, 64.7, 64.3, 64.0, 62.0,
61.2 ppm; MS: m/z (%): (420 (4), 419 (20), 418 (10), 417 (40)) [M�OH]+,
416 (6), 415 (21), (339 (45), 338 (13), 337 (53)) [M�OH�(H)Br]+ , 336
(3), 335 (8), 301 (6), 300 (1), 299 (8), 298 (1), 297 (3), 259 (22), 258 (27),
257 (100) [M�OH�2Br]+ , 256 (10), 255 (15), 254 (8)
[M�HOH�2HBr]+ ; elemental analysis calcd (%) for C20H18Br2O
(434.2): C 55.33, H 4.18; found: C 55.10, H 4.01.


Bromination of 4 : To a suspension of 4 (38 mg, 0.15 mmol) in a mixture
of CH2Cl2 (5 mL) and ethylene oxide (2.0 g, 50 mmol) stirred at 0 8C, bro-
mine (480 mg, 3.0 mmol) was added (no evolution of HBr). After 2 min
it was concentrated in vacuo. Chromatographically (silica gel, CCl4/n-
hexane 1:4), only traces of the 1,6-/1,16-dibromides[14c,22] could be identi-
fied. MS analysis revealed the formation of mainly (unsaturated) penta-/
hexabromides, traces of hepta- to decabromides and occasionally some
hydroxylated species (e.g. C20H16Br2(OH)2). After a reaction time of 1 h,
no higher bromides were detected.


Dimethyl 8-bromoundecacyclo[9.9.0.02,9.03,7.04,20.05,18.06,16.08,15.010,14.012,19-
ACHTUNGTRENNUNG.013,17]icos-9-ene-1,6-dicarboxylate (20): To a solution of 19 (20 mg,
0.05 mmol) in benzene (2 mL) at room temperature, a suspension of
bis(sym-collidine)bromonium triflate (28 mg, 0.05 mmol) in benzene
(2 mL) was added. The rapidly formed homogeneous, yellow solution
was stirred until complete conversion (TLC, ca. 20 min), filtered through
silica gel, and concentrated in vacuo. The solid residue (one main, two
trace components, TLC) was rapidly chromatographed on silica gel (cy-
clohexane/ethyl acetate 4:1); colorless, air-sensitive crystals of 20 were
isolated (18 mg; 79%), m. p. 157 8C. IR: ñ=2948, 2903, 1735, 1435, 1395,
1269, 1203, 1143, 1016, 798, 533 cm�1; 1H NMR (C6D6): d=4.58 (dd, 2-
H), 4.52 (d, 7-H), 4.17 (dd, 15-H), 4.02 (dd, 12-H), 3.97 (dd, 14-H), 3.92
(dd, 11-H), 3.60 (ddd, 3-H), 3.58 (m, 20-H), 3.45 (s, OCH3), 3.41 (m, 5-
H), 3.39 (s, OCH3), 3.30 (ddd, 4-H), 3.20 (dd, 16-H), 3.15 (m, 13-H),
2.78 ppm (m, 17-H); 13C NMR (C6D6): d=176.0 (C=O), 175.9 (C=O),
158.3 (C-9)*, 152.2 (C-10)*, 90.6 (C-Br), 83.9 (C-1)*, 83.1 (C-6)*, 82.1,
78.7, 74.6, 72.4, 70.6, 70.2, 69.9, 68.1, 66.1, 66.0, 65.8, 65.7, 65.6, 62.4,
61,6 ppm; MS: m/z (%): (455 (7), 454 (26), 453 (8), 452 (28), 451 (30))
[M]+ , (396 (3), 395 (9), 394 (4), 393 (13)) [M�HCO2CH3]


+ , (375 (5), 374
(26), 373 (83), 372 (21), 371 (15)) [M�(H)Br]+ , (335 (15), 334 (3), 333
(12)) [M�2HCO2CH3]


+ , 315 (20), 258 (4), 257 (14), 256 (21), 255 (64),
254 (17), 253 (30), 252 (22) [M�2HCO2CH3�HBr]+ , 251 (6), 128 (4),
127.5 (2), 127 (8), 126 (8) [M�2HCO2CH3�HBr]2+ , 125.5 (2); elemental
analysis calcd (%) for C24H21BrO4 (453.3): C 63.59, H 4.67; found: C
63.39, H 4.45.


2,6,14,19-, 2,6,7,19- and 2,7,14,19-Tetrabromo-21,22-diazadodecacyclo-
ACHTUNGTRENNUNG[12.9.0.01,20.02,6.03,13.04,11.05,9.07,20.08,18.010,17.012,16.015,19]tricos-21-enes (21),
(23), and (25): To a solution of the crude mixture of 12–14 (C20H14Br4


fraction, 60 mg, ca. 0.10 mmol) in CH2Cl2 (10 mL), a vast excess of
CH2N2 in diethyl ether was added at 0 8C (solution remained at room
temperature yellowish for ten hours). After evaporation in vacuo, the
residue was chromatographed (silica gel, CH2Cl2) to give colorless crys-
tals of 23 (Rf=0.31, 20 mg, 32%), 21 (Rf=0.36. 15 mg, 24%, trace of 22
?), and 25 (Rf=0.5, 7 mg, 11%). 21: M. p. 212 8C; UV: lmax (CH3CN)=
312 nm; 1H NMR (500 MHz): 6.27 (d, CH2), 4.92 (d, CH2), 4.45 (d, 7-,15-
H), 4.28 (t, 5-H), 4.08 (m, 3-,13-H), 3.99 (m, 18-H), 3.92 (q, 16-H), 3.82
(m, 8-H), 3.71–3.52 (m,4-,9-,12-,17-H), 3.45 ppm (m, 10-,11-H); JCH2=


19.7, J4,5=11.3, J5,9=12.4 Hz; 1H NMR (C6D6): d=6.15 (d, CH2), 4.52 (d,
CH2), 4.48 (d, 15-H), 4.15 (d, 7-H), 3.95 (t, 5-H), 3.7–3.6 ACHTUNGTRENNUNG(m, 4 H), 3.21 (m,
1H), 3.03 (t, 1 H), 2.92 (m, 3H), 2.86 (m, 1 H), 2.55 ppm (m, 10-,11-H);
JCH2=19.7 J15,16=12.4, J8,7=11.6 Hz; 13C NMR (C6D6): d=95.9 (C-2), 93.9
(C-6), 92.9 (C-14)*, 92.2 (C-19)*, 85.5, 81.1, 79.8, 78.9, 78.7, 78.3, 65.1,
64.8, 64.8, 64.7, 64.7, 64.9, 64.6, 63.9, 61.4, 61.4, 29.7 ppm; MS: m/z (%):
[618 (66), 617 (25), 616 (100), 614 (69)] [M]+ , 587 (3) [M�N2]


+ , (537
(51), 535 (53)) [M�(H)Br]+ , 509 (40) 507 (39) [M�N2�(H)Br]+ , (496
(14), 495 (18)) [M�(H)Br�CH2N2]


+ , (458 (38), 457 (29), 456 (73), 455
(29), 454 (38)) [M�2(H)Br]+, (427 (60), 425 (33)) [M�N2–2(H)Br]+ ,
(415 (21), 414 (10)), [M�2(H)Br�CH2N2]


+ , (378 (22), 376 (28), 375 (91))
[M�3(H)Br]+ , 349 (22), 347 (26), 344 (24), 296 (42), 295 (44)
[M�4(H)Br]+ , 268 (43), 267 (59), 266 (33) [M�N2–2HBr�2Br]+/ ACHTUNG-
TRENNUNG[C21H14]


+ , 265 (36), 263 (20) [C21H11]
+ , 253 (30), 252 (47)


[M�CH2N2�2HBr�2Br]+/ ACHTUNGTRENNUNG[C20H12]
+ , 239 (40), 227 (23), 226 (26), 202


(20), 189 (29), 147 (26), 146 (20), 140 (24), 133 (34) [C21H14]
2+ , 132 (29),


127 (21), 126 (27) [C20H12]
2+ , 119 (26); C21H16


79Br2
81Br2N2; HRMS: m/z


calcd: 615.8002; found: 615.8004; 23 : M. p. >300 8C. UV: lmax


(CH3CN)=312 nm; 1H NMR (500 MHz, C6D6): d=6.38 (d, CH2), 4.61
(d, CH2), 4.38 (t, 5-H), 4.16 (m, 3-, 8-, 18-H), 3.75 (t, 15-H), 3.05 (m, 4-,
9-, 16-, 17-H), 2.88 (q, 13-H), 2.82 (t, 14-H), 2.65 ppm (m, 10-, 11-, 12-H);
JCH2=19.7, J3,13=10.5, J4,5=J5,9=12.3, J14,13=J14,15=11.3 Hz; 1H NMR:
d=6.33 (d, CH2), 4.93 (d, CH2), 4.55 (t, 3-H), 4.42 (t, 5-H), 4.38 (m, 8-,
18-H), 4.03 (t, 15-H), 3.67 (m, 4-,9-,16-,17-,13-H), 3.43 ppm (m, 10-,11-,
12-,14-H); JCH2=19.8, J5,4=12.0, J5,9=12.0, J8,9=12.3, J8,18=12.0, J15,14=


11.5, J15,16=11.2 Hz; 13C NMR (C6D6): d=103.7 (C-6), 101.9 (C-7), 94.6-
ACHTUNGTRENNUNG(C-2), 92.6 (C-19), 82.8, 80.9, 79.6, 79.6, 77.7, 77.6, 71.5 (7 C-Br/Csubstit),
64.8, 64.6, 64.5, 64.5, 64.1, 63.9, 61.5, 61.2, 61.1, 30.1 ACHTUNGTRENNUNG(CH2) ppm;
C21H16Br4N2 (615.9); C21H16


79Br2
81Br2N2, HRMS: m/z calcd: 615.8002;


found: 615.8001. 25: M. p. > 300 8C. 1H NMR (500 MHz): d=6.19 (s,
CH2), 4.49 (d, 6-,15-H), 4.21 (dd, 8-,18-H)*, 4.11 (dd, 3-,13-H)*, 3.92 (q,
5-,16-H), 3.75 (m, 4-,9-,12-,17-H), 3.45 ppm (br.m, 10-,11-H); J6,15=J15,16=


12.0 Hz; 1H NMR (500 MHz, C6D6): d=6.31 (s, CH2), 4.48 (d, 6-,15-H),
3.87 (dd, 8-,18-H)*, 3.73 (dd, 3-,13-H)*, 3.25 (q, 5-,16-H), 2.88 (m, 4-,9-,
12-,17-H), 2.50 ppm (br.m., 10-,11-H); J6,15=J15,16=12.0 Hz; 13C NMR
(C6D6): d=102.5 (C-7, �19), 94.0 (C-2, �14), 78.8 (C-6, �15),78.1 (C-3,
�8, �13, �18), 65.1 (C-4, �9, �12, �17), 64.8 (C-5, �16), 64.7 (C-1), 64.6
(C-10, �11), 63.3 (C-20), 29.8 (CH2) ppm; MS: m/z (%): (618 (4), 617
(6), 616 (12), 614 (66)), 612 (4) [M]+ , 588 (2) [M�N2]


+ , (537 (3), 535 (3))
[M�(H)Br]+ , (511 (33), 510 (22), 509 (96), 508 (23), 507 (100), 505 (35))
[M�N2�(H)Br]+ , (429 (36), 428 (19), 427 (65), 425 (32)) [M�N2–


2(H)Br]+ , (349 (25), 347 (11), 346 (26)) [M�N2�3(H)Br]+ , (268 (27),
267 (98), 266 (19)) [M�2HBr�2Br�N2]


+/ ACHTUNGTRENNUNG[C21H14]
+ , 265 (26), 263 (15)


[C21H11]
+ , 253 (23), 252 (36) [M�CH2N2�2HBr�2Br]+ , 125 (14), 120


(24), 82 (16); C21H16
79Br2


81Br2N2; HRMS: m/z calcd: 615.8002; found:
615.8005.


Bromination of 28 : A solution of 28 (84 mg, 0.20 mmol) in BrCCl3 (40 g,
0.20 mol) was refluxed for 24 h. A sample analyzed after concentration in
vacuo (C20H16.4Br3.6 elemental composition), consisted of at least eight
components (TLC) and showed tetrabromides as highest masses (MS, m/
z [577 (4), 576 (3), 575 (6), 574 (2), 573 (4)]). After four days reflux, the
elemental composition had changed to C20H14.2Br5.8 (a multitude of non-
separable components, mainly hexabromides), after eight days to
C20H12.0Br7.8 (multitude of non-separable components, mainly saturated
octabromides, occasionally a trace of nonabromides). Whilst various at-
tempts for column chromatographic separation proved fruitless, HPLC
(CH3CN/THF/H2O 78:2:20, LiChrospher RP-18, flow 1 mL min�1, detec-
tion at 246 nm) of the C20H16.4Br3.6 sample provided 35/36 as a mixture
(retention time (rt)=9.0 min, 11 mg), 34 (rt=9.6 min, 27 mg), 32 (rt=
10.0 min, 11 mg), 30/31 as mixture (rt=10.1 min, 32 mg) and 33 (rt=
10.8 min, 8 mg). Crystallization of the mixture 30/31 from diethyl ether
delivered pure 31 and nearly pure 30.


1,2,6-Tribromoundecacyclo[9.9.0.02,9.03,7.04,20.05,18.06,16.08,15.010,14.012,19.013,17]-
ACHTUNGTRENNUNGicosane (30): Colorless crystals. 1H NMR: d=4.42 (m, 3-H), 4.10 (m, 5-,7-,
20-H), 3.91 (m, 8-,9-,11-,16-H), 3.80 (m, 4-,10-,12-,15-H), 3.57 (m, 14-,17-,
18-,19-H), 3.41 ppm (m, 13-H); 1H NMR (C6D6): d=4.58 (m, 3-H), 3.88
(m, 5-,7-,20-H), 3.65 (m, 8-,9-,11-,16-H), 3.30–3.20 (m, 10-,12-,15-H), 2.95
(m, 14-,17-,18-,19-H), 2.75 ppm (m, 13-H); 13C NMR (C6D6): d= [92.1,
92.0, 91.7] (C-Br), [79.5, 79.2, 78.8, 78.7, 78.3] (b-C-Br), 65.4, 65.1, 65.1,
65.0, 64.7, 64.4, 64.4, 64.3, 64.0, 63.9, 63.6, 63.4; MS: m/z : (499 (2), 498
(3), 497 (7), 496 (4), 495 (6)) [M]+ , (420 (28), 418 (36), 417 (21))
[M�(H)Br]+ , 258 (23), [257 (38), 256 (23), 255 (27), 254 (22)
[M�3(H)Br]+ , (128 (45), 127 (26), 126 (22)) [M�3(H)Br]2+ . C20H17Br3


(497.1); C20H17
79Br81Br2; HRMS m/z calcd: 497.8844; found: 497.8830.


1,2,16-Tribromoundecacyclo[9.9.0.02,9.03,7.04,20.05,18.06,16.08,15.010,14.012,19.013,17]-
ACHTUNGTRENNUNGicosane (31): Colorless crystals, m. p. 276 8C (decomp). 1H NMR (C6D6):
d=3.98 (m, 3-,9-,11-,20-H), 3.75 (m, 6-,15-,17-H), 3.53 (m, 7-,8-H), 3.25
(m, 4-,5-,10-,13-,14-,18-H), 2.96 ppm (m, 12-,19-H); 13C NMR (C6D6): d=
95.6 (C-16), 95.5 (C-1, C-2), 80.3, 80.1 (b-C-Br), 70.6, 66.7, 66.5, 66.1,
65.9, 65.7, 65.6 ppm; MS: m/z : 497 (0.1), (420 (10), 418 (18), 417 (16), 416
(18), 415 (10), 414 (9), 412 (11)) [M�(H)Br]+ , (339 (1), 337 (7))
[M�2(H)Br]+ , 259 (20), 258 (25), (257 (100), 256 (4), 254 (1))
[M�3(H)Br]+ , 128 (10), 127 (4), 124 (2), 123 (9), 115 (10), 112 (4), 109
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(6), 97 (14), 85 (11), 81 (11), 70 (100); elemental analysis calcd (%) for.
C20H17Br3 (497.1): C 48.33, H 3.45; found: C 48.60, H 3.20.


1,3,17-Tribromoundecacyclo[9.9.0.02,9.03,7.04,20.05,18.06,16.08,15.010,14.012,19.013,17]-
ACHTUNGTRENNUNGicosane (32): Colorless crystals, m. p. 283 8C; 1H NMR (C6D6): d=4.59 (d,
2-H), 3.87 (m, 4-,20-H), 3.64 (m, 7-,11-, 13-,16-,18-H), 3.25 (m, 5-,9-,14-,
15-,19-H), 2.95 ppm (m, 6-,8-,12-,10-H); J2,9=12.4 Hz; 1H NMR
(500 MHz): d=4.42 (d, 2-H), 4.10 (m, 4-,20-H), 3.90 (br. m, 7-,11-,13-,16-,
18-H), 3.80 (br. m, 5-,9-,14-,15-,19-H), 3.60 ppm (m, 6-,8-,10-,12-H); J2,9=


12.6 Hz; 13C NMR (C6D6): d=92.8 (C-17), 92.5 (C-2), 89.9 (C-1), 89.8 (C-
3), [79.6, 79.6, 78.5] (C-4,-7,-8,-10,-13,-18), [65.0, 64.4, 64.2, 63.7 ppm] (C-
5,-6,-11,-12,-14,-15,-19,-20); MS (EI): m/z (%): (498 (2), 497 (3), 496 (2),
495 (1)) [M]+ , (420 (10), 419 (48), 418 (21), 417 (100)) [M�(H)Br]+ , (256
(12), 255 (30), 254 (24)) [M�3(H)Br]+ , 253 (11), 252 (10), 241 (15), 240
(17), 239 (29), 229 (7), 228 (10), 227 (12), 226 (13), 215 (15), 202 (12), 191
(12), 178 (22), 165 (18), 153 (20), 152 (25), 129 (12), (128 (57), 127 (37)
126 (23)) [M�3(H)Br]2+ , 119 (35), 102 (13), 77 (11). C20H17Br3 (497.1);
C20H17


79Br81Br2; HRMS m/z calcd: 497.8844; found: 497.8843.


1,2,5,6-Tetrabromoundecacylo[9.9.0.02,9.03,7.04,20.05,18.06,16.08,15.010,14.012,19-
ACHTUNGTRENNUNG.013,17]icosane (33): Colorless crystals, m. p. 293 8C; 1H NMR (C6D6): d=
3.88 (m, 3-,4-,7-,20-H), 3.62 (m, 9-,11-,16-,18-H), 3.25 (m, 8-,10-,15-,17-,
19-H), 2.92 ppm (m, 12-,13-,14-H); 1H NMR (500 MHz): d=4.07 (m, 3-,
4-,7-,20-H), 3.92 (m, 9-,11-,16-,18-H), 3.80 (m, 8-,10-,15-,17-,19-H),
3.60 ppm (m, 12-,13-,14-H); 13C NMR (C6D6): d=92.5 (C-1,-6), 92.3 (C-
2,-5), [79.36, 79.34, 78.8, 77.9] (C-3,-7,-4,-9,-11,-20), [64.8, 64.4, 64.1, 63.8,
63.7 ppm] (C-8,-10,-12,-13,-14,-15,-16,-17,-19]; MS: m/z (%): (580 (4), 578
(10), 576 (14), 574 (10), 572 (4)) [M]+ , (500 (4), 499 (17), 498 (4), 497
(18), 496 (5), 495 (18), 493 (6)) [M�(H)Br]+ , (420 (10), 419 (53), 418
(22), 417 (100), 416 (12), 415 (54), 414 (5), 413 (9)) [M�2(H)Br]+ , 371
(3), (338 (4), 337 (19), 336 (5), 335 (18)) [M�3(H)Br]+ , 257 (13), (256
(3), 255 (9), 254 (2), 253 (2)) 252 (1) [M�4(H)Br]+ , 251 (8), 240 (19), 239
(4), 227 (12), (128 (9), 127 (9), 126 (5)) [M�4(H)Br]2+ , 120 (3);
C20H16Br4 (576.0); C20H16


79Br2
81Br2; HRMS m/z calcd: 575.7943; found:


575.7942.


1,x,x,6-Tetrabromoundecacylo[9.9.0.02,9.03,7.04,20.05,18.06,16.08,15.010,14.012,19-
ACHTUNGTRENNUNG.013,17]icosane (34): Colorless crystals, m. p. 273 8C; 1H NMR (C6D6): d=
4.65 (t, 1 H), 4.42 (m, 2H), 4.02 (t, 1 H), 3.92–3.85 (m, 1H), 3.7–3.6 (m,
3H), 3.47 (m, 1 H), 3.30 (m, 1H), 3.10 (m, 3H), 2.8–2.7 ppm (m, 3H);
1H NMR (500 MHz): d=4.56 (t, 1H), 4.38 (dd, 2H), 4.27 (t, 2 H), 4.0–4.1
(m, 3 H), 3.92 (m, 1H), 3.82 (m, 2H), 3.82 (m, 3 H), 3.7–3.6 ppm (m,
3H); 13C NMR (C6D6): d=92.3, 91.8, 91.1, 91.0, 79.4, 79.1, 78.8, 78.6,
78.3, 77.5, 77.0, 76.8, 64.8, 64.6, 64.5, 64.0, 63.5, 62.9, 62.8, 62.5 ppm; MS:
m/z (%): (578 (2), 576 (4), 574 (6), 572 (2)) [M]+ , (499 (32), 498 (21), 497
(96), 496 (24), 495 (100), 494 (10), 493 (35)) [M�(H)Br]+ , (420 (3), 419
(13), 418 (8), 417 (25), 416 (6), 415 (20), 414 (5), 413 (9)) [M�2(H)Br]+ ,
375 (2), (338 (5), 337 (17), 336 (3), 335 (10)) [M�3(H)Br]+ , 257 (4), (255
(4), 254 (4), 253 (3), 252 (1)) [M�4(H)Br]+ , 251 (8), 240 (19), 239 (4),
(128 (3), 127 (5), 126 (3)) [M�4(H)Br]2+ , 120 (3); C20H16Br4 (576.0);
C20H16


79Br2
81Br2; HRMS m/z 575.7943; found: 575.7942.


1,x,x,6-Tetrabromoundecacylo[9.9.0.02,9.03,7.04,20.05,18.06,16.08,15.010,14.012,19-
ACHTUNGTRENNUNG.013,17]icosanes (35/36): Colorless crystals; 1H NMR (500 MHz, C6D6): d=
4.61 (m, 1H), 4.40 (m, 1H), 3.88 (m, 2H), 3.7–3.6 (m, 4 H), 3.42 (m, 1 H),
3.31 (m, 2H), 3.10 (m, 2 H), 2.92 (m, 2H), 2.80 ppm (m, 1H); 13C NMR
(C6D6): d=92.5, 92.3, 91.9, 91.6, 91.1, 90.7, 90.2, 89.8, 79.9, 79.6, 79.3,
79.2, 79.1, 78.7, 78.45, 78.4 78.3, 78.2, 78.1, 79.9, 77.6, 77.5, 77.4, 77.2, 77.0,
76.7, 65.0, 64.6, 64.4, 64.2, 64.1, 64.0, 63.9, 63.7, 63.4, 63.3, 63.1, 62.9,
62.5 ppm; MS: m/z (%): (578 (1), 576 (41), 574 (4), 572 (1)) [M], (499
(32), 498 (22), 496 (100), 495 (21), 494 (90), 493 (36)) [M�(H)Br]+ , (417
(17), 416 (8), 415 (33), 414 (5), 413 (18)) [M�2(H)Br]+ , (337 (23), 336
(9), 335 (36), 333 (11)) [M�3(H)Br]+ , (256 (12), 255 (33), 254 (15), 253
(25), 252 (20)) [M�4(H)Br]+ , 250 (6), 240 (16), 239 (33), 226 (12), (128
(18), 126 (33)) [M�4(H)Br]2+ , 125 (18), 113 (39); C20H16Br4 (576.0);
C20H16


79Br2
81Br2; HRMS m/z calcd: 575.7943; found: 575.7942.


C20H18Fe(CO)4 complex 38: From 9 : A solution of 9 (68 mg, 0.02 mmol)
and Fe2CO9 (240 mg, 0.06 mmol) in cyclohexane (5 mL) was stirred at
room temperature for 12 h (complete conversion, MS). After filtration of
the yellow solution through silica gel and concentration in vacuo, the
green residue was repeatedly crystallized from ethanol: 65 mg (75 %) of
a beige, homogeneous solid were isolated, m. p. 125–126 8C; IR: 2076


(CO), 2042 (CO), 1994 (CO), 1972 (CO) cm�1; 1H NMR (C6D6): d=3.36
(m, 3-,4-,9-,10-,11-,20-H), 3.21 (m, 5-,14-,16-,17-H), 3.12 ppm (m, 6-,7-,8-,
12-,13-,15-,18-,19-H); 13C NMR (C6D6): 212.0 (CO), 70.8 (C-4,-10), 70.4
(C-5,-14), 67.1 (C-1,-2), 66.7 (C-16,-17), 65.3 (C-6,-13,-15,-18), 65.3 (C-7,
-8,-12,-19), 64.6 ppm (C-3,-9-,-11,-20); MS: m/z : 426(1), 425 (3) [M]+ , 399
(4) (398 (3), 397 (3)) [M�CO] + , 371 (6), (370 (6), 369 (2)) [M�2CO]+ ,
344 (2), 343 (14), (342 (52), 341 (5)) [M�3CO] + , 340 (4), 316 (3), 315
(25), 314 (100) [(C20H18


.Fe)+], 313 (14), 312 (21), 311 (7), 310 (3), 260
(27), 265 (48), 259 (48), 258 (19) [C20H18]


+ , 239 (9), 215 (7), 202. (7);
C24H18O4Fe; HRMS m/z calcd: 426.0555; found: 426.0546.


From 10 : After for 4 h at room temperature (complete conversion, MS) a
solution of 10 (42 mg, 0.01 mmol) and [Fe2CO9] (200 mg, 0.05 mmol) in
cyclohexane (5 mL) was filtered through silica gel. Concentration of the
yellow solution in vacuo afforded a greenish residue which was repeated-
ly crystallized from ethanol to give 39 (35 mg; 80 %).


From 3 : A solution of 3 (25 mg, 0.01 mmol) and [Fe(CO)5] (200 mg,
1.0 mmol) in THF (2 mL) was stirred at room temperature for 3 h (com-
plete conversion, MS). After concentration of the blue-green solution in
vacuo and crystallization (ethanol), 39 was isolated (32 mg; 75%).


ACHTUNGTRENNUNG[C20H16{Fe(CO)4}2] complex 39 : Analogous to the preparation of 38.
Compound 33 (28 mg, 0.05 mmol)/ ACHTUNGTRENNUNG[Fe2CO9] (90 mg, 0.30 mmol)/cyclohex-
ane (10 mL)/room temperature/4 h (complete conversion, MS). After fil-
tration through silica gel, extraction with THF, concentration in vacuo
and repeated crystallization (ethanol): 25 mg of a beige solid were isolat-
ed. 1H NMR (C6D6): d=3.90 (br.m), 3.3–3.0 ppm (br. m); MS: m/z (%):
592 (0.5) [M]+ , 564 (0.5), 536 (0.4), 508 (0.9), 480 (0.6) [M�CO]+ , [424-
422 (2)] [M�Fe(CO)4]


+ , 420 (2) 396 (1), 394 (2), 368 (3), 364 (1). 342 (4),
340 (6), 315 (2), 314 (8), 312 (12) [C20H16Fe], 311 (3) 287 (5), 285 (6), 259
(16), 258 (27), 257 (27), 256 (16) [C20H16]


+ , 215 (5), 202 (4), 189 (5), 184
(60), 178 (6); C28H16O8Fe2 (592.1).


Mixture of [C20H12{Fe(CO)4}4] complexes (40): Analogous to the prepara-
tion of 38. Compound 34 (14 mg, 0.025 mmol)/Fe2CO9 (62 mg, 0.2 mmol)/
cyclohexane (5 mL)/room temperature/60 h (complete conversion, MS).
After filtration, extraction with THF, concentration and repeated crystal-
lization (ethanol), 9 mg of a beige, not homogeneous solid were isolated.
MS: m/z (%): 756 (0.03), 754 (0.02) [M�Fe(CO)4]


+ , 730 (0.02), 728
(0.03) [M�Fe(CO)4�CO]+ , 702 (0.1), 700 (0.2), 674 (0.7), 672 (0.2), 646
(0.2), 618 (0.2), 590 (0.9), 588 (0.9) [M�2Fe(CO)4]


+ , 562 (0.7), 536 (1),
508 (3), 480 (3), 452 (3), 424 (3), 422 (4), 420 (6) [M�3Fe(CO)4]


+ , 396
(4). 394 (3), 392 (2), 370 (3), 366 (2), 342 (4), 340 (4), 338 (2), 314 (3),
312 (8), 311 (2), 310 (3), 259 (5), 257 (7), 256 (3), 253 (3), 252 (3)
[C20H12]


+ , 239 (3), 157 (2), 103 (3), 71 (100); MS (CI, isobutane): m/z
(%): 924 (<0.1) [M]+ , 896 (< 0.1) [(M�CO)]+ ; C36H12O16Fe4 (924.3).


Undecacyclo[9.9.0.02,9.03,7.04,20.05,18.06,16.08,15.010,14.012,19.013,17]icosa-1,3-/
1,3(7)-dienes (41/42): A solution of 10 (22 mg, 0.05 mmol) and [D36]P2F
(80 mg, 0.2 mmol) in C6D6 (5 mL) was stirred at room temperature until
complete conversion (ca. 1 min). The precipitated P2Br was rapidly fil-
tered off (silica gel), and the solution was immediately analyzed by 1H
and MS spectroscopy (30 min later, no change was noted). 1H NMR
(500 MHz, C6D6): A series of multiplets between d=3.6 and 2.45 ppm;
13C NMR (C6D6): d=168.8, 165.7, 163.4, 114.2, 108.6, 103.5, 73.9, 73.6,
72.3, 72.3 (2), 69.2 (2), 68.9, 66.5, 65.9, 65.1, 65.0, 64.4, 64.3, 64.2, 63.9,
63.7 (6), 63.7(3), 63.6, 63.5, 63.4, 63.4, 63.3, 62.8, 62.5, 62.5, 62.4, 61.3,
61.2, 60.5 ppm; MS: m/z : 292 (51) [M+2 H2O]+ , 276 (12), 258 (3), 257
(1), 256 (8) [M]+ , 128 (4) [M]2 ; C20H16 (256.4); HRMS m/z calcd:
256.1252; found: 256.1234.


C20H16·anthracene adduct 44 : To a freshly prepared solution of 41/42
(0.05 mmol 10 ; possibly containing 43), anthracene (25 mg, 0.15 mmol)
was added. After the mixture had been stirred until complete consump-
tion of 41/42 (1 h), methanol (2 mL) was added, the filtered solution con-
centrated in vacuo, and residual anthracene sublimed off. The solid resi-
due consisting of at least three components (TLC) rapidly decomposed
on contact with air. MS (CI, isobutane): m/z : 452 (12) [M+H2O]+ , 435
(44), 434 (10) [C20H16C14H10]


+ , 17 (16), 292 [35/36·2H2O]+ , 276 (4), 259
(55), 258 (51), 257 (100) [C20H17]


+ , 178 (71) [C14H10]
+ ; C34H26 (434.6)


HRMS: m/z calcd: 434.2035; found: 434.2020.


[C20H15FeCp] complex 45a : A solution of 10 (11 mg, 0.025 mmol), ferro-
cene ([FeCp2], 10 mg, 0.05 mmol) and P2F (36 mg, 0.10 mmol) in THF
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(5 mL) was stirred at room temperature for 3 h. The brownish solution
was filtered through silica gel, concentrated in vacuo, and the brownish
residue crystallized from ethanol. Not totally uniform, dark yellow crys-
tals (11 mg) were isolated. 1H NMR (C6D6): d=3.58 (br., 6 H), 3.48 (br.,
4H), 3.05 ppm (br., 5 H); MS: m/z (%): 377 (15), 376 (100) [M]+ , 276
(45), 260 (11), 228 (7); C25H20Fe (376.3); HRMS: m/z calcd: 376.0914;
found: 376.0911.


[C20H15FeCp*] complex 45b : A solution of 10 (11 mg, 0.025 mmol), [Fe-
ACHTUNGTRENNUNG(tmeda)Cp*Cl] (65 mg, 0.19 mmol) and P2F (36 mg, 0.10 mmol) in THF
(5 mL) was stirred at room temperature for 3 h. The green solution was
filtered through a short pad of silica gel and concentrated in vacuo. The
green, extremely air-sensitive residue was analyzed as such. 1H NMR
([D8]THF): d=3.35 (br., 5H), 2.85 (br., 6 H), 2.50 (br., 4 H), 1.65 ppm
(br., 15 H); 1H NMR (C6D6): d=3.61 (br., 5 H), 3.30 (br., 6 H), 3.10 (br.,
4H), 1.65 ppm (br., 15H); MS: m/z (CI, NH3): (448 (8), 447 (2), 445 (5),
443 (2)) [M]+ , 433 (7), 432 (24), 431 (100) [M�CH3]


+ , 430, (20), 400
(10), 356 (6), 340 (2), 300 (3), 255 (5), 166 (44), 148 (37), 81 (55);
C30H30Fe (446.4); HRMS: m/z calcd: 446.1697; found: 446.1679.
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Introduction


The C20 carbon cage 1, the smallest possible fullerene, is not
formed in carbon condensation or cluster annealing process-
es. “Dehydrogenation” of the C20H20 hydrocarbon 2 (dodec-
ahedrane), now available in workable quantities, became
the chemist%s alternative.[1,2] It was in this context that the
substitution of all twenty hydrogens in 2 and the latter%s
conversion into the perhydroxylated 3, perfluorinated 4, per-
chlorinated 5, and perbrominated 6, “C20 fulleroids”, devel-


oped into an adventurous challenge.[3,4] Apart from the
mere esthetical appeal arising from the striking symmetries,
twenty OH, F, Cl, and Br substituents, all-ecliptically and
densely packed on a ball-shaped carbon backbone with cov-
ering electron clouds (Figure 1), were unusual structural fea-
tures promising unusual physical and chemical properties.
The complexities and risks in undertaking this project were
obvious. Force-field calculations performed in the planning
stage provided information regarding the sheer incredible
number of possible intermediates between 2 and its C20X20


derivatives 3–6 (Table 1) and a rough estimate of the ener-
getic demands, particularly of the molecular strain associat-
ed with the increasing functionalization of 2 by increasingly
more voluminous substituents (Table 2).[3,4b] Thus, relative to
parent 2, with the H···H interactions responsible for most of
its strain energy (exp. 61.4�1 kcalmol�1[9]), the thirty pe-
ripheral X···X interactions added up to a modest decrease in
molecular strain for 3 but to an intimidating increase for 5
and 6.[10] In fact, from exploratory experimentation it was
learnt that the installation of more than 10–12 chlorine or


Abstract: “One-pot” substitution of the
twenty hydrogen atoms in pentagonal
dodecahedrane (C20H20) by OH, F, Cl,
and Br atoms is explored. Electrophilic
insertion of oxygen atoms with DMDO
and TFMDO as oxidizing reagents
ended, far off the desired C20(OH)20, in
complex polyol mixtures (up to
C20H10(OH)10 decols, a trace of
C20H(OH)19?). Perfluorination was
successful in a NaF matrix but (nearly
pure) C20F20 could be secured only in
very low yield. “Brute-force” photo-
chlorination (heat, light, pressure,
time) provided a mixture of hydrogen-
free, barely soluble C20Cl16 dienes in
high yield and C20Cl20 as a trace com-
ponent. Upon electron-impact ioniza-


tion of the C20Cl16 material sequential
loss of the chlorine atoms was the
major fragmentation pathway furnish-
ing, however, only minor amounts of
chlorine-free C20


+ ions. “Brute-force”
photobrominations delivered an ex-
tremely complex mixture of polybro-
mides with C20HBr13 trienes as the
highest masses. The MS spectra exhib-
ited exclusive loss of the Br substitu-
ents ending in rather intense singly,
doubly, and triply charged C20-
H4–0


+ (2+ )(3+ ) ions. The insoluble


~C20HBr13 fraction (C20Br14 trienes as
highest masses) obtained along a modi-
fied bromination protocol, ultimately
allowed the neat mass selection of C20


�


ions. The C20Cl16 dienes and C20H0–


3Br14–12 tri-/tetraenes, in spite of their
very high olefinic pyramidalization,
proved resistant to oxygen and dimeri-
zation (polymerization) but added
CH2N2 smoothly. Dehalogenation of
the respective cycloaddition products
through electron-impact ionization re-
sulted in C22–24 ACHTUNGTRENNUNGH4–8


+ (2+ ) ions possibly
constituting bis-/tris-/tetrakis-methano-
C20 fullerenes or partly hydrogenated
C22, C23, and C24 cages.


Keywords: cage hydrocarbons · cal-
culations · fullerenes · halogenation ·
strained molecules
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bromine substituents onto 2 would necessitate extreme reac-
tion conditions,[1] making strain-reducing transformations,
eliminations, or even cage disruptions, a major concern. It
was understood also that due to the rapidly increasing
number of isomers up to C20HX19, selective product forma-


tion, separation, and even reaction control would be highly
problematic. As detailed in the preceding paper for oligo-
brominations, the comparably large increase in strain energy
for vicinal disubstitutions does not exert significant steric
control.[1] These aspects as well as the simultaneous world-
wide efforts to (per)functionalize C60 fullerene, the “big
brother” of C20, had given much stimulation to our cru-
sade.[11] Herein, we present an updated account of our activi-
ties directed at 3–6, this unique set of perfunctionalized cage
molecules.[12]


Results and Discussion


Towards perhydroxydodecahedrane 3 (Scheme 1): The OH
groups of dodecanol[13] and the 1,6-diol[14] were installed
through SN1 substitution in the respective bromides (AgO-
COCF3) and subsequent hydrolysis. With this procedure,
limitations appeared when tetrabromotetrols
(C20H12Br4(OH)4) with four vicinal OH/Br groups (see
Scheme 6 in reference [14]) as well as a mixture of hepta-/
octabromides (C20H12.0Br7.8, see Scheme 4 in reference [1])
resisted even very forcing treatment with AgOCOCF3, de-
spite the attendant strain-reducing transformation into the
respective polyols. Prepared by two-step hydrolysis of the
corresponding diepoxide,[15] the known vicinal diol 7[4a] and
the bisvicinal 1,2,16,17-tetrol 8 described herein, served as
spectral reference compounds. The tetrol in the form of ap-


Figure 1. Space filling models of 1–6 (MMFF[5]).


Table 1. Substituted dodecahedranes C20Xn ; number of isomers (Ni) and
isomers without vicinal substitution (Ai).


[7]


n 1 2 3 4 5 6 7 8 9 10


Ni 1 5 15 58 149 371 693 1135 1466 1648
Ai 1 4 9 20 20 16 5 1 0 0


Table 2. Calculated strain energies (MM2, Estr, kcalmol�1) for selected
substitution patterns (2 : 65.4 kcalmol�1[8]).


X


OH 69.0 69.1 69.0 69.1 64.5
F 72.7 75.8 76.5 78.8 121.6
Cl 70.9 74.9 72.8 79.3 234.6
Br 73.3 80.9 77.5 89.2 383.5
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propriate tetraesters was of particular preparative-synthetic
interest as a substitute for the lacking 1,2,16,17-tetrabro-
mide.[1]


For the replacement of a limited number of tertiary hy-
drogens in polycyclic (cage) hydrocarbons by OH groups, in-
sertion of oxygen atoms into the C�H bonds with the use of
dimethyldioxirane (DMDO)[16] and the more reactive meth-
yl(trifluoromethyl)dioxirane (TFMDO)[17] are established
methods.[18] An analogously patterned “one-pot” transfor-
mation of 2 into 3 was tempting yet highly problematic for
several reasons: i) The highly strained reagents are thermal-
ly labile and are not conducive to forcing reaction condi-
tions, ii) with increasing OH-substitution, the O�H acidity
increases,[19] thus favoring cage-disrupting oxidation process-
es, iii) the way from C20H20 to C20(OH)20 implies profound
solubility changes. Indeed, and not too surprisingly, intensive
experimentation fell far from acquiring the target and can
be shortly summarized (Scheme 1).


Suspended in an acetone solution of a huge excess of
DMDO, 2 was rapidly oxidized. After stirring at room tem-
perature for two days, the waxy, only partially water-soluble
product (C20H20O4.9 elemental composition) consisted
mainly of pentols and traces of up to C20H10(OH)10 decols
([9’] m/z 420 (<0.2) [M]+ , 402 (<0.2%) [M�H2O]+). After
repetition of the oxidation procedure, the product proved
almost totally water-soluble, the elemental composition had


altered to C20H20O6.9, yet decols [9’] were still the products
of highest mass. After a second repetition only a portion of
the waxy material remained water-soluble. In the latter (9),
the averaged extent (C20H20O8.7) but not the highest degree
of hydroxylation (9’) had increased, a situation reminiscent
of the bromination with BrCCl4.


[1] With the more reactive
TFMDO, the hydroxylation of 2 (largely dissolved in
CF3COCH3) was already accompanied by side reactions at
an early stage. After about 30% conversion and extraction
of residual 2 with benzene, the extremely complex material
(TLC, m. p. >300 8C) proved readily soluble in methanol
but only partially soluble in water. The NMR spectra
([D4]CH3OH) excluded polyols of type 9 as significant com-
ponents. Similarities with the spectra of seco-oxahomodode-
cahedranes[20] strongly suggested oxidative C�C cleavage re-
actions with the formation of ethereal bridges. EI and CI
MS spectra differed considerably, in line with the presence
of differently polar substances. The highest, very weak sig-
nals in the MS spectra (CI) invited an admittedly bold inter-
pretation: m/z 564 corresponds with the C20H(OH)19 nona-
decanol ion 10+ , m/z 562 with the C20(OH)18O epoxide ion
11+ arising via extrusion of H2O from 3+ , and m/z 534 with
C19H18O18 (12+), arising via extrusion of CO from 11+ .[21]


These signals were no longer observed above 50% conver-
sion of 2.


The existence of highly oxygenated species such as 10 is
supported by exploratory, MS controlled, experiments per-
formed with perfluoro-2-butyl-3-propyl-oxaziridine, kindly
provided by Professor G. Resnati. Perfluorodialkyloxaziri-
dines had been used for the (mono)hydroxylation of nonac-
tivated tertiary C�H bonds.[22] After stirring the suspension
of 2 (or the better soluble 1,6-dimethyl dicarboxylate deriva-
tive) in a vast excess of the reagent at room temperature for
seven days, up to 3OH groups had been incorporated. After
heating to 80 8C for six days and accepting partial decompo-
sition of the reagent, concentration of the now homogene-
ous solution yielded a very high melting residue that was
soluble in alkaline aqueous solution (pH >12). The
1H NMR spectrum ([D6]acetone) consisted of two broad
bands between between d=2.6–3.1 ppm (OH, disappearing
after addition of D2O) and d=3–4 ppm (CH, very weak),
the 13C NMR spectrum displayed about 30 signals between
d=120–108 ppm (COH, CF2(3)) and about 110 signals be-
tween d=75–65 ppm (CH). The EI and FAB MS spectra
(Xe, NBA-matrix) suggested the installation of up to 16 OH
groups (for diester of 1 a [M]+ signal with m/z 632;
C20H2(OH)16 ACHTUNGTRENNUNG(CO2CH3)2).


Perfluorododecahedrane 4 : 1,6-Difluoride 13 and non-vici-
nal 1,3,13,15-tetrafluoride 14,[23] serving as spectral referen-
ces in this section, had been like C20H19F monofluoride[13]


prepared through SN1 substitution of the corresponding
chlorides (bromides). This approach, however, failed for vi-
cinal disubstitution (cf. the glycols 7 and 8). The 1,2,16,17-
tetrachloride 17 (see Scheme 3) resisted all attempts to con-
vert it into the respective tetrafluoride.[4c,23]


Scheme 1. Reference compounds 7 and 8, chemical shifts (d); i) 2 (13 mg,
0.05 mmol)/DMDO/acetone (ca. 2.5 mmol)/RT/2 days; ii) DMDO/ace-
tone (ca. 2.5 mmol)/RT/2 days.
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For the direct perfluorination of 2 to give 4, the cost in
molecular strain (DEstr=52.7 kcalmol�1) approaches a mod-
erate 2.6 kcalmol�1 per C�F bond. Obviously, heat control
of the highly exothermic reaction with elemental fluorine
was a contentious problem (DHf8 2 : 22.2 (MM2, exp. 18.2�
1)[9] kcalmol�1; 4 : �827.2 kcalmol�1, MM2[4b]). In a series of
experiments (Scheme 2 i) modeled after reported reactions


of (cage) hydrocarbons with elemental fluorine,[24] 2 was de-
posited as a powder on the inner surface of a quartz tube
and then exposed at room temperature to dry F2 gas, with
or without argon dilution. After a surprisingly sluggish con-
version, very complex mixtures of fluorinated components
up to C20H9F11 undecafluorides were generated (MS). At-
tempts to improve the degree of fluorination by UV irradia-
tion or higher temperatures (Scheme 2 ii) caused mostly
spontaneous, very vigorous, in some cases explosive reac-
tions and provided only trace amounts of fluorinated C20 en-
tities with C20H6F14 tetradecafluorides 15 as highest masses
(m/z 512 (15) [M]+). A “tamed”, MS-controlled fluorination
protocol of five stages with l,6-difluoride 13 rather than 2 as
starting material, as seen with the selective transformation
of C60 into C60F48,


[25] proved more rewarding. (Scheme 2
iii).[26] 1) A finely ground, carefully dried mixture of 13 and
NaF was exposed in a quartz tube at �196 8C to dry F2 gas
with the pressure of 20 mbar being raised to 100 mbar over
3 days. 2) This procedure was repeated at �78 8C over 10
days, 3) at �30 8C over five days, 4) at room temperature
the F2 pressure was raised to 1 atm over five days, 5) finally
the tube was kept in an ultrasound bath for 20 min. After
more than three weeks (!), MS control displayed m/z 620
(C20F20) as the predominant mass peak between m/z 400–
620. Isolation of 4, though, was problematic. Samples ex-
tracted from the matrix with dry CFCl3 (CHCl3, CH2Cl2,


[D6]acetone) proved to be very complex inseparable mix-
tures containing oxygenated components due to traces of
oxygen and/or water. Sublimation out of the matrix over
weeks, at 10�3 mbar at 70 8C delivered mg-quantities of a
waxy material (up to 10%), which according to the MS
spectrum (Figure 2) consisted predominantly of 4. Ionized 4


seems to fragment into small parts rather than, like 13, 14,
and 15, undergo stepwise skeletal degradation (elemental
composition of the m/z 620 signal established by high-reso-
lution MS). In sublimates recovered at 200–250 8C, at best
traces of 4 were present, possibly due to its thermal decom-
position. In the 19F NMR spectrum, the signal for 4 (d=
�163 ppm; CFCl3 d=0 ppm; d=�121.9 ppm for C20H19F


[13])
was accompanied by minor signals between d=�50 to
�70 ppm, indicative of CF3/CF2 groups arising from skeletal
cleavage. Repeated attempts to purify 4 through crystalliza-
tion were not successful. We also failed to secure a meaning-
ful 13C NMR spectrum. Skeletal cleavages during fluorina-
tions with elemental fluorine have been repeatedly report-
ed,[24] and it is established that even the hardly strained C60


cage does not survive fluorination beyond C60F48.
[11a,d,25]


Perchlorododecahedrane 5 : C20H19Cl monochloride,[13] 1,6-
dichloride 16, and 1,2,16,17-tetrachloride 17, available
through SN1 substitution[13,4g] and a combination of SN1 sub-
stitution with Barton decarboxylation methods, respective-
ly,[23] provided spectral reference data. A notable conse-
quence of the strain due to the vicinal disubstitution in 17
was revealed in the MS spectra: Whilst for 16 C�C (a)-
cleavage (extrusion of CCl) initiated the carbon-by-carbon
fragmentation,[23] for 17 cage cleavage started only after loss
of all chlorine atoms.


The persubstitution of 2 to give 5, which is significantly
exothermic (MM2, 5 : DHf8=�38.8 kcalmol�1),[4b] has to
cope with an increase in strain of about 170 kcalmol�1


(Table 2). Dodecahedrane 2 in CCl4/AlCl3 was subjected to
forcing chlorination conditions (Scheme 3, i) by continuously
saturating the initial suspension with dry chlorine gas at
reflux for about 24 h (homogeneous after 1 h). A high-melt-
ing material was obtained (18 m.p. >300 8C) with an ele-


Scheme 2. Reference compounds 13 and 14, chemical shifts (d); i, ii) see
text.


Figure 2. EI MS spectrum (70 eV) of sublimed 4.
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mental composition of C20H7.7Cl12.1
[27] and partly unsaturated


(IR) tetradecachlorides C20HxCl14 as hardly detectable high-
est masses (MS). Longer reaction times of up to three days
slightly increased the average but not the highest degree of
substitution.[28] The 1H and particularly the a-, b-, and
g-13C NMR absorptions were, compared with that of 16 and
17, significantly down-field shifted. The 70 eV EI MS spec-
trum, with only a weak background for products of C�C
cleavages, displayed a dominating cascade of Cl eliminations
(cf. 17) ending in C20H10–6


+ penta-, hexa-, and hepta-ene
ions (m/z 250 (28), 248 (60)/246 (28)), thus nicely reflecting
the average hydrogen content (H7.7) of the probe and the
preference for the loss of Cl2 rather than of HCl.[23] Except
m/z 124 (64) for the doubly charged C20H8


2+ hexaene ion,
no doubly charged ions of significant intensity were regis-
tered, in line with the presence of at best trace amounts of
unsaturated polychlorides.


To replace all hydrogens in 2 by chlorine, extreme
(“brute-force”) conditions employing a combination of
“heat, light, pressure and time” with chlorine as solvent was
rewarding. After intensive experimentation, the highest
degree of chlorination was achieved along the following pro-
tocol (Scheme 3, ii): In a high-pressure glass ampoule, a sus-
pension of 26 mg of 2 in 10 mL of chlorine was irradiated
with a 300-W daylight lamp set at a close distance to ensure
an inside temperature of 130–150 8C. After 5 h, a yellowish
homogeneous solution was generated, after four days con-
centration of the solution furnished a colorless crude solid
(ca. 70 mg). Extraction of the latter with boiling CHCl3 pro-


vided the solute 19 (24 mg, averaged C20H2Cl15 elemental
composition[27]) and the crystalline residue 20 (46 mg). Irra-
diation for ten days altered the product mass ratio to about
1:3.3. The crystalline material, which was practically insolu-
ble in all (boiling) solvents tested (CH2Cl2, tetrachloro-
ethane, toluene, methanol, pyridine, CS2, THF, CF3CO2H,
AsCl3), was identified through elemental analysis,[27] IR (no
C�H but C=C absorptions), and MS spectra as a nonsepara-
ble mixture of hydrogen-free C20Cl16 (hexadecachlorodode-
cahedradiene) isomers. Catalytically (Scheme 3, iii) 19 was
neatly reduced to 2, chemical proof that the dodecahedral
skeleton had survived the “brutal” treatment. The 1H and
13C NMR absorptions, paramagnetically shifted compared to
those of 18, documented C�H bonds surrounded by two/
three C�Cl and possibly C=C double bonds. In the 70-eV EI
MS spectrum (Figure 3a) the composition of the major clus-
ter ions was confirmed by high-resolution (HR) measure-
ments. Four fragmentation pathways for the C20Cl16


+/
C20Cl16


2+ ions were discernible (Scheme 4): a) Dominating
sequential loss of the sixteen chlorine substituents as ex-
pressed in two series of singly and doubly charged ions
ending with m/z 240 (C20


+)/m/2z 120 (C20
2+), minor C�C


(a) cleavages (weak background signals) and skeletal disin-
tegrations into b) C9Cl7


+/C11Cl9
+ (m/z 354, 452) and c)


C5Cl7
+/C15Cl9


+ (m/z 308, 499) parts (cf. the disintegrations
formulated for the parent 1,16-dodecahedradiene and
1,4,16-dodecahetratriene in Scheme XV and XVI of refer-
ence [29]). These disintegrations were traced as major path-
ways in 28-eV MS spectra (cf. Figure 3 in reference [3])
when doubly charged ions were not generated and the Cl
elimination cascade ended with m/z 594 (C20Cl10


+). The con-
spicuous intensity of the m/z 594 and m/2z 297 cluster ions
suggests a particular stability of the C20Cl10


+ (2+ ) ions (e. g.
“[10]trannulene” ions 21+ (2+ )? [30]).


The target molecule 5 was, surprisingly, discovered as the
highest mass and trace component in the MS spectrum of
the soluble fraction 19 ; the C20Cl20 isotope distribution was
perfectly matched by calculation (Figure 3b). In later scans,
the signals for 5 had disappeared, possibly due to the (cata-
lyzed) significant strain reducing, elimination of Cl2 during
vaporization. Is 5 a precursor of the C20Cl16 dienes and are
the latter generated under thermodynamic control? It can
only be speculated.


In spite of the enormous strain and high olefinic pyramid-
alization,[31] perchlorinated dienes 20, in line with the allyli-
cally brominated dodecahedrenes,[1] showed no tendency for
dimerization, sublimed neatly at 320 8C/10�4 Torr, and re-
mained inert in an oxygen atmosphere for weeks. Further-
more, they did not add electrophiles (e.g. HCl), standard
dienes (e.g. furan) or 1,3-dipolar reagents except the slim,
sterically undemanding CH2N2. The absence of C11Cl9


+/
C9C7


+ ions in the MS spectra attested to a practically quan-
titative conversion, however, the flocky product was as in-
soluble as 20, hence not amenable to NMR analysis. IR
bands were evidence for the formation of ACHTUNGTRENNUNGD1-pyrazolines
(ñ=1565, 1530 cm�1, e. g. 22) and cyclopropanated com-
pounds (ñ=1473 cm�1, e. g. 23). The EI MS spectra with


Scheme 3. Reference compounds 16 and 17, chemical shifts (d); i) 2
(13 mg, 0.05 mmol)/CCl4 (20 mL)/AlCl3 (100 mg, 0.75 mmol)/sat. with
Cl2/24 h (3 days)/reflux; ii) high-pressure glass ampoule: 2 (26 mg,
0.10 mmol)/Cl2 (10 mL)/300 Watt daylight lamp/130–150 8C/10d; iii) 19
(40 mg)/CHCl3/CH3OH 10:1 (5 mL)/Pd/C (5%, 100 mg)/H2 (1 bar))/20 h.
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highest masses m/z 832–838 for C20Cll6·2CH2
+ ions (HR)


showed, as for 20, the sequential loss of the sixteen Cl sub-
stituents; the series of doubly charged ions started with m/z
382 (C20Cl12·2CH2


2+). For the chlorine-free ions, with the


C22H4 composition established
(HR) for m/z 268, biscyclopro-
panated C20 fullerenes such as
isomer 24 and valence isomeric
C22 cage 25 are intriguing struc-
tural alternatives.[32–34] The ab-
sence of C20Cll4·3CH2


+ ions and
derived fragments served as an
additional argument against the
C20Cl14


+ triene ions (m/z 730–
740) also belonging to mother
ions in the MS spectrum of 20
(Figure 3a).


Towards perbromododecahe-
drane 6 : In the exhaustive bro-
minations of dodecahedrene
and 1,6-dibromododecahedrane
presented in the preceding
paper,[1] trace quantities of
nona-/decabromides represent-
ed the highest degree of substi-
tution. The tetrabromides 26
and 27 secured along these pro-
cedures serve as spectral refer-
ences (Scheme 5). Notably, the
MS spectra of 26 and 27 dem-
onstrated the loss of the bro-


mine substituents without interference by a-cleavages.
For the perbromination of 2 to give 6, no doubts remained


a priori that the enormous increase in energy and strain (6 :
DHf8=345.1 kcalmol�1, MM2; DEstr=314.6 kcalmol�1,
Table 2)[4b,10] would necessitate conditions under which the
target molecule or its close precursors might possibly not
survive. If there had been any prospect that the strain intro-
duced with highly bent C=C double bonds would somehow
oppose strain-reducing bromine eliminations, the outcome
of the “brute-force” chlorination posed the question, how
many C=C double bonds would have been installed after
the loss of all hydrogen atoms.[35] On the other hand, hydro-
gen-free C20Br14(12) perbromotri ACHTUNGTRENNUNG(tetra)enes were most wel-
come as precursor molecules of the naked C20 fullerene.[2]


With “forcing” bromination of 2 (Scheme 5, i), a suspen-
sion in a carefully degassed and dried bromine/CCl4 solution
was kept at reflux for 4 h by irradiation with the 300-W day-
light lamp. Concentration of the homogeneous solution fur-
nished a brownish-red solid residue, completely soluble in
CHCl3 and revealing C20H11(9)Br9 nonabromides as highest
masses (MS). With longer irradiation times, the hydrogen
content decreased more than the bromine content increased.
After four days the elemental composition of the dark
brown solid, still well soluble in CHCl3, had reached a final
averaged composition of C20H7.6Br9.1


[27] with undecabromides
as the highest brominated species (28). The IR spectrum dis-
played C=C absorption, the 1H and 13C NMR spectra para-
magnetic displacements relative to that of 26 and 27 as ex-
pected for C�H bonds flanked by one to three C�Br bonds


Figure 3. a) EI MS spectrum of 20 (70 eV; insert C20Cl20). b) Experimental and calculated isotope distribution
for C20Cl20.


Scheme 4. Response of 20 to electron-impact ionization (a–c); i) 20
(10 mg)/m-dibromobenzene (5 mL)/CH2N2 ACHTUNGTRENNUNG(excess)/24 h.
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and for vicinal C�Br bonds. As indicated for 26 and 27, loss
of the bromine substituents was the dominating MS frag-
mentation pathway leading to C20H8–4


+ ions (m/z 248–
244).[36] For the m/z 1044 ions generated by elimination of
(H)Br from the M+ species as well as for the m/z 888 and
m/z 808/810 ions, the compositions C20H4Br10, C20H8Br8, and
C20H9Br7, respectively, were confirmed (HR). Clearly, if in
the forcing chlorination an average of 12 hydrogen atoms
had been replaced by 12 chlorine atoms (18), in the forcing
bromination a roughly equal number of hydrogen atoms was
replaced by only nine bromine atoms, hence up to two C=C
double bonds were implemented. The alleged superstatisti-
cal formation of the Th symmetrical 1,3,5,8,10,13,16,19-oc-
tabromide (highest bromination without vicinal substitu-
tion)[3,4b] could not be verified.


For the “brute-force” photobromination in bromine as
solvent it had originally been suggested that the C20Br20
“bromine ball” 6 most certainly was a component of a hy-
drogen-free, dark brown product, based on laser-desorption-
time-of-flight (LD-TOF) MS measurements.[3] This pre-
sumption was premature. The respective group of signals
(m/z inter alia 1852) as well as higher ones (m/z inter alia
2253 (“C20Br25”), 2730 (“C20Br30”)) had later to be ascribed


to solvates (p-complexes?) with bromine of unknown struc-
ture.[10b] In fact, in subsequent “brute-force” experiments,
analogously performed (Scheme 5, ii), no hydrogen-free
poly ACHTUNGTRENNUNGbromides were produced. Whilst after a reaction time of
4 h a greater number of the hydrogen atoms had been re-
placed (undecabromides as highest masses, MS), it took 14
days to reproducibly achieve with the deep brown solid ACHTUNGTRENNUNG29
the lowest hydrogen content (elemental composition
ACHTUNGTRENNUNG~C20H2.5Br12.5


[27]). Higher bromination and higher unsatura-
tion than in 28 was manifested in the NMR spectra. The
1H NMR band was, if only slightly, downfield shifted and no
13C signal was higher than d=77.7 ppm. The 70 eV EI MS
spectrum displayed C20HxBr14-x


+ ions as highest masses;
from the m/z 1200 cluster (C20H2(1)Br12


+) down to m/z 320
no cluster proved hydrogen-free (HRMS). The energetically
unfavorable eliminations of HBr to give the bromine-free
m/z 244–240 ions obviously occurred preferably at the end
of the elimination cascade. Signals for doubly charged ions
commenced with the very weak m/z 680 cluster (C20HxBr14


2+),
the ones with an odd number of bromine atoms falling to-
gether with signals for singly charged ions. The “finger-
print” clusters m/z 244–240, m/2z 122–120, and m/3z 82–80
were established by high-resolution measurements as singly,
doubly, and triply charged C20H4–0 ions; the signals underly-
ing that of the singly charged ions are those of the doubly
charged C20HxBr3


2+ species. It could only be speculated why
the intensity of the C20


+ signal was lower than that of
C20H


+, and of the C20
2+ signal (“spherically aromatic”?[37])


higher than that of C20H
2+ . In the 35-, 30-, and 25-eV spec-


tra the intensity of the doubly charged signals as well as the
C20


+ signal were increasingly reduced. At 35 eV no signals
could be attributed to the skeletal disintegrations postulated
for the C20Cl16 perchlorodienes 20. Below m/z 400, except
for Br2 and HBr, only very weak signals were recorded and
at 25 eV below m/z 644 there were none. Hence, for frag-
ments with m/z <600 the appearance potential amounts to
approximately 30 eV.


It was at this stage that the identity of the m/z 240 (m/2z
120, m/3z 80) ions in the MS spectra of 29 as singly, doubly,
and triply charged C20 fullerenes was taken for granted.[3]


However, when later the opportunity arose to mass-select
and PE spectroscopically characterize the C20 fullerene,[2]


the ratio of the C20
�/C20H


� ions as secured from 29 (Fig-
ure 4b (a)) was too unfavourable to allow a sufficiently neat
separation under the then available apparative situation. A
much improved protocol for the preparation of starting ma-
terial 2[38] provided the encouragement to resume the proj-
ect, which could easily have ended as just another “exercise
in preparative futility”.[39]


Initially, attempts were made to reduce the hydrogen con-
tent of 29 through HBr elimination with the P2F base (!
C20Br14(12)?) as had been successfully practiced with various
oligobromododecahedranes.[1,40] Yet even under very forcing
conditions the elemental composition of 29 remained practi-
cally constant. The hydrogen atoms, surrounded by volumi-
nous bromine substituents, were obviously not accessible
even to the small F� ion. By comparison, in control experi-


Scheme 5. Reference compounds 26 and 27; chemical shifts(d); i) 2
(10 mg (0.04 mmol))/CCl4 (2 mL)/Br2 (5 mL, 0.10 mol)/300 W Osram Vi-
talux day light lamp/reflux/4 h (4 days); ii) 2 (20 mg (0.08 mmol))/Br2
(5 mL, 0.10 mol), high-pressure glass ampoule/300-W Osram Vitalux day
light lamp/130–150 8C inside temperature/4days; iii) 2 (40 mg
(0.16 mmol))/Br2 (10 mL, (0.20 mol))/high-pressure glass ampoule with
adjustable valve/300-W Osram Vitalux day light lamp/130–150 8C/3 days;
iv) 31 (60 mg)/CHCl3/CH3OH 10:1 (5 mL)/Pd/C (5%, 80 mg)/H2 (1 bar))/
room temperature (20 h)/reflux 5 h).
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ments with 28, the hydrogen
content of 7.6 was reduced to
about 3.5. Next, modifications
of the “brute-force” bromina-
tion procedure were explored.
Since the re-addition of gener-
ated HBr gas was suspected to
participate under the extreme
conditions in the formation of
29, the bromination protocol
was modified to allow the
evolving HBr to continuously
leak out of the high-pressure
tube (together with some bro-
mine). Indeed, in a typical bro-
mination experiment
(Scheme 5, iii) starting with
40 mg of 2 in 10 mL of bromine
inside a high-pressure glass am-
poule fitted with an appropriate
security valve,[4h] the average
hydrogen content in the 190–
200 mg of deep red material 30,
isolated after a reaction time of
three days, was reduced if
only slightly, with C20HxBr14�x


trienes still as the highest bro-
mides (elemental composition
~C20H2Br12


[27]). Repetition of
the experiment with 30, as
starting material had no further
significant effect on the product
distribution (MS). Yet, as in the case of 19/20, boiling
CHCl3 separated a soluble, hydrogen-richer fraction 31
(~C20H2.5Br12,[27] 125–130 mg) from an insoluble, hydrogen-
poorer fraction 32 (~C20HBr13,


[27] 58–68 mg). The 70-eV EI
MS spectrum of 32 (Figure 4a) differed from those of 30
(and 31) by displaying higher relative intensities of the m/z
1280 (C20Br14, HRMS), 1200, and 1120 clusters, in line with
C20H0–2Br14–12 tri ACHTUNGTRENNUNG(tetra)enes as major components. There is
additional evidence (Scheme 6), that the most intense m/z
1200 cluster stands in part for C20Br12 tetraenes. Ultimately
essential differences between 29, 31, and 32 were reflected
in the C20Hx “finger print” regions of the MS spectra (Fig-
ure 4b). For 32 (Figure 4b (c)) m/z 244 C20H4


+ ions were
absent and the m/z 240 signal was, after correction for 13C
(Figure 4b (c’)), roughly twice as intense as m/z 241. It was
with such samples that neat separation of the m/z 240/241
anions could be accomplished.[2] Differently from the
C20Cl10


+ (2+ ) signals in Figure 3a, the C20Br10
+ (2+ ) signals in


Figure 4a are not particularly intense. Calculations would
presumably confirm that in case of the neutral decabro-
mo[10]trannulene 37, the strain induced by the two pentab-
romopentagons outweighs the s-aromatic stabilization.[30]


The soluble mixture 31 under the conditions applied to 19
(Scheme 5, iv) was nearly quantitatively reduced back to 2
(>95%, C20H19Br monobromide as main impurity). As ex-


emplified with model oligobromides in Scheme 5 of the pre-
ceding paper,[7] could [Fe2(CO)9] effect cis-b-eliminations of
HBr and Br2 in 31 to provide C20 (hydro)fullerenes possibly
protected in a defined way by [Fe(CO]4] ligands, ultimately
tenfold complexed C20Fe10(CO)x? In explorative experi-
ments, 31 reacted only very sluggishly when exposed to
about two equivalents of reagent per substituent. After re-
fluxing for three days and work-up of the deep green reac-
tion solution, the colorless product mixture was indeed free
of bromine yet far too complex for a proper detailed analy-
sis. Still, the EI MS spectrum displayed m/z 1081 as highest
mass, with due reservation assigned to C20H2Fe9(CO)12 ions,
hence to a dihydro[20]fullerene with nine complexed C=C
double bonds. The elimination cascade finished with m/z
246–240 (m/2z 123–120) for C20H6–0


+ (2+ )ions. As noted for
the simpler cases,[1] loss of the ligands is accompanied by the
uptake of hydrogen.


Like the C20Cl16 dienes 20, the tri ACHTUNGTRENNUNG(tetra)enes 32 proved re-
sistant to oxygen and dimerization (polymerization), essen-
tially surviving sublimation at 360 8C/10�5 Torr yet reacted as
highly dilute solution in dibromobenzene not with furan but
with CH2N2 (Scheme 6). Again insufficient solubility prohib-
ited NMR analyses, whilst the IR spectra attested to the
presence of D1-pyrazolines (ñ=1566 cm�1) as well as of cy-
clopropane rings (ñ=1412 cm�1). In the MS spectra two dis-


Figure 4. a) 70-eV EI MS spectrum of 32. b) Mass distribution in the “finger print” regions m/z 235–245 for 29
(a), 31 (b), 32 (c, c’ corrected for 13C).
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tinct progressions by 80(81) mass units for two sequences of
(H)Br eliminations (intensity ca. 3:1) starting from m/z
1240–1244 (C20H0–2Br14–12·3CH2) and m/z 1174–1178
(C20HxBr12�x·4CH2), respectively, and relative to the pattern
in Figure 4a displaced by 42/56 mass units (3/4 CH2), corre-
sponded with tris-/tetrakis-cyclopropanated species 34,
which were possibly generated from 33 during vaporization.
The question is open, whether the bromine-free C23H7(6)


+ (2+ )


ions 35 (m/z 285–283; m/2z 141.5, 141) and the C24H8
+ ions


36 (m/z 296) in the MS spectra represent tris-/tetrakiscyclo-
propanated C20 fullerenes, homologues of 24, or C23/C24


cages, homologues of 25?[41]


Conclusion


With questionable MS evidence for the formation of
C20(OH)20 (3), mg-quantities of slightly impure C20F20 (4),
only traces of ionized C20Cl20 (5) in the gas phase, and no
sign of C20Br20 (6), the original, partly rather speculative a
priori goals of this study were missed by a large extent. Still,
in as much as 2 qualifies as a “[20]fullerane”, 4 and 5 stand
as per ACHTUNGTRENNUNG(poly))halo[20]fullerenes and as rare per-
ACHTUNGTRENNUNG(poly)substituted platonic solids.[42] Unsuccessful were also
the attempts, hampered by solubility problems, to secure
from the possibly equilibrated C20Cl16 mixture[43] a defined
isomer (e. g. [10]trannulene 21, Scheme 4), to effect control-
led hydrolysis (C20(OH)16, Scheme 1) or elimination of chlor-
ine up to the limits of the less substituted and still isolable
C20 derivatives.[44] As to the chemistry involved in the bulk
preparation of the C20Cl16 dienes 20, the C20H2.5Br12.5 tri-
ACHTUNGTRENNUNG(tetra)enes 29 and ultimately hydrogen-poorer 30, it can
only be speculated, what steric or mechanistic reasons


“brute-force” bromination, even with removal of the gener-
ated HBr gas, did not provide hydrogen-free tetradecabro-
motrienes/dodecabromotetraenes (C20Br14(12)) in proportions,
which would have allowed their isolation and later the un-
problematic mass separation of the C20


� ion.[2] On the en-
couraging side, with the fullerene 1 as the ultimate target,
electron-impact ionization of the dienes 20 and tri-
ACHTUNGTRENNUNG(tetra)enes 29 had provided the first evidence for the vapor-
phase formation and skeletal stability of singly, doubly, and
triply charged C20 fullerene ions. That the cascade of sixteen
chlorine eliminations from the C20Cl16 ions had to face com-
petition by a-cleavage and cage fragmentation was in line
with prior experience.[45] More selective loss of the fourteen
to twelve Br atoms from 29 was hoped for in view of the sig-
nificantly weaker C�Br bonds ,but was in its actual exclu-
siveness a fortuitous event. To be expected was the reluc-
tance of the resulting C20Hx ions to expel their hydrogen
atoms, in contrast to C60Hx hydrofullerenes. Yet, even if the
evidence amassed in this and prior studies left hardly any
doubt about the fullerene structure attributed to the singly,
doubly, and triply charged C20Hx ions produced by electron-
impact ionization,[45] skeletal isomerizations somewhere
along the dehalogenation cascades were indeed not unequiv-
ocally excluded. Thus, for perchlorinated polycyclic aromatic
hydrocarbons it became known that the high energy needed
to eliminate all chlorine atoms could cause partial or even
total skeletal isomerizations.[41b,45,46] “Mild” generation of
the C20


� ion, mass-selection, and PE spectroscopic analysis
was the state of the art, as routinely applied to rare-gas and
metal ion clusters in the physics department in Freiburg by
the group of Prof. H. Haberland and Dr. B. v. Issendorff.[2,47]


If the changes in elemental composition from 29 to 30 to 32
might have seemed a more than modest reward given the
costs and investment in time, it was the “sine qua non” for
the separation and spectral characterization of the fullerene
1 as detailed in the subsequent paper.[2]


Experimental Section


General : Melting points (m.p) were determined on a Monoskop IV (Fa.
Bock) and are uncorrected. Elemental analyses were performed by the
Analytische Abteilung des Chemischen Laboratoriums Freiburg i. Br. IR
spectra were measured in KBr with a Perkin Elmer 457 or a Phillips PU
9706, 1H and 13C NMR NMR spectra with a Bruker AC 250, AM 400
spectrometers. When necessary assignments were confirmed by homo-
and heteronuclear decoupling and H,H and H,X correlation experiments.
Chemical shifts are given relative to TMS (d=0), coupling constants in
Hz; if not specified otherwise, the 400 MHz (1H) and 100.6 MHz (13C)
spectra recorded in CDCl3 are given: Values marked with an asterisk are
interchangeable. Mass spectra were run on a Finnigan MAT 44S spec-
trometer (EI, 70 eV, if not specified differently). For TLC, silica gel
plates 60 F254 (Merck, Darmstadt) were used. The silica gel used for
column chromatography was Merck (0.040–0.063 mm) or ICN, Biomedi-
cals GmbH (0.032–0.063 mm). All reactions were performed in carefully
degassed, anhydrous solutions with carefully dried reagents (chlorine,
bromine).


1,2,16,17-Tetrahydroxyundecacyclo[9.9.0.02,9.03,7.04,20.05,18.06,16.08,15.010,14.-
2,9.03,7.04,20.05,18.06,16.08,15.010,14. ACHTUNGTRENNUNG012,19.013,17]icosane (8): Trifluoroperacetic acid
(0.4 mL, 5.2 mmol) was added to a stirred solution of 1,2;16,17-diepoxi-


Scheme 6. Response of 32 to electron impact ionization; i) 32 (60 mg)/m-
dibromobenzene (5 mL)/CH2N2 ACHTUNGTRENNUNG(excess)/3 days.
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dodecahedrane[13] (30 mg, 0.10 mmol) in CH2Cl2 (2 mL). After concentra-
tion in vacuo the colorless, hygroscopic solid residue (bisacetal) was used
as such. 1H NMR (CDCl3/CF3CO2H): d=3.5–3.4 (m, 8H), 3.25–3.05 (m,
8H); 13C NMR: d=124.7 (C-1,-2,-16,-17), 70.5, 70.4, 70.3, 70.2 (C-3,-6,-9,-
13,-15,-18,-20), 66.1, 65.9, 65.8, 65.7 (C-4,-5,-10,-14), 64.6, 64.2, 63.9 ppm
(C-7,-8,-12,-19). After addition of K2CO3 (2 mg) and MeOH (10 mL) the
mixture was stirred for 15 min. Upon concentration to about 2 mL, 30 mg
(92%) of 8 deposited as colorless crystals. M.p. >320 8C; IR: ñ=3450
(OH), 2940, 1295 cm�1; 1H NMR ([D6]DMSO/CD3OD]: d=3.60 (m, 7-,8-
,12-,19-H)*, 3.23 (4-,5-,10,-14-H)*, 3.08 ppm (m, 3-,6-,9-,11-,13-,15-,18-,20-
H); 13C NMR ([D6]DMSO/CD3OD]: d=108.4 (C-1,-2,-16,-17), 72.8 (C-3,-
6,-9,-11,-13,-15,-18,-20), 64.3 (C-7,-8,-12-,19), 58.8 ppm (C-4,-5,-10,-14);
MS: m/z (%): 324 (100) [M]+ , 306 (20) [M�H2O]+ , 288 (10)
[M�2H2O]+ , 260 (13) [M�2H2O�CO]+ ; elemental analysis calcd (%)
for C20H20O4 (324.4): C 74.06, H 6.21; found: C 74.22, H 6.01.


Oxidation of 2 with DMDO : A suspension of 2 (13 mg, 0.05 mmol) in a
0.08m solution of DMDO in acetone (30 mL, ca. 2.5 mmol) was stirred
for two days at room temperature. After concentration in vacuo, the not
totally water-soluble, waxy solid (traces of residual 2) had an elemental
composition of C20H20O4.9 and pentols were the dominant components;
MS analysis disclosed higher polyols with C20H10(OH)10 decols as highest
masses (m/z : 420 (<0.2%) [M]+ , 402 (<0.2%) [M�H2O]+). After expo-
sure of this mixture to the same procedure (30 mL of DMDO solution,
two days), the elemental composition of the now nearly totally water-
soluble product (18 mg) had changed to C20H20O6.9, yet decols represent-
ed the highest degree of hydroxylation. After a second repetition of the
oxidation procedure (30 mL of DMDO solution, two days), the product
(20 mg) was no longer totally soluble in water. The water-soluble fraction
9 (14 mg, DC (SiO2, CH2Cl2/CH3OH 10:1)) with an elemental composi-
tion of C20H20O8.7 consisted of mainly octols/nonols and decols as highest
masses (MS). IR (KBr): Broad signals centered at ñ=3380 (OH), 2920,
1700, 1380, 1295, 1040 cm�1; 1H NMR (D2O, internal standard CD3CN): a
broad, structured absorption between d=4.0–3.2 ppm; 13C NMR (D2O,
internal standard CD3CN): d=117–110 (13C-OH), 84–76 (13C-H (COH)2),
76–67 (13C-H (COH)), 67–62 (13C-H (CH)3); MS: m/z (%): 420 (<1)
[C20H20O10], 338 (<1), 322 (<1), 304 (<1), 288 (<1), 276 (1).


Oxidation of 2 with TFMDO : A solution of 2 (13 mg, 0.05 mmol) in a
0.1m solution of TFMDO in 1,1,1-trifluoroacetone (2 mL, ca. 20 mmol)
was stirred at 0 8C for 10 h. After concentration in vacuo, the solid resi-
due was extracted with benzene (3.5 mL). The solute consisted of pure 2
(8 mg); the very complex residue (TLC) proved soluble in methanol; m.
p. >300 8C; IR (KBr): ñ=3390 (OH), 2948, 1682, 1385, 1243, 1048 cm�1;
1H NMR (D4]CH3OH: d=5.08 (dd), 3.9–3.8 (m), 3.63 (m), 3.42 (m),
2.33 ppm (t); MS: m/z (%): 564 (<1), 562 (<1), 534 (<1), 377 (<1), 345
(<1), 274 (1); MS (CI, isobutane): m/z (%): 539 (<1), 535 (<1), 457 (1),
455 (1), 443 (1), 412 (1), 393 (1), 379 (1), 341 (1), 319 (13); MS (CI,
NH3): m/z (%): 564 (<1), 562 (<1), 534 (1), 508 (2), 504 (2), 474 (8), 455
(3), 424 (36, 407 (50, 392 (67), 377 (100).


Fluorination of 13 : In an evacuated quartz tube, 13 (21 mg, 0.05 mmol)
and spray-dried NaF (300 mg), were thoroughly ground and exposed to
elemental, dry fluorine gas in five stages: 1) At liquid nitrogen tempera-
ture, the fluorine pressure of 20 mbar was raised to 100 mbar within
three days. 2) At �78 8C, the pressure was raised to 300 mbar within 10
days. 3) At this pressure, the mixture was slowly warmed up to �30 8C
within five days. 4) At room temperature, the pressure was raised to one
atmosphere within five days. 5) The tube was placed in an ultrasound
bath for 20 min. Very slow sublimation at 10�3 Torr and 70 8C (ca. 3
weeks) provided 3–4 mg of a waxy material consisting mainly of 4
(Figure 2; C20F20 (620.19); HRMS: calcd: 619.9677; found: 619.9600);
19F NMR: d=�163 ppm (s, br.) (dCFCl3=0); IR: ñ(C�F)=1083 cm�1 (vs,
br); MS (CI, NH3): m/z (%): 620 (20) (Figure 2). If sublimation was ef-
fected at 200–250 8C, the sublimate contained at best traces of 4.


Chlorination of 2 : Method i): A mixture of 2 (13 mg, 0.05 mmol) and
AlCl3 (100 mg, 0.75 mmol) in CCl4 (20 mL), continuously saturated with
dry Cl2 gas, was refluxed for 24 h (homogeneous after ca. 1 h). The cold
mixture was poured onto ice water (10 mL), then extracted with CH2Cl2
(3V10 mL). After drying (MgSO4) and concentration of the organic
phase, the waxy residue 18 (ca. 30 mg) of elemental composition


C20H7.7Cl12.1 was not amenable to any separation (TLC, column chroma-
tography, crystallization). M.p. >300 8C; IR: ñ=2956 (C�H), 1737 (very
weak, C=C), 1398, 1340, 1289, 1260, 1188, 1112, 876, 846, 801 733,
707 cm�1; 1H NMR: d=4.7–4.2 ppm (br. m); 13C NMR: d=99.1–97.2 (20
signals, C-Cl), 90.7–82.6 (36 signals, CH-Cl). 62.9–58.2 ppm (17 signals, C-
H); MS : most intense signals in clusters at m/z (%): 742 (0.2)
[C20HxCl14]


+, 707 (4), 672 (2), 638 (40), 604 (93), 570 (100),,533 (94), 497
(46), 461 (22), 426 (20), 390 (24), 354 (30), 320 (28), 284 (36), 266 (20),
250 (28) [C20H10]


+ (HR), 248 (60) [C20H8]
+ (HR), 246 (28) [C20H6]


+


(HR), 93 (58), 73 (82), 59 (12); m/2z (%): 213 (52) [C20HxCl5]
2+ , 195


(68), 178 (78), 160 (64), 149 (70), 124 (64) [C20H8]
2+ (HR). After longer


reaction times (up to three days), the relative intensity of the highest
clusters m/z : 742, 707, 672 had increased, no higher chlorides were exhib-
ited.


Method ii) A suspension of 2 (26 mg, 0.10 mmol) in chlorine (10 mL),
condensed into a high-pressure glass ampoule (80 mL volume) was irradi-
ated for four days with a 300-W Osram-Ultravitalux daylight lamp instal-
led at about 1-cm distance (inside temperature 130–150 8C). After con-
centration of the homogeneous, yellowish reaction solution, the solid resi-
due (m. p. >300 8C, ca. 70 mg) was extracted with boiling CHCl3 (3V
5 mL) providing 24 mg of soluble 19 and 46 mg of insoluble 20. After ir-
radiation for 10 days, this proportion had changed to about 16:54 mg. 19
(C20H2Cl15 averaged elemental composition[27]): Colorless solid; m. p. >
300 8C; IR: ñ=2923 (C�H), 1741 (C=C), 1302, 1062, 949, 762 cm�1;
1H NMR: d=5.3–4.4 ppm (br. m); 13C NMR: d=157.9, 154.8, 153.7 (C=
C), 100.5–93.7 (C�Cl), 79.2–77.0 ppm (C�H, vicinal C�C1); MS: m/z
(%): 949 (3) [C20Cl20]


+ (HR: Figure 3b), 914 (1), 878 (4), 843 (3), 807 (8)
[C20HxCl14]


+, 773 (75), 739 (80), 702 (25), 665 (25), 632 (19), 595 (55), 560
(45) [C20HxCl10]


+ , 524 (57), 489 (30), 453 (49) [C11Cl9]
+ , 418 (38), 382


(24), 354 (33) [C9Cl7]
+ , 348 (20), 313 (32), 280 (55), 262 (79), 245 (20),


244 (35), 243 (31), 242 (14), 241 (4), 240 (5) [C20Hx]
+ ([C20HxCl7]


2+); m/
2z (%): 333 (25) [C20Cl12]


2+ , 316 (55), 298 (60) [C20HxCl10]
2+ , 262 (70),


243 (31) [C20HxCl7]
2+ , 226 (49), 209 (35) [C20HxCl5]


+ , 192 (20), 174 (19),
156 (19), 138 (4), 120 (5), 70 (100) [Cl2]


+ .


20 : Isomeric hexadecachloroundecacyclo[9.9.0.02,9.03,7.04,20.05,18.06,16.-
2,9.03,7.04,20.05,18.06,16. ACHTUNGTRENNUNG08,15.010,14.012,19.013,17]icosadienes : Crystalline solid; m. p
>330 8C; sublimed at 300 8C/10�4 Torr without significant decomposition;
insoluble in all solvents tested at reflux (CH2Cl2, tetrachloroethylene, tol-
uene, trichlorobenzene, pyridine, methanol, THF, CH3CN, CS2,
CF3CO2H). Compound 20 (ca. 5 mg) was soluble in boiling m-dibromo-
benzene (5 mL). After four days under an O2 atmosphere no oxidation
had occurred (IR, MS). IR (KBr): ñ=1639 (C=C), 1168, 949, 668 cm�1;
MS (70 eV, Figure 3a): m/z (%): 808 (9) [C20Cl16]


+ (HR), 771 (83), 734
(28), 701 (50), 666 (42), 631 (16), 594 (100) [C20Cl10]


+, 559 (11), 524 (60),
487 (10), 452 (42), 417 (11), 382 (28). 354 (60) [C9Cl7]


+ , 348 (22), 313
(14), 276 (3), 240 (7) [C20]


+ ; m/2z (%): 404 (3) [C20Cl16]
2+ , 386 (8), 367


(14), 350 (18), 333 (54), 316 (8), 297 (80) [C20Cl10]
2+ , 262 (69), 244 (7),


226 (49), 208 (4),,190 (22), 154 (16), 120 (14) [C20]
2+ ; MS (28 eV): m/z


(%): 806 (16), 771 (100), 736 (12), 701 (22), 666 (11), 629 (8), 594 (10),
499 (8) [C15Cl9]


+ , 452 (20) [C11Cl9]
+, 416 (1), 380 (5), 354 (65) [C9Cl7]


+ ,
345 (18), 308 (21) [C5Cl7]


+ , 63 (8); elemental analysis (%) calcd for
C20Cl16 (807.5): C 29.75, Cl 70.25; found: C 29.45 Cl 69.85.


Reduction of 19 to 2 : A solution of 19 (40 mg) in CHCl3/CH3OH (10:1,
5 mL) was stirred for 20 h over Pd/C (5%; 100 mg) under H2 (1 bar).
After filtration and concentration, the residue consisted of practically
pure 2 (12 mg).


Addition of CH2N2 to 20 : Compound 20 (10 mg) was dissolved in boiling
m-dibromobenzene (5 mL, ca. 10�4


m). After the solution had been
cooled to room temperature, a vast excess of CH2N2 (ca. 50 equivalents)
was blown into the still homogeneous solution. Very slowly, a colorless
microcrystalline solid deposited; after 24 h 10 mg were filtered off;
m.p. >300 8C (loss of N2, IR, MS). The product mixture (not necessarily
22/23) proved insoluble in all the solvents tested for 20. IR (KBr): ñ=
2920 cm�1, 2850, 1711, 1653, 1386, 1173; MS: Most intense signals in
broad clusters at m/z (%): 836 (8) [C22H4Cl16]


+ , 800 (100), 764 (53), 729
(60), 693 (53), 657 (54), 622 (53), 586 (54), 551 (56), 516 (52), 480 (54),
444 (43), 410 (53), 374 (25), 339 (26), 303 (20), 268 (18) [C22H4]


+ , 84 (60),
44 (66); m/2z (%): 382 (46) [C22H4Cl14]


2+ , 364 (48), 347 (54). 329 (54),
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311 (57), 293 (63), 276 (71), 258 (59), 241 (62), 222 (57), 205 (58), 186
(53), 169 (53), 151 (36), 134 (24) [C22H4]


2+ . HRMS: [C22H4
35L12


37L3]
+ :


calcd: 798.5552; found: 798.5540; [C22H4
35L6


37L2]
+ : calcd: 551.7762;


found:551.7734; [C22H4]
+ : calcd: 268.0313; found: 268.0312; [C22H4]


2+ :
calcd: 154.0156; found: 154.0153.


Bromination of 2: Method i): A suspension of 2 (10 mg, 0.04 mmol) in
CCl4 (2 mL)/Br2 (5 mL, 0.10 mol) was irradiated for 4 h (300-W Osram-
Ultravitalux daylight lamp, reflux). After the mixture was briefly cooled
to �100 8C, bromine was distilled off and the brownish residue was fil-
tered through silica gel (CCl4): 34 mg of a waxy material (m.p. ca. 125 8C,
averaged elemental composition C20H11.0Br7.9 ;


[27]), which was soluble in
standard organic solvents, were isolated. IR: ñ=2928 (C�H), 1637 (C=
C), 1251, 884 cm�1; 1H NMR (500 MHz): d=5.0–3.7 ppm (br. m);
13C NMR: d=92.4–84.8 (C-Br), 77.8–71.7 (HC-(C-Br)2), 62.1–57.0 ppm;
MS: Most intense signals in clusters at m/z (%): 964 (<1) [C20HxBr9]


+ ,
886 (7), 810 (38), 731 (76), 651 (61), 571 (29), 491 (24), 411 (22), 331 (27),
253 (11) [C20H13]


+ , 252 (31), 251 (52), 250 (73), 249 (27), 248 (38), 247
(8), 246 (13), 245 (17), 244 (13), 243 (4) [C20H3]


+ ; 80 (38); m/2z (%): 404
(5) [C20HxBr7]


2+ , 365 (8), 326 (12), 285 (17), 246, 224 (16), 205 (22), 165
(28), 126.5 (6) [C20H13]


2+ , 126 (26), 125.5 (35), 125 (100), 124.5 (30), 124
(47), 123.5 (7), 123 (7). After irradiation for four days, 36 mg of brownish
solid 29 (averaged elemental composition C20H7.6Br9.1) were isolated as a
brownish-red solid; no single component could be separated; m.p. 115–
135 8C (decomp); IR: ñ=2927 (C�H), 1631 (C=C), 1245, 1107, 884 cm�1;
1H NMR: d=5.3–3.9 ppm (br.); MS: Most intense signals in clusters at
m/z (%): 1124 (<0.1) [C20HxBr9]


+ , 1044 (4), 964 (32), 886 (74), 806 (68),
729 (30), 647 (24), 567 (26), 487 (24), 407 (28), 328 (27), 249 (4) [C20H9]


+ ,
248 (11), 247 (50), 246 (75), 244 (30), 242 (20) [C20H2]


+ , 80 (100); m/2z
(%): 442 (5) [C20HxBr8]


2+ , 365 (18), 326 (22), 283 (27), 244, 220 (16), 202
(22), 164 (28), 125 (10) [C20H10]


2+ , 124.5 (5), 124 (16), 123.5 (11), 123
(17), 122.5 (3), 122 (3) [C20H2]


2+ .


Method ii): A suspension of 2 (20 mg, 0.08 mmol) in bromine (5 mL,
0.10 mol) was irradiated in a high- pressure glass ampoule as used for the
perchlorination (80 mL volume, 300-W Osram Ultravitalux daylight
lamp, inside temp. 130–150 8C). After 4 h, the still heterogeneous solution
was worked up, the brownish-red solid (ca. 80 mg) had an elemental com-
position of C20H5.1Br9.8 ; after irradiation for four days the reaction solu-
tion was homogeneous, the isolated product 29 (ca. 100 mg) had an aver-
aged elemental composition of C20H2.5Br12.5. IR: ñ=2980 2930 (C�H),
1640 (C=C), 1400, 1110, 970, 960, 680, 630 cm�1; 1H NMR: d=5.3–
3.9 ppm (br.); 13C NMR: d=157.9 (C=C?), 98.9, 98.8, 97.5, 96.5, 95,0,
93.9, 93.6, 93.2, 87.4, 85.1, 83.9, 81.9, 79.9, 79.1, 77.9 ppm; MS (70 eV):
most intense signals in clusters at m/z (%): 1280 (4) [C20HBr13]


+ , 1200
(47), 1120 (33), 1043 (24), 963 (10), 881 (12), 802 (10), 722 (13), 640 (12),
561 (18), 480 (34), 401 (50), 321 (55), 245 (2) [C20H5]


+ , 244 (4), 243 (14),
242 (32), 241 (40) [C20H]+ , 240 (32) [C20]


+ , 80 (75), 41 (100); m/2z (%):
600 (3) [C20H2Br12]


2+ (HR), 599 (3) [C20H1Br12]
2+ (HR), 560, 520 (6),


480, 440 (18), 401 [C20H2Br7]
2+ (HR), 400 [C20HBr7]


2+ (HR), 360 (22),
320 [C20H2Br5]


2+ (HR), 280 (30), 240 (8), 201 (40), 161 (62), 122.5 (3)
[C20H5]


2+ , 120 (20), 121.5 (21) 121 (34), 120.5 [C20H]2+ (40), 120 (60)
[C20]


2+ ; m/3z (%): 81.3 (0.5) [C20H4]
3+ , 80.6 (8), 80.3 (10), 80.0 (5) [C20]


3+


; MS (35 eV): most intensive signals in clusters at m/z (%): 962 (60), 883
(70), 802 (50), 724 (44), 643 (22), 561 (16), 520 (8), 481 (29), 441 (18), 401
(48), 322 (40), 281 (20), 241 (62), 201 (15), 160 (30), 121 (26), 160 (25), 82
(100), 44 (20); MS (30 eV): most intense signals in clusters at m/z (%):
962 (50), 883 (58), 803 (42), 723 (38), 644 (22), 561 (24), 520 (3), 480 (5),
441 (1), 401 (1), 322 (1), 160 (24), 121 (2), 80 (100), 44 (35); MS (25 eV):
most intense signals in clusters at m/z (%): 960 (40), 885 (20), 802 (9),
724 (2), 160 (19), 80 (100), 44 (20).


Method iii): Compare method ii). The irradiation (2 (40 mg, 0.16 mmol)/
bromine (10 mL, 0.2 mol)) was performed in an ampoule (25 mL) adjust-
ed with a high-pressure valve to allow generated HBr to leak out (to-
gether with some bromine). After a reaction time of three days and con-
centration in vacuo, the reddish residue 30 (190–200 mg) of C20H2Br12
averaged elemental composition was extracted with boiling CHCl3 (3V
40 mL) to separate soluble 31 (125–130 mg) from insoluble 32 (58–
68 mg). 31: Reddish solid, C20H2.5Br12 averaged elemental composition,
m.p: >300 8C without decomposition, soluble in CH2Cl2, CHCl3, CCl4,


CHCl2–CHCl2, benzene, diethyl ether, ethyl acetate, CH3CN, CS2, DMF,
and DMSO. IR: ñ=2931 (C�H), 1728–1643 (C=C), 1127, 961 cm�1;
1H NMR: d=5.4–4.1 ppm (series of singlets); 13C NMR: d=159.1 (C=C),
100.5–93.7 (C-Br), 90.2–79.3 ppm (H-C-(CBr)2); MS: most intense signals
in clusters at m/z (%): 1359 (3) [C20Br14]


+ , 1280 (94), 1200 (100), 1120
(70), 1040 (30), 960 (28), 880 (24), 800 (27), 722 (21), 640 (24), 562 (25),
480 (48), 401 (50), 321 (42), 244 (6) [C20H4]


+ , 243 (23), 242 (44), 241 (69),
240 (70) [C20]


+ , 80 (58), 42 (100); m/2z (%): 680 (2) [C20Br14]
2+ (HR),


640, 600 (10), 560, 520 (44), 480, 440 (52), 401, 360 (52), 280 (44), 240,
201 (30), 161 (22), 122 (13) [C20H4]


2+ , 121.5 (26), 121 (44), 120.5 (21), 120
(29) [C20]


2+ . 32 : Reddish solid of C20HBr13 averaged elemental composi-
tion, sublimed unchanged at 300 8C/10�4 Torr. IR: ñ=2923 (C�H), 1684–
1587 (C=C), 1123, 961, 554 cm�1; MS (Figure 4a): m/z (%): 1359 (5)
[C20Br14]


+ , 1278 (97), 1200 (100), [C20H1Br12]
+ (HR), 1199 (30) [C20Br12]


+


, 1120 (74), 1040 (31), 960 (31), 880 (26), 800 (29) [C20H1(2)Br7]
+ (HR),


720 (27), 643 (27) [C20H1(2)Br5]
+ (HR), 560 (27) 481 (50), 400 (48)


[C20H1(2)Br2]
+ (HR), 321 (44) [C20H1(2)Br]+ (HR), 243 (7) [C20H3]


+ , 242
(15), 241 (66) [C20H]+ (HR), 240 (92) [C20]


+ (HR), 80 (60), 43 (91); m/2z
(%): 679 (10) [C20Br14]


2+ (HR), 640, 600 (12), 560, 520 (48), 480, 440
(52), 401, 360 (45), 320, 280 (47), 240, 201 (31), 161 (24), 121.5 (5), 121
(16) [C20H2]


2+ (HR), 120.5 (26), 120 (48) [C20]
2+ (HR), 81.0 [C20H3]


3+ ,
80.6 [C20H2]


3+ , 80.3 [C20H]3+ , 83.0 [C20]
3+ . When experiment (iii) was re-


peated with 30 as starting material, its composition and MS features were
not significantly altered.


Reduction of 31 to give 2 : A solution of 31 (60 mg) in CHCl3/CH3OH
(10:1, 5 mL) was stirred over Pd/C (5%; 80 mg) under H2 (1 bar) for 20 h
at room temperature, then for 4 h under reflux. After filtration and con-
centration, the residue consisted of 2 (13 mg) containing C20H19Br as the
major impurity (<5%).


Addition of CH2N2 to 32 : Compare with the reaction with 20. Compound
32 (20 mg) was (largely) dissolved in boiling m-dibromobenzene (10 mL).
After the solution had been cooled to room temperature, a vast excess of
CH2N2 (ca. 50 equivalents) was blown into the homogeneous solution.
Very slowly a colorless microcrystalline solid deposited, after 24 h ca.
20 mg were filtered off; m.p. >300 8C (loss of N2, IR, MS). The product
mixture (not necessarily 33/34) proved insoluble in all solvents tested for
32. IR (KBr): ñ=2923 cm�1, 1664, 1566, 1412, 1022; MS: Besides highest
mass at m/z (%): 1272 (1) [C23H8Br12N2]


+ most intense signals in clusters
at m/z (%): 1244 (1) [C23H8Br12]


+, 1164 (9) [C23H8Br11]
+ , 1083 (11), 1005


(18), 924 (7), 843 (8), 763 (7), 683 (10), 603 (9), 525 (13), 443 (10), 363
(12), 285 (12) [C23H9]


+ , 284 (24), 283 (43) [C23H7]
+ (HR, calcd:.


283.0536, found: 283.0548),,282 (26) [C23H6]
+ (35); m/2z (%): 541 (3)


[C23H7Br10]
2+ , 501 (4), 462 (8), 420 (7), 341 (30), 300 (15), 260 (10), 182


(18), 142.5 (14) [C23H9]
2+ , 142 (27), 141.5 (40), 141 (30) [C23H6]


2+ and
m/z (%)=1176 (<1) [C24H8Br11]


+ , 1097 (<1), 1019 (4), 939 (3), 859 (3),
777 (3), 698 (4), 618 (3), 539 (4), 459 (2), 379 (6), 296 (8) [C24H8]


+ (36),
80 (100) [Br2]


2+ .
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Introduction


It was with its recognition as the topologically smallest pos-
sible fullerene (1985) that the C20 carbon cage 1 first gained
widespread attention.[1] As the pure-carbon transliteration
of “Plato&s Universe” of historical connotation[2] the pentag-


onal structure rivalled its “big-brother” C60 fullerene in sym-
metry and beauty yet differed fundamentally in its extreme
skeletal curvature, and its extreme deviations from the norm
as regards to bonding, energy, and strain.[3] With the macro-
scopic preparation of C60 (1990)[4] and the dispute about the
mechanism of its formation,[5] 1 became an “evergreen” for
computational activities. Calculations of increasing levels of
sophistication addressed the relative energies of cage 1,
bowl 2, and ring 3 as the lowest-energy members of the C20


family of trivalent polyhedral carbon clusters, their structur-
al and spectral properties (electronic states, vibrational, opti-
cal, NMR spectra),[6] thermal stability, and possible intercon-
versions.[7] Even though some of the theoretical conclusions
were contradictory, there was a general agreement that
under the extreme conditions of fullerene formation entrop-
ic factors would favor 3 over 2 and 1, and doubts were even
raised that 1 could exist at all.[8] In fact, experimentally nei-
ther 1 nor 2 was observed;[9] the mass-selected C20


+ and C20
�


Abstract: Electron-impact ionization in
a time-of-flight mass spectrometer of
C20H0–3Br14–12 probes—secured from
C20H20 dodecahedrane by a “brute-
force” bromination protocol—provided
bromine-free C20H0–2(3) anions in
amounts that allowed the clean mass-
separation of the hydrogen-free C20


�


ions and the photoelectron (PE) spec-
troscopic characterization as C20 fuller-
ene (electron affinity (EA)=2.25�
0.03 eV, vibrational progressions of
730�70). The extremely strained C20


fullerene ions surfaced as kinetically
rather stable entities (lifetime of at
least the total flight time of 0.4 ms);
they only very sluggishly expel a C2


unit. The HOMO and LUMO are sug-
gested to be almost degenerate (DE=


0.27 eV). The assignment as a fullerene
was corroborated by the PE characteri-
zation of the C20 bowl (EA=2.17�
0.03 eV, vibrational progression of
2060�50 cm�1) analogously generated
from C20H10 corannulene (C20H1–3Br9–8


samples) and comparably stable.
Highly resolved low-temperature PE
spectra of the known C20 ring (EA=


2.49�0.03 eV, vibrational progressions
2022�45 and 455�30 cm�1), obtained
from graphite, display an admixture of,
most probably, a bicyclic isomer (EA=


3.40�0.03 eV, vibrational progression
455�30 cm�1). The C20


+ (�) and C20H2
+


(�) cluster ions generated from polybro-
minated perylene (C20H0–2Br12–10) have
(most probably) retained the planar
perylene-type skeleton (sheet, EA=


2.47�0.03 eV, vibrational progressions
of 2089�30 and 492�30 cm�1 and
EA=2.18�0.03 eV, vibrational pro-
gressions of 2105�30 and 468�
30 cm�1).
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cluster ions generated under various conditions by laser va-
porization of graphite,[10] of a specifically constructed 20-an-
nulene precursor,[11] and upon electron-impact-induced de-
functionalization of a perchlorinated C20 aromatic hydrocar-
bon[12] were characterized, with some controversies, as pre-
dominantly mono- and bicyclic rings, as tadpoles, and as
linear species (PE spectroscopy,[10,11, 13] ion chromatogra-
phy,[14] optical,[15] matrix Raman spectroscopy[16]).[17]


In 1983 we presented the C20H20 hydrocarbon “pagodane”
as a potential precursor of the C20H20 pentagonal dodecahe-
drane 5.[18] For the latter, the Paquette group had just dis-
closed the first successful synthesis.[19] Subsequently, along
the “pagodane–dodecahedran scheme” besides 5[20] numer-
ous dodecahedranes featuring various substitution patterns
were prepared.[21] Most surprisingly,[22] the unsaturated do-
decahedranes obtained this way (derivatives of monoene 6
and diene 7) proved thermally highly stable in spite of their
extreme olefinic pyramidalization (F=40–478 (MM3), 39–
408 (B3LYP/6–31G*)).[23] The neccessary protection against
dimerization is provided by four allylic C�H bonds which
themselves are flanked by two eclipsed C�H bonds. At this
point (1989) synthesis of the bare olefins 6–10, in which all
C=C double bonds enjoyed allylic protection, became a vig-
orously pursued goal.[24] The proximate, perfect in-plane fix-
ation of two C=C double bonds in diene 7 and triene 8, and
the orthogonal fixation of such pairs in tetraene 9 and hex-
aene 10 were unusual structural features promising intrigu-
ing structure/reactivity and homoconjugational phenomena,
in neutral compounds as well as in the derived ions.[25] In
this ballpark of “pyramidalized alkenes”[26] decaene 1 fig-
ured as the ultimate target. Still, it was a safe assumption
that with the preformed cage 5 as starting material the
chance to synthetically arrive at 1 would entropically be
much higher than in carbon condensation processes.


Increasingly economic routes to 5,[27] the isolation of crys-
talline 6 and 7 and their metal complexation,[28] the failure
to isolate or to directly identify 8, 9, and 10, and the libera-
tion of intact C20 ions with hydrogen contents as low as
C20H4 through electron-impact-induced defunctionalization
of increasingly higher functionalized dodecahedranes, have


been the subjects of detailed publications.[21,29] Herein we
present the full account[30] of the vapor-phase production
and PE spectroscopic characterization of 1. Bowl 2[31] and
ring 3,[10,11,13] of which the latter had already been character-
ized by PE spectroscopy, were included in this study to un-
equivocally exclude them as potential, if rather unlikely,[7]


isomerization products. This study was extended to low-tem-
perature, better resolved PE spectra of the rather flexible
3[32] which provided evidence for the admixture of a bicyclic
isomer, and to what is considered as graphitic, presumably
tetravalent sheet 4, a new C20 high-energy isomer.


Results and Discusssion


Precursors—anion MS spectra: Cage 1: The experience ac-
quired with the “fullerene hydrides” 6–10 left little meth-
odological room for the generation of the extremely reactive
polyene 1 from saturated, hardly strained hydrocarbon 5.[33]


Replacement of the strongly bound hydrogen atoms by
weakly bound chlorine or even more weakly bound bromine
atoms, dehalogenation by electron-impact ionization of the
highly to extremely strained “halogen-balls” C20Cl20 or
C20Br20, mass-selection of the C20


� ion and PE spectroscopic
characterization of 1 had surfaced as “state-of-the-art” strat-
egies.[10, 11,13] The synthetic part presented in the preceding
papers[23,34] was successful to the extent that through “forc-
ing” to “brute-force” halogenations of 1 the hydrogen-free
C20Cl16 dienes 11 and the hydrogen-poor C20H0–3Br14–12 tri-/
tetraenes 12 became reproducibly accessible. Both materials
survived sublimation at 200–250 8C/10�4 Torr unchanged
and, unlike the parents 7–9 were oxygen-insensitive, and
could be handled without precautions. Whilst electron-
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impact ionization of 11 caused elimination of the chlorine
substituents in competition with skeletal disruptions and fur-
nished C20


+ ions only in very low abundance, the expulsion
of the bromine substituents from the cations of 12 faced no
significant competition and led to a rather intense C20H0–3


+


“finger-print” region of 1.0/0.5/0.1/0.02 relative intensities.
There were good reasons to assume that loss of bromine
substituents from the anions of 12 would be equally exclu-
sive. As a bonus, doubly charged anions, similar to the dica-
tion C20HxBr3


2+ (m/2z 239–241), which would interfer with
the respective C20H0–3 signals, would not be formed.[35] And
indeed, the anion mass spectrum of 12 (Figure 1 a) shows a
sequence of C20HxBry


� fragments starting with a barely visi-
ble C20HxBr13 signal and abundancies continuously increas-
ing with decreasing bromine content, a testament to the in-
creasing (kinetic) stability of the corresponding ions. The
C20H0–3


� cluster is clearly dominant, the C20
�/C20H


� ratio
roughly that of the respective cations. Considerable kinetic
stability of 1� is additionally expressed in its fragmentation
pattern (Figure 2 a). There are no significant CnBrx


� frag-
ments (8<n<20), the intensity ratio of all CnHx


�/C20Hx
�


clusters is less than 10 %, C19Hx
� is, in line with the reluc-


tance of fullerenes to evaporate single carbon atoms,[36]


sharply suppressed.


Bowl 2 : Synthesis of 2, with its five hexagons condensed to
a central pentagon, a structural subunit of C60 fullerene and
another utopian target for standard synthesis,[31] was ap-
proached in close analogy to that for 1. At Boston College
forcing electrophilic chlorination of corannulene 13, the ar-
chetype of curved aromatic hydrocarbons,[37] had delivered
pure decachlorocorannulene 14 (C20Cl10) in high yield.[37–39]


The cation mass spectrum (70 eV) of 14 confirmed the step-
wise loss of the ten chlorine substituents without any notice-
able skeletal disintegration, to provide, however, as in case
of 11, C20Hx


+ ions of only very weak abundance. The deca-
bromide 16 was supposed to solve this problem. However, if
steric repulsions across the peri positions in 14 were strong
enough to enforce substantial flattening of the bowl,[40] deca-
bromination of 13 seemed highly problematic. In practice,
after refluxing a solution of 13/FeCl3/Br2 in 1,1,2,2-tetra-
chloroethane for 24 h, a practically insoluble product was


isolated (15), with a very weak C�H absorption in the IR
spectrum, which was attributed to a mixture of C20Br10


(16?) and C20HBr9/C20H2Br8 isomers (MS). Upon electron-
impact ionization the bromine atoms were consecutively
lost, and for every cation the corresponding dication was
registered; the C20H0–3


+ (together with C20HxBr3
2+) and


C20H0–2
2+ clusters were the most abundant ones (corrected


C20
+/C20H


+/C20H2
+/C20H3


+ ratios of 1.0/0.8/0.8/0.3). As for
1+ , a high (kinetic) stability of 2+ was expressed in the in-
tensity of the C20


+ (2+ ) signals, the absence of any C20�xBry
+


Figure 1. Anion mass spectra of the samples 12, 15, and 21. Insets show a
magnification of the [C20Hx]


� mass peaks. Owing to the natural abun-
dance of the 13C isotope (1.1 %) about 18% of the C20 intensity appears
at mass 241.
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fragments, and particularly in the very weak C18Hx
+ signals.


Attempts to enhance the proportion of 16 under the bromi-
nation conditions used for 12 (pressure, light, time, evapora-
tion of HBr, separation from hydrogen-richer compo-
nents)[34] were not successful (~C20HBr9 elemental composi-
tion[41,24d]), and were not pursued when the composition of
15 proved suitable for the mass selection of the C20


� ion.
The anion MS spectra (Figure 1 b, 2b) exhibit, in close re-
semblance to that of 12, a cascade of bromine eliminations,
starting with the hardly observable C20Br10 (16?) and ending


with a most intense C20H0–2
� cluster. In the latter, the cor-


rected C20
�/C20H


� ratio of about 1.0/0.1 is much higher than
for the respective cations (1.0/0.8)—an indication, that loss
of HBr occurs more frequently in the anions than in the cat-
ions? The fragmentation pattern of bowl 2� is somewhat
similar to that of cage 1�.


Sheet 4 : Perchlorination of perylene 17 to give the highly
strained dodecachloroperylene 18 (C20Cl12, “BMC reagent”,
S2Cl2/AlCl3/SO2Cl2/64 8C/4 h) and the exhaustive chlorine
elimination upon electron-impact ionization had been re-
ported by GrDtzmacher, Lifshitz and co-workers. From the
study of ion–molecule reactions with the presumably homo-
geneous C20


+ ion (7.8 % relative abundance) it was conclud-
ed that the graphitic backbone rearranges along the de-
ACHTUNGTRENNUNGchlorination cascade, most likely to give the more stable
ring 3+ .[12] There were good reasons to assume, that the
chances of arriving at the 4+ (�) ions would be better by start-
ing with the decabromide 19. Yet, preparation of 19, with its
severe steric Br/Br interaction, and thus more distorted
from planarity than 18, posed the expected hurdle. Ulti-
mately, satisfying results were achieved with a procedure
patterned along the “brute-force” bromination“ of 5.[34]


After irradiation (day light lamp) of a suspension of 17/
AlBr3/Br2 in a glass-ampoule with a high-pressure valve that
allowed HBr to leak out, extraction of the brownish-red
product with boiling CHCl3 led to the separation of the solu-
ble, hydrogen-richer 20 (8 %) from insoluble 21 (89 %, ~
C20H2Br10 elemental composition).[41, 24d] For 21, which com-
prised a mixture of mostly if not exclusively C20H2Br10 iso-
mers, the cation MS spectrum displayed C20H2Br10 decabro-
mides as highest masses (m/z 1041 (36)), as for 12 and 15
the exclusive loss of the bromine substituents, a sequence of
doubly charged ions with intensities increasing towards
C20H2


2+ , and in line with the elemental composition a most
intense C20H2


+ signal between m/z 239–243 (C20H0–2,
C20HxBr3


2+) In the anion MS, (Figures 1 c and 2c) starting


Figure 2. Fragmentation patterns of the the C20Hx
� clusters derived from


the samples 12, 15, and 21.
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with a remarkably intense C20HxBr10
� signal, fragment ions


are more abundant with an even number than with an
uneven number of bromine atoms (particularly favorable
elimination of Br2?). With corrected C20


�/C20H
�/C20H2


�


ratios of 0.3/0.1/1.0 the neat separation of the C20
� and


C20H2
� ions proved possible. The C20Hx


�/CnHx
� ratio and


fragmentation pattern do not differ significantly from that
measured for 12 and 15 Thus, the assumption was well justi-
fied, that all along the deACHTUNGTRENNUNG(hydro)bromination cascades, in all
C20HxBry


� ions, the perylene-type skeleton had been re-
tained.[42]


Mass selection and PE characterization:[43,44] For the produc-
tion of the carbon cluster anions from the respective precur-
sor molecules a special ion source was used (Figure 3). The
precursor substance is immobilized by a drop of toluene on
a piece of copper foil; this is then inserted into a quartz
tube, which is electrically heated to a temperature of 150 to
250 8C. A pulse of ultrapure helium (about 5 T10�2 s) from a
solenoid valve flushes evaporated material into a copper
tube, where a gas discharge is fired by applying a short high-
voltage pulse to an isolated tungsten pin protruding into the
tube (1–2 kV applied for 1–10 ms; the current is limited by
an in series resistor of 1 kW). The gas discharge fragments
the precursor molecules and negatively charges the products
with a very high efficiency.[45] After expansion of the gas
into the vacuum, the ions pass a skimmer and enter a reflec-
tron time-of-flight mass spectrometer, which can be used to
measure mass spectra of the ions as well as to size-select a
given mass for the photoelectron spectroscopy (Figure 4).
For this purpose a pulsed ion mirror consisting of two paral-
lel meshes is employed, which is switched to reflection
mode when the desired cluster size is passing through. The
resolution of this mass selector is about m/dm 300, which
allows, given favorable C20


�/C20H
� ratios,[46] clean C20


� clus-
ters (mass 240) to be separated from clusters with one or
more hydrogen atoms attached. The mass-selected cluster
ions are inserted into a magnetic bottle-type photoelectron
spectrometer.[47,48] Here the ions are decelerated and irradi-
ated by a pulsed laser beam. The laser light is produced by
an XeCl excimer laser (wavelength 308 nm) or by an exci-
mer-pumped dye-laser (wavelength tunable from 200 to
1000 nm). The pulse length of the laser is about 10 ns; the


peak intensity is typically
108 W cm�2. The flight time dis-
tribution of the emitted elec-
trons is measured and trans-
formed into a kinetic energy
distribution. The energy resolu-
tion of the spectrometer is
about E/dE=50. It has been
calibrated by measuring the
known photoelectron spectrum
of Pt� ions, which leads to an
accuracy of the measured bind-
ing energies of about 30 meV.Figure 3. Gas discharge source used for evaporation, debromination, and charging of the precursor molecules.


See text for details.
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For the production of carbon clusters from graphite a
standard laser evaporation source has been used. A laser
pulse from a KrF excimer laser (248 nm, 5 mJ focused to
about 50 mm diameter) evaporates carbon from a rotating
graphite rod into a pulse of ultrapure helium, which leads to
the formation of neutral and charged clusters. The gas trans-
porting the clusters then expands through a 1.5-mm diame-
ter nozzle into the vacuum. To produce cold clusters a
liquid-nitrogen-cooled copper tube was attached to both the
gas discharge and the laser evaporation cluster source. Sig-
nificant loss of ions at the walls of this tube reduces the ion
intensity by roughly a factor of ten; therefore the gain in
photoelectron spectrum resolution is often deteriorated by
higher noise in the spectrum due to lower intensity. Addi-
tional cooling significantly improves the resolution only for
clusters with very low frequency vibrational modes; for this
reason only for some of the C20� isomers did the cooling
lead to an appreciable improvement of the spectra. Owing
to the non-equilibrium situation in a pulsed source the abso-
lute temperatures of the clusters produced by both methods
are not known, which is due to the possibly incomplete ther-
mal equilibration within the source and cooling tube and the
additional cooling effect of the gas expansion at the end of
the source. Nevertheless, the cluster temperature is most
probably close to the source temperature, which means that
the room-temperature source will produce clusters with
about 300 K, whereas the use of the liquid nitrogen cooling
stage will lead to cluster temperatures of about 100 K.


The PE spectra of the mass-selected C20
� (and C20H2


�)
ions obtained from 12, 15, and 21 and graphite are shown in
Figures 5–8. The spectra were recorded several times and
showed no dependence on the source conditions (except on
temperature). Thus, the PES data suggest the presence of a
single, unique C20 isomer in each case. Exact mass selection,
however, is crucial; admixture of hydrogenated species
(C20Hx


�) causes a blurring of the vibrational structure. The
fact that all four C20


� ions can be generated selectively, and
that they can be moved over finite periods of time through
the apparatus and then ionized to the neutral allotrope, con-
firms for all four C20 clusters a lifetime of a least the total


flight time (0.4 ms); all of them have most probably an infin-
ite lifetime as isolated species (in the gas phase at not too
high temperatures).[7]


The spectra of 1 (Figure 5 a) and 2 (Figure 5 b) are the
same as published earlier.[30] The polyolefinic cage has an
electron affinity (EA) of 2.25�0.03 eV and exhibits a vibra-
tional progression of 730�70 cm�1; at 0.27 eV above the
first ionization threshold another progression with a spacing
of 260�40 cm�1 sets in. Bowl 2 has a slightly smaller EA of
2.17�0.03 eV and a dominant vibrational progression with a
spacing of 2060�50 cm�1 for the triple bonds.[49]


The spectrum of the ring 3 measured at about 100 K (Fig-
ure 6 b) is clearly better resolved than the one (Figure 6 a)
shown in our prior communication[30] and the earlier pub-
lished ones.[10,11,13] The higher resolution allows a more pre-
cise determination of the electron affinity (EA=2.49�
0.03 eV) and of the major vibrational modes (2022�
45 cm�1, 455�30 cm�1). The profiles of the first and the
second peak of the high-frequency progression differ signifi-
cantly; these hint at a strong anharmonic coupling between
the high- and the low-frequency mode. This coupling might
account for the fact that the acetylenic stretching frequency
(2022 cm�1) is somewhat smaller and the bending frequency
(455 cm�1) is slightly larger than most of the theoretical
values.[49]


Most remarkably, at 3.40�0.03 eV a peak exhibiting vi-
brational progression with 455�30 cm�1 is visible, the inten-
sity of which depends on the source conditions (on the
strength and timing of the evaporation laser and buffer gas
pulses; the postproduction cooling only influences the peak


Figure 4. Cluster spectroscopy setup, consisting of the ion source shown
in Figure 3 (or a standard laser evaporation cluster source), a reflectron
time-of-flight mass spectrometer and a magnetic bottle type photoelec-
tron time-of-flight spectrometer.


Figure 5. PE spectra of the mass-selected C20
� clusters produced from 12


(a) and 15 (b) (wavelength of the detachment laser 380 nm (3.26 eV)).
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width) and therefore most probably represents another C20


isomer. “Bicyclic” structures with different inter-ring con-
nectivities and their ions have repeatedly been the subjects
of calculations.[7b, 11,12] Judging by the recently calculated
electron affinities (B3LYP/6-31+G(d)), the bicyclic 22
(EA=3.42 eV) and 23 (3.47 eV) are plausible alternatives


(1: 2.34 eV, 2 : 2.31 eV; 3 : 3.06 eV; linear chain: 4.72 eV).[50]


In Figure 7 the PE spectrum of 1 measured at 6.42 eV
photon energy (a) is shown together with the spectrum of
C60 fullerene (b) as produced in the gas discharge source by
evaporation of C60 powder. Owing to the much smaller clus-
ter abundance, the spectrum of 1 is significantly noisier than
the one of C60; a strong contribution from background elec-
trons setting in at about 4.5 eV binding energy has to be


subtracted. As discussed before for C60
�,[51] a band gap of


about 1.5 eV between the two highest lying peaks is ascribed
to the HOMO–LUMO gap of the neutral cluster. For 1 a
similar band gap seems to be present between the highest
lying peak and lower ones; the intensity of the highest peak,
however, already indicates that the corresponding state is
occupied by more than one electron. In fact, according to
calculations the C20 cage exhibits only a small Jahn–Teller
induced HOMO–LUMO gap.[49f] In support of this, the first
excited state in Figure 5 a lies only 0.27 eV above the ground
state. In this sense, cage 1 is not a large bandgap closed shell
cluster like the larger C60.


In Figure 8 spectra are reproduced which were obtained
for the C20


� (a) and C20H2
� (b) ions generated from 21. For


C20
� with an EA=2.47�0.03 eV the electron affinity is


practically that of ring 3. The vibrational structure with a
high frequency mode of 2089�30 cm�1 for triple bonds and
a low frequency of 492�30 cm�1 and especially the different
intensity distribution are, however, sufficiently different to
assign a different structure, tentatively that of the parent
graphitic, presumably tetravalent sheet 4 (cf. “plate” 11 in
Figure 2 of reference [49e]). Thus, ring 3, which is attributed
to the C20


+ ions resulting in very low intensity from the elec-
tron impact ionization of perchlororperylene 14,[12] is safely
excluded. For comparison the low-temperature spectrum of
the C20H2


� ion is pictured, which in the mass spectrum was
significantly more abundant than C20


� and therefore provid-
ed a better signal-to-noise ratio. In line with the tendency
that the electron affinity increases with the number of un-
paired electrons, the two hydrogen substituents lower the
EA value to 2.18�0.03 eV. The vibrational modes of 2105�


Figure 6. PE spectra of the mass-selected C20
� cluster (3�) produced from


graphite in a room temperature laser evaporation source, recorded with
(b) and without the liquid nitrogen cooled thermalization stage (a).[29]


Note the significant enhancement of the resolution in the latter case as
well as the appearance of a new peak at 3.4 eV binding energy (wave-
length of the detachment laser 308 nm (4.02 eV)).


Figure 7. PE spectra of the mass selected C20
� cluster produced from 12


and of C60
�, recorded at a wavelength of 193 nm (6.42 eV).
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30 and 468�30 cm�1 are similar to that of 4, additionally a
very low frequency mode with 169�30 cm�1 can be distin-
guished. The peak at a binding energy of 2.95 eV has a
much higher intensity than could be expected assuming a
standard Franck–Condon profile of the vibrational struc-
ture; it probably stands for either the first electronically ex-
cited state of the C20H2


� ion or for another isomer. The high
resolution of the spectra can be taken as evidence that in
both cases a uniform cluster has been measured and that the
graphitic structures have been retained.


In the prior communication[30] the expectation had been
expressed that the PE spectral characterization of 1 and 2
would serve as a benchmark test of quantum-mechanical
methods and would stimulate further theoretical activities.
And indeed, the subsequent hybrid-DFT calculations by
Saito and Miyamoto[52] confirmed our assignments. With
C2h(i) (rather than D5d, D3d, Ci, C2)


[49f] symmetry for neutral 1
the experimental electron affinity and vibrational frequen-
cies were convincingly reproduced (EA=2.1–2.2 eV; vibra-
tional progression of about 650 cm�1). In the case of 2, the
calculated EA of 2.06 (2.18) eV came again close to the ex-
perimental value of 2.17 eV. Insufficient agreement in the vi-
brational details was ascribed to calculationally not ad-
dressed electron correlation effects. Additional support
based on calculated electron affinities (1, 2, 3 and six other
C20 isomers such as 22 and 23), on vibrational progressions
(inter alia 1966 cm�1 for 2), and on Gibbs free energy argu-
ments was provided by Lu et al.[50] Thus, specifically exclud-
ed was the D5h non-fullerene cage 24, which in the most
recent, though not undisputed, simulated thermolysis study


of 1 had surfaced above 3000 K through the consecutive
cleavage of five C�C bonds and had been calculated to be
significantly more stable (2.295 eV vs. 5.134 eV; 2=0 eV;
decay activation energy of about 7 eV).[7i] For the sheets 4
and 4H2 the high-frequency mode of about 2100 cm�1 stands
again for triple bonds.


Conclusion


In a commentary on our prior communication[53] concern
had been raised that the C20 ions derived from the polybro-
minated cage and bowl precursors, perhaps unlikely, could
have been transformed in some unexpected way and that
the measured vibrational frequencies allowed their differen-
titation but might not unambigously prove their struc-
ture[54]—the agreement between experimental and subse-
quently computed vibrational details settled this question.
In this context a charming if ultimately unsuccessful attempt
to “chemicaly” prove the cage structure 1 should be noted:
Bromination of He@5 (helium content ca. 10�4 %)[55] to
He@12 and debromination to He@1. Exploratory efforts
under the conditions used for the generation of He@5 sug-
gested the successful incorporation of helium into 12. The
experiments were, however, not continued when a sufficient-
ly accurate measurement of the extremely low helium con-
tent proved not possible.


In line with computer simulations of the dynamics of 1 in
the highly dilute vapor phase,[7,53] as an isolated molecule,
the “spheroaromatic”[56] 1+ cation and 1� anion, and similar-
ly the ions derived from bowl 2, are highly stable and only
very sluggishly expel a C2 unit. This obviously also holds
true for every one of the numerous C20HxBrY fullerene and


Figure 8. PE spectra of the mass-selected C20
� (a) and C20H2


� clusters (b)
produced from 21 and recorded at a wavelength of 380 nm (3.26 eV). In
both cases the liquid nitrogen cooled thermalization stage was used to
cool the clusters.
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bowl ions making up the debromination cascades 12+ (�) !
1+ /2+ (�) and 15+ (�) ! 2+ /2+ (�). Regrettably the abundances
of the C18


� to C10
� fragment ions were too low for their PE


spectral characterization, and hence for a closer look into
the fragmentation pathways of cage and bowl ions. Extreme
reactivity of cage 1 due to the Jahn–Teller effect, which led
to a mixture of rapidly interconverting geometries of nearly
equal energies,[6] was demonstrated in laser desorption ex-
periments with 12 : 1 rapidly coalesced to give a series of
(C20)k


+ oligomers (k=2–13), presumably via [2+2]cycload-
ditions.[6,57] Extensive computations have subsequently been
devoted to the potentially superconducting properties of the
condensed phases of 1[58] and [-FeC20-] polymers,[59] to elec-
tron scattering from 1,[60] to 1 as cap of very narrow nano-
tubes,[61] as guest in huge fullerenes,[62] as host for encapsu-
lated gases,[63] and as ligand in h5–p complexes with transi-
tion metals.[64] There remain uncertainties for the graphitic
clusters 4 and 4H2.


The generation of 1 via 12 from 5 constituted the first
synthesis of a fullerene that makes use of a precursor with a
rationally designed carbon core.[65] To contrast this, which to
a large extent is “classic” hydrocarbon synthesis,[66] with the
recent “one-step” production of solids containing 1 as build-
ing block during the Ar+ irradiation of ultrahigh-molecular-
weight doped polyethylene sheets[67] or possibly upon UV
laser ablation from diamond onto Ni substrates,[68] and as a
final tribute to the “isodrin-pagodane-dodecahedrane-fuller-
ene” project, in Scheme 1 the route from isodrin[69] via 5 to
1 is outlined. The twenty-two “one-pot” operations imply a
multitude of sequential bond-breaking/bond-forming
steps,[70] the total yield for the twenty operations from iso-
drin to 5 amounted to 16–18 %, the averaged selectivity for
every single event was better than 90 %. With kg quantities
of an early intermediate in stock (benzo-ene, third opera-
tion), and with the logistic and technical potential to master
the total sequence in 2–3 months, 5 was repeatedly produced
in 500 mg to 1 g batches. Thus, we could afford not only to
burn about 500 mg of 5 to obtain thermochemical data[71]


but also to follow-through with the highly strenuous and ma-
terial-consuming efforts to ultimately secure 12—the precur-
sor material for 1. If the demonstration of the mere exis-
tence of 1 should seem a too modest reward for this huge in-
vestment of time and money, overall the synthesis of 1 is a
compelling demonstration of a continuous quest for more
economy, of unprecedented selectivities, of entropic support
by the special half-cages, and last but not least a slice of
luck. As stated before,[20c,21d] the reward has been multifacet-
ed. With the plethora of novel, less or more caged, often
highly symmetrical carbon structures collected along the
road, novel physical and chemical properties were produced,
and theoretically intriguing phenomena were discovered: at
the start the then novel [6+6]photocycloaddition between
two very proximate, “face-to-face” fixed benzene rings,[72]


the thermal isomerization of the [6+6]photocycloadduct as
a concerted, symmetry-forbidden [2+2]cycloreversion,[73]


and “scope and limitation” of in-plane 4C/2(3) electron de-
localization (s-homoaromaticity).[74] Looking back, the ex-


pected as well as the unexpected, the successes as well as
the failures, the ups and the downs, have indeed added up
to an adventure of everlasting fascination.[75]


Experimental Section


General : Melting points (m. p.) were determined on a Monoskop IV (Fa.
Bock) and are uncorrected. Elemental analyses were performed by Ana-
lytische Abteilung des Chemischen Laboratoriums Freiburg i. Br. IR
spectra were measured in KBr with a Perkin Elmer 457, 1H and
13C NMR spectra with a Bruker AM 400 spectrometer (chemical shifts
are given relative to TMS, d=0), and mass spectra with a Finnigan MAT
44S spectrometer (EI, 70 eV).


Bromination of corannulene : Elemental bromine (0.3 mL, 6 mmol) and
FeCl3 (0.9 mg, 0.005 mmol) were added to a solution of 13 (20 mg,
0.08 mmol) in 1,1,2,2-tetrachloroethane (5 mL). The mixture was heated
to reflux with stirring for 24 h and then cooled to room temperature. The
insoluble 15 precipitated as a dark solid from the solution and was col-
lected by filtration, washed with copious amounts of CH2Cl2, and dried in
the air (75 mg, 86%); m.p. >3008C. MS (%): m/(2)z: 1041 (6) [C20Br10]


+,
959 (42) [C20HxBr9]


+ , 881 (52) [C20HxBr8]
+ , 801 (24) [C20HxBr7]


+, 722
(19) [C20HxBr6]


+ , 642 (16) [C20HxBr5]
+ , 562 (17) [C20HxBr4]


+ , 521 (1)
[C20HxBr10]


2+ , 480 (16) [C20HxBr3]
+ , [C20HxBr9]


2+ , 441 (12) [C20HxBr8]
2+ ,


402 (18) [C20HxBr2]
+ , [C20HxBr7]


2+ , 361 (20) [C20HxBr6]
2+ , 322 (24)


[C20HxBr]+ [C20HxBr5]
2+ , 281 (30) [C20HxBr4]


2+ , 244, 243, 242, 241, 240,
239 [C20H3–0]


+ [C20HxBr3]
2+ , 201 (40) [C20HxBr2]


2+ , 161 (48) [C20HxBr]2+ ,
120 (84) [C20]


2+ ; elemental analysis: found: C 23.31, H 0.11, Br 74.68;
composition [C20H1.12Br9.63].


Bromination of perylene : In a glass-ampoule (25 mL) with a security
valve,[34] a suspension of 17 (100 mg, 0.4 mmol) and AlBr3 (50 mg,
0.19 mmol) in carefully dried and degassed bromine (100 mL, 1.9 mol)
was irradiated for three days with a 300-W Osram Ultravitalux lamp.
After the mixture was cooled to room temperature, and then with liquid
nitrogen, the ampoule was opened, and bromine was distilled off. The
reddish-brown solid residue (405 mg) was separated in boiling CHCl3


(10 mL, 12 h) into soluble 20 (35 mg, 8%) and insoluble 21 (370 mg,
89%). 20 : Reddish solid, m.p. 260–265 8C. Rf=0.24 (n-hexane). IR: ñ=
1639 (br. C=C), 1213, 953, 587 cm�1; 1H NMR: d=8.58 ppm (s, 2H);
13C NMR: d=132.1, 132.0, 131.0, 130.9, 130.4, 130.2, 130.1, 129.6, 127.8,
127.7, 126.7, 126.6, 125.9, 125.8, 124.7, 124.6 ppm; MS: m/(2)z : 1121 (3)
[C20HxBr11]


+ , 1041 (100) [C20HxBr10]
+ , 962 (100) [C20HxBr9]


+ , 881 (13)
[C20HxBr8]


+, 800 (60) [C20HxBr7]
+ , 721 (28) [C20HxBr6]


+ , 642 (35)
[C20HxBr5]


+, 562 (37) [C20HxBr4]
+ , 520 (2) [C20Br10]


2+ , 481 (19)
[C20HxBr3], [C20HxBr9]


2+ , 441 (61) [C20HxBr8]
2+ , 402 (35) [C20HxBr2]


+


[C20HxBr7]
+, 361 (62) [C20HxBr6]


2+, 321 (16) [C20HxBr]+ [C20HxBr5]
2+ ,


281 (87) [C20HxBr4]
2+ , 243 (17), 242 (72), 241 (19), 240 (17), 239 [C20H3–


0]
+ [C20HxBr3]


2+ , 201 (76) [C20HxBr2]
2+ , 161 (39) [C20HxBr]2+ , 121.5 (21),


121 (78), 120.5 (18), 120 (15) [C20H3–0]
2+ . 21: Reddish solid, m.p. >


300 8C; MS (%): m/(2)z : 1041 (36) [C20HxBr10]
+ , 1041 (100) [C20HxBr10]


+ ,
962 (49) [C20HxBr9]


+ , 882 (14) [C20HxBr8]
+ , 800 (32) [C20HxBr7]


+ , 721
(18) [C20HxBr6]


+ , 642 (17) [C20HxBr5]
+ , 562 (21) [C20HxBr4]


+ , 521 (3)
[C20Br10]


2+ , 481 (10) [C20HxBr3]
+ , [C20HxBr9]


2+ , 441 (35) [C20HxBr8]
2+ ,


402 (21) [C20HxBr2]
+ [C20HxBr7]


2+ , 361 (38) [C20HxBr6]
2+ , 321 (14)


[C20HxBr]+ , [C20HxBr5]
2+ , 281 (60) [C20HxBr4]


2+ , 243, 242 (35), 241 (178),
240 (11), 239 [C20H2–0]


+ , [C20HxBr3]
2+ , 201 (59) [C20HxBr2]


2+ , 161 (38)
[C20HxBr]2+, 121 (100), 120.5 (18), 120 (27) [C20H2–0]


2+ ; elemental analy-
sis: found: C 22.86, H 0.18; composition [C20H1.84Br10.11] .
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An Investigation of the Self-Assembly of Neutral, Interlaced, Triple-Stranded
Molecular Braids
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Introduction


The design and construction of metal–organic coordination
polymers is of current interest in the fields of supramolecu-


lar chemistry and crystal engineering. A major reason for
this interest is the promise of being able to deliberately
design new materials with useful tailor-made properties,[1] al-
though coordination polymers are also important for the
less utilitarian reason that they constitute a unique and fas-
cinating branch of fundamental structural chemistry.[2] Inter-
esting topological types that are unprecedented in inorganic
compounds and in minerals can be observed within coordi-
nation polymer frameworks.[3] Particularly intriguing is the
finding of species with novel modes of supramolecular inter-
twining, such as helices, rotaxanes, catenanes, and knots[4]


that contribute to refining our knowledge of self-assembly
processes and of the supramolecular self-organization of
these species. In contrast to this variety of structures, one of
the simplest possible one-dimensional architectures—the in-
terlaced, triple-stranded molecular braid—has proven to be
surprisingly rare. This structure comprises three interwoven
chains in an inseparable union as removal of any one of the


Abstract: The synthesis and structures
of six compounds prepared in two dif-
ferent systems have been explored with
the purpose of isolating coordination
polymers with interlaced triple-strand-
ed molecular braid architectures. The
dinuclear paddle-wheel units of [Cu2-
ACHTUNGTRENNUNG(maa)4·2H2O] can be rationally tuned
to form three classes of isomorphous
compounds, namely [Cu2ACHTUNGTRENNUNG(maa)4ACHTUNGTRENNUNG(bpp)]
(1) (bpp=1,3-bis(4-pyridyl)propane,
Hmaa=2-methylacrylic acid), [Cu3-
ACHTUNGTRENNUNG(maa)6ACHTUNGTRENNUNG(bpp)2] (2), andACHTUNGTRENNUNG[Cu4ACHTUNGTRENNUNG(maa)8-
ACHTUNGTRENNUNG(bpp)4 ACHTUNGTRENNUNG(H2O)2]·2H2O (3), with a bridg-
ing bpp ligand, at controlled ligand-to-
metal molar ratios, and lead to three
coordination polymers having similar
one-dimensional characteristics but dif-
ferent mono- and dinuclear nodes.
Compound 1, with a bpp: ACHTUNGTRENNUNG[Cu2-


ACHTUNGTRENNUNG(maa)4·2H2O] stoichiometry of 1:1,
contains a zigzag chain containing di-
nuclear nodes, whereas polymer 2, with
a bpp: ACHTUNGTRENNUNG[Cu2ACHTUNGTRENNUNG(maa)4·2H2O] stoichiometry
of 1.5:1, also adopts the topology of a
zigzag chain but with both mono- and
dinuclear nodes. Compound 3, with a
bpp: ACHTUNGTRENNUNG[Cu2ACHTUNGTRENNUNG(maa)4·2H2O] stoichiometry
of 2:1, contains a neutral, interlaced,
triple-stranded molecular braid, which
is interwoven by three single-stranded
meso-helical chains that contain only a
mononuclear node. With the three aro-
matic chelating terminal ligands
2,2’:6’,2’’-terpyridine (tpy), 1,10-phen-


ACHTUNGTRENNUNGanthroline (phen), and di(2-pyridyl)-
ACHTUNGTRENNUNGamine (dpa) we have also prepared
three neutral complexes containing the
linear, rigid bridging ligand biphenyl-
4,4’-dicarboxylate (bpdc), namely [Cd-
ACHTUNGTRENNUNG(bpdc) ACHTUNGTRENNUNG(tpy)]·H2O (4), [Cu ACHTUNGTRENNUNG(bpdc)-
ACHTUNGTRENNUNG(phen)2]·4.25H2O (5), and [CuACHTUNGTRENNUNG(bpdc)-
ACHTUNGTRENNUNG(dpa)] (6). An infinite meso-helix is
formed initially in 4, and then three of
these chains assemble into a triple-
stranded braid similar to that of 3.
Complexes 5 and 6 have a mononu-
clear and a looped dinuclear structure,
respectively. Compounds 3 and 4 are
unusual examples of triple-stranded
molecular braid coordination frame-
works based on different types of co--
ACHTUNGTRENNUNGligands.
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chains causes the whole assembly to unravel into three sepa-
rate pieces. Discrete triple-stranded intertwining chains are
generally apt to form a homochiral triple helix in crystal en-
gineering. The first triple helix, made by RajasekharanMs
group,[5] the enantiomerically pure triple-helix from Hossei-
niMs group,[6] and the nanotube-containing triple-helix report-
ed by LinMs group[7] serve as impressive examples of this top-
ology. However, to the best of our knowledge, there is only
one example of an interlaced, triple-stranded molecular
braid, namely that reported by our group recently.[8] There-
fore, the assembly of interlaced, triple-stranded molecular
braids is a formidable challenge.


Conceptually, there are two extreme types of coordina-
tion-driven, triple-stranded molecular braids where i) the in-
dependent infinite chains of the braid are formed through
flexible bridging ligands, and ii) the single-stranded infinite
chains of the braid are fabricated from rigid bridging ligands
(Scheme 1). Conformationally flexible ligands are typical


building elements in the deliberate construction of unique
interwoven structural motifs, such as polycatenanes, polyro-
taxanes, double helices, triple helices, borromean rings, and
other more unusual species,[9] while essentially rigid, rod-
like organic units are usually employed to form grids, brick-
walls, honeycombs, diamondoid nets, and other species of
not.[10] In a recent communication, we reported one CuII–
1,3-bis(4-pyridyl)propane coordination polymer with the
topology of a triple-stranded molecular braid.[8] We pro-
posed a mechanism for formation of the complex involving
the reaction of a paddle-wheel CuII complex with a confor-
mationally flexible neutral organic ligand in a 1:2 stoichiom-
etry. Copper(ii) carboxylate dihydrate adopts a classic
paddle-wheel structure with a pseudo metal–metal bond
bridged by four m2-carboxylate ligands, and tighter control
over the dinuclear unit may give rise to polymer architec-
tures if the two axial aqua ligands, which are situated 1808
apart, with one on each metal, can be displaced by highly
labile and readily available Lewis base ligands under mild
conditions.[11] Furthermore, owing to the diversified coordi-
nation modes of carboxylate ligands, Cu2ACHTUNGTRENNUNG(O2CR)4 can also
be split to form Cu ACHTUNGTRENNUNG(O2CR)2, which may serve as a mononu-
clear building node.[12] Thus, this reaction can be extended
to the rational design of very interesting supramolecular iso-
mers, and three fascinating mixed-ligand complexes of CuII


(1–3) have been obtained under the same controlled-crystal-
lization conditions simply by varying the ligand:metal molar


ratios. These complexes contain dinuclear nodes, dinuclear
alternating with mononuclear nodes, and mononuclear
nodes, respectively.


We are also studying the more difficult assembly of a mo-
lecular braid containing linear rigid ligands. It is well known
that the structural geometry can be controlled and modulat-
ed by selecting the coordination geometry of the metal ions
and the chemical nature of the terminal and bridging li-
gands. In an attempt to avoid high-dimensional molecular
architectures, we chose aromatic chelating terminal ligands
such as tpy, phen, and dpa for incorporation into the system
of MII ions with the long, linear, rigid bridging ligand bpdc.
Fortunately, this work was successful and provided a triple-
stranded molecular braid, a mononuclear, and a looped di-
nuclear structure.


As an extension of our previous work, we report herein
the systematic investigation of the coordination-driven self-
assembly of triple-stranded molecular braids. Two kinds of
these assemblies are obtained by incorporating a highly flex-
ible bridging ligand and a rigid, linear bridging ligand, re-
spectively. Precise triple-stranded molecular braids have
been achieved in discrete supramolecular assemblies for the
first time, and this may have implications in the area of crys-
tal engineering.


Results


Synthesis of complexes 1–3 : Compound 1 was obtained with
an initial molar ratio of bpp to [Cu2 ACHTUNGTRENNUNG(maa)4·2H2O] of 1:1 in
CH3OH/CH3CN (1:1, v/v). When the bpp:maa ratio was
changed to 1.5:1, 2 was obtained under otherwise identical
conditions, with 1 also crystallizing out from the mother
liquor. A further increase in the bpp:ACHTUNGTRENNUNG[Cu2ACHTUNGTRENNUNG(maa)4·2H2O]
ratio to 2:1 and beyond gave compound 3. Complexes 1–3
were isolated as single phases, as confirmed by X-ray
powder diffraction (XRPD). These results indicate that the
formation of 1–3 under the same reaction conditions de-
pends primarily on the bpp:ACHTUNGTRENNUNG[Cu2ACHTUNGTRENNUNG(maa)4·2H2O] molar ratio.


The structure of complex 1: An X-ray structural analysis re-
vealed that 1 consists of one-dimensional zigzag chains
based on the paddle-wheel Cu2ACHTUNGTRENNUNG(O2CR)4 node. Each copper
atom in this unit has a distorted square-pyramidal environ-
ment, with four oxygen atoms from four syn,syn-h1:h1:m2-
maa groups, which form the equatorial plane, and one pyrid-
yl nitrogen atom. However, there are some differences be-
tween the adjacent units due to the asymmetric TG (where
T= trans and G=gauche) conformation of the dipyridyl
ligand. One unit is connected to two T-terminal nitrogen
atoms (Cu�Cu 2.642(1), Cu�N 2.153(3), Cu�O 1.960(3)–
1.971(3) N), and the adjacent one to two G-terminal nitro-
gen atoms (Cu�Cu 2.644(1), Cu�N 2.165(4), Cu�O
1.945(4)–1.971(3) N) (Figure 1). This results in a highly or-
ganized, self-assembled, 1D zigzag-shaped chain with the
connectivity of the two asymmetric terminal coordinated
bpp ligands (N�N 8.979 N); this 1D zigzag chain has a


Scheme 1. Schematic representation of the types of molecular braids.
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repeat period of 28.763 N. In addition, the chains are in a
parallel arrangement in the complex (Figure 2). Other stud-
ies of coordination polymers constructed by the interaction


of metal cations with the flexible ligand bpp have been re-
ported.[9k,12a,13] Among these previously known coordination
polymers, sinusoidal chains similar to those in 1 have been
found in [Cu2(O2CCH2C4H3S)4 ACHTUNGTRENNUNG(bpp)2],


[12a] [Ag-
ACHTUNGTRENNUNG(bpp)]NO3,


[9k,13a] [Ag ACHTUNGTRENNUNG(bpp)] ACHTUNGTRENNUNG(CF3SO3)·EtOH,[13b] [Ag ACHTUNGTRENNUNG(bpp)]X
(X=ClO4


�, PF6
�),[13c] and [Cu ACHTUNGTRENNUNG(bpp)]BF4.


[13d] The former two
polymers are the only ones that have the bpp ligands in a
TG conformation, with an N-to-N distance of 8.894 and
8.79 N and a repeat length of 23.64 and 23.98 N, respective-
ly. In all the other structures the bpp ligands display a TT
conformation and have larger N-to-N separations and
higher periodic wavelengths.


The structure of complex 2 : Complex 2 also contains a one-
dimensional zigzag chain, although this time it is based on
alternating paddle-wheel Cu2 ACHTUNGTRENNUNG(O2CR)4 and Cu ACHTUNGTRENNUNG(O2CR)2
nodes. Each copper atom in the dinuclear unit has the same
coordination environment as in 1, with four oxygen atoms
from four syn,syn-h1:h1:m2-maa groups and one pyridyl nitro-
gen atom forming a distorted square-pyramidal environment
(Cu�Cu 2.646(1), Cu�N 2.158(3), Cu�O 1.964(2)–
1.978(2) N). The CuII center in the mononuclear unit is pri-
marily coordinated by two oxygen atoms from two mono-
dentate maa ligands (Cu�O 1.963(3) N) and two nitrogen
atoms from two bridging bpp ligands (Cu�N 2.007(3) N) to
furnish a slightly distorted square-planar geometry. The di-
pyridyl ligand adopts a symmetrical TT conformation[13b–d]


with an N-to-N distance of 9.040 N, which is longer than
that in 1 (Figure 3). Consequently, the spacer bpp ligands
connect a mononuclear node at one terminal and a dinu-
clear node at the other terminal to form an infinite zigzag
chain. The individual chains line up in layers, with each
layer crossing the layer beneath at an angle of 538
(Figure 4). This results in the formation of infinite channels
running perpendicular to each layer, which arise due to the


small size of the carboxylate groups that point into the chan-
nel compared to the channel radius, as defined by the length
of the bpp ligand and the CuII building blocks. The two di-
rectionally extending chains are connected by hydrogen
bonds, which further generates a three-dimensional supra-
molecular network. To the best of our knowledge, such he-
ternode 1D chains based on a homovalent metal and sym-
metric ligands are unprecedented. Other heteronuclear 1D
polymers are mostly generated by heterometallic nodes or
have the same metal in various valences.[14]


The structure of complex 3 : The crystal structure of 3 re-
veals the presence of a meso-helix, which is generated by
successive rotation and inversion operations along the
growth axis (Figure 5a). This meso-helix has alternating hel-
ical sections (alternating right and left turns of the strand
when looking down the “growth axis”) and is different from
the standard right-helix or left-helix as it contains centers of
inversion and does not have a defined chirality. Interestingly,
a neutral, interlaced, triple-stranded braid is formed with
three interwoven single-stranded meso-helices along the c
axis[8] (Figure 5b).


Figure 1. The one-dimensional zigzag coordination polymer with dinu-
clear nodes in complex 1.


Figure 2. View along the crystallographic b axis of 1.


Figure 3. The one-dimensional zigzag chain structure with alternating
mono- and dinuclear nodes in complex 2.


Figure 4. View along the crystallographic c axis of 2.
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Comparison of the structures of coordination polymers 1–3 :
A comparison of the 1D architectures of 1, 2, and 3 demon-
strates that 1 is comprised of one-dimensional zigzag chains
containing a dinuclear node with a parallel arrangement,
complex 2 shows an interlaced 3D supramolecular structure
containing an analogous 1D zigzag polymeric chain with
both mono- and dinuclear nodes, and the crystal structure of
3 reveals the presence of an interlaced, triple-stranded mo-
lecular braid, which is interwoven by three single-stranded
meso-helices that contain only mononuclear nodes. When
changing the ligand:metal molar ratio, the three compounds
undergo a change from a parallel structure to an interpene-
trating structure by decreasing the number of dinuclear
nodes. We therefore reasoned that multimetallic fragments
could reduce the degree of interpenetration observed in
framework structures. Papers by Yaghi and coworkers have
also shown that such multimetallic fragments in combination
with long spacer ligands can increase the host channel
width, reduce the degree of interpenetration, and hence
bring about guest inclusion in the host.[15] Moreover, several
reactivity studies of typical dinuclear paddle-wheel com-
pounds have been performed. These reports reveal that in
most cases the addition of different ligands L like pyra-
zine,[16] N,N’-hexamethylenetetramine,[17] and pyridyl nitron-
yl nitroxide[18] to dimeric tetracarboxylates allows the forma-
tion of axially connected dinuclear paddle-wheel units for-
mulated as [Cu2ACHTUNGTRENNUNG(O2CR)4(L)]n. The literature also describes
the formation of mononuclear copper(ii) carboxylates from
the reaction of dimeric tetracarboxylates with monofunc-
tional nitrogen- or oxygen-donor ligands.[12]


Complex 2 exhibits an unprecedented structural feature,
namely 1D zigzag chains that contain alternating dinuclear
and mononuclear nodes. This breaks up the traditional coor-
dination behavior of the Cu2 ACHTUNGTRENNUNG(O2CR)4 units and produces a
higher level of rational design and synthesis of coordination
polymers. This work shows that dinuclear paddle-wheel CuII


units can be rationally controlled and can serve as both
mononuclear and dinuclear nodes towards a dipyridyl


ligand, and that three classes of mixed-ligand complexes can
be obtained simply by manipulating the ligand-to-metal salt
molar ratio. This series of compounds provides an example
of isostructurality in 1D coordination polymers that exhibit
different nodal characteristics and that can be selected by
shifting the position of the equilibrium.


Synthesis of complexes 4–6 : Coordination polymers contain-
ing metal ions and exo-didentate organic bridges in a 1:1
stoichiometry are usually based on either rigid-linear or
zigzag chain structures.[19] In order to design 1D coordina-
tion polymers with the topology of a triple-stranded molecu-
lar braid, we carried out a case study of the MII/bpdc/tpy-
ACHTUNGTRENNUNG(phen or dpa) system, and obtained three types of com-
plexes with different combinations.


The structure of complex 4 : A single-crystal X-ray structural
analysis revealed that 4 has an interlaced, triple-stranded,
molecular braid topological framework. Compound 4 crys-
tallizes in the monoclinic centrosymmetric space group P2/c,
with one independent CdII center per asymmetric unit. This
CdII center adopts a highly distorted octahedral geometry
structure and is directly coordinated by three nitrogen
atoms of tpy, one chelating carboxylate group, and one mon-
odentate carboxylate group from each of two distinct bpdc
ligands.


In the complex, the single chain is assembled from linear
metal-connecting segments of bpdc, which exhibit two coor-
dination fashions: bis-chelating and bis-monodentate. Bis-
chelating (Cd�Cd 15.568(2) N) and bis-monodentate (Cd�
Cd 15.639(2) N) bpdc ligands link the metal centers alter-
nately throughout the chain, and the angle between the two
adjacent ligands is 102.63(1)8. The periodicity of the chain is
45.813 N and it contains four CdII centers per repeat unit.
The two benzene rings of bpdc present a torsion angle of
44.41(2)8 in the former fashion whereas they are coplanar in
the latter, which result in a meso-helix when viewed along
the c axis (Figure 6).


The most striking structural feature of 4 is that it contains
a neutral, interlaced, triple-stranded-braid architecture,
which is self-assembled by the interweaving of three single-
stranded meso-helices that extend along the c axis


Figure 5. a) Top view of the meso-helix in 3 ; the right-helical sections are
green and the left-helical sections are purple. b) A representation of the
interlaced triple-strand braid in 3.


Figure 6. View of the 1D meso-helical structure of 4.
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(Figure 7). The repeat distance of the braid (15.271 N) is
one third of the repeat distance of the single chain. The tpy
ligands are situated around the braid in four directions, and


the CdII atoms are arranged in four parallel rows. Some in-
tertwining motifs of double and triple helices have been syn-
thesized previously with conformationally flexible ligands,
although there is no example based on a rigid ligand. In con-
trast, complex 4 contains a molecular braid that is generated
by a linear rigid ligand. To the best of our knowledge, this
braid is the first example of such an intertwining species
constructed with a linear rigid ligand.


There are two kinds of fascinating water molecules in cur-
rent complex 4. The first type is water dimers, which con-
nect every two twisted single-stranded chains through strong
hydrogen bonds (Figure 8) and may contribute to stabilizing
the structure of the molecular braid. The second kind is
single water bridges. A careful examination of the structure
indicates that there are strong hydrogen-bonding interac-
tions between the oxygen atom of water and the oxygen
atoms of bpdc, with hydrogen bonds of 2.774 N. Adjacent
triple-stranded molecular braids are thus assembled into a
2D network in the ac plane through these hydrogen-bonding
interactions. These 2D slabs stack on top of each other in a
parallel fashion along the b axis to form a lamellar solid.


The structure of complex 5 : There is one CuII atom, one
monodentate bpdc ligand, two phen ligands, and four and a
quarter lattice water molecules in each independent crystal-
lographic unit in the crystal structure of 5. Each CuII atom
in 5 is primarily coordinated by one oxygen atom from one
bpdc ligand (Cu1�O1 2.087(2) N) and four nitrogen atoms
from two chelating phen ligands (Cu1�N1 1.981(2), Cu1�N2
2.066(2), Cu1�N3 2.128(2), Cu1�N4 1.987(2) N) to furnish a
distorted trigonal-bipyramidal geometry (Figure 9). Some of
the lattice water molecules are assembled into a V-shaped


trimer with an O···O distance of 2.670(1) N and an O···O···O
angle of 149.2(1)8. Two additional uncoordinated carboxy-
late oxygen atoms are attached at two opposite ends
(O4A···O6A 2.842(2), O4J···O6C 2.842(2) N). One free lat-
tice water molecule is located between the two uncoordinat-
ed carboxylate groups by hydrogen bonds (O3A···O8A
2.629(1), O3J···O8A 2.629(1) N). The oxygen atom of the
coordinated carboxylate group and the oxygen atom of the
uncoordinated carboxylate group are joined by the free
water molecules (O1I···O5A 2.917(1), O4A···O5A
2.793(1) N). As shown in Figure 10, the bpdc ligand of 5
forms hydrogen bonds with the lattice water molecules
through both its coordinated and uncoordinated oxygen
atoms, which results in a two-dimensional hydrogen-bonding
network.


Figure 7. a) Top view of the interlaced triple-stranded molecular braid of
4. b) Side view of the interlaced triple-stranded molecular braid of 4.
c) Definition of the interlaced, triple-stranded molecular braid topology
of 4.


Figure 8. a) Description of the interwoven braid in detail : blue, brown,
and green indicate the three strands of the triple-stranded braid, the
waters connecting two strands are in purple, and the water molecules be-
tween two braids are in yellow and red. The tpy ligands have been omit-
ted for clarity. b) Side view of the triple-stranded braid of 4.


Figure 9. Perspective view of the main building block of 5.
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The structure of complex 6 : The X-ray structure determina-
tion revealed that complex 6 consists of molecular rings
(Figure 11), with two CuII ions connected by two bpdc li-


gands that adopt a monodentate-chelating coordination
mode. The metal centers are also coordinated by one dpa
ligand to give a Jahn–Teller-distorted square-pyramidal ge-
ometry. The Cu···Cu distance in the 26-membered ring is
13.575(2) N. The bpdc ligands have their phenyl rings in tor-
sional positions, with a large dihedral angle of 44.443(7)8.
Furthermore, the molecular rings are assembled into a one-
dimensional looped chain by hydrogen-bonding interactions
(N�H···O 2.738(1) N; Figure 12).


Comparison of the structures of coordination polymers 4–6 :
Our investigation of the MII/bpdc/tpy(phen or dpa) system
has resulted in a series of compounds with different topolo-
gies, ranging from mononuclear molecular to an interlaced
triple-stranded molecular braid. Complex 4 is a cadmium
complex with the topology of a triple-stranded molecular
braid and is prepared from the combination CdII/bpdc/tpy.
The single-stranded chain of the molecular braid is a meso-
helix, which is different from the zigzag compound [Cd-
ACHTUNGTRENNUNG(bpdc) ACHTUNGTRENNUNG(phen)2·2H2O] synthesized by QiuMs group under hy-
drothermal conditions.[20] Upon changing the metal center of
the compound [CdACHTUNGTRENNUNG(bpdc)ACHTUNGTRENNUNG(phen)2·2H2O] for CuII, the mono-
nuclear compound 5 is obtained at room temperature. De-
spite the pentacoordinate geometry of the CuII center, the
structure of 5 is not extended to higher dimensionalities. In
the CuII/bpdc/dpa system, a looped-ring complex crystallizes
out of the mixture, and the kinetic dinuclear structure is an
isomer of the proposed one-dimensional chain. The difficul-
ty in isolating the proposed chain from this system may be
due to the fast formation of the looped rings, thus indicating
that the chain is disfavored from a kinetic point of view.
Therefore, an appropriate combination of the metal center
with the dicarboxylate and aromatic chelate ligands is criti-
cal for the formation of a neutral, interlaced, triple-stranded
molecular braid.


Exclusion and inclusion of guest molecules in complexes 3–
5 : As described above, complexes 3–5 contain guest mole-
cules. The question therefore arises as to whether the frame-
work or the structural regularity will be maintained after re-
moval of the guest molecules, which is vitally important for
generating new microporous materials. To verify this, we
used TGA and XRPD techniques to investigate the frame-
work stability upon removal of the guest molecules from
complexes 3–5.


For 3, the TGA curve reveals a weight loss of 1.88%
below about 65 8C; this corresponds to the loss of the free
water molecules (calcd 2.00%). The polycrystalline sample
is then stable up to 235 8C, above which decomposition
starts. A freshly ground sample of 3 was evacuated at 100 8C
for 5 h, which caused a weight loss that is consistent with
the removal of two included water molecules per formula
unit, as was also confirmed by elemental analysis. The simi-
larity between the XRPD pattern recorded at this point and
that of the original starting sample suggests the dried solid
[{Cu4ACHTUNGTRENNUNG(maa)8ACHTUNGTRENNUNG(bpp)4ACHTUNGTRENNUNG(H2O)2}]n retains the initial crystal struc-
ture of 3 (Figure S6 in the Supporting Information).


For 4, TGA curve reveals that free water molecules are
eliminated from the host on raising the temperature from
room temperature to about 80 8C (weight loss of 3.12%; cal-
culated value 3.00%). The decomposition of the framework
begins only above about 260 8C. Upon evacuation of a fresh-
ly ground sample of 4 at 140 8C for 5 h, it experiences a
weight loss that is consistent with the removal of one includ-
ed water molecule per formula unit, as was also confirmed
by elemental analysis. The similarity between the XRPD
pattern recorded at this point and that of the original start-


Figure 10. The two-dimensional hydrogen-bonding network of 5.


Figure 11. Perspective view of the dimer in 6.


Figure 12. Self-assembly of the one-dimensional looped chain of 6 by for-
mation of hydrogen bonds (N2AB�H2AD···O4AA 2.738(1), N2A�
H2AA···O4B 2.738(1) N).
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ing sample suggests the dried solid [Cd ACHTUNGTRENNUNG(bpdc) ACHTUNGTRENNUNG(tpy)]n retains
the initial crystal structure of 4 (Figure S7 in the Supporting
Information).


For 5, the TGA curve reveals a weight loss of 10.19%
below about 70 8C, which corresponds to the loss of the free
water molecules (calcd 10.32%). The polycrystalline sample
is stable up to 190 8C, above which decomposition starts. A
freshly ground sample of 5 was evacuated at 120 8C for 5 h,
whereupon it experienced a weight loss consistent with the
removal of 4.25 included water molecules per formula unit,
as was also confirmed by elemental analysis. The XRPD
patterns of 5 before and after water expulsion show a com-
plete change in the pattern, which suggests breakdown of
the host lattice upon exclusion of water (Figure S8 in the
Supporting Information).


Discussion


As described above, we have carried out a systematic inves-
tigation of the assembly of triple-stranded molecular braids
in the field of crystal engineering. This topology is an unpre-
cedented one that is similar to the triple-helix topology in
supramolecular chemistry. However, there are several crys-
tallographic and topologic differences between the triple
braid and the triple helix. For example, the single strand of
the braid is a meso-helical chain with centers of inversion,
whereas the single strand of the helix is a right-handed or
left-handed helical chain that has defined chirality. Further-
more, the triple helix is a chiral structure with a screw axis,
while the triple braid is a centrosymmetric structure, and fi-
nally, removal of any strand of the braid leaves the two
others completely free from each other, whereas in the
triple helix the remaining two strands are still twinned as a
double helix. Our investigation of two different systems sug-
gests that the formation of a triple-stranded molecular braid
may occur in two steps: initial construction of an infinite
meso-helical chain of ligated MII ions, followed by inter-
weaving of the infinite chains. In compound 3, the meso-
helix is constructed from the highly flexible bpp ligand first,
and then three-strand helices are interwoven together by hy-
drogen bonds in what can be regarded as a self-recognition
interaction. Similar to 3, meso-helical chains can also be fab-
ricated based on a rigid linear ligand. In the second step,
three infinite chains are interwoven together with no nonco-
valent interactions in the triple-stranded molecular braid,
while water dimers connect every two twisted single strands
through hydrogen bonds on the surface of the braid. A de-
tailed analysis of the crystal structures indicates that the
main factor governing the formation of the molecular braid
is not only the framework, that is, the interweaving of the
meso-helices, but also the noncovalent interactions (hydro-
gen bonds) between the chains.


Conclusion


In summary, we have successfully synthesized complexes 1–
6 from two different systems and isolated two different mo-
lecular braids constructed from a highly flexible ligand and
a rigid linear ligand, respectively, in the presence of MII ions
with different terminal ligands. This work presents a new,
facile route for the synthesis of coordination polymers with
the topology of a triple-stranded molecular braid and
higher-stranded molecular braids with appropriate metal
ions and exo-didentate ligands as terminal ligands in differ-
ent strands.


Experimental Section


Materials : All reagents and solvents employed were commercially availa-
ble and used as received without further purification. The C, H, and N
microanalyses were carried out with a Perkin–Elmer model 240C auto-
matic instrument. IR spectra were recorded with a Nicolet 170SX FT-IR
spectrophotometer as pressed KBr pellets in the range 400–4000 cm�1.
Thermal analysis was performed with a Netzsch STA 449C microanalyz-
er. The XRPD patterns were recorded with a Rigaku D/Max 3III diffrac-
tometer with a scanning rate of four degrees per minute.


Preparations


ACHTUNGTRENNUNG[Cu2ACHTUNGTRENNUNG(maa)4·2H2O]: [Cu2 ACHTUNGTRENNUNG(maa)4·2H2O] was prepared from the reaction of
[Cu2(OH)2 ACHTUNGTRENNUNG(CO3)] (2.211 g, 10 mmol) with 2-methylacrylic acid (3.442 g,
40 mmol) in methanol under reflux for 2 h. A blue-green crystalline prod-
uct was obtained in approximately 87% yield. Elemental analysis calcd
(%) for C16H24Cu2O10: C 38.17, H 4.80; found: C 38.28, H 4.83; IR: ñ=
2968, 2932, 1681, 1645, 1594, 1497, 1414, 1299, 1225, 1008, 951, 856, 826,
638, 445 cm�1.


ACHTUNGTRENNUNG[Cu2ACHTUNGTRENNUNG(maa)4 ACHTUNGTRENNUNG(bpp)] (1): A solution of 1,3-bis(4-pyridyl)propane (bpp;
0.020 g, 0.100 mmol) in acetonitrile (10 mL) was added to a methanol
(10 mL) solution of [Cu2 ACHTUNGTRENNUNG(maa)4·2H2O] (0.050 g, 0.100 mmol). The clear
solution was stirred for a few minutes and then allowed to evaporate at
room temperature. Well-shaped green block crystals of 1 appeared after
several days. The crystalline product was filtered, washed with ethanol,
and dried in air. Yield: 75.3% based on copper. Elemental analysis calcd
(%) for C29H34Cu2N2O8: C 52.32, H 5.14, N 4.20; found: C 52.34, H 5.15,
N 4.18; IR: ñ=2941, 1647, 1602, 1513, 1415, 1290, 1250, 1220, 968, 736,
458 cm�1.


ACHTUNGTRENNUNG[Cu3ACHTUNGTRENNUNG(maa)6 ACHTUNGTRENNUNG(bpp)2] (2): Compound 2 was prepared as for 1 but with
0.030 g (0.150 mmol) of bpp. Blue-green block crystals were obtained in a
yield of 55.7% based on copper. Elemental analysis calcd (%) for
C50H58Cu3N4O12: C 54.71, H 5.32, N 5.10; found: C 54.74, H 5.35, N 5.13;
IR: ñ=2947, 1648, 1610, 1594, 1420, 1355, 1274, 988, 804, 486 cm�1.


ACHTUNGTRENNUNG[Cu4ACHTUNGTRENNUNG(maa)8 ACHTUNGTRENNUNG(bpp)4 ACHTUNGTRENNUNG(H2O)2]·2H2O (3): See reference [8].


[Cd ACHTUNGTRENNUNG(bpdc) ACHTUNGTRENNUNG(tpy)]·H2O (4): A methanol solution (5 mL) of tpy (0.1 mmol,
0.023 g) was added to a methanol solution (5 mL) of Cd ACHTUNGTRENNUNG(NO3)2·4H2O
(0.1 mmol, 0.031 g). An aqueous solution (5 mL) of Na2bpdc (0.1 mmol,
0.029 g) was then added dropwise to give a transparent solution. After
two days, pale-yellow block crystals of 4 were obtained as a single phase,
as confirmed by XRPD. The yield of 4 was about 52.5% based on cadmi-
um. Elemental analysis calcd (%) for C29H21CdN3O5: C 57.68, H 3.50, N
6.96; found: C 57.57, H 3.53, N 7.03; IR: ñ=3450, 3076, 1585, 1451, 1389,
851, 771, 707, 681 cm�1.


[Cu ACHTUNGTRENNUNG(bpdc) ACHTUNGTRENNUNG(phen)2]·4.25H2O (5): An ethanol solution (3 mL) of Cu-
ACHTUNGTRENNUNG(ClO4)2·6H2O (0.1 mmol, 0.037 g) and phen (0.2 mmol, 0.036 g) was lay-
ered on top of 3 mL of an aqueous solution of Na2bpdc (0.1 mmol,
0.029 g). After several days, blue-green needle crystals of 5 were obtained
as a single phase, as confirmed by XRPD. The yield of 5 was about
35.4% based on phen. Elemental analysis calcd (%) for
C38H32.5CuN4O8.25 : C 61.62, H 4.42, N 7.56; found: C 61.59, H 4.45, N
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7.57; IR: ñ=3406, 3057, 1723, 1593, 1540, 1515, 1425, 1368, 851, 773, 723,
677 cm�1.


[Cu ACHTUNGTRENNUNG(bpdc) ACHTUNGTRENNUNG(dpa)] (6): A methanol solution (5 mL) of dpa (0.1 mmol,
0.019 g) was added dropwise, with constant stirring, to an aqueous solu-
tion (5 mL) of Cu ACHTUNGTRENNUNG(ClO4)2·6H2O (0.1 mmol, 0.037 g). An aqueous solution
(5 mL) of Na2bpdc (0.1 mmol, 0.029 g) was then added dropwise to give a
transparent solution. The reaction mixture was refluxed for 1 h and fil-
tered; the filtrate was kept in a CaCl2 desiccator. After a few days, light
green crystals suitable for X-ray analysis were obtained as a single phase,
as confirmed by XRPD. The yield of 6 was about 70.6% based on
copper. Elemental analysis calcd (%) for C24H17CuN3O4: C 60.69, H 3.61,
N 8.85; found: C 60.62, H 3.64, N 8.87; IR: ñ=3445, 3044, 1718, 1624,
1582, 1488, 1433, 1380, 824, 798, 768, 675 cm�1.


X-ray crystallography


Crystal data for 1: Mr=665.66; triclinic; P1̄; a=9.778(2), b=9.802(2), c=
17.693(3) N; a=103.344(3)8, b=93.076(3)8, g=101.911(3)8 ; V=


1604.1(4) N3; Z=2; 1calcd=1.378 gcm�3 ; R1=0.0518; wR2=0.1112; S=
1.017.


Crystal data for 2 : Mr=731.75; monoclinic; P21/c; a=16.194(2), b=
18.476(3), c=8.930(2) N; b=91.295(3)8 ; V=2671.4(7) N3; Z=3; 1calcd=


1.365 gcm�3 ; R1=0.0519; wR2=0.1420; S=1.044.


Crystal data for 3 : See reference [8].


Crystal data for 4 : Mr=603.89; monoclinic; P2/c; a=12.452(2), b=
14.546(2), c=15.271(2) N; b=111.276(3)8 ; V=2577.7(7) N3; Z=4;
1calcd=1.556 gcm�3 ; R1=0.0464; wR2=0.1260; S=1.102.


Crystal data for 5 : Mr=740.72; monoclinic; C2/c; a=11.8696(14), b=
32.342(4), c=17.848(2) N; b=91.54(4)8 ; V=6849.1(14) N3; Z=8; 1calcd=


1.437 gcm�3 ; R1=0.0511; wR2=0.1606; S=1.073.


Crystal data for 6 : Mr=474.95; triclinic; P1̄; a=9.066(3), b=9.266(3), c=
12.700(4) N; a=99.593(7), b=92.832(7), g=97.528(6)8 ; V=1040.1(6) N3;
Z=2; 1calcd=1.516 gcm�3 ; R1=0.0603; wR2=0.1666; S=0.935.


A suitable single crystal of each compound was carefully selected under
a polarizing microscope and glued to the tip of a thin glass fiber with su-
perglue. The data collections were performed at 293(2) K on a Bruker
SMART CCD area-detector diffractometer equipped with a MoKa radia-
tion source (l=0.71073 N). The crystal structures were solved by direct
methods with the program SHELXTL.[21] All non-hydrogen atoms were
located from the trial structure and then refined anisotropically with
SHELXTL using a full-matrix least-squares procedure.


CCDC-258458 (1), CCDC-258459 (2), CCDC-257085 (3), CCDC-262038
(4), CCDC-292829 (5), and CCDC-292830 (6) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Introduction


Controlling cell positioning and adhesion on surfaces is of
interest in fundamental cell biology,[1] tissue engineering,[2]


cell-based biosensor development,[3] and bioelectronics.[4]


Various methods have been used to direct the adhesion of
cells to selected areas of a substrate, including micropattern-
ing on polymers,[5] soft lithography,[6] patterning through
pores in elastomeric membranes,[7] patterning by using
three-dimensional microfluidic systems,[8] laminar-flow pat-


terning,[9] and local oxidation by using microelectrodes.[10]


One particularly versatile approach to control cell attach-
ment and patterning is the physical or chemical adsorption
of extracellular matrix (ECM) proteins to selected areas of
a substrate. ECM proteins are cytophilic in the sense that
cells adhere preferentially to any surface coated with these
proteins. ECM proteins have been delivered locally to a sub-
strate by, for example, ink-jet printing[11] and electrospray
deposition.[12] ECM proteins may also be physisorbed to a
substrate patterned with self-assembled monolayers (SAMs)
by microcontact printing (mCP) or other forms of lithogra-
phy.[13] Alternatively, proteins may be microcontact printed
on a suitable substrate.[14]


Recently, Huck and co-workers[15] proposed the applica-
tion of mCP for the in situ synthesis of oligopeptides exclu-
sively in the contact areas between substrate and the poly-
(dimethylsiloxane) (PDMS) stamp. The advantage of cova-
lent mCP of peptides is that a chemical bond is formed be-
tween the protein and the substrate SAM. Hence, there is
no diffusion of the printed pattern on the surface. On the
other hand, it is unlikely that elaborate protein patterns can
be prepared efficiently by multistep peptide synthesis in the
confinement between substrate and stamp.


In this work, we use aldehyde-terminated SAMs on gold
and silicon oxide substrates as a reactive layer for covalent


Abstract: We describe a straightfor-
ward approach to the covalent immobi-
lization of cytophilic proteins by micro-
contact printing, which can be used to
pattern cells on substrates. Cytophilic
proteins are printed in micropatterns
on reactive self-assembled monolayers
by using imine chemistry. An aldehyde-
terminated monolayer on glass or on
gold was obtained by the reaction be-
tween an amino-terminated monolayer
and terephthaldialdehyde. The alde-
hyde monolayer was employed as a


substrate for the direct microcontact
printing of bioengineered, collagen-like
proteins by using an oxidized poly-
ACHTUNGTRENNUNG(dimethylsiloxane) (PDMS) stamp.
After immobilization of the proteins
into adhesive “islands”, the remaining
areas were blocked with amino-poly-
(ethylene glycol), which forms a layer


that is resistant to cell adhesion.
Human malignant carcinoma (HeLa)
cells were seeded and incubated onto
the patterned substrate. It was found
that these cells adhere to and spread
selectively on the protein islands, and
avoid the poly(ethylene glycol) (PEG)
zones. These findings illustrate the im-
portance of microcontact printing as a
method for positioning proteins at sur-
faces and demonstrate the scope of
controlled surface chemistry to direct
cell adhesion.
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mCP of cytophilic, collagen-like proteins. Specific regions of
the SAM were patterned with a cytophilic protein and other
areas were made nonadhesive by immobilization of poly-
ACHTUNGTRENNUNG(ethylene glycol) (PEG) molecules. Various ECM proteins
have been immobilized in patterns on substrates with the
aim of directing cell adhesion. Among these proteins are fi-
bronectin, laminin, and collagen.[11–14] Here, we selected col-
lagen-like proteins produced in microbial cells,[16, 17] which
eliminates the risk of contamination by infectious agents as-
sociated with conventional animal products.[18] Moreover,
these bioengineered collagens are nonfolding proteins be-
cause they lack hydroxyproline. Because these collagens do
not fold into helices, they are highly soluble in water, do not
form gels, and cannot denature through shear heat. As a
result they can be processed easily, also by mCP. Another ad-
vantage of the unfolded collagens is that their cell-binding
epitopes are very accessible to the medium and are exposed
to the cells therein.[18] Furthermore, these molecules are
highly polar, which enhances their water solubility and ex-
posure on the surface. A polar surface also reduces unwant-
ed plaque formation, surface fouling, and nonspecific cell at-
tachment.


In particular, we used the gelatin-like, hydrophilic pro-
teins col3a1 and col1a1–1*, which are nonhydroxylated ge-
latins based on part of the rat type III (col3a1) and mouse
type I (col1a1–1*) collagen sequences and produced as het-
erologous gene products in methylotrophic yeast.[16] The
fraction of polar residues in the selected part of col3a1 is
some 20% higher than in the selected part of col1a1–1*. In
addition to these gelatins, a designer gelatin P4 with a frac-
tion of polar residues 60% higher than that of col1a1–1*
was used.[17] The remaining nonpolar residues in this ex-
tremely polar construct consisted merely of glycine and pro-
line as the defining residues of collagen-like proteins and ge-
latins. In contrast to the other two gelatins, the col3a1 con-
struct contains an Arg-Gly-Asp (RGD) cell binding se-
quence. The RGD sequence is present in many ECM pro-
teins, such as fibronectin, laminin, and collagen. This
tripeptide is a minimal sequence required for recognition by
cell-surface receptors of the integrin family.[19] Because
col3a1 is a random coil protein without any secondary struc-
ture,[16] it is likely that the exposure of the RGD sequence
on the surface is enhanced and RGD is more readily avail-
able for interactions with cell-membrane receptors than in
native ECM proteins.


Our methodology is outlined in Figure 1. In brief, we
modified gold and silicon oxide substrates with amino-termi-
nated SAMs and then converted the amino groups into alde-
hyde groups by reaction with terephthaldialdehyde.[20] Sub-
strates modified in this manner can be patterned directly
with cytophilic proteins by means of mCP using an oxidized
PDMS stamp. Amino residues, such as lysine, in the protein
form imine bonds with the aldehyde SAM. The remaining
areas of the aldehyde SAM can be blocked subsequently
with PEG to form areas resistant to cell adhesion. Human
malignant carcinoma (HeLa) cells were seeded and incubat-
ed on the patterned substrates.


Results and Discussion


Surface modification for protein and cell attachment : The
proteins were immobilized on gold and silicon oxide (glass)
surfaces. An outline of the successive steps of the procedure
is shown in Figure 2. Firstly, the aldehyde-terminated sub-
strates were prepared according to a procedure published
previously.[20] Subsequently, the proteins were attached cova-
lently to aldehyde-terminated substrates 2 and 5 by reaction
from a 1 mm solution in phosphate buffered saline (PBS) at
room temperature to give protein-covered substrates 3 and
6. Alternatively, the proteins were immobilized on substrate
5 by direct mCP to give protein-coated substrate 6*. For ini-
tial mCP experiments, the ink consisted of a 1 mm solution
of col3a1 in PBS buffer and the stamp was a flat, featureless
PDMS stamp that was made hydrophilic by treatment with
UV/ozone plasma for 30 min. Unmodified PDMS provides a
hydrophobic surface that is not suitable for aqueous inks.[14]


All monolayers were rinsed extensively with ethanol and/or
buffer solution after each reaction step to remove all physi-
sorbed material. The monolayers were characterized by
water-contact-angle goniometry, X-ray photoelectron spec-
troscopy (XPS), Fourier transform infrared reflection-ad-
sorption spectroscopy (FT-IRRAS), and ellipsometry.


Figure 1. Schematic representation of cell patterning through direct mCP
of collagen-like protein col3a1. a) mCP of col3a1 onto aldehyde-terminat-
ed SAM. b) Reaction between remaining aldehyde groups and amino-
PEG. c) Incubation of HeLa cells.
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Values for the water-contact angle of monolayers 1–6 are
shown in Table 1. After attachment of the hydrophilic pro-
tein col3a1, the water-contact angle decreases dramatically
(SAMs 3, 6, 6*) and ranges beyond the limit of accurate
measurement (<108). The thickness of the monolayers on
the silicon substrates 4–6* was investigated by ellipsometry.
(Table 1) The thickness of the monolayers increases after
each immobilization step and is consistent with the antici-
pated values. Furthermore, the C:N ratios from XPS mea-
ACHTUNGTRENNUNGsurements for amine and aldehyde SAMs 1, 2, 4, and 5 are
in agreement with the molecular composition. The C:N
ratio of the protein monolayers 3, 6, and 6* is in accordance
with the molecular composition of col3a1.[16] The C:N ratios
reported in Table 1 were not corrected for attenuation,


which may explain why the ob-
served ratio is usually signifi-
cantly lower that the calculated
ratio. The nitrogen-rich protein
is exposed on the surface and
shields the underlying carbon-
rich monolayer.


After each immobilization
step, the surface was rinsed
thoroughly with the appropriate
solvent (see Experimental Sec-
tion) and dried under a nitro-
gen stream before FT-IRRAS
spectra were collected
(Figure 3). After exposure of
the amino-terminated SAM 1
(with its characteristic bands
for amino and CH2 vibrations)
to terephthaldialdehyde to give
SAM 2, several changes were
observed in the spectra. The
broad peak of the amino group
disappeared, indicating com-
plete reaction on the surface.
Furthermore, several new
bands appeared: an imine C=N
stretching vibration at
1645 cm�1 and a band at
1705 cm�1assigned to the C=O
stretching vibration of the
second aromatic aldehyde
group. The presence of these
characteristic imine and alde-
hyde bands and the absence of
the bands assigned to the amine
group provide strong evidence
that terephthaldialdehyde was
attached covalently through an
imine bond, leaving reactive al-
dehyde groups on the surface,
consistent with our earlier re-
ports.[20]


After protein immobilization
to monolayer 2 several new peaks appeared in the spectra.


Figure 2. Immobilization of protein col3a1 on gold (1–3) and on silicon oxide (4–6) substrates. 1, 4 : amino-ter-
minated SAMs; 2, 5 : aldehyde-terminated imine SAMs; 3, 6 : substrates with immobilized col3a1 protein;
a) terephthaldialdehyde; b) col3a1.


Table 1. Advancing and receding water-contact angle, C:N atomic ratio,
and thickness of monolayers 1–6*.


SAM qadv


[8]
qrec


[8]
C:N
ACHTUNGTRENNUNG(XPS)


C:N
ACHTUNGTRENNUNG(calcd)


Thickness
(ellipsometry) [nm]


1 62�2 50�2 10.6�0.7 11 n.a.[a]


2 77�2 62�2 13.9�0.4 14 n.a.[a]


3 <10 <10 9�1.8 10 n.a.[a]


4 57�2 45�2 8�0.6 6.5 2.4�0.2
5 65�2 54�2 12�0.4 10.5 3.14�0.2
6 <10 <10 7.2�1.5 10 4.62�0.3
6*[b] <10 <10 8.9�1.2 10 5.3�0.3


[a] Data not available. [b] 6* proteins immobilized on substrate 6 by mCP
with a flat PDMS stamp.
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The broad band at approximately 3350 cm�1 can be assigned
to the N�H stretching vibration of the amino groups and
amides in the protein (Figure 3, spectrum 3). Bands at 2926
and 2854 cm�1 indicate CH2 asymmetrical and symmetrical
stretching vibrations, respectively, of the substrate SAM.
Furthermore, a shoulder at 1645 cm�1 overlapping with the
1678 cm�1 amide I band can be assigned to the C=N stretch-
ing vibration of the imine group, resulting from the reaction
between the protein amine groups and the aldehyde groups
from the SAM. Finally, the band at 1546 cm�1 was assigned
to the amide II stretching vibration. Spectra of microcon-
tact-printed protein monolayers were also obtained
(Figure 3, spectrum 3*). Col3a1 was printed onto aldehyde-
terminated SAM 2 with a flat, oxidized PDMS stamp. The
FT-IRRAS spectra of SAM 3 (obtained by 1 h of chemi-
sorption of col3a1 from solution) and SAM 3* (obtained by
15 min of mCP with a flat, featureless stamp) are virtually
identical, once more confirming the remarkable efficiency of
the immobilization reaction in the confinement between
stamp and substrate.[15, 20] However, the amine band is shift-
ed to higher wavenumbers and also the ratios of amide I to
amide II are not equal for SAM 3 and SAM 3*, which could
indicate differences in hydration and orientation of the pro-
tein layers.


To investigate the structure and distribution of the protein
onto the aldehyde-terminated SAM 2, tapping-mode AFM
images were taken directly after immobilization of protein
col3a1 (Figure 4). The molecules that were not attached co-
valently to the surface were removed by sonication and
thorough rinsing of the surface. Col3a1 forms a homogene-
ous, but relatively low-coverage layer on top of the alde-
hyde-terminated SAM 2. The average height of the col3a1
molecules ranges from 1 to 4 nm, consistent with the data
from ellipsometry (Table 1). Each molecule of protein is at-
tached to the surface and avoids the neighboring protein


molecules as a consequence of electrostatic and steric repul-
sion.


HeLa cell adhesion to protein substrates : We investigated
the adhesion of human malignant carcinoma (HeLa) cells
onto substrates coated with different proteins. Cells were in-
cubated over protein-modified substrates for 24 h at 37 8C at
an initial cell density of 3O104 cells cm�2. We compared the
attachment of HeLa cells onto glass slides that had been
modified from solution with various types of gelatins, differ-
ing in polarity, in folding and in the presence of the cell-
binding sequence RGD (Figure 5). These gelatins were the
gel-forming animal gelatin type B, and three non-gel-form-
ing gelatins produced in yeast cells, namely, col3a1,[16]


col1a1–1*,[16] and the hydrophilic designer gelatin P4.[17] The
highest number of attached cells was found on the col3a1-
modified substrate (980 cells cm�2). Conventional B-type
animal gelatin gives the lowest adhesion of HeLa cells of all
substrates studied (435 cells cm�2). Both col3a1 and B-type
animal gelatin contain RGD, however, col3a1 contains more
RGD per gram of protein and, moreover, col3a1 is com-
pletely unfolded. A significant number of cells was also
found on the P4-modified substrate (790 cells cm�2) and on
the col1a1–1*-modified substrate (500 cells cm�2), which is
surprising as neither of these proteins contains the RGD se-
quence. It is unlikely that P4 induces more unspecific adhe-
sion than col1a1–1*, as P4 is considerably more polar than
col1a1–1*.[16,17] However, it is possible that P4 (and maybe
also col1a1–1*) contains unidentified cell-binding sequences
other than RGD.[19]


Protein and cell patterning : Col3a1 was microcontact print-
ed in 3-mm lines at 5 mm intervals by using a hydrophilic,
oxidized PDMS stamp (spin coated on a silicon master,
cured, treated with UV/ozone plasma for 30 min and stored


Figure 3. FT-IRRAS spectra of functionalized monolayers obtained by
sequential exposure of Au surface to 11-aminoundecylthiol (1), tereph-
thaldialdehyde (2), and protein col3a1 immobilized from solution (3) and
by mCP with a featureless stamp (3*).


Figure 4. Tapping-mode AFM height images of immobilized protein
col3a1 on aldehyde-terminated gold substrate (SAM 3).
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in water) onto aldehyde-terminated SAM 2. The ink (i.e.,
col3a1) concentration was 1 mm in PBS and the contact time
was 15 min. After mCP, the substrate was sonicated in PBS
for 5 min and rinsed thoroughly with PBS and water to
remove all physisorbed material, and finally dried with ni-
trogen. The surface was imaged with tapping-mode AFM
(Figure 6A). The contrast in the height images confirms the
formation of a protein pattern on the surface. The average
height of the printed protein layer is 1.3 nm, which is consis-


tent with ellipsometry (Table 1) and also with the observed
height of chemisorbed col3a1 (see above). Although the
proteins could not be removed at neutral pH by either rins-
ing or sonication, the proteins could be removed efficiently
through acid-catalyzed hydrolysis.[20] Indeed, after hydrolysis
no pattern was observed on the SAM (Figure 6B). This ob-
servation confirms that, most probably, immobilization of
proteins occurs through covalent imine bonds (and not phys-
isorption).


The covalent mCP of proteins was investigated further by
fluorescence microscopy. Firstly, col3a1 was printed in 100-
mm dots onto an aldehyde-terminated glass slide. The sub-
strate was sonicated briefly in PBS and rinsed thoroughly
with PBS and water (Milli-Q). Next, the remaining aldehyde
gaps were reacted with methoxypoly(ethylene glycol) amine.
Immobilized protein col3a1 was then labeled with a fluores-
cent dye, Lissamine rhodamine B, from ethanolic solution
for 1 h at room temperature. It is evident from the fluores-
cence image (Figure 7) that Lissamine-labeled col3a1 is


present exclusively in the contact regions (100-mm dots) and
not in the poly(ethylene glycol)-coated areas in between.


To pattern HeLa cells we used substrates that were pat-
terned with col3a1 proteins obtained by the direct mCP of
protein onto aldehyde-terminated SAM and subsequent
blocking of the remaining aldehyde groups with amino-PEG
(see Figure 1). It is important to select the correct dimension
of the pattern on the surface. Cells are constrained and in-
hibited if they are confined within areas similar to or smaller
than their natural dimensions. If the separation between the
patterned cells is insufficient, cells readily occupy the space
between the patterns. Here, we chose 100-mm dots with 100-
mm spacing between dots. HeLa cells were seeded onto the
substrate patterned with adhesive “islands” and incubated


Figure 5. HeLa cells on glass slides modified with A) B-type animal gela-
tin, B) P4 polar gelatin, C) col3a1, D) col1a1–1*.


Figure 6. Tapping-mode AFM images of microcontact-printed col3a1
onto aldehyde-terminated substrate 2 : A) by using hydrophilic, oxidized
PDMS with 3-mm lines separated by 5 mm, B) after acid-catalyzed hydro-
lytic release of microcontact-printed proteins.


Figure 7. Confocal microscopy image of printed col3a1 patterns (100-mm
dots separated by 100 mm) labeled with the fluorescent dye Lissamine
rhodamine B.
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for 24 h at 37 8C at an initial concentration of 3O
104 cells cm�2. The HeLa cells attach to each island, spread
to the limits of the printed pattern, and stay on the pattern
even after vigorous rinsing of the substrate with PBS
(Figure 8). On average, more than nine out of ten cells


adhere to the islands, whereas less than one out of ten
adhere outside the islands. As a control experiment we used
a glass substrate that was covered homogenously with
col3a1 proteins. Cells were seeded at a concentration of 3O
104 cells cm�2 and, after incubation (24 h at 37 8C), cells at-
tached to the substrate without forming any pattern
(Figure 5).


We also investigated the stability of the cell pattern after
24 h, 48 h, and 72 h (Figure 9). After 24 h of incubation the
pattern was apparent and cells adhered preferentially
(>90%) to the part of the substrate at which col3a1 was im-
mobilized. After 48 h of incubation cells penetrated the re-
gions between the protein islands. After about 72 h the cells
approached confluency and spread onto the entire nonadhe-
sive area, so that the original pattern was no longer visible.
After 48 h of incubation, elongated (>50 mm in length)
membrane protrusions and actin tubules were observed.
HeLa cells migrated onto cell-resistant areas (Figure 10).
This might indicate cell-to-cell communication between cells
on the pattern, as well as the possible secretion of ECM pro-
teins by the HeLa cells that, similarly to col3a1, enhance ad-
hesion of the cells to the substrate. Alternatively, the HeLa


cells may secrete enzymes that can affect the patterned sub-
strate. It was reported previously that cells can also indirect-
ly degrade nonadhesive surfaces by exerting local physical
stresses, such as mechanical strains or pH changes.[21]


Conclusion


Covalent mCP of collagen-type protein col3a1 onto alde-
hyde-terminated substrates is useful to obtain protein pat-
terns that can be applied to direct cell adhesion. Col3a1
shows the highest adhesion upon comparison with other,
similar proteins, such as col1a1–1*, P4, or bovine gelatin.
Direct covalent immobilization of proteins by mCP delivers
protein in well-defined, spatially and geometrically control-
led areas to the substrate. By blocking nonprinted areas on
the substrate, cells can be positioned and separated in con-
fined domains. Cells adhere preferentially on the col3a1 pat-
terns. After long incubation times (72 h) the HeLa cells pro-
liferate and migrate on the pattern and fill in the cell-resis-
tant areas. There are several advantages of covalent mCP of
proteins to direct cell adhesion: it is easy, inexpensive, fast,
and straightforward. The pattern can be tailored according
to the desired application by designing the geometry of the
master for PDMS-stamp fabrication. This method can be
useful in generating large areas of addressable arrays of
cells in a variety of shapes dependent on the stamp. In addi-
tion, this methodology to pattern cells can be useful in un-


Figure 8. Patterns of HeLa cells obtained by mCP of protein col3a1 (100-
mm dots separated by 100 mm).


Figure 9. HeLa cells on the substrate with col3a1 printed in 100-mm dots A) after 24 h incubation, B) after 48 h incubation, C) after 72 h incubation.


Figure 10. Patterned substrates with HeLa cells after 48 h incubation.
Cells show long (>50 mm in length) actin tubules and migrate towards
cell-resistant areas.
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derstanding how spatial or geometric modification of active
surfaces influences cellular behavior, such as cell–cell inter-
action, signaling between cells, and cell motility.


Experimental Section


Materials : The following materials and chemicals were used as received:
11-aminoundecanethiol (Dojindo Laboratories), terephthaldialdehyde
99% (Aldrich), poly(dimethylsiloxane) (PDMS) (Dow Corning), N-(2-
aminoethyl)-11-aminoundecyltrimethoxysilane (AEAUTMS) (Gelest),
Lissamine rhodamine B (Molecular Probes), methoxypoly(ethylene
glycol) amine (Fluka). Proteins col3a1, col1a1–1*, and P4 were biosyn-
thesized at Wageningen UR.[16,17] Gelatin type B from bovine skin was
purchased form Sigma–Aldrich. Serum and materials for cell culture
were purchased from Gibco or Invitrogen. All solvents were of HPLC
grade, and all other reagents were of analytical grade. Other solvents or
reagents were purchased from either Aldrich or Sigma.


Monolayer formation : Monolayers on gold and silicon substrates were
prepared according to procedures published previously.[20] The procedure
for immobilization of proteins is identical for gold and silicon surfaces.
The substrates were immersed for 1 h in protein solution (1 mm in PBS).
Subsequently, the substrates were rinsed copiously with Milli-Q water
and dried under a stream of nitrogen. In the direct mCP method (sub-
strates with full coverage of proteins), a flat, featureless PDMS stamp
(oxidized for 30 min with a UV/ozone plasma and stored under Milli-Q
water) was inked with a 1 mm solution of col3a1 proteins in buffer (PBS),
dried under a stream of nitrogen, and placed on aldehyde-terminated
substrate for 15 min at 35 8C. After reaction time the stamp was lifted off
and the substrate was sonicated in PBS for 5 min, rinsed copiously with
Milli-Q water (to remove all physisorbed material), and dried under the
stream of nitrogen.


Preparation of protein-modified substrates for cell attachment : Alde-
hyde-terminated glass slides were prepared as described.[20] The sub-
strates were immersed for 1 h in protein solution (1 mm col3a1, col1a1–
1*, or P4 in PBS solution, 0.1 mm aqueous gelatin solution). Subsequent-
ly, the substrates were rinsed copiously with Milli-Q water and dried
under a stream of nitrogen. In a control experiment, the imine monolayer
that was formed by the reaction between amino-terminated SAM and
terephthaldialdehyde and col3a1 (SAM 3) was hydrolyzed by immersing
the substrate in aqueous acetic acid solution (pH 3) for 1 h at RT.[20]


Microcontact printing of proteins on aldehyde-terminated substrates : Al-
dehyde-terminated glass slides (or silicon oxide on silicon wafers) and
gold substrates were prepared according to procedures mentioned above.
PDMS stamps (obtained by spin casting on silicon masters and curing)
were oxidized in a commercial UV/ozone plasma reactor (Ultra-Violet
Products, model PR-100) for 30 min at a distance of about 2 cm from the
plasma source. This reactor contains a low-pressure mercury UV light op-
erating with UV emissions at 185 nm (1.5 mWcm�2) and 254 nm
(15 mWcm�2) to generate molecular oxygen. Oxidized stamps were
placed in Milli-Q water to maintain their hydrophilicity. Subsequently,
the stamp was inked with a 1 mm solution of protein in PBS, dried with
N2, and brought into conformal contact with the substrate for 15 min at
35 8C. After this time the stamp was removed and the substrate was soni-
cated in buffer for 5 min and rinsed thoroughly with PBS and Milli-Q
water. The remaining gaps on the substrate (containing aldehyde groups)
were reacted with 1 mm methoxy-PEG amine aqueous solution with trie-
thylamine for 30 min at RT. After reaction time the substrate was rinsed
with water and dried with nitrogen. The reaction of col3a1 with Lissa-
mine rhodamine B was performed by soaking the substrate with immobi-
lized protein into a 1 mm ethanolic solution of the dye for 1 h. Subse-
quently, the surface was rinsed thoroughly with ethanol and water and
dried under nitrogen.


Cell culture and seeding onto the substrates : HeLa cells (human cervix
epithelial cell line) were cultured with IscoveQs modified DulbeccoQs
medium supplemented with 10% fetal calf serum (Gibco 16000), 2 mm


l-glutamine, and 1% antibiotics/antimycotic solution. The cells were


trypsinized in a 0.05% trypsin–EDTA solution and seeded onto the sub-
strate slides at a concentration of 3O104 cells cm�2 in IscoveQs modified
DulbeccoQs medium. Substrates with cells were incubated for 24 h at
37 8C with 5% CO2. Following the incubation substrates were rinsed with
PBS to wash away unattached cells. The same incubation protocol was
used for both homogeneous and patterned protein substrates.


Instrumentation


Contact-angle measurements : Contact angles were measured by using a
KrRss G10 goniometer, equipped with a CCD camera. Advancing and re-
ceding contact angles (qadv and qrec) were determined automatically
during growth and shrinkage of the droplet by a drop-shape analysis.
Milli-Q water (18.4MWcm�1) was used as a probe liquid. Both angles
(advancing and receding) were measured for at least three different loca-
tions on each sample.


Ellipsometry : Ellipsometric-layer thickness was measured by using a
Plasmos Ellipsometer (l=632.8 nm) assuming a refractive index of 1.5
for the monolayers and 1.465 for the underlying native oxide. The thick-
ness of the SiO2 layer was measured separately on an unmodified part of
the same wafer and subtracted from the total layer thickness determined
for the monolayer-covered silicon substrate.


FT-IRRAS spectroscopy : FT-IRRAS spectra in the mid-IR region of 1024
scans at 4 cm�1 resolution, 20 kHz speed, were recorded by using a BIO-
RAD FTS-60A spectrometer with a liquid-nitrogen-cooled cryogenic, ex-
ternal mercury–cadmium–telluride (MCT) detector, with its sample area
modified to accommodate an external reflection-sampling geometry. The
sample area was purged by dry nitrogen. Background spectra consisting
of 1024 averaged scans were taken before collecting each sample spectra.


AFM : AFM measurements were carried out by using a digital multimode
Nanoscope III (Digital Instruments, Santa Barbara, CA, USA) scanning
force microscope in tapping mode, with 512O512 data acquisitions, using
n(+)-silicon AFM pointprobes tips, type NCH-W with nominal spring
constant 37–56 Nm�1 (Nanoprobes, Digital Instruments) and E-scanner.
Typical scan rates of 0.8–1 Hz were used to acquire the data. All imaging
was conducted at RT in air.


Laser scanning confocal microscopy/optical microscopy : Microcontact-
printed substrates with and without cells were imaged by using a Carl
Zeiss LSM 510 scanning confocal microscope with an excitation HeNe
laser beam of wavelength 543 nm and a 10, 40, and 60Oobjective was
used. The emitted fluorescence was collected by using a R6357 spectro-
photometer. All confocal microscopy images were acquired in liquid.


XPS analysis : XPS spectra were obtained by using a Physical Electronics
Quantera Scanning X-ray Multiprobe instrument, equipped with a mono-
chromatic AlKa X-ray source operated at 1486.7 eV and 25 W. Spectra
were referenced to the main C 1s peak set at 284.0 eV. XPS data were
collected from a surface area of 700 mmO300 mm with a pass energy of
224 eV and a step energy of 0.8 eV for survey scans, and 0.4 eV for high-
resolution scans at a 458 takeoff angle, whereas the angle between
sample surface and the X-ray beam was 908. For quantitative analysis,
the sensitivity factors used to correct the number of counts under each
peak were as follows: C 1s, 1.00; N 1s, 1.59. The calculated C:N ratios
(Table 1) are not corrected for attenuation. Charge neutralization was
achieved by low-energy electrons and low-energy argon ions.
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Virgil Percec,*[a] Martin Glodde,[a] Mihai Peterca,[c] Almut Rapp,[b] Ingo Schnell,[b]


Hans W. Spiess,[b] Tushar K. Bera,[a] Yoshiko Miura,[a]


Venkatachalapathy S. K. Balagurusamy,[a, c] Emad Aqad,[a] and Paul A. Heiney[c]


Introduction


Columnar liquid crystals (LC) have received interest as elec-
tronic materials after the discovery that hexagonal columnar
LCs obtained from discotic molecules exhibit charge carrier
mobilities between amorphous polymers and organic single
crystals.[1] In addition to high charge carrier mobility, the
liquid crystalline state provides a mechanism to process
single crystal LC domains of electronic thin films that are
not accessible from organic single crystals. By contrast,
amorphous and semicrystalline electronically active macro-
molecules have good processability but display low charge
carrier mobility.[2] Although hexagonal columnar LCs ob-


tained from discotic molecules alleviate some of the nega-
tive features of polymers and organic single crystals, the en-
gineering of their charge carrier properties requires the syn-
thesis of libraries of complex discotic molecules. Substantial
progress has been made on the design and synthesis of elec-
tron-donor discotic molecules,[3] and the field has been re-
viewed.[4] However, there are only limited examples of elec-
tron-acceptor discotic molecules.[4c, f, 5] Smectic LC phases
have been also shown to increase charge carrier mobility of
low molecular mass organic[6] and macromolecular[7] com-
pounds. The most recent advance in organic electronic ma-
terials was generated by combining the fields of supramolec-
ular chemistry, liquid crystals and molecular electronics to
generates the new area of supramolecular electronics.[8]


Columnar LC phases of discotic molecules mediate the ar-
rangement of the aromatic part of the discs in a face-to-face
arrangement and thus provide the p–p stacking that is re-
sponsible for their increased charge carrier mobility. Howev-
er, columnar LC can also be self-organized from supramo-
lecular columns that are self-assembled from tapered rather
than from discotic molecules.[9] The most notable examples
of tapered building blocks are low generation amphiphilic
dendrons that can be functionalized with a diversity of
groups at their apex.[9] In a recent communication, we have
reported preliminary results on a novel strategy to mediate
the face-to-face arrangement of both electron-donor and
electron-acceptor organic molecules by their attachment to


Abstract: Semifluorinated first-genera-
tion self-assembling dendrons attached
via a flexible spacer to electron-donor
molecules induce p-stacking of the
donors in the center of a supramolecu-
lar helical pyramidal column. These
helical pyramidal columns self-organize
in various columnar liquid crystal
phases that mediate self-processing of
large single crystal liquid crystal do-


mains of columns and self-repair their
intracolumnar structural defects. In ad-
dition, all supramolecular columns ex-
hibit a columnar phase at lower tem-
peratures that maintains the helical


pyramidal columnar supramolecular
structure and displays higher intraco-
lumnar order than that in the liquid
crystals phases. The results described
here demonstrate the universality of
this concept, the power of the fluorous
phase or the fluorophobic effect in self-
assembly and the unexpected generali-
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the apex of a self-assembling semifluorinated first-genera-
tion dendron or minidendron.[8b] Semifluorination mediates
the self-assembly of the first-generation dendrons via the
fluorophobic effect[9b,10] and also protects the electronic active
core of the supramolecular column against moisture.[8b, f,h]


Moreover, co-assembly of these functionalized dendrons be-
tween themselves and with complementary amorphous elec-
troactive polymers opens numerous strategies to program
various electronic functions of conventional organic and
macromolecular materials. This supramolecular electronic
system self-repairs its supramolecular structural defects and
is self-processable between various electrodes with a desir-
able arrangement of the supramolecular columns.


In this publication we discuss the scope and limitations of
this concept.[8b] The effects of structural modifications of the
dendron, spacer and electroactive group from the apex of
the dendron on the self-assembly and self-organization pro-
cesses were examined and will be reported. We will show
that our strategy to supramolecular electronic materials
mediated by self-assembling dendrons is universal, simple
and compatible with a variety of electroactive groups. In ad-
dition, the supramolecular columnar structure of the liquid
crystal phase reported previously[8b] is maintained with an
even higher degree of intracolumnar order in the lower tem-
perature columnar structure that is expected to display even
higher charge carrier mobilities than those reported pre-
viously.[8b] The electroactive cores used in this study are well
known electroactive compounds. They include electron-
donors (D) with various shapes that display a wide range of
ionization potentials.


Results and Discussion


Synthesis : The structures of the dendrons containing elec-
tron-donating groups at their apex that will be discussed in
this paper are shown in Figure 1. The synthesis of
ACHTUNGTRENNUNG(3,4,5)12F8G1-2EONp, ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy, ACHTUNGTRENNUNG(3,4,5)12F8G1-
2EOPy and ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOCz were reported previous-
ly.[8b] These dendrons are derived from the semifluorinated
first-generation dendritic acid, ACHTUNGTRENNUNG(3,4,5)12F8G1-CO2H, con-
taining an alkane or oligoethylene glycol spacer between the
acid and the electron-donor groups.


Scheme 1 outlines the synthesis of four new electron-
donor groups. 2-[2-(3,5-Dimethoxyphenyl)ethoxy]ethanol
(3) was synthesized by etherification of the commercially
available 3,5-dimethoxyphenol (1) with 2-(2-chloroethoxy)-
ethanol (2) in 57% yield. 3,5-(Dipyrrolidine-1-yl)phenol (4)
was prepared according to a literature procedure.[11] Alkyla-
tion of 4 with 2-(2-chloroethoxy)ethanol (2) produced 2-{2-
[3,5-(dipyrrolidin-1-yl)phenyl]ethoxy}ethanol (5) in 25%
yield. The low yield obtained for 5 is due to the instability
of compound 4 under the alkylation conditions. Compounds
4 and 5 are sensitive to light and O2 and should be stored
under N2 in dark. The commercially available phenothiazine
(6) was sublimed and used immediately for the synthesis of
the electron-donating 2-(phenothiazine-10-yl-ethoxy)ethanol
(8). The latter was prepared in 53% yield according to a
modified literature procedure[12] by the alkylation of pheno-
thiazine (6) with THP-protected 2-(2-chloroethoxy)ethanol
(7). In addition to the carbazole linked to diethylene glycol
spacer (2EO) reported previously,[8b] the synthesis of a car-


Figure 1. Structures of self-assembling dendrons containing electron-donor groups and the results of the retrostructural analysis of their supramolecular
assemblies.


Chem. Eur. J. 2006, 12, 6298 – 6314 C 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6299


FULL PAPER



www.chemeurj.org





bazole derivative attached to a
tetraethylene glycol spacer
(4EO) was also achieved. Thus,
the N-alkylation of the freshly
recrystallized carbazole (10)
with 2-{2-[2-(2-benzylethoxy)-
ethoxy]ethoxy}-p-toluene sulfo-
nate (9)[13] was best performed
by using NaH in DMF at 50 8C.
Subsequent Pd/C catalyzed de-
benzylation afforded compound
11 in 24% yield.


The synthesis of the new den-
drons ACHTUNGTRENNUNG(3,4,5)12F8G1-2EODMB
(D1), ACHTUNGTRENNUNG(3,4,5)12F8G1-2EODPB
(D2), ACHTUNGTRENNUNG(3,4,5)12F8G1-EtNp
(D3), ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPt
(D5) and ACHTUNGTRENNUNG(3,4,5)12F8G1-
4EOCz (D10) was achieved in
moderate to high yield by N,N’-
dimethyldicyclohexylcarbodi-
imide (DCC)/4-dimethylamino-
pyridinium p-toluenesulfonate
(DPTS) mediated esterification
of the semifluorinated acid
12[9b,10a] with the hydroxy-termi-
nated electron-donating com-
pounds 3, 5, 13, 8, and 11, re-
spectively (Scheme 2). The syn-
thesis of the semifluorinated
acid ACHTUNGTRENNUNG(3,4,5)16F8-CO2H (18) containing sixteen semifluori-
nated methylenic groups is shown in Scheme 3. The electro-
active dendrons based on ACHTUNGTRENNUNG(3,4,5)16F8G1-CO2H (18) are ex-
pected to provide higher intracolumnar order than those of


the dendrons based on ACHTUNGTRENNUNG(3,4,5)12F8G1-CO2H (12)
(Scheme 2). The monohydration of 1,7-octadiene (14) under
hydroboration conditions produced oct-7-ene-1-ol (15) in
30% yield according to a modified literature procedure.[14]


The Pd0-catalyzed addition of perfluorooctyliodide to 15
was performed similar to our previously reported proce-
dure.[13] Reduction with LiAlH4 and subsequent bromination
of the corresponding alcohol produced compound 16 in
45% yield. Etherification of methyl gallate (17) with 16
(41% yield) followed by saponification produced the corre-
sponding acid ACHTUNGTRENNUNG(3,4,5)16F8G1-CO2H (18) in 90% yield. The
esterification of carbazole derivative 2-[2-(carbazol-9-yl)-
ethoxy]ethanol (19)[15] with the semifluorinated acid 18 pro-
duced dendron ACHTUNGTRENNUNG(3,4,5)16F8G1-2EOCz (D9) in 77% yield.


Thermal analysis by differential scanning calorimetry
(DSC): All dendrons were analyzed by a combination of dif-
ferential scanning calorimetry (DSC), thermal optical polar-
ized microscopy (TOMP) and X-ray diffraction (XRD) ex-
periments according to methods elaborated previously in
our laboratory.[8b,h] The transition temperatures and the cor-
responding enthalpy changes (kcalmol�1) were determined
by DSC with heating and cooling rates of 10 8Cmin�1. The
assignment of various phases was done by a combination of
XRD and TOMP according to methods employed in our
laboratory.[8b,16] Table 1 summarizes the transition tempera-
tures and the corresponding enthalpy changes for all self-as-
sembling dendrons. All dendrons self-assemble into supra-


Scheme 1. Synthesis of four new electron-donor groups: i) K2CO3, DMF,
70 8C, 12 h; ii) NaH, Bu2O, 110 8C; iii) HClaq, MeOH; iv) NaH, DMF,
50 8C, 3 h; v) H2, Pd/C, EtOH/CH2Cl2, 25 8C, 24 h.


Scheme 2. Dendrimer precursors: i) DCC, DPTS, a,a,a-trifluorotoluene, 55 8C, 12 h.
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molecular columns that self-organize into various columnar
LCs. Hexagonal columnar p6mm (Fh) LC phases predomi-
nate. A centered rectangular columnar c2mm (Fr-c) LC
phase was observed in the case of ACHTUNGTRENNUNG(3,4,5)12F8G1-2EODMB
and (3,4,5)12F8G1-2EODPB. In general, the replacement of
the flexible ether spacer by an aliphatic one decreases the
temperature range of the columnar LC phase and enhances
the tendency towards columnar phases with intracolumnar
order or even crystallization. For example, the diethylene
glycol spacer in ACHTUNGTRENNUNG(3,4,5)12F8G1-2EONp yields an enantio-
tropic LC phase, whereas the ethyl spacer ACHTUNGTRENNUNG(3,4,5)12F8G1-


EtNp affords only a monotropic phase. Similarly,
ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy (n-butyl spacer) exhibits a columnar
hexagonal phase with intracolumnar order on first heating,
whereas ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPy (diethylene glycol spacer)
shows columnar liquid crystalline phases in all DSC scans.
Modification of the core with rigid substituents also reduces
the LC temperature range. The dendron ACHTUNGTRENNUNG(3,4,5)12F8G1-
2EODMB containing two OCH3 groups attached to the aro-
matic core group is enantiotropic after the first heating scan,
but ACHTUNGTRENNUNG(3,4,5)12F8G1-2EODPB with two pyrrolidino groups re-
mains only monotropic. Structural modifications of the pe-
ripheral design of the semifluorinated dendron reduce the
temperature range of the LC phase but increase the melting
temperature. Thus, increasing the proportion of methylene
groups from (CH2)4-(CF2)8F to (CH2)8-(CF2)8F decreases the
temperature range of the LC phase, as seen by comparing
ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOCz enantiotropic LC phase over 60 8C)
with ACHTUNGTRENNUNG(3,4,5)16F8G1-2EOCz (enantiotropic LC phase over


10 8C). Nevertheless, as it will
be discussed later, the low tem-
perature phase of
ACHTUNGTRENNUNG(3,4,5)16F8G1-2EOCz is gener-
ated from supramolecular col-
umns with high degree of intra-
columnar order that have the
potential to increase the charge
carrier mobility above the
range of values reported pre-
viously.[8b]


Structural and retrostructural
analysis by X-ray diffraction :
Small-angle (Table 2) and wide-
angle X-ray diffraction (XRD)
(Table 3) studies on powder
and oriented fibers indicate
that most of these dendrons
form a 2D hexagonal columnar
LC phase (Fh) at high tempera-
ture. This is evidenced by three
sharp reflections with the indi-
ces (10), (11) and (20). The (10)
peak is very strong and the (11)
and (20) peaks are weak. The
diameters of the supramolecu-
lar columns range from 42.8 to


51.4 L (Table 2). Many dendrons which form a 2D hexago-
nal columnar phase show an additional, closely related
phase at a lower temperature. This corresponds to a weak or
moderately strong endotherm in the DSC. In this phase,
peaks that were not observed in the 2D hexagonal columnar
phase appear. They are slightly broader indicating that there
is a fair amount of disorder in the supramolecular columns.
The retrostructural analysis of four supramolecular columns
by using methods elaborated previously in our laboratory[9d]


is summarized in Table 2. The number of dendrons forming
a column stratum of 4.7 L[9d,f,g] varied between 4.1 and 4.6.


Table 1. Thermal transitions and corresponding enthalpy changes of the lattices self-organized from supramo-
lecular columns containing electroactive dendrons.


Compound Thermal transitions [8C] and corresponding enthalpy changes [kcalmol�1][a]


Heating 1st Cooling


ACHTUNGTRENNUNG(3,4,5)12F8G1-2EODMB Fio
r-c


[b],[c] 77.9 (13.32) i[d] i 62 (0.31) Fr-c 11 (3.21) Fio
r-c


Fio
r-c 19 (1.81) Fio


r-c 27 (0.81) Fr-c 66 (0.48) i
ACHTUNGTRENNUNG(3,4,5)12F8G1-2EODPB Fio


r-s
[e] 104 (14.21) i i 50 (0.47) Fr-c 11 (1.11) Fio


r-s
Fio


r-s 15 (1.11) Fio
r-s 49 (�10.22) Fh


[f] 105 (4.33)
ACHTUNGTRENNUNG(3,4,5)12F8G1-EtNp Fio


r-s 82 (10.03) i i 49 (0.33) Fh 19 (2.50) Fio
r-c


Fio
r-s 27 (2.63) Fio


r-s 40 (�4.94) Fio
r-s 82 (9.68) i


ACHTUNGTRENNUNG(3,4,5)12F8G1-2EONp Fio
r-c 48 (8.90) Fh 75 (0.40) i i 70 (�0.40) Fh 16 (3.22) Fio


r-c
Fio


r-c 24 (3.07) Fh 74 (0.46) i
ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPt Fio


r-s 61 (8.21) Fh 92.0 (0.37) i i 89 (0.39) FðioÞg
h 16.0 (1.24) Fio


r-s
Fio


r-s 25.4 (1.87)FðioÞ
h 92 (0.37) i


ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy Fio
h 59 (8.20) Fio


h 63 (�11.00) Fh 83 (11.70) i i 78 (0.51) Fh 2 X[g]


X 13 (1.30) Fh 82 (0.67) i
ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPy Fio


r-c 49 (11.01) Fh 97 (0.53) i i 92 (0.41) Fh 7 Fio
r-c


Fio
r-c �2 k 19 (2.30) Fh 97 (0.59) i


ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOCz Fio
h 39 (2.31) Fio


h 53 (9.62) Fh 75 (1.01) i i 71 (�0.81) Fh 13 (4.91) k 6 X
X 13 k 21 (5.00) Fh 75 (0.80) i


ACHTUNGTRENNUNG(3,4,5)16F8G1-2EOCz Fio
r-c 43 (4.42) Fh 63 (0.33) i i 57 (0.32) Fh 44 (8.62) Fio


r-c
Fio


r-c 44 (8.54) Fh 63 (0.24) i
ACHTUNGTRENNUNG(3,4,5)12F8G1-4EOCz X 21 (3.10) Fh 81 (0.31) i i 76 (0.51) Fh 13 (2.87) X


X 21 (3.10) Fh 81 (0.31) i


[a] Data from the first heating and cooling scans are on the first line and data from the second heating are on
the second line; [b] Fr-c , C2mm centered rectangular columnar lattice; [c] io: lattice with intracolumnar order;
[d] i isotropic; [e] Fr-s; p2mm simple rectangular columnar lattice; [f] Fh, p6mm columnar hexagonal lattice;
[g] X=unknown phase.


Scheme 3. Synthesis of 18 and D9 : i) BH3·THF, then NaOH, H2O2; ii) F-
ACHTUNGTRENNUNG(CF2)8I, [Pd ACHTUNGTRENNUNG(PPh3)4], hexanes, Et2O; iii) LiAlH4, THF then NaOH, H2O;
iv) HBr (48%), aliquate-336; v) K2CO3, DMF, 70 8C; vi) KOH, EtOH,
reflux then HClaq; vii) DCC, DPTS, a,a,a-trifluorotoluene, 55 8C, 12 h.
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This noninteger number is expected to induce a helical con-
formation of the dendrons in the supramolecular column.[8b]


Oriented fibers of these dendrons were studied by small-
and wide-angle XRD.[8b] Fibers were extruded from a mini
extruder in the LC phase, cooled to room temperature, and
then kept in a temperature-controlled oven for recording
the XRD patterns at different temperatures. Figure 1 sum-
marizes the analysis of the donor group-containing den-
drons. In the well-oriented fibers, sharp reflections with the
large maximum in intensity near the equator (perpendicular
to the extrusion direction) were observed in the small-angle
region in the LC phase. The wide-angle XRD results ob-
tained on oriented fibers are summarized in Table 3. All su-
pramolecular columns consist of pine-tree like or pyramidal
helical arrangement of dendrimers.[8b] The tilt angle of the


dendrons in these pyramidal su-
pramolecular dendrimers varies
between 42 and 228 (Table 3,
Figure 2). Their short range hel-
ical pitch (s2 in Figure 2) is be-
tween 5.0 and 5.5 L (Table 3).
In agreement with NMR results
to be discussed later, this heli-
cal pyramidal arrangement of
the dendrons mediates the face-
to-face arrangement of the elec-
tron-donor groups at a distance
that varies between 3.9 and


4.2 L (Table 3). The distance from the s2 feature in XRD to
the equatorial axis (Figure 2 g,h,i) gives the pitch value (p)
while the distance from s2 to the meridional axis gives the
radius of rotation of the part of the structure that generates
the helical feature. Pitch values larger than 5 L (Table 3)
would be expected to show more than one helical feature.
The current data exhibits a single order of diffraction s2 and
therefore, is in agreement with the proposed assignment.
The distance between the electron-donor groups determines
the charge carrier mobility in the core of the supramolecular
columns. These XRD experiments provide only a limited
amount of structural information at the molecular level in
the supramolecular structure. Therefore, the XRD analysis
was complemented by NMR studies carried out in solid
state and in solution.


Table 2. Structural and retrostructural analysis by XRD of supramolecular columns and their corresponding lattices generated from dendrons containing
donor groups.


Compound Lattice T
[8C]


d Spacings [L] a or (a,b)
[L]


120
[a]


[g cm�3]
m[b]


ACHTUNGTRENNUNG(3,4,5)12F8G1-
2EODMB


Fio
r-c 0 d20 (45.9) d11 (40.4) d40 (23.2) d02 (22.4) d22 (20.1) 92.7; 44.7[c]


Fr-c 55 d20 (38.1) d11 (34.0) d02 (18.9) d22 (16.7) 76.1; 37.7[c]


ACHTUNGTRENNUNG(3,4,5)12F8G1-
2EODPB


Fio
r-s 0 d10 (40.3) d11 (32.1) d02 (28.9) d20 (20.2) d22 (16.2) 39.8; 56.4[d]


Fr-c 80 d20 (40.3) d13 (36.1) d22 (32.2) d04 (29.5) d06 (20.3) d44 (16.4) 78.1; 121.0[c]


ACHTUNGTRENNUNG(3,4,5)12F8G1-EtNp Fio
r-s 20 d10 (40.3) d01 (33.7) d11 (25.7) d02 (16.5) 40.6; 32.9[d]


Fh 30 d10 (37.0) d11 (21.4) d20 (18.5) 42.8[e]


ACHTUNGTRENNUNG(3,4,5)12F8G1-2EONp Fio
r-c 15 d11 (43.7) d20 (39.0) d31 (28.9) d40 (19.4) d13 (16.4) 77.8; 51.4[c]


Fh 36 d10 (40.8) d11 (20.1) d20 (20.1) 46.8[e] 1.49 4.42
ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPt Fio


r-s 10 d10 (38.9) d01 (32.6) d20 (18.9) d21 (17.0) d12 (15.0) 38.7; 32.8[d]


Fh 74 d10 (38.3) d11 (22.5) d20 (19.5) 44.6[e]


Fio
h 32 d10 (39.8) d11 (22.8) d20 (19.8) d21 (15.0) 46.0[e]


ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy Fio
h 24 d10 (42.1) d20 (21.0) 48.6[e] 1.53 4.12


Fh 60 d10 (39.0) d11 (22.3) d20 (19.2) 44.6[e]


ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPy Fio
r-c 24 d11 (44.6) d20 (37.9) d02 (27.8) d31 (22.7) d22 (22.1) d40 (18.9) d13 (17.8) 75.5; 55.07[c] 1.49 4.58


Fh 30 d10 (42.5) d11 (24.2) d20 (20.9) 48.6[e]


ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOCz Fio
h 24 d10 (41.7) d20 (21.1) 48.1[e] 1.62 4.54


Fh 61 d10 (39.0) d11 (22.4) d20 (19.5) 44.9[e]


ACHTUNGTRENNUNG(3,4,5)16F8G1-2EOCz Fio
r-c 28 d11 (48.3) d20 (44.0) d02 (28.9) d31 (26.3) d22 (24.1) d40 (22.0) d13 (18.7) d42


(17.5)
88.2; 57.7[c]


Fh 55 d10 (44.6) d11 (25.8) d20 (22.3) 51.4[e]


ACHTUNGTRENNUNG(3,4,5)12F8G1-4EOCz Fh 56 d10 (43.3) d20 (21.6) 49.9[e]


[a] 120=experimental density at 20 8C. [b] Number of monodendrons per 4.7 L column stratum m= (
ffiffiffi


3
p
NAD


2t1)/2M(AvogadroMs number NA=6.0220455N
1023 mol�1, the average height of the column stratum t=4.7 L, and M=molecular weight of monodendron. [c] c2mm=centered rectangular (Fr-c) lattice
parameters a and b ; a=hd, b=kd ; (h0) and (k0) from diffractions. [d] p2mm= simple rectangular columnar (Fr-s) lattice parameters a and b ; a=hd, b=
kd ; (h0) and (k0) from diffractions. [e] p6mm=hexagonal columnar (Fh) lattice parameter; a=2hd100i


ffiffiffi


3
p


; hd100i = d100+
ffiffiffi


3
p
d110+


ffiffiffi


4
p
d200+


ffiffiffi


7
p
d210)/4.


Table 3. Structural and retrostructural analysis by wide angle XRD of aligned fibers.


Compound Phase T
[8C]


Tilt angle
[8]


Short-range helical pitch p
[L][a]


p-Stack distance
[L][b]


ACHTUNGTRENNUNG(3,4,5)12F8G1-
2EONp


Fh 50 40�10 5.3 4.1


ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPt Fi
h 32 20�23 – 3.9


Fh 81 42�10 5.3 4.0
ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPy Fh 48 – 5.3 3.9
ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOCz Fh 65 50�10 5.5 3.9
ACHTUNGTRENNUNG(3,4,5)16F8G1-2EOCz Fio


r-c 25 60�8 4.9 3.9
ACHTUNGTRENNUNG(3,4,5)12F8G1-4EOCz Fh 40 33�22 5.3 4.2


[a] Determined from s2 in Figure 2. [b] Determined from s1 in Figure 2.
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Molecular models of the supramolecular pyramidal columns
in the LC and higher order phases : Molecular models of the
supramolecular helical pyramidal columns were developed
based on the XRD results for the Fh phase of
ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPt (Figure 2a, b, c, f, g) and for the or-
dered intracolumnar phase Fio


r-c of ACHTUNGTRENNUNG(3,4,5)16F8G1-2EOCz
(Figure 2d, e, f, l). The difference between the intracolumnar
order in the Fh and Fio


r-c phase is shown in Figure 2b and e.
In Figure 2f the left column belongs to the Fh and the right
column to the Fio


r-c phase. In both cases, the 3.9 L p–p stack-


ing of the donor groups is ob-
served (see the s1 feature indi-
cated in Figure 2g, h and j).
However, intracolumnar order
is much higher in the Fio


r-c
column of the ACHTUNGTRENNUNG(3,4,5)16F8G1-
2EOCz than the Fh column of
ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOCz. Fig-
ure 2j shows that both s1 and s2
features are sharper for the
ACHTUNGTRENNUNG(3,4,5)16F8G1-2EOCz than the
ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPt or
ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOCz. The
order along the column increas-
es from approximately four
layers, for the ACHTUNGTRENNUNG(3,4,5)12F8G1-
2EOPt or ACHTUNGTRENNUNG(3,4,5)12F8G1-
2EOCz, to more than 24 layers
for ACHTUNGTRENNUNG(3,4,5)16F8G1-2EOCz ; the
order correlation values were
calculated from the full width
half maximum of the s2 feature
for the three systems presented
in Figure 2j. All low tempera-
ture phases from Table 1 main-
tain the intracolumnar order of
their higher temperature liquid
crystal phase either in a 2D lat-
tice with intracolumnar order
as in the example discussed
here or in 3D lattice with intra-
columnar order. Therefore, it is
expected that even higher
charge carrier mobility than the
one reported before[8b] must be
observed for these phases.


Structural analysis by magic
angle spinning NMR spectro-
scopy : In order to obtain a
better understanding of the
structure and packing effects,
four dendrons ACHTUNGTRENNUNG(3,4,5)12F8G1-
2EOPy, ACHTUNGTRENNUNG(3,4,5)12F8G1-2EONp,
ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy and
ACHTUNGTRENNUNG(3,4,5)12F8G1-EtNp, were stud-
ied by magic angle spinning


(MAS) NMR spectroscopy and compared with their non-
dendritic precursors 4-pyren-1-yl-butan-1-ol (PyBuEtOH)
and 2-naphthalen-1-yl-ethanol (NpEtOH). Figure 3 shows
the proton spectra of these compounds in their solid glassy
state, LC phase, in isotropic melt and in CDCl3 solution.
The resolution of the spectra increases with temperature
from the solid state via the columnar LC phase to the melt.
This can be explained by an increase in the mobility of the
molecules with temperature, leading to a decrease in the ef-
fective dipolar couplings (due to motional averaging) and


Figure 2. Supramolecular columns self-assembled from ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPt and ACHTUNGTRENNUNG(3,4,5)16F8G1-2EOCz. a)
top-view of one column stratum from ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPt (D5); b) cross-section of the side-view of the
column from ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPt ; c) top-view of the column from ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPt ; d) top-view of one
column stratum of the column from ACHTUNGTRENNUNG(3,4,5)16F8G1-2EOCz ; e) side-view of the cross-section of the column
with intracolumnar order from ACHTUNGTRENNUNG(3,4,5)16F8G1-2EOCz ; f) details of the ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPt (left) and
ACHTUNGTRENNUNG(3,4,5)16F8G1-2EOCz (right) core-core stacking in the column without (left) and with (right) intracolumnar
order; g), h) and i) XRD of the aligned samples of ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPt, ACHTUNGTRENNUNG(3,4,5)16F8G1-2EOCz and
ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOCz ; j) stack XRD plot along the meridional region for the ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPt,
ACHTUNGTRENNUNG(3,4,5)16F8G1-2EOCz and ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOCz indicating the position of s1 and s2 features; k) and l) sche-
matic of the hexagonal columnar and centered rectangular columnar phases; only the core region is shown.
tilt-dendron tilt, (hk0) reflections of the hexagonal or rectangular columnar phases, s1 core–core stacking in
agreement with NMR data s2-dendron helical feature.
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hence causing less broadening of the resonance lines. Com-
paring the spectra in the LC phase, much narrower peaks
are observed for ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPy and ACHTUNGTRENNUNG(3,4,5)12F8G1-
2EONp than for ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy. This difference in line
width shows that the longer and more flexible ethyleneoxy
spacer allows a greater mobility of the molecules in the LC
phase as discussed in detail below. Since the LC phase of
ACHTUNGTRENNUNG(3,4,5)12G1-EtNp, observed by DSC upon cooling the
sample, is rather unstable, it could not be detected by NMR.
Figure 3d shows similar proton spectra at 10 and 60 8C upon
heating the sample. Thus, the intracolumnar ordered solid
or glassy state of ACHTUNGTRENNUNG(3,4,5)12G1-EtNp persists at elevated tem-
peratures as compared to ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy, which shows
a columnar LC phase at 60 8C and hence a significantly nar-
rower linewidth. Table 4 summarizes the chemical shift
values of the different CHn groups and the resultant p-shifts
for all six molecules.


By comparison of the solu-
tion spectra to the bulk spectra
(solid, LC and melt), it be-
comes apparent that there are
p-shifts present to lower fre-
quencies for all resonances (ar-
omatic, OCH2 and alkyl) in all
six molecules, as indicated by
the white arrows in Figure 3.
Generally, similar p-shifts mean
similar p-electron densities sur-
rounding the respective proton
in a molecular assembly, point-
ing at a similar packing of the
molecules. Comparing the p-
shifts of the aromatic, OCH2


and alkyl groups in each mole-
cule for the melt, the LC (Fh)
and the intracolumnar ordered
solid phase, two important
points are to be noted: i) for
ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPy and
ACHTUNGTRENNUNG(3,4,5)12F8G1-2EONp, the p-
shifts observed for the aromatic
and the OCH2R protons in-
crease when going from the in-
tracolumnar ordered solid to
the LC phase, but remain simi-
lar for the transition to the
melt. Therefore, the p-electron
density of the LC phase and the
melt must be comparable, sug-
gesting a similar arrangement
of the molecules in both phases.
Hence, the columnar structure
of the liquid crystalline phase is
expected to persist in the melt.
The difference in p-shifts ob-
served for the solid and the LC
phase can be explained in terms


of a slightly different packing of the molecules in the
column. In the intracolumnar ordered solid phase, the as-
sembly might be more kinetically controlled, while in the
LC phase the thermodynamically preferred arrangement is
achieved. ii) For ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy and ACHTUNGTRENNUNG(3,4,5)12F8G1-
EtNp the observed p-shifts are comparable for all phases.
Therefore, the p-electron density and, thus, also the molecu-
lar assembly in the column are similar in all phases. For a
quantitative investigation of the p-shifts, it is necessary to
compare the chemical shift of the individual CHn groups ob-
served in solution with the corresponding chemical shift in
the bulk. Therefore, assignment of the different peaks was
carried out by 2D Double Quantum (DQ) spectra in addi-
tion to the relative intensities of the peaks. Table 4 summa-
rizes the chemical shift values of the different CHn groups
and the resultant p-shifts for all six molecules.


Figure 3. 1H One-pulse spectra of molecules ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPy (a), ACHTUNGTRENNUNG(3,4,5)12F8G1-2EONp (b),
ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy (c), ACHTUNGTRENNUNG(3,4,5)12F8G1-EtNp (d), PyBuOH (e) and NpEtOH (f) in the intracolumnar ordered
solid (glassy) state, the hexagonal columnar LC phase and the melt recorded at 30 kHz MAS. The solution
spectra were measured in CDCl3. The white arrows indicate the p-shifts present in the solid-state, the liquid
crystalline phase and the melt. The star (*) refers to residual CHCl3 signal.
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The two-dimensional DQ spectra in Figure 4 facilitate the
assignment of the different resonances, because they provide
information about through-space 1H–1H proximities. If two
protons are in close proximity in the material, they will
share the same double-quantum frequency, which is the sum
of the single quantum frequencies of the two nuclei in-
volved. Therefore, different proton sites that are in close
proximity appear as so-called cross peaks in a DQ spectrum.
Looking at the spectrum of ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPy, it is ap-
parent that the diagonal and cross-peaks between d 6.9 and
7.4 ppm must arise from the pyrene core of the molecule
(marked purple in the spectrum), while the resonance at
6.4 ppm belongs to the two aromatic protons of the den-
dron. As expected, the latter shows a cross-peak to the adja-
cent OCH2R groups (2.9 ppm) of the alkyl chains (depicted
in dark green) and, in addition, also a weak cross-peak to
other groups of the alkyl chains (depicted in light green).
The cross-peaks marked in blue at 3.7–3.6 and 3.0 ppm cor-
respond to the resonances of the neighboring groups in the
spacer. The orange region in the DQ spectrum (Figure 4) in-
dicates cross-peaks between the OCH2R and the other CH2


groups of the alkyl chains. Finally, there is a weak cross-
peak observed between the resonances at d 8.4 and 3.4 ppm
(marked pink). Hence, d 3.4 ppm must be the chemical shift
belonging to the pyrene-CH2 protons, since it is the only
one expected to show a proximity to protons of the pyrene
ring. Thus, all the resonances observed for the LC phase and


the melt in the spectrum in Fig-
ure 3a could be assigned, and
the result agrees well with the
relative intensities of the
proton peaks. The peaks of the
other three molecules
ACHTUNGTRENNUNG(3,4,5)12F8G1-2EONp,
ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy and
ACHTUNGTRENNUNG(3,4,5)12F8G1-EtNp have been
assigned in an analogous
manner. For 4-pyren-1-yl-
butan-1-ol (PyBuOH) and 2-
naphthalen-1-yl-ethanol
(NpEtOH) the assignment is
obvious. The proton chemical
shifts in solution and in the
melt are summarized in Table 4.


Looking at the p-shifts ob-
served for the polycyclic aro-
matic protons (pyrene and
naphthalene) listed in Table 4,
the shifts observed for
ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPy and
ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy (Dd=0.9
and 0.8 ppm, respectively) are
more pronounced than for
ACHTUNGTRENNUNG(3,4,5)12F8G1-2EONp and
ACHTUNGTRENNUNG(3,4,5)12F8G1-EtNp (Dd=0.4
and 0.6 ppm, respectively;
Table 4). These p-shifts must be


an effect of the stacking of the pyrene and naphthalene
rings. Therefore, it is not surprising that the pyrene rings,
being a larger polycyclic aromatic unit, induce stronger p-
shifts than the naphthalene rings. This is also in good agree-
ment with the X-ray diffraction data, since it shows a slight-
ly smaller p–p-stacking distance for ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPy
than for ACHTUNGTRENNUNG(3,4,5)12F8G1-2EONp (Table 3). For the aromatic
protons of the dendron, p-shifts similar to those of the poly-
cyclic aromatic protons are observed. Again, they are larger
for ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPy and ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy (Dd =


0.8 and 0.6 ppm, respectively) than for ACHTUNGTRENNUNG(3,4,5)12F8G1-
2EONp and ACHTUNGTRENNUNG(3,4,5)12F8G1-EtNp (Dd = 0.4 and 0.5 ppm,
respectively). Without taking the possibility of backfolding
into account, the p-shifts observed for the aromatic protons
of the dendron can only be induced by the aromatic rings of
neighboring dendrons. A shift of 0.8–0.4 ppm to lower fre-
quencies can be induced by a single aromatic ring located
above or below the respective proton, at a distance of 3.5–
4.5 L.[17] This suggests a helical arrangement that supports
the XRD results. In this assembly one aromatic proton of
the dendron is located underneath the aromatic ring of the
adjacent dendron at an average distance of approximately
3.5–4.5 L (depending on the molecule). The other aromatic
proton lies above the aromatic ring of the neighboring den-
dron on the other side, also at an average distance of ap-
proximately 3.5–4.5 L.


Table 4. 1H NMR Chemical Shifts Observed for the Different CH and CH2 Groups of ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPy,
ACHTUNGTRENNUNG(3,4,5)12F8G1-2EONp, ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy, ACHTUNGTRENNUNG(3,4,5)12F8G1-EtNp, PyBuOH and NpEtOH in solution and in
the melt (~100 8C).


Solution d(1H)
[ppm]


Melt d(1H)
[ppm]


p shift Dd
[ppm]


Solution d(1H)
[ppm]


Melt d(1H)
[ppm]


p shift Dd
[ppm]


ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPy ACHTUNGTRENNUNG(3,4,5)12F8G1-2EONp
pyrene/
napthalene


7.8–8.2 6.9–7.4 ~0.9 7.2–7.8 6.8–7.5 ~0.4


arom CH (den-
dron)


7.2 6.4 0.8 7.1 6.7 0.4


OCH2R 3.9 2.9 1.0 3.9 3.1 0.8
OCH2CH2


(spacer)
4.2 3.6 0.6 4.2 3.9 0.3


OCH2CH2


(spacer)
4.2 3.7 0.5 4.1 3.8 0.3


OCH2CH2


(spacer)
3.6 3.0 0.6 3.5 3.3 0.2


Py-/Np-CH2 4.2 3.4 0.8 3.9 3.5 0.4
ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy ACHTUNGTRENNUNG(3,4,5)12F8G1-EtNp


pyrene/
napthalene


7.7–8.2 6.9–7.4 ~0.8 7.2–8.1 6.6–7.5 ~0.6


arom CH (den-
dron)


7.2 6.6 0.6 7.0 6.5 0.5


OCH2R 3.9 3.0, 3.2[a] 0.9, 0.7[a] 3.8 3.1, 3.3[a] 0.7, 0.5[a]


CH2 (spacer) 4.3 3.8 0.6 4.5 4.0 0.5
Py/Np-CH2 3.3 2.5 0.8 3.4 2.8 0.6


PyBuOH NpEtOH
pyrene/
naphthalene


7.8–8.3 6.3–6.8 1.5 7.2–8.0 6.2–7.0 1.0


CH2 (“spacer”) 3.5 2.1 1.4 3.5 2.5 1.0
CH2 (“spacer”) 1.8 0.5 1.3


[a] The first and second value correspond to the 3,5 and 4-substituted OCH2R groups on the aromatic ring, re-
spectively.
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The resonances between d 2.8 and 4.5 ppm in Figure 4
correspond to the OCH2R and the spacer protons. Again,
larger p-shifts are observed for the two molecules with a
pyrene core than for the molecules with a naphthalene core.
Comparing the different resonances listed in Table 4, it is
apparent that the OCH2R protons of the alkyl chains experi-
ence stronger p-shifts than the spacer protons. Out of the
protons of the spacer, the group next to the pyrene or naph-
thalene ring (Py-/Np-CH2 in Table 4) experiences the most
pronounced p-shifts. This is not surprising, because the
pyrene and naphthalene rings are displaced with respect to
each other in the column, so that the Py/Np-CH2 groups are
influenced by the shielding effects of the pyrene/naphtha-
lene rings above and below. From a sterical point of view
and neglecting backfolding effects, the OCH2R groups can
only experience ring-current effects from dendritic aromatic
rings of neighboring molecules, while the groups of the
spacer can also be influenced by the p-electrons of the poly-


cyclic aromatic core. Neverthe-
less, the p-shifts observed for
the spacer groups are on aver-
age weaker. Therefore, the
spacer unit must be spatially
separated to a large extent
from the polycyclic aromatic
core and the dendritic unit,
which is discussed in more
detail below.


With respect to the OCH2R
groups another interesting fea-
ture should be mentioned. The
spectra of ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy
and ACHTUNGTRENNUNG(3,4,5)12F8G1-EtNp show
two different resonances for the
OCH2R groups in the melt and
LC phase, while for
ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPy and
ACHTUNGTRENNUNG(3,4,5)12F8G1-2EONp only one
resonance is observed. These
two resonances can be attribut-
ed to different p-shifts experi-
enced by the OCH2R groups in
3,5- and 4-position on the den-
dritic aromatic ring that depend
on the spacer unit. Short and
rigid spacer units, as in
ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy and
ACHTUNGTRENNUNG(3,4,5)12F8G1-EtNp, lead to an
arrangement of the dendrons in
the column where the 3,5- and
4-OCH2R protons experience
different p-shifts from neigh-
boring aromatic rings, while
longer and more flexible
spacers, as in ACHTUNGTRENNUNG(3,4,5)12F8G1-
2EOPy and ACHTUNGTRENNUNG(3,4,5)12F8G1-
2EONp, give rise to an arrange-


ment of the dendritic groups where all OCH2R groups expe-
rience the same p-shifts.


Larger p-shifts are also observed for PyBuOH (Dd=
1.5 ppm) as suppose to NpEtOH (Dd=1.0 ppm) listed in
Table 4. When comparing PyBuOH and NpEtOH with the
respective dendritic molecules, however, significantly larger
p-shifts are observed for those precursors. This can be ex-
plained in terms of a higher p-electron density that arises
from a different not columnar packing of the molecules.
Therefore, this demonstrates that the columnar structure is
induced primarily by the dendrons and not by the polycyclic
aromatic rings.


Separation of aromatic and aliphatic region : A helical-type
arrangement of the molecules suggests a separation of the
polycyclic aromatic core from the dendritic groups. This ar-
rangement is supported by the relatively weak p-shifts ob-
served for the spacer protons mentioned above. For


Figure 4. Two-dimensional double-quantum (DQ) spectra of ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPy, ACHTUNGTRENNUNG(3,4,5)12F8G1-2EONp,
ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy in the LC phase and ACHTUNGTRENNUNG(3,4,5)12F8G1-EtNp in the intracolumnar ordered solid phase since
its LC phase is not stable. The spectra were recorded at 60–80 8C, at 30 kHz MAS with an excitation time of
four rotor periods (texc=4tR) for ACHTUNGTRENNUNG(3,4,5)12F8G1-EOPy and ACHTUNGTRENNUNG(3,4,5)12F8G1-2EONp and two rotor periods
(texc=2tR) for ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy and ACHTUNGTRENNUNG(3,4,5)12F8G1-EtNp.
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ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy and ACHTUNGTRENNUNG(3,4,5)12F8G1-EtNp there are,
however, indications of a backfolding of molecules in the
column, which is not observed for ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPy
and ACHTUNGTRENNUNG(3,4,5)12F8G1-2EONp.


In the 2D DQ NMR spectra of ACHTUNGTRENNUNG(3,4,5)12F8G1-EtNp in
Figure 4d two different cross-peaks can be distinguished be-
tween aromatic and aliphatic protons. The cross-peak de-
picted in light green can be explained by a spatial proximity
of the aromatic protons of the dendron and the alkyl chain,
analogous to ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPy and ACHTUNGTRENNUNG(3,4,5)12F8G1-
2EONp. The cross-peak marked light blue, however, indi-
cates a proximity between the naphthalene protons and the
alkyl chain. Such proximity could arise from a backfolding
of some molecules. In the case of ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy (Fig-
ure 4c) only one cross-peak is observed between the aromat-
ic and the alkyl protons. This could either arise from a prox-
imity of the dendritic aromatic protons and the alkyl chains
(light green) or the pyrene protons and the alkyl chains
(light blue) or a superposition of both. The corresponding
cross-peaks on the alkyl side of the 2D DQ spectrum are
missing. This is a phenomenon often observed in the tail
region of strong aliphatic peaks. It can be attributed to spec-
tral distortions due to a mobility of the alkyl chains on the
NMR time-scale.[18,19] Again, this indicates the possibility of
a backfolding of some molecules in the column. The proper-
ties of the columnar assembly, however, do not seem to be
influenced very significantly by such a backfolding of mole-
cules. Also, the backfolding of ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy and
ACHTUNGTRENNUNG(3,4,5)12F8G1-EtNp has no measurable influence on the p-
shifts observed for the aromatic protons of the dendron and
the OCH2R groups (Table 4). If it did, the proximity to the
polycyclic aromatic core would cause larger p-shifts than in
ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPy and ACHTUNGTRENNUNG(3,4,5)12F8G1-2EONp (not sub-
ject to backfolding effects) and not smaller ones (Table 4).
Clearly, for ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy and ACHTUNGTRENNUNG(3,4,5)12F8G1-EtNp
there are indications of a backfolding of molecules in the
column. However, backfolding is not observed for
ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPy and ACHTUNGTRENNUNG(3,4,5)12F8G1-2EONp. These re-
sults show that a longer and more flexible spacer unit, as in
ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPy and ACHTUNGTRENNUNG(3,4,5)12F8G1-2EONp provides
a much better spatial separation of the dendritic and polycy-
clic aromatic moieties of the molecules and prevents back-
folding phenomena much more efficiently.


Investigation of molecular dynamics : We also investi-
gated the molecular dynamics of the four dendritic mole-
cules ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPy, ACHTUNGTRENNUNG(3,4,5)12F8G1-2EONp,
ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy and ACHTUNGTRENNUNG(3,4,5)12G1-EtNp with homonu-
clear (1H,1H) and heteronuclear (1H,13C) MAS NMR spin-
ning sideband patterns. These sideband patterns are a sensi-
tive measure for individual homonuclear and heteronuclear
dipole–dipole couplings (DH–H and DC–H), which are subject
to motional averaging effects. The measured dipole–dipole
couplings are compared to coupling values of immobile seg-
ments such as CH, CH2, CH3 or a phenyl ring, which are cal-
culated from known distances between the nuclei. The typi-
cal 1H�13C bond length of CHn groups is rC–H=1.13 L, while


the typical distance between two neighboring protons on an
aromatic ring is 2.74 L.[20] Thus, an immobile C–H segment
is characterized by a dipole–dipole coupling of DC–H/2p =


21.0 kHz and an immobile aromatic ring by a 1H dipole–
dipole coupling of DH–H/2p = 8.0 kHz. These couplings are
reduced when molecular motions occur on timescales below
10�6 s.[17,21] By relating the measured (reduced) dipole–
dipole coupling to the immobile case, a dynamic order pa-
rameter S can be determined for individual segments, where
S=1 represents a perfectly immobile segment and S=0 iso-
tropic motion.


Starting with 1H,1H DQ-spinning sideband patterns in the
intracolumnar ordered solid phase (Figure 5), similar pat-
terns are observed for the pyrene or naphthalene protons of
the four molecules. A coupling of DH–H/2p = 8.0 kHz is ex-
tracted which corresponds to the full dipole–dipole coupling
expected for two neighboring protons (rH–H = 2.47 L). This
yields an order parameter of Shom=1.0. On the NMR time
scale the pyrene or naphthalene rings are therefore perfectly
immobile in their stack. The fitted sideband patterns are ob-
tained from numerical four-spin calculations using the Simp-
son program.[22] To determine the dipole–dipole coupling of
two adjacent protons (2) and (3) in a pyrene or naphthalene
ring (marked by the large grey arrow in the inset of
Figure 5), the couplings to the neighboring protons on either
side (1) and (4) also were taken into account. Thus, a four-
spin system with dipole–dipole couplings of DH–H/2p =


8.0 kHz for neighboring protons (H(1)–H(2), H(2)–H(3)
and H(3)–H(4)), DH–H/2p = 1.3 kHz for every next neigh-
bor (H(1)–H(3) and H(2)–H(4)) and DH–H/2p=0.4 kHz for
H(1)–H(4) is calculated for an excitation time of four rotor
periods, texc = 4tR yielding the sideband patterns depicted
in grey in Figure 5. These are in very good agreement to the
experimental patterns.


Knowing that the polycyclic aromatic rings are immobile
in the intracolumnar ordered solid phase, a heteronuclear
dipole–dipole coupling of DC–H/2p=21.0 kHz is expected for
the pyrene and naphthalene CH groups. Indeed, couplings
of DC–H/2p = (20.5�0.5)�ACHTUNGTRENNUNG(21.4�0.5) kHz are extracted
from REPT-HDOR spinning sideband patterns (not shown),
corresponding to order parameters of Shet=0.98–1.02.


For the aromatic CH group of the dendron, heteronuclear
dipole–dipole couplings of DC–H/2p=19.0–21.0 kHz are de-
termined for molecules ACHTUNGTRENNUNG(3,4,5)12F8G1-2EONp,
ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy and ACHTUNGTRENNUNG(3,4,5)12G1-EtNp below Tg, as
shown in Figure 6. These couplings correspond to order pa-
rameters of Shet=0.90–1.0. Quite clearly, not only the poly-
cyclic aromatic rings, but also the dendritic units must be
rather immobile in the solid phase.


Turning to the LC phase, only homonuclear but no heter-
onuclear spinning sideband patterns could be recorded due
to the poor 13C signal intensity. From the DQ spinning side-
band patterns in Figure 7, recorded at ~60 8C, it can be seen,
that the pyrene and naphthalene rings are not immobile any
more in the stack. For ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy a residual 1H
dipole–dipole coupling of DH–H/2p = 5.1 kHz is extracted.
This corresponds to a dynamic order parameter of Shom
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�0.65, showing that the pyrene rings of ACHTUNGTRENNUNG(3,4,5)12F8G1-
BuPy display some mobility in the p-stack. A fast axial rota-
tion of the molecules in the stack can be excluded, because
it would yield an order parameter of Shom=0.5, as discussed
in reference [3b]. Moreover, the dendritic moieties of the
molecules are expected to stabilize the columnar packing
significantly, which makes a rotation around the axis of the
column highly unlikely anyway. Thus, the most probable
motion of the polycyclic aromatic rings in the central stacks


is a small angle motion of ap-
proximately �208.[23] Figure 7
demonstrates clearly that the
aromatic cores of
ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPy and
ACHTUNGTRENNUNG(3,4,5)12G1-2EONp are a lot
more mobile in the liquid crys-
talline phase than
ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy, which can
be attributed to the different
spacer. The residual 1H,1H
dipole–dipole coupling extract-
ed from the sidebands of
ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPy and
ACHTUNGTRENNUNG(3,4,5)12G1-2EONp is DH–H/2p
< 0.6 kHz and results in an
order parameter of Shom < 0.08.
Recalling the spectra in
Figure 3 the higher mobility of
molecules ACHTUNGTRENNUNG(3,4,5)12F8G1-
2EOPy and ACHTUNGTRENNUNG(3,4,5)12G1-
2EONp in the LC phase, as
compared to ACHTUNGTRENNUNG(3,4,5)12F8G1-
BuPy, is already apparent from
the much narrower lines. Such a
large mobility of the pyrene
and naphthalene rings cannot
be explained by an axial rota-
tion or some other in-plane
motion, but must rather be due
to a fairly large out of plane
motion of the rings. Since the
LC phase is hexagonal colum-
nar, this motion must occur
within the stack, without de-
stroying the columnar arrange-
ment. Thus, the stability of the
columns must be attributed to
the dendritic units, while the p-
interactions between pyrene
and naphthalene molecules in
the center of the column only
play a minor role. In this way, a
rather large out of plane
motion of the pyrene and naph-
thalene rings can be explained,
which does not affect the over-
all columnar structure because


it is determined by the dendritic units. Such a defined pack-
ing of the dendritic units in the column certainly restricts
the motions possible for the polycyclic aromatic rings in the
core of the column, where a shorter and more rigid spacer
as in ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy will restrict the motion of the
pyrene and naphthalene rings to a larger extent than a
longer more flexible spacer as in ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPy and
ACHTUNGTRENNUNG(3,4,5)12G1-2EONp. In this way, the different type of
spacers can account for the significantly different dynamical


Figure 5. 1H,1H DQ spinning sideband patterns of the polycyclic aromatic core (pyrene/naphthalene) of
ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPy, ACHTUNGTRENNUNG(3,4,5)12F8G1-2EONp, ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy and ACHTUNGTRENNUNG(3,4,5)12G1-EtNp in the intracolum-
nar ordered solid phase at 10 8C, recorded under MAS at 30 kHz and an excitation time of four rotor periods
(texc=4tR). The black and grey lines represent experimental and calculated data, respectively. The insert de-
picts schematically the dipole–dipole couplings between four 1H spins in a pyrene or naphthalene ring.


Figure 6. 1H,13C REPT-HDOR spinning sideband patterns of the aromatic CH groups of ACHTUNGTRENNUNG(3,4,5)12F8G1-
2EONp, ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy and ACHTUNGTRENNUNG(3,4,5)12G1-EtNp in the intracolumnar ordered solid phase at 10 8C, record-
ed under MAS at 30 kHz and a recoupling time of two rotor periods (trcpl=2tR) for ACHTUNGTRENNUNG(3,4,5)12F8G1-2EONp
and ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy and trcpl=3tR for ACHTUNGTRENNUNG(3,4,5)12G1-EtNp. The black and grey lines represent experimental
and calculated data, respectively. The coupling vector is indicated in the insert.
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properties of the pyrene and naphthalene rings in the liquid
crystalline phase of ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPy and ACHTUNGTRENNUNG(3,4,5)12G1-
2EONp as compared to ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy. A detailed un-
derstanding of the molecular
dynamics of the polycyclic aro-
matic cores is helpful for de-
signing intracolumnar ordered
and stable stable columnar as-
semblies which exhibit promis-
ing charge carrier mobilities.


Molecular model : A simplified
molecular model of this self-as-
sembly process is illustrated in
Figure 8. For simplicity, the aro-
matic part of the dendron is
shown in red, the electroactive
donor in yellow, the alkyl semi-
fuorinated groups in blue and
the spacer in black. Also, for
simplicity and better visualiza-
tion in this Figure the dendrons
are not tilted. The preassembly
process that includes the back-
folded structural defects gener-
ated from the undesirable pack-
ing of the dendron and aromat-
ic donor shown in brown is il-
lustrated on top of the middle
column from the left side. Pre-
assembly is followed by the
self-assembly of the supramo-
lecular columns that self-organ-


ize in the hexagonal columnar
lattice containing a mixture of
backfolded and correctly ar-
ranged stacks of aromatic
donors. The backfolded donors
are visualized by NMR while
the correctly folded units by
XRD. The original hexagonal
columnar periodic array con-
tains the backfolded structural
defects. Heating this hexagonal
columnar LC into the isotropic
state followed by slow cooling
self-repairs these defects and
produces the structure shown in
the right side of Figure 7. As re-
ported in Table 1, below the Fh


and Fr-c phases there is a
higher order phase which ex-
hibits intracolumnar order. In
all cases the higher order phase
is also pyramidal hexagonal or
rectangular. Preliminary struc-
tural analysis by XRD experi-


ments suggest that the higher order phase must mediate
even higher charge carrier mobilities than the Fh and Fr-c
phases reported previously for these compounds.[8b]


Figure 7. 1H,1H DQ spinning sideband patterns of the polycyclic aromatic core (pyrene/naphthalene) of
ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPy, ACHTUNGTRENNUNG(3,4,5)12F8G1-2EONp, ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy in the LC phase at ~60 8C. The sideband
patterns of ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPy and ACHTUNGTRENNUNG(3,4,5)12F8G1-2EONp, were recorded at 20 kHz MAS with an excita-
tion time of texc=32 tR, while the sideband pattern of ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy was recorded at 30 kHz MAS and
texc=4 tR. The black and grey lines represent experimental and calculated data, respectively. No sideband pat-
tern was recorded for ACHTUNGTRENNUNG(3,4,5)12G1-EtNp since it does not form a stable LC phase.


Figure 8. Schematic model of the self-assembly process.
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Conclusion


The results reported herein have demonstrated that the at-
tachment of electron-donor groups to a semifluorinated
first-generation dendron or minidendron mediates the self-
assembly of the donor groups in a p-stack located in the
centre of supramolecular helical pyramidal columns. The
helical supramolecular columns self-organize into various
columnar liquid crystal phases able to enhance the charge
carrier mobility of the donor groups from that of the corre-
sponding molecules in amorphous state.[8b] The use of vari-
ous electron-donors, spacers and first-generation semifluori-
nated dendrons has shown that this concept is general. The
results reported here are expected to impact the field of su-
pramolecular electronics. In addition they demonstrate that
the pyramidal liquid crystal phase is, most probably, more
general than previously considered.[27] It also demonstrates
the utility of the fluorophobic effect or fluorous pha-
se[8b,9b,10,28] in the self-assembly of new classes of pyramidal
liquid crystals.[29] Structural analysis data suggest that the
higher order phases particularly those exhibiting a higher in-
tracolumnar order[30] than the conventional columnar LC
phases are expected to display even higher charge carrier
mobilities than those reported previously for the same
donor groups in columnar LC phases.[8b] Both the helicity
and the intracolumnar order of these supramolecular col-
umns resemble those encountered in supramolecular porous
assemblies.[30] The helical pyramidal columnar assemblies ex-
hibiting intracolumnar order play a major role in the struc-
tural origin of functions.[8b,30] Research on the elucidation of
the principles via which helical supramolecular columns
with intracolumnar order are generated is in progress.


Experimental Section


Materials : 3,5-Dimethoxyphenol (1; 98%), 1-ethoxynaphthalene (13 ;
97%), methyl 3,4,5-trihydroxybenzoate (17; 98%), DCC (99%), 2,3-di-
hydropyran (97%), a,a,a-trifluorotoluene (99%), p-toluene sulfonic acid
(PTSA) (98%), tricaprylylmethylammonium chloride (Aliquat 336),
LiAlH4 (95%), 1,1,2-trichloro-1,2,2-trifluoroethane (Freon 113), diethy-
lene glycol (98%), 2-(2-chloroethoxy)ethanol (2 ; 99%), pyrrolidine, BH3


(1m solution in THF), (all from Aldrich), perfluorooctyl iodide (>98%,
Fluka), 1,8-octadiene (14), triphenylphosphine, hydrobromic acid (48%),
benzyl bromide, tosyl chloride, sodium hydride (60% in mineral oil), 3,5-
dimethoxyphenol (97%), K2CO3, KOH, MeOH, EtOH, HCl (Fischer),
10% Pd/C and PdCl2 (97%, Lancaster) were used as received. DMF
(ACS reagent, Fisher Scientific) was dried over CaH2 and distilled under
vacuum. Et2O, Bu2O and THF (ACS reagent, Fisher Scientific) were
dried over sodium/benzophenone nd distilled. Et3N was dried over CaH2.
CH2Cl2 was distilled from CaH2. Hexanes (ACS reagent, Fisher Scientif-
ic) used for the Pd0-catalyzed coupling of perfluorooctyl iodide was
washed three times with concentrated H2SO4, three times with H2O, 10%
Na2CO3 and with H2O and dried over anhydrous MgSO4 and finally dis-
tilled over sodium before use. Carbazole (10, 98%, Fluka) was recrystal-
lized twice from THF. Phenothiazine (6, 98%, Aldrich) was dissolved in
Et2O to filter off green oxidation products before recrystallization from
EtOH and subsequent sublimation. 3,4,5-Tris-(12,12,12,
11,11,10,10,9,9,8,8,7,7,6,6,5,5-heptadecafluoro-n-dodecyloxy)benzoic acid
(12),[10a] 1-bromo-12,12,12,11,11,10,10,9,9,8,8,7,7,6,6,5,5-heptadecafluoro-
n-dodecane (2),[10a] 2-[2-(2-chloroethoxy)ethoxy]tetrahydropyran (7),[24] 2-


[2-(carbazol-9-yl)ethoxy]ethanol (19),[15] 4-(dimethylamino)pyridinium p-
toluenesulfonate (DPTS),[25] 2-{2-[2-(2-benzylethoxy)ethoxy]ethoxy}-p-
toluene sulfonate (9)[13] and 3,5-(dipyrrolidine-1-yl)phenol (4)[11] were
synthesized according to literature procedures. The synthesis of {2-[2-
(carbazol-9-yl)ethoxy]ethyl}3,4,5-tris-(12,12,12,11,11,10,10,9,9,8,8,7,7,6,6,
5,5-heptadecafluoro-n-dodecan-1-yloxy)benzoate ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOCz
(D8), {2-[2-((1-naphthyl)acetoxy)ethoxy]ethyl}3,4,5-tris(12,12,12,11,11,
10,10,9,9,8,8,7-,7,6,6,5,5-heptadecafluoro-n-dodecan-1-yloxy)benzoate
ACHTUNGTRENNUNG(3,4,5)12F8G1-2EONp (D4), {2-[2-((1-pyrenyl)acetoxy)ethoxy]eth-
yl}3,4,5-tris-(12,12,12,11,11,10,10,9,9,8,8,7,7,6,6,5,5-heptadecafluoro-n-do-
decan-1-yloxy)benzoate ACHTUNGTRENNUNG(3,4,5)12F8G1-2EOPy (D7) and [4-(1-pyrenyl)-
butyl] 3,4,5-tris-(12,12,12,11,11,10,10,9,9,8,8,7,7,6,6,5,5-hepta-decafluoro-
n-dodecan-1-yloxy)benzoate ACHTUNGTRENNUNG(3,4,5)12F8G1-BuPy (D6) has been descri-
bed previously.[8b] All other conventional materials and solvents were
commercially available and were used without further purification.


Techniques : 1H (500 MHz) and 13C (125 MHz) NMR spectra in solution
were recorded on a Bruker DRX-500. Chromatographic purifications
were conducted using 200–400 mesh silica gel obtained from Natland In-
ternational Corporation, Morrisville, NC. The solid-state 1H NMR ex-
periments were performed on a Bruker DRX spectrometer at a 1H
Larmor frequency of 700 MHz (corresponding to a static magnetic field
of 16.4 Tesla). Fast magic-angle spinning (MAS) was applied at a fre-
quency of 30 kHz, using MAS rotors with 2.5 mm outer diameter. The
sample temperature was varied between 30 and 110 8C and calibrated,
under these fast MAS conditions, following the procedure given in refer-
ence [26]. Thin-layer chromatography (TLC) was performed on pre-
coated TLC plates (silica gel with F254 indicator; layer thickness, 200 mm;
particle size, 5–25 mm; pore size, 60 L, Sigma-Aldrich). Melting points
were measured using a uni-melt capillary melting point apparatus
(Arthur H. Thomas Company, Philadelphia, USA) and are uncorrected.
High pressure liquid chromatography (HPLC) experiments were per-
formed with a Perkin-Elmer Series 10 GPC equipped with a LC-100
column oven (40 8C), Nelson Analytical 900 Series integrator data sta-
tion, and two Polymer Laboratories PL gel columns of 5N102 and 104 L,
and THF as eluent at 1 mLmin�1. Detection was by UV absorbance at
254 nm. Thermal transitions were measured on a TA Instruments 2920
modulated differential scanning calorimeter (DSC). In all cases the heat-
ing and cooling rates were 10 8Cmin�1. First order transitions were re-
ported as the maxima or minima of the endothermic and exothermic
peaks during the second heating and cooling scans. X-ray diffraction ex-
periments were performed with CuKa1 radiation from a rotating anode
(Nonius FR591) X-ray generator and a multi-wire area detector (Sie-
mens). The Cu radiation was collimated and focused with a mirror-mono-
chromator optics. The X-ray beam path is maintained in low vacuum to
reduce the background scattering from air. Un-oriented powder samples
were kept in a temperature-controlled (� 0.1 8C) oven. Oriented fibers
were obtained by extruding the material in the liquid crystalline phase
with a mini extruder with a hole diameter of 0.5 or 0.7 mm. Density
measurements were carried out by flotation experiments in gradient col-
umns at 20 8C.[9a,d,f] An Olympus BX-40 optical polarized microscope
(100Nmagnification) equipped with a Mettler FP 82 hot stage and a Met-
tler FP 80 central processor was used to verify thermal transitions and to
characterize the anisotropic textures. MALDI-TOF mass spectra were re-
corded on a PerSpective Biosystems Voyager DE using 2-(4-hydroxyphe-
nylazo)benzoic acid as matrix. Angiotensin I and des-Arg1-Bradykinin
were used as standards. Sample preparation was as follows. The matrix
(10 mg) was dissolved in 1 mL of THF. The sample (10 mg) was also dis-
solved in 1 mL of THF. The matrix solution (50 mL) and the sample solu-
tion (10 mL) were mixed. To the mixture, 10 mL of the THF solution of
AgTFA (1 mgmL�1) was added. The mixture (5 mL) was loaded on a
MALDI plate, and air dried before inserting into the vacuum chamber of
the MALDI instrument. High resolution mass spectra were run by direct
sample introduction on a LCMS (Micromass) platform (electron spray
ionizer, electron energy 70 eV). The elemental analysis (C, H) were per-
formed by M-H-W Laboratories, Phoenix, AZ, USA.


2-[2-(3,5-Dimethoxyphenyl)ethoxy]ethanol (3): 3,5-Dimethoxyphenol (1;
2.5 g, 0.016 mol), K2CO3 (6 g), KI (0.1 g) and 2-(2-chloroethoxy)ethanol
(2; 1.77 g, 0.016 mol) were added to a round bottom flask containing
DMF (50 mL). The mixture was heated at 80 8C for 16 h. The mixture
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was poured into H2O (100 mL) and extracted with Et2O (3N50 mL). The
Et2O layer was washed with 10% HCl (1N100 mL), dried with MgSO4


and concentrated. The crude material was passed through short silica gel
column, using Et2O as eluent. Evaporation of the solvent gave the title
compound as brown oil (2.2 g, 56.8%). Purity (HPLC): 99+ %; Rf=0.38
(silica gel; Et2O); 1H NMR (CDCl3, 500 MHz, 20 8C): d = 6.1 (s, 3H;
ArH), 4.1 (t, 3J ACHTUNGTRENNUNG(H,H)=4.7 Hz, 2H; ArOCH2CH2), 3.84 (m, 2H; CH2),
3.75 (m, 8H; overlap OCH3 and CH2), 3.66 (t, 3J ACHTUNGTRENNUNG(H,H)=4.7 Hz, 2H;
CH2), 2.35 (br s, 1H; OH); 13C NMR (CDCl3, 125 MHz, 20 8C): d =


161.9, 160.9, 94.7, 94.0, 93.8, 73.0, 70.0, 67.8, 67.5, 62.1, 55.7, 55.6; MS:
m/z : calcd for C12H18O5: 242.2719; found: 265.1048 [M+Na+].


2-{2-[3,5-(Dipyrrolidin-1-yl)phenyl]ethoxy}ethanol (5): Compound 4
(1.26 g, 0.01 mol), K2CO3 (5 g), KI (0.1 g) and 2-(2-chloroethoxy)ethanol
(2 ; 1.3 g, 10.5 mmol) were added to a round bottom flask containing of
DMF (40 mL). The reaction mixture was heated at 80 8C for 24 h. The
progress of the reaction was monitored by TLC, which showed complete
reaction. The reaction mixture was poured into H2O (100 mL) and ex-
tracted with Et2O (3N50 mL). The Et2O layer was washed with 10%
HCl, dried with MgSO4 and concentrated. The crude material was passed
through short column of silica gel using Et2O as eluent. The fractions
containing the product were collected and the solvent was evaporated to
produce the title compound (0.8 g, 25.0%) as a brown oil which solidify
upon standing. Purity (HPLC): 99+ %; m.p. 71 8C; Rf=0.41 (silica gel;
Et2O); 1H NMR (CDCl3, 500 MHz, 20 8C): d = 5.58 (s, 2H; ArH ortho
to OCH2CH2), 5.40 (s, 1H; ortho to NR2), 4.15 (t, 3J ACHTUNGTRENNUNG(H,H)=4.7 Hz, 2H;
ArOCH2CH2), 3.85 (t, 3J ACHTUNGTRENNUNG(H,H)=4.7 Hz, 2H; CH2), 3.72 (m, 2H; CH2),
3.67 (m, 2H; CH2), 3.26 (m, 8H; 4CH2N), 2.23 (m, 1H; OH), 1.95 (m,
8H; 4CH2CH2N); 13C NMR (CDCl3, 125 MHz, 20 8C): d = 161.1, 150.3,
89.6, 88.0, 72.9, 70.4, 67.6, 62.3, 48.2, 25.9; MS: m/z : calcd for
C18H28N2O3: 320.4319; found: 321.219 [M+H+].


2-(2-Phenothiazine-10-yl-ethoxy)ethanol (8): Compound 8 was prepared
using a modified literature procedure.[12] Phenothiazine 6 (3.8 g,
19 mmol) and NaH (1.5 g, 37.5 mmol; 60% suspension in mineral oil)
were added to of dry, freshly distilled dibutyl ether (30 mL). The mixture
was heated at 135 8C for 60 min under N2. 2-[2-(2-Chloroethoxy)ethoxy]-
tetrahydropyran (7)[24] (8.0 g, 38 mmol) and NaI (0.1 g) were added and
the reaction mixture was stirred for 48 h under N2. The reaction mixture
was poured into H2O (100 mL). A precipitate formed upon cooling at
0 8C, which was filtered, washed with water and dried. The crude product
was used on the next step without further purification. To a solution of
the crude product obtained from the previous step in MeOH (150 mL)
was added 10 mL of 10% HCl. The reaction mixture was heated under
reflux for 45 min. The mixture was poured into water (20 mL) and neu-
tralized with K2CO3. The product was extracted with Et2O and the organ-
ic phase was washed with H2O, dried with MgSO4 and evaporated. The
residue was further purified by column chromatography (silica gel,
EtOAc/hexanes 1:1) to yield the title compound as a viscous oil (2.9 g,
53%). Purity (HPLC): 99+ %; Rf=0.57 (silica gel; EtOAc/hexanes
60:40); 1H NMR (CDCl3, 500 MHz, 20 8C): d = 7.1 (m, 4H; ArH), 6.9
(m, 4H; ArH), 4.1 (t, 3J ACHTUNGTRENNUNG(H,H)=4.7 Hz, 2H; NCH2), 3.8 (t, 3J ACHTUNGTRENNUNG(H,H)=
4.7 Hz, 2H; CH2), 3.7 (t, 3J ACHTUNGTRENNUNG(H,H)=4.7 Hz, 2H; CH2), 3.6 (t, 3J ACHTUNGTRENNUNG(H,H)=
4.7 Hz, 2H; CH2), 2.0 (br s, 1H; OH); 13C NMR (CDCl3, 125 MHz,
20 8C): d = 145.5, 128.0, 127.7, 125.6, 123.2, 115.9, 72.7, 68.4, 62.2, 47.9;
MS: m/z : calcd for C16H17NO2S: 287.3825 ; found: 310.0868 [M +]. The
NMR data was consistent with the literature.[12]


2-{2-[2-(2-Carbazol-9-yl-ethoxy)ethoxy]ethoxy}ethanol (11): Carbazole 10
(0.41 g, 2.44 mmol) was added to a suspension of NaH (1 g, 60% in min-
eral oil) in dry DMF (20 mL). 2-{2-[2-(2-Benzylethoxy)ethoxy]ethoxy}-
ethyl p-toluene-sulfonate (9) (1.0 g, 2.44 mmol) was added and the mix-
ture was stirred at 50 8C for 3 h under N2, after which TLC indicated
complete reaction. The mixture was poured (carefully) to water (30 mL).
The resulting precipitate was filtered off, dried and used in the next step
without further purification. To a solution of the crude product obtained
from the previous reaction in EtOH (40 mL) was added Pd/C (0.5 g) cat-
alyst and the mixture was stirred in a hydrogen atmosphere for 24 h at
room temperature. The solution was filtered through Celite. Evaporation
of the solvent yielded 11 of as a viscous oil (0.2 g, 24%). Purity (HPLC):
99+ %; Rf=0.3 (EtOAc/hexanes 6:4); 1H NMR (CDCl3, 500 MHz,


20 8C): d = 8.08 (m, 2H; ArH), 7.46 (m, 4H; ArH), 7.23 (m, 2H; ArH),
4.51 (t, 3J ACHTUNGTRENNUNG(H,H)=4.7 Hz, 2H; OCH2), 3.87 (t, 3J ACHTUNGTRENNUNG(H,H)=4.7 Hz, 2H;
CH2), 3.66 (t, 3J ACHTUNGTRENNUNG(H,H)=4.7 Hz, 2H; CH2), 3.53 (m, 10H; overlap 5CH2),
2.2 (br s, 1H, OH); 13C NMR (CDCl3, 125 MHz, 20 8C): d = 141.0, 126.0,
123.3, 120.6, 119.4, 109.3, 72.8, 71.4, 71.0, 70.9, 70.7, 69.7, 62.1, 43.5; CI-
MS: cacldc for C20H25NO4: 343.4228 ; found: 344.1875 [M+H+].


3,5-Dimethoxyphenyl-3,4,5-tris(12,12,12,11,11,10,10,9,9,8,8,7,7,6,6,5,5-hep-
tadecafluoro-n-dodecan-1-yloxy)benzoate [(3,4,5)12F8G1-2EODMB]
(D1): A mixture of 12 (0.4 g, 0.25 mmol), 3 (60 mg, 0.25 mmol), DCC
(160 mg) and DPTS (0.1 mg) was dissolved in a,a,a-trifluorotoluene
(6 mL) and stirred under N2 at 55 8C for 16 h. After cooling down to
25 8C, the salts were filtered and the solution precipitated into MeOH.
TLC indicated complete conversion. The crude product was precipitated
for five times from CH2Cl2 into MeOH, then dried in the vacuum oven
at 25 8C for 24 h to yield the title compound (0.32 g, 70.5%). Purity
(HPLC): 99+ %; Rf=0.48 (silica gel; EtOAc/hexanes 30:70); 1H NMR
(CDCl3, 500 MHz, 20 8C): d = 7.1 (s, 2H; ArH), 6.1 (s, 3H; ArH), 4.5 (t,
3J ACHTUNGTRENNUNG(H,H)=4.70 Hz, 2H; CH2), 4.1 (t, 3J ACHTUNGTRENNUNG(H,H)=4.70 Hz, 2H; CH2), 4.0 (m,
6H; overlapped 3CH2), 3.9 (t, 3J ACHTUNGTRENNUNG(H,H)=5.97 Hz, 4H; 2CH2), 3.7 (s, 6H;
2OCH3), 2.2–2.1 (m, 6H; 3CH2), 1.8 (m, 12H; overlapped 6CH2);
13C NMR (CDCl3, 125 MHz, 20 8C): d = 166.5, 161.9, 160.9, 152.9, 142.4,
125.6, 120.5–108.2 (several CF multiplets), 108.6, 94.0, 93.5, 73.0, 70.0,
69.8, 68.8, 67.9, 64.5, 55.7, 31.9 (t, JCF=22 Hz), 30.1, 29.1, 17.7, 17.4;
MALDI-TOF: m/z : calcd for C55H43F51O9: 1816.8596; found: 1839.6
[M+Na+]; elemental analysis calcd (%) for C55H43F51O9: C 36.36, H 2.39;
found: C 36.30, H 2.33.


3,5-(Dipyrrolidin-1-yl)phenyl-3,4,5-tris(12,12,12,11,11,10,10,9,9,8,8,7,7,6,6,
5,5-heptadecafluoro-n-dodecan-1-yloxy)benzoate [(3,4,5)12F8G1-
2EODPB] (D2): A mixture of 12 (0.40 g, 0.25 mmol), 5 (100 mg,
0.25 mmol), DCC (160 mg) and DPTS (0.10 mg) was dissolved in a,a,a-
trifluorotoluene (6 mL) and stirred under N2 at 55 8C for 16 h. After cool-
ing down to 25 8C, the salts were filtered and the solution precipitated
into MeOH. TLC indicated complete conversion. The crude product was
precipitated for five times from CH2Cl2 into MeOH, then dried in the
vacuum oven at 25 8C for 24 h to yield the title compound (0.40 g, 84%).
Purity (HPLC): 99+ %; Rf=0.70 (silica gel; EtOAc/hexanes 30:70);
1H NMR (CDCl3, 500 MHz, 20 8C): d = 7.2 (s, 2H; ArH), 5.6 (s, 2H;
ArH), 5.4 (s, 1H; ArH), 4.5 (t, 3J ACHTUNGTRENNUNG(H,H)=5.97 Hz, 2H; CH2), 4.1 (t, 3J-
ACHTUNGTRENNUNG(H,H)=4.70 Hz, 2H; CH2), 4.0 (m, 6H; overlapped 3CH2), 3.9 (t, 3J-
ACHTUNGTRENNUNG(H,H)=4.70 Hz, 4H ; 2CH2), 3.2 (m, 8H; overlapped 4CH2), 2.2–2.1 (m,
6H; overlapped 3CH2), 1.9 (m, 8H; overlapped 4CH2), 1.8 (m, 12H;
overlapped 6CH2);


13C NMR (CDCl3, 125 MHz, 20 8C): d = 166.5, 161.9,
160.9, 152.9, 142.4, 125.6, 120.5–108.2 (several CF multiplets), 108.6, 94.0,
93.5, 73.0, 70.0, 69.8, 68.8, 67.9, 64.5, 55.7, 31.9 (t, JCF=22 Hz), 30.1, 29.1,
17.7, 17.4; MALDI-TOF: m/z : calcd for C61H53F51N2O7: 1895.019; found:
1895.1 [M+H+]; elemental analysis calcd (%) for C62H57F51N2O7: C
38.97, H 3.01; found: C 38.91, H 3.09.


1-Naphthylethyl-3,4,5-tris(12,12,12,11,11,10,10,9,9,8,8,7,7,6,6,5,5-heptade-
cafluoro-n-dodecan-1-yloxy)benzoate [(3,4,5)12F8G1-EtNp] (D3): DCC
(300 mg, 1.5 mmol) was added under N2 to a solution of 12 (1 g,
0.63 mmol), 13 (0.13 g, 0.75 mmol), and DPTS (50 mg, 0.17 mmol) in
a,a,a-trifluorotoluene (15 mL), and the reaction mixture was stirred at
45 8C for 24 h. The mixture was diluted with CH2Cl2 and precipitated in
MeOH four times. The crude product was purified by flash column chro-
matography (silica gel, CH2Cl2) and precipitated in EtOH from CH2Cl2
solution to yield the title compound as white solid (0.82 g, 75%). Purity
(HPLC): 99+ %; Rf=0.74 (silica gel; EtOAc/hexanes 30:70); 1H NMR
(CDCl3, 500 MHz, 20 8C): d = 8.18 (d, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 1H; ArH), 7.88
(d, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 1H; ArH), 7.80 (m, 1H, ArH), 7.56–7.50 (m, 2H;
ArH), 7.43 (m, 2H; ArH), 7.19 (s, 2H; ArH), 4.67 (t, 3J ACHTUNGTRENNUNG(H,H)=5.97 Hz,
2H; CH2), 4.01 (m, 6H; overlapped 3CH2), 3.69 (m, 4H; 2CH2), 3.54 (t,
3J ACHTUNGTRENNUNG(H,H)=4.4 Hz, 2H, CH2), 2.18–2.13 (m, 6H; 3CH2), 1.9–1.8 (m, 12H,
6CH2);


13C NMR (CDCl3, 90 MHz, 20 8C): d=166.2, 152.4, 141.6, 133.9,
133.8, 132.1, 128.9, 127.5, 127.1, 126.2, 125.7, 125.3, 123.7, 120.5–108.2
(several CF multiplets), 107.8, 72.6, 68.3, 65.2, 30.8 (t, JCF=22 Hz), 29.9,
28.9, 17.5, 17.3; MALDI-TOF: m/z : calcd for C55H37F51O5: 1746.8143 ;
found: 1770.8 [M+Na+]; elemental analysis calcd (%) for C55H37F51O5: C
37.82, H 2.13; found: C 37.77, H 2.21.
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{2-[2-(Phenothiazine-10-yl)ethoxy]ethyl}-3,4,5-tris(12,12,12,11„11,10,10,
9,9,8,8,7,7,6,6,5,5-heptadecafluoro-n-dodecan-1-yloxy)benzoate
[(3,4,5)12F8G1-2EOPt] (D5): A mixture containing 12 (1.0 g, 0.63 mmol)
and 8 (0.18 g, 0.63 mmol) was dissolved in a,a,a-trifluorotoluene (10 mL)
under N2. DCC (0.388 g, 1.88 mmol) and DPTS (9 mg, 0.03 mmol) were
added and the reaction mixture was stirred at 55 8C for 72 h under N2.
The progress of the reaction was monitored by TLC. The organic solu-
tion was concentrated and precipitated in MeOH. The crude product was
purified by silica gel column chromatography using CH2Cl2/EtOAc 3:1 to
yield the title compound as white crystals (0.66 g, 57%). Purity (HPLC):
99+ %; Rf=0.45 (silica gel; EtOAc/hexanes 30:70); 1H NMR (CDCl3,
500 MHz, 20 8C): d = 7.1 (m, 4H; ArH), 6.9 (m, 4H; ArH), 4.5 (t, 3J-
ACHTUNGTRENNUNG(H,H)=5.9 Hz, 4H; 2CH2), 4.1 (t, 3J ACHTUNGTRENNUNG(H,H)=5.97 Hz, 2H, CH2), 4.0(m,
6H; 3CH2), 3.9 (t, 3J ACHTUNGTRENNUNG(H,H)=4.7 Hz, 2H; CH2), 3.8 (t, 3J ACHTUNGTRENNUNG(H,H)=4.70 Hz,
2H; CH2), 2.2–2.1 (m, 6H; 3CH2), 1.8 (m, 12H, overlapped 6CH2);
13C NMR (CDCl3, 125 MHz, 20 8C): d = 166.5, 152.9, 145.6, 142.2, 128.1,
127.8, 125.5, 125.2, 123.2, 120.5–108.2 (several CF multiplets), 115.6,
108.9, 73.1, 69.8, 68.8, 64.5, 43.3, 30.6 (t, JCF=22 Hz), 30.1, 29.1, 17.7,
17.4; MALDI-TOF: m/z : calcd for C59H42F51NO6S: 1861.9701; found:
1862.7 [M+H+], 1885.7 [M+Na+], 1901.8 [M+K+]; elemental anal-
ysis calcd (%) for C59H42F51NO6S: C 38.06, H 2.27; found: C 37.95,
H 2.32.


2-{2-[2-(2-Carbazol-9-yl-ethoxy)ethoxy]ethoxy}ethyl-3,4,5-tris-(12,12,12,
11,11,10,10,9,9,8,8,7,7,6,6,5,5-heptadecafluoro-n-dodecan-1-yloxy)ben-
zoate [(3,4,5)12F8G1-4EOCz] (D10): DCC (300 mg, 1.5 mmol) was
added under N2 to a solution of 12 (0.51 g, 0.64 mmol), 11 (0.1 g,
0.64 mmol), and DPTS (50 mg, 0.17 mmol) in a,a,a-trifluorotoluene
(8 mL), and the reaction mixture was stirred at 55 8C for 24 h. The reac-
tion mixture was filtered off to remove insoluble salts. The filtrate solu-
tion was concentrate under vacuum and the crude product was precipitat-
ed by the addition of methanol (20 mL). The crude product was purified
by silica gel column chromatography using CH2Cl2/EtOAc 3:1 to yield
the title compound as a sticky white solid (0.6 g, 49%). Purity (HPLC):
99+ %; Rf=0.36 (silica gel; EtOAc/hexanes 2:3); 1H NMR (CDCl3,
500 MHz, 20 8C): d = 8.1 (d, 3J ACHTUNGTRENNUNG(H,H)=7.7 Hz, 2H; ArH), 7.4 (m, 4H;
ArH), 7.2 (m, 6H; ArH), 4.5 (t, 3J ACHTUNGTRENNUNG(H,H)=5.9 Hz, 4H; ArH), 4.4 (t, 3J-
ACHTUNGTRENNUNG(H,H)=5.97 Hz, 2H, CH2), 4.2–4.0 (m, 6H; 3CH2), 3.86 (t, 3J ACHTUNGTRENNUNG(H,H)=
4.70 Hz, 2H; CH2), 3.7 (t, 3J ACHTUNGTRENNUNG(H,H)=5.97 Hz, 2H; CH2), 3.54 (m, 2H;
CH2), 3.49 (m, 6H; 3CH2), 2.3–2.1 (m, 6H; 3CH2), 1.8 (m, 12H; overlap-
ped 6CH2);


13C NMR (CDCl3, 125 MHz, 20 8C): d = 166.5, 152.9, 142.4,
141.0, 126.0, 125.7, 123.3, 120.6, 119.4, 120.5–108.2 (several CF multip-
lets), 109.3, 108.7, 73.0, 71.4, 71.0, 70.9, 69.7, 69.6, 68.9, 64.6, 43.6, 30.6 (t,
JCF=22 Hz), 30.1, 29.1, 17.7, 17.5; MALDI-TOF: m/z : calcd for
C63H50F51NO8: 1918.0105; found: 1918.6 [M+H+], 1941.6 [M+Na+],
1957.7 [M+K+].


Oct-7-ene-1-ol (15): A 1m solution of BH3·THF complex in THF (60 mL,
60 mmol) of was added under N2 at 0 8C to 1.8-octadiene 14 (22 g,
0.2 mol). The mixture was allowed to reach 25 8C and stirred at this tem-
perature for 1 h, then it was heated under reflux for 1 h. After cooling
down to 0 8C, a solution of NaOH (6 gs) in H2O (30 mL), then 30%
H2O2 (20 mL) were subsequently added drop-wise under stirring. The
temperature was raised to 25 8C and the mixture was stirred at the same
temperature for 12 h. The reaction mixture was poured into Et2O
(150 mL). The ethereal solution was washed with H2O (2N100 mL). The
organic phase was dried over MgSO4 and the solvent was distilled off.
The resulting crude product was purified by vacuum distillation (b.p.
95 8C, 10 mbar) to give a colorless oil (7.7 g, 30%). 1H NMR (CDCl3,
500 MHz, 20 8C): d = 5.83 (m, 1H; CH2=CHR), 5.01–4.92 (m, 2H; CH2=


CHR), 3.63 (m, 2H; CH2OH), 2.04 (m, 2H; CH2=CHCH2R), 1.55 (m,
6H; CH2 C2 and C5 positions), 1.35 (m, 6H; CH2, C3 and C4 positions).
The NMR and other analytical data were consistent with the literature.[1]


1-Bromo-16,16,16,15,15,14,14,13,13,12,12,11,11,10,10,9,9-heptadecafluoro-
n-hexadecane (16):


To a degassed solution of 15 (5.92 g, 45.8 mmol) and perfluorooctyl
iodide (25 g, 45.8 mmol) in hexanes (300 mL) and Et2O (100 mL) was
added [Pd ACHTUNGTRENNUNG(PPh3)4] (3.5 g). The mixture was purged with N2 and stirred at
25 8C for 24 h. The catalyst was filtered off and washed with ether. The
combined ethereal solutions were concentrated and the residue was re-


dissolved in dry THF (200 mL). This solution was added drop-wise to
LiAlH4 (2.7 g, 0.14 mol) in dry THF (400 mL) at 0 8C and stirred for 3 h.
1H NMR indicated complete conversion. The excess of LiAlH4 was
quenched by slow addition of a 9:1 mixture of THF and water, followed
by 10% NaOH (10 mL). The precipitate was filtered off, washed with
THF and the combined filtrates were concentrated. To the resulting resi-
due were added of 48% HBr (80 mL) and Aliquat-336 (1.1 g) and the
mixture was heated under reflux for 12 h. The reaction was cooled to
room temperature and extracted with Et2O (3N100 mL). The combined
ethereal solution was washed successively with H2O (2N100 mL), saturat-
ed NaHCO3 solution (1N100 mL) and brine (1N100 mL). The organic
phase was dried with MgSO4 and the solvent was distilled off. The crude
product was dissolved in Freon-113 and filtered over a short silica
column. Evaporation of the solvent produced 7 as a white waxy solid
(12.5 g, 44.7% overall yield). M.p. 33 8C: purity (HPLC): 99+ %; Rf=


0.83 (silica gel; Freon-113); 1H NMR (CDCl3, 500 MHz, 20 8C): d = 3.41
(t, 3J ACHTUNGTRENNUNG(H,H)=6.81 Hz, 2H; CH2Br), 2.05 (m, 2H; CH2CF2), 1.86 (m, 2H;
CH2), 1.59 (m, 2H; CH2), 1.45–1.33 (m, 8H; overlap of 4CH2);


13C NMR
(CDCl3, 125 MHz, 20 8C): d = 34.2, 33.1, 31.3 (t, JCF=22.1 Hz), 29.42,
29.38, 28.9, 28.4, 20.5; elemental analysis calcd (%) for C16H16BrF17: C
31.44, H 2.64; found: C 31.44, H 2.64.


Methyl 3,4,5-tris-(16,16,16,15,15,14,14,13,13,12,12,11,11,10,10,9,9-heptade-
cafluoro-n-hexadec-1-yloxy) benzoate [(3,4,5)16F8G1-CO2Me]: In a
three-neck round-bottom flask equipped with a condenser, Ar inlet-
outlet and a magnetic stirrer, a mixture of K2CO3 (9 g, 4 equiv) and DMF
(150 mL) was thoroughly bubbled with Ar for 0.5 h to eliminate air.
Methyl 3,4,5-trihydroxybenzoate (1.2 g, 6.55 mmol) was added and the
mixture was heated to 80 8C. 1-Bromo-16,16,16,15,15,14,14,13,13,12,12,
11,11,10,10,9,9-heptadecafluoro-n-hexadecane (16 ; 12 g, 19.6 mmol) was
added and the mixture was stirred under Ar atmosphere at 80 8C for
12 h. TLC analysis showed complete reaction. The reaction mixture was
cooled to room temperature and poured into 100 mL of water. The prod-
uct was extracted with Et2O (2N100 mL). The combined ethereal solu-
tion was washed successively with water, 10% HCl, saturated NaHCO3


and brine. The ethereal solution was dried over MgSO4. The solvent was
fully evaporated and the product was recrystallized fro acetone to pro-
duce white crystals (4.8 g, 41%). M.p. 87 8C; purity (HPLC): 99+ %;
Rf=0.80 (EtOAc/hexanes 3:7); 1H NMR (CDCl3, 500 MHz, 20 8C): d =


7.29 (s, 2H; ArH), 4.05 (t, 3J ACHTUNGTRENNUNG(H,H)=4.7 Hz, 6H; 3OCH2), 3.91 (s, 3H;
CO2CH3), 2.08 (m, 6H; 3CH2), 1.85 (m, 4H; 2CH2), 1.77 (m, 2H; CH2),
1.62 (m, 6H; 3CH2), 1.53 (m, 6H; 3CH2), 1.40 (m, 18H; 9CH2);
13C NMR (CDCl3, 125 MHz, 20 8C): d =167.0, 153.2, 142.6, 125.7, 120.5–
108.2 (several CF multiplets), 108.5, 73.8, 69.5, 52.6, 30.6 (t, JCF=22 Hz),
30.1, 29.71, 29.66, 29.61, 29.5, 26.4, 20.5; MALDI-TOF: m/z : calcd for
C56H53F51O5: 1774.9524; found: 1796.8 [M+Na]+ .


3,4,5-Tris-(16,16,16,15,15,14,14,13,13,12,12,11,11,10,10,9,9-heptadeca-
fluoro-n-hexadec-1-yloxy)benzoic acid [(3,4,5)16F8G1-CO2H] (18): A
20% KOH solution (10 mL) was added to a solution of ACHTUNGTRENNUNG(3,4,5)16F8G1-
CO2Me obtained on the previous step (3.5 g, 3.14 mmol) in EtOH
(60 mL). The mixture was heated under reflux for 4 h. TLC analysis
showed complete reaction. The solvent was fully evaporated and the re-
sulting potassium salt was dissolved in of THF/water 3:1 (70 mL). The
solution was acidified with 2m HCl until pH 4. Water (70 mL) was added
and the product was filtered, washed with water and methanol respec-
tively and dried. Recrystallization from acetone produced 18 as white
crystals (3.1 g; 90%). Purity (HPLC): 99+ %; Rf=0.63 (EtOAc/hexanes
3:7); 1H NMR (CDCl3, 500 MHz, 20 8C): d = 7.32 (s, 2H; ArH), 4.04 (t,
3J ACHTUNGTRENNUNG(H,H)=4.7 Hz, 6H, 3OCH2), 2.03 (m, 6H; 3CH2), 1.85 (m, 4H;
2CH2), 1.79 (m, 2H; CH2), 1.68 (m, 6H; CH2), 1.55 (m, 6H; 3CH2), 1.49
(m, 18H; 9CH2);


13C NMR (CDCl3, 125 MHz, 20 8C): d = 171.6, 153.2,
143.6, 124.0, 120.5–108.2 (several CF multiplets), 108.9, 73.8, 69.4, 30.6 (t,
JCF=22 Hz), 30.1, 29.71, 29.66, 29.61, 29.5, 26.4, 20.5; elemental analysis
calcd (%) for C56H53F51O5: C 37.89, H 3.01; found: C 37.89, H 3.01.


2-(2-Carbazol-9-yl-ethoxy)ethyl-3,4,5-tris-(16,16,16,15,15,14,14,13,13,
12,12,11,11,10,10,9,9-heptadecafluoro-n-hexadecan-1-yloxy)benzoate
[(3,4,5)16F8G1-2EOCz] (D9): DCC (140 mg, 0.68 mmol) was added
under N2 to a solution of 18 (0.4 g, 0.23 mmol), 19 (0.06 g, 0.23 mmol),
and DPTS (10 mg) in a,a,a-trifluorotoluene (6 mL), and the reaction
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mixture was stirred at 55 8C for 24 h. The reaction mixture was filtered
off to remove insoluble salts. The filtrate solution was concentrate under
vacuum and the crude product was precipitated by the addition of metha-
nol (20 mL). The crude product was purified by silica gel column chroma-
tography using CH2Cl2/EtOAc 3:1 to yield the title compound as white
solid (0.35 g, 77%). Purity (HPLC): 99+ %; Rf=0.71 (silica gel; EtOAc/
hexanes 30:70); 1H NMR (CDCl3, 500 MHz, 20 8C): d = 8.1 (d, 3J-
ACHTUNGTRENNUNG(H,H)=7.7 Hz, 2H; ArH), 7.4 (m, 4H; ArH), 7.2 (m, 6H, ArH), 4.5 (t,
3J ACHTUNGTRENNUNG(H,H)=5.9 Hz, 2H; CH2), 4.4 (t, 3J ACHTUNGTRENNUNG(H,H)=5.97 Hz, 2H; CH2), 4.0 (m,
2H; CH2), 3.9 (m, 6H; 3CH2), 3.7 (t, 3J ACHTUNGTRENNUNG(H,H)=4.7 Hz, 2H; CH2), 2.3–2.1
(m, 6H; 3CH2), 1.8 (m, 6H; 3CH2), 1.6 (m, 8H; 4CH2), 1.4 (m, 8H;
overlapped 4CH2), 1.3 (m, 16H, overlapped 8CH2);


13C NMR (CDCl3,
125 MHz, 20 8C): d = 166.7, 153.2, 142.8, 141.0, 126.1, 125.1, 123.3, 120.6,
119.5, 120.5–108.2 (several CF multiplets), 109.1, 108.5, 73.8, 69.8, 69.5,
43.7, 32.8, 31.4, 31.3, 31.1, 30.7, 29.8, 26.6, 20.5; elemental analysis calcd
(%) for C72H68F51NO6: C 42.98, H 3.41; found: C 42.98, H 3.41.
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A Highly Practical RCM Approach towards a Molecular Building Kit of
Spirocyclic Reverse Turn Mimics


Holger Bittermann, Frank Bçckler, J0rgen Einsiedel, and Peter Gmeiner*[a]


Introduction


Reverse-turn conformations play a crucial role in biological
recognition and signal transduction processes. As an exam-
ple, over one hundred peptide activated GPCRs bind li-
gands with turn structure.[1] Thus, the development of privi-
leged molecular scaffolds efficiently mimicking reverse turn
motifs is of paramount importance when structural con-
straints are exploited to increase both binding and selectivi-
ty and to elucidate the bioactive conformation of the natural
peptide.[2] Considerable efforts have been invested in the de-
velopment of lactam-bridged b-turn mimics presenting the


four amino acids residues i, i+1, i+2 and i+3 in a defined
three-dimensional pattern.[3] Employing unsaturated con-
straint elements, we took advantage of the versatility of
Grubbs' ring-closing metathesis, since the availability of a
set of similar scaffolds giving rise to a spectrum of reverse
turn geometries with individually situated and adaptable
side chains is crucial to the success of a bioisosteric replace-
ment.[4] The frequent occurrence of proline in the positions
i+1 and i+2 of b turns of type I/II and VI, respectively,
and their ability to trigger biological signals by cis/trans iso-
merization attracted special interest to proline-based reverse
turn mimetics.[2b,5] Built on (S)-proline in position i+2, we
have recently reported on a rational molecular design of
type VI b turn inducing peptide mimetics 1 when Seebach's
self-reproduction of chirality and Grubbs' ring-closing meta-
thesis allowed the construction of differently sized lactam
bridges and, thus, fine tuning of conformational behavior.[6]


To extend our synthetic approach towards type II b-turn in-
ducing model systems, the proline-derived reverse turn nu-
cleating moiety had to be moved into position i+1 enabling
the formation of an olefin-based lactam bridge to the back-
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ic route towards unsaturated spirocyclic
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bone nitrogen of Xaa ACHTUNGTRENNUNG(i+2). Thus, the molecular design of
our target scaffold 2 rigidizing the backbone dihedral angles
fACHTUNGTRENNUNG(i+1) and y ACHTUNGTRENNUNG(i+1) involved cis/trans isomerization and
formal migration of the lead compound 1. The target struc-
ture 2 is also the rational consequence of structural hybridi-
zation of 1 with the saturated templates of type 3, being
characterized as the most potent type II b-turn inducers, yet
(see below).[3,7]


We herein present a practical and high yielding chirospe-
cific synthesis of six- to nine-membered model peptide sur-
rogates, solid-phase supported application towards an artifi-
cial neuropeptide analogue and structural characterization
which was based on spectroscopic investigations and subse-
quent DFT-based refinement.


Results and Discussion


Starting from natural proline, chiral building blocks 4a–
d[7a, 8] could be readily synthesized by Seebach's self-repro-
duction of chirality methodology[9] and subsequent introduc-
tion of the nitrogen protection groups Boc and Troc, respec-
tively (Scheme 1). Due to the strong steric demand of the
reactants, peptide-bond formation between the protected a-
alkenyl proline derivatives 4a,b and the glycine, b-alanine
and tyrosine derived N-alkenyl amino acids 5a–e[10] turned
out to be challenging when most of the newly established
coupling methods failed and acid chloride formation had to
be circumvented to avoid formation of Leuchs anhydride.[11]


Fortunately, ligation of the glycine and b-alanine derived
building blocks 5a–d could be accomplished yielding 57–
88% of 6a–e when the highly reactive coupling reagent
HATU was used in NMP at elevated temperatures for up to
three days in a strictly oxygen and moisture free reaction
vessel. Facilitating the activation by SOCl2, Troc protection
proved to be advantageous for coupling of the tyrosine de-
rived secondary amine 5e to give 7a,b in 68–74% yield. To
promote formation of six- to nine-membered ring systems,
the metathesis precursors of type 6 and 7 were subjected to
5 mol% of Grubbs' second generation ruthenium-based cat-
alyst[12] in refluxing dichloromethane. In all cases, we ob-
served smooth RCM resulting in formation of the spirocyclic
lactams 8a–e and 9a,b, respectively, in 65–97% yield. Ex-
change of protecting groups was accomplished almost quan-
titatively when the N-Troc derivatives 9a,b were converted
into the N-Boc protected building blocks 10a,b.


To provide comparable reverse-turn model systems for
conformational studies, the molecular scaffolds of type 8
were transformed into the corresponding N-methylamides
11–15 by reaction with methylamine (Scheme 2). For repre-


sentative structural investigations on the seven-membered
system, the Boc group was replaced by an acetyl and ethyl
functionality resulting in formation of the peptide surrogates
16 and 17, respectively. To demonstrate the suitability of our
molecular scaffolds for solid phase supported peptide syn-
thesis, the conformationally constrained neurotensin 8–13
analogues[13] of type 18 should be prepared starting from a
PAM resin that was preloaded with Boc-Leu. In fact, the
Boc protected amino acids isoleucine, Nw-tosylarginine and
Pro-Tyr surrogates that were obtained by saponification of
10a,b could be efficiently attached following HATU cou-
pling and TFA deprotection. After cleavage and removal of
the side chains using neat HF and HPLC purification, the
neurotensin mimics of type 18 were isolated in pure form.


To investigate the conformational properties of our re-
verse-turn model system in comparison to the [4.3]- and
[4.4]-spirocyclic lead compounds 3b and 3a, respectively, IR
and NMR spectroscopic studies including variable tempera-
ture (VT) and NOESY experiments were performed in


Scheme 1. a) 1) Cl3CCHO, MeCN (87%); 2) 4a,c : i) LDA, then
HCOOCH3, THF, �78 ! �40 8C (65%), ii) MePPh3Br, KOtBu, PhMe,
80 8C (58–74%); 4b,d : LDA, then allyl bromide, THF, �78 ! �40 8C
(69%); b) 1) MeOH, AcCl, 2.5–7 d; 2) 4a,b : i) Na2CO3, ii) Boc2O,
CH2Cl2, 60–67 h; 4c,d : Cl3CCH2OCOOSu, DIPEA, CH2Cl2, 1.5–2.5 h; 3)
NaOH, MeOH, H2O, 50–60 8C, 1–2.5 h (33–57%); c) 6a–e : HATU,
DIPEA, NMP, 85 8C, 1–3 d (57–88%); 7a,b : 1) SOCl2, DMF, CHCl3, tol-
uene, 50–60 8C, 1.25–2 h; 2) 5e, DIPEA, NMP, 60–65 8C, 1–2.5 h (68–
74%); d) [Ru], CH2Cl2, reflux, 0.5–6 h (65–97%); e) 1) Zn, HOAc, 3.5–
4.5 h, 2) Na2CO3, 3) Boc2O, CH2Cl2, 6–13 h (94–95%).
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2 mm solution thus excluding in-
termolecular interactions. With
the aim to further refine the ex-
perimentally derived structures,
density functional calculations
on a high level of theory
(B3LYP/6-311G ACHTUNGTRENNUNG(d,p)) were per-
formed. This approach facilitat-
ed the extraction of diagnostic
structural indicators and, in
turn, the confirmation of struc-
tural properties by comparing
DFT-based calculated NMR
data with the experimentally
obtained signals. Our initial
studies were directed to the
azepinone 12. For a type-II b


turn, a stable hydrogen bond
between the Boc C=O group
and the NH will be expected
which was clearly indicated by
the extensive absorption bands
at 3340 cm�1 (Table 1). On the
other hand, N�H stretching ab-
sorptions in the range of
3450 cm�1 being diagnostic for
non-hydrogen bonded states
could not be detected. NMR
derived d(NH) values unambig-
uously demonstrated the exis-
tence of a 10-membered intra-
molecular hydrogen bond when
NH of the N-Boc and N-acetyl
derivatives 12 and 16 resonated
significantly more downfield
(7.63 ppm) than that N-ethyl-
amine 17 (6.38 ppm). Tempera-
ture dependent chemical shift


changes of 1H NMR signals as a measure for the stability of
secondary structures indicate that the unsaturated spirocy-
clic e-lactam 12 might form an even more stable intramolec-
ular H-bond than the reference g-lactam 3a when Dd/DT
values of �4.8 and �5.6 ppbK�1 were observed, respectively.
The spectroscopic properties of the homologous b-alanine
derivative 15 illustrate that a ring enlargement of the back-
bone substantially reduces reverse-turn stability (Dd/DT=


9.9 ppbK�1). HMQC, H,H-COSY and NOESY investiga-
tions on the ring geometry of 12 were carried out, revealing
a chair-like folding of the ring with the double bond orient-
ed away from the hydrogen bond. DFT calculations re-
vealed a y ACHTUNGTRENNUNG(i+1) of 131.28 indicating a deviation of 11.28
from a canonical type II b turn and a low pseudo-dihedral
angle b ACHTUNGTRENNUNG(C=O(i),Ca


ACHTUNGTRENNUNG(i+1),Ca
ACHTUNGTRENNUNG(i+2),NACHTUNGTRENNUNG(i+3)) of 21.28, the latter


being expected minimal in the case of a b turn. Overall, the
secondary structure of the unsaturated spirocyclic e-lactam
12 closely agrees with the reference g-lactam 3a.


Scheme 2. a) 11–15 : CH3NH2, EtOH, 0 8C to RT, 1.75–26 h (73–98%);
16, 17: 1) TFA, CH2Cl2, 0 8C (to RT), 30 min; 2) 16 : AcCl, DIPEA,
CH2Cl2, RT, 18 h; 17: EtBr, Na2CO3, DMF, 60 8C, 14 h; 3) CH3NH2,
EtOH, RT, 2–2.75 h (24–79%); b) 1) NaOH, H2O, THF, MeOH, 0 8C,
1.5–2 h (96–99%); 2) SPPS: resin = Boc-Leu-O-PAM, amino acids =


Boc-Ile-OH, Boc-Arg ACHTUNGTRENNUNG(Tos)-OH, coupling: HATU, DIPEA, NMP/TFA;
3) HF, anisole; 4) HPLC.


Table 1. Analytical data of the model peptides.


Structure[a] NMR IR DFT
d(NH) [ppm][b] Dd/DT [ppbK�1][c] n(NH) [cm�1][d] y ACHTUNGTRENNUNG(i+1) [8] d [Q][e] b [8][f]


7.64 �4.0 3337 128.5 2.03 18.1


7.63 �4.8 3340 131.2 2.06 21.2


7.29 �4.0 3352 120.8 2.15 4.4


179.7
3.48
2.05[g]


28.5


6.61 n.d.
3368
3455


113.3 2.16 �8.6


15 7.38 �9.9
3359
3459


16 7.63 �4.6 3337


17 6.38 n.d.
3450
3375


7.81 �5.6 3337 132.8 2.10 21.2


8.23 �4.6 3338 124.3 2.08 11.8


[a] The least energy conformers obtained by DFT calculations are depicted. [b] 2 mm CDCl3 solution, 300 K.
[c] 2 mm CDCl3 solution. [d] 2 mm CHCl3 solution. [e] d ACHTUNGTRENNUNG(C=O(i)···HN ACHTUNGTRENNUNG(i+3)). [f] b ACHTUNGTRENNUNG(C=O(i),Ca


ACHTUNGTRENNUNG(i+1),Ca
ACHTUNGTRENNUNG(i+2),


N(i+3)) pseudo-dihedral angle. [g] d ACHTUNGTRENNUNG(C=O ACHTUNGTRENNUNG(i+1)···HN ACHTUNGTRENNUNG(i+3)).
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Formal contraction of the unsaturated constraint element
leads to the novel six-membered unsaturated spirolactam 11
showing vicinal coupling constants of the allylic CH2 posi-
tion that indicate a fairly planar ring geometry. According
to diagnostic IR and NMR data including a low temperature
coefficient of �4.0 ppbK�1 and the calculated C=O(i)···HN-
ACHTUNGTRENNUNG(i+3) distance of 2.03 Q, the unsaturated d-lactam serves as
an extraordinarily potent b-turn inducer which is even supe-
rior to b-lactams of type 3b.


On the other hand, both a significant attenuation of the
intramolecular hydrogen bond and an increase of stability of
the type II b turn were observed for the eight-membered
template 13. To better understand this, careful NMR work
was done when diagnostic NOESY data were indicative for
a boat-like conformer with the double-bond directed away
from the hydrogen bond. After DFT-based geometry opti-
mization, the extraordinary low temperature coefficient of
�4.0 ppbK�1 could be explained very well when the charac-
teristic torsion angle y ACHTUNGTRENNUNG(i+1) of 120.88 and the pseudo-dihe-
dral angle b=4.48 almost perfectly agreed to the ideal
angles of 120 and 08, respectively. The upfield shift for
d(NH) and higher IR wavenumbers are obviously due to
the higher C=O(i)···HN ACHTUNGTRENNUNG(i+3) distance of 2.15 Q. Significant
NMR line-broadening which could be reduced at low tem-
perature indicated a certain conformational flexibility of the
eight-membered ring. It is also worthy of note that the DFT-
based predictions of chemical shift values were very close to
measured d values clearly corroborating the NOESY de-
rived boat conformation of the azocinone moiety.


Quite differently, the nine-membered spirolactam 14 rep-
resents a scaffold with a high conformational flexibility
when the spectroscopic data indicated an equilibrium of H-
bonded and -nonbonded structures. Theoretical investiga-
tions involving molecular dynamic and subsequent DFT cal-
culations led to the assumption that formation of a g turn is
also energetically favored for 14.


In conclusion, we were able to establish a uniform syn-
thetic procedure towards a set of type II b-turn mimics dis-
playing complementary properties. In accordance to our
studies on type VI b-turn inducers, the eight-membered
lactam inducer afforded the most stable reverse turn. Based
on an X-ray or NMR derived 3D-structure of a biological
target, deviating back-bone geometries and flexibilities of
scaffolds of type 2 resulting in alternative displacements and
adaptabilities of recognition elements, especially a side
chain in position i+2, can be exploited for a structure based
design of highly specific inhibitors.


Experimental Section


Methods and materials : Reagents and solvents were obtained from com-
mercial sources unless stated otherwise, and were used as received. Reac-
tions were carried out under nitrogen atmosphere except aminolysis,
Troc cleavage and ester hydrolysis. Column chromatography was per-
formed using 60 mm silica gel from Merck. For TLC silica gel 60 F254


plates from Merck were used (UV, I2 or ninhydrin detection). Melting
temperatures were determined on a Buechi 510 apparatus and are uncor-


rected. aD values were measured on a Perkin Elmer 241 polarimeter.
NMR data were acquired on a Bruker AM-360, Avance 360 MHz or
Avance 600 MHz spectrometer. Chemical shifts are noted in ppm relative
to TMS. IR spectroscopy was carried out on a Jasco FT/IR 410 spectrom-
eter. EI-MS, ESI-MS and HRMS were performed on Finnigan MAT
TSQ 70, Bruker esquire 2000 and JEOL GCmate II spectrometers, re-
spectively. Peptide synthesis was carried out using an ACT 90 peptide
synthesizer from Advanced Chemtech. Preparative HPLC was performed
on an Agilent 1100 Series preparative HPLC system with a VWL detec-
tor.


(R)-N-(2-Allyl-N-tert-butoxycarbonylprolin-1-yl)-N-but-3-enylglycine
methyl ester (6c): In a thoroughly dried apparatus (R)-N-Boc-a-allylpro-
line (4b ; 100 mg, 0.392 mmol) and HATU (164 mg, 0.431 mmol) were
dissolved in NMP (4 mL). After addition of DIPEA (134 mL,
0.783 mmol), the mixture was stirred at room temperature for 15 min,
whereupon a solution of N-but-3-enylglycine methyl ester (5b ; 112 mg,
0.782 mmol) in NMP (1 mL) was added. The mixture was heated to
85 8C. After 28 h, another portion of 5b (56.0 mg, 0.391 mg) in NMP
(0.5 mL) was added and stirring was continued for 23 h, until no remain-
ing active ester was detectable by IR spectroscopy of a small sample.
After cooling down, brine and water (5 mL each) were added and the
mixture was extracted with Et2O (5S5 mL). The combined organic layers
were washed with saturated NaHCO3, 5% aqueous citric acid, brine, and
water (5 mL each), dried with MgSO4, concentrated and the residue was
purified by column chromatography (hexanes/ethyl acetate 6:1 ! 5:1)
furnishing 6c as a colorless oil (128 mg, 86% based on 4b). Rf = 0.39
(hexanes/ethyl acetate 1:1); [a]25D = 24.0 (c = 0.5, CHCl3);


1H NMR
(360 MHz, CDCl3; rotamers and broadened signals were observed): d =


1.43, 1.45 (2Ss, 9H, Boc), 1.89–2.06 (m, 2H, CH2), 2.14–2.42 (m, 4H,
CH2), 2.74 (dd, 1H, J=14.0, 7.8 Hz, CH2), 2.91 (dd, 1H, J=14.0, 6.0 Hz,
CH2), 3.13–3.33 (m, 1H, CH2), 3.41–3.53 (m, 2H, CH2), 3.59–3.67 (m,
2H, CH2), 3.73 (s, 3H, OCH3), 4.33 (d, 0.68H, J=16.7 Hz, CaH2), 4.45
(d, 0.32H, J=18.1 Hz, CaH2), 5.03–5.18 (m, 4H, C=CH2), 5.67–5.84, 5.82
(m and dddd, 2H, J=17.2, 12.4, 4.9, 4.9 Hz, C=dsCH); 13C NMR
(90 MHz, CDCl3; rotamers were observed): d = 21.7, 22.5 (2CH2), 28.5,
28.6 (2Boc CH3), 32.6, 32.7, 35.0, 36.0, 40.9, 42.5, 47.8, 48.2, 48.4, 48.7,
49.0, 52.2 (CH2, OCH3), 68.2, 68.4 (2Ca), 80.0, 80.7 (2Boc Cq), 117.5,
117.9, 118.7, 118.9, 134.3, 134.4, 134.5, 134.7 (C=C), 153.4, 153.5 (2Boc
C=O), 170.2, 170.5, 173.8, 173.9 (ester and amide C=O); IR (neat): ñ =


2977, 1751, 1695, 1645 cm�1; EIMS: m/z : 380 [M +]; elemental analysis
calcd (%) for C20H32N2O5: C 63.14, H 8.48, N 7.36; found: C 62.88, H
8.41, N 7.44.


(R)-(1-tert-Butoxycarbonyl-6-oxo-1,7-diazaspiroACHTUNGTRENNUNG[4.7]dodec-10-en-7-yl)-
acetic acid methyl ester (8c): In a thoroughly dried apparatus 6c
(61.7 mg, 0.162 mmol) was dissolved in CH2Cl2 (79 mL). A solution of
Grubbs’ 2nd generation catalyst (6.7 mg, 4.9 mol%) in CH2Cl2 (2 mL)
was added while stirring. The solution was heated to reflux for 4 h, then
it was allowed to cool down to room temperature. After addition of silica
gel the solvent was removed in vacuo and the crude product adsorbed to
the silica gel was purified by column chromatography (hexanes/ethyl ace-
tate 2:1 ! 1:1), furnishing 8c as a yellow oil (51.5 mg, 90%). Rf = 0.27
(hexanes/ethyl acetate 1:2); [a]22D = �61.4 (c = 0.5, CHCl3);


1H NMR
(360 MHz, CDCl3; rotamers and broadened signals were observed): d =


1.46 (s, 9H, Boc), 1.75–1.84 (m, 1H, CH2), 1.86–1.94 (m, 1H, CH2), 2.00
(ddd, 1H, J=14.7, 7.2, 4.8 Hz, CH2), 2.35–2.42 (m, 2H, CH2), 2.54 (ddd,
1H, J=11.4, 6.7, 4.5 Hz, CH2), 2.66–2.96 (m, 2H, CH2), 3.39–3.51 (m,
2H, CH2), 3.56–3.68 (m, 2H, CH2), 3.69 (s, 3H, OCH3), 3.96–4.07 (m,
1H, CH2), 4.30 (d, 0.3H, J=17.0 Hz, CaH2), 4.57 (d, 0.7H, J=17.0 Hz,
CaH2), 5.38–5.51 (m, 1H, C=CH), 5.79–5.89 (m, 0.3H, C=CH), 5.94–6.04
(m, 0.7H, C=CH); 13C NMR (90 MHz, CDCl3; rotamers were observed):
d = 22.5, 22.6, 27.7 (CH2), 28.7 (Boc CH3), 28.8, 40.9, 47.4, 48.7, 49.2,
49.6, 49.9, 52.1 (CH2 and OCH3), 70.7 (spiro C), 79.2 (Boc Cq), 125.5,
128.6 (C=C), 154.7, 155.0 (Boc C=O), 170.3, 173.5 (ester, lactam C=O);
IR (neat): ñ = 2974, 1750, 1704, 1687, 1649 cm�1; EIMS: m/z : 352 [M +];
elemental analysis calcd (%) for C18H28N2O5S0.25H2O: C 60.57, H 8.05,
N 7.85; found: C 60.79, H 8.16, N 7.66.


(R)-(1-tert-Butoxycarbonyl-6-oxo-1,7-diazaspiroACHTUNGTRENNUNG[4.7]dodec-10-en-7-yl)-
acetic acid N-methylamide (13): A methylamine solution (8m in ethanol,


www.chemeurj.org E 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 6315 – 63226318


P. Gmeiner et al.



www.chemeurj.org





2 mL) was added while stirring to 8c (19.3 mg, 0.0545 mmol) on an ice
bath. After 45 min at 0 8C and 1.75 h at room temperature the solvent
was removed in vacuo and the residue was purified by flash chromatogra-
phy (hexanes/ethyl acetate 1:2 ! 0:1), furnishing 13 as a colorless solid
(18.4 mg, 96%). M.p. 69–72 8C; Rf = 0.32 (CH2Cl2/methanol 95:5); [a]25D
= 63.8 (c = 1.0, CHCl3);


1H NMR (600 MHz, CDCl3, 220 K): d = 1.46
(s, 9H, Boc), 1.90–1.97 (m, 1H, C3’Ha), 2.01 (ddd, 1H, J=12.2, 6.8,
3.5 Hz, C4’Ha), 2.06–2.12, 2.08 (m and dd, 2H, J=14.6, 8.2 Hz, C3’Hb,
C12’Hb), 2.41–2.46 (m, 2H, C9’H2), 2.60–2.65 (m, 1H, C4’Hb), 2.81 (d, 3H,
J=4.6 Hz, NCH3), 3.10 (ddd, 1H, J=16.1, 3.1, 3.1 Hz, C8’Hb), 3.42, 3.45
(d and dd, 2H, J=16.8, 14.6, 7.4 Hz, C2H2 and C12’Ha), 3.50 (ddd, 1H, J=
10.7, 7.6, 3.5 Hz, C2’H2), 3.56 (ddd, 1H, J=10.7, 8.9, 7.2 Hz, C2’H2), 4.65
(brd, 1H, J=16.8 Hz, C2H2), 5.16 (bddd, 1H, J=16.1, 10.7, 5.9 Hz,
C8’Ha), 5.57–5.65 (m, 2H, HC10’=C11’H), 7.56 (q, 1H, J=4.6 Hz, NH);
13C NMR (90 MHz, CDCl3): d = 23.5 (C3’H2), 26.2 (NCH3), 28.5 (Boc
CH3), 28.6 (C9’H2), 34.3 (C12’H2), 39.0 (C4’H2), 46.8 (C8’H2), 48.1 (C2’H2),
53.2 (C2H2), 70.1 (spiro C), 80.1 (Boc Cq), 124.2 (C11’H), 128.7 (C10’H),
154.9 (Boc C=O), 169.5 (amide C=O), 174.0 (lactam C=O); IR (neat): ñ
= 3357, 2974, 2930, 1670, 1633 cm�1; IR (2 mm, CHCl3): ñ = 3352 cm�1;
EIMS: m/z : 351 [M +]; elemental analysis calcd (%) for C18H29N3O4S
0.25H2O: C 60.74, H 8.35, N 11.81; found: C 60.77, H 8.24, N 11.37.


Starting from 4a,b and from 5a,c,d, respectively, compounds 11, 12, 14,
and 15 were prepared analogously:


(R)-(1-tert-Butoxycarbonyl-6-oxo-1,7-diazaspiro ACHTUNGTRENNUNG[4.5]dec-9-en-7-yl)acetic
acid N-methylamide (11): Colorless oil; Rf = 0.22 (CH2Cl2/methanol
95:5); [a]22D = 47.8 (c = 0.5, CHCl3);


1H NMR (600 MHz, CDCl3): d =


1.44 (s, 9H, Boc), 1.85–1.95 (m, 2H, CH2), 2.09–2.15 (m, 1H, CH2), 2.43–
2.48 (m, 1H, CH2), 3.52 (d, 3H, J=4.7 Hz, NCH3), 3.27 (d, 1H, J=
16.8 Hz, C2H2), 3.52 (ddd, 1H, J=10.5, 7.1, 4.7 Hz, C2’H2), 3.60 (ddd, 1H,
J=10.5, 7.3, 7.3 Hz, C2’H2), 3.87 (ddd, 1H, J=18.1, 3.0, 2.1 Hz, C8’H2),
4.09 (ddd, 1H, J=18.1, 3.0, 2.1 Hz, C8’H2), 5.02 (d, 1H, J=16.8 Hz,
C2H2), 5.64 (ddd, 1H, J=10.2, 2.1, 2.1 Hz, C=CH), 5.80 (ddd, 1H, J=
10.2, 3.0, 3.0 Hz, C=CH), 7.67 (br s, 1H, NH); 13C NMR (90 MHz,
CDCl3): d = 23.9, 26.3 (CH2, NCH3), 28.7 (Boc CH3), 39.4, 48.3, 49.8
(CH2), 62.2 (spiro C), 80.6 (Boc Cq), 120.7, 128.7 (C=C), 155.1 (Boc C=
O), 168.6, 170.6 (amide, lactam C=O); IR (neat): ñ = 3338, 2975, 1753,
1670 (b), 1657 cm�1 (shoulder); IR (2 mm, CHCl3): ñ = 3337 cm�1;
EIMS: m/z : 223 [M +�Boc], [M +] not observed, elemental analysis calcd
(%) for C16H25N3O4: C 59.43, H 7.79, N 12.99; found: C 59.49, H 7.76, N
12.98.


(R)-(1-tert-Butoxycarbonyl-6-oxo-1,7-diazaspiro ACHTUNGTRENNUNG[4.6]undec-9-en-7-yl)ace-
tic acid N-methylamide (12): Colorless gum; Rf = 0.18 (CH2Cl3/methanol
95:5); [a]24D = 27.5 (c = 0.2, CHCl3);


1H NMR (600 MHz, CDCl3): d =


1.46 (s, 9H, Boc), 1.84 (ddd, 1H, J=11.9, 7.4, 3.4 Hz, C4’Ha), 1.87–1.94
(m, 1H, C3’H2), 2.00–2.05 (m, 1H, C3’H2), 2.12 (dd, 1H, J=14.2, 7.7 Hz,
C11’Hb), 2.24–2.29 (m, 1H, C4’Hb), 2.82 (d, 3H, J=4.5 Hz, NCH3), 3.36,
3.37, 3.36–3.40 (dd, d, m, 3H, J=14.7, 7.6, 16.8 Hz, C8’Hb, C2H2, C


11Ha),
3.50–3.57 (m, 2H, C2’H2), 4.56 (ddd, 1H, J=14.7, 6.4, 1.5 Hz, C8’Ha), 5.09
(d, 1H, J=16.8 Hz, C2H2), 6.11–6.15 (m, 1H, C10’H), 6.24–6.28 (m, 1H,
C9’H), 7.69 (br ss, 1H, NH); 13C NMR (90 MHz, CDCl3): d = 23.4
(C3’H2), 26.2 (NCH3), 28.5 (Boc CH3), 32.5 (C11’H2), 37.4 (C4’H2), 45.7
(C8’H2), 48.4 (C2’H2), 55.2 (C2H2), 69.5 (spiro C), 80.3 (Boc Cq), 131.0
(C9’H), 132.5 (C10’H), 155.2 (Boc C=O), 169.3 (amide C=O), 175.2
(lactam C=O); IR (neat): ñ = 3344, 2978, 2881, 1668, 1635 cm�1; IR
(2 mm, CHCl3): ñ = 3340 cm�1; ESI-MS: m/z : 337.1 [M +]; elemental
analysis calcd (%) for C17H27N3O4SH2O: C 57.45, H 8.2, N 11.82; found:
C 57.48, H 7.87, N 11.84.


(R)-(1-tert-Butoxycarbonyl-6-oxo-1,7-diazaspiro ACHTUNGTRENNUNG[4.8]tridec-11-en-7-yl)-
acetic acid N-methylamide (14): Colorless crystals; M.p. 176 8C; Rf =


0.17 (CH2Cl2/methanol 95:5); [a]25D = �70.2 (c = 0.5, CHCl3);
1H NMR


(360 MHz, CDCl3; strongly broadened signals were observed): d = 1.47
(s, 9H, Boc), 1.67–1.92 (m, 3H, CH2), 2.04–2.64 (m, 6H, CH2), 2.77 (d,
3H, J=4.6 Hz, NCH3), 2.94–3.12 (m, 1H, CH2), 3.23–3.94 (m, 5H, CH2),
4.05–4.25 (m, 1H, CH2), 5.68 (ddd, 1H, J=9.8, 9.8, 7.2 Hz, C=CH), 5.87–
6.15 (m, 1H, C=CH), 6.63 (br s, 1H, NH); 13C NMR (90 MHz, CDCl3; ro-
tamers were observed): d = 22.6, 22.7, 23.2, 26.3, 26.4 (CH2, NCH3),
28.6, 28.7 (Boc CH3), 35.9, 37.3, 45.8, 48.3, 52.1, 52.3 (CH2), 71.3, 71.7
(spiro C), 79.6, 79.7 (Boc Cq), 128.7, 129.0, 131.1, 132.0 (C=C), 155.4,


155.6 (Boc C=O), 170.4, 175.3 (amide and lactam C=O); IR (neat): ñ =


3336, 2971, 2932, 1686, 1637 cm�1; IR (2 mm, CHCl3): ñ = 3455 (w), 3368
(s) cm�1; EIMS: m/z : 365 [M +]; elemental analysis calcd (%) for
C19H31N3O4: C 62.44, H 8.55, N 11.50; found: C 62.39, H 8.63, N 11.48.


(R)-3-(1-tert-Butoxycarbonyl-6-oxo-1,7-diazaspiroACHTUNGTRENNUNG[4.6]undec-9-en-7-yl)-
propionic acid N-methylamide (15): Colorless gum; Rf = 0.18 (CH2Cl2/
methanol 95:5); [a]24D = 32.0 (c = 0.5, CHCl3);


1H NMR (360 MHz,
CDCl3): d = 1.46 (s, 9H, Boc), 1.78–1.90 (m, 2H, CH2), 1.95–2.09 (m,
2H, CH2), 2.18–2.24 (m, 2H, CH2), 2.65 (ddd, 1H, J=13.2, 11.3, 4.2 Hz,
CH2), 2.81 (d, 3H, J=4.6 Hz, NCH3), 3.17 (ddd, 1H, J=13.5, 11.3,
2.7 Hz, CH2), 3.36–3.59 (m, 4H, CH2), 4.25 (ddd, 1H, J=13.5, 4.2,
4.2 Hz, CH2), 4.38 (ddd, 1H, J=15.0, 6.1, 1.7 Hz, CH2), 6.05 (dddd, 1H,
J=9.4, 7.7, 5.5, 1.7 Hz, C=CH), 6.12–6.20 (m, 1H, C=CH), 7.37 (br s, 1H,
NH); 13C NMR (90 MHz, CDCl3): d = 23.5, 26.6 (CH2, NCH3), 28.7
(Boc CH3), 32.8, 36.0, 37.6, 47.5, 48.6, 51.4 (CH2), 69.8 (spiro C), 80.0
(Boc Cq), 131.0, 132.1 (C=C), 155.0 (Boc C=O), 173.6, 174.8 (amide,
lactam C=O); IR (neat): ñ = 3338, 2976, 1691, 1671, 1655, 1633 cm�1; IR
(2 mm, CHCl3): ñ = 3459 (w), 3358 (s) cm�1; EIMS: m/z : 351 [M +].


(R)-(1-Acetyl-6-oxo-1,7-diazaspiro ACHTUNGTRENNUNG[4.6]undec-9-en-7-yl)acetic acid methyl
ester : Compound 8b (39.6 mg, 0.117 mmol) was dissolved in CH2Cl2
(1 mL) and treated with TFA/CH2Cl2 (1:1, 1 mL) while cooling with an
ice bath. After 30 min the solvent was removed, the residue was re-dis-
solved in CH2Cl2 and evaporated to dryness. After addition of CH2Cl2
(1 mL) and DIPEA (60.0 mL, 0.350 mmol), the mixture was cooled with
an ice bath and treated with acetyl chloride in CH2Cl2 (10%, 100 mL,
0.141 mmol). The mixture was stirred at room temperature for 3.5 h,
whereupon another portion of acetyl chloride solution (10%, 50 mL,
0.0703 mmol) was added and stirring was continued for 14.5 h. Subse-
quently, the mixture was diluted with CH2Cl2 (3 mL), washed with aque-
ous HCl (1n, 2 mL), and the aqueous phase was re-extracted with
CH2Cl2 (3S2 mL). The combined organic layers were dried with MgSO4,
evaporated to dryness and the residue was purified by column chroma-
tography (CH2Cl2/methanol 98:2 ! 95:5), furnishing the title compound
as an almost colorless viscous oil (30.0 mg, 91%). Rf = 0.20 (CH2Cl2/
methanol 95:5); [a]24D = �59.6 (c = 0.25, CHCl3);


1H NMR (360 MHz,
CDCl3): d = 1.87–2.10, 2.05 (m and s, 7H, CH2 and acetyl CH3), 2.23–
2.35 (m, 1H, CH2), 3.51–3.83, 3.61, 3.72 (m, d, s, 8H, J=17.4 Hz, CH2,
NCH2, C


2H2, OCH3), 4.30 (dd, 1H, J=15.4, 5.1 Hz, NCH2), 4.78 (d, 1H,
J=17.4 Hz, C2H2), 5.98–6.08 (m, 2H, HC=CH); 13C NMR (90 MHz,
CDCl3): d = 23.69, 23.73 (CH2, acetyl CH3), 33.1, 36.7, 48.1, 49.7 (CH2),
52.1, 52.6 (OCH3, CH2), 70.4 (spiro C), 128.5, 130.8 (C=C), 169.6, 170.4
(ester and amide C=O), 174.6 (lactam C=O); IR (neat): ñ = 2952,
1634 cm�1; EIMS: m/z : 280 [M +].


(R)-(1-Acetyl-6-oxo-1,7-diazaspiro ACHTUNGTRENNUNG[4.6]undec-9-en-7-yl)acetid acid N-
methylamide (16): Starting from (R)-(1-acetyl-6-oxo-1,7-diazaspiro-
ACHTUNGTRENNUNG[4.6]undec-9-en-7-yl)acetic acid methyl ester, the compound was pre-
pared analogously to 13 to yield a colorless oil that partially solidifies
upon standing. Rf = 0.37 (CH2Cl2/methanol 9:1); [a]23D = 43.6 (c = 0.5,
CHCl3);


1H NMR (600 MHz, CDCl3): d = 1.91 (ddd, 1H, J=12.5, 7.0,
3.4 Hz, C4’Ha), 2.01–2.08 (m, 1H, C3’Ha), 2.09 (dd, s, 4H, J=14.1, 7.6 Hz,
C11’Hb, acetyl CH3), 2.17 (m, 1H, C3’Hb), 2.33 (dddd, 1H, J=12.5, 10.6,
7.4, 1.7 Hz, C4’Hb), 2.83 (d, 3H, J=4.9 Hz, NCH3), 3.38, 3.39 (dd, d, J=
14.7, 7.6, 16.8 Hz, C8’Hb, C2H2), 3.46 (dddd, 1H, J=14.1, 5.8, 1.7, 1.7 Hz,
C11’Ha), 3.65 (ddd, 1H, J=9.9, 7.6, 2.8 Hz, C2’Ha), 3.70 (ddd, 1H, J=9.9,
9.6, 6.8 Hz, C2’Hb), 4.61 (ddd, 1H, J=14.7, 6.4, 1.9 Hz, C8’Ha), 5.04 (d,
1H, J=16.8 Hz, C2H2), 6.13–6.17 (m, 1H, C=C10’H), 6.28–6.33 (m, 1H,
C=C9’H), 7.69 (br s, 1H, NH); 13C NMR (90 MHz, CDCl3): d = 23.3
(acetyl CH3), 24.1 (C3’H2), 26.4 (NCH3), 31.7 (C11’H2), 37.1 (C4’H2), 45.8
(C8’H2), 49.6 (C2’H2), 55.4 (C2H2), 70.3 (spiro C), 131.6 (C=C9’), 132.3 (C=
C10’), 169.2, 170.0 (2Samide C=O), 174.7 (lactam C=O); IR (neat): ñ =


3324, 2951, 1671, 1624 cm�1; IR (2 mm, CHCl3): ñ = 3337 cm�1; EIMS:
m/z : 279 [M +]; elemental analysis calcd (%) for C14H21N3O3S0.25H2O:
C 58.32, H 7.69, N 14.57; found: C 58.45, H 7.39, N 14.67.


(R)-(1-Ethyl-6-oxo-1,7-diazaspiro ACHTUNGTRENNUNG[4.6]undec-9-en-7-yl)acetic acid methyl
ester : Compound 8b (42.0 mg, 0.124 mmol) was dissolved in CH2Cl2
(1 mL) and treated with TFA (0.5 mL) while cooling with an ice bath.
After stirring for 5 min at this temperature and 30 min at room tempera-
ture, the solvent was removed and the residue was dried thoroughly.
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After dissolving the crude product in DMF (2 mL) and transferring the
solution to a sealed tube, Na2CO3 (39.0 mg, 0.368 mmol) and ethyl bro-
mide (28.0 mL, 0.375 mmol) were added and the mixture was heated to
80 8C for 2.25 h and 60 8C for 14 h under nitrogen. After cooling down,
water and saturated aqueous Na2CO3 were added and the mixture was
extracted with Et2O (4S). The combined organic layers were dried with
MgSO4, concentrated and the residue was purified by column chromatog-
raphy (CH2Cl2/methanol/dimethylethylamine 95:4:1), furnishing the title
compound as a colorless oil (11.1 mg, 34%). Rf = 0.26 (CH2Cl2/methanol
2:1); [a]24D = �16.5 (c = 0.2, CHCl3);


1H NMR (360 MHz, CDCl3; broad-
ened signals were observed): d = 1.12 (dd, 3H, J=7.1, 7.1 Hz, CH2CH3),
1.74–1.93 (m, 3H, CH2), 2.22 (brd, 1H, J=17.7 Hz, CH2CH3), 2.31–2.38
(m, 1H, CH2), 2.44–2.53 (m, 1H, CH2), 2.61 (brd, 1H, J=17.7 Hz,
CH2CH3), 2.76–2.86 (m, 2H, CH2), 3.00–3.07 (m, 1H, CH2), 3.94–4.04,
4.00 (m, d, 2H, J=17.4 Hz, CH2, C


2H2), 4.07–4.15 (m, 1H, CH2), 4.29 (d,
1H, J=17.4 Hz, C2H2), 5.72–5.79 (m, 1H, C=CH), 5.82–5.88 (m, 1H, C=
CH); 13C NMR (90 MHz, CDCl3): d = 14.3 (CH2CH3), 21.3, 32.1, 33.5
(CH2), 44.4, 50.0, 50.5 (NCH2), 52.3, 52.8 (OCH3, CH2), 78.0 (spiro C),
125.2, 128.7 (C=C), 170.0, 175.4 (C=O); IR (neat): ñ = 2962, 1749,
1645 cm�1; EIMS: m/z : 266 [M +].


(R)-(1-Ethyl-6-oxo-1,7-diazaspiro ACHTUNGTRENNUNG[4.6]undec-9-en-7-yl)acetic acid N-
methylamide (17): Starting from (R)-(1-ethyl-6-oxo-1,7-diazaspiro-
ACHTUNGTRENNUNG[4.6]undec-9-en-7-yl)acetic acid methyl ester, the compound was pre-
pared analogously to 13 to yield a pale yellow oil. Rf = 0.12 (CH2Cl2/
methanol 1:1); [a]24D = �151 (c = 0.1, CHCl3);


1H NMR (360 MHz,
CDCl3, 2 mm ; broadened signals were observed): d = 1.08–1.23 (m, 3H,
CH2CH3), 1.80–2.06 (m, 3H, CH2), 2.26 (brd, 1H, J=16.8 Hz, CH2CH3),
2.32–2.51 (m, 2H, CH2), 2.58 (brd, 1H, J=16.8 Hz, CH2CH3), 2.68–3.23,
2.78 (m, d, 6H, J=4.3 Hz, CH2, NCH3), 3.79 (d, 1H, J=15.3 Hz, C2H2),
3.93–4.32, 4.28 (m, brd, 3H, J=15.3 Hz, CH2, C


2H2), 5.77–5.90 (m, 2H,
HC=CH), 6.38 (br s, 1H, NH); IR (neat): ñ = 3411, 3321, 2925, 1668
(shoulder), 1647 cm�1; IR (2 mm, CHCl3): ñ = 3450 (s), 3375 (w) cm�1;
EIMS: m/z : 265 [M +]; HRMS: m/z : calcd for C14H23N3O2: 265.1790;
found: 265.1790.


(R)-N-(2,2,2-Trichloroethoxycarbonyl)-2-allylproline methyl ester : Acetyl
chloride (8.60 mL, 121 mmol) was added slowly to methanol (50 mL)
while thoroughly stirring on an ice bath. After 5 min a solution of
(2R,5R)-5-(2-propenyl)-2-trichloromethyl-1-aza-3-oxabicyclo-
ACHTUNGTRENNUNG[3.3.0]octane-4-one[9b] (3.44 g, 12.1 mmol) in methanol (10 mL) was added
and the ice bath was removed. After stirring at room temperature for
4.5 d, the solvent was removed in vacuo, the residue was re-dissolved in
methanol and evaporated to dryness. Hydrochloric acid (1n, 20 mL) was
added and the mixture was washed with diethyl ether (2S10 mL). The
pH of the mixture was gradually adjusted to 12 by addition of aqueous
NaOH (2n) and extracted with diethyl ether (4S10 mL). The combined
organic layers were dried with MgSO4, evaporated at 700 mbar and
added to an ice-cold methanolic HCl solution, freshly prepared from
acetyl chloride (2 mL, 28.1 mmol) and methanol (10 mL). The solution
was evaporated almost to dryness and the hydrochloride of (S)-2-allyl-
proline methyl ester was precipitated by addition of diethyl ether and
dried thoroughly (2.30 g, �92%, crude).


A fraction of the crude product (2.00 g, �9.72 mmol) was dispersed in
CH2Cl2 (20 mL) and treated cautiously with DIPEA (5.00 mL,
29.2 mmol), followed by a solution of succinimidyl-(2,2,2-trichloroethyl)-
carbonate (Troc-OSu; 3.67 g, 12.6 mmol) in CH2Cl2 (10 mL). The mixture
was stirred at room temperature for 1.5 h, whereupon the solvent was re-
moved and the residue was purified by twofold column chromatography
(hexanes/ethyl acetate 4:1), furnishing the title compound as a pale
yellow oil (2.40 g, 66%). Rf = 0.22 (hexanes/ethyl acetate 4:1); [a]20D =


25.1 (c = 1.0, CHCl3);
1H NMR (360 MHz, CDCl3; rotamers were ob-


served): d = 1.77–1.99 (m, 2H, C4H2), 2.04–2.26 (m, 2H, C3H2), 2.67,
2.69 (2dddd, 1H, J=14.3, 8.4, 0.9, 0.9 Hz; 14.3, 8.5, 0.9, 0.9 Hz, allyl
CH2), 3.12 (dddd, 1H, J=14.3, 6.4, 1.4, 1.4 Hz, allyl CH2), 3.48, 3.53
(2ddd, 1H, J=10.8, 7.4, 7.4 Hz; 10.6, 7.3, 7.3 Hz, NCH2), 3.72, 3.73 (2s,
3H, OCH3), 3.76–3.83 (m, 1H, NCH2), 4.69, 4.73, 4.75, 4.77 (4d, 2H, J=
11.9, 12.0, 11.9, 12.0 Hz, Cl3CCH2), 5.12–5.19 (m, 2H, C=CH2), 5.67–5.81
(m, 1H, CH=C); 13C NMR (90 MHz, CDCl3; rotamers were observed): d
= 22.5, 23.0, 35.6, 37.3, 37.8, 39.1, 48.5, 49.6, 52.5, 52.7 (CH2, OCH3),


67.7, 68.4 (C2), 74.6, 75.3 (Cl3CCH2), 95.0, 95.8 (Cl3C), 119.5, 119.6 (C=
CH2), 132.6, 132.7 (C=CH2), 152.4 (carbamate C=O), 174.0, 174.7 (ester
C=O); IR (neat): ñ = 3079, 2954, 2883, 1744, 1720, 1639 cm�1; EIMS:
m/z : 345, 343, 347 [M +]; elemental analysis calcd (%) for C12H16Cl3NO4S
0.25H2O: C 41.28, H 4.76, N 4.01; found: C 41.22, H 4.94, N 3.90.


(R)-N-(2,2,2-Trichloroethoxycarbonyl)-2-allylproline (4d): (R)-N-(2,2,2-
Trichloroethoxycarbonyl)-2-allylproline methyl ester (2.20 g, 6.38 mmol)
was dissolved in methanol (30 mL), and aqueous NaOH (2n, 30 mL) was
added while stirring thoroughly. After heating the mixture to 50 8C for
2.5 h, water (5 mL) was added and methanol was evaporated under re-
duced pressure (40 8C, 95 mbar). The remaining solution was washed with
diethyl ether (2S20 mL), adjusted to pH<1 by addition of hydrochloric
acid (5n) and extracted with diethyl ether (2S10 mL). The combined or-
ganic layers were dried with MgSO4, concentrated and purified by
column chromatography (CH2Cl2/HCOOH 95:5), furnishing 4d as a pale
yellow viscous oil (1.72 g, 81%). Rf = 0.24 (CH2Cl2/HCOOH 95:5); [a]22D
= 21.8 (c = 1.0, CHCl3);


1H NMR (360 MHz, CDCl3; rotamers were ob-
served): d = 1.84–2.03 (m, 2H, C4H2), 2.11–2.32 (m, 2H, C3H2), 2.64–
2.72 (m, 1H, allyl CH2), 3.07–3.16 (m, 1H, allyl CH2), 3.48, 3.53 (2ddd,
1H, J=10.6, 7.4, 7.4 Hz; 10.6, 7.5, 7.5 Hz, NCH2), 3.78, 3.80 (2ddd, 1H,
J=10.6, 7.2, 4.9 Hz; 10.6, 7.4, 4.9 Hz, NCH2), 4.73, 4.77, 4.80, 4.80 (4d,
2H, J=11.9, 11.0, 11.9, 11.0 Hz, Cl3CCH2), 5.14–5.20 (m, 2H, C=CH2),
5.65–5.81 (m, 1H, CH=C), 10.50 (br s, 1H, COOH); 13C NMR (90 MHz,
CDCl3; rotamers were observed): d = 22.5, 22.9, 35.5, 37.3, 37.5, 38.8,
48.8, 49.6 (CH2), 67.4, 68.6 (C2), 74.9, 75.3 (Cl3CCH2), 95.0, 95.5 (Cl3C),
119.9, 120.0 (C=CH2), 132.0, 132.3 (C=CH2), 152.3, 153.1 (carbamate C=
O), 178.0, 179.8 (COOH); IR (neat):ñ = 3077, 2980, 2883, 1718 cm�1;
EIMS: m/z : 331, 329, 333 [M +]; elemental analysis calcd (%) for
C11H14Cl3NO4S0.5H2O: C 38.90, H 4.45, N 4.12; found: C 39.08, H 4.27,
N 4.01.


(S)-N-Allyl-O-(2,6-dichlorobenzyl)tyrosine methyl ester : To a solution of
(S)-O-(2,6-dichlorobenzyl)tyrosine methyl ester[10d] (2.00 g, 5.12 mmol) in
DMF (20 mL) was added DIPEA (1.75 mL, 10.2 mmol), followed by allyl
bromide (1.08 mL, 12.8 mmol) while stirring at room temperature. After
2 h, water (20 mL) was added and the mixture was extracted with Et2O
(3S20 mL).[10e] The combined organic layers were washed with brine
(20 mL), dried with MgSO4, concentrated, and the residue was purified
by flash chromatography (hexanes/ethyl acetate 9:1 ! 3:1), yielding the
title compound as a pale yellow oil (1.62 g, 80%). Rf = 0.18 (hexanes/
ethyl acetate 2:1); [a]24D = 16.1 (c = 2.0, CHCl3);


1H NMR (360 MHz,
CDCl3): d = 1.58 (br s, 1H, NH), 2.92 (d, 2H, J=6.7 Hz, C3H2), 3.12
(dddd, 1H, J=13.9, 6.0, 1.3, 1.3 Hz, allyl CH2), 3.27 (dddd, 1H, J=13.9,
6.0, 1.3, 1.3 Hz, allyl CH2), 3.53 (t, 1H, J=6.7 Hz, C2H), 3.66 (s, 3H,
OCH3), 5.07 (dddd, 1H, J=10.2, 1.9, 1.3, 1.3 Hz, CH=CH2), 5.13 (dddd,
1H, J=17.2, 1.9, 1.3, 1.3 Hz, CH=CH2), 5.25 (s, 2H, OCH2), 5.82 (dddd,
1H, J=17.2, 10.2, 6.0, 6.0 Hz, CH=CH2), 6.93–6.97 (m, 2H, CHaryl), 7.10–
7.14 (m, 2H, CHaryl), 7.22–7.26 (m, 1H, CHaryl), 7.35–7.37 (m, 2H,
CHaryl); 13C NMR (90 MHz, CDCl3): d = 38.9 (CH2), 50.6 (OCH3), 51.6
(CH2), 62.1 (CaH), 65.3 (OCH2), 115.0, 116.4, 128.5, 129.9, 130.2, 130.4,
132.2, 136.1, 137.0, 157.8 (Caryl, C=C), 175.0 (C=O); IR (neat): ñ = 3332,
3076, 2948, 2840, 1736, 1643 cm�1; EIMS: m/z : 393, 395 [M +]; elemental
analysis calcd (%) for C20H21Cl2NO3: C 60.92, H 5.37, N 3.55; found: C
60.79, H 5.33, N 3.51.


ACHTUNGTRENNUNG(2S,2’R)-N-Allyl-O-(2,6-dichlorobenzyl)-N-(1-[2,2,2-trichloroethoxycar-
bonyl]-2-allylpyrrolidin-2-ylcarbonyl)tyrosine methyl ester (7b): Com-
pound 4d (510 mg, 1.54 mmol) was dissolved in CHCl3 (5 mL) and tol-
uene (10 mL). After addition of DMF (10 mL), thionyl chloride (550 mL,
7.56 mmol) was added dropwise while stirring. After heating the mixture
to 60 8C for 1.25 h, the solvents were evaporated and the residue was
dried thoroughly. Subsequently, the crude material was dissolved in NMP
(10 mL). After addition of a solution of N-allyl-O-(2,6-dichlorobenzyl)-
tyrosine methyl ester (608 mg, 1.54 mmol) in NMP (5 mL) and DIPEA
(790 mL, 4.61 mmol), the mixture was heated to 65 8C for 2.5 h. After
cooling down, saturated aqueous Na2CO3 (5 mL) and water (10 mL)
were added and the mixture was extracted with diethyl ether (1S10, 4S
5 mL). The combined organic layers were washed with aqueous citric
acid (5%, 10 mL), dried with MgSO4, evaporated and the residue was
purified by twofold column chromatography (1. hexanes/ethyl acetate/
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HCOOH 78:20:2, 2. hexanes/ethyl acetate 3:1), furnishing 7b as a color-
less gum (744 mg, 68%). Rf = 0.43 (hexanes/ethyl acetate1:1); [a]19D =


�57.8 (c = 1.0, CHCl3);
1H NMR (600 MHz, CDCl3; broadened signals


were observed): d = 1.88–2.08 (m, 2H, CH2), 2.10–2.29 (m, 2H, CH2),
2.74 (dd, 1H, J=13.6, 7.7 Hz, C3H2), 2.97–3.22, 3.19 (m, dd, 2H, J=13.6,
6.5 Hz, CH2, C


3H2), 3.33–3.72, 3.49, 3.60, 3.70 (m, dd, dd, s, 7H, J=13.9,
4.4; 11.2, 7.8 Hz, CH2, OCH3), 3.74–4.00 (m, 2H, CH2), 4.58 (d, 1H, J=
12.0 Hz, Cl3CCH2), 4.91 (d, 1H, J=12.0 Hz, Cl3CCH2), 5.08–5.17 (m, 4H,
C=CH2), 5.25 (s, 2H, OCH2), 5.49–5.73 (m, 1H, CH=C), 5.81 (dddd, 1H,
J=17.1, 11.1, 6.1, 6.1 Hz, CH=C), 6.91–6.97 (m, 2H, CHaryl), 7.16–7.24
(m, 3H, CHaryl), 7.35–7.38 (m, 2H, CHaryl) ; 13C NMR (90 MHz, CDCl3;
broadened signals were observed): d = 22.6, 34.6, 36.0, 40.4, 48.0, 49.3,
52.3 (CH2, OCH3), 65.6, 69.6, 69.9 (OCH2, C2H, C2’), 74.9 (Cl3CCH2),
95.9 (Cl3C), 115.1, 115.3, 119.3, 128.7, 130.5, 130.9, 132.4, 132.5, 133.4,
134.0, 137.2 (Caryl, C=C), 151.9, 157.8 (Caryl, carbamate C=O), 171.3, 171.8
(ester, amide C=O); IR (neat): ñ = 2951, 1739 (shoulder), 1719,
1644 cm�1; EIMS: m/z : 704, 706, 708 [M +]; elemental analysis calcd (%)
for C31H33Cl5N2O6: C 52.67, H 4.71, N 3.96; found: C 52.51, H 4.74, N
3.89.


ACHTUNGTRENNUNG(2S,5’R)-3-[4-(2,6-Dichlorobenzyloxy)phenyl]-2-(1-[2,2,2-trichloroethoxy-
carbonyl]-6-oxo-1,7-diazaspiro ACHTUNGTRENNUNG[4.6]undec-9-en-7-yl)propionic acid methyl
ester (9b): Prepared from 7b (500 mg, 0.707 mmol) in CH2Cl2 (135 mL)
and Grubbs' 2nd generation catalyst (30.0 mg, 5 mol%) in CH2Cl2
(5 mL) as described for 8c (reaction time: 30 min). Column chromatogra-
phy (hexanes/ethyl acetate 2:1) furnished 9b as a colorless solid (464 mg,
97%). M.p. 54–57 8C; Rf = 0.37 (hexanes/ethyl acetate 1:1); [a]20D =


�62.8 (c = 0.5, CHCl3);
1H NMR (360 MHz, CDCl3; rotamers and


broadened signals were observed): d = 1.83–2.20 (m, 4H, CH2), 2.28
(dddd, 1H, J=13.2, 7.9, 7.9 Hz, CH2), 2.97–3.09 (m, 1H, CH2), 3.28 (dd,
1H, J=14.3, 6.6 Hz, C3H2), 3.55–3.74, 3.70 (m, s, 7H, CH2, OCH3), 4.04
(ddd, 1H, J=16.6, 7.2, 1.1 Hz, CH2), 4.18 (d, 0.35H, J=11.8 Hz,
Cl3CCH2), 4.57 (d, 0.65H, J=11.9 Hz, Cl3CCH2), 4.88 (d, 0.65H, J=
11.9 Hz, Cl3CCH2), 5.08–5.18 (m, 1.35H, C2H, Cl3CCH2), 5.25 (s, 2H,
OCH2), 5.62–5.72 (m, 1H, C=CH), 5.82–5.90 (m, 1H, C=CH), 6.93–6.96
(m, 2H, CHaryl), 7.11–7.17 (m, 2H, CHaryl), 7.21–7.25 (m, 1H, CHaryl),
7.34–7.37 (m, 2H, CHaryl); 13C NMR (90 MHz, CDCl3; rotamers were ob-
served): d = 22.4, 23.1, 33.6, 34.5, 34.7, 35.0, 36.7, 37.7, 44.8, 48.4, 49.6,
52.2, 52.3 (CH2, OCH3), 62.4, 62.6, 65.5, 65.6, 70.1, 70.4 (C2H, OCH2,
spiro C), 74.8, 74.9 (Cl3CCH2), 96.0 (CCl3), 115.3, 126.6, 127.7, 128.6,
130.27, 130.33, 130.4, 130.5, 132.5, 137.2 (Caryl, C=C), 152.9, 153.4, 157.9
(Caryl, carbamate C=O), 171.5, 171.7, 174.0, 174.4 (ester and lactam C=
O); IR (neat): ñ = 2952, 1737, 1719, 1633 cm�1; EIMS: m/z : 676 [M +];
elemental analysis calcd (%) for C29H29Cl5N2O6: C 51.31, H 4.31, N 4.13;
found: C 51.50, H 4.32, N 3.95.


ACHTUNGTRENNUNG(2S,5’R)-3-[4-(2,6-Dichlorobenzyloxy)phenyl]-2-(1-tert-butoxycarbonyl-6-
oxo-1,7-diazaspiro ACHTUNGTRENNUNG[4.6]undec-9-en-7-yl)propionic acid methyl ester (10b):
Compound 9b (300 mg, 0.442 mmol) was dissolved in acetic acid
(10 mL). Zinc dust (600 mg in 6 portions) was added during 2.5 h while
stirring vigorously. After complete addition, stirring was continued for
1 h, whereupon the mixture was filtered through Celite and the residue
was rinsed thoroughly with acetic acid. The filtrate was concentrated in
vacuo, dispersed in water (5 mL) and treated with saturated aqueous
Na2CO3 (5 mL). The mixture was extracted with diethyl ether (1S5, 4S
3 mL), the combined organic layers were dried with MgSO4, evaporated
to dryness and dried thoroughly. Subsequently, the residue was dissolved
in a solution of Boc2O (156 mg, 0.715 mmol) in CH2Cl2 (5 mL). After stir-
ring for 6 h, another portion of Boc2O (312 mg, 1.43 mmol) in CH2Cl2
(2 mL) was added and stirring was continued for 13 h, whereupon the
solvent was removed and the residue was purified by column chromatog-
raphy (hexanes/ethyl acetate 2:1), furnishing 10b as a colorless solid
(251 mg, 94%). M.p. 58–60 8C; Rf = 0.31 (hexanes/ethyl acetate 1:1);
[a]24D = �80.4 (c = 0.5, CHCl3);


1H NMR (600 MHz, CDCl3, 330 K; ro-
tamers and broadened signals were observed): d = 1.41 (s, 9H, Boc
CH3), 1.74–2.10, 2.06 (m, dd, 4H, J=15.3, 7.0 Hz, CH2), 2.21 (ddd, 1H,
J=12.7, 7.6, 7.6 Hz, CH2), 3.04 (dd, 1H, J=13.4, 8.1 Hz, CH2), 3.25 (dd,
1H, J=14.4, 6.4 Hz, CH2), 3.37–3.73, 3.58, 3.68 (m, ddd, s, 7H, J=10.4,
7.4, 7.4 Hz, CH2, OCH3), 3.88–4.47 (m, 1H, CH2), 5.04–5.13 (m, 1H,
C2H), 5.24 (s, 2H, OCH2), 5.68–5.75 (m, 1H, C=CH), 5.84–5.91 (m, 1H,
C=CH), 6.91–6.94 (m, 2H, CHaryl), 7.15–7.18 (m, 2H, CHaryl), 7.20–7.23


(m, 1H, CHaryl), 7.33–7.36 (m, 2H, CHaryl) ; 13C NMR (90 MHz, CDCl3;
rotamers and broadened signals were observed): d = 22.3, 23.1 (CH2),
28.6 (Boc CH3), 33.7, 34.7, 37.6, 44.9, 48.7, 52.2 (CH2, OCH3), 62.7, 63.4,
65.4, 69.6 (OCH2, C


2H, spiro C), 79.5 (Boc Cq), 115.2, 125.8, 128.6, 129.5,
130.5, 130.8, 131.3, 132.4, 137.1 (Caryl, C=C), 154.6, 157.8 (Boc C=O, Caryl),
171.7, 175.1 (ester, lactam C=O); IR (neat): ñ = 2976, 1739, 1688,
1633 cm�1; EIMS: m/z : 602 [M +]; elemental analysis calcd (%) for
C31H36Cl2N2O6: C 61.69, H 6.01, N 4.64; found: C 61.68, H 6.03, N 4.51.


ACHTUNGTRENNUNG(2S,5’R)-3-[4-(2,6-Dichlorobenzyloxy)phenyl]-2-(1-tert-butoxycarbonyl-6-
oxo-1,7-diazaspiro ACHTUNGTRENNUNG[4.6]undec-9-en-7-yl)propionic acid : Compound 10b
(150 mg, 0.249 mmol) was dissolved in methanol (5 mL) and THF (1 mL)
and cooled with an ice bath. After addition of aqueous NaOH (2n,
5 mL), a precipitate formed which was re-dissolved by addition of THF
(2 mL). After stirring for 1.5 h at this temperature, methanol and THF
were evaporated (40 8C, 90 mbar), the remaining solution was diluted
with water, acidified to pH 4 with aqueous citric acid (5%) and extracted
with diethyl ether (3S5 mL). The combined organic layers were washed
with water (5 mL), dried with MgSO4, concentrated and the product was
dried thoroughly in vacuo, furnishing the title compound as a colorless
solid (145 mg, 99%). M.p. 94–101 8C; Rf = 0.15 (CH2Cl2/methanol/
HCOOH 95:3:2); [a]22D = �150 (c = 1.0, CHCl3);


1H NMR (600 MHz,
[D5]pyridine, 380 K; broadened signals were observed): d = 1.50 (s, 9H,
Boc CH3), 1.61–1.69 (m, 1H, CH2), 1.77–1.83 (m, 1H, CH2), 1.98 (ddd,
1H, J=12.9, 6.4, 6.4 Hz, CH2), 2.12 (dd, 1H, J=16.1, 5.5 Hz, CH2), 2.35
(ddd, 1H, J=12.9, 7.4, 7.4 Hz, CH2), 3.24 (dd, 1H, J=13.8, 7.7 Hz, CH2),
3.58–3.63, 3.55, 3.65 (m, ddd, dd, 3H, J=10.2, 7.3, 5.0 Hz; 10.2, 7.7 Hz,
CH2), 3.72 (brd, 1H, J=16.1 Hz, CH2), 4.00–4.17 (m, 2H, CH2), 5.32 (s,
2H, OCH2), 5.68–5.86 (m, 3H, C2H, HC=CH), 7.05–7.13 (m, 3H, CHaryl),
7.28–7.31 (m, 2H, CHaryl), 7.38–7.42 (m, 2H, CHaryl) ; 13C NMR (90 MHz,
CDCl3; broadened signals were observed): d = 23.3 (CH2), 28.6 (Boc
CH3), 32.2, 34.2, 37.1, 48.2, 48.6 (CH2), 65.45, 65.55, 69.5 (OCH2, C


2H,
spiro C), 81.1 (Boc Cq), 115.3, 128.5, 130.2, 130.4, 130.5, 130.9, 131.2,
132.3, 137.0 (Caryl and C=C), 155.7, 157.7 (Boc C=O, Caryl), 171.3, 175.5
(lactam C=O, COOH); IR (neat): ñ = 2975, 1733, 1685, 1653 cm�1;
APCI-MS: m/z : 589 [M ++H]; elemental analysis calcd (%) for
C30H34Cl2N2O6: C 61.12, H 5.81, N 4.75; found: C 61.08, H 6.00, N 4.61.


ACHTUNGTRENNUNG(2S,5’R)-3-[4-(2,6-Dichlorobenzyloxy)phenyl]-2-(1-tert-butoxycarbonyl-6-
oxo-1,7-diazaspiro ACHTUNGTRENNUNG[4.5]dec-9-en-7-yl)propionic acid : Prepared from (S)-
N-allyl-O-(2,6-dichlorobenzyl)tyrosine methyl ester and (2R,5R)-4-oxo-2-
trichloromethyl-5-vinyl-1-aza-3-oxabicycloACHTUNGTRENNUNG[3.3.0]octane[7a] via 4c analo-
gously to 10b, followed by ester hydrolysis as described above. Colorless
solid (141 mg, 20% over eight steps). M.p. 124–130 8C; Rf = 0.26
(CH2Cl2/methanol/HCOOH 93:2:5); [a]22D = �90.3 (c = 1.0, CHCl3);
1H NMR (360 MHz, [D5]pyridine, 380 K): d = 1.43 (s, 9H, Boc CH3),
1.63–1.73 (m, 1H, CH2), 1.75–1.83 (m, 1H, CH2), 2.04–2.16 (m, 1H,
CH2), 2.41 (ddd, 1H, J=12.4, 7.0. 5.2 Hz, CH2), 3.30 (dd, 1H, J=14.6,
8.5 Hz, CH2), 3.53 (ddd, 1H, J=10.2, 7.2, 7.2 Hz, CH2), 3.65 (dd, 1H, J=
14.6, 6.6 Hz, CH2), 3.78–3.86 (m, 1H, CH2), 4.04–4.08 (m, 2H, CH2), 5.31
(s, 2H, OCH2), 5.56–5.60 (m, 1H, C2H), 5.63 (ddd, 1H, J=10.0, 3.2,
3.2 Hz, C=CH), 5.72 (ddd, 1H, J=10.0, 1.3, 1.3 Hz, C=CH), 7.04–7.08
(m, 2H, CHaryl), 7.11–7.13 (m, 1H, CHaryl), 7.27–7.30 (m, 2H, CHaryl),
7.40–7.44 (m, 2H, CHaryl); 13C NMR (90 MHz, CDCl3; rotamers and
strongly broadened signals were observed): d = 22.8, 23.6 (CH2), 28.0,
28.5 (Boc CH3), 28.2, 29.7, 33.6, 38.6, 48.1 (CH2), 62.5, 63.3, 65.4, 65.5,
66.1 (OCH2, C


2H, spiro C), 80.0, 81.2 (Boc Cq), 115.0, 115.4, 121.0, 127.5,
128.5, 129.6, 129.9, 130.0, 130.4, 130.9, 131.0, 132.3, 137.0 (Caryl, C=C),
153.7, 154.9, 157.6, 157.8 (Boc C=O, Caryl), 170.6, 171.0 (lactam C=O,
COOH); IR (neat): ñ = 3361, 2925, 1736, 1693, 1656 cm�1; EIMS: m/z :
575, 574 [M +]; elemental analysis calcd (%) for C29H32Cl2N2O6: C 60.53,
H 5.60, N 4.87; found: C 60.40, H 5.78, N 4.86.


Peptide synthesis : Commercially available PAM (4-hydroxymethyl)phe-
nylacetamide) resin preloaded with Boc-Leu was deprotected using TFA/
CH2Cl2/indole (50:50:0.1; 20 min), followed by neutralization with 10%
DIPEA in CH2Cl2 followed by several washes with CH2Cl2. Boc-Ile-OH,
the carboxylic acids derived from 10a,b, and Boc-ArgACHTUNGTRENNUNG(Tos)-OH were
coupled according to the following procedure: HATU (3–5 equiv) and
the carboxylic acid (3–5 equiv) were dissolved in NMP (least volume pos-
sible). After addition of DIPEA (6–10 equiv) the mixture was added to
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the resin and agitated for 8–16 h, followed by several CH2Cl2 washes. If
possible, complete acylation was monitored with the Kaiser Test. When
the test indicated incomplete coupling or when Boc-Arg ACHTUNGTRENNUNG(Tos)-OH was
coupled to the secondary amino group of the spirocyclic templates, re-
spectively, the procedure was repeated. After deprotection with TFA
(20 min), the next coupling cycle was started. Upon completion, the N-
termini were deblocked (TFA) and the HF cleavage from the resin using
anisole as the scavenger (HF/anisole 9:1, 2 h, 0 8C;) was performed. HF
was evaporated and the resin was washed with tert-butyl methyl ether.
The pure peptides were obtained by extraction of the resin with acetic
acid, followed by lyophilization and purification via preparative HPLC
(gradient elution: 5–35% CH3CN + 0.1% TFA/H2O + 0.1% TFA) on
a ZORBAX 300SB-C18 PrepHT (21.2S250 mm, 7 mm) column.
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Stereoelectronic Effects on Type I 1,2-Dyotropic Rearrangements in Vicinal
Dibromides


Israel Fern&ndez,*[a, b] Miguel A. Sierra,[a] and Fernando P. Coss0o[c]


Introduction


The type I 1,2-dyotropic rearrangement is defined as the si-
multaneous intramolecular migration of two s bonds which
interchange their relative positions in a stationary scaffold
(Scheme 1).[1] This process occurs concertedly through the
bicyclic transition state as depicted in Scheme 1. Recently,
we proposed[2] a stepwise mechanism for a dyotropic rear-
rangement in the photoreaction of chromium(0) aminopho-


spino (Fischer) carbenes. Our report was simultaneous to
the proposal by Houk[3] of a non-concerted dyotropic rear-
rangement of N-(a-silyl)allyl amides to cis-enamides.


In the particular case of dyotropic reactions in vicinal di-
bromides, there are several important papers on the nature
of the experimentally observed mutarotations in 1,2-dibro-
mocyclohexanes[4] and 5,6-dibromocholestanes[5,6]


(Scheme 2). Thus, in a seminal work Grob and Winstein[5]


discussed the possible mechanisms of these reactions and
concluded that “…mutarotation does not involve dissocia-
tion of the steroid dibromide to bromonium ion and bro-
mide ion, followed by return of external bromide ion. The
important mode of isomerization is therefore a so-called in-
ternal one. (…) It is considered probable that (…) an inter-
mediate or transition state is involved with negligible charge
separation, both bromine atoms being essentially equiva-
lent”. The features of these hypothetical structures would be
those shown in Scheme 1. In a subsequent paper, Barton
and Head[6] suggested that these structures are transition
states and not reaction intermediates. More recent computa-
tional[7] and experimental works[8] carried out on type I 1,2-


Abstract: The effects of different sub-
stituents on type I-dyotropic rearrange-
ments of open-chain and cyclic 1,2-di-
bromo hydrocarbons have been studied
by means of DFT calculations. The ac-
tivation energy (Ea) of this transforma-
tion decreases with the p-donor ability
of the substituent attached to the react-
ing ethylenic system. This is due to
donation of electronic density by con-
jugation or hyperconjugation. This don-


ation leads to longer C�C and C�Br
bond lengths in the corresponding four-
membered transition states (TSs).
Linear relationships between the Ea


and either the sp Hammett substituent


constants and the C�C bond length of
the TSs were also found. In all cases,
the processes have a high value of syn-
chronicity, which is mainly independent
on the substituents. A model based on
the second-order perturbational analy-
sis for one ethylene unit with two
apical bromine radicals accounts for all
the computed results.
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dyotropic rearrangements have shown that the activation
energy of dyotropic processes depends, mainly, on the deloc-
alization of the p system being developed in the correspond-
ing transition states (Scheme 1). These aspects of the reac-
tion offer a good opportunity to develop a model to account
for the influence of stereoelectronic effects[9] both in the
synchronicity and energy barriers of dyotropic processes.
Reported herein is the systematic DFT study of these ef-
fects, correlating HammettNs sp parameters and some geo-
metrical features of the dyotropic TS with the Ea of these
processes.


Computational Details


All the calculations reported in this paper were obtained with the Gaussi-
an 03 suite of programs.[10] Electron correlation has been partially taken
into account using the hybrid functional usually denoted as B3LYP[11]


and the standard 6-31+G* and 6-31G* basis sets[12] for hydrogen, carbon,


oxygen, nitrogen, and sulphur, and the Hay–Wadt small-core effective
core potential (ECP) including a double-x valence basis set[13] for bro-
mine or chlorine (LanL2DZ keyword). Zero-point vibrational energy
(ZPVE) corrections have been computed at the B3LYP/6-31+G* level
and have not been corrected. Stationary points were characterized by fre-
quency calculations,[14] and have positive definite Hessian matrices. Tran-
sition structures (TSs) show only one negative eigenvalue in their diagon-
alized force constant matrices, and their associated eigenvectors were
confirmed to correspond to the motion along the reaction coordinate
under consideration using the Intrinsic Reaction Coordinate (IRC)
method.[15]


We computed the synchronicity (Sy) of the dyotropic rearrangements
shown in Schemes 3, 5 and 6 using the following Equation:[16]


Sy ¼ 1�


Pn


i¼1


jdBi�dBAVj
dBAV


2n�2
ð1Þ


where n is the number of bonds directly involved in the reaction and dBi


stands for the relative variation of a given bond index Bi at the transition
state (TS), according to the following formula:


dBi ¼ BTS
i �BR


i


BP
i�BR


i


ð2Þ


where the superscripts R and P refer to the reactants and the product, re-
spectively. The average value of dBi, denoted as dBAV is therefore:


dBAV ¼ n�1
Xn


i¼1


dBi ð3Þ


The Wiberg bond indices[17] Bi have been computed by using the natural
bond orbital (NBO) method.[18]


Results and Discussion


The dyotropic reaction of 1,2-dibromoethane (1a)
(Scheme 3) was considered first. This process occurs through
the four-membered transition state 2a in a concerted path-
way.


The D2h symmetry of 2a and the high calculated value of
synchronicity (Sy=0.87) indicate that this transformation is
perfectly synchronous, as expected based on the reported re-
sults.[7] The C–C distance in the transition state 2a has a par-
tial double-bond character (r = 1.416 J, NBO bond order
= 1.3). The deviation of 0.13 units from perfect synchronici-
ty (Sy = 1.00) is attributable to the partial double bond
character of the stationary system. This partial delocaliza-
tion is not explicitly included in the evaluation of the syn-
chronicity since the static C�C bond does not change its
bond order on going from the reactant to the product. How-
ever, the partial double bond character of the C–C moiety


Abstract in Spanish: Mediante c�lculos DFT se han estudia-
do los efectos de distintos sustituyentes en reordenamientos
diotr picos de tipo I en 1,2-dibroalcanos tanto de cadena
abierta como c%clicos. La energ%a de activaci n (Ea) de este
proceso disminuye con el car�cter p-dador del sustituyente
unido al sistema etil+nico reactivo. Este efecto se debe a la
donaci n de densidad electr nica por parte del sustituyente
mediante conjugaci n o hiperconjugaci n. Esta donaci n
provoca que las distancias de enlace C�C y C�Br sean m�s
largas en los correspondientes estados de transici n (ET) de
cuatro miembros. Se han encontrado correlaciones lineales
tanto entre Ea y las constantes sp de Hammett con la distan-
cia C�C en los distintos ET/s. En todos los casos, los proce-
sos poseen altos valores de sincronicidad, la cual es pr�ctica-
mente independiente del sustituyente. Se ha propuesto un
modelo basado en la teor%a de perturbaciones de segundo
orden para explicar los resultados obtenidos.


Scheme 2. Experimentally studied dyotropic reactions in cyclic vicinal di-
bromoalkanes.


Scheme 3.
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at 2a promotes a C�Br bond order lower than 0.5 thus re-
sulting in a Sy value lower than 1.0. Therefore, the definition
of synchronicity reported in Equation (1) reflects bonding
changes present in the TS and not in the reactants or prod-
ucts.


As stated above, delocalization of the newly formed p


bond in the transition state is proposed to lower the Ea of
the dyotropic rearrangement. The transition state of 2,3-di-
bromobutane 2b-cis and 2b-trans (Table 1, entries 2 and 3)


have a lower activation energy (DEa=4.7 and 5.0 kcalmol�1,
respectively) and longer C–C (Dr=0.016 and 0.012 J) and
C–Br (Dr=0.072 and 0.075 J) distances compared with 2a.
This is a good evaluation of the hyperconjugative effect ex-
erted by each Me group in the transition state. This effect
should not be involved in stabilization of the p bond, but in
the interaction with the s* C�Br. On the other hand, the hy-
perconjugative effect of the Me-groups on the synchronicity
of the process respect to 2a is small albeit measurable
(DSy=0.11 in both cases).


The effect of electron-donating (EDG) and electron-with-
drawing (EWG) groups attached to one or both carbon
atoms was calculated next (Scheme 3). Table 1 compiles the
calculated Ea and Sy of these 1,2-dibromoethane systems.


The electronic structure of 2a can be rationalized in terms
of the second-order perturbational analysis for one ethylene
unit with two apical bromine radicals (Figure 1a). The re-
sulting D2h symmetrical structure exhibits, among other in-
teractions, the combination of one set of 3px AONs of bro-
mine with the p* orbital of the ethylene unit thus leading to
the occupied bonding 1b2g combination (HOMO�4) and the


unoccupied 2b2g antibonding combination (LUMO+1). The
other possible two-electron interaction between one symme-
try-adapted combination of 3pz AONs of bromine and the p


orbital of the ethylene subunit leads to one bonding 2b3u


combination (HOMO�5) and to the corresponding anti-
bonding 3b3u combination, which is the LUMO of the struc-
ture. The HOMO is formed by the 4ag unperturbed combi-
nation of two 3pz AONs of the bromine pair (Figure 1a). The
computed canonical FMONs of 2a confirm the utility and
predicting ability of this perturbational analysis (Figure 1b).


With this model at hand, the stereoelectronic effects of
the substituents can be understood taking into account the
interactions between the corresponding atom(s) or group(s)
and the topology of the parent LUMO. As we have previ-
ously concluded, this orbital can be represented as the com-
bination of an in-phase C=C moiety and an antibonding C�
Br contribution (Figure 1b). Therefore, the presence of a p-
donating substituent induces a stabilizing two-electron inter-
action between a filled orbital of the substituent and the
parent LUMO, thus producing the elongation of the C�Br
bonds contiguous to the donating group in the correspond-
ing TSs (Scheme 4). The same argument leads to an elonga-


Table 1. Selected bond lengths, activation energies and synchronicities
for the dyotropic reactions of the Scheme 3.


Entry TS rACHTUNGTRENNUNG(C–C) [J] Ea [kcalmol�1] Sy


1 2a, X=X’=H 1.416 28.2 0.87
2 2b-cis, X=X’=Me 1.432 23.5 0.76
3 2b-trans, X=X’=Me 1.428 23.2 0.76
4 2c, X=H; X’=OH 1.421 22.0 0.75
5 2d-cis, X=Me; X’=OH 1.429 19.7 0.74
6 2d-trans, X=Me; X’=OH 1.428 21.2 0.74
7 2e-cis, X=X’=OH 1.433 16.1 0.72
8 2e-trans, X=X’=OH 1.432 20.8 0.72
9 2 f, X=H; X’=NH2 1.435 14.1 0.72
10 2g-cis, X=X’=NH2 1.445 5.8 0.71
11 2g-trans, X=X’=NH2 1.451 9.1 0.68
12 2h, X=H; X’=Me 1.422 25.5 0.78
13 2 i, X=H; X’=Cl 1.418 29.3 0.88
14 2j, X=H; X’=CN 1.423 29.8 0.79
15 2k, X=H; X’=CHO 1.419 28.0 0.80
16 2 l, X=H; X’=C�CH 1.428 25.1 0.77
17 2m, X=H; X’=NO2 1.409 33.6 0.80


Figure 1. a) Qualitative second-order perturbation diagram associated
with the interaction of two bromine radicals and one ethylene subunit (in
black), to yield the D2h-symmetric transition structure 2a. b) Frontier or-
bitals of 2a, showing their correspondence with the boxed MONs in
Figure 1a.
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tion of the C�C bond length of the static scaffold and to a
contraction of the C�X bond length. For instance, when
X = NH2 the C�C bond lengths are 1.435 and 1.451 J in 2 f


and 2g-trans, respectively, a value significantly larger than
that calculated for 2a (Figure 2). Similarly, the C�Br bond
lengths corresponding to the atom attached to the amino
group in 2 f are 2.766 J, whereas in 2a are of only 2.510 J.
The donation by the amino group is also evidenced in the
shortening of the C–NH2 distance in transition state 2 f. In
fact, the latter bond has a partial double-bond character
(r = 1.316 J and NBO bond order = 1.45) in good agree-
ment with the aforementioned geometric effects (Scheme 4).


This analysis based on the stabilizing two-electron interac-
tion between the parent LUMO and one high-energy occu-
pied orbital of the substituent leads to a relative stabiliza-
tion of the corresponding TS, directly related to the donat-
ing ability of the substituent. Therefore, a correlation be-
tween one geometric parameter associated with the p char-
acter of a given TS and the corresponding activation energy


Scheme 4. Geometric effects of a p-donating group on the geometry of
the TS associated with the corresponding 1,2-dyotropic reaction.


Figure 2. Ball and stick representations of transitions states 2a–m. All structures correspond to fully optimized B3LYP/LANL2DZ and 6-31+G(d) geo-
metries. Bond lengths and angles are given in J and degrees, respectively.
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must be found. The C�C bond length of the “static” carbon
atoms appears to be an appropriate parameter since i) is
sensitive enough to the substitution pattern and ii) includes
the combined effects of different substituents at different
static carbon atoms. The C�Br bond length does not fulfil
the second criterion, although reflects very properly the
competitive effects of different substituents. For example, in
2c the superior p-donating ability of the hydroxy group with
respect to that corresponding to a methyl group in 2h re-
sults in larger C�Br bond lengths (2.657 J in 2c compared
with 2.594 J in 2h) for the carbon atom contiguous to the
hydroxy group (Figure 2). As it can be seen, a good linear
relationship with a correlation coefficient of 0.93 and stand-
ard error of 2.88 is also found between the activation ener-
gies and the C�C bond lengths of the corresponding transi-
tion structures (Figure 3). As a general criterion, we can


conclude that the larger the C�C bond length of the static
scaffold at the corresponding TS, the lower the activation
energy. This plot also confirms that the C�C bond is the
most appropriate geometric parameter since it is sensitive to
the stereochemistry of the substitution in the different tran-
sition states. In general, the larger departures from linearity
are found for the cis-substituted systems probably due to
the steric interaction between the donating contiguous
groups.


As readily seen from the data in Table 1, electron-donat-
ing groups facilitate the dyotropic reaction while electron-
withdrawing groups lead to higher values of the activation
energy of the process. Therefore, it is not surprising that a
good correlation between the Ea and the sp Hammett sub-
stituent constants was found since the latter parameters re-
flect the extent to which substituents interact with a reaction
site through conjugative effect mainly.[19] Thus the plot of Ea


versus sp for monosubstituted 1,2-dibromoethanes shows a
good linear relationship between both parameters with a
correlation coefficient of 0.90 and standard error of 2.58
(Figure 4). This clear correlation supports the above state-
ment that the p-donating ability of the substituent induces a


stabilization of the corresponding TS and therefore facili-
tates the dyotropic rearrangement.


To discuss these processes in more detail, the influence of
the geometry in the stabilization of the transition states of
dyotropic rearrangement by
electron-donating groups was
addressed next. The model re-
action was the dyotropic reac-
tion of trans-1,2-dibromocyclo-
hexane (3a ; Scheme 5, X = X’
= CH2). An analogous transfor-
mation has been experimentally
reported[3] in the thermal muta-
rotation of trans-2,3-dibromo-
tert-butylcyclohexanes.


This reaction also occurs through a four-membered transi-
tion state. Interestingly, the IRC calculations relates this
transition state with the twisted-chair 5a instead of the re-
ported chair[3] (Figure 5). The calculated Ea of this process is
23.6 kcalmol�1, practically identical to the barrier observed
for the dyotropic reaction of cis-2,3-dibromobutane (entry 2,
Table 1). This should be due to the hyperconjugative donat-
ing ability of the CH2 groups attached to the reacting
carbon atoms that is comparable to the two Me groups of
the 2,3-dibromobutane. The effect of donating groups
having lone electron pairs was studied next. The results are
compiled in Table 2.


Again, we found a clear correlation between the Ea of the
dyotropic rearrangement and the donor ability of the heter-
oatom included in the ring. These results support the trend
observed in the open-chain compounds: better p-donor het-
eroatoms lead to lower activation barriers for dyotropic re-
arrangements. The stereoelectronic effect of sulphur in the p
to s* transfer is smaller than the observed for the oxygen,[9]


therefore its effectiveness to decrease the barrier of the dyo-
tropic rearrangement is the smallest of all the heteroatom
six-membered rings computed (Figure 6).


A clear linear relationship with a correlation coefficient
of 0.999 and standard error of 0.32 between the Ea for the
dyotropic rearrangement and the C�C bond length was


Figure 3. Plot of the activation energies (Ea) versus the C�C bond lengths
of the transition states 2a–m.


Figure 4. Plot of the activation energies (Ea) versus the sp Hammett sub-
stituent constants of monosubstituted 1,2-dibromoethanes.


Scheme 5.
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found (Figure 7) validating the second-order pertubational
analysis proposed for rearrangement in open chain com-
pounds. Finally, in order to check our model, we computed
the mixed-dyotropic reaction of 1-bromo-2-chlorocyclohex-
ane (transition state 4h, Figure 6). The Ea of this process is
higher than the activation barrier of 1,2-dibromocyclohex-
ane, which is in good agreement with the proposed dyotropi-
cally migratory aptitude of halogen atoms.[7b]


Finally, we have also investi-
gated the dyotropic rearrange-
ments in polycyclic analogues
of these 1,2-dibromocyclohex-
anes. The selected structures,
which can be considered as
models for steroid systems, are
depicted in Scheme 6.


Conversion of dibromide 6
into its cis diastereomer 8 in-
volves the isomerization of a
trans-4a-methyldecalin to its cis
diastereomer (Figure 8). Ac-
cording to our results, this proc-


ess is favored thermodynamically, provided that decalin 8’
converts into 8, in which both bromine atoms occupy equa-
torial positions, the methyl group being axial. It is interest-
ing to note that in 4a-methyldecalin itself the cis isomer is
found experimentally to be 0.550�0.28 kcalmol�1 less stable
than its trans-analogue.[20] Therefore, the two equatorial bro-
mines override this energy difference in favor to the cis-de-
calin 8. The saddle point 7 that connects 6 and 8’ local
minima is calculated to lie about 16 kcalmol�1 above 6, a
value lower than that obtained for the monocyclic analogue
3a. The synchronicity value obtained (Figure 8) is also simi-
lar to that found for the cyclohexane series (see Table 2).


The cyclopentanoperhydrophenantrene derivatives 9 and
11 are interconverted in transition-state structure 10. This
reaction is a very close analogue to the processes studied by
Winstein[5] and Barton[6] (see Scheme 2). Our calculations
(Figure 9) indicate that the activation barrier and the syn-
chronicity values are very similar to those found for the pre-
vious reaction. In this case, however, compound 11’ is more
destabilized with respect to its conformer 11. The destabili-


zation in 11’ arises from the
twist conformation of the A,B
rings of the steroid scaffold im-
posed by the C,D rings of the
3a-methyl-trans-hydrindane
subunit (Figure 9), a conforma-
tional constraint which is not
present in 8’. Our calculations
predict the exothermicity of
this reaction in complete agree-
ment with the experimental
findings.[5,6] Finally, it is worthy
to note that the computed
NBO charges for the bromine
atoms in saddle points 7 and 10,
and the Sy values of the corre-
sponding reactions indicate that
the dyotropic reactions take
place through highly synchro-
nous symmetry-allowed mecha-
nisms. Again, both migrating
bromine atoms are nearly
equivalent in these complex


Figure 5. Ball and stick representations of dyotropic transformation of trans-1,2-dibromocyclohexane, 3a. All
structures correspond to fully optimized B3LYP/LANL2DZ and 6-31+G(d) geometries. Bond lengths and
angles are given in J and degress, respectively. See Figure 2 caption for additional details.


Table 2. Selected bond lengths, activation energies and synchronicities
for dyotropic rearrangements of compounds 3a–g.


Entry Compound r ACHTUNGTRENNUNG(C–C) [J] Ea [kcalmol�1] Sy [a.u.]


1 4a, X=X’=CH2 1.429 23.6 0.77
2 4b, X=CH2; X’=O 1.437 17.1 0.74
3 4c, X=X’=O 1.442 15.1 0.73
4 4d, X=CH2; X’=S 1.435 18.8 0.71
5 4e, X=X’=S 1.436 17.6 0.68
6 4 f, X=CH2; X’=NH 1.443 11.6 0.75
7 4g, X=X’=NH 1.450 5.05 0.81


Figure 6. Ball and stick representations of transitions structures 4b–g. All structures correspond to fully opti-
mized B3LYP/LANL2DZ and 6-31+G(d) geometries. Bond lengths and angles are given in J and degrees, re-
spectively.
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asymmetric systems. These results matched the geometries
postulated by Winstein[5] and Barton[6] in their pioneering
works.


Conclusion


The effects of different substituents on type I-dyotropic re-
arrangements have been studied by means of DFT calcula-
tions. There are clear correlations between the donor ability
of the heteroatom bonded to the reactive system (measured
by the sp), the C�C and the activation energies needed for
the rearrangement. Higher values of sp result in lower Ea


and longer C�C and C�Br bond lengths in the correspond-
ing transition states. A model based on the second-order
perturbational analysis for one ethylene unit with two apical
bromine radicals accounts for all the computed results. p-
Donating substituents induce a stabilizing two-electron in-
teraction between a filled orbital of the substituent and the
parent LUMO leading to a more stable transition states.
This interaction provokes the elongation of the C�Br bonds
and elongation of the C�C bond length of the static scaffold,
as well as a contraction of the C�X bond length. Strikingly,
the computed values of the synchronicity (Sy) are high in all
the studied systems rendering 1,2-dyotropic reactions syn-
chronous and mostly independent on the substituents.
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Introduction


In the past two decades there has been considerable interest
in small-molecule DNA binders because of their therapeutic
use for cancer and genetic diseases. In particular, cationic
porphyrins have been intensively studied because they are
potentially useful as photonucleases,[1] structural probes of
DNA,[2] inhibitors of human telomerase,[3] and photosensitiz-
ers for photodynamic therapy (PDT).[4–6] On the other hand,
a few chlorophyll derivatives have also received a great deal
of attention as effective photonucleases and/or useful photo-
sensitizers because of their strong absorption in the visible
region, absorption that originates from the p–p* transition
in the chlorin ring.[5,6] In view of their characteristic strong
absorption in the so-called Soret and Q-band regions and
their selective accumulation on cancer cells,[7] chlorophyll
derivatives are very attractive as photosensitizers in the next
generation in place of some of the porphyrin derivatives cur-
rently used in PDT.[6] Therefore, new chlorin e6 derivatives


have been extensively investigated in recent years with the
aim of improving their tumor selectivity and therapeutic ef-
fectiveness.[8] The DNA binding of a few chlorophyll deriva-
tives, for example, pheophorbide a,[9] cationic derivatives of
pyropheophorbide a,[10,11] and cationic chlorin e6 trimethyl
ester,[12] has also been focused on with a view towards the
development of DNA-targeting photosensitizers. In previous
reports it has been revealed that the chlorophyll derivatives
bind to DNA and give rise to the efficient cleavage of the
DNA by a type I or type II mechanism under irradiation by
visible light.[9,11] However, almost all of the chlorophyll de-
rivatives studied so far are only slightly soluble in water and
they frequently aggregate in the buffer solution because
most of them are monocationic and/or possess more hydro-
phobic moieties as the peripheral groups on the chlorin ring.
Unfortunately, the poor solubility or self-aggregation of the
chlorophyll derivatives in the buffer solution not only hin-
ders their intercalation into the base pairs of the double-hel-
ical DNA but also deactivates the photoexcited dye mole-
cules.[13] In addition, this problem makes it difficult to eluci-
date the influence of the molecular structure on the interac-
tion between the chlorophyll derivatives and DNA as well
as to develop a new effective photonuclease as a useful pho-
tosensitizer. Therefore, only a few studies have dealt with
the question of how the DNA interaction or DNA photo-
cleavage of cationic water-soluble chlorophyll derivatives is
influenced by the kind, charge number, and position of the
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sized to allow the study of their DNA-
binding and -photocleavage activities.
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peripheral substituents. The lack of fundamental informa-
tion that is indispensable for the development of useful pho-
tosensitizers in PDT has prompted us to systematically study
the properties of DNA binding and the activities of DNA
photocleavage of cationic water-soluble chlorophyll deriva-
tives.


In an attempt to avoid the aggregation of the dye mole-
cules and to enhance their affinity to DNA, we have de-
signed and synthesized tricationic esters of chlorin e6
(Scheme 1, 1 and 2).[14] These tricationic esters are readily


soluble in water as monomers because cationic substituents
such as alkyltrimethylammonium or methylpyridinium-3-yl
groups are introduced on the parent chlorin e6. In the pres-
ent work, we have designed and synthesized another new
tetracationic ester of chlorin e6, namely, 6a-,gb-,7c-tris(2-tri-
methylammonioethyl)-2-(3-trimethylammonioprop-1-enyl)-
chlorin e6 (Scheme 1, 3) in order to study the DNA-binding
and -photocleavage activities of cationic water-soluble chlor-
ophyll derivatives with peripheral substituents that are dif-
ferent in kind, charge number, and position. In the design of
the cationic water-soluble chlorin e6 derivatives, we have
taken into consideration three major binding modes, that is,
intercalation and two types of outside binding. These cation-
ic water-soluble chlorin e6 derivatives (Scheme 1) are ex-


pected to be potential intercalators because their chlorin
rings are rich in p electrons and they are free to behave as
single molecules in buffer solution, rather than aggregates.
A favorable aromatic stacking interaction of the chlorin ring
with the nucleic acid bases is crucial in macrocyclic interca-
lators such as chlorophyll derivatives. In the cases of outside
binding, one type is outside groove binding, involving place-
ment of dye molecules in the minor groove, and the other
type is outside binding with self-stacking, in which the dye
molecules are stacked along the DNA helix. The interaction
of the cationic water-soluble chlorin e6 derivatives with
DNA has been investigated by DNA-unwinding assays,
melting temperature measurements on double-stranded
DNA, and induced circular dichroism (CD) and UV/Vis ab-
sorption spectroscopy. The activity and mechanism of the
DNA photocleavage in the presence of the cationic water-
soluble chlorin e6 derivatives have been studied in terms of
the cleavage of plasmid DNA induced under irradiation
with visible light and monitored by agarose gel electropho-
resis.


Results and Discussion


Binding mode evidenced by DNA-unwinding assay : The un-
winding assay with topoisomerase I is an essential means to
assess the ability of small-molecule DNA binders to interca-
late into double-helical DNA. In the present study, plasmid
DNA was relaxed by incubation with topoisomerase I prior
to addition of the dye and this was followed by further incu-
bation with the dye. After topoisomerase I was deactivated
and the dye was removed, the DNA was analyzed by agar-
ose gel electrophoresis.[15] The experimental results obtained
for 1–3 in the DNA-unwinding assay are shown in Figure 1.
As can be seen from Figure 1, the plasmid DNA (pBR322
DNA, Form I) was fully relaxed by topoisomerase I
(Figure 1, lane 2), and the relaxed Form II DNA was fully
unwound through interaction with 1 and 3. However, the
Form II DNAwas not fully unwound by 2. The above results
of the DNA-unwinding assay revealed that 1 and 3 interca-
late into the base pairs of the double-helical DNA, but 2
binds to the outside of the double-helical DNA. The helix-
unwinding angle can be estimated from the electrophoretic
mobility because it is reflected in the number of superhelical
turns in plasmid DNA.[16] The unwinding angle (f) of 1–3
was estimated by the following method. According to
Figure 1, the center of the topoisomer distribution, which
corresponds to the writhing number (t), in Form II DNA
fully relaxed by topoisomerase I (Figure 1, lane 2) is +1.
The sample (Figure 1 A , lane 7) contains 2.9 mm 1 and 5.0I
10�3 mm (in DNA molecules) pBR322 DNA and reactive
topoisomerase I. Since the equilibrium constant (Kapp) is suf-
ficiently large (1.5I104 m�1, see Table 1), the concentration
of DNA-bound 1 in this buffer solution can be equal to the
total concentration of 1 (2.9 mm). This means that the m
value, that is, the number of the dye molecules bound to
one pBR322 DNA molecule, is 573. In addition, the Dt


Scheme 1. Structures of chlorin e6 and cationic water-soluble chlorin e6
derivatives 1–3.
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value is determined to be 5, since the t value (Figure 1 A,
lane 7) is �4. Thus, the f value of 1 is calculated to be 3.18
according to [Eq. (1)] (see the Experimental Section). When
similar calculations were repeated for lanes 6 and 8 in
Figure 1, the f value of 1 was determined to be 3.3�1.08.
By contrast, the f value of 3 is calculated to be 16�28 from
Figure 1 C, lanes 3–5. Interestingly, the f value of 3 is com-
parable to that of 198 for 5,10,15,20-tetrakis(N-methylpyridi-
nium-4-yl)porphyrin (TMPyP),[17] which is known to be a
relatively bulky DNA intercalator, although the chlorin ring
is more structurally hindered at the 7–8 positions than the
porphyrin ring. This structural hindrance may hardly con-
tribute to the DNA-unwinding angle. On the other hand,
this result shows that 3 has a higher ability for DNA un-
winding than 1. A relatively large distortion from the ideal


B-form DNA is required for intercalation of 3 into the base
pairs as compared to that required for intercalation of 1.
The difference in f values for 1 and 3 is due to the differ-
ence at the 2b position. Consequently, it can be stated that
the binding mode of the cationic water-soluble chlorin e6 de-
rivatives to DNA is strongly influenced by the stereochemis-
try of the peripheral substituents of the chlorin ring and also
the carbon-chain length between the ester moiety and the
trimethylammonium or methylpyridinium ion.


Physicochemical evidence for DNA binding : The thermal
denaturation of double-helical polynucleotides from double-
stranded to single-stranded DNA is manifested as hyper-
chromism in the UV absorption of the DNA base pairs at
260 nm. The melting temperature (Tm) of DNA is sensitive
to its double-helix stability and the binding of dyes to DNA
alters the Tm value, with dependence on the strength of the
interactions.[18] Upon binding of small dye molecules to calf
thymus DNA (CT-DNA), the Tm value of the B-form DNA
should become higher, as compared to that of unbound or
free CT-DNA. In addition, as the dyes bind more strongly
to the DNA, the increase in the Tm value will become
larger.[19] Therefore, the Tm value can be used as an indicator
of the binding properties and binding strengths of dyes with
DNA. Under the present experimental conditions, the melt-
ing curve (absorbance versus temperature) has a transition,
and the Tm value of free double-stranded CT-DNA is
66.1 8C; this value corresponds to the half dissociation of the
Watson–Crick base-paired duplex. Upon addition of the cat-
ionic water-soluble chlorin e6 derivatives 1–3 to the DNA


solution, the profile of the
melting curve did not change
drastically although the Tm


value was higher than that of
free CT-DNA (Figure S1 in
the Supporting Information).
The increase in melting tem-
perature (DTm), that is, the dif-
ference in the melting temper-
atures in the absence and pres-
ence of chlorin, is plotted
against the molar ratio (R) of


[chlorin] to [DNA in base pairs]. Increased addition of the
cationic water-soluble chlorin e6 derivatives 1–3 to the
buffer solution of CT-DNA raises the Tm value to some
extent, thereby indicating that the double-stranded CT-
DNA is stabilized by the binding of 1–3 (Figure 2). A com-
parison of the increase in the melting temperature (DTm) re-
vealed that, at the same R value, the DTm value for 1 is the
largest and that for 2 is the smallest of the three cationic
chlorin e6 derivatives. Interestingly, tricationic 1 exhibited a
larger DTm value than tetracationic 3, although in general 3,
with four positive charges, would stabilize the duplex struc-
ture of DNA more than 1, with three positive charges.[20]


This result probably occurs because 1 intercalates into cer-
tain site(s) of the base pairs of the double-helical DNA
where it is favorable for the trimethylammonium substitu-


Figure 1. Agarose gel electrophoresis of pBR322 DNA relaxed by topo-
ACHTUNGTRENNUNGisomerase I in the presence of A) 1, B) 2, and C) 3. Lane 1: pBR322
DNA (Form I); Lanes 2–12 (lanes 2–11 in A): pBR322 DNA (Form I,
0.5 mg in 35 mL) treated with topoisomerase I (6.6 units) in the presence
of 0, 0.76, 1.5, 2.2, 2.5, 2.9, 3.8, 6.0, 8.0, and 10 mm 1; 0, 0.76, 1.5, 2.2, 2.5,
2.9, 3.8, 6.0, 8.0, 10, and 15 mm 2 ; and 0, 0.44, 0.66, 0.88, 1.1, 1.5, 1.9, 2.5,
3.8, 6.0, and 10 mm 3, respectively.


Table 1. Spectroscopic parameters of cationic water-soluble chlorin e6 derivatives and their apparent equilibri-
um constants with CT-DNA.


Dye Induced CD UV/Vis
De [cm�1


m
�1] (l0 [nm])[a] l0 [nm] emax [cm


�1
m


�1I104] DH [%][b] KappI10
3
ACHTUNGTRENNUNG[m


�1]
free DNA-bound[a] free DNA-bound[a]


1 �20.2 (399.5), +9.30 (413.5) 400.5 407.5 14.0 7.67 45.2 15
2 +3.84 (412.5) 404.5 408.0 9.55 6.03 34.0 7.5
3 �18.6 (401.0), +5.74 (417.0) 402.0 409.0 11.7 7.01 40.1 27


[a] In the presence of CT-DNA (R=0.01). [b] Hypochromicity in the Soret region (R=0.01).
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ents of 1 to electrostatically interact with the phosphate
anion sites of CT-DNA. In view only of the magnitudes of
the DTm values for the cationic water-soluble chlorin e6 de-
rivatives, compounds 1 and 3 are taken to be intercalators,
while 2 is considered to be an outside groove binder. This
interpretation is consistent with the conclusion drawn from
the experimental results obtained from the unwinding assay
and the other methods.


Spectroscopic evidence for DNA binding : Spectral changes
in circular dichroism (CD) were observed upon increased
addition of CT-DNA to a buffer solution of the cationic
water-soluble chlorin e6 derivatives. The induced CD spectra
shown in Figure 3 were calculated from the original CD
spectra (Figure S2 in the Supporting Information). The in-


duced CD spectral data obtained are summarized in Table 1.
In the induced CD spectra of both 1 and 3, an intense nega-
tive signal with a weak positive signal appeared at relatively
small values of R, for example, 0.01. By contrast, only a
weak positive signal was observed in the induced CD spec-
trum of 2 under the same experimental conditions. Thus, the
induced CD spectra, as well as the DNA-unwinding assay
and the other physicochemical measurements, suggest that 1
and 3 are classified as intercalators, while 2 is as an outside
groove binder.


A buffer solution of the cationic water-soluble chlorin e6
derivatives was spectrophotometrically titrated with a CT-
DNA buffer solution. The absorption-spectrum changes
over the course of titration are reproduced for 1 (Figure 4


and Figure S3 in the Supporting Information). At the begin-
ning of the spectrophotometric titration, substantial hypo-
chromism with an isobestic point was found in the Soret and
Q bands at R�0.67, and then significant hyperchromism
with a new isobestic point and a large red shift was observed
at R�0.67. With respect to 2 and 3, a similar spectral fea-
ture to that for 1 was also confirmed, as shown for 2 and 3
in Figures S4 and S5 in the Supporting Information. For
brevity, only their spectroscopic parameters and characteris-
tics are listed in Table 1. Judging from the results of spectro-
photometric titration, the interaction of 1–3 with CT-DNA
proceeds in two steps (Figure 4 and Figures S3–S5 in the
Supporting Information). In the first step, the absorption
spectra of 1–3 exhibit hypochromicity without shift of the
Soret band as the R values decrease for 1 or 2 in the range
R�0.67 and for 3 in the range R�0.50. The absorption-
spectrum changes are very fast and reach equilibrium within
a few minutes after mixing 1–3 with CT-DNA in the buffer
solution. In addition, the absorption spectra were influenced
by the ion strength of the buffer solution and thus the addi-
tion of sodium chloride hindered the change of the spectra


Figure 2. Plots of the increase in melting temperature (DTm) versus R-
ACHTUNGTRENNUNG([chlorin]/[CT-DNA in base pairs]) for cationic water-soluble chlorin e6
derivatives 1 (*), 2 (~), and 3 (&).


Figure 3. Induced CD spectra of DNA-bound 1–3 in TE buffer (10 mm


tris(hydroxymethyl)aminomethane-HCl (Tris-HCl) and 1 mm ethylene-
diaminetetraacetate (EDTA), pH 7.6, at 25 8C) at R=0.01.


Figure 4. Changes in the visible absorption spectrum for 1 with increased
addition of CT-DNA at 25 8C. The numbers attached to the absorption
spectra correspond to decreasing R values (1=1, 2=7.11, 3=4.97, 4=
1.00, 5=0.67, 6=0.069, and 7=0.010). The corresponding data for 2 and
3 are provided as Figures S4 and S5 in the Supporting Information.
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to some extent (data not shown). These features of the ab-
sorption-spectrum changes suggest that the first step of the
process is electrostatic interaction of the cation site of 1–3
with the phosphate anion site of CT-DNA. In the second
step, the negative charges on the phosphate backbone of
CT-DNA become stoichiometrically in excess at R�0.67 for
1 or 2 and R�0.50 for 3, so the tangling of CT-DNA elec-
trostatically neutralized by cationic 1–3 will be relaxed to
retain the solubility of CT-DNA in the buffer solution. As a
result, the absorption spectra of 1–3 exhibit hyperchromicity
with a new isobestic point and a red shift of the Soret band
as the R values decrease in the second step. The absorption-
spectrum changes of the second step are relatively slow
compared to those of the first step, and the hyperchromicity
and red shift in the Soret band are not so significant any
more and are almost independent of the decrease in the R
values when R%0.01. From the features of the spectra, it is
suggested that 1–3 are relocated to another site of the
double-helical DNA. On the other hand, 1 and 3 exhibited a
substantial hypochromicity of 45 and 40%, respectively, at
an R value of 0.01, which is reasonable but a little bit larger
than that reported for intercalators such as TMPyP.[21] The
red shift in the Soret band of 1 and 3 was 7 nm at R=0.01,
while that in the Q band was 11.0 nm for 1 and 9.5 nm for 3.
By contrast, the hypochromicity in the Soret band of 2 was
34% under the same experimental conditions and the red
shifts in the Soret and Q bands were 3.5 nm and 7.0 nm, re-
spectively. The large hypochromicity and red shift in the
Soret band for 1 or 3 are certainly due to the p–p interac-
tions between the chlorin ring and the nucleic acids bases.
On the other hand, the small hypochromicity and batho-
chromicity for 2 are associated with minor conformation
changes through the electrostatic interaction with the CT-
DNA. The spectral features observed indicate that, in the
region of relatively small R values, 2 is bound outside the
CT-DNA while 1 and 3 are intercalated into the base pairs
of the double-helical CT-DNA. This interpretation is in
good agreement with that based on the results of the un-
winding assay and the other physicochemical and spectro-
scopic measurements. Consequently, it can be said that the
first step of the process is electrostatic interaction of the
cation site of 1–3 with the phosphate anion site of CT-DNA
(at R�0.67 for 1 or 2 and R�0.50 for 3) and the second
step is intercalation of 1 and 3 into the base pairs of CT-
DNA or outside binding of 2 at the groove of CT-DNA (at
R�0.67 for 1 or 2 and R�0.50 for 3). It is rare that the
electrostatic binding process of the cationic water-soluble
chlorin e6 derivatives with DNA can be explicitly differenti-
ated from the intercalative one spectrophotometrically, al-
though the interactions of some cationic porphyrins with
DNA proceed in two steps.[22] This phenomenon must be
due to the fact that the positive charges of the cationic
water-soluble chlorin e6 derivatives are asymmetrically local-
ized on the peripheral groups attached to the chlorin ring,
while those of most cationic porphyrins are symmetrically
located at the meso position. Indeed, the kind and the posi-
tion of the cationic substituents affect the electron density


of the porphyrin ring or the charge distribution in the mole-
cule.[23] Thus, the kind, number, and position of the cationic
peripheral groups influence the binding mode of the cationic
water-soluble chlorin e6 derivatives with CT-DNA.


The apparent equilibrium constants (Kapp) in the second
step were calculated in the range of R=0.1–0.01 by [Eq. (2)]
and are listed in Table 1 (see the Experimantal Section).
The increasing order for the equilibrium constants is 3>1>
2. The equilibrium constant of 3 is larger than that of 1 be-
cause 3 has more charges in its molecular structure than 1.
On the other hand, the equilibrium constant of 1 is larger
than that of 2 because 1 is an intercalator while 2 is an out-
side binder of DNA. The p–p interaction between the chlor-
in ring and the base pairs of CT-DNA must contribute to
the DNA binding in intercalative 1, as compared to that in 2
in which no intercalative interaction is expected because of
the structural hindrance. Compound 2, unlike 1 or 3, outside
binds to CT-DNA because the warped chlorin ring hinders
the intercalation into the base pairs. The chlorin ring of 2 is
warped to minimize the molecular force field, as compared
to 1 which has a planar chlorin ring. In fact, the three pyridi-
nium groups attached to the chlorin ring are bulky, as dem-
onstrated in the Corey–Pauling–Koltun modeling with the
MOPAC software (Figure S6 in the Supporting Informa-
tion). As a consequence, it has also been confirmed that the
kind, number, and position of cationic peripheral groups
affect the binding mode of the cationic water-soluble chlor-
in e6 derivatives with CT-DNA.


DNA cleavage under irradiation with visible light : The
DNA-photocleavage activity of the cationic water-soluble
chlorin e6 derivatives was assessed by the photocleavage of
plasmid DNA (pBR322 DNA) from supercoiled Form I to
open-circle Form II or linear Form III and was monitored
by gel electrophoresis and densitometry.[24,25] The gel elec-
trophoresis patterns were obtained for the photocleavage of
supercoiled pBR322 DNA under irradiation with visible
light at various concentrations of dyes (Figure 5). The so-
called single-strand breaks increased with the addition of
the cationic water-soluble chlorin e6 derivatives, and the
DNA cleavage in the presence of the cationic water-soluble
chlorin e6 derivatives is induced only by light irradiation. In
a comparison of DNA photocleavage at the same R value
(for example, R=0.229), tetracationic 3 gives rise not only
to cleavage to Form II but also to double-strand breaks to
yield Form III. In addition, only the single-strand breaks
without production of Form III are caused by photoirradia-
tion in the presence of even 88 mm tricationic chlorin e6 (1 or
2), while photoirradiation in the presence of only 8.8 mm tet-
racationic 3 gives rise to double-strand breaks to produce
Form III DNA. The DNA-photocleavage activity of tetraca-
tionic 3 is much higher than that of tricationic 1 or 2. Inter-
estingly, the outside binder 2 has the lowest DNA-photo-
cleavage activity of the three cationic water-soluble chlor-
in e6 derivatives. Therefore, the increasing order of effective-
ness as photosensitizers, that is, of the DNA-photocleavage
activity, is 3>1>2. This increasing order of DNA-photo-
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cleavage activity is in parallel with the magnitude of the
equilibrium constant. As a result, the larger the equilibrium
constant and the charge number of the cationic water-solu-
ble chlorin e6 derivative, the higher the DNA-photocleavage
activity. In addition, a comparison of the photocleavage ac-
tivity revealed that an intercalator is more effective as a
DNA photocleaver than a groove binder. This is probably
because the former has a larger equilibrium constant than
the latter. In view of usefulness and effectiveness as a photo-
sensitizer, it is important to compare the DNA-photocleav-
age activities of the cationic water-soluble chlorin e6 deriva-


tives with that of a representative cationic porphyrin such as
TMPyP.[26] The DNA-photocleavage assay for TMPyP was
carried out under the same experimental conditions as those
for the cationic water-soluble chlorin e6 derivatives. The
photocleavage yields of Form II obtained for TMPyP were
51, 60, and 71% upon treatment with 8.80, 17.6, and 44.0 mm


TMPyP, respectively, and irradiation for 5 h (data not
shown). It has been reported for cationic porphyrins that
the DNA-photocleavage activity is correlated to the number
of positive charges.[25,27] Therefore, the photocleavage yield
of Form II should be compared between tetracationic 3 and
TMPyP. It is worth noting that the DNA-photocleavage ac-
tivity of 3 is higher than that of TMPyP. Thus, it has been
demonstrated that the cationic water-soluble chlorin e6 de-
rivatives must be useful as photonucleases.


Mechanism of DNA photocleavage : DNA photocleavage
sensitized by dyes has been widely studied and is mainly un-
derstood by type I or type II mechanisms including the elec-
tron-transfer process and/or generation of a hydroxyl radical
(OHC) and singlet oxygen (1O2).


[1,28] In this research, the
mechanism of the DNA photocleavage induced by the cati-
onic water-soluble chlorin e6 derivatives has been examined
according to the previously reported protocol.[11,29] The per-
centages of Form II DNA, as determined by densitometry,
are shown in (Figure 6). The percentages of Form II DNA
after photoirradiation in the presence of 1–3 were decreased
by the addition of mannitol, which is known to be a scaveng-
er of OHC.[1] This indicates that a hydroxyl radical is involved
in the DNA photocleavage. However, the hydroxyl radical
should not play a major role in the mechanism of the DNA
photocleavage, because the effect of mannitol as a scavenger
of OHC is relatively small. In addition, singlet oxygen is
hardly involved in the DNA photocleavage since the addi-
tion of N-acetylhistidine, which is known as a scavenger of
1O2, did not significantly affect the DNA photocleavage. On
the other hand, the DNA photocleavage was increased upon
going from a buffer solution of 1–3 in H2O to one in D2O. A
substantial increase in the DNA-photocleavage efficiency in
D2O is usually due to the fact that the lifetime of 1O2 gener-
ated in D2O is longer than that in H2O. However, the en-
hanced photocleavage yield observed for the cationic water-
soluble chlorin e6 derivatives may be associated with an in-
crease in the excited states of the dyes.[1] When the sample
solutions were thoroughly degassed with nitrogen gas and
maintained under N2 during the experiment, the DNA pho-
tocleavage was slightly decreased in 1 and 3 as compared
with that in air, while the percentage of Form II DNA was
rather increased in 2. These results suggest that there is an
anaerobic pathway to produce Form II DNA. For instance,
the DNA photocleavage by 1–3 may be due to the participa-
tion of guanine radical cations produced by energy transfer
from the exited chlorin. Thus, the DNA photocleavage by
1–3 can be explained by the following two mechanisms.[28]


1) A hydroxyl radical abstracts a hydrogen atom from the
DNA 2-deoxyribose phosphate backbone, thereby resulting
in DNA cleavage at every nucleotide. In addition, OHC also


Figure 5. Agarose gel electrophoresis patterns of the photocleavage of
pBR322 DNA (1.0 mg in 8.0 mL) after 5 h irradiation (at 404.5 and
436.0 nm) in TE buffer (pH 7.6 at 25 8C) in the presence of A) 1, B) 2,
and C) 3. Lanes 1 and 10: controls; lanes 2–8: in the presence of 4.40,
8.80, 17.6, 25.4, 35.2, 44.0, and 88.0 mm dye, respectively; lane 9: in the
presence of 44.0 mm dye in the dark. D) Plots of the percentage of
Form II DNA against the concentrations of 1 (*), 2 (~), and 3 (&).
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causes addition to the DNA bases to yield a variety of oxi-
dation products. 2) Under these rather mild conditions of
oxidation and without treatment by piperidine or alkali,
guanine was specially oxidized by electron transfer through
the excited chlorin to produce 8-oxo-7,8-dihydroguanine.[29]


The experimental protocol used here is useful in the prelimi-
nary evaluation of the mechanism of DNA photocleavage,
although it lacks the accuracy to elucidate the mechanism of
DNA photocleavage in some respects.[1] Therefore, these
conclusions will have to be checked by a more precise pro-
tocol with the use of end-labeled oligodeoxynucleotides in
the future.[11,30]


Conclusion


Three types of the cationic water-soluble chlorin e6 deriva-
tives (1–3) have been designed and synthesized. Their inter-
action with DNA has been characterized by a DNA-unwind-
ing assay, DNA melting temperature experiments, and me-
surement of the induced CD and UV/Vis spectra. Tricationic
1 and tetracationic 3, with the chlorin ring rich in p elec-
trons, are both intercalated into the base pairs of the
double-helical DNA, while tricationic 2, with the bulky pe-
ripheral pyridinium groups, is outside bound to the minor
groove of the double-helical DNA. In addition, tetracationic
3, with a trimethylammmonium group at the 2b position, in-
tercalates deeply into the DNA base pairs to strongly inter-
act with the nucleobases and has higher ability to unwind
DNA than tricationic 1. On the other hand, all the cationic
water-soluble chlorin e6 derivatives give rise to DNA photo-
cleavage and serve as photonucleases under irradiation with
visible light. The increasing order of efficiency for DNA
photocleavage is 3>1>2. DNA photocleavage by the cati-
onic water-soluble chlorin e6 derivatives could be accounted
for, at least partly, by a type I mechanism. The cationic
water-soluble chlorin e6 derivatives with a large number of
charges and intercalative nature have a high affinity for
DNA binding and photocleavage. Thus, it is necessary for
the design of water-soluble chlorophyll derivatives to intro-
duce as many small cationic substituents as possible, so that
the original chlorin ring becomes able to easily intercalate
into the double-helical DNA.


Experimental Section


Chemicals and instruments : Oxalyl chloride and dithiothreitol (DTT)
were supplied by Nacalai Tesque, Inc. Ethidium bromide and 3-pyridine-
methanol were purchased from Merck, Ltd. EschenmoserNs salt (N,N-di-
methylmethyleneammonium iodide) and 2-dimethylaminoethanol were
obtained from Aldrich. Iodomethane was supplied by Tokyo Kasei
Kogyo Co., Ltd. Tris(hydroxymethyl)aminomethane (Tris) and TE-satu-
rated phenol were purchased from Kanto Chemical Co., Ltd., and Fluka,
respectively. Orange G, sodium dodecyl sulfate (SDS), and N-acetylhisti-
dine monohydrate were obtained from Wako Pure Chemical Industries,
Ltd. d-Mannitol was supplied by Katayama Chemical Industries Co.,
Ltd. Calf thymus DNA (CT-DNA; catalogue number 091K7030) and su-
peroxide dismutase (SOD) were purchased from Sigma. Deuterium
oxide (D2O) and wheat-germ topoisomerase I (catalogue number
19646901) were obtained from Acros and Promega, respectively. Agarose
for electrophoresis (Agarose S) was supplied by Nippon Gene Co., Ltd.
Plasmid DNA (pBR322 DNA in Form I) was obtained from Nippon
Gene Co., Ltd, or BioLabs Inc. 5,10,15,20-Tetra(4-pyridyl)porphyrin was
obtained from Aldrich and treated with iodomethane to give 5,10,15,20-
tetrakis(N-methylpyridinium-4-yl)porphyrin (TMPyP). Buffer solutions
were prepared by using ultrapure water treated by an ultrapure Millipore
distillation apparatus (Milli-Q Labo, Nippon Millipore, Ltd.). Other
chemicals were used as received without further purification and all sol-
vents were of analytical reagent grade unless specified.


The UV/Vis absorption spectra were recorded in solution on a JASCO
V-570 spectrophotometer equipped with a JASCO ETC-505T tempera-
ture controller by using a 10-mm quartz cell. The circular dichroism
(CD) spectra were measured with a JASCO J-720 WI spectropolarimeter
by using 10-mm quartz cells. The 1H NMR spectra were measured at
300 MHz with a JNM-LA300 spectrometer and the chemical shifts were


Figure 6. Influence of additives on DNA cleavage induced by light irradi-
ation (at 404.5 and 436.0 nm) in TE buffer in the presence of 25.4 mm 1
(A), 2 (B), and 3 (C). The concentrations of the additives were 100 mm


N-acetylhistidine and mannitol, 75 UmL�1 superoxide dismutase (SOD),
and 87.5% D2O, respectively. The samples for the experiment in N2 were
prepared with oxygen-free buffer solution and the microtubes were
sealed with a polypropylene film in a chamber purged with N2. Samples
prepared with the air-saturated buffer were sealed in the air in the same
manner.
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expressed in ppm relative to tetramethylsilane. The FAB mass spectra
were recorded on a JEOL GCmate mass spectrometer. Elemental analy-
sis was performed at the Central Laboratory of the Faculty of Science
and Technology, Keio University.


Cationic water-soluble chlorophyll derivatives : 6a-,gb-,7c-Tris(2-
trimethyl ACHTUNGTRENNUNGammonioethyl)chlorin e6 (1) and 6a-,gb-,7c-tris(3-methylpyridi-
niummethyl)chlorin e6 (2) were synthesized by the method described pre-
viously.[14] 6a-,gb-,7c-Tris(2-trimethylammonioethyl)-2-(3-trimethylammo-
nioprop-1-enyl)chlorin e6 (3) was synthesized by the following method: A
suspension of EschenmoserNs salt (150 mg, 0.811 mmol) in anhydrous di-
chloromethane (7 mL) was added to 6a-,gb-,7c-tris(2-dimethylamino-
ACHTUNGTRENNUNGethyl)chlorin e6


[14] (60 mg, 7.3I10�2 mmol) in anhydrous dichloromethane
(13 mL) and stirred under a nitrogen atmosphere for 84 h. The superna-
tant was collected by decantation and filtered; this was followed by back-
extraction with distilled water. The desired product was extracted from
the water layer by triethylamine-containing dichloromethane. The green-
brown dichloromethane layer was washed twice with distilled water and
evaporated to dryness. The residue obtained was separated by chroma-
tography on basic alumina (Merck; Brockmann Grade V) by using
chloroform/n-hexane (3:1) containing 2% triethylamine. The violet main
band was collected and evaporated to dryness. The dark violet desired
compound was dissolved in a small amount of acetone and precipitated
by addition of distilled water. The precipitate was collected by centrifuga-
tion and dried over P4O10 in a vacuum desiccator to give 6a-,gb-,7c-tris(2-
dimethylaminoethyl)-2-(3-dimethylaminoprop-1-enyl)chlorin e6 as dark
violet crystals (15.8 mg, 1.79I10�2 mmol, 24.5%): 1H NMR (300 MHz,
CDCl3): d=9.69 (s, 1H; b-H), 9.50 (s, 1H; a-H), 8.73 (s, 1H; d-H), 7.81
(d, 3J=16 Hz, 1H; 2a-H), 6.83 (dt, 3J=16, 6.8 Hz, 1H; 2b-H), 5.32 (m,
2H; ga-CH2), 4.84 (m, 2H; 6b-CH2), 4.40 (m, 2H; 7-H, 8-H), 4.32 (t, 3J=
6.1 Hz, 2H; gc-CH2), 4.07 (m, 3J=5.9 Hz, 2H; 7d-CH2), 3.79 (q, 3J=
7.8 Hz, 2H; 4a-CH2), 3.60 (s, 3H; 5a-CH3), 3.54 (d, 3J=6.8 Hz, 2H; 2c-
CH2), 3.45 (s, 3H; 1a-CH3), 3.30 (s, 3H; 3a-CH3), 2.95 (t, 3J=6.1 Hz, 2H;
6a-CH2), 2.57 (s, 6H; 6c-CH3, 6c’-CH3), 2.54 (t, 3J=5.9 Hz, 2H; gb-CH2),
2.53 (m, 2H; 7b-CH2), 2.46 (s, 6H; 2d-NCH3, 2d’-NCH3), 2.40 (t, 3J=
5.9 Hz, 2H; 7c-CH2), 2.14 (m, 2H; 7a-CH2), 2.17 (s, 6H; gd-CH3, gd’-
CH3), 2.12 (s, 6H; 7e-CH3, 7e’-CH3), 1.75 (d, 2J=6.8 Hz, 3H; 8a-CH3),
1.72 (t, 3J=7.3 Hz, 3H; 4b-CH3), �1.33 (br s, 1H; NH), �1.48 ppm (br s,
1H; NH); MS (FAB, glycerol): m/z : 868 ACHTUNGTRENNUNG[M++H]; elemental analysis:
calcd (%) for C46H63N7O6·H2O: C 66.49, H 8.20, N 12.66; found: C 66.56,
H 8.30, N 12.16.


Under a nitrogen atmosphere, iodomethane (2.5 mL) was added to 6a-,
gb-,7c-tris(2-dimethylaminoethyl)-2-(3-dimethylaminoprop-1-enyl)chlor-
in e6 (15.1 mg, 1.70I10�2 mmol) in anhydrous acetone (4.5 mL) and stir-
red for 24 h. The precipitate obtained was collected by filtration, washed
with a small amount of anhydrous acetone, and dried over P4O10 in a
vacuum desiccator to give 3 as dark-violet crystals (23.2 mg, 1.50I
10�2 mmol, 88.1%: 1H NMR (300 MHz, [D6]DMSO): d=9.82 (s, 1H; b-
H), 9.69 (s, 1H; a-H), 9.15 (s, 1H; d-H), 8.53 (d, 3J=16 Hz, 1H; 2a-H),
7.09 (dt, 3J=15, 7.8 Hz, 1H; 2b-H), 5.36 (m, 2H; ga-CH2), 5.15 (m, 2H;
6b-CH2), 4.62 (d, 3J=7.1 Hz, 2H; 2c-CH2), 4.56 (m, 2H; 7-H, 8-H), 4.54
(m, 2H; gc-CH2), 4.38 (m, 2H; 7d-CH2), 4.08 (m, 2H; 6a-CH2), 3.82 (q,
3J=8.0 Hz, 2H; 4a-CH2), 3.64 (s, 3H; 5a-CH3), 3.64 (m, 2H; 7c-CH2),
3.58 (m, 2H; gb-CH2), 3.58 (s, 3H; 1a-CH3), 3.36 (s, 9H; 2d-NCH3, 2d’-
NCH3, 2d’’-NCH3), 3.31 (s, 9H; 6c-CH3, 6c’-CH3, 6c’’-CH3), 3.29 (s, 3H;
3a-CH3), 3.05 (s, 9H; gd-CH3, gd’-CH3, gd’’-CH3), 2.93 (s, 9H; 7e-CH3,
7e’-CH3, 7e’’-CH3), 2.73–3.14 (m, 2H; 7b-CH2), 2.09–2.50 (m, 2H; 7a-
CH2), 1.70 (d, 2J=7.1 Hz, 3H; 8a-CH3), 1.67 (t, 3J=7.6 Hz, 3H; 4b-CH3),
�1.39 (br s, 1H; NH), �1.61 ppm (br s, 1H; NH); UV/Vis (TE buffer at
pH 7.6, 25 8C): lmax (e)=402.0 (1.17I105), 502.5 (8.92I103), 534.0 (4.42I
103), 610.5 (4.36I103), 664.5 nm (2.98I104 mol�1m3cm�1); elemental
analysis: calcd (%) for C53H82I4N8O6·6H2O: C 41.26, H 6.14, N 7.26;
found: C 41.09, H 6.19, N 7.01.


DNA-unwinding assay : Typically pBR322 DNA (Form I, 0.5 mg in 33 mL
(pH 7.9) of 25.9 mm Tris, 1.4 mm ethylenediaminetetraacetate (EDTA),
9.2 mm NaCl, 1.1 mm DTT, and 8.0% glycerol) was incubated with
wheat-germ topoisomerase I (6.6 units) at 37 8C for 60 min to afford a re-
laxed plasmid DNA (Form II). Certain amounts of the cationic water-
soluble chlorin e6 derivatives (2.0 mL) in different concentrations were


added to the relaxed plasmid DNA topoisomers (33 mL) to give final con-
centrations of 0.44, 0.66, 0.76, 0.88, 1.1, 1.5, 1.9, 2.2, 2.5, 2.9, 3.8, 6.0, 8.0,
10, and 15 mm. These conditions correspond to R values ([chlorin]/[DNA
in base pairs]) of 0.020, 0.030, 0.035, 0.040, 0.050, 0.066, 0.087, 0.099, 0.11,
0.13, 0.17, 0.27, 0.37, 0.46, and 0.68, respectively. The mixtures (35 mL)
were incubated at 37 8C for 60 min. The topoisomerase I assay was stop-
ped with 10% SDS (3 mL) and extracted with TE-saturated phenol
(35 mL). After mixing and centrifugation, the upper aqueous phase was
reextracted with chloroform/isoamyl alcohol (24:1, 30 mL). This extrac-
tion process is known to remove the ethidium bromide (a DNA intercala-
tor) used in the experiments. The above operations (after addition of the
chlorins) were done in the dark to prevent exposure to light. A mixture
of the upper phase (22 mL) and the loading buffer (5.5 mm Orange G,
30% glycerol; 5.5 mL) was loaded on a 1% agarose gel. The gel was sub-
jected to electrophoresis at 50 V for 5.5 h in TAE buffer (5.6 Vcm�1) and
at room temperature. After electrophoresis, the gel was stained for
30 min in ethidium bromide (1.0 mgmL�1) and excess ethidium bromide
was removed by standing in distilled water for 10 min. The DNA bands
were detected by UV light from a transilluminator and the fluorescence
emission was visualized by a CCD camera connected with a Vilber Lour-
mat DP-001 FDC photodocumentation system for the Windows operat-
ing system. From the electrophoresis analysis, the DNA-unwinding angle
(f) can be calculated according to Equation (1),[16] where Dt is the
change in the writhing number and m is the number of dye molecules
bound to one pBR322 molecule.


� ðin �Þ ¼ 360Dt=m ð1Þ


Measurement of melting temperatures (Tm): The melting of a polynucleo-
tide strand from double-stranded DNA is manifested as absorption hy-
perchromicity in the 260-nm region. The melting temperature (Tm) gener-
ally increases upon addition of DNA binders. The samples were prepared
according to the following procedure. The concentration of the CT-DNA
solution was determined by use of the extinction coefficient of e260=


1.31I104m�1 cm�1 for CT-DNA.[31] A 2.5-mL solution of 35 mm CT-DNA
in TE buffer (10 mm Tris-HCl, 1 mm EDTA, pH 7.6 at 25 8C) was mixed
with various amounts of the cationic water-soluble chlorin e6 derivatives
at certain concentrations in TE buffer (pH 7.6) to give R values of 0–0.2
in a quartz cell with a magnetic stirrer, a Teflon stopper, and a 1-cm path-
length. The quartz cell filled with the sample solution was set in a jacket-
ed cell compartment regulated by a JASCO ETC-505T temperature con-
troller with heating and refrigeration capabilities. The temperature was
measured by using a thermister probe attached to the ETC-505T control-
ler and inserted into the quartz cell containing the sample solution
through a hole in the Teflon stopper. The absorbance of the sample solu-
tion at 260 nm was measured and taken automatically every 10 s by a
JASCO V-570 spectrophotometer equipped with the JASCO ETC-505T
temperature controller while the sample solution was stirred continuously
and heated gradually from 25–95 8C at a speed of 2 8Cmin�1. The Tm


value was taken as the temperature at the maximum point in the plot of
absorbance versus 1/temperature.[32] The increase in Tm value (DTm) was
calculated by subtracting the Tm value at R=0 from the Tm value at each
R value.


Spectral measurements : All measurements, except where specifically in-
dicated, were performed in TE buffer. A stock solution of CT-DNA was
prepared and stored in TE buffer. The visible absorption spectra were
measured with a JASCO V-570 spectrophotometer at a spectral band
pass of 1 nm with 0.1 nm spectral resolution. The calibration of wave-
length was carried out by using a holmium oxide glass standard. CD spec-
tra were obtained on a JASCO J-720 WI spectropolarimeter. Wavelength
and intensity calibrations were performed by using a 0.060% (w/v) aque-
ous solution of ammonium (1S)-camphor-10-sulfonate (Aldrich). The CD
spectra were recorded with the following instrument parameter settings:
bandwidth=2.0 nm, response time=2.0 s, step resolution=0.5 nm, and
scan speed=50 nmmin�1 between 330–490 nm. In this report, the in-
duced CD spectrum means the change in the CD spectrum of the cation-
ic water-soluble chlorin e6 derivatives caused by interaction with DNA.
For instance, the induced CD at R=0.01 (CDR=0.01) is calculated from
CDR=0.01 minus the original CD at R=1 (CDR=1).
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Equilibrium constants for the interaction of the cationic water-soluble
chlorin e6 derivatives with CT-DNA were determined by absorption spec-
trophotometric titration at 25 8C. A fixed amount of cationic chlorins in
TE buffer solution was titrated with the stock solution of CT-DNA. The
changes in the absorbance of the Soret band upon addition of CT-DNA
were monitored at the maximum wavelength of the Soret band. The ap-
parent equilibrium binding constant (Kapp) between the cationic water-
soluble chlorin e6 derivatives and DNA was calculated from Equation (2),
where eapp, e1, and e2 correspond to Aobserved/ ACHTUNGTRENNUNG[chlorin], the extinction coef-
ficient for the chlorin in the fully bound form in the first step (at R=0.67
for 1 or 2 and R=0.50 for 3), and the extinction coefficient for the chlor-
in in the fully bound form in the second step, respectively.


½DNA�total=ðjeapp�e1jÞ ¼ f1=ðje2�e1jÞg½DNA�totalþ1=fKappðje2�e1jÞg ð2Þ


In the plot of [DNA]total/(jeapp�e1j) versus [DNA]total, the Kapp value is
given by the ratio of the slope to the intercept.[33]


Photomodification and gel electrophoresis : The efficiency of DNA-
strand photocleavage in the presence of the cationic water-soluble chlor-
in e6 derivatives was determined by a supercoiled plasmid DNA assay.
The sample solutions were prepared in TE buffer saturated with air. Typ-
ically, DNA stock solution (2 mL; 1.76I10�7


m ; 7.68I10�4
m in base pairs)


was added to the buffer solution of the cationic water-soluble chlorin e6
derivatives (6 mL) at various concentrations. The mixture (8 mL), pre-
pared in a clear microtube, was used for irradiation. To examine the
effect of the concentration of the cationic water-soluble chlorin e6 deriva-
tives on DNA photocleavage, the sample solutions were prepared at vari-
ous concentrations, that is, 4.40 (R=0.011), 8.80 (0.023), 17.6 (0.046), 25.4
(0.069), 35.2 (0.092), 44.0 (0.115), and 88.0 mm (0.229), and photoirradiat-
ed for 5 h by the method described below. All sample solutions for the
study of the DNA-photocleavage mechanism were adjusted to 25.4 mm


(R=0.069) and photoirradiated for 0–3 h. In addition, the concentrations
of N-acetylhistidine, mannitol, and SOD in the buffer solution were ad-
justed to 100 mm for N-acetylhistidine and mannitol and 75 UmL�1 for
SOD. The samples were prepared for the experiment in D2O with the
buffer solution made in 87.5% D2O (12.5% H2O). The buffer solution
for the experiment in N2 were frozen and thawed twice and then N2 was
bubbled through the solution for 30 min. The samples were prepared
with this oxygen-free buffer solution and the microtubes were sealed
with a polypropylene film in a chamber purged with N2. The other sam-
ples were sealed in the air in the same manner. The microtubes contain-
ing the sample solutions prepared in these ways were placed in a thermo-
statically controlled holder at 25 8C and located 5.0 cm away from a light
source. Photoirradiation was carried out with a mercury lamp (BHF-100–
110 V, 160 W, Matsushita Electric Industrial Co., Ltd.) from which the
light was passed through an interference filter (B-390, Hoya Optics) to
select wavelengths (404.5 and 436.0 nm). After irradiation (0–5 h), the
samples were sequentially purified with phenol and chloroform/isoamyl
alcohol, then loading buffer was added and the samples were subjected
to agarose gel electrophoresis. The gel was subjected to electrophoresis
for 2.5 h in TAE buffer at 80 V (8.9 Vcm�1) and at room temperature.
After electrophoresis, the gel was stained for 30 min in ethidium bromide
(1.0 mgmL�1) and the excess ethidium bromide was removed by standing
in distilled water for 10 min. The DNA bands were detected by UV light
and the fluorescence emission was visualized by a CCD camera. The den-
sitometric quantification of the various forms of DNA (Forms I–III) was
carried out with a Vilber Lourmat DP-001 FDC photodocumentation
system for the Windows operating system.
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Introduction


Water solubility and surface functionalization of nanomate-
rials are crucial for bioapplication.[1] The development a
facile method for the preparation of water soluble and func-
tionalized (coupled with amino or carboxylic groups) mag-
netite nanomaterials, especially for the template-free synthe-
sis of amine-functionalized, hollow magnetite spheres, is still
an essential yet challenging step as they have much potential
in biological and medical fields, such as the immobilization
of proteins, peptides, and enzymes;[2–4] bioseparation;[5,6] im-
munoassays;[7] drug or gene delivery;[8] magnetic resonance
imaging (MRI);[10,11] and so on. With the rapid development
of nanostructured materials and nanotechnology in the
fields of biotechnology and biomedicine, in recent years,


iron oxides (Fe3O4 and Fe2O3), in particular, have received
considerable attention for their strong magnetic properties
and low toxicity.[12–15] The outstanding potential of these iron
oxide nanoparticles has stimulated extensive development
of the synthetic technology. To date, many technologies,
such as coprecipitation and microemulsion methods,[16,17]


and ultrasound irradiation technology[18] have been applied
to produce these magnetic nanoparticles. However, the rela-
tively poor size uniformity and crystallinity of the nanoparti-
cles obtained strongly affect their magnetic properties. Re-
cently, an alternative method has been developed to prepare
high-quality magnetic nanoparticles by thermal decomposi-
tion of different types of iron precursors, such as iron car-
bonyls ([Fe(CO)5]),


[19] iron triacetylacetonate ([Fe-
ACHTUNGTRENNUNG(acac)3]),


[20,21] cupferronates ([FeACHTUNGTRENNUNG(Cup)3]),
[22] and iron ole-


ates[23] in complex organic solvent. These as-prepared nano-
particles have good shape control, monodispersibility and
high crystallinity, which are suitable for various magnetic ap-
plications, such as data storage and advanced magnets. How-
ever, these monodisperse nanomaterials prepared by ther-
mal decomposition technology are only soluble in nonpolar
solvents before surface modification, and this greatly inhib-
its their applications in biotechnology and biomedicine.
Meanwhile, the widespread interest in hollow spheres po-
ssessing magnetic properties has not only been driven by
their broad applications in bioseparation, immunoassays,
and magnetic resonance imaging (MRI), but has also been
propelled by their nonparalleled advantages in catalyst carri-
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such as in immunoassays, magnetic sep-
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er and drug delivery. For instance, strong magnetism of mag-
netic hollow spheres facilitates immobilized catalyst separa-
tion and recyclization as well as product purification, while
their large specific surface area enhances catalytic perform-
ance. Some key properties of effective delivery vehicles,
such as long-term stability, high loading capacity and site se-
lectivity, which help reduce side effects, lower doses needed
and development of new therapies, are to be found in mag-
netic hollow spheres. However, to the best of our knowl-
edge, there is no report of the template-free preparation of
amine-functionalized, hollow magnetite nanospheres to
date. In this communication, we report on the development
of a facile one-pot method for the direct preparation of
amine-functionalized magnetite nanoparticles and hollow
nanospheres without templates. With highly magnetic prop-
erties and the amino groups on the outer surface of the
nanoparticles, we also demonstrated their magnetic separa-
tion and concentration implications in immunoassays based
on the scheme depicted in Figure 1 and magnetic resonance
imaging in live mice.


Results and Discussion


By using FeCl3·6H2O as a single iron source, we prepared
the amine-functionalized magnetite nanoparticles with tuna-
ble size (from ~15 nm to ~50 nm) and high quality with the
1,6-hexadiamine as the ligand. By controlling the reaction
temperature and amount of 1,6-hexadiamine, amine-func-
tionalized, hollow magnetite nanospheres were also pro-
duced. In comparison with the previously prepared hydro-
philic magnetite microspheres,[24] the as-synthesized high-
quality magnetite nanoparticles in this work are more suit-
ACHTUNGTRENNUNGable for bioapplication as their size is more appropriate.
Second, the magnetic nanocrystals are functionalized with
amino groups in the facile one-pot synthetic process, which
makes them water soluble and able to bioconjugate with bi-
ological macromolecules, such as proteins, peptides, and nu-


cleic acids, and cuts short the complicated and time-consum-
ing procedure for the functional modification of the surface
for biological applications. So, the amino groups on the
outer surface of the magnetic nanocrystals make them con-
venient for use in biological and biomedical applications.
Last, it is worth noting that the template-free-prepared,
amine-functionalized, hollow magnetite nanospheres will
find great potentials in catalysis and targeted drug delivery
owing to their high magnetization and hollow core; the
hollow cores could be used for the carrying of catalyst or
drug, and the magnetization would simplify the separation
of the catalyst and target the drug delivery.


In this work, the size and morphology of the nanoparticles
were observed by TEM images. Figure 2 shows the typical


TEM images of the as-prepared magnetite nanomaterials;
the electron-diffraction patterns revealed the single-crystal
nature of these nanocrystals. These images revealed that the
magnetic nanomaterials had good dispersibility and high
crystallinity. From these images, it can be seen that the aver-
age particle size can be easily tuned from ~15 nm up to
~50 nm.


The morphology and crystallography of the as-prepared
hollow nanospheres were characterized by SEM, while the
hollow structure was clearly revealed by TEM images and
SEM images of partly broken, hollow Fe3O4 nanospheres.
Figure 3a shows that hollow Fe3O4 spheres are round in
shape and have a fine exterior surface, while contrast be-
tween the brightness of central areas and the darkness of
the periphery of such materials in TEM images (Figure 3b
and c), and bowl-shaped broken spheres in SEM images
(Figure 3d and e) proved their hollow structure. It could
also be observed from TEM image (Figure 3b) that those
Fe3O4 hollow spheres were composed of some much smaller
particles rather than formed by homogeneous Fe3O4 shells.
Compared with other such uniformly walled structures, the
nonsealed, somewhat loose nature of Fe3O4 hollow spheres
facilitates their immobilization and subsequent encapsula-
tion of various substances of biological and medical use in a
similar way to that reported by Caruso et al.[25] Furthermore,


Figure 1. Schematic illustration of the magnetic separation in a fluores-
cence immunoassay using the amine-functionalized magnetite nanoparti-
cles.


Figure 2. TEM images of the magnetic nanoparticles with different sizes.
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both SEM and TEM images demonstrated the narrow diam-
eter distributions of such hollow nanospheres.


More detailed structural information of hollow Fe3O4


nanospheres was obtained by high-resolution TEM
(HRTEM). Some representative HRTEM images of such
hollow nanospheres are shown in Figure 4. The boxed area


in Figure 4a was further magnified to investigate its crystal-
linity. The regularly paralleled lattice fringes in Figure 4b in-
dicate a single-crystal nature of the specific small particle in
the selected area, while multidirection lattice fringes in one


hollow sphere, shown in Figure 4c, ascertained the assump-
tion that the agglomeration of plenty of small single-crystal
particles leads to the formation of bulky hollow nanosphere.


The crystalline structure and phase purity were deter-
mined by powder X-ray diffraction (XRD) as shown in
Figure 5. The positions and relative intensities of all diffrac-
tion peaks matched well with those from the JCPDS card
(75–1610) for magnetite. The sharp, strong peaks confirmed


Figure 3. SEM images: a) ~200 nm Fe3O4 hollow nanospheres d,e) partly broken Fe3O4 hollow nanospheres. TEM images: b) ~150 nm Fe3O4 hollow
nanospheres, c) ~100 nm Fe3O4 hollow nanospheres.


Figure 4. a) TEM image of ~120 nm hollow spheres; b) HRTEM image
of the boxed region of image a) and its electron-diffraction pattern;
c) HRTEM image of an interregional area that helps to explain the struc-
ture of hollow nanospheres.


Figure 5. Powder X-ray diffractograms of the as-prepared magnetic nano-
particles of different size: a) ~15 nm, b) ~25 nm, c) ~35 nm, d) ~50 nm,
and e) ~150 nm magnetic hollow nanospheres.
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the products were well crystallized. So, the XRD results fur-
ther revealed their high crystallinity.


To demonstrate their highly magnetic properties, the mag-
netic nanocrystals were studied by using a superconducting
quantum interference device (SQUID) magnetometer at
room temperature. The plots of magnetization versus mag-
netic field (M–H loop) at 25 8C for the typical magnetic
nanoparticles and hollow nanospheres bound with 1,6-hexa-
diamine are illustrated in Figure 6. From the plots of M


versus H, the saturation magnetization (Ms) was determined
to be 41.3–59.8 emug�1 for the amine-functionalized mag-
netite nanoparticles with tunable size from ~15 to ~50 nm.
Meanwhile, the saturation magnetization of the ~150 nm
hollow nanospheres reached 71.2 emug�1. Figure 6 displays
the results of a study of the stability of aqueous solutions of
amine-functionalized Fe3O4 nanocrystals and ordinary bare
Fe3O4 particles; evidence was found that the Fe3O4 nano-
ACHTUNGTRENNUNGmaterials functionalized with aminoalkyl groups had much
higher solubility and dispersibility than those of the unfunc-
tionalized magnetite nanoparticles. From Figure 6j and f, it
can be seen that the amine-functionalized magnetic nano-
particles can be dispersed in water to form a black solution.
The nanoparticles can be drawn to the sidewall from the so-
ACHTUNGTRENNUNGlution by applying a magnet besides the vial (Figure 6k).
However, the unfunctionalized magnetic nanoparticles could
not be easily dispersed in water and aggregated to the
bottom of the vial within 5 min if the ultrasonication was
stopped (see Figure 6g) and almost completely aggregated
20 min later (Figure 6i). The amine-functionalized magnetite


nanomaterials, however, were stable and remained suspend-
ed in aqueous solution for more than one hour (Figure 6h).
The good water solubility may result from the formation of
hydrogen bonds between the amino groups and water. From
the experimental results, it is clear that the amine-function-
alized nanomaterials have highly magnetic properties and
good water solubility, which makes them possible to be used
in biotechnology and biomedicine.


To provide direct proof for the amine functionalization,
Fourier transform infrared (FTIR) spectroscopy was also
used to characterize the amine-functionalized magnetite
nanoparticles. Figure 7 shows the IR spectra of the amine-


functionalized magnetic nanocrystals (Figure 7b) and the un-
functionalized magnetite nanoparticles (Figure 7a). The
strong IR band at 567 cm�1 is characteristic of the Fe�O vi-
brations,[26] while the transmissions around 1626, 1485, and
874 cm�1 in Figure 7b from the amine-functionalized nano-
crystals matched well with that from free 1,6-hexadiamine,
indicating the existence of the free �NH2 group on the
amine-functionalized nanomaterials. No such bands were
observed for the magnetic nanoparticles prepared in the ab-
sence of 1,6-hexadiamine (Figure 7a). The results from
FTIR revealed that the magnetic nanocrystals have been
functionalized with amino groups in the synthetic process.


To demonstrate their potential of magnetic bioseparation
and concentration in immunoassays, ~25 nm magnetite
nanoparticles were bioconjugated with human immunoglo-
bulin antigens (IgG-Ag) to form the antigen-labeled mag-
netic nanoparticle (MNP-Ag), and then used in the magnet-
ic separation of fluorescein isothiocyanate (FITC)-labeled
goat anti-human IgG antibodies (FITC-Ab1). The magnetic
bioseparation process in the immunoassay is according to
the scheme depicted in Figure 1. In this bioconjugating ex-
periment, the antigens were attached to the surface of mag-
netic nanoparticles when activated carboxyl groups of the
antigens and the amino groups on the nanoparticle surface
formed covalent bonds.[27,28] Then the antigen-modified mag-
netic nanoparticles (MNP-Ag) were used in the magnetic


Figure 6. Room-temperature magnetization curves of obtained magnetite
nanoparticles. a) ~15 nm, b) ~25 nm, c) ~35 nm, d) ~50 nm, and e)
~150 nm hollow nanospheres. The nanocrystals are easily dispersed in
water (j) and also can be drawn from the solution to the sidewall of the
vial by an assistant magnet field (k). With the ultrasonication, both the
amine-functionalized (f, h) and nonfunctional magnetite nanocrystals
were dispersed in water. After removing the ultrasonication, the nonfunc-
tional magnetite nanocrystals began to aggregate within 5 min (g) and
almost completely aggregated to the bottom of the vial within 20 min (i).
However, the amine-functionalized magnetite nanocrystals did not aggre-
gate, and even remained for more than one hour (h).


Figure 7. IR spectra of the a) unfunctionalized and b) amine-functional-
ized magnetite nanocrystals.
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separation and concentration of FITC-Ab1. Based on the
specific interaction between human IgG antigen and FITC-
Ab1, FITC-Ab1 was concentrated and separated from the
solution. Figure 8a shows the fluorescence spectra of both


the MNP-Ag–Ab1-FITC nanocomposite solution (curve 2)
and the supernatant after the magnetic separation (curve 3).
From Figure 8a, it can be seen that the fluorescence of the
supernatant is very weak; however, that of the nanocompo-
site solution is very strong, which means that FITC-Ab1 was
bound to the magnetic nanoparticles and separated. The se-
lectivity of the magnetic separation method has also been
testified by the control experiment following a similar strat-
egy (Figure 8b). In brief, the antibody used for magnetic
bio ACHTUNGTRENNUNGseparation in the control experiment is FITC labeled
goat anti-rabbit IgG antibody (FITC-Ab2) instead of the
anti-human FITC-Ab1. The fluorescence intensity of the su-
pernatant was virtually unchanged before (curve 4) and
after (curve 5) the magnetic separation; meanwhile, the
magnetic nanoparticle solution has no fluorescence (curve
6), which revealed that FITC-Ab2 was not bound to the
human-IgG-antigen-modified magnetic nanoparticles. The
results demonstrated the good selectivity of the present
magnetic bioACHTUNGTRENNUNGseparation technology based on the amine-
functionalized magnetite nanoparticles, which also further
verified the existence of the amino groups on the outer sur-
face of the magnetic nanocrystals.


The exciting results of the in vitro application inspired us
to test their in vivo potential. The in vivo potential applica-
tions were accomplished on MRI in live mice with ~25 nm
amine-functionalized magnetic nanoparticles as a contrast
agent. Figure S1 (in the Supporting Information) shows the
imaging patterns from the live mice. It can be seen that the
MRI signal decreases greatly from 293.52 (Figure S1a,
before microinjection of magnetic nanoparticle) to 169.49


(Figure S1b, 30 min later); these results indicate that the
nanoparticles have been phagocytosed by the liver macro-
phages. Our preliminary MRI experimental results indicated
that the novel magnetite nanoparticles prepared by the cur-
rent synthetic approach possess very good water solubility
and highly magnetic properties, which makes them poten-
tially useful as MRI contrast agents. It should be mentioned
that the model mice removed from anaesthesia after the ex-
periment and lived normally for more than a month. This, to
some extent, demonstrated that the current sample has no
acute fatal toxicity. Investigations into the biocompatibility
and toxicity of the magnetic nanomaterials are currently in
progress.


Conclusion


In summary, a facile one-pot strategy was put forward to
prepare amine-functionalized magnetite nanoparticles and
hollow nanospheres with excellent magnetism, tunable sizes,
good monodispersibility, and crystallinity. These novel mag-
netite nanomaterials are water soluble because of their sur-
face amino groups; hence the nanoparticles are easily dis-
persed in water and bioconjugated to biological macromole-
cules, such as peptides, proteins, and nucleic acids. Both the
preliminary magnetic bioseparation in the immunoassay and
the MRI experiment results revealed that the amine-func-
tionalized magnetic nanocrystals prepared by this facile
method possess very good magnetism and water solubility.
We believe that these amine-functionalized magnetic nano-
crystals can be used in fields such as magnetic bioseparation,
immunoassay, MRI, and targeted drug delivery. With further
development, the amine-functionalized hollow magnetite
nanospheres may find excellent potentials in catalysis and
targeted drug delivery.


Experimental Section


Chemicals : All chemicals were analytical grade and used as received
without further purification. Deionized water was used throughout.
Human immunoglobulin antigen and fluorescein isothiocyanate (FITC)
labeled antibodies were purchased from Century Forlin-Biotechnology
Co. Ltd, Beijing, China. 1-Ethyl-3-(3-dimethlyaminopropyl)carbodiimide
(EDAC, Sigma) and N-hydroxysuccinimide (NHS, Acros) were used for
immunoassays. Other chemicals were all supplied by the Beijing Chemi-
cal Reagent Company.


Preparation of amine-functionalized magnetic nanoparticles : In the case
of ~25 nm magnetic nanoparticles, a solution of 1,6-hexanediamine
(6.5 g), anhydrous sodium acetate (2.0 g) and FeCl3·6H2O (1.0 g) as a
ferric source[24,29] in glycol (30 mL) was stirred vigorously at 50 8C to give
a transparent solution. This solution was then transferred into a Teflon-
lined autoclave and reacted at 198 8C for 6 h. The magnetite nanoparti-
cles were then rinsed with water and ethanol (2 or 3 times) to effectively
remove the solvent and unbound 1,6-hexanediamine, and then dried at
50 8C before characterization and application. During each rinsing step,
the nanoparticles were separated from the supernatant by using magnetic
force. For other size particles, the experiment procedures are similar
except that the amount of the 1,6-hexanediamine was increased from 5.0
to 7.0 mL, the solvothermal temperature increased from 190 to 205 8C,


Figure 8. Fluorescence spectra of the immunoassay systems. a) Target ex-
periment based on the human IgG antigen and FITC-Ab1 system; 1)
FITC-labeled antibody solution; 2) MNP-Ag–Ab1-FITC solution; 3) su-
pernatant solution after magnetic separation. b) Control experiment
based on the human IgG antigen and FITC-Ab2 system; 4) FITC-Ab2
solution; 5) supernatant solution after magnetic separation; 6) MNP-Ag–
ab2-FITC solution.
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and the particle size decreased from ~50 to ~15 nm. Although the tem-
perature and amount of 1,6-hexanediamine greatly influenced the parti-
cle size, the effects were not linear owing to the complex nature of the
growth process. Moreover, prolonging the reaction time had no evident
influence on the particle size. As shown by experiments that we repeated
many times, no single-crystal Fe3O4 nanoparticles larger than 50 nm in di-
ameter were synthesized in the presence of 1,6-hexadiamine.


Preparation of amine-functionalized magnetic hollow nanospheres : Con-
trol experiments showed that adjusting 1,6-hexadiamine to a lower con-
centration and increasing the amount of anhydrous sodium acetate lead
to the preparation of hollow nanospheres. For example, the magnetite
hollow nanospheres of ~100 nm were prepared by dissolving FeCl3·6H2O
(1.0 g) in ethylene glycol (30 mL), and then anhydrous sodium acetate
(4.0 g) and 1,6-hexadiamine (3.6 g) were added and stirred vigorously to
acquire a transparent solution. The mixture was sealed in a Teflon-lined
stainless-steel autoclave and was heated at 200 8C for 6 h. The product,
which settled at the bottom of the autoclave, was washed with hot water
and ethanol (3 times) under ultrasonic conditions to remove the solvent
and unbound 1,6-hexanediamine effectively, and then dried at 50 8C to
gain the black powder. The product was separated from various solvents
by using magnetic force during each step. Hollow nanospheres of differ-
ent sizes (100–200 nm) were prepared by changing the quantity of
FeCl3·6H2O from 0.4 to 1.0 g and the temperature from 190 to 205 8C.


Bioconjugation of magnetic nanoparticles with IgG-Ag : The method for
the human IgG-Ag bioconjugation to the magnetite nanoparticles was
similar to that of the reported protocols.[27,28] Briefly, ~25 nm amine-func-
tionalized magnetic nanoparticles (5 mg) was dispersed in phosphate-buf-
fered saline (PBS, Na2HPO4 8.0 mm, NaH2PO4 2 mm, NaCl 0.15m,
Tween 20 0.05%, pH 7.4; 5.0 mL) by ultrasound irradiation technology,
followed by addition of human immunoglobulin antigen (IgG-Ag;
0.1 mmol) with stirring. Then 1-ethyl-3-(3-dimethlyaminopropyl)carbodi-
ACHTUNGTRENNUNGimide (EDAC; 0.1 mmol) and N-hydroxysuccinimide (NHS; 0.2 mmol)
were added. The reaction mixture was stirred at room temperature under
N2 for 4 h. Excess IgG-Ag, EDAC, and NHS were removed by magnetic
field separation and rinsed with PBS solution (three times). The Ag-
modified magnetic nanoparticles were redispersed in PBS (5.0 mL) and
stored at 4 8C for use.


Magnetic separation of target antibody : The antigen-modified magnetic
nanoparticles were used in the magnetic separation and concentration of
the target fluorescein isothiocyanate (FITC)-labeled goat anti-human
IgG antibody (FITC-Ab1). In a typical experiment, a solution antigen-
modified magnetite nanoparticle in PBS (MNP-Ag, 100 mL, 1 mgmL�1)
was added to a solution of FITC-Ab1 in water (200 mL 2 mgmL�1) with
stirring and the mixture was incubated at room temperature for 2 h. The
mixture was then thoroughly mixed and the fluorescence of the mixed
solution was recorded immediately before magnetic separation. The
MNP-Ag–Ab-FITC composite was separated by magnetic-field separa-
tion technology and washed with PBS buffer solution (3 times). The fluo-
rescence of the nanocomposite solution and the supernatant were meas-
ured. The selectivity of this magnetic separation method was accomplish-
ed by the control experiment following the same procedure described in
the target experiment.


In vivo magnetic resonance imaging : The in vivo magnetic resonance
imaging experiments were accomplished by intravenous microinjection of
the magnetite microfluid at a dose of 0.02 mmolkg�1 of body weight into
a tail trail vein of the live mice, before which the mice were anesthetized
by intraperitoneal injection of ketamine/xylazine hydrochloride (1:1) at a
dose of 1 mgkg�1 of body weight. Then magnetic resonance imaging ex-
periments were performed.


Characterization : The TEM images were taken using a H-800 (Hitachi,
Japan) transmission electron microscope with a tungsten filament at an
accelerating voltage of 200 kV. Samples were prepared by placing a drop
of a dilute alcoholic dispersion of nanocrystals on the surface of a copper
grid. Electron diffraction was also performed to study the single-crystal
nature of the samples on a high-resolution transmission electron micro-
scope (HRTEM, JEM-200CX). The JSM-6301F scanning electron micro-
scope was applied to acquire the SEM image of the Fe3O4 hollow nano-
spheres. XRD measurement was performed on a Bruker D8 Advance X-


ray diffractometer by using CuKa radiation (l=0.15418 O). The operation
voltage and current were kept at 40 kV and 40 mA, respectively. The 2q
range used in the measurement of Fe3O4 nanoparticles was 10–708 in
steps of 0.028 with a count time of 1 s. A superconducting quantum inter-
ference device (SQUID) magnetometer (LakeShore 7307) was used in
the magnetic measurement. Fluorescence spectra were carried out on an
F-4500 fluorescence spectrophotometer (Hitachi, Japan). FTIR spectra
were conducted with a Nicolet 560 Fourier-transform infrared spectro-
photometer. MRI images were acquired using a GE VH/iTM 3.0T (GE,
USA) magnetic resonance imaging device.
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The Reaction Mechanism of a Complex Intercalation System: In Situ X-ray
Diffraction Studies of the Chemical and Electrochemical Lithium
Intercalation in Cr4TiSe8


Malte Behrens,[a] Ragnar Kiebach,[a] Jannes Ophey,[a] Oliver Riemenschneider,[b] and
Wolfgang Bensch*[a]


Introduction


Intercalation chemistry requires a reaction temperature that
allows the necessary diffusion of the guests into the host
matrix. On the other hand, the temperature is limited by the
stability of the host with respect to decomposition to keep
the reactants in a pseudobinary reaction system of guest and
host.[1,2] Typical reaction temperatures for intercalation reac-
tions are at or around room temperature.[3] This makes in-
tercalation chemistry a “soft chemistry” compared to high-
temperature solid-state reactions that are governed by ther-
modynamics.[4] Such low-temperature chemistry allows not


only access to metastable products but also provides valua-
ble insights into the reaction mechanisms and its kinetics by
applying in situ methods.[5–8]


The complex transition-metal selenide Cr4TiSe8 was
shown to be a suitable host system for chemical intercala-
tion with butyllithium (BuLi) as the Li source. It accepts up
to 2.8 Li atoms per formula unit.[9] One highly interesting
feature of this intercalation reaction is the irreversible struc-
tural phase transition of the host matrix from monoclinic to
trigonal symmetry (Figure 1). The lithiated phase can also
be obtained in an electrochemical cell reaction in which the
host material is an insertion electrode versus elemental Li.
The reaction product of both reaction pathways is trigonal
Lix’CrTi0.25Se2 (x’ = x/4), which has a structure that is closely
related to intercalated, layered transition-metal dichalcoge-
nides (TMDCs) and displays an enhancement of this fre-
quently studied class of materials. In Lix’CrTi0.25Se2, the van
der Waals gaps between the Cr0.75Ti0.25Se2 slabs are occupied
by 0.25 Cr atoms,[10] and the compound may thus be regard-
ed as a partly self-intercalated TMDC. Studies on the reac-
tions of alkali-metal intercalation in TMDCs have notably
contributed to the understanding of intercalation chemistry


Abstract: The intercalation reaction
between Cr4TiSe8 and Li was investi-
gated from a kinetic and an electro-
chemical perspective. The structural
phase transition from monoclinic to
trigonal symmetry was probed by in
situ energy-dispersive X-ray diffraction
(in situ EDXRD) for chemical interca-
lation with butyllithium (BuLi). A
change in the kinetic mechanism was
detected for the reaction at room tem-
perature; this was interpreted in terms
of a trend from phase boundary control
to diffusion control. A single diffusion-


controlled mechanism is obeyed at
60 8C. The electrochemical measure-
ments and the corresponding in situ X-
ray diffraction (in situ XRD) data re-
vealed that the monoclinic host is inter-
calated up to the composition Lix
�0.1Cr4TiSe8 before the characteristic
phase transition starts. The monoclinic
phase undergoes complex structural


changes in the following two-phase
regime. Owing to the co-existence of
two phases, the cell potential is con-
stant for 0.1<x<0.7 and 0.9<x<3.0.
The subsequent intercalation into the
trigonal phase leads to a pronounced
increase in the cell volume of the trigo-
nal phase that stops at x�0.8. At this
point, the complete reduction of TiIV


gives rise to a voltage drop of the cell
potential. XANES measurements re-
vealed that the reduction of TiIV occurs
prior to the reduction of CrIII.
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in the past.[1,11,12] Nevertheless, very little is known about in-
tercalation mechanisms in more complex chalcogenide hosts
that exhibit additional transition-metal atoms in the van der
Waals gap as well as in a ternary transition-metal com-
pound, such as the pseudo-layered Cr4TiSe8.
Phase transitions of the host structure upon intercalation


have been observed in several layered chalcogenides. These
are often attributed to electronic rather than to geometrical
reasons.[13,14] They usually feature a transition to another
polytype by sliding of the slabs or a change of the coordina-
tion geometry around the transition metal, and consequently
of the crystal field and the d-band splitting. Migrations of
transition-metal cations to new sites in the layers (e.g. Ni in
LixNiPS3


[15]) or into the van der Waals gap have also been
observed (e.g. Cu in LixCuFeS2


[16]). However, this is not the
case in the monoclinic-to-trigonal phase transition of
Cr4TiSe8. It is accompanied by a change of the transition
metal coordination from a distorted to a regular MSe6 (M =


Cr, Ti) octahedron and consequently by an increase in sym-
metry. Hypothetical Li0.75CrTi0.25Se2, with Li in all octahedral
voids, would exhibit a NiAs-type structure.
In situ energy-dispersive X-ray diffraction (in situ


EDXRD) was shown to be a powerful tool for the investiga-
tion of kinetics of chemical intercalation reactions, such as
metallocene intercalation in TMDCs[7] or tetraalkylammoni-
um and K+ intercalation in layered MnPS3.


[8] However, to
the best of our knowledge, no EDXRD study has been re-
ported so far on Li intercalation with BuLi. The Cr4TiSe8/
Lix’CrTi0.25Se2 system is very favourable for an EDXRD
study because the phase transition gives rise to a clear struc-
tural change during the Li insertion that can easily be
probed with X-ray diffraction, despite the low scattering
power of Li.
The comprehensive understanding of Li intercalation re-


action mechanisms in such complex host systems is not only
a purely academic challenge but might also lead to im-
proved knowledge and application of Li intercalation chem-
istry in the field of rechargeable batteries. Herein, we report
results of in situ X-ray diffraction (in situ XRD) studies of
the chemical and electrochemical intercalation, and we also


present a possible reaction mechanism that is supported by
results of X-ray absorption measurements.


Results


Chemical intercalation : The phase transition from monoclin-
ic to trigonal symmetry can easily be characterised with X-
ray diffraction (XRD) methods.[9] In the region of the XRD
pattern of the monoclinic host at �328 2q four intensive re-
flections are observed, three of which were resolved with
the laboratory XRD facilities. In EDXRD experiments,
these reflections are not resolved by the energy-dispersive
detector so there is only one broad maximum. As lithiation
proceeds, this maximum loses intensity and a new reflection
appears at lower energy corresponding to the newly devel-
oping trigonal phase (Figure 2).


The intensities of these characteristic peaks were used for
the kinetic evaluation of the chemical intercalation. The
extent of the reaction, a, was determined from extrapolation
of the intensity data to t = 1. The a versus time curves are
shown in Figure 3a for reaction temperatures of 20 8C (RT)
and 60 8C. It can be seen that the phase transformation
starts immediately at the beginning of the reaction and at
60 8C it is faster than at 20 8C. In both experiments, an “inac-
tive fraction” of the genuine monoclinic material remains
present, even after long reaction times. A phase mixture
with roughly 20% of the monoclinic phase was extrapolated
for t = 1. Note that, for the kinetic evaluation, the extent
of reaction, a, was corrected for the inactive monoclinic
fraction. The kinetic parameters were obtained by applying
the Avrami–ErofMev equation in the form of a Sharp–Han-
cock plot[17] (Figure 3b) from the slopes and intercepts of
the linear part of the curves. The results are summarised in


Figure 1. Crystal structures of monoclinic Cr4TiSe8 and trigonal
LixCr4TiSe8. View along the b axis. The trigonal sub-cell Lix’CrTi0.25Se2
used for the Rietveld refinement is marked.


Figure 2. Three-dimensional view of the evolution of characteristic X-ray
peaks during chemical Li intercalation of Cr4TiSe8 with BuLi at 60 8C
used to monitor the phase transition. The reflection quartet of the mono-
clinic phase is not resolved by the energy-dispersive detector.
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Table 1. A two-step mechanism
was found for the reaction at
20 8C, which is seen in the
Sharp–Hancock plot as two
linear parts. The initial part of
the reaction is of higher order
and occurs faster. The half-life,
t0.5, is almost four times longer
at room temperature than at
60 8C. Furthermore, only one
mechanism seems to dominate
for the whole reaction at 60 8C.
The evolution of the d-spac-


ing and the full width at half
maximum (FWHM) of the van-
ishing monoclinic quartet for
the genuine phase and for the
newly developing (101) reflec-
tion for the product phase is
shown in Figure 4 for the ex-
periment performed at 60 8C.
The d-spacing for the reflec-
tions of the monoclinic phase
increases in two linear steps during the reaction (Figure 4a).
The shift is faster at the beginning and slows down after
about 2 h (a�0.5). Simultaneously, the profile width in-
creases linearly over the whole reaction time (Figure 4b).
The d-spacing of the (101) reflection of the trigonal material


is enlarged by Li intercalation; however, this enlargement is
saturated after approximately 4 h (Figure 4c), which is �6 h
before the increase of intensity is saturated. The decrease of
the FWHM (Figure 4d) also proceeds in a non-linear
manner.


Electrochemical intercalation : In the electrochemical inter-
calation, the reaction can be monitored as a function of x in
LixCr4TiSe8 because the degree of intercalation is directly
related to the reaction time if a constant current is applied.
According to GibbNs phase rule, the cell potential versus x
curve should exhibit a constant voltage when two phases co-
exist in the intercalation electrode.[18] The cell potential was
monitored in an overview measurement for 0<x<3
(Figure 5). The open-circuit voltage of the cell was 2.3 V.
The voltage drops at the early stages of the discharge pro-
cess to reach a plateau of 1.5 V at approximately x�0.1.


This voltage stays constant up to x�0.7 where a second
drop is detected. For x>0.9, the cell potential is again con-
stant at 0.8 V. To understand these features, the first part of
the intercalation with the two voltage drops and the first
plateau (0<x<1.1) were investigated with in situ XRD.


Figure 3. Intensity data of the monoclinic and trigonal phases for the
chemical intercalation reactions at room temperature (RT) and 60 8C.
a) Extent of reaction a versus time curve. b) Sharp–Hancock plot for ki-
netic evaluation. Missing data point (e.g. �21 h at RT) is caused by
closed beam-shutters resulting from the injection process at the synchro-
tron facility.


Table 1. Kinetic parameters of the Li intercalation reaction of Cr4TiSe8
at room temperature (RT) and 60 8C obtained from the slopes and inter-
cepts of the linear parts of the curves in the Sharp–Hancock plot (Fig-
ure 3b).


a m k ACHTUNGTRENNUNG[s�1] t0.5 ACHTUNGTRENNUNG[s
�1]


RT 0–0.45 1.35(7) 3.6(6)P10�5 �30000
0.6–1 0.79(3) 2.7(3)P10�5


60 8C 0–1 0.75(1) 6.8(2)P10�5 �8000


Figure 4. Evolution of the peak positions (a, c) and half-widths (b, d) of the (�402)/ACHTUNGTRENNUNG(�222)/ ACHTUNGTRENNUNG(222)/ ACHTUNGTRENNUNG(402) quartet
of the monoclinic phase and the (101) reflection of the trigonal phase on the energy scale during the chemical
intercalation with BuLi at 60 8C.
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The XRD data clearly show that two phases co-exist for
x>0.1. The reflection intensities of the monoclinic phase
LixCr4TiSe8 start to decrease linearly at x>0.1, whereas
those of the trigonal phase Lix’CrTi0.25Se2 (x = x’/4) increase
at this x value (Figure 6a). The monoclinic phase vanishes;


however, an inactive fraction of �14% is still present after
the reaction, which was determined by Rietveld refinement
of ex situ XRD data after intercalation with x = 3.0 (not
shown). The unit-cell volumes and lattice parameters of the
monoclinic and trigonal phases obtained from Rietveld re-
finement are shown in Figure 6b,c as a function of x.


X-ray absorption near-edge structure (XANES): X-ray ab-
sorption experiments at the Cr and Ti K-edges were per-
formed on phase-pure trigonal samples Lix’CrTi0.25Se2 to de-
termine variations of the valence of Cr and Ti as a function
of x. The energy thresholds of the Ti and Cr K-edges are
consistent with the valence state of the metals. XANES
spectra of the host and the fully intercalated sample are
shown in Figure 7a,b. Although the effect is weak, a clear


trend can be seen in Figure 7c. The absorption-edge ener-
gies decrease with increasing Li content on account of a
better screening of the core levels by a higher valence-elec-
tron density, which indicates a reduction of both metals. The
Ti K-edge exhibits a shift for samples with x< 0.84 and re-
mains approximately constant for x>0.84, whereas the K-
edge of Cr is constant for small x and decreases significantly
for x>0.84.


Discussion


In a simplified description, the reaction mechanism of
alkali-metal intercalation in layered hosts can be divided
into several general steps: adsorption of the guest on the
surface of the host, opening of the van der Waals gap, nucle-
ation and growth of the intercalated phase and finally diffu-
sion of the guest into the bulk of the host.[5,7,19] The kinetics
of the reaction are then determined by the rate-limiting step


Figure 5. Cell potential of the electrochemical intercalation of Cr4TiSe8
versus Li content. Because there are inactive areas of the intercalation
electrode, the end of the reaction is normalised to the theoretical final
composition Li3Cr4TiSe8.


Figure 6. Electrochemical and XRD data for the first part of the interca-
lation reaction. Cell voltage and intensity data of the (002) and (001) re-
flections for the monoclinic and trigonal phase, respectively, versus com-
position (a); evolution of the unit cell volumes (b) and of the c axes (c)
of the monoclinic and trigonal phases as obtained from Rietveld refine-
ment. Lines are guides for the eyes.


Figure 7. XANES spectra of the host and the fully intercalated material
at the a) K-edge of Ti and b) K-edge of Cr. c) Absorption-edge energies
for Lix’CrTi0.25Se2 samples as a function of x’.
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of the intercalation reaction. It is also obvious from the
complex nature of the intercalation reaction that the evalua-
tion of the experimental data cannot yield an unambiguous
interpretation of the kinetic data obtained by fitting the
data with Avrami-type expressions or by the use of the
Sharp–Hancock approach.
The kinetics of the chemical intercalation reaction of


Cr4TiSe8 in BuLi at room temperature obeys a two-step
mechanism. In the first stage (a�0.45), the reaction expo-
nent (m) is 1.35(7), which may suggest phase-boundary con-
trol (kinetic models R2; R3, mtheo = 1.10; 1.06). However,
as mentioned above, intercalation is complex and the validi-
ty of the kinetic models is related to several strict condi-
tions, that is, it is assumed that the particles are uniformly
shaped and have the same size.[20] These conditions are
seldom fulfilled in real reaction systems and thus an agree-
ment between experimental and theoretical parameters
cannot always be achieved. If phase-boundary control is as-
sumed, the rate of Li intercalation in Cr4TiSe8 is governed
by the movement of the monoclinic/trigonal phase boundary
in the first half of the reaction. Thus, the structural rear-
rangement of the host matrix is the rate-limiting step. For
a>0.6, the value for m of 0.79(3) differs from values report-
ed from theoretical models. However, the decrease of m
might be interpreted as a change of the rate-limiting step to-
wards diffusion control (kinetic models D1–D4, mtheo =


0.53–0.60). Hence, it is likely that the diffusion of Li into the
bulk of the host becomes rate-limiting in the later stages of
the reaction. The phase transition is most probably driven
electronically,[9] and the transfer of electrons is a prerequi-
site for the rearrangement of the host structure. The transfer
of electrons and consequently the movement of the phase
boundary must be associated with the diffusion of charge-
compensating Li+ ions. As the reaction proceeds, diffusion
of Li+ into the bulk is the “bottleneck” of the reaction and
the structural rearrangement is only of secondary impor-
tance.
A change of the parameter m towards lower values was


also found by EDXRD for the intercalation of cobaltocene
in layered SnS2 and SnSe2.


[7] The authors proposed a model
that assumes a much faster 2D diffusion of cobaltocene
inside the van der Waals gaps compared to the formation of
new nucleation sites at the edges of the crystals, that is, the
distinct layers are filled instantaneously. In this case, the
process which is determined by applying the Avrami–Ero-
fMev equation is not a 2D diffusion but rather a 1D diffusion
of filled layers parallel to the stacking axis. Furthermore, in-
tercalation in a distinct layer is assumed to favour intercala-
tion into the neighbouring layer. A simulation on the basis
of this model, which accounts for the varying probabilities
of imaginary blocks in the host crystal to be intercalated,
successfully reproduced the kinetic results.[7] For the present
compound, two-step kinetics is also observed, but for a very
different intercalation system in terms of the guest species
and the 3D host matrix.
For the reaction at 60 8C, no two-step behaviour occurred


and the value for m of 0.75(1), which is close to that in the


second part of the room temperature reaction, indicates iso-
kinetic behaviour. Obviously, the increase in the reaction
temperature by 40 8C seems to favour short-range atomic
shifts in the host lattice, which are associated with the struc-
tural rearrangement for the long-range solid-state diffusion
of Li. This is consistent with the observation that although
fully intercalated, phase-pure trigonal samples are not acces-
sible at room temperature, they can be prepared at tempera-
tures close to 60 8C.[9]


The half-life of the reactions indicates that Li intercala-
tion is relatively slow in Cr4TiSe8 compared to other transi-
tion-metal chalcogenide systems. One explanation for this is
that in the present host, intercalation is hampered by Cr
atoms residing in the van der Waals gaps. The slabs are
pinned together by Cr–Se interactions of these atoms and
also by weak inter-layer Cr–M (M = Cr, Ti) bonding. This
effect of additional metal atoms in the van der Waals gaps
was also observed for electrochemical[21] and chemical[22] in-
tercalation of Li into metal-rich Ti1+yS2, which is less
straightforward than for the stoichiometric host.
The profile width of the Bragg reflections is related to


strain and to crystallite size effects. Both effects play a role
in this reaction system. The average monoclinic and trigonal
domain size varies during the reaction, and the strain was
found to accompany Li intercalation,[9] as can be expected
for a structural rearrangement at low temperatures. Directly
after nucleation, the lithiated domains are very small and
grow fast. This explains the sharp decrease of the FWHM
for the trigonal domains at the beginning of the reaction
(Figure 4d). The increase in the FWHM of the monoclinic
reflections is related to the strain that arises when Li inser-
tion destabilises the monoclinic structure (Figure 4b).
The phase transition was not complete for all reactions


performed, and a significant inactive fraction of the host ma-
terial could be identified at the end. This might be attributa-
ble to defects in the structure of the host. Shear defects may
give rise to incomplete intercalation in three-dimensional
hosts because they may block the void tunnels and conse-
quently some parts of the host would remain inaccessible
for intercalation.[23] The electrode material was sintered for
several days and can be assumed to exhibit fewer defects.
Hence, the inactive fraction is smaller for electrochemical
intercalation. Phase-pure trigonal samples can be prepared
in BuLi at 60 8C in 3 days.[9]


The electrochemical data show that, in the early stages of
the intercalation, the monoclinic host is intercalated without
a phase transition. The cell voltage drops for 0<x<0.1
from 2.3 to 1.5 V, indicating a single-phase region in mono-
clinic Lix<0.1Cr4TiSe8. The first voltage plateau at 1.5 V
(0.1<x<0.7) is clearly attributable to the two-phase region.
The composition Li0.1Cr4TiSe8 seems to be critical for the
phase transition. For x>0.1, every new intercalated Li+/
electron forces the phase transition. According to the results
of the Rietveld refinement, an increase of the monoclinic
unit cell volume of 0.25% occurs for the initial part of the
intercalation and a further increase of only 0.13% is found
for the rest of the reaction (0.1<x<3.0), indicating a dra-
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matic deceleration in the rate of expansion in the two-phase
region (Figure 6b). These results suggest that the degree of
intercalation of the monoclinic phase does not significantly
exceed x = 0.1, and all monoclinic material remains near
the critical composition Li0.1Cr4TiSe8 for the rest of the reac-
tion. The same effect might be responsible for slowing down
the shift of the monoclinic reflection quartet found in the
chemical intercalation reaction at a�0.5 (Figure 4a). Inter-
estingly, despite the small changes of the cell volume of the
monoclinic material for x>0.1, larger changes of the lattice
parameters can still be observed. A decrease in the mono-
clinic c axis commences with the phase transition (Fig-
ure 6c); however, shrinking is outbalanced by the increase
of the a and b axes, resulting in an almost constant unit-cell
volume. In contrast to the c axis, the a and b axes and the
monoclinic angle do not show any discontinuous behaviour
near the critical composition x = 0.1 (not shown). The
length of the c axis becomes even smaller than the initial
value in the host material. This might be attributed to the
partial formation of TiIII centres by the reduction caused by
electron transfer from Li to the host. The d1 centres of TiIII


are able to form bonds with CrIII in the van der Waals gap
across the MSe6 octahedra sharing common faces. These
short inter-layer M–M contacts are orientated parallel to the
c axis, which explains the shrinkage of this axis. However,
with respect to the time-dependence of this phenomenon,
other electronic contributions as well as structural relaxation
and non-equilibrium effects may also play a role. For in-
stance, one can imagine that Li+ ions first reside not on the
octahedral sites and during relaxation they move from this
site reaching finally the equilibrium position. Such a struc-
tural effect would explain the fact that the c axis remains
nearly constant during the early stages of intercalation, de-
spite electron uptake by the host material.
The increase of the unit-cell volume of the newly develop-


ing trigonal phase for x>0.1 (Figure 6b) is a typical feature
of intercalation reactions. The enlargement is fast at the be-
ginning and is already complete at x = 0.8, which is in the
regime of the second voltage drop. Such saturation is often
observed in TMDC/Li intercalation systems (e.g.
LixTiS2


[24,25]). In Lix’CrTi0.25Se2, the increase of a and c is
about 2.5% for both axes. Usually, the expansion of the c
axis is much greater than that of the a parameter for layered
hosts. However, Lix’CrTi0.25Se2 is only a pseudo-two-dimen-
sional material and, therefore, the lattice expansion pro-
ceeds in a 3D fashion.
From the XRD data, a second single-phase region can


clearly be ruled out for the compositional range 0.7<x<0.9,
where the step of the cell potential is found. Drops in the
electrochemical cell potential that are not attributable to a
single-phase region have previously been reported, for ex-
ample, for the Chevrel intercalation compounds
LixRuzMo6�zSe8 and the corresponding Li content x was also
shown to depend on the ratio of the transition metals.[26] In
these systems, they were attributed to the passage of the
Fermi energy through a band gap. Conductivity measure-
ments are underway to check whether this might also play a


role in the LixCr4TiSe8 system. Another possible reason for
an abrupt voltage drop is that a particular site in the host
has been completely filled and another site with higher lat-
tice-site energy is now being filled.[12]


In an analogous electrochemical experiment[27] with the
host material Cr3Ti2Se8, which exhibits a very similar struc-
ture and the same phase transition during Li intercalation,[28]


the cell voltage was found to drop at a composition close to
Li2Cr3Ti2Se8. From this result, it is tempting to relate the
voltage step directly to y in Cr5�yTiySe8, that is, to the Ti
content of the host material. The second voltage drop can
then be assumed to be caused by the complete reduction of
Ti, which would be the first redox chemical step in the inter-
calation reaction. This is consistent with the results of the
XANES measurements, in which the reduction of Ti is
found to occur prior to the reduction of Cr upon Li interca-
lation (Figure 7c). In an ionic picture, the host compound
can be written as (Cr+ III)4ACHTUNGTRENNUNG(Ti


+IV) ACHTUNGTRENNUNG(Se�II)8.
[10] Assuming a for-


mula of (Li+ I) ACHTUNGTRENNUNG(Cr+III)4ACHTUNGTRENNUNG(Ti
+III)ACHTUNGTRENNUNG(Se�II)8 after the intercalation


of one Li, the XANES results suggest (Li+ I)xACHTUNGTRENNUNG(Cr
+III)5�x-


ACHTUNGTRENNUNG(Cr+II)x�1ACHTUNGTRENNUNG(Ti
+III)ACHTUNGTRENNUNG(Se�II)8 for 1�x�3.


The question still arises as to whether an ionic picture is
appropriate to account for the electronic situation. Unfortu-
nately, calculation of the electronic band structure of
Cr4TiSe8 is not straightforward owing to its open nature and
the large number of atoms in the unit cell. Localised d-elec-
tron states on Cr were observed in KxCrSe2


[29] and
Nax>0.6CrSe2,


[30] whereas non-intercalated CrSe2 exhibits de-
localised d states.[30] Delocalisation or partial delocalisation
is discussed for Cr5Se8


[31] (V5S8 structure type) and
LixTi1�yCryS2.


[32] Deintercalated TlCr5Se8
[33] (TlV5S8 struc-


ture-type) as well as our host compound exhibit localised
magnetic moments. It was shown for Li intercalation in
ZrSe2 that the lattice parameters hardly change as the inter-
calated electrons fill localised levels whereas they expand
significantly when delocalised bands are filled.[12,34,35] Be-
cause the lattice expansion is saturated at x�1 (x�2 for
Cr3Ti2Se8


[27]), we believe that for 0<x<1 the delocalised d
band of Ti is filled whereas for 1<x<3 localised Cr levels
are occupied. This effect might also give rise to the early sat-
uration of the d-spacing shift during the intercalation with
BuLi (Figure 4c).


Conclusion


On the basis of our results, we propose the following reac-
tion mechanism for the intercalation of Li into Cr4TiSe8: in
the first step, Cr4TiSe8 is intercalated with approximately
0.1 Li to form monoclinic Li0.1Cr4TiSe8. Above this critical
Li content, a phase transition sets in and domains of trigonal
Lix’>0.025CrTi0.25Se2 (x’ = x/4) nucleate and grow. The two
phases co-exist during the whole reaction (0.1<x<3.0). The
first redox centre that accepts electrons during the intercala-
tion process is TiIV, which is completely reduced to TiIII at x
= 1. Further intercalation leads to the formation of CrII. At
the end of the reaction, all the monoclinic material should
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be transformed into the trigonal phase and all void octahe-
dral sites in the host structure should be filled at x = 3.0.
However, the experimental results demonstrate that the
final composition could not be reached owing to inactive
fractions of the host material.
In situ EDXRD was used for the kinetic evaluation of the


chemical intercalation with BuLi. A two-step mechanism
was found for the reaction at room temperature. The de-
crease of the reaction exponent m was attributed to the
change from phase-boundary control to diffusion control for
a reacted fraction of a�0.5. A single-step diffusion-control-
led mechanism was found for the intercalation at 60 8C.


Experimental Section


Synthesis of the host compound : Cr4TiSe8 was prepared from the ele-
ments in evacuated quartz ampoules at 950 8C. It was obtained as a grey
powder of plate-like crystallites. Phase pureness was checked with
powder X-ray diffractometry on a STOE Stadi-P diffractometer (CuKa ra-
diation) equipped with a Ge monochromator and a position-sensitive de-
tector (PSD) in a transmission geometry. Rietveld refinement of the
single-crystal data[10] as a structural model resulted in R factors better
than 8% for all samples. The synthesis, as well as the structural and mag-
netic properties of the host compound are described in detail else-
where.[10]


Chemical intercalation : The host compound was sieved prior to intercala-
tion to guarantee a uniform distribution of the grain size between 73 and
100 mm. These grains are agglomerates of crystallites with sizes ranging
from 5 to 20 mm. 50 mg portions of Cr4TiSe8 were then weighed into test
tubes that were then sealed with screw caps. The tubes were filled with
an inert atmosphere in an Ar glove-box and closed with a plug. EDXRD
experiments were performed with the F3 beamline of HASYLAB at
DESY, Hamburg (Germany). This beamline is equipped with an energy-
dispersive detector that allows fast recording of the diffraction patterns.
The intensity of the incoming “white” synchrotron beam was sufficient to
penetrate the tube walls. The experimental set-up, its applicability for in
situ EDXRD measurements and the procedures of data treatment were
described in detail elsewhere.[36,37] Butyllithium (BuLi) in hexane (2 mL,
1.6m in hexane) was injected into the tubes through the plug directly
before the experiment was carried out. After removal of the cannula, the
screw cap was placed on the tube to prevent the plug from being pushed
upwards in case of an autogenous pressure in the tube. The tubes were
placed in a combined heating and magnetic stirring device described else-
where.[36] Diffraction patterns of the reaction mixture were recorded
every 3 min. The diffracted intensities of the starting material and prod-
uct phases were evaluated as a function of the reaction time. The intensi-
ty of the Se Kb fluorescence peak was used for normalisation to account
for variations in the amount of sample in the beam and for the intensity
of the incoming synchrotron beam.


Electrochemical intercalation : Cr4TiSe8 powder (�100 mg portions) was
compacted to pellets with a diameter of 8 mm. No additives were used to
improve adhesion or conductivity. The pellets were sintered for 3 days at
540 8C in a reduced Ar atmosphere. The pellets were used as insertion
electrodes in a custom-built electrochemical in situ cell made of Teflon
(Figure 8). In this cell, the host pellet is located on a height-adjustable
Mo stage (5 mm in diameter) so that it is in contact with the electrolyte
(LiClO4 in ethylene carbonate and 1,2-dimetoxyethane, 1:1) from under-
neath and from the sides. Two pieces of Li act as counter-electrode and a
reference electrode. The cell was prepared in an Ar glove-box and sealed
with PE foil that was tautened and fixed with an O ring. The cell was
mounted on a Bruker D8-Advance q–q diffractometer equipped with a
Gçbel mirror (CuKa radiation), a scintillation counter and a height-ad-
justable sample stage. The electrodes were connected to the current
source (Keithley 2400 SourceMeter) and the measurement unit (Keith-


ley 2000 Multimeter). XRD patterns of the host electrode were recorded
with this set-up every 20 min during the electrochemical intercalation
process. The current was held constant at 100 mA and the cell voltage
was measured every 30 s and recorded with the custom-made software
KEIV8.0.[38] Only the initial part of the electrochemical intercalation was
performed in the in situ cell. An overview measurement of the complete
reaction was carried out in the Ar glove-box.


Rietveld refinement : Powder patterns of the electrochemically intercalat-
ed electrode material were recorded ex situ after intercalation with the
STOE Stadi-P in a transmission geometry. The samples were protected
from the atmosphere by sealing the sample holder with X-ray transparent
foil. The 2q range was 10–908 2q with a step width of 0.018 2q. The count-
ing time per step was typically �1 h. Rietveld refinements of the patterns
were carried out with the program package FULLPROF.[39] The back-
ground was treated by linear extrapolation between manually selected
points. The reflection profiles were modelled with Thompson–Cox–Hast-
ings pseudo-Voigt functions with three parameters. Preferred orientation
was included by means of the March–Dollase function. The zero point
was refined as a global parameter.


For the in situ data recorded on the Bruker D8-Advance, the 2q range
was 10–708 2q and the step width 0.058 2q. The quality of the patterns
suffered from short counting times of 1 s per step that were applied to
guarantee a sufficient resolution on the time-scale. Severe (001) texture
owing to the preferred orientation of the grains was present in the in situ
XRD patterns. Consequently, the Rietveld refinement yielded R factors
of �15% for the single patterns. Although the absolute structural data
might thus be imprecise, the variation of the lattice parameters during in-
tercalation is clearly probed by the Rietveld results. The data was shifted
to a reliable absolute scale by normalising the lattice parameters of the
monoclinic phase obtained from the first in situ pattern to the ex situ re-
sults of the pure host compound.


X-ray absorption near-edge structure (XANES): XANES measurements
were performed at the beamline E4 of HASYLAB, Hamburg (Ger-
many). The samples were thoroughly ground and pressed into pellets
with cellulose. Spectra of the K-edges of Ti and Cr were recorded with a
transmission geometry in ionisation chambers. Reference spectra of ele-
mental Ti and Cr foil, respectively, were recorded simultaneously and
used for energy calibration. For this purpose, a sharp feature slightly
above the threshold energy was used for a reliable and comparable cali-
bration among the samples, but it lead to a small shift of the absolute
energy scale. The edge positions were determined by the root of the
second derivative of the XANES spectra. WinXAS[40] software was used
for evaluation. Phase-pure trigonal samples of Lix’CrTi0.25Se2 for XANES
experiments were obtained by full intercalation at elevated temperatures
and subsequent Li removal in water[9] The fully intercalated sample was
shown to have a Li content of x = 2.79 by atomic absorption spectrosco-


Figure 8. The custom-built electrochemical cell for in situ XRD consists
of a Teflon body (A) and the electrolyte room (B), which is sealed by X-
ray transparent PE foil (C) after preparation. The host pellet (D) is locat-
ed in the electrolyte directly below the foil. Pieces of Li (E) act as a
counter-electrode and a reference electrode. Mo screws (drawn in light
grey) are used to fix and connect the Li electrodes (F). The central screw
(G) allows the height adjustment of the pellet, which is connected via an-
other screw from the side (H). The cell was mounted on a q–q diffrac-
tometer and XRD patterns (I) were recorded in situ during electrochemi-
cal intercalation.
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py (AAS, Perkin Elmer AAnalyst300). After water treatment for 0.5, 24
and 96 h, samples with intermediate Li contents of x = 1.10, 0.84 and
0.79, respectively, were obtained. Immediate filtration (less than 1 min of
water treatment) yielded a sample with x = 1.88. The noise on the Ti
XANES of the Li0.28CrTi0.25Se2 sample was too strong to determine a reli-
able edge position.
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Aluminium ACHTUNGTRENNUNG(iii) Trifluoromethanesulfonate as an Efficient Catalyst for the
Intramolecular Hydroalkoxylation of Unactivated Olefins:
Experimental and Theoretical Approaches


Lydie Coulombel,[a] Michel Rajzmann,[b] Jean-Marc Pons,*[b] Sandra Olivero,[a] and
Elisabet DuÇach*[a]


Introduction


Saturated oxygen heterocycles are important core structures
which are frequently found in polyether antibiotics and
other biologically active natural products.[1] Great interest is
focused on the development of new and efficient methods
for the synthesis of cyclic ethers. One of the most appealing
approaches to these heterocycles is intramolecular hydroal-
koxylation, in which the cyclic ether is formed by addition
of an alcohol to an olefin.[2] Although this reaction is known
to be catalyzed by Brønsted acids in superstoichiometric
amounts, we recently reported the use of tin(iv) triflate as
catalyst for the hydroalkoxylation of unactivated alkenes.[3]


Indeed, the highly Lewis acidic character of this catalyst is


due to the strongly electron withdrawing trifluoromethane-
sulfonate group.[4]


The use of transition-metal catalysis for selective hydroal-
koxylation of unsaturated hydrocarbons[5] has been reported
in the cases of C�C[6] and activated C=C bonds such as al-
lenes,[7] 1,3-dienes[8] and Michael acceptors.[9] CeIII/NaI,[10]


RuIII/AgI[11] and AuI/AgI systems,[12] as well as PtII complexes
in the presence of phosphine ligands,[13] have recently been
used as catalysts for the intramolecular hydroalkoxylation of
unactivated g- and d-hydroxy alkenes to form cyclic ethers.
Herein we report that aluminiumACHTUNGTRENNUNG(iii) trifluoromethanesul-


fonate is an efficient catalyst for the highly regioselective in-
tramolecular hydroalkoxylation of unactivated olefins to
afford the corresponding cyclic ethers in excellent yields.
Our study includes experimental results and some mechanis-
tic considerations based on NMR experiments and semiem-
pirical calculations. The use of AlIII compounds for the intra-
molecular cyclization of alcohols has only been reported
with superstoichiometric amounts of AlCl3.


[14]


Results and Discussion


Cycloisomerization of unsaturated alcohols catalyzed by Al-
ACHTUNGTRENNUNG(OTf)3 : Aluminium ACHTUNGTRENNUNG(iii) triflate, which is commercially avail-
able, was investigated as catalyst for the intramolecular hy-


Abstract: The AlACHTUNGTRENNUNG(OTf)3-catalyzed cy-
cloisomerization of unactivated unsatu-
rated alcohols was studied from experi-
mental and theoretical points of view.
A series of cyclic ethers was obtained
in excellent yields and regioselectivi-
ties. This catalyst system provides one
of the most straightforward routes to
cyclic ethers with Markovnikov-type
regioselectivity under mild conditions.


Theoretical and NMR studies were car-
ried out in order to better determine
the mechanism of this reaction. The
NMR studies were in agreement with
preferential complexation of AlACHTUNGTRENNUNG(OTf)3


to the oxygen atom of the unsaturated
alcohol, but did not exclude complexa-
tion to the double bond of the alcohol.
Theoretical calculations indicated
strong acidification of the hydroxyl
proton when Al ACHTUNGTRENNUNG(OTf)3 was complexed
to the alcohol oxygen atom. A plausi-
ble catalytic cycle for the Al ACHTUNGTRENNUNG(OTf)3-cat-
alyzed intramolecular hydroalkoxyla-
tion of unactivated olefins is proposed.
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droalkoxylation of unactivated olefins. The influence of the
solvent (e.g., dichloromethane, acetonitrile, dichloroethane
and nitromethane) on the cycloisomerization of two model
substrates 1a and 1c was first examined in the presence of
AlACHTUNGTRENNUNG(OTf)3 (5 mol%). Whereas unsaturated alcohol 1a led
quantitatively to tetrahydropyran 3a in all solvents tested,
no reaction occurred with 1c in refluxing dichloromethane,
and only 10% conversion of 1c was reached in refluxing
acetonitrile after 22 h. However, cyclization of 1c was effi-
cient in refluxing nitromethane and afforded the corre-
sponding tetrahydrofuran 2c after 1.5 h with 92% regiose-
lectivity.
The cyclization of differently substituted olefinic alcohols


was examined by using a catalytic amount of Al ACHTUNGTRENNUNG(OTf)3
(5 mol%). The required solvent and reaction temperature
was dependent on the double-bond substitution of the olefin
(Table 1). For each substrate the solvent was chosen accord-
ing to its boiling point. However, the solubility of AlACHTUNGTRENNUNG(OTf)3
was much higher in nitromethane.
As shown in Table 1, the hydroalkoxylation of an unsatu-


rated alcohol with a trisubstituted double bond, such as 1a
(entry 1), led exclusively to formation of the corresponding
tetrahydropyran 3a, the result of cyclization at the more
substituted carbon atom of the double bond in a Markovni-


kov-type addition. No five-
membered cyclic ether was ob-
served.
Cycloisomerization of alcohol


1b (entry 2) bearing a 1,1-di-
substituted double bond gave
the five-membered cyclic ether
2b as the only product in 88%
yield, regiospecifically. In both
cases, the reaction was com-
plete in refluxing dichlorome-
thane after 1 h.
In the case of alcohol 1c,


with an internal disubstituted Z
double bond (entry 3), cycliza-
tion was successfully carried
out in refluxing nitromethane
and afforded the five-mem-
bered cyclic ether as the major
compound. The selectivity for
five-versus six-membered cyclic
ether was 92:8.
The AlACHTUNGTRENNUNG(OTf)3 catalyst system


was also applied to the intramo-
lecular hydroalkoxylation of
terminal, unactivated olefins
such as 1d or 1e (entries 4 and
5). For both substrates, the re-
action took place at the more
substituted olefinic carbon
atom and led exclusively to the
corresponding tetrahydrofurans
2d and 2e.


The Al ACHTUNGTRENNUNG(OTf)3-catalyzed hydroalkoxylation was also effi-
ciently applied to the synthesis of spirobicyclic ether 3 f,
starting from the corresponding doubly unsaturated diol 1 f
(entry 6). Bis-tetrahydropyran 3 f was obtained with com-
plete regioselectivity in quantitative yield.
As an extension of the reaction, the preparation of g-lac-


tone 2g from the corresponding g,d-unsaturated carboxylic
acid 1g (entry 7) was carried out under the same catalytic
conditions, with 100% regioselectivity in favour of the g-lac-
tone.
The reaction rates observed for the cycloisomerization of


g,d-unsaturated alcohols in the presence of Al ACHTUNGTRENNUNG(OTf)3 al-
lowed the following reactivity order to be established: tri-
substituted � 1,1-disubstituted > 1,2-disubstituted > mono-
substituted olefins.
The hydroalkoxylation of olefins was very dependent on


the nature of the catalyst. To highlight the influence of the
counterion on reactivity and selectivity of cycloisomeriza-
tion, we examined the cyclization of substrate (Z)-4-decenol
(1c) in the presence of several aluminumACHTUNGTRENNUNG(iii) compounds as
catalysts.
Kinetics of the reaction are shown in Figure 1 for Al-


ACHTUNGTRENNUNG(OTf)3, AlBr3, AlCl3 and AlACHTUNGTRENNUNG(OiPr)3. After 1.5 h in refluxing
nitromethane, the reaction of decenol 1c with 5 mol% of


Table 1. Hydroalkoxylation of g,d-unsaturated alcohols catalyzed by Al ACHTUNGTRENNUNG(OTf)3 (5 mol%).


Entry Unsaturated alcohol Conditions Major product Yield of iso-
lated product
[%]


Regioselectivity five- vs
six-membered cyclic


ether


1
CH2Cl2,
40 8C, 1 h


93 0:100


1a 3a


2
CH2Cl2,
40 8C, 1 h


88 100:0


1b 2b


3
CH3NO2,
101 8C, 1.5 h


88 92:8


1c 2c


4
CH3NO2,
101 8C, 1 h


87 100:0


1d 2d


5
CH3NO2,
101 8C, 3 h


>93 100:0


1e 2e


6
ClCH2CH2Cl,
84 8C, 0.5 h


91 0:100


1 f 3 f


7
CH3NO2,
101 8C, 1.5 h


88 100:0[a]


1g 2g


[a] cis/trans ratio of 2g was 60:40, as calculated by GC and as determined by NOESY NMR experiments.
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AlCl3 gave a mixture of tetrahydrofuran 2c and tetrahydro-
pyran 3c (Scheme 1) with less than 10% conversion. With
AlBr3 the conversion reached up to 40% in favour of 2c,


but no further evolution of the reaction mixture was ob-
served. No reaction occurred with AlACHTUNGTRENNUNG(OiPr)3. The same re-
action with 5 mol% of AlACHTUNGTRENNUNG(OTf)3 took place quantitatively
after 1.5 h. The Lewis acidity of the catalyst strongly deter-
mines the reactivity and the selectivity.


Mechanistic studies on the Al ACHTUNGTRENNUNG(OTf)3-catalyzed hydroalkoxy-
lation of olefins : In protic acidic media, the mechanism of
the cycloisomerization of unsaturated alcohols is a well-
known process.[15] It generally involves initial protonation of
the double bond with intermediate formation of the more
substituted carbocation. Subsequent attack of the hydroxyl
group on the more substituted carbon atom of the double
bond forms the ether with Markovnikov-type regioselectivi-
ty. The mechanism of this reaction in the presence of Lewis
acids has not been yet reported.
In a recent example with PtII in the presence of phosphine


ligands for the hydroalkoxylation of unactivated olefins,[13]


the observed regioselectivity was similar to that found with
AlACHTUNGTRENNUNG(OTf)3 (Markovnikov-type addition). The proposed
mechanism involved platinum(ii) complexation to the olefin,
followed by outer-sphere attack of the pendant hydroxyl
group.
To better determine the role of AlIII Lewis acid as catalyst


for the hydroalkoxylation reaction, the cyclization of sub-
strate 1a was examined in the presence of an added base or
water, and the results were compared to the use of TfOH
with or without an added base. The results are summarized
in Table 2.


In the presence of 2,6-lutidine as a hindered base (Al-
ACHTUNGTRENNUNG(OTf)3/base 1:1), the Al ACHTUNGTRENNUNG(OTf)3-catalyzed hydroalkoxylation
of heptenol 1a was similar to that obtained without added
base (cf. entries 1 and 2). This result indicates that the hin-
dered base does not inhibit cyclization, and proton capture
by the base is not directly involved in the reaction.
The cycloisomerization of 1a could also be run with


5 mol% of TfOH and afforded the corresponding tetrahy-
dropyran 3a quantitatively (entry 3). However, the reaction
of 1a with 5 mol% of TfOH and a hindered base as additive
(5 mol%) gave a very low conversion of 1a (<5%) after
24 h (entry 4).
These observations clearly indicate that when AlACHTUNGTRENNUNG(OTf)3 is


involved, the reaction is indeed induced by the Lewis acid
and not by triflic acid, which could result from the reaction
between Al ACHTUNGTRENNUNG(OTf)3 and the alcohol.
The influence of water on the Al ACHTUNGTRENNUNG(OTf)3-catalyzed cyclo-


isomerization of 1a was examined with a view to partial hy-
drolysis of the catalyst. Interestingly, as shown in Table 2
(entries 5 and 6), similar results were obtained with or with-
out added water, that is, the presence of water has minor in-
fluence on the catalytic activity of Al ACHTUNGTRENNUNG(OTf)3. All these ex-
periments indicate that Al ACHTUNGTRENNUNG(OTf)3 is an active species in the
intramolecular hydroalkoxylation of unactivated olefins, and
its catalytic activity is similar to that of a superacid.
The AlACHTUNGTRENNUNG(OTf)3-catalyzed hydroalkoxylation (Table 1) ex-


hibits Markovnikov-type regioselectivity, as is observed for
the same reaction in protic acidic media. This suggests that
the mechanism of Lewis acid catalyzed hydroalkoxylation of
double bonds should involve cationic-type intermediates.
In the hydroalkoxylation of olefins catalyzed by Al ACHTUNGTRENNUNG(OTf)3,


which is a strong Lewis acid, it is assumed that the alumini-
um atom should preferentially coordinate to the hydroxyl
group. However, we were interested to determine whether
coordination to both the hydroxyl oxygen atom and the C�
C double bond of the unsaturated alcohol could be consid-
ered.
To investigate this possibility, we carried out 1H and


13C NMR studies on the complexation of AlACHTUNGTRENNUNG(OTf)3 to alco-
hol 1c. NMR experiments can highlight complex formation
and have previously been used, for example, to evaluate the
complexation between Ag+ and alkynes.[16]


Figure 1. Kinetics of the hydroalkoxylation of (Z)-4-decenol (1c) cata-
lyzed by aluminium compounds (5 mol%) in refluxing nitromethane (n-
undecane used as internal standard); ^: Al ACHTUNGTRENNUNG(OTf)3, &: AlCl3, ~: AlBr3, P :
Al ACHTUNGTRENNUNG(OiPr)3.


Scheme 1.


Table 2. Cyclization of 1a in the presence of 5 mol% of Al ACHTUNGTRENNUNG(OTf)3 or
TfOH and an additive in refluxing dichloromethane.


Entry Catalyst
(5 mol%)


Additive t
[h]


Conversion of
1a [%][a]


Yield of isolat-
ed 3a [%]


1 Al ACHTUNGTRENNUNG(OTf)3 – 1 100 93
2 Al ACHTUNGTRENNUNG(OTf)3 2,6-lutidine


(5 mol%)
1 100 92


3 TfOH – 0.5 100 90
4 TfOH 2,6-lutidine


(5 mol%)
24 <5 –


5 Al ACHTUNGTRENNUNG(OTf)3 H2O
(5 mol%)


1 100 92


6 Al ACHTUNGTRENNUNG(OTf)3 H2O
(50 mol%)


1 98 90


[a] Conversions calculated by GC with n-undecane as internal standard.
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Several NMR experiments
with decenol 1c were carried
out in CD3NO2 at room temper-
ature with tetramethylsilane
(TMS) as internal standard in
the presence of 6 equiv Al-
ACHTUNGTRENNUNG(OTf)3. At the concentrations
used, AlACHTUNGTRENNUNG(OTf)3 was not soluble
in CDCl3 or CD2Cl2.
The 1H NMR experiments were carried out with 1c and


AlACHTUNGTRENNUNG(OTf)3. A shift of the signal corresponding to protons H1


of almost 0.1 ppm (Dd = ++0.092 ppm, see Figure 2 for


numbering) indicates, as expect-
ed, complexation of AlIII to the
hydroxyl oxygen atom of dece-
nol 1c. A very small variation
of the chemical shift of the eth-
ylenic protons H4 and H5 (Dd =


+0.009 ppm) does not allow
complexation of the double
bond to be concluded.
The same trend, but more pronounced, was observed in


13C NMR experiments (Figure 2). The complexation of Al-
ACHTUNGTRENNUNG(OTf)3 to the double bond and to the oxygen atom of dece-
nol 1c was shown by slight shifts of Dd = ++0.19 and
�0.28 ppm for the signals corresponding to ethylenic carbon
atoms C5 and C4, respectively, and a larger shift of Dd =


+0.53 ppm for C1 bearing the hydroxyl group.
The NMR studies are in agreement with preferential com-


plexation of AlACHTUNGTRENNUNG(OTf)3 to the hydroxyl oxygen atom of 1c,
but do not exclude some complexation with the isolated C�
C double bond.
Our results suggest that in the Al ACHTUNGTRENNUNG(OTf)3-catalyzed hydro-


alkoxylation of unactivated olefins, structures A and B
could both be considered as intermediate species leading to
the cyclic ethers (Figure 3).


Theoretical Studies


Methodology : All calculations reported in this work were
performed with the semiempirical AM1 method[17] available
in the AMPAC program.[18] Geometries of stationary points
were determined by minimization of energy with respect to
all geometric parameters. Transition states were located by
the chain method[19] and characterized by one, and only one,
negative eigenvalue of the Hessian matrix. Finally, the tran-
sitions states found were shown to belong to the studied re-
action by intrinsic reaction coordinate (IRC). The AM1
method was chosen mainly for three reasons: 1) its reliabili-
ty compared to ab initio calculations for reactions involving
Lewis acids and our experience in the field,[20] 2) the reason-
ably short calculation times, which enabled us to perform
IRC on each transition state, and 3) the possibility to tackle
the real molecules and therefore compare calculations to ex-
periments.
Calculations were run on unsaturated alcohols 1a and 1d,


with the following goals (Scheme 2): 1) Understanding the
action of the Lewis acid and the importance of its nature;
2) Understanding the selectivity for five versus six-mem-
bered cyclization on going from 1 to 2 or 3, respectively.


Calculations involved only one alcohol molecule, since
preliminary studies showed that the introduction of a
second one had very little influence on the activation ener-
gies of the uncatalyzed or Al ACHTUNGTRENNUNG(OTf)3-catalyzed reactions
leading from alcohol 1d to tetrahydrofuran 2d.[21] Moreover,
kinetic data indicated a first-order reaction with respect to
the alcohol.


Cyclization of 4-penten-1-ol (1d): Calculations were first
run on the cyclization of pentenol 1d in the absence of
Lewis acid, considering both the formation of tetrahydrofur-
an 2d (Table 3, entry 1) and tetrahydropyran 3d (Table 3,
entry 2). As shown by the energies of their transition states,
the competition should be in favour of the five-membered
cyclic molecule 2d, but in both cases, the activation energies
are important (>60 kcalmol�1). The process is a concerted


Figure 2. 13C NMR chemical shifts [ppm vs TMS] of alcohol 1c alone and
complexed to Al ACHTUNGTRENNUNG(OTf)3 for characteristic carbon atoms C1, C4 and C5 in
CD3NO2 at 20 8C. [1c]=0.03m and [Al ACHTUNGTRENNUNG(OTf)3]=0.18m.


Figure 3. Possible AlIII coordination modes to an unsaturated alcohol.


Scheme 2.
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mechanism. These results are consistent with the experimen-
tal observation that neither of these two ethers is formed
from 1d in the absence of catalyst.
We then involved AlCl3 in the calculations with 1d


(Table 3, entries 3–6) and four different approaches were in-
vestigated: complexation of AlCl3 to the oxygen atom of the
alcohol, as in intermediate A of Figure 3 (entries 3 and 5) or
to the C�C double bond, as in structure C of Figure 3 (en-
tries 4 and 6). In both cases, the five- versus six-membered
competition leading to 2d and 3d, respectively, was consid-
ered.[22]


The calculations indicated that the introduction of AlCl3
as catalyst has a very small influence on the activation
energy of the reaction. In all four cases, the reaction remains
concerted and involves a single transition state. The activa-
tion energies involved are still in favour of formation of tet-
rahydrofuran 2d (entry 3), as illustrated in Figure 4. The in-
troduction of AlCl3 as Lewis acid catalyst is not efficient for


the cyclization reaction, in agreement with the experimental
results shown in Figure 1.
The results of introducing Al ACHTUNGTRENNUNG(OTf)3 in the calculations


with alcohol 1d, following the same approach as described
for AlCl3, are reported in entries 7–10 of Table 3.
Figure 5 presents the energies and geometries for the less


demanding cyclization process corresponding to entry 7.


Apparently, complexation of AlACHTUNGTRENNUNG(OTf)3 to the oxygen
atom of alcohol 1d allows the reactions towards tetrahydro-
furan 2d and tetrahydropyran 3d to still proceed in a con-
certed manner, with much smaller activation energies of
27.2 kcalmol�1 (entry 7) and 30.1 kcalmol�1 (entry 9), re-
spectively. These data compare with 61.9 and 70.9 kcalmol�1


for the calculations without catalyst (entries 1 and 2), and
58.7 and 71.3 kcalmol�1 with AlCl3 (entries 3 and 5).
On the other hand, complexation of Al ACHTUNGTRENNUNG(OTf)3 to the C�C


double bond of alcohol 1d (entries 8 and 10) shows high ac-
tivation energies, similar to those calculated for the uncata-


Figure 4. AlCl3-catalyzed cycloisomerization of 4-penten-1-ol (1d) to 2-
methyltetrahydrofuran 2d by AlIII complexation to the oxygen atom of
1d.


Figure 5. Al ACHTUNGTRENNUNG(OTf)3-catalyzed cycloisomerization of 4-penten-1-ol (1d) to
2-methyltetrahydrofuran 2d by complexation to the oxygen atom.


Table 3. Energies [kcalmol�1] for alcohols 1a and 1d, complexes A, A’ and C, transition states TS1–TS12 and ethers 2a,d and 3a,d.


Entry Starting
material


Lewis acid SM energy Complex type Complex Complex energy TS TS energy Ea Product Product energy


1 1d �52.2 TS1 +9.7 +61.9 2d �62.8
2 1d TS2 +19.4 +71.6 3d �64.3


3 1d AlCl3


�192.5


O �199.1 TS3 �140.4 +58.7 2d-AlCl3 �208.9
4 1d AlCl3 C=C �196.6 TS4 �137.8 +58.8 2d-AlCl3
5 1d AlCl3 O �200.5 TS5 �129.2 +71.3 3d-AlCl3 �212.8
6 1d AlCl3 C=C �196.9 TS6 �128.1 +68.8 3d-AlCl3


7 1d Al ACHTUNGTRENNUNG(OTf)3


�891.0


O A �904.8 TS7 �877.6 +27.2 2d-Al ACHTUNGTRENNUNG(OTf)3 �913.7
8 1d Al ACHTUNGTRENNUNG(OTf)3 C=C C �901.6 TS8 �845.1 +56.5 2d-Al ACHTUNGTRENNUNG(OTf)3
9 1d Al ACHTUNGTRENNUNG(OTf)3 O A �905.3 TS9 �875.2 +30.1 3d-Al ACHTUNGTRENNUNG(OTf)3 �915.6
10 1d Al ACHTUNGTRENNUNG(OTf)3 C=C C �901.6 TS10 �834.1 +67.5 3d-Al ACHTUNGTRENNUNG(OTf)3


11a 1a Al ACHTUNGTRENNUNG(OTf)3


�910.5


O


A’ �927.6


TS11a �904.0 +23.6 2a-Al ACHTUNGTRENNUNG(OTf)3 �928.0
11b 1a Al ACHTUNGTRENNUNG(OTf)3 O TS11b �895.8 +31.8 2a-Al ACHTUNGTRENNUNG(OTf)3


12a 1a Al ACHTUNGTRENNUNG(OTf)3 O TS12a �904.0 +23.6 3a-Al ACHTUNGTRENNUNG(OTf)3 �923.2
12b 1a Al ACHTUNGTRENNUNG(OTf)3 O TS12b �907.8 +19.8 3a-Al ACHTUNGTRENNUNG(OTf)3
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lyzed (entries 1 and 2) and AlCl3-catalyzed reactions (en-
tries 4 and 6).
Calculations on the more favoured O complexation indi-


cated that the competition is in favour of formation of the
five-membered cyclic ether 2d. A difference of around
3 kcalmol�1 (entries 7 and 9) was found between the transi-
tion-state energies leading to 2d and 3d. The strong reduc-
tion of the activation energy of the process leading to tetra-
hydrofuran 2d (entry 7) as compared to the formation of
tetrahydropyran 3d (entry 9) is in complete agreement with
the experimental results, in which exclusive formation of
product 2d was observed (Table 1, entry 4).
A reaction path involving alkoxyalumination was also in-


vestigated. The addition of the RO�Al ACHTUNGTRENNUNG(OTf)2 group to the
C=C bond with formation of an R’Al ACHTUNGTRENNUNG(OTf)2 intermediate
and subsequent protonation of this organometallic com-
pound (with concomitant regeneration of the AlACHTUNGTRENNUNG(OTf)3 cata-
lyst) by triflic acid was considered. Although the first step
leading to the five-membered cyclic intermediate requires
only 18.4 kcalmol�1, the protonation step requires a much
higher activation energy (Ea=54.5 kcalmol�1). Such a mech-
anism was therefore unlikely to occur and was not further
investigated.


Cyclization of 6-methyl-5-hepten-2-ol (1a): Experimental re-
sults indicated that the use of AlACHTUNGTRENNUNG(OTf)3 was necessary for
the efficient and catalytic cycloisomerization of unsaturated
alcohols. Calculations with 1d were in agreement with a
much higher efficiency of AlACHTUNGTRENNUNG(OTf)3 as compared to AlCl3,
which indicates a much lower activation energy for the cycli-
zation (Table 3, entry 7). The lowest transition-state energy
was found for AlACHTUNGTRENNUNG(OTf)3 complexed to 1d through its oxygen
atom. Accordingly, for the next calculations concerning the
cyclization of 1a, we only used AlACHTUNGTRENNUNG(OTf)3, and we investigat-
ed the competition between five- (2a) and six-membered
ring formation (3a) with AlACHTUNGTRENNUNG(OTf)3 complexed to the oxygen
atom of 1a, as in intermediate A of Figure 3 (Table 3, en-
tries 11 and 12).
For formation of both five- and six-membered cyclic


ethers, the calculated reaction mechanism becomes stepwise
and involves two transition states TS11a and TS11b from 1a
leading to tetrahydrofuran 2a, and TS12a and TS12b leading


to tetrahydropyran 3a (Figure 6). The activation energies
found for the cyclization of 1a with AlACHTUNGTRENNUNG(OTf)3 are in agree-
ment with those listed in entries 7 and 9 for 1d, and are in


the range of 19.8–31.8 kcalmol�1 (entries 11a, 11b and 12a,
12b). Moreover, TS11a and TS12a are quasi-equivalent and
both involve an interesting lengthening of the O1�H7 bond
and an interaction between H7 and C5 (Table 4, entries 8
and 10; numbering shown in Scheme 2).
Data on the bond lengths and partial charges of the differ-


ent complexes and transition states are presented in Table 4.
The energy difference between the two reaction paths


leading to 2a (TS11a and TS11b) or 3a (TS12a and TS12b)
is in favour of the cyclization steps leading to the six-mem-
bered 3a. The charge distribution on C5 and C6 in TS12b
(Table 4, entry 11) induces the transfer of H7 to C5 in TS12b,
as well as O1 transfer to C6.
Calculated data are clearly in agreement with the experi-


mental results. Indeed, the activation energy required to se-
lectively form tetrahydropyran 3a from 1a—the first step is
clearly rate-determining, since the second has a relative acti-
vation energy of �3.8 kcalmol�1 and involves only minor re-


Figure 6. Al ACHTUNGTRENNUNG(OTf)3-catalyzed cycloisomerization of 6-methyl-5-hepten-2-
ol (1a) to 2,2,6-trimethyltetrahydropyran (3a) through TS12a (note that
TS12b, with lower energy than TS12a and close to TS12a, is not shown in
this figure).


Table 4. Main distances and partial charges of alcohols 1a and 1d, complexes A and A’ and transition states TS7, TS9, TS11a, TS11b, TS12a and TS12b
(see also Table 3).


Entry Structures Distances [R] Partial charges [e]
O1�C5 O1�C6 O1�H7 C5�C6 C5�H7 C6�H7 dC5 dC6 dO1 dH7


1 1d 3.360 4.350 0.965 1.331 2.650 3.557 �0.173 �0.213 �0.330 0.199
2 complex A (1d+AlCl3 on O1) 3.240 4.213 0.969 1.331 2.560 3.391 �0.187 �0.202 �0.320 0.231
3 complex A (1d+Al ACHTUNGTRENNUNG(OTf)3 on O1) 3.087 3.598 0.985 1.332 2.340 2.686 �0.225 �0.196 �0.332 0.322
4 TS7 2.835 2.719 1.495 1.381 1.923 1.323 +0.141 �0.347 �0.543 +0.398
5 TS9 2.702 2.434 2.337 1.421 1.174 1.990 �0.259 +0.299 �0.568 +0.283
6 1a 3.062 4.147 0.966 1.343 2.484 3.381 �0.198 �0.111 �0.327 0.202
7 complex A’ (1a+Al ACHTUNGTRENNUNG(OTf)3 on O1) 3.043 3.751 0.984 1.344 2.262 2.872 �0.254 �0.063 �0.327 0.319
8 TS11a 2.613 3.502 1.446 1.403 1.298 2.112 �0.347 +0.235 �0.511 +0.369
9 TS11b 2.619 3.296 1.993 1.399 1.511 1.392 �0.008 +0.027 �0.557 +0.335
10 TS12a 2.611 3.510 1.446 1.403 1.295 2.116 �0.348 +0.235 �0.508 +0.367
11 TS12b 2.647 2.044 2.816 1.483 1.129 2.142 �0.214 +0.364 �0.516 +0.150
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arrangements–-is more than
8 kcalmol�1 lower than the acti-
vation energy necessary for the
formation of tetrahydrofuran
2a (Table 3, cf. entries 11b and
12a). The calculations for the
cyclization of 1a to 3a are pre-
sented in Figure 6.
On the other hand, compar-


ing the cyclization of substrates
1d and 1a, the activation
energy leading to tetrahydro-
pyran 3a (Table 3, entry 12a:
23.6 kcalmol�1) is lower than
that leading to tetrahydrofuran
2d (Table 3, entry 7: 27.2 kcal
mol�1). These results are also in
agreement with the experimen-
tal results of Table 1: cyclization
of 1a can take place at much
lower temperature than cycliza-
tion of 1d (Table 1, entries 1
and 4).


Discussion


Proposed catalytic cycle : Based
on our catalytic reaction and on
semiempirical calculations, we
can propose a different mecha-
nism for the Al ACHTUNGTRENNUNG(OTf)3-catalyzed
cycloisomerization of each of
the unsaturated alcohols 1a and
1d (Figures 7 and 8).
Theoretical and experimental


studies indicate that AlCl3 is
not active enough to efficiently
effect the cyclization of 1a or
1d, as opposed to AlACHTUNGTRENNUNG(OTf)3.
Reaction paths involving the
coordination of Al ACHTUNGTRENNUNG(OTf)3 to the C�C double bond, as in
structure C, are energetically much more demanding than
those involving O complexation, as in structure A
(Figure 3). Therefore, the catalytic cycles for the cycloisome-
rization of 1a and 1d will only be proposed for AlACHTUNGTRENNUNG(OTf)3
complexed to the oxygen atom of the alcohols.
In the case of pentenol 1d, theoretical calculations provid-


ed a plausible cyclization mechanism involving a single tran-
sition state. We can thus consider a concerted mechanism
with a catalytic cycle (Figure 7). In the first step, coordina-
tion of the catalyst to the oxygen atom of the unsaturated
alcohol gives intermediate complex A. This intermediate
may be in equilibrium with chelate B in which the catalyst is
coordinated both to the C=C bond and to the oxygen atom
of 1d, as suggested by NMR data. Complex C, involving a
complexation only to the double bond of 1d, could also be


considered. However, theoretical calculations are clearly in
favour of intermediate A as the reactive complex, since it
leads to more stable transitions states TS7 and TS9
(Figure 7 and Table 3, entries 7 and 9).
The theoretical data on the cyclization of 1d towards five-


membered cyclic ether 2d indicate that the O1�H7 bond
length in 1d (0.965 R) is larger in complex A (0.985 R) and
further increases in transition state TS7 (1.495 R), as shown
in Table 4 (entries 1, 3 and 4).
On the other hand, the partial charge on H7 of the hy-


droxyl group in 1d (+0.199) increases to +0.322 in complex
A and to at most +0.398 in transition state TS7. As a conse-
quence, oxygen atom O1 becomes more negatively charged
(from �0.330 in 1d to �0.543 in TS7). These data are indi-
cative of a strong increase in the acidity of the OH group on
going from 1d to TS7.


Figure 7. Proposed mechanism for the concerted and regioselective Al ACHTUNGTRENNUNG(OTf)3-catalyzed cycloisomerization of
4-penten-1-ol (1d) to 2-methyltetrahydrofuran (2d).


Figure 8. Proposed mechanism for the stepwise Al ACHTUNGTRENNUNG(OTf)3-catalyzed cycloisomerization of 6-methyl-5-hepten-2-
ol (1a) to 2,2,6-trimethyltetrahydropyran (3a).
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Elongation of the C5�C6 bond in transition state TS7 is
also observed with greater electrophilic character on C5 as
compared to C6. In TS7, the C6�H7 distance (1.323 R) is
shorter than the C5�H7 distance (1.923 R), and this indicates
approach of O�H to the double bond, selectively favouring
formation of five-membered cyclic ether 2d.
For the less favoured cycloisomerization of 1d to tetrahy-


dropyran derivative 3d via TS9, the same general tendencies
were observed concerning elongation of the O1�H7 and C5�
C6 bonds. The charges on O1, H7, C5 and C6 in transition
state TS9 are compatible with cyclization to 3d (Table 4,
entry 5). The C5�H7 distance is shorter than the C6�H7 dis-
tance (not shown), and the O�C5 distance is shorter than
the O�C6 distance, that is, formation of the six-membered
cyclic ether 3d is favoured.
According to the calculated activation energies for forma-


tion of 2d (27.1 kcalmol�1, Figure 5) and 3d (30.1 kcalmol�1,
Table 3, entry 9), the theoretical ratio 2d/3d as predicted by
the Arrhenius equation at 374.15 K (experimental tempera-
ture of 101 8C) is of 98.8/1.2. This ratio is in good agreement
with the experimental data of 100/0 (Table 1, entry 4).
Theoretical studies allow a slightly different catalytic


cycle for the cycloisomerization of alcohol 1a with AlACHTUNGTRENNUNG(OTf)3
to be proposed, considering the complexation of AlIII to the
oxygen atom of the substrate. The mechanism involves a
nonconcerted pathway with two more favoured transition
states TS12a and TS12b (Table 3, entries 11, 12; Figure 8).
Cyclization of 1a was examined towards the formation of
the corresponding tetrahydrofuran and tetrahydropyran de-
rivatives 2a and 3a. Semiempirical calculations are clearly
in favour of formation of tetrahydropyran 3a. Since transi-
tion states TS11a and TS12a have the same energy and are
structurally very close, the selected pathway arises from the
energy difference between transition states TS11b and
TS12b. Indeed, while TS11b is 8.2 kcalmol�1 higher in
energy than TS11a, TS12b is 3.8 kcalmol�1 lower in energy
than TS12a.
The theoretical selectivity of 3a versus 2a calculated by


the Arrhenius equation at 313.15 K (40 8C) is strongly in
favour of six-membered cyclic ether 3a, with a 3a/2a ratio
of >99.99/<0.01. This ratio is also in excellent agreement
with experiment, in which tetrahydropyran 3a was exclu-
sively obtained (Table 1, entry 1). Therefore, only the mech-
anism for the cycloisomerization of 1a towards the six-mem-
bered cyclic ether 3a is presented in Figure 8.
Accordingly, the first step of the catalytic cycle involves,


as in Figure 8, complexation of the catalyst to the oxygen
atom of 1a to form intermediate complex A’. Complexes B’
and C’, in equilibrium with A’, can also be considered, al-
though theoretical calculations clearly point to complex A’
as the reactive intermediate.
In the first transition state TS12a, an increase in the the


O1�H7 distance of 0.48 R was calculated compared with 1a,
together with an increase of the positive charge on the hy-
droxyl hydrogen atom from +0.202 to +0.367 (Table 4, en-
tries 6 and 10). These data suggest the generation of a more
acidic hydroxyl proton. In TS12a, the C5�H7 distance is


shorter than the C6�H7 distance, and the charge at C5 is
much more negative than at C6, so that selective protonation
of the double bond at C5 is expected. In the second transi-
tion state TS12b, the O1�C6 distance (2.044 R) is shorter
than the O1�C5 distance (2.647 R; Table 4, entry 11). Bond
formation of the oxygen atom with C6 leads to 3a with recy-
cling of AlACHTUNGTRENNUNG(OTf)3 in the catalytic cycle.
The combination of Brønsted and Lewis acids has been a


particularly useful tool for explaining several examples of
asymmetric catalysis.[23] The design of such “combined acid
systems”, which can be classified as Brønsted acid assisted
Lewis acids (BLA), Lewis acid assisted Lewis acids (LLA),
Lewis acid assisted Brønsted acids (LBA) and Brønsted acid
assisted Brønsted acid (BBA), enhance acidity by associa-
tive interaction and provide more organized structures that
lead to more effective asymmetric environments. For exam-
ple, the combination of SnCl4 with an optically active bi-
naphthol derivative increased the acidity of the OH proton
in enantioselective protonation and enantioselective polyene
cyclization.[24]


To explain the high catalytic activity of Al ACHTUNGTRENNUNG(OTf)3 in the
cycloisomerization of unsaturated alcohols, we propose a
Lewis acid assisted Brønsted acid situation (LBA) in which
the Lewis acid AlACHTUNGTRENNUNG(OTf)3 strongly enhances the Brønsted
acidity of the hydroxyl protons of unsaturated alcohols.


Conclusion


In summary, we have demonstrated, for the first time, the
catalytic efficiency of aluminumACHTUNGTRENNUNG(iii) trifluoromethanesulfo-
nate for the efficient, regioselective and atom-economic cy-
cloisomerization of unactivated unsaturated alcohols. Substi-
tuted tetrahydrofurans and tetrahydropyrans were selective-
ly and quantitatively obtained from g,d-unsaturated alco-
hols, depending on the substitution of the double bond, with
Markovnikov-type selectivity.
The experimental results obtained in the presence of a


hindered base or water indicate that no inhibition is exhibit-
ed by these additives. AlACHTUNGTRENNUNG(OTf)3 plays a particularly active
role as the catalyst in the intramolecular hydroalkoxylation
of unactivated olefins.
Theoretical and NMR complexation studies show that O


complexation to unsaturated alcohols 1a and 1d of Al-
ACHTUNGTRENNUNG(OTf)3 is stronger and more efficient than complexation
with the double bond. Theoretical calculations indicated
lengthening of the O�H bond in the transition states when
AlACHTUNGTRENNUNG(OTf)3 was complexed to the oxygen atom of the unsatu-
rated alcohols. This interesting feature is an example of the
enhancement of the “acidity” of the hydroxyl hydrogen
atom by substrate coordination with a Lewis superacid. The
cycloisomerization of unsaturated alcohols catalyzed by Al-
ACHTUNGTRENNUNG(OTf)3 can be considered as an example of the concept of
Lewis acid assisted Brønsted acid (LBA).[23]


The proposed mechanistic cycles for the cycloisomeriza-
tion of alcohols 1a and 1d involve the formation of a com-
plex between the oxygen atom of the unsaturated alcohol
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and AlACHTUNGTRENNUNG(OTf)3 with an increase in the acidity of the hydroxyl
proton in the first step. This proposed mechanism is differ-
ent from that recently proposed for platinum-catalyzed cy-
cloisomerization of unsaturated alcohols, in which coordina-
tion of platinum(ii) to the double bond was proposed in the
first step.[13] Our studies constitute the first example of cy-
cloisomerization of unsaturated alcohols catalyzed by an Al-
centred Lewis acid, and include a mechanistic investigation
which supports the increased acidity of the hydroxyl proton
as the key to activating unactivated double bonds.


Experimental Section


Materials and methods : Reagents were obtained from Alfa Aeser and
Aldrich, and were used without further purification. Aluminum ACHTUNGTRENNUNG(iii) tri-
fluoromethanesulfonate is commercially available, but it can also be
easily prepared by electrosynthesis from triflic acid and an aluminium
rod.[25] 1H and 13C NMR studies were carried out with a Bruker Avance
500 operating at 500 MHz (1H). 1H and 13C NMR spectra of cyclic ethers
were run with a Bruker AC 200 operating at 200 MHz (1H). GC analyses
were performed with a Varian CP 3380.


General procedure for Al ACHTUNGTRENNUNG(OTf)3-catalyzed hydroalkoxylation of unsatu-
rated alcohols : A mixture of unsaturated alcohol (1 mmol) and Al ACHTUNGTRENNUNG(OTf)3
(23.7 mg, 0.05 mmol) in distilled nitromethane or dichloromethane
(5 mL) was stirred at reflux for 0.5–3 h. The progress of the reaction was
monitored by GC analysis. The reaction mixture was quenched with HCl
(1m) and extracted with Et2O. The organic layer was washed with HCl
(0.1m), dried with MgSO4 and the solvent was evaporated. The products
were purified by silica-gel column chromatography with pentane/diethyl
ether 95:5 as eluent and analyzed by 1H and 13C NMR spectroscopy and
mass spectrometry, with comparison to data for reported compounds.
The regioselectivities 2 :3 were calculated by GC and NMR analysis.


For the kinetic studies shown in Figure 1, the reactions were followed by
GC with n-undecane as internal standard. Reactions were repeated twice
with an estimated error of 3%. The ratio of 1c to undecane was 2:1. The
GC response factor of 1c to undecane (relative areas for a 1:1 molar
ratio and a typical FID detection) was 1.95, and that of 2c to undecane
was 1.02. Kinetic data for the cycloisomerization of 1c with Al ACHTUNGTRENNUNG(OTf)3
(Figure 1) indicated a first-order reaction with respect to 1c with a rate
constant of k=7P10�4 s�1 (R2=0.987).


2,2,6-Trimethyltetrahydropyran (3a):[26] 1H NMR (200 MHz, CDCl3): d=
3.7 (dqd, J=12.3, 6.2, 2.0 Hz, 1H; CH), 1.7–1.3 (m, 6H; (CH2)3), 1.21 (s,
3H; CH3), 1.19 (s, 3H; CH3), 1.1 ppm (d, J=6.2 Hz, 3H; CH3);


13C NMR
(200 MHz, CDCl3): d=72.0, 66.7, 36.4, 33.8, 32.4, 23.1, 22.4, 20.5 ppm;
MS (70 eV, EI): m/z (%): 128 (0.7) [M]+ , 113 (69) [M�CH3]


+ , 110 (1)
[M�H2O]+ , 95 (9), 59 (100) [C3H7O]+ .


4-Benzyl-2,2-dimethyltetrahydrofuran (2b):[27] 1H NMR (200 MHz,
CDCl3): d=7.4–7.1 (m, 5H; ArH), 3.9 (dd, J=8.4, 6.7 Hz, 1H; CHHO),
3.5 (dd, J=8.4, 7.8 Hz, 1H; CHHO), 2.7–2.5 (m, 1H; CH, CH2Ph), 1.9
(dd, J=12.3, 6.9 Hz, 1H; CHHCACHTUNGTRENNUNG(CH3)2), 1.5 (dd, J=12.3, 8.3 Hz, 1H;
CHHC ACHTUNGTRENNUNG(CH3)2), 1.3 (s, 3H; CH3), 1.2 ppm (s, 3H; CH3);


13C NMR
(200 MHz, CDCl3): d=141.3, 129.0, 128.8, 126.4, 81.3, 72.6, 45.6, 42.1,
39.9, 29.4, 28.6 ppm; MS (70 eV, EI): m/z (%): 190 (2) [M]+ , 175 (44)
[M�CH3]


+ , 157 (20), 134 (8) [M�C4H8]
+ , 117 (22) [CHACHTUNGTRENNUNG(CH2)2Ph]


+ , 104
(10) [CHCH2Ph]


+ , 91 (66) [CH2Ph]
+ , 77 (5) [Ph]+ , 43 ACHTUNGTRENNUNG(100) [C3H7]


+ .


2-Hexyltetrahydrofuran (2c):[28] 1H NMR (200 MHz, CDCl3): d=3.9–3.6
(m, 3H; CH, CH2), 1.9–1.7 (m, 3H; CHHCH ACHTUNGTRENNUNG(C6H13), CH2), 1.5–1.1 (m,
11H; CHHCH ACHTUNGTRENNUNG(C6H13), (CH2)5), 0.8 ppm (t, J=6,8 Hz, 3H; CH3);
13C NMR (200 MHz, CDCl3): d=79.9, 68.0, 36.2, 32.2, 31.8, 29.8, 26.8,
26.1, 23.0, 14.5 ppm; MS (70 eV, EI): m/z (%): 156 (0.2) [M]+ , 138 (2)
[M�H2O]+ , 71 (100) [M�C6H13]


+ , 43 (34) [C3H7]
+ .


2-Methyltetrahydrofuran (2d):[29] 1H NMR (200 MHz, CDCl3): d=4.0–3.8
(m, 3H; CH, CHH), 3.7 (ddd, J=8.1, 7.7, 6.4 Hz, 1H; CHH), 2.1–1.8 (m,
3H; CHHCHCH3, CH2), 1.5–1.3 (m, 1H; CHHCHCH3), 1.2 ppm (d, J=


6.1 Hz, 3H; CH3);
13C NMR (200 MHz, CDCl3): d=75.3, 67.7, 33.1, 25.9,


21.0 ppm.


2-Methyl-2,3-dihydrobenzofuran (2e):[30] 1H NMR (200 MHz, CDCl3):
d=7.2–7.0 (m, 2H; ArH), 6.8–6.6 (m, 2H; ArH), 4.8 (ddq, J=8.8, 7.7,
6.3 Hz, 1H; CHOR), 3.2 (dd, J=15.4, 8.8 Hz, 1H; CHH), 2.7 (dd, J=
15.4, 7.7, 1H; CHH), 1.4 ppm (d, J=6.3 Hz, 3H; CH3);


13C NMR
(200 MHz, CDCl3): d=159.2, 128.4, 127.3, 125.8, 120.1, 109.2, 79.1, 37.0,
22.2 ppm; MS (70 eV, EI): m/z (%): 134 (100) [M]+ , 133 (43) [M�H]+ ,
119 (61) [M�CH3]


+ , 105 (24) [M�C2H5]
+ , 91 (78) [M�C3H7]


+ , 77 (24)
[Ph]+ , 51 (22).


3,3,9,9-Tetramethyl-2,8-dioxaspiroACHTUNGTRENNUNG[5.5]undecane (3 f):[31] 1H NMR
(200 MHz, CDCl3): d=3.45 (d, J=12.0 Hz, 2H; CHHOR), 3.35 (d, J=
12.0 Hz, 2H; CHHOR), 1.7–1.5 (m, 2H; CHHCACHTUNGTRENNUNG(CH3)2), 1.4 (dd, J=6.3,
5.6 Hz, 4H; CH2), 1.35–1.25 (m, 2H; CHHCACHTUNGTRENNUNG(CH3)2), 1.12 (s, 6H; CH3),
1.10 ppm (s, 6H; CH3);


13C NMR (200 MHz, CDCl3): d=71.9, 67.6, 32.2,
31.7, 28.2, 27.3, 25.9 ppm. MS (70 eV, EI): m/z (%): 212 (0.4) [M]+ , 197
(80) [M�CH3]


+ , 179 (4) [M�CH5O]+ , 138 (54), 109 (87), 67 (100).


trans-3,5-Dimethyldihydrofuran-2-one (2g) (cis/trans 60:40):[32] 1H NMR
(200 MHz, CDCl3): d=4.6 (qt, J=6.4, 5.2 Hz, 1H; CHOR), 2.8–2.5 (m,
1H; CHCH3), 2.0–1.8 (m, 2H; CH2), 1.3 (d, J=6.4 Hz, 3H; CH3),
1.2 ppm (d, J=7.3 Hz, 3H; CH3);


13C NMR (200 MHz, CDCl3): d=180.4,
75.0, 37.4, 34.4, 21.4, 16.1 ppm; MS (70 eV, EI): m/z (%): 114 (0.9) [M]+ ,
99 (5) [M�CH3]


+ , 55 (73), 45 (14), 44 (10), 43 (63), 42 (100), 41 (66).


cis-3,5-Dimethyldihydrofuran-2-one (2g) (cis/trans 60:40):[32] 1H NMR
(200 MHz, CDCl3): d=4.4 (qt, J=6.1, 5.2 Hz, 1H; CHOR), 2.8–2.5 (m,
1H; CHCH3), 2.4 (ddd, J=12.0, 8.4, 5.2 Hz, 1H; CHHCH ACHTUNGTRENNUNG(CH3)O), 1.4
(ddd, J=12.0, 11.8, 10.4 Hz, 1H; CHHCH ACHTUNGTRENNUNG(CH3)O), 1.3 (d, J=6.1 Hz,
3H; CH3), 1.2 ppm (d, J=6,8 Hz, 3H; CH3);


13C NMR (200 MHz,
CDCl3): d=180.0, 75.3, 39.5, 36.8, 21.3, 15.5 ppm; MS (70 eV, EI): m/z
(%): 114 (1.3) [M]+ , 99 (8) [M�CH3]


+ , 55 (67), 45 (14), 44 (11), 43 (67),
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Introduction


Polythiocyanogen (or parathiocyanogen) with the empirical
formula (SCN)x was first reported in 1919 by Soderback,[1]


who observed that thiocyanogen (SCN)2 was thermally un-
stable and spontaneously polymerised to give an orange/
brick-red solid product. It can also be prepared by chemical
or electrical oxidation of thiocyanates in melts or solution[2,3]


or, in the solid state, by passing chlorine gas over alkali
metal thiocyanates.[4] Though all of these routes probably in-
volve forming (SCN)2 at some stage, it should be noted that
the method in reference [4] may give rise to material conta-
minated with NaCl, since the reported yield is 135%. The


published work on polythiocyanogen reports that the mate-
rial is a semiconductor,[5] though thin films appear to be in-
sulators,[6] that it is photoactive[7] and it has been used in
photocatalytic systems.[8] Several groups have proposed that
the mechanism for polymerisation is a radical process in-
volving SCNC and that the polymer has a conjugated double-
bond structure. The spectroscopic data published for poly-
thiocyanogen is limited and some of it is of quite poor quali-
ty,[4,9–13] for example, Cataldo has illustrated two completely
different solution-state 13C NMR spectra, the first[11] with a
S/N ratio of approximately 1.6 was assigned with dC=


144 ppm and second[12] has dC=189 ppm and is remarkable
for the absence of any solvent (DMF) resonances, especially
when one considers that (SCN)x is almost completely insolu-
ble. A number of speculative structures have been proposed
in the literature. An early hypothesis was that the structure
could be composed of 1,3,5-triazine rings linked by disulfide
bridges formed by the trimerisation of the nitrile groups in
thiocyanogen (Figure 1).[9,10] An alternative proposal was
that polythiocyanogen has a linear structure analogous to
that of polythiazyl (SN)x (Figure 1b).[4,11] The most recent
structure proposed by Cataldo et al. consists of polyazome-


Abstract: The synthesis and full charac-
terisation of a series of 1,2,4-thiadi-
ACHTUNGTRENNUNGazoles is reported. (SCN)x has been
studied by a variety of techniques and
the data compared with 1,2,4-thiadi-
ACHTUNGTRENNUNGazole and 1,2,4-dithiazoles. The ob-
served data suggest that the polymer
consists of 1,2,4-dithiazole rings linked
by nitrogen atoms. For (SCN)x, the
MALDI-TOF mass spectroscopy
showed a parent ion at 1149 and a
series of peaks with (SCN)2 repeat
units (116 m/z); this result implies that
(SCN)2 may be the monomer unit of
the polymer. Its IR spectrum shows a
very broad peak with maximum at


1134 cm�1 consisting of several overlap-
ping peaks in the same region as ring
vibrations for 1,2,4-thiadiazole and
1,2,4-dithiazole compounds. Peaks in
the Raman spectrum in the range 400–
480 cm�1 support the presence of disul-
fide units within the polymer. The
solid-state 13C NMR (99% 13C-label-
led) spectrum is dominated by two sin-
glets of equal intensity at approximate-
ly 187 and 184 ppm with low intensity


peaks in the range 152–172 ppm, in ap-
proximately the same range as both
1,2,4-thiadiazoles and 1,2,4-dithiazoles.
The solid-state 15N NMR (99% 15N la-
belled) spectrum displays two major
peaks of similar intensity at 236.9 and
197.2 ppm, which are clearly very dif-
ferent environments to those observed
in bis(3-bromo-1,2,4-thiadiazol-5-yl) di-
sulfide, but similar to 1,2,4-dithiazoles.
The X-ray structures of seven C-S-N
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references to this polymer may be in
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thine chains analogous to those in polycyanogen (CN)x but
cross-linked by disulfide bridges (Figure 1c).[12, 13] Cataldo
has also speculated[13] that a cross-linked polycyanogen
structure, with Sz bridges, can be used to rationalise the
structures of a new series of polymers [Sz(CN)2]x (z=1–4),
though this work has to be treated with some skepticism
since 1) the SzCl2 starting materials do not appear to have
been distilled and so are probably a mixture of S2Cl2 and
SCl2 and 2) the new polymers have only been characterised
by their (very broad) IR spectra and no analytical data is in-
cluded in the report.


In preliminary work in collaboration with Knoll Micro-
Check into the biological activity of SCN containing species,
we carried out some studies on polythiocyanogen (SCN)x. In
these studies, UV/VIS, Raman and 14N NMR spectroscopy
suggested to us that the polymer may be based on five-
membered rings. The literature further supports this propos-
al. It was reported in 1821 by Wohler that concentrated sol-
utions of isothiocyanic acid HNCS deposited isoperthiocyan-
ic acid (SCN)2HS2 (Scheme 1).[14–16]


Hordvic confirmed the 3-amino-5-thione-1,2,4-dithiazole
structure by X-ray crystallography, which clearly showed the
presence of two adjacent sulfur atoms in a five membered
ring.[17] Of the two possible tautomers Hordvic proposed
structure I, with the both hydrogen atoms located on the
exocyclic nitrogen (Figure 2). This structure was further sup-


ported by IR data published by Emeleus et al. confirming
that an NH2 group is present.[18] Isoperthiocyanic acid is
readily converted into the barium salt of perthiocyanic acid
by treatment with barium hydroxide.[19] The isomerisation
can be reversed by treatment of the barium salt of perthio-
cyanic acid with hydrochloric acid (Scheme 2).


Furthermore Soderback reported that reaction of thiocya-
nogen with HCl in ethereal solution yields two products: a
colourless crystalline compound of formula (SCN)2·2HCl
and a yellow solid with molecular formula (SCN)4Cl2.


[19, 20]


The reaction of (SCN)2·2HCl with water yields (SCN)2·H2O
(Scheme 3).[21]


The 1,2,4-dithiazole structure of (SCN)2·H2O was con-
firmed by X-ray crystallography;[22] this result led to struc-
ture III being proposed for (SCN)2·2HCl (Figure 3). The as-


Figure 1. Proposed structures for polythiocyanogen a) 1,3,5-triazine struc-
ture, b) linear structure and c) polyazomethine chain.


Scheme 1. Synthesis of isoperthiocyanic acid.[14–16]


Figure 2. Possible tautomers of isoperthiocyanic acid.


Scheme 2. Reaction of isoperthiocyanic acid with barium hydroxide.[19]


Scheme 3. Speculative structures of the species involved in the reaction
of (SCN)2·2HCl with water.[21]


Figure 3. Proposed structure for (SCN)2·2HCl and (SCN)4Cl2.
[18]
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signment of structure III was further supported by compari-
son of the IR spectra of (SCN)2·H2O and (SCN)2·2HCl.[18]


A 1,2,4-thiadiazol-3-yl disulfide structure (IV) has been
suggested for the second product (SCN)4Cl2.


[19,20] Some simi-
larities of the IR spectra with perthiocyanic acid and its
barium salt have been observed,[23] but the spectroscopic evi-
dence is not conclusive. Soderback reported that reduction
of (SCN)4Cl2 with mercury gives a compound HgACHTUNGTRENNUNG[(SCN)2Cl]2
that can be reconverted to (SCN)4Cl2 by reaction with
iodine (Scheme 4).[19,20] Treatment of the mercury compound
(V) with sodium sulfide was reported to give a highly unsta-
ble sodium salt which was proposed to be of 5-chloro-3-thio-
1,2,4-thiadiazole.[19,20]


It was reported that reaction of this sodium salt (VI) with
sodium hydroxide yields a mixture of polythiocyanogen, the
disodium salt of 5-hydroxy-3-thio-1,2,4-thiadiazole (VII) and
a by-product with molecular formula C4N4OS4Na2


(Scheme 4).[19,20] Structure VIII was suggested for Na2-
ACHTUNGTRENNUNG[C4N4OS4], since this compound can also be prepared by the
reaction of the sodium salt VI with VII.[19,20]


Though often unsupported by modern spectroscopic
methods, the literature clearly illustrates the diversity of het-
erocyclic five-membered C-S-N rings. Therefore we thought
it is quite possible that polythiocyanogen could be composed
of such rings. We considered two possible structures for
(SCN)x. Firstly a structure based on 1,2,4-thiadiazole rings
with sulfur bridges and secondly 1,2,4-dithiazole rings linked
by exocyclic nitrogen atoms (Figure 4). In both structures
the SCN topology is retained.


Clearly, this is a very confused and difficult area with
many different speculative structures for (SCN)x and a pau-
ACHTUNGTRENNUNGcity of spectroscopic/structural data for five membered C-S-
N heterocycles. Here we report the synthesis and spectro-
scopic characterisation of polythiocyanogen (including 13C
and 15N labeling experiments). Furthermore, the literature
structures in Schemes 3 and 4 led us to synthesise a series of
1,2,4-thiadiazoles for spectroscopic comparison with (SCN)x.


Although some of these 1,2,4-
thiadiazoles have been synthes-
ised before, the spectroscopic
data is very limited[19,24–26] and
only one compound has pub-
lished 13C NMR data.[27] We
also report the synthesis of
model compounds composed of
two 1,2,4-thiadiazole rings
linked by a sulfur bridge. Se-
lected examples have been
studied by X-ray crystallogra-
phy. The spectroscopic data ob-
tained for poly ACHTUNGTRENNUNGthiocyanogen has
also been compared to a series
of known 1,2,4-dithiazole com-
pounds and we conclude that
the structure of (SCN)x is based
upon 1,2,4-dithiazole rings
linked by nitrogen atoms.


Experimental Section


Unless otherwise stated, all operations were carried out under an
oxygen-free nitrogen atmosphere by using standard Schlenk techniques.
All solvents and reagents were purchased from Aldrich, Alfa Aesar,
BOC, BDH, Fisons and Strem. We are grateful to Johnson Matthey PLC
for the loan of precious metal salts. Diethyl ether and THF were purified
by reflux over sodium/benzophenone and distillation under nitrogen.
Hexane was purified by reflux over sodium and distillation under an at-
mosphere of nitrogen. Dichloromethane was heated to reflux over pow-
dered calcium hydride and distilled under nitrogen. Chloroform (99
atom% d), and CD2Cl2 (99.6+ atom D) were used as received. Labelled
(99%) 15N and 13C KNCS came from Aldrich. Dipotassium cyanodithio-
ACHTUNGTRENNUNGimidocarbonate was prepared by the reaction of cyanamide with carbon
disulfide and potassium ethoxide.[28] Potassium methyl cyanodithioimido-
carbonate was prepared by reaction of dipotassium cyanodithioimidocar-
bonate with methyl iodide.[29] S-Methylisothiourea hydrochloride and S-


Scheme 4. Proposed reactions of (SCN)4Cl2.
[19,20]


Figure 4. Our proposed structures of polythiocyanogen based on 1,2,4-
thiadiazole (top) and 1,2,4-dithiazoles (bottom).
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tert-butylisothiourea hydrochloride were prepared by the reaction of thio-
urea, HCl and methanol or tert-butanyl alchohol, respectively.[30] [PtCl2-
ACHTUNGTRENNUNG(dppe)] (dppe=bis(diphenylphosphino)ethane) was prepared by the ad-
dition of a stoichiometric quantity of the diphosphine to a solution of
[PtCl2 ACHTUNGTRENNUNG(cod)] (cod=cycloocta-1,5-diene) in dichloromethane. Chlorine
(BOC) was dried by passing the gas over phosphorus pentoxide. Ammo-
nium hydroxide, bromine, copper(I) chloride, ferric acetylacetonate, lithi-
um triethylborohydride 1m in THF, N-methylpyrrolidone, methylmagne-
sium bromide, potassium thiocyanate, sodium hydroxide, sodium methox-
ide, sodium thiomethoxide, sulfuryl chloride, trichloromethylsulfenyl
chloride were used as received. Silver thiocyanate was prepared by
mixing equimolar quantities of potassium thiocyanate with silver nitrate
in water. Infrared and Raman spectra were recorded (IR spectra as KBr
discs unless otherwise stated) on a Perkin–Elmer System 2000 FT/IR/
Raman spectrometer. 31P, 13C and 1H NMR spectra were recorded using a
JEOL DELTA GSX 270 FT NMR spectrometer. Microanalysis was per-
formed by the University of St. Andrews service. Mass spectra were re-
corded by both the University of St. Andrews mass spectrometry service
and the Swansea mass spectrometry service. The 13C and 15N solid-state
NMR spectra were recorded using a 500 MHz triple channel Varian In-
finityplus spectrometer operating at 125.76 and 50.68 MHz, respectively.
The samples were packed in a 4 mm ZrO2 rotor with vespel drive tip and
teflon spacers. The direct-polarisation magic angle spinning (DP-MAS)
NMR spectra were recorded with 10 kHz spinning using a 908 pulse dura-
tion of 4 ms and a recycle delay of 500 s. The 13C and 15N spectra were ref-
erenced to adamantane (38.4 ppm) and ammonium nitrate (�5.1 ppm).


Synthesis of compound 1: S-Methyliso-
thiourea hydrochloride (20.000 g,
0.158 mol) was suspended in dichloro-
methane (200 cm3). A small volume of
water (4 cm3) was added and the mix-
ture cooled to �10 8C. Trichloro-
ACHTUNGTRENNUNGmethylsulfanyl chloride (29.364 g,
0.158 mol) in diethyl ether (50 cm3)
and sodium hydroxide (25.273 g,
0.632 mol) in water (50 cm3) were


added dropwise over 1 h, while the mixture was kept at �10 8C. The mix-
ture was then stirred for a further 2 h at room temperature followed by
the addition of ammonium hydroxide (5 cm3). The organic layer was then
extracted with dichloromethane (2N150 cm3). The solvent was then re-
moved in vacuo. The product was then isolated by distillation in vacuo at
50 8C by using Kugelrohr apparatus. The product was found to be a pale
yellow oil, which upon cooling became a pale yellow crystalline solid.
Crystals suitable for X-ray diffraction were obtained. Yield 15.830 g
(60%); elemental analysis calcd (%) for C3H3ClN2S2: C 21.62, H 1.81, N
16.81; found: C 21.80, H 1.84, N 16.51; 13C{1H} NMR (CD2Cl2): d=173.1
(s, C5), 171.8 (s, C3), 14.8 ppm (s, CH3);


1H NMR (CD2Cl2): d=2.58 ppm
(s, 3H; SCH3); ES+ MS: m/z : 167 [M+H]+ ; IR (KBr): ñ=3002 (w), 2928
(m), 2783 (w), 2511 (vw), 1606 (w), 1452 (s), 1347 (m), 1334 (w), 1316
(m), 1216 (s), 1065 (s), 977 (m), 907 (s), 807 (w), 722 (w), 538 (w), 508
(w), 489 (m), 442 (w), 344 cm�1 (w).


Synthesis of compound 2 : This compound was prepared in the same fash-
ion as compound 1 by using S-tert-bu-
tylisothiourea hydrochloride (20.000 g,
0.119 mol), trichloromethylsulfanyl
chloride (22.039 g, 0.119 mol) and
sodium hydroxide (18.968 g,
0.474 mol). The product was then iso-
lated by distillation in vacuo at 70 8C
by using Kugelrohr apparatus. This
gave the product as a yellow oil. Yield
18.743 g (76%); elemental analysis


calcd (%) for C6H9ClN2S2: C 34.52, H 4.35, N 13.42; found: C 34.07, H
4.59, N 13.01; 13C{1H} NMR (CD2Cl2): d=171.8 (s, C5), 171.2 (s, C3), 48.1
(s, C ACHTUNGTRENNUNG(CH3)3), 30.3 ppm (s, CACHTUNGTRENNUNG(CH3)3);


1H NMR (CD2Cl2): d=1.56 ppm (s,
9H; C ACHTUNGTRENNUNG(CH3)3); ES+ MS: m/z : 152.9 [M+H�tBu]+ ; IR (KBr): ñ=2992
(s), 2964 (s), 2925 (s), 2865 (s), 2777 (m), 2745 (w), 2717 (w), 2507 (w),
1602 (m), 1476 (s), 1448 (s), 1393 (s), 1365 (s), 1344 (s), 1321 (s), 1222 (s),
1197 (s), 1156 (s), 1063 (s), 1037 (m), 1027 (m), 957 (w), 934 (m), 908 (s),


807 (m), 740 (w), 713 (w), 688 (s), 589 (m), 538 (m), 524 (m), 484 (s), 436
(w), 409 (w), 374 (w), 306 cm�1 (w); Raman (glass capillary): ñ=2970 (s),
2927 (vs), 1452 (w), 1347 (s), 1200 (w), 1162 (w), 936 (vw), 911 (vw), 809
(w), 687 (s), 591 (m), 411 (m), 309 cm�1 (s).


Synthesis of compound 3 : Compound
1 (1.000 g. 6.00 mmol) was dissolved in
methanol (40 cm3). Sodium thiometh-
oxide (0.421 g, 6.00 mmol) was added
as a solid in one portion. The resultant
solution was heated to 40 8C for 24 h.
The solvent was removed in vacuo and
dichloromethane (50 cm3) added. The
resultant mixture was filtered through
a celite pad to remove precipitated
NaCl. The solvent was then removed in vacuo to give the product as a
yellow oil. Yield 0.883 g (83%); elemental analysis calcd (%) for
C4H6N2S3: C 26.95, H 3.39, N 15.71; found: C 26.93, H 3.36, N 15.64;
13C{1H} NMR (CD2Cl2): d=189.1 (s C5), 171.5 (s, C3), 16.8 (s, C5SCH3),
15.1 ppm (s, C3SCH3);


1H NMR (CD2Cl2): d=2.59 (s, 3H; C3SCH3),
2.53 ppm (s, 3H; C5CH3); ES+ MS: m/z : 178 [M+H]+ ; IR (KBr): ñ=


3000 (w), 2927 (m), 2845 (vw), 2413 (vw), 2282 (vw), 1591 (w), 1526 (m),
1424 (s), 1371 (w), 1348 (m), 1314 (m), 1218 (s), 1091 (w), 1067 (s), 1050
(s), 968 (s), 932 (w), 908 (s), 802 (m), 736 (w), 714 (w), 684 (m), 588 (vw),
546 (w), 508 (vw), 489 (w), 470 (w), 443 (w), 383 (w), 331 cm�1 (vw);
Raman (glass capillary): ñ=3001 (w), 2929 (vs), 1426 (w), 1372 (m), 1350
(s), 1316 (m), 1219 (w), 910 (w), 803 (w), 721 (m), 683 (m), 672 (m), 448
(m), 409 (vw), 384 (w), 335 (w), 302 (w), 261 cm�1 (w).


Synthesis of compound 4 : Compound 2 (1.000 g, 4.79 mmol) was dis-
solved in dichloromethane (30 cm3) and cooled to 0 8C. Chlorine gas
(excess) was bubbled slowly through the solution for 20 min. The di-
chloromethane and excess chlorine were removed under reduced pres-
sure. The residue was then dissolved in THF (30 cm3) and copper(I)


chloride (0.474 g, 4.79 mmol) was added. The resultant solution was stir-
red in the dark for 2h. Reaction was observed to be complete when the
green copper (I) chloride was converted to brown copper(II) chloride.
The solvent was removed in vacuo and the residue dissolved in dichloro-
methane (30 cm3). The mixture was filtered through celite and the sol-
vent removed in vacuo. The product was isolated by column chromatog-
raphy on silica eluting with a 50:50 mixture of dichloromethane/hexane.
The product was obtained as a cream powder. Yield 0.256 g (35%); ele-
mental analysis calcd (%) for C4Cl2N4S4: C 15.84, N 17.82; found: C
15.68, N 18.27; 13C{1H} NMR (CD2Cl2): d=174.9 (s, C5), 167.5 (s, C3);
ES+ MS: m/z : 325 [M+Na]+ , 303 [M+H]+ ; IR (KBr): ñ=2764 (w), 1442
(s), 1436 (s), 1379 (w), 1360 (w), 1339 (m), 1213 (s), 1203 (s), 1082 (s),
1072 (s), 1007 (br s), 905 (s), 801 (w), 685 (m), 674 (m), 539 (m), 486 (m),
471 (m), 380 (m), 348 (m), 302 (w), 282 (w), 271 cm�1 (w); Raman (glass
capillary): ñ=1359 (m), 1341 (m), 1211 (w), 907 (w), 805 (w), 693 (vs),
547 (m), 473 (w), 443 (m), 318 (vs), 271 (vw), 241 cm�1 (s).


Synthesis of compound 5 : Compound 4 (0.046 g, 0.151 mmol) was dis-
solved in THF (10 cm3). The solution was cooled to �40 8C and a solution
of LiBEt3H (1.0m ; 0.032 g, 0.30 mmol) in THF was added dropwise. The
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clear solution was observed to change to pale yellow on addition of
LiBEt3H. The reaction mixture was then stirred for a further hour at
�40 8C then [PtCl2 ACHTUNGTRENNUNG(dppe)] (0.100 g, 0.15 mmol) was added as a solid in
one portion with a further portion of THF (10 cm3). The solution was al-
lowed to warm to room temperature and stirred for 24 h. The solvent
was then removed under reduced pressure and the residue dissolved in
dichloromethane (30 cm3). The resultant mixture was filtered through a
celite pad (to removed precipitated LiCl) and the solvent removed in
vacuo to give the product as a pale yellow powder. Crystals suitable for
X-ray diffraction were obtained by vapour diffusion from chloroform/
hexane. Yield 0.098 g (73%); elemental analysis calcd (%) for
C30H24Cl2P2PtN4S4: C 39.18, H 2.63, N 6.09; found: C 38.93, H 2.36, N
5.70; 31P{1H} NMR (CDCl3): d=46.3 ppm (1J(195Pt,31P)=3045 Hz);
1H NMR (CDCl3): d7.83–7.27 (m, 20H; aromatic), 2.61–2.21 ppm (m,
4H; PCH2CH2P); EI+ MS: m/z : 919 [M+Na]+ ; IR (KBr): ñ=3050 (w),
2920 (w), 2851 (w), 2179 (w), 1478 (m), 1445 (s), 1436 (s), 1308 (wm)
1183 (m), 1164 (m), 1105 (m), 1051 (m), 1027 (w), 999 (w), 897 (w), 882
(w), 817 (w), 749 (w), 705 (m), 690 (m), 534 (m), 487 (w), 282 cm�1 (w).


Synthesis of compound 6 : This com-
pound was prepared in the same fash-
ion as compound 3 but with compound
2 (2.000 g, 9.58 mmol) and sodium
thio ACHTUNGTRENNUNGmethoxide (0.672 g, 9.59 mmol) to
give the product as a yellow oil. Yield
1.475 g (70%); elemental analysis
calcd (%) for C7H12N2S3: C 38.15, H
5.49, N 12.71; found: C 38.56, H 5.48,
N 12.89; 13C{1H} NMR (CDCl3): d=


187.6 (s C5), 170.5 (s, C3), 47.9 (s, C ACHTUNGTRENNUNG(CH3)3), 30.5 (s, C ACHTUNGTRENNUNG(CH3)3), 16.6 ppm
(s, C5SCH3);


1H NMR (CDCl3): d=2.62 (s, 3H; C5SCH3), 1.50 (s, 9H; C-
ACHTUNGTRENNUNG(CH3)3); ES+ MS: m/z : 243 [M+Na]+ ; IR (KBr): ñ=2992 (m), 2963 (s),
2923 (s), 2864 (m), 2715 (vw), 1587 (w), 1526 (m), 1475 (m), 1456 (m),
1427 (br s), 1391 (m), 1364 (s), 1347 (m), 1313 (m), 1230 (s), 1199 (br s),
1157 (s), 1063 (s), 1050 (s), 969 (m), 934 (m), 910 (s), 800 (m), 738 (m),
706 (w), 686 (m), 590 (w), 547 (w), 521 (w), 485 (w), 466 (w), 411 (w),
376 cm�1 (w); Raman (glass capillary): 2996 (w), 2967 (m), 2922 (vs),
1454 (w), 1374 (w), 1349 (s), 1316 (w), 1201 (w), 1160 (vw), 912 (w), 808
(w), 711 (w), 685 (m), 675 (m), 593 (m), 489 (w), 414 (w), 353 (w), 312
(m), 226 cm�1 (w).


Synthesis of compound 7: This com-
pound was prepared in the same fash-
ion as compound 3, but by using com-
pound 2 (0.500 g, 2.39 mmol) and
sodium methoxide (0.129 g,
4.05 mmol). The solution was heated
under reflux for 24 h. This gave the
product as yellow oil. Yield 0.412 g
(84%); elemental analysis calcd (%)
for C7H12N2OS2: C 41.15, H 5.92, N
13.71; found: C 40.88, H 5.80, N 14.10;


13C{1H} NMR (CD2Cl2): d=190.3 (s C5), 166.7 (s, C3), 60.4 (s, OCH3),
47.6 (s, C ACHTUNGTRENNUNG(CH3)3), 30.1 ppm (s, C ACHTUNGTRENNUNG(CH3)3);


1H NMR (CD2Cl2): d=4.10 (s,
3H; OCH3), 1.55 ppm (s, 9H; C ACHTUNGTRENNUNG(CH3)3); ES+ MS: m/z : 227 [M+Na]+ ;
IR (KBr): ñ=2994 (m), 2963 (s), 2923 (s), 2866 (m), 2757 (w), 1528 (s),
1476 (m), 1434 (br s), 1401 (s), 1389 (s), 1364 (s), 1230 (br s), 1181 (s),
1158 (s), 1065 (w), 1031 (m), 975 (m), 935 (m), 792 (m), 779 (m), 738 (w),
689 (m), 591 (m), 492 (w), 407 (m), 377 cm�1 (m); Raman (glass capilla-
ry): 2964 (s), 2925 (vs), 1528 (w), 1456 (m), 1436 (m), 1403 (w), 1224 (w),
1157 (w), 935 (w), 810 (m), 782 (m), 690 (w), 591 (s), 494 (w), 427 (w),
409 (m), 376 (w), 307 cm�1 (w).


Synthesis of compound 8 : Compound
2 (1.00 g, 4.791 mmol) was dissolved in
THF (35 cm3) with N-methylpyrroli-
done (3.5 cm3) and a catalytic amount
of [Fe ACHTUNGTRENNUNG(acac)3] (0.077 g, 0.24 mmol). A
solution of methyl magnesium bro-
mide (3.0m in diethyl ether, 1.76 cm3,
5.27 mmol) was added dropwise to the


resultant red solution. This caused the colour to change to brown. After
10 min when the colour had changed to dark purple, the reaction mixture
was diluted with diethyl ether (40 cm3) and quenched by the addition of
hydrochloric acid (1.0m, 2 cm3). After extraction of the organic phase the
product was isolated by column chromatography on silica eluting with a
50:50 mixture of dichloromethane/hexane. This gave the product as a
pale yellow oil. Yield 0.632 g (70%). elemental analysis calcd (%) for
C7H12N2S2: C 44.65, H 6.42, N 14.88; found: C 44.42, H 6.11, N 14.31;
13C{1H} NMR (CD2Cl2): d=185.6 (s C5), 170.1 (s, C3), 47.5 (s, C ACHTUNGTRENNUNG(CH3)3),
30.3 (s, C ACHTUNGTRENNUNG(CH3)3), 16.6 ppm (s, C5CH3);


1H NMR (CD2Cl2): d=2.68 (s,
3H; C5CH3), 1.54 ppm (s, 9H; C ACHTUNGTRENNUNG(CH3)3); ES+ MS: m/z : 211 [M+Na]+ ;
IR (KBr): ñ=2993 (m), 2962 (s), 2923 (s), 2865 (s), 2715 (w), 1611 (w),
1488 (s), 1448 (s), 1393 (m), 1377 (s), 1364 (s), 1343 (m), 1234 (s), 1207
(s), 1159 (s), 1065 (m), 1035 (w), 1025 (w), 993 (w), 935 (m), 909 (w), 852
(w), 810 (m), 695 (m), 675 (w), 587 (m), 533 (w), 493 (w), 424 (w),
378 cm�1 (w); Raman (glass capillary): ñ=2967 (m), 2928 (s), 1454 (w),
1395 (w), 1380 (m), 1346 (w), 1216 (w), 1163 (w), 933 (w), 813 (m), 677
(m), 596 (m), 496 (w), 425 (w), 378 (vw), 338 (w), 307 (vw), 279 cm�1


(vw).


Synthesis of compound 9 : Compound 6 (1.000 g, 4.54 mmol) was dis-
solved in dichloromethane (30 cm3) and cooled to 0 8C. Chlorine gas
(excess) was bubbled slowly through the solution for 20 min. The di-


chloromethane and excess chlorine were removed under reduced pres-
sure to yield a yellow oil. The product was isolated by column chroma-
tography on silica eluting with a 50:50 mixture of dichloromethane/
hexane. The product was obtained as an off white solid. Yield 0.191 g
(13%); elemental analysis calcd (%) for C6H6N4S6: C 22.07, H 1.85, N
17.16; found: C 21.74, H 1.81, N 16.89; 13C{1H} NMR (CD2Cl2): d=190.0
(s C5), 167.7 (s, C3), 16.8 ppm (s, C5CH3);


1H NMR (CD2Cl2): d=2.67 (s,
3H; C5CH3); ES+ MS: m/z : 349 [M+Na]+ ; IR (KBr): ñ=3000 (vw),
2926 (w), 2913 (w), 2853 (w), 1595 (w), 1518 (w), 1433 (m), 1415 (s), 1357
(w), 1337 (m), 1317 (w), 1211 (s), 1151 (w), 1089 (w), 1067 (m), 1020 (s),
974 (m), 966 (w), 910 (m), 801 (m), 715 (w), 682 (w), 671 (w), 543 (w),
461 (w), 385 (w), 278 (w), 258 cm�1 (w).


Synthesis of compound 10 : Compound
9 (0.100 g, 0.31 mmol) was dissolved in
THF (20 cm3). The solution was
cooled to �40 8C and a solution of
LiBEt3H (1.0m ; 0.065 g, 0.61 mmol) in
THF was added dropwise. The clear
solution was observed to change to
pale yellow on addition of LiBEt3H.
The reaction mixture was then allowed
to warm to room temperature and stir-
red for a further hour. The solvent was evaporated in vacuo to yield the
product as a yellow powder. Yield 0.064 g (63%); elemental analysis
calcd (%) for C3H3N2S3Li: C 21.17, H 1.77, N 16.45; found: C 20.91, H
1.46, N 16.32; ES�MS: m/z : 163 [M]� , 131 [M�S]� ; IR (KBr): ñ=3038
(w), 2970 (w), 2928 (w), 2902 (s), 2182 (w), 1509 (w), 1399 (s), 1316 (w),
1306 (m), 1179 (s), 1167 (s), 1097 (w), 1078 (m), 980 (w), 957 (w), 923
(w), 805 (w), 728 (w), 697 (m), 668 (w), 495 (w), 438 (w), 381 (w),
323 cm�1 (w).


Synthesis of compound 11: This compound was prepared in the same
fashion as 5 by using 9 (0.049 g, 0.15 mmol), a solution of LiBEt3H (1.0m ;
0.032 g, 0.30 mmol) in THF and [PtCl2 ACHTUNGTRENNUNG(dppe)] (0.100 g, 0.15 mmol) to
give the product as a pale yellow powder. Yield 0.107 g (78%); elemental
analysis calcd (%) for C32H30P2PtN4S6: C 41.78, H 3.29, N 6.09; found: C
41.42, H 2.89, N 6.23; 31P{1H} NMR (CDCl3): d=46.2 ppm (1J(195Pt,31P)=
047 Hz); 1H NMR (CDCl3): d=7.81–7.23 (m, 20H; aromatic), 2.70–
2.16 ppm (m, 4H; PCH2CH2P); EI+ MS: m/z : 942 [M+Na]+; IR (KBr):
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ñ=3050 (w), 2961 (w), 2920 (w), 2866 (w), 1483 (w), 1435 (m), 1412 (s),
1309 (m), 1262 (m), 1175 (s), 1103 (s), 1042 (m), 1027 (m), 997 (m), 966
(w), 898 (w), 879 (w), 817 (m), 802 (m), 748 (m), 714 (m), 704 (m), 690
(s), 660 (w), 532 (s), 485 (m), 397 cm�1 (w).


Synthesis of compound 12 : Compound 9 (0.100 g, 0.306 mmol) was dis-
solved in THF (20 cm3). The solution was cooled to �40 8C and a solution


of LiBEt3H (1.0m ; 0.065 g, 0.61 mmol) in THF was added dropwise. The
clear solution was observed to change to pale yellow on addition of
LiBEt3H. The reaction mixture was then stirred for a further hour. Com-
pound 1 (0.102 g, 0.61 mmol) was then added as a solid in one portion.
The resulting solution was stirred for 24 h. The solvent was evaporated in
vacuo and the remaining solid was extracted with dichloromethane
(20 cm3). The mixture was filtered through a celite pad to remove pre-
cipitated LiCl and washed through with additional dichloromethane
(30 cm3). The filtrate was evaporated to dryness in vacuo to give a cream
powder. Crystals suitable for X-ray diffraction were obtained by vapour
diffusion from chloroform/hexane. Yield 0.120 g (67%); elemental analy-
sis calcd (%) for C6H6N4S5: C 24.47, H 2.05, N ;19.03 found: C 24.72, H
1.64, N 18.63; 13C{1H} NMR (CD2Cl2): d=191.9 (s, C5), 180.8 (s, C5’),
170.5 (s, C3’), 163.4 (s, C3), 17.0 (s, C5SCH3), 14.7 ppm (s, C3’SCH3);
1H NMR (CD2Cl2): d=2.80 (s, 3H; C5SCH3), 2.65 ppm (s, 3H;
C3’SCH3); ES+ MS: m/z .317 [M+Na]+ ; IR (KBr): ñ=2996 (w), 2966
(w), 2924 (w), 1443 (m), 1416 (s), 1367 (w), 1343 (w), 1331 (m), 1308 (m),
1249 (s), 1217 (s), 1094 (w), 1066 (m), 1058 (m), 977 (w), 966 (w), 916
(w), 906 (w), 801 (m), 681 (m), 482 (w), 420 (w), 387 (w), 285 cm�1 (w);
Raman (glass capillary): ñ=3004 (w), 2928 (s), 1421 (w), 1370 (w), 1346
(s), 1334 (m), 1310 (w), 1252 (m), 1227 (w), 919 (w), 808 (m), 724 (m),
694 (s), 524 (m) 422 (w), 313 (w), 268 cm�1 (w).


Synthesis of compound 13 : This compound was prepared in the same
way as compound 12 by using 9 (0.050 g, 0.15 mmol), LiBEt3H (0.065 g,
0.306 mmol) and compound 2 (0.032 g, 0.31 mmol) to give a cream
powder. Crystals suitable for X-ray diffraction were obtained by vapour
diffusion from chloroform/hexane. Yield 0.053 g (51%); elemental analy-
sis calcd (%) for C9H12N4S5: C 32.11, H 3.59, N 16.65; found: C 31.88, H


3.15, N 16.42; 13C{1H} NMR (CD2Cl2): d=191.8 (s, C5), 179.4 (s, C5’),
169.4 (s, C3’), 163.6 (s, C3), 47.9 (s, CACHTUNGTRENNUNG(CH3)3), 30.3 (s, C ACHTUNGTRENNUNG(CH3)3), 17.0 ppm
(s, C5SCH3);


1H NMR (CD2Cl2): d=2.80 (s, 3H; C5SCH3), 1.59 ppm (s,
9H; C ACHTUNGTRENNUNG(CH3)3); ES+ MS: m/z : 359 [M+Na]+ ; IR (KBr): ñ=2959 (w),
2920 (w), 2858 (w), 1475 (w), 1459 (w), 1436 (s), 1427 (s), 1362 (m), 1342
(w), 1244 (m), 1221 (m), 1208 (m), 1159 (m), 1074 (m), 1061, 971 (w), 917
(w), 797 (w), 675 (w), 501 (w), 475 (w), 402 (w), 278 cm�1 (w); Raman
(glass capillary): ñ=2999 (w), 2965 (m), 2915 (s), 1458 (w), 1435 (w),
1362 (w), 1339 (s), 1323 (w), 1222 (w), 1212 (vw), 1166 (vw), 932 (vw),
919 (w), 812 (w), 801 (w), 714 (w), 676 (s), 598 (m), 490 (w), 478 (m), 443
(w), 383 (w), 368 (w), 319 cm�1 (m).


Synthesis of compound 14 : A slurry of
potassium methyl cyanodithioimido-
carbonate (1.257 g, 7.38 mmol) in di-
chloromethane (30 cm3) was stirred at
0 8C, while sulfuryl chloride (1.267 g,
9.39 mmol) was added dropwise. The
resultant mixture was stirred for a fur-
ther 24 h at room temperature. The
mixture was filtered to remove pre-
cipitated KCl then the solvent was then removed in vacuo to give the
product as a pale yellow crystalline solid. Yield 1.048 g (85%); elemental
analysis calcd (%) for C3H3N2S2Cl: C 21.62, H 1.81, N 16.81; found: C
21.74, H 1.42, N 16.99; 13C{1H} NMR (CD2Cl2): d=191.9 (s, C5), 156.1 (s,
C3), 16.5 ppm (s, CH3);


1H NMR (CD2Cl2): d=2.70 (s, 3H; C5CH3); ES+


MS: m/z : 167 [M+H]+ ; IR (KBr): ñ=2990 (w), 2959 (vw), 2922 (w),
2854 (w), 1433 (s), 1425 (s), 1363 (w), 1345 (m), 1330 (w), 1229 (s), 1174
(w), 1073 (s), 1050 (m), 977 (m), 969 (m), 919 (m), 897 (w), 804 (m), 711
(w), 678 (m), 550 (w), 535 (w), 482 (w), 376 cm�1 (w); Raman (glass capil-
lary): ñ=3006 (w), 2995 (m), 2921 (s), 1365 (w), 1347 (vs), 1327 (w), 1233
(w), 918 (w), 806 (w), 715 (w), 680 (vs), 421 (vs), 380 (w), 258 cm�1 (w).


Synthesis of compound 15 : This com-
pound was prepared in the same fash-
ion as compound 14 using potassium
methyl cyanodithioimidocarbonate
(4.330 g, 0.025 mol) and bromine
(4.063 g, 0.025 mol) to give the product
as a pale yellow crystalline solid. Yield
5.043 g (95%); elemental analysis
calcd (%) for C3H3BrN2S2: C 17.36, H
1.43, N 13.27; found: C 17.07, H 1.01, N 13.45; 13C{1H} NMR (CDCl3):
d=191.6 (s, C5), 144.3 (s, C3), 16.6 ppm (s, CH3);


1H NMR (CDCl3): d=
2.73 ppm (s, 3H; C5CH3); ES+ MS: m/z : 213 [M+H]+ ; IR (KBr): ñ=


2989 (w), 2918 (w), 1561 (w), 1491 (w), 1415 (s), 1354 (m), 1332 (m),
1324 (m), 1208 (br s), 1192 (s), 1096 (w), 1071 (s), 1048 (m), 974 (m), 968
(m), 894 (s), 786 (m), 712 (w), 667 (m), 547 (w), 456 (m), 378 (w), 305
(w), 250 cm�1 (w); Raman (glass capillary): ñ=3004 (w), 2993 (w), 2920
(s), 1423 (vw), 1354 (m), 1347 (m), 1322 (s), 1210 (w), 891 (m), 714 (m),
673 (s), 381 (m), 307 (s), 228 cm�1 (w).


Synthesis of compound 16 : A slurry of dipotassium cyanodithioimidocar-
bonate (7.535 g, 0.04 mol) in dichloromethane (40 cm3) was stirred at


�40 8C, while chlorine (5.498 g, 0.08 mol) in dichloromethane (50 cm3)
was slowly added. The reaction mixture was stirred for 1 h at 0 8C then
suction filtered. The dichloromethane was then removed in vacuo to give
the product as a yellow crystalline solid. Yield 4.748 g (81%); elemental
analysis calcd (%) for C4N4Cl2S4: C 15.84, N 18.48; found: C 15.99, N
18.45; 13C{1H} NMR (CDCl3): d=188.5 (s, C5), 158.0 ppm (s, C3); EI+


MS: m/z : 302 [M]+ ; IR (KBr): ñ=2757 (w), 2423 (w), 1606 (w), 1435 (s),
1362 (m), 1342 (s), 1216 (br s), 1096 (w), 1061 (s), 951 (w), 806 (s), 677
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(m), 555 (w), 542 (w), 481 (m), 418 (w), 410 (w), 373 (m), 357 cm�1 (w);
Raman (glass capillary): ñ=1436 (w), 1365 (m), 1342 (vs), 1223 (w), 915
(m), 809 (m), 681 (m), 560 (w), 538 (w), 471 (w), 419 (m), 376 (w),
360 cm�1 (w).


Synthesis of compound 17: A slurry of dipotassium cyanodithioimidocar-
bonate (2.00 g, 0.01 mol) in dichloromethane (20 cm3) was stirred at
�40 8C, while bromine (3.289 g, 0.02 mol) in dichloromethane (10 cm3)


was added dropwise. The mixture was stirred for a further 2 h at 10 8C.
The solvent and excess bromine was removed in vacuo. The product was
dissolved in dichloromethane (40 cm3) and the solution was filtered. The
solvent was removed in vacuo and the product recrystallised from di-
chloromethane/ether to give a cream crystalline solid. Yield 1.530 g
(76%); elemental analysis calcd (%) for C4N4S4Br2: C 12.25, N 14.29;
found: C 12.56, N 14.18; 13C{1H} NMR (CDCl3): d=188.5 (s, C5),
145.9 ppm (s, C3); 14N NMR (CDCl3): d=310.6 (s, N2), 278.4 ppm (s,
N4); IR (KBr): ñ=1586 (w), 1561 (w), 1424 (s), 1348 (m), 1325 (m), 1193
(br s), 1082 (w), 1059 (m), 942 (w), 891 (s), 796 (m), 784 (m), 679 (w), 665
(m), 547 (m), 535 (m), 338 (m), 438 cm�1 (m); Raman (glass capillary):
ñ=1426 (w), 1350 (s), 1326 (m), 1194 (w), 1065 (w), 895 (m), 798 (m),
782 (w), 674 (s), 534 (m), 440 (w), 403 (w), 359 (w), 301 cm�1 (s).


Synthesis of compound 18 : Compound
16 (1.000 g, 3.30 mmol) was dissolved
in dichloromethane and cooled to 0 8C.
Chorine gas (excess) was bubbled
through the solution. The solution was
then stirred for a further hour at room
temperature then the solvent was re-
moved in vacuo to give the product as
a yellow solid. Yield 1.041 g (84%);


13C-{1H} NMR (CDCl3): d(C) 180.2 (s, C5), 155.9 ppm (s, C3).


Synthesis of compound (SCN)x 19


Method A : Thiocyanogen was allowed to warm to room temperature re-
sulting in spontaneous polymerisation to give polythiocyanogen as a
brick red solid. Yield 0.672 g (58%). elemental analysis calcd (%) for
(SCN)x : C 20.68, N 4.12; found: C 20.44, N 23.89 (2); 13C DP-MAS NMR
(75.4 MHz): d=186.8 ppm (broad slightly asymmetric signal with low in-


tensity spinning side bands); MALDI-TOF MS: m/z : 1149 [S20C20N19]
+ ,


1030 [S18C18N17]
+ , 914 [S16C16N15]


+ , 798 [S14C14N13]
+ , 682 [S12C12N11]


+ , 566
[S10C10N9]


+ , 450 [S8C8N7]
+ , 334 [S6C6N5]


+ , 218 [S4C4N3]
+ , 102 [S2C2N]+ ;


Selected IR data (KBr): ñ=1206 cm�1 (vbr s); Raman (glass capillary):
ñ=1508 (m), 1207v (br s), 1155ACHTUNGTRENNUNG(sh s), 994 (w), 652 (vbrm), 473 (s), 453
(shbrm), 400 (shbrm), 289 (m), 229 cm�1 (m).


Method B : Potassium thiocyanate (0.500 g, 5.145 mmol) was ground to a
very fine powder and added to a flask. Chlorine gas (excess) was then
passed through the powder for 30 s. The mixture was then heated using a
heat gun for approximately 1 min. Reaction was observed to have occur-
red by the mixture turning a brick red colour. Once cool the mixture was
ground to a fine powder and the process of chlorination followed by
heating then grinding was repeated 5 times to ensure complete reaction.
The resulting mixture was washed with water (30 cm3) and filtered to
remove KCl and any residual KNCS. The red powder collected was
washed with methanol (20 cm3) followed by diethyl ether (20 cm3) then
dried in vacuo. Yield 0.202 g (68%). The analytical and spectroscopic
data for (SCN)x 19 synthesised by this method were identical to those
found in material produced by method A. 13C and 15N-labelled samples
of (SCN)x were prepared by this method using 99% 13C and 99% 15N la-
belled KNCS respectively.


X-ray crystallography : Table 1 gives the details of the data collections
and refinements. Intensities were corrected for Lorentz polarisation and
for absorption. Data for 1, 14 and 16 were collected at 93 K by using
MoKa radiation from a high brilliance Rigaku MM007 generator and a
Rigaku Mercury ccd detector; for 5 and 12 at 93 K by using MoKa radia-
tion from a high brilliance Rigaku MM007 generator and a Rigaku
Saturn70 ccd detector; for 13 at 173 K by using CuKa radiation from a
high brilliance Rigaku MM007 generator and a Rigaku Saturn92 ccd de-
tector; and for 17 at 125 K by using MoKa radiation and a Bruker
SMART ccd. The structures were solved by the heavy atom method or
by direct methods. The positions of the hydrogen atoms were idealised.
Refinements were done by full-matrix least squares based on F2 using
SHELXTL.[37] CCDC 290200–290206 (1,5,12,13,14,16, and 17, respective-
ly) contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Results and Discussion


As mentioned above there was a need to clarify the data for
a range of C-S-N heterocycles in order to understand both
heterocyclic and polymer chemistry in this area.


Table 1. Details of X-ray data collections and refinements.


1 5 12 13 14 16 17


formula C3H3ClN2S2 C30H24Cl2N4P2PtS4 C6H6N4S5 C9H12N4S5 C3H3ClN2S2 C4Cl2N4S4 C4Br2N4S4


crystal dimensions [mm] 0.2N0.2N0.05 0.1N0.03N0.01 0.1N0.03N0.01 0.18N0.1N0.01 0.2N0.05N0.05 0.2N0.1N0.05 0.1N0.1N0.01
crystal system monoclinic monoclinic orthorhombic monoclinic monoclinic monoclinic monoclinic
space group P21/c C2/c P212121 P21/m P21 P21/n P21/c
a [R] 7.615(2) 29.675(2) 3.9232(11) 9.5487(8) 3.9264(3) 11.3849(13) 5.8977(11)
b [R] 9.474(4) 8.5789(7) 8.451(3) 6.9794(5) 9.6948(9) 8.1655(10) 7.1476(13)
c [R] 8.961(4) 25.351(2) 33.094(11) 10.8821(18) 8.2410(6) 11.7320(14) 25.310(5)
a [8] 90 90 90 90 90 90 90
b [8] 106.938(10) 94.429(4) 90 91.592(3) 101.8476(10) 111.840(9) 95.044(3)
g [8] 90 90 90 90 90 90 90
V [R3] 618.4(4) 6434.5(9) 1097.2(6) 724.95(14) 307.02(4) 1012.4(2) 1062.8(3)
Z 4 8 4 2 2 4 4
Mr 166.64 896.70 294.45 336.53 166.64 303.22 392.14
1calcd [gcm�3] 1.790 1.851 1.782 1.542 1.803 1.989 2.451
m [mm�1] 1.176 4.916 1.025 7.272 1.184 1.426 8.375
measured reflns 3097 20800 6257 9453 1632 4752 4388
independent reflns (Rint) 1017 ACHTUNGTRENNUNG(0.0277) 5626 ACHTUNGTRENNUNG(0.0445) 1807ACHTUNGTRENNUNG(0.0354) 1311 ACHTUNGTRENNUNG(0.0510) 937 ACHTUNGTRENNUNG(0.0236) 1694 ACHTUNGTRENNUNG(0.1449) 1513 ACHTUNGTRENNUNG(0.0304)
final R1/wR2 [I>2s(I)] 0.0240/0.0557 0.0451/0.0867 0.0322/0.0643 0.0364/0.0984 0.0228/0.0491 0.0936/0.2082 0.0293/0.0686
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1,2,4-Thiadiazoles : Using a retrosynthetic approach
(Scheme 5) we attempted to prepare 1,2,4-thiadiazole mono-
mer units that could be linked together by nucleophilic sub-


stitution at C5 to form dimers and higher oligomers. The 3-
alkylsulfanyl-5-chloro-1,2,4-thiadiazoles 1 and 2 were pre-
pared by the reaction of the appropriate S-alkylisothiourea
hydrochloride with trichloromethylsulfanyl chloride and po-
tassium hydroxide in a mixture of dichloromethane and
water [Eq. (1)].


After dichloromethane extraction of the organic phase
followed by removal of the solvent 1 or 2 was isolated by
distillation in vacuo by using a Kugelrohr apparatus at 50 8C
or 70 8C, respectively, which was
a small modification to the liter-
ature preparation of 1 and 2 in
water followed by steam distilla-
tion,[31] though only melting
point and IR spectroscopy were
mentioned in this report. More
recently the 13C NMR of 1 was
reported by Morel et al.[27] Com-
pound 1 is a pale yellow oil
which upon cooling slightly
became a pale yellow crystalline
solid. Compound 2 is a yellow
oil. Microanalysis and mass
spectroscopy gave the expected
results for both species and the
C�H stretching bands were
noted in the region 2865–
3002 cm�1. The ring vibrations
were observed at 1452 and
1216 cm�1 in 1 and 1447 and
1222 cm�1 in 2 (Goerdeler et al.


reported[31] the ring stretching bands for 3-alkylsulfanyl-
1,2,4-thiadiazoles in the ranges 1435–1445 and 1220–
1255 cm�1). In the 13C{1H} NMR spectrum of 1 the shifts for
the ring carbons were observed at d=173.1 and 171.8 ppm
and these are assigned as C5 and C3, respectively (c.f. Morel
et al.[27] d=173.2 (C5) and 172 ppm (C3)). Our assignment
was confirmed by H-C HMBC and H-C HSQC experiments.
For compound 2 signals assigned to C5 and C3 were noted
at d=171.8 and 171.2 ppm, respectively. A single-crystal X-
ray diffraction study confirmed the structure of 1 (Figure 5,
Table 2). The X-ray structures of the various heterocycles
will be considered together (vide infra).


Reaction of 1 with sodium thiomethoxide in methanol
[Eq. (2)] gives 3,5-bis-methylsulfanyl-1,2,4-thiadiazole 3 in
excellent yield and the disulfide 4 was prepared from 2 ac-
cording to [Eq. (3)].


Compound 2 was dissolved in dichloromethane and
excess chlorine gas was passed through the solution at 0 8C


Scheme 5. Retrosynthetic approach for the preparation of 1,2,4-thiadia-
zole model compounds.


Figure 5. X-ray crystal structure of 1.


Table 2. Selected bond lengths [R] and angles [8] for 1, 5, 12 and 13.


1 5 12 13


S(1)�N(2) 1.6629(13) 1.657(8) 1.667(3) 1.650(3)
S(11)�N(12) – 1.653(8) 1.666(3) 1.657(2)
S(1)�C(5) 1.7074(14) 1.712(11) 1.735(3) 1.723(3)
S(11)�C(15) – 1.719(9) 1.721(3) 1.719(3)
N(2)�C(3) 1.3160(18) 1.312(12) 1.312(4) 1.314(4)
N(12)�C(13) – 1.349(10) 1.305(4) 1.309(4)
C(3)�N(4) 1.383(2) 1.425(11) 1.367(4) 1.356(4)
C(13)�N(14) – 1.382(10) 1.384(4) 1.383(4)
N(4)�C(5) 1.2999(18) 1.275(12) 1.319(4) 1.320(4)
N(14)�C(15) – 1.284(10) 1.316(4) 1.312(4)


N(2)-S(1)-C(5) 91.80(7) 91.2(4) 92.55(15) 92.41(15)
N(12)-S(11)-C(15) – 91.8(4) 91.97(15) 91.66(13)
C(3)-N(2)-S(1) 107.10(10) 109.6(7) 106.7(2) 107.2(2)
C(13)-N(12)-S(11) – 107.6(6) 107.8(2) 108.8(2)
N(2)-C(3)-N(4) 120.36(13) 116.4(8) 121.2(3) 120.7(3)
N(12)-C(13)-N(14) – 118.4(7) 120.0(3) 118.8(3)
C(5)-N(4)-C(3) 106.53(12) 108.2(8) 108.1(3) 107.8(3)
C(15)-N(14)-C(13) – 108.1(7) 107.5(3) 108.0(2)
N(4)-C(5)-S(1) 114.22(12) 114.3(7) 111.5(3) 111.8(2)
N(14)-C(15)-S(11) – 114.1(6) 115.5(2) 112.7(7)
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to give a mixture of products including the desired sulfenyl
chloride. The 13C{1H} NMR spectrum of the mixture showed
signals assigned to C5 and C3 of the sulfenyl chloride at d=
175.2 and 166.9 ppm, respectively. Due to the air sensitive
nature of the sulfenyl chloride no attempt was made to iso-
late this species. Instead the reaction mixture was used as
obtained for the next stage. Compound 4 was obtained pure
after column chromatography, the n ACHTUNGTRENNUNG(S�S) vibration in 4 is
assigned as the peak at 471 cm�1.


In an attempt to reductively cleave the disulfide bridge
and lead to spontaneous polymerisation, LiBEt3H was
added to the disulfide 4 in THF at �40 8C, whereupon the
solution turned yellow. After stirring for an hour the yellow
solution was allowed to slowly warm to room temperature
and as the solution warmed a pale yellow solid precipitated.
This solid was insoluble in all common solvents and water.
Solid-state 13C NMR did not yield any useful data. We spec-
ulate that at �40 8C the lithium salt is formed, but at higher
temperatures it reacts with itself to give an oligomeric/poly-
meric material (Scheme 6) though the colour difference be-


tween this and (SCN)x indicates that this is not the
“normal” polymer. We believe that this reaction yields a
new isomer of (SCN)x and are currently making efforts to
optimise the reaction and isolate enough material for de-
tailed study.


To confirm that the lithium salt was formed at low tem-
perature we trapped the anion as a platinum complex.
LiBEt3H was added to the disulfide 4 in THF at �40 8C and
the solution was maintained at �40 8C whilst [PtCl2ACHTUNGTRENNUNG(dppe)]


was added. This resulted in the formation of
[Pt(C2N2S2Cl2)2ACHTUNGTRENNUNG(dppe)] (5) [Eq. (4)].


The microanalysis and mass spectral data for 5 were ac-
ceptable. The ring stretches were observed at 1436 and


1183 cm�1 in the IR spectrum.
The 31P{1H} NMR spectrum of
5 consists of a sharp singlet at
46.3 ppm with platinum satel-
lites (1J(195Pt,31P)=3045 Hz).
The X-ray structure confirms
the connectivity of the com-
pound (Figure 6). Due to the
reactivity of the 1,2,4-thiadi-


ACHTUNGTRENNUNGazole ring at C5, we replaced chlorine with SMe, OMe, and
Me in 6, 7 and 8, respectively (Scheme 7) enabling us to
obtain a stable lithium salt.


Compound 6 was dissolved in dichloromethane and
chlorinated at 0 8C. Further reaction with copper(I) chloride
did not successfully convert the sulfenyl chloride to the di-
sulfide. However, we found that if the reaction mixture was


Scheme 6. Proposed polymerisation of the lithium salt of 5-chloro-1,2,4-
thiadiazole-3-thiol.


Figure 6. X-ray crystal structure of 5.
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exposed to the atmosphere after chlorination then it was
possible to obtain the disulfide 9 in modest yield [Eq. (5)].


In 9 the n ACHTUNGTRENNUNG(S�S) vibration was observed at 461 cm�1. Anal-
ogous reactions to that shown in Equation (5) were attempt-
ed using 7 and 8, but no disulfides were obtained from these
compounds. The lithium salt 10 was synthesised from 9
[Eq. (6)].


Unfortunately the lithium salt 10 was too insoluble to
record 13C NMR data. Therefore platinum complex 11 was
prepared in the same way as 5 to confirm the lithium salt
had been formed [Eq. (7)].


Complex 11 gave rise to a sharp singlet at d=46.2 ppm
with a 1J(195Pt,31P) coupling constant of 3047 Hz in its
31P{1H} NMR spectrum. As expected the values noted were
almost identical to those for 5 (d=46.3 ppm, 1J(195Pt,31P)=
3045 Hz). The ring stretches were observed at 1412 and
1175 cm�1 in the IR spectrum. Microanalysis and mass spec-
troscopy gave the expected results.


Having successfully synthesised our monomer units [the
3-alkylsulfanyl-5-chloro-1,2,4-thiadiazoles (1 and 2) and the
lithium salt of 5-methylsulfanyl-1,2,4-thiadiazole-3-thiol
(10)] the next step was to combine the two species by nucle-
ophilic substitution at C5 to form a model compound
[Eq. (8)].


The lithium salt 10 was prepared in situ in THF, a stoi-
chiometric amount of the appropriate 3-alkylsulfanyl-5-
chloro-1,2,4-thiadiazole was added and the resulting solution
stirred overnight to give after workup both 12 and 13 as
cream powders in good yield. In both compounds the micro-
analysis confirmed the purity of the compounds, mass spec-
troscopy showed the [M+Na]+ species and the ring vibra-
tions are observed at approximately 1430 and 1230 cm�1.
The methyl protons were observed in the 1H NMR spectrum
at d=2.80 (C5SCH3) and 2.65 ppm (C3’SCH3) In the
13C{1H} NMR spectrum of 12 the methyl carbons were ob-


served at d=17.0 (C5SCH3)
and 14.7 ppm (C3’SCH3). The
signals of the ring carbons were
observed at d=191.9, 180.8,
170.5, and 163.4 ppm. The
peaks at d=191.9 and
170.5 ppm are indisputably as-
signed as C5 and C3’, respec-


tively, by H-C HMBC and H-C HSQC experiments. The
peaks at d=180.8 and 163.4 ppm were assigned to C5’ and
C3, respectively, by comparison with the shifts recorded in
the other 1,2,4-thiadiazole compounds. In compound 13 the
expected signals were observed in the correct ratio in the
1H NMR spectrum. In the 13C{1H} NMR spectrum the peaks
were noted at d=191.8, 179.4, 169.4 and 163.6 ppm and
were assigned as C5, C5’, C3’ and C3, respectively. H-C
HMBC and H-C HSQC experiments confirmed the assign-
ment of C5. The X-ray structures confirm that the mono-
meric units have been linked together (Figure 7).


The 3-halo-1,2,4-thiadiazoles 14 and 15 were prepared for
spectral comparison according to Equation (9).


Scheme 7. Synthesis of 6, 7 and 8.
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Both 14 and 15 gave satisfactory microanalysis and
showed the anticipated [M]+ in their mass spectra. The ab-
sence of a nitrile band in the region 2000–2200 cm�1 con-
firmed no starting material remained in the samples. Witten-
brook et al. have reported that 3-halo-1,2,4-thiadiazole sul-
fides have two strong bands in the ranges 1381–1441 and
1175–1232 cm�1 assigned as ring vibrations.[29] They noted
that different substituents attached to the exocyclic sulfur at
C5 do not affect the ring stretches, but different halogen
atoms at C3 produce a detectable shift in both bands. They
report values for the ring stretches of 1425 and 1228 cm�1


for 14 and 1404 and 1202 cm�1 for 15. The change in ring vi-
brations between 14 and 15 is attributed to chlorine being
replaced by bromine. We observe the ring stretching bands
at 1425 and 1229 cm�1 in 14 and 1415 and 1208 cm�1 in 15
with n ACHTUNGTRENNUNG(C�S) at 678 and 665 cm�1 in 14 and 15, respectively.


The structure of 14 was confirmed by a single crystal X-ray
diffraction study (Figure 8, Table 3).


Bis(3-halo-1,2,4-thiadiazol-5-yl) disulfides 16 and 17 were
prepared by the reaction of potassium cyanodithioimidocar-
bonate and the appropriate halogen [Eq. (10)].


Both species were prepared in excellent yields. Com-
pounds 16 and 17 have previously been reported in the liter-
ature, but only melting point and IR spectroscopy data were
recorded.[28] Compounds 16 and 17 showed the anticipated
[M]+ ions in their mass spectra with the expected isotopo-
ACHTUNGTRENNUNGmer distributions and the microanalyses were within the
specified limits. In the IR spectra the S�S stretch is observed
at 481 and 448 cm�1 in 16 and 17, respectively. The ring vi-


Table 3. Selected bond lengths [R] and angles [8] for 14, 16 and 17.


14 16 17


S(1)�N(2) 1.661(2) 1.661(7) 1.659(4)
S(11)�N(12) – 1.662(7) 1.658(4)
S(1)�C(5) 1.730(3) 1.716(5) 1.719(5)
S(11)�C(15) – 1.723(8) 1.702(5)
N(2)�C(3) 1.310(4) 1.310(10) 1.313(6)
N(12)�C(13) – 1.307(10) 1.320(6)
C(3)�N(4) 1.350(4) 1.355(9) 1.358(6)
C(13)�N(14) – 1.352(10) 1.378(6)
N(4)�C(5) 1.319(3) 1.317(10) 1.321(6)
N(14)�C(15) – 1.314(10) 1.312(6)


N(2)-S(1)-C(5) 92.29(12) 91.4(4) 91.7(2)
N(12)-S(11)-C(15) – 91.4(4) 92.1(2)
C(3)-N(2)-S(1) 106.22(18) 106.7(5) 107.1(3)
C(13)-N(12)-S(11) – 107.2(5) 107.2(3)
N(2)-C(3)-N(4) 122.3(4) 122.3(4) 121.5(4)
N(12)-C(13)-N(14) – 121.6(7) 120.2(4)
C(5)-N(4)-C(3) 107.2(2) 105.7(6) 106.5(4)
C(15)-N(14)-C(13) – 106.9(6) 106.5(4)
N(4)-C(5)-S(1) 111.9(2) 113.9(6) 113.2(4)
N(14)-C(15)-S(11) – 113.0(6) 113.9(4)


Figure 7. X-ray crystal structures of 12 (top) and 13 (bottom).


Figure 8. X-ray crystal structure of 14.
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brations are noted at 1435 and 1216 cm�1 (lit. :[28] 1435,
1215 cm�1) in 16 and at 1415 and 1208 cm�1 (lit. :[28] 1427,
1192 cm�1) for 17. In the 13C{1H} NMR spectrum of 16, C5
and C3 were observed at d=188.5 and 158.0 ppm respec-
tively. Similarly in 17, C5 and C3 were noted at d=188.5
and 145.9 ppm. The 14N NMR spectrum of 17 revealed two
broad singlets centred at d=310.6 and 278.4 ppm assigned
as N2 and N4, respectively. X-ray crystal structures have
been determined (Figure 9).


Compound 16 was readily converted into the sulfenyl
chloride 18 by chlorinating with excess Cl2 [Eq. (11)].[28]


Compound 18 is air sensitive; therefore it was stored


under nitrogen and no mass spectroscopy, microanalytical or
IR data were collected. In the 13C{1H} NMR spectrum C5
and C3 were noted at d=180.2 and 155.9 ppm respectively.


In summary, all of the 1,2,4-thiadiazole compounds 1–17
were found to be pure by microanalysis and the expected
ions were observed in the mass spectra. X-ray crystallogra-
phy has been used to establish the connectivity in selected
examples. In the IR and Raman spectra, the ring vibrations
are observed at approximately 1400 and 1200 cm�1. The
13C NMR shifts for the ring carbon atoms C5 and C3 are
compiled in Table 4; the data reveal that C5 lies in the
range d=180–192 ppm when bonded to alkyl, alkoxy and
thioalkoxy groups and the peak corresponding to C3 is ob-
served at approximately d=171 ppm when bonded to thioal-
koxy groups.


Parathiocyanogen: We synthesised polythiocyanogen by two
different methods. Firstly by allowing thiocyanogen S2(CN)2,
prepared by the reaction of silver thiocyanate with bromine,
to slowly warm to room temperature resulting in spontane-
ous polymerisation to give 19. The second method involved
passing excess chlorine gas through powdered potassium


thio ACHTUNGTRENNUNGcyanate, followed by heating. We found that chlorinating
for approximately 30 s and heating for 1 min then repeating
the procedure a further five times optimised the yield of
(SCN)x. Using this method we also prepared 13C- and 15N-la-
belled samples of (SCN)x from 13C- and 15N-labelled potassi-
um thiocyanate, respectively. Polythiocyanogen obtained by
both methods gave identical analytical and spectral data. It
is an air stable, brick red, amorphous solid. We made several
attempts under variety of conditions and using different
samples, but were unable to obtain any powder diffraction
whatsoever from (SCN)x ; this result is in contrast to Cata-
ldo[12] who observed a broad reflection at about 27o and
more in keeping with the observations of Bowmaker et al.[6]


The broadness of the one reflection in CataldoVs diffracto-
gram precludes any structural conclusions and may be a
background artifact. Conductivity measurements revealed
that samples of (SCN)x prepared in this work were insula-
tors; occasional samples which showed modest conductivity
were always found to be contaminated with KCl and we
speculate that some literature conductivities may be errone-
ous because of the presence of ionic impurities. Polythiocya-
nogen is insoluble in water and all organic solvents, with the
exception of dimethyl formamide and dimethyl sulfoxide in
which it is very sparingly soluble. Microanalysis of (SCN)x


confirmed the composition of the polymer. MALDI-TOF
mass spectra with [3-(4-tert-butylphenyl)-2-methyl-2-prope-
nylidene]malonitrile (DCTB) as the matrix were recorded
several times with the addition of various metal salts (NaI,
LiCl, Cu ACHTUNGTRENNUNG(NO2)2, Ag ACHTUNGTRENNUNG(NO2)). The spectrum with addition of
LiCl did not yield any useful information; however, the
spectra with addition of NaI, CuACHTUNGTRENNUNG(NO2)2 and Ag ACHTUNGTRENNUNG(NO2)
showed identical results. As an example the spectrum with
CuACHTUNGTRENNUNG(NO2)2 added is illustrated (Figure 10). It contains the
series at m/z 1149 [S20C20N19]


+ (most intense peak m/z value
cited), 1030 [S18C18N17]


+ , 914 [S16C16N15]
+ , 798 [S14C14N13]


+ ,
682 [S12C12N11]


+ , 566 [S10C10N9]
+ , 450 [S8C8N7]


+ , 334
[S6C6N5]


+ , 218 [S4C4N3]
+ , 102 [S2C2N]+ . The isotope pattern


for each set of peaks in the series matches the predicted pat-
terns exactly.


Table 4. 13C{1H} NMR shifts for ring carbon atoms in 1,2,4-thiadiazoles.


d [ppm]
C5 [C5’] C3 [C3’]


1 173.1 171.8
2 171.8 171.2
3 189.1 171.5
4 174.9 167.5
6 187.6 170.5
7 190.8 166.7
8 185.6 170.1
9 190.0 167.7
12 191.9 [180.5] 163.4 [170.5]
13 191.8 [179.4] 163.6 [169.4]
14 191.6 156.1
15 191.6 144.3
16 188.5 158.0
17 188.5 145.9
18 180.2 155.9


Figure 9. X-ray crystal structure of 17, the structure of 16 is very similar
and is not illustrated.
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The repeat unit of 116 m/z corresponds to (SCN)2, which
suggests that this may be the monomeric unit. The (SCN)2


repeat unit fits very well with our proposed structures of
linked heterocyclic five-membered rings. The absence of any
series with a 58 m/z (SCN) repeat unit is strong evidence
against (SCN)x polymer being composed of linear chains of
linked SCN units as proposed in the literature.[4,11]


The IR spectrum of (SCN)x we obtained is dominated by
a very broad peak with a maximum at 1134 cm�1 (Figure 11)
consisting of several overlapping peaks and is comparable
with IR spectra reported in the literature.[4,11–13] The Raman
spectrum (Figure 11) was more informative, but there is still
considerable broadness caused by overlapping peaks. In the
Raman spectra there are no peaks in the range 1600–
3500 cm�1; the absence of any bands in the region 2000–
2200 cm�1 strongly suggests that there are no nitrile groups
present in (SCN)x. In the range 800–1600 cm�1 there is a
small peak at 1508 cm�1, a very broad, intense peak at
1207 cm�1 with an evident shoulder, a strong peak at
1155 cm�1 and a low intensity peak at 994 cm�1. In the range
200–800 cm�1 there are several overlapping peaks at approx-
imately 650 cm�1, several overlapping peaks in the range
400–480 cm�1 and two further peaks at 289 and 229 cm�1.
We propose that the peak at 650 cm�1 is due to n ACHTUNGTRENNUNG(C�S) vi-
brations and we speculate that the peaks in the range 400–
480 cm�1 may correspond to n ACHTUNGTRENNUNG(S�S) vibrations. The IR and
Raman spectral data for (SCN)x is, as expected, very differ-
ent to the linear small molecules Sn(CN)2 (n=1, 2, 3) which
show virtually no peaks in the range 800–1600 cm�1. Inter-
estingly the 1,2,4-thiadiazole compounds that we have pre-
pared and 1,2,4-dithiazole compounds[14,15,18,23] show strong
ring vibrations in the same region as the large central peak
in the IR spectrum of (SCN)x.


We attempted to record the 13C NMR spectrum of (SCN)x


in dimethylformamide, which was reported twice in the liter-
ature by Cataldo.[11,12] We found only a trace amount of the
polymer dissolved resulting in a faint yellow colour of the
solution and no signal was observed (except for dimethylfor-
mamide) even with a 99% 13C-labelled sample of (SCN)x


after 29000 scans. Examination of the published literature


spectrum is enlightening, since the spectrum illustrated by
Cataldo contains no solvent resonance. This seems remark-
ACHTUNGTRENNUNGable and we are inclined to the view that the reported spec-
tra are actually solid state not solution data or due to impur-
ities such as thiourea. We recorded 13C and 15N NMR spec-
tra of normal and labelled (SCN)x in the solid state. In the
13C{1H} DP-MAS NMR of natural abundance and 99% 13C-
labelled polythiocyanogen we observed a major resonance
at d=186.8 ppm. The signal is broad and slightly asymmetric
with low intensity spinning side bands (Figure 12). As ex-
pected the signal-to-noise ratio was substantially improved
in the 13C-labelled sample.


In the spectrum there is a broad peak centred at d=


186.6 ppm with a visible shoulder. Deconvolution yielded
two singlets at d=187.1 (integral intensity 0.88) and d=


183.8 ppm (integral intensity 1). Additionally there is a mul-
tiplet at d=152–172 ppm with significantly lower intensity.
Deconvolution of the multiplet yielded three singlets at d=
156.6 ppm (integral intensity 0.24), d=163.2 (integral inten-
sity 0.35) and 168.1 ppm (integral intensity 0.16). Thus, the
13C NMR spectrum of (SCN)x is dominated by two carbon


Figure 11. IR spectrum (top) and Raman spectrum (bottom) of (SCN)x


19.


Figure 10. MALDI TOF mass spectrum of polythiocyanogen 19.
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shifts at d=183.8 and 187.1 ppm of approximately equal in-
tensity. We attribute these two peaks to the polymer chain
and the lower intensity peaks may be due to terminal
groups or impurities; the intensities of these latter peaks are
in accord with end groups for a “polymer” with a molecular
weight of approximately 1000 as determined from mass
spectrometry. The carbon environments in the polymer 19
are clearly different to that of KSCN (d=133.8 ppm),
S2(CN)2 (d=108.3 ppm) and S(CN)2 (d=100.1 ppm). The
13C shifts recorded for polythiocyanogen are in the same
range as the 1,2,4-thiadiazoles (Table 4) and 1,2,4-dithia-
zoles.[14, 15] In polythiocyanogen the close proximity of the
two peaks at d=183.8 and 187.1 ppm indicates that the two
carbon environments in the polymer are very similar. In the
proposed 1,2,4-thiadiazole structure, C5 is bonded to one ni-
trogen atom and two sulfur atoms, whereas C3 is bonded to
two nitrogen atoms and one sulfur atom. We note from
Table 4 that typically the C5 signal is observed in the range
180–192 ppm, whereas C3 atom resonates in the range 163–
172 ppm. If (SCN)x had a 1,2,4-thiadiazole structure, the C3
environment in the polymer would be comparable to that of
C3 in 12 and 13, which are observed at approximately
163.5 ppm. In the 1,2,4-thiadiazole model compounds the
most downfield shift observed for C3 is 172 ppm. This is
strong evidence against a 1,2,4-thiadiazole structure for
poly ACHTUNGTRENNUNGthiocyanogen. Furthermore, we note the outcome of the
reaction of the lithium salt of bis(5-chloro-1,2,4-thiadiazol-3-
yl) disulfide with itself. If the polymer was made of 1,2,4-
thiadiazole rings this reaction should result in the formation
of polythiocyanogen. Instead it gave a yellow solid which
may be, as indicated earlier, an isomeric form of (SCN)x.


Our alternative hypothesis, described above, was that the
polymer is based on five-membered rings linked by nitrogen
atoms and the 13C NMR data for polythiocyanogen is com-
patible with a structure composed of 1,2,4-dithiazole rings
linked by exocyclic nitrogen atoms; both carbon atoms are
in very similar environments bonded to two nitrogen atoms
and one sulfur atom. Butler and Glidewell reported that the
13C NMR spectrum of isoperthiocyanic acid (3-amino-5-
thione-1,2,4-dithiazole)[32] consists of two peaks at d=208
and 183 ppm. We resynthesised isoperthiocyanic acid[33] and


obtained almost identical 13C NMR data with the peaks at
d=208.2 and 183.1 ppm corresponding to C5 and C3, re-
spectively. The C3 atom is bonded to two nitrogen atoms
and one sulfur atom and is comparable to the carbon envi-
ronments in our proposed 1,2,4-dithiazole structure. The
value for C3 at d=183.1 ppm is very similar to the main
peaks observed in (SCN)x (d=183.9 and 187.1 ppm).


Furthermore, Graubaum et al. have prepared several
1,2,4-dithiazole compounds[34,35] in which both carbon atoms
in the ring are in environments comparable to the carbon
environments in our proposed 1,2,4-dithiazole structure for
(SCN)x. The 13C NMR shifts reported are very similar to
those which we have recorded for polythiocyanogen and are
shown in Table 5.


Even more compelling evidence for the nitrogen-linked
structure came from the solid-state 15N NMR spectrum of
(SCN)x, which we recorded using a 99% 15N-labelled sample
(Figure 13). Two peaks of equal intensity are noted at d=


236.9 and 197.2 ppm. A lower intensity peak is observed at
d=170.2 ppm.


These 15N NMR resonances differ considerably from the
14N NMR shifts for the small molecules Sn(CN)2 (n=1, 2),
which are observed at approximately d=290 ppm indicating
the difference between the nitrogen environments in the
polymer and the linear small molecules. Furthermore, thia-
zoles have 15N NMR shifts at approx d=300 ppm[36] and the


Table 5. 13C NMR data for 3-amino-5-thione-1,2,4-dithiazole and 1,2,4-di-
thiazoles reported by Graubaum et al.[34,35]


d [ppm]
C5 C3


ACHTUNGTRENNUNG(SCN)x 187.1 183.8


208.2 183.1


184.5 180.1


185.6 178.9


180.7 174.9


193.3 180.8


192.6 183.0


Figure 12. 13C DP-MAS solid-state NMR spectrum of 13C-labelled
(SCN)x.
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14N NMR spectra for bis(3-bromo-1,2,4-thiadiazol-5-yl) di-
sulfide (17) displays two shifts at d=310.6 and 278.4 ppm as-
signed as N2 and N4 respectively. Thus the nitrogen NMR
data do not support a 1,2,4-thiadiazole structure for (SCN)x.
Butler and Glidewell reported that the 15N NMR spectrum
of isoperthiocyanic acid (3-amino-5-thione-1,2,4-dithia-
zole)[32] consists of two peaks; we repeated this experiment
and observed two broad peaks at d=221 and 106 ppm in
the 14N NMR spectrum of isoperthiocyanic acid. The peak
at d=221 ppm is assigned as N4 and the peak at d=


106 ppm corresponds to the exocyclic NH2. Interestingly 15N
NMR shifts for imino groups are observed in the range 170–
200 ppm.[36] Our observed solid-state 15N data fit very well
with an (SCN)x structure based on repeating 1,2,4-dithiazole
rings linked by =N� imino nitrogen atoms. The structure
proposed in Scheme 8 does not rationalise the [Sz(CN)2]x
polymers claimed by Cataldo;[13] however, as mentioned
above, these polymers have only been characterised by IR
spectroscopy. The spectra in reference [13] can be readily


reconciled with mixtures of (SCN)x and sulfur impurities.
We have repeated the polymerisations as described by Cata-
ldo and the product is invariably contaminated with sulfur
(as determined by HPLC analysis) and we do not consider
the existence of [Sz(CN)2]x to be firmly established.


Polyselenocyanogen: Finally, we note that (SeCN)x has been
recently described[38] by Cataldo, who reported that seleno-
cyanogen (Se2(CN)2) when treated with certain organic sol-
vents (acetone, dimethyl formamide, methanol and triethyl-
ACHTUNGTRENNUNGamine) spontaneously polymerises to give polyselenocyano-
gen (SeCN)x. In the same work it was reported that polyse-
lenocyanogen could alternatively be prepared from seleno-
cyanogen by heating in high boiling solvents such as xylenes
and decalin. We have examined a number of selenium-con-
taining systems[39–44] and it is reasonable to anticipate that C-
Se-N analogues of the C-S-N described here could exist and
thus we conducted some preliminary experiments on
(SeCN)x and it is appropriate to include our preliminary ob-
servations here.


We added selenocyanogen to acetone and a red solid pre-
cipitated as reported.[38] The solid was isolated by suction fil-
tration and dried in vacuo. Analysis of the insoluble red
solid showed it was red selenium rather than (SeCN)x. Mi-
croanalysis showed 2.25% C and 0.42% N compared to the
expected 11.44% C and 13.35% N for (SeCN)x. Positive ion
electron impact mass spectroscopy displayed the [M]+ at
m/z=632 corresponding to Se8. Ions at m/z=553 (Se7),
m/z=474 (Se6), m/z=395 (Se5), m/z=316 (Se4), m/z=238
(Se3), m/z=158 (Se2) and m/z=79 (Se) were all observed
with the expected isotopomer distributions. Raman spectros-
ACHTUNGTRENNUNGcopy showed only one vibration at 253 cm�1 corresponding
to n ACHTUNGTRENNUNG(Se�Se). Similar results were obtained from reaction
with methanol and by heating in high boiling solvents. Bow-
maker et al. have prepared thin films of polythiocyanogen
by oxidation of potassium thiocyanate in methanol.[6] When
they carried out oxidation of potassium selenocyanate the
results were far less conclusive. They obtained a patchy
orange red film that exhibited bands due to grey selenium
in the Raman spectrum. Within a day the film had decom-
posed to give grey selenium. On the basis of our evidence
and the observations of Bowmaker et al. we have no reason
to believe that (SeCN)x exists.


Conclusion


This work describes a systematic investigation and full char-
acterisation of a series of 1,2,4-thiadiazoles. Furthermore,
the data we have collected and the propensity of HNCS and
(SCN)2 to form 1,2,4-dithiazole rings leads us to propose
that polythiocyanogen has a structure composed of 1,2,4-di-
thiazole rings linked by nitrogen bridges (Scheme 8). We be-
lieve our analysis, based on good quality spectroscopic data,
provides a reasonable proposal for the structure of (SCN)x


and we do not believe that compelling evidence for the exis-
tence of [Sz(CN)2] or (SeCN)x has been presented to date.Scheme 8. Proposed mechanism for polymerisation of S2(CN)2.


Figure 13. DP-MAS solid-state 15N NMR spectrum of (SCN)x.
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Introduction


Dissolution and precipitation of salts are fundamental proc-
esses in solution chemistry. Dissolved salts, such as sodium
chloride (NaCl), play important roles in both inorganic and
organic reactions,[1,2] and particularly in biochemistry, for in-
stance, biological growth[3–6] and solubility of biomolecules
in salt buffers.[7] They are also important in marine chemis-
try[8] and for the formation and reactivity of aerosols in the
atmosphere.[9–12] The dissolution and precipitation of salts in
aqueous systems are widely used in our daily life, for exam-
ple, in wastewater treatment by precipitation,[13] wound heal-
ing,[14] and prevention of hailstorms by providing nucleation
seeds in clouds to stimulate rain.[15] One of the most classic
reactions in analytical chemistry is the precipitation of
halide ions with silver nitrate. Therefore, the solvation of
salts has been extensively investigated experimentally,[16–27]


as well as theoretically.[28–40]


Recent experiments have shown that ionized substances
are present not only in bulk solutions, but also in small,
finite clusters.[41–45] Clearly, the stabilization energy of an ion
depends on the number of solvent molecules in its solvation
shell, and this raises the question what minimum amount of
solvent is required to stabilize the ionized substances.[46–48]


Our experiments, employing Fourier transform ion cyclotron


Abstract: An ab initio molecular dy-
namics method was used to compare
the ionic dissolution of soluble sodium
chloride (NaCl) in water clusters with
the highly insoluble silver chloride
(AgCl). The investigations focused on
the solvation structures, dynamics, and
energetics of the contact ion pair (CIP)
and of the solvent-separated ion pair
(SSIP) in NaCl ACHTUNGTRENNUNG(H2O)n and AgCl ACHTUNGTRENNUNG(H2O)n


with cluster sizes of n = 6, 10 and 14.
We found that the minimum cluster
size required to stabilize the SSIP con-
figuration in NaCl ACHTUNGTRENNUNG(H2O)n is tempera-


ture-dependent. For n = 6, both con-
figurations are present as two distinct
local minima on the free-energy profile
at 100 K, whereas SSIP is unstable at
300 K. Both configurations, separated
by a low barrier (<10 kJmol�1), are
identifiable on the free energy profiles
of NaCl ACHTUNGTRENNUNG(H2O)n for n = 10 and 14 at
300 K, with the Na+/Cl� pairs being in-


ternally solvated in the water cluster
and the SSIP configuration being
slightly higher in energy (<5 kJmol�1).
In agreement with the low bulk solubil-
ity of AgCl, no SSIP minimum is ob-
served on the free-energy profiles of
finite AgCl ACHTUNGTRENNUNG(H2O)n clusters. The AgCl
interaction is more covalent in nature,
and is less affected by the water sol-
vent. Unlike NaCl, AgCl is mainly sol-
vated on the surface in finite water
clusters, and ionic dissolution requires
a significant reorganization of the sol-
vent structure.
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resonance (FT-ICR) mass spectrometry, have demonstrated
that acids, such as HCl, or highly soluble salts, such as NaCl,
will ionically dissolve in ionic clusters of the type H+


ACHTUNGTRENNUNG(H2O)n


when n>11.[45,49,50] It is interesting to compare this number
with the bulk solubility product Ksp = 37.9 mol2L�2 of
sodium chloride (at 25 8C),[51] which gives a solute/solvent
molecular ratio of approximately 1:9. More recently, Castle-
man and co-workers have used femtosecond pump-probe
spectroscopy to show that dissolution of HBr in water clus-
ters to form H+


ACHTUNGTRENNUNG(H2O)nBr� occurs with a minimum size of n
= 5.[47] Ionic dissolution in small water clusters provides in-
valuable insights into the solvation chemistry at the inter-
face between droplets of airborne moisture and particles of
sea salt where molecular halogens are generated that con-
tribute to ozone formation and depletion in the tropo-
sphere.[10–12]


Establishing this minimum number of solvent molecules is
of course important for a detailed, microscopic understand-
ing of the solvation process, and the availability of experi-
mental data on ionic dissolution in clusters has motivated a
number of theoretical investigations.[52–58] The addition of
water molecules to a diatomic polar species, such as NaCl,
favors charge separation and also increases the polarity of
such a contact ion pair (CIP).[54,57] When the number of sol-
vent molecules increases, the ions can separate with the
water molecules penetrating the area between them to
result in a solvent-separated ion pair (SSIP).[53,56] On the
basis of his ab initio studies of NaCl, Jungwirth has come to
the conclusion that six water molecules are sufficient to
form such a SSIP.[56]


Unlike ionic sodium chloride (NaCl), the bond in silver
chloride (AgCl) is more covalent in character and signifi-
cantly stronger. In fact, AgCl in bulk water is one of the
most insoluble salts, with a solubility product of only Ksp =


1.77K10�10 mol2L�2 (at 25 8C),[51] which is why precipitation
with silver nitrate is frequently used for the quantitative de-
termination of halide ions in aqueous solution. Recent FT-
ICR mass spectrometric studies have revealed that AgCl,
similar to other transition metals in oxidation state I, be-
haves quite differently compared to soluble salts in ionic
water clusters.[45,59] When an Ag+ cation and a Cl� anion are
both introduced into a cluster, they seem to immediately
“precipitate” from the solution to form a covalent AgCl
molecule, or, in other words, an AgCl CIP. Very recent theo-
retical studies of small water clusters have also shown that
the AgCl CIP is more stable than the AgCl SSIP.[60] AgCl-
ACHTUNGTRENNUNG(H2O)n aerosols are formed by volcanic activity, and under-
standing their solvation properties is important for atmos-
pheric chemistry.[61]


Even though recent calculations show that the NaCl SSIP
represents a local minimum on the potential energy surface
of a cluster with six water molecules,[56] it may not be stable
when thermal and entropic effects are considered.[36,39] Intui-
tively, molecules such as HCl are more soluble at a higher
temperature, as evidenced by its ionic dissociation on a
HCl-covered film of ice.[62,63] One might expect differences
between HCl and NaCl because the H+ ···H2O interaction is


much stronger than the Na+ ···H2O interaction. Such temper-
ature effects are not only crucial when comparing calcula-
tions with laboratory experiments, but they are also critical
to the understanding of chemical reactions in the atmos-
phere. Although ab initio calculations do yield the static ge-
ometry of a cluster, they do not give a clear picture of the
thermal molecular motions. The ab initio molecular dynam-
ics (AIMD) method has been widely used to study the dy-
namics of the solvation process of ions, both in the gas
phase and in condensed phases.[64–66] In the present work, we
use an AIMD method based on density functional theory
(DFT) to gain insights into thermal effects upon ion solva-
tion. We investigate the temperature effects on the stability
of the CIP and SSIP of NaCl ACHTUNGTRENNUNG(H2O)n clusters, the free-energy
profiles of the ionic dissolution of NaCl and AgCl in water
clusters, NaCl ACHTUNGTRENNUNG(H2O)n and AgCl ACHTUNGTRENNUNG(H2O)n, with cluster sizes of
n = 6, 10 and 14 at a temperature of 300 K, and their struc-
tural changes along the solvation reaction coordinate.


Computational Methods


The present ab initio molecular dynamics (AIMD) studies
of NaCl and AgCl hydration were carried out using the
Vienna Ab Initio Simulation Package (VASP),[67–70] which is
based on density functional theory (DFT) with planewave
basis sets. Local density approximation (LDA) with
Perdew–Wang gradient correction (PW91)[71] was used for
the exchange-correlation functional that employ closed-shell
electronic structure calculations for the ionic dissolution in
the water clusters. We used directly the optimized pseudo-
potentials for the H, O, Cl, Na, and Ag atoms supplied with
the VASP program,[72] which were constructed by means of
the projector augmented wave (PAW) method with the va-
lence wavefunctions containing all nodes in the core
region.[73] In order to minimize the interaction between the
periodical images imposed by the planewave basis set, the
water clusters were located in a cubic box with a large lat-
tice parameter (15 O for n = 6 and 10, and 16 O for n =


14). A planewave basis set with a cutoff energy (Ecutoff) of
262 eV was used for the electronic wavefunctions, which
were computed by RMM-DIIS minimization for the total
electronic energy.


The structures and energies of 1:1 ion–water complexes
calculated by VASP are in good agreement with those calcu-
lated for other levels of theory using the Gaussian98 quan-
tum chemistry program[74] as well as experimental data.[75–77]


A summary of these benchmark calculations is provided as
Table S1 in the Supporting Information. The use of a plane-
wave basis set with a finite cutoff energy (Ecutoff) may intro-
duce computational errors; however, the hydration energies
DE for all complexes predicted by VASP with Ecutoff =


262 eV (set I) are consistently higher by only �12 kJmol�1


compared to those calculated with the Gaussian98 program.
Increasing the cutoff energy to Ecutoff = 400 eV (set II in
Table S1) slightly improves the DE values, but raises the
computational costs considerably. Nevertheless, the opti-
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mized structures obtained from VASP with both set I and
set II are in good agreement with those from other levels of
theory. It is worth noting that enthalpic and entropic contri-
butions are significant for ion–water clusters with fluxional
structures (TDS �30 kJmol�1, included in the DG values
listed in Table S1). The effects are even more important for
larger clusters, which will be discussed below, and may
change the relative stability of different isomers. This illus-
trates that high-level ab initio calculations, while superior in
their description of the equilibrium geometry, do not pro-
vide sufficient information about the behavior of the clusters
at elevated temperatures. AIMD simulations provide essen-
tial information on the dynamics of the system.


AIMD simulations were performed on the Born–Oppen-
heimer potential surface described by the DFT electronic
structure, solving the equations of motion with integration
timesteps of 0.5 femtoseconds (fs). For each AIMD run, the
dynamics were simulated for at least 4 picoseconds (ps),
which amounts to 8000 timesteps, in order to reduce the
fluctuation in the average total potential energy to less than
0.1%, which roughly equals 5 kJmol�1 or 2kT at T = 300 K.
The temperature of the cluster was controlled by a NosR–
Hoover thermostat.[78] The thermodynamics and mechanism
of the ionic dissolution of Na–Cl and Ag–Cl in water clus-
ters were studied by distance-constrained molecular dynam-
ics employing the RATTLE algorithm,[79] with the Na···Cl
and Ag···Cl distances treated as the reaction coordinates.


Results and Discussion


Temperature effects in the ionic dissolution of NaCl in
NaCl ACHTUNGTRENNUNG(H2O)6 : During the course of the ionic dissolution of a
NaCl molecule in water one
can define two important inter-
mediate states (contact ion pair
(CIP) and solvent separated ion
pair (SSIP)) that depend on the
distance between the two com-
ponent ions. Recent ab initio
calculations suggest that the in-
terionic distance between Na+


and Cl� in the CIP and the
SSIP structures of NaCl ACHTUNGTRENNUNG(H2O)6


differ by nearly 2 O.[56] In this
section, we investigate the CIP
and the SSIP structures of
NaCl ACHTUNGTRENNUNG(H2O)6 further, both with
the help of the Gaussian98 pro-
gram employing various levels
of theory and different basis
sets, and with the VASP dy-
namics simulation package that
takes account of thermal ef-
fects.


In the Gaussian98 studies, we
constrained the CIP geometry


to C3 symmetry and the SSIP geometry to C3v symmetry in
order to reduce the computational costs. Our computations
on the NaCl ACHTUNGTRENNUNG(H2O)6 clusters confirm both the CIP and the
SSIP configurations to be local minima on the overall poten-
tial surface, whose geometries are shown in Figure 1, and
whose energies relative to the energy of the most stable


CIP-1 isomer are listed in Table 1. The isomer with a larger
positive relative energy is less stable compared with the
CIP-1 isomer. A complete documentation of all levels of
theory used here is provided as Table S2 in the Supporting
Information.


In agreement with JungwirthSs results,[56] we found the
SSIP structure, which resembles Na+ and Cl� ions separated
by a cyclic hydrogen-bonded water hexamer. However, we
found a configuration, denoted CIP-1, for the contact ion
pair that has a lower energy than JungwirthSs CIP structure,
shown as CIP-2. In the CIP-2 structure, Na+ is buried within


Figure 1. Optimized geometries for the NaCl ACHTUNGTRENNUNG(H2O)6 cluster, whose ener-
gies versus the most stable CIP-1 isomer are listed in Table 1. The contact
ion pair CIP-2 and the solvent-separated ion pair SSIP are similar to the
structures studied by Jungwirth.[56] The CIP-1, global minimum according
to the present study at both MP2 and BPW91 levels, can be obtained at
the BPW91/BS2 or BS3 levels by geometry relaxation of CIP-2.


Table 1. Energy of isomers relative to that of CIP-1 for NaCl ACHTUNGTRENNUNG(H2O)6 calculated with the Gaussian98 program
or VASP. The geometries are shown in Figure 1. (A complete documentation of all theory levels used is shown
in Table S2 of Supporting Information).[a]


Level of theory Basis set Energy ACHTUNGTRENNUNG[kJmol�1] Na–Cl
distance [O]


DE DE+DZPC DH (298 K, 1 atm) DG (298 K, 1 atm)


MP2


BS1
CIP-1 0.0 0.0 0.0 0.0 2.65
CIP-2 �9.3 �3.6 �7.3 8.6 2.64
SSIP-1 �5.4 3.4 �2.1 16.1 4.25


BS2
CIP-1 0.0 0.0 0.0 0.0 2.65
CIP-2[b] 19.4 20.4 14.1 33.0 2.68
SSIP-1 �1.5 12.4 4.3 29.6 4.38


BPW91


BS1
CIP-1 0.0 0.0 0.0 0.0 2.78
CIP-2 3.2 8.0 4.5 18.8 2.82
SSIP-1 �14.9 �6.3 �12.2 9.0 4.51


BS3
CIP-1 0.0 0.0 0.0 0.0 2.80
CIP-2 – – – – –
SSIP-1 9.8 18.8 12.5 34.1 4.57


VASP PW
CIP-1 0.0 2.87
CIP-2 – –
SSIP-1 �2.1 4.58


[a] BS1: H and O: 6-31G**, Cl: 6-31++G**, Na: 6-31G**; BS2: H and O: 6-31++G**, Cl: 6-31++G**, Na:
6-31G**; BS3: H and O: 6-311++G**, Cl: 6-311++G**, Na: 6-311G**; PW = Planewave; Ecutoff = 262 eV.
[b] Two degenerate imaginary frequencies (�23.2 cm�1).
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a cyclic water hexamer, with the chloride anion sticking out
towards the cluster periphery. At the MP2/BS1 level (the
combination of the basis sets (BS) used for each atom is de-
fined in Table 1), CIP-2 is slightly more stable than the SSIP
(DE+DZPC in Table 1; ZPC: zero-point correction); however,
this order reverses on using BS2, including diffuse basis
functions on H as well as O atoms. At the BPW91/BS2 or
BS3 level, CIP-2 cannot even be located, but it relaxes to
another contact ion pair structure CIP-1, the most stable
configuration for all levels of theory found in our study. In
the CIP-1 structure there is no water hexamer, instead, the
structure can be described as a NaCl contact ion pair solvat-
ed by three independent water dimers.


The energies of the structures optimized with the VASP
program are comparable to the results calculated by the
MP2/BS2 method with the Gaussian98 program (DE values
in Table 1), the best level of theory in the current studies.
The CIP-1 and the SSIP structures are almost isoenergetic
in the VASP results. CIP-2 is unstable at the VASP/set II
level (Table S2) and cannot even be located at the VASP/
set I level. Similar to the 1:1 complex shown in Table 1, the
use of a larger cutoff energy for the planewave basis set had
no significant effect on both the energies and structures of
the cluster isomers investigated (set I and set II listed in
Table S2). The smaller cutoff energy (set I with Ecutoff =


262 eV) for the planewave basis set is therefore used for all
the MD simulations.


In general, CIP-1 is more stable than SSIP when a larger
basis set (BS2 or BS3) is used (Table 1). When thermal ef-
fects at room temperature (DH�DEZPC) are taken into ac-
count, the stability of the SSIP versus the CIP-1 increases,
whereby DH is always smaller than DEZPC. However, en-
tropic effects (DG�DH), however, strongly favor the CIP-1
configuration, where the free energy (DG) of the CIP-1
structure is �30 kJmol�1 lower than that of the SSIP struc-
ture at both the MP2 and the BPW91 levels.


The structure of water clusters is highly fluxional owing to
the presence of numerous hydrogen bonds. This makes
AIMD studies particularly useful because they consider the
thermal atomic motions in the water clusters. We first car-
ried out AIMD simulations on NaCl ACHTUNGTRENNUNG(H2O)6 at a low temper-
ature of 100 K and starting from either the CIP or the SSIP
equilibrium geometry as the initial configuration. The aver-
age structures from the AIMD simulations are described by
radial distribution functions (RDF), gA–B(R), as shown in
Figure 2.


NA�B ¼
Z


gA�BðRÞ4pR2dR


where NA–B is an integration of the correlation-pair A–B
with respect to the distance A–B (R). The structures of CIP-
1 and SSIP (Figure 1) both remain stable during the 100 K
AIMD runs with the C3 rotational symmetry remaining un-
changed. The average structures, described by the RDFs
shown in Figure 2, underline this finding. The average
Na···Cl distance for the CIP structure (Figure 2a) remains


�2.8 O during the entire run (dashed curve) and near 4.6 O
for the SSIP run (solid curve). The Na+ ion is directly sol-
vated by three water molecules in the first solvation shell
(RNa···O = 2.3 O) and three water molecules in the second
solvation shell (RNa···O = 3.7 O), as indicated by two distinct
maxima in the Na···O RDFs (Figure 2b). Finally, three of
the water molecules are directly hydrogen-bonded to the
Cl� anion with a Cl···H distance of �2 O, as shown in Fig-
ure 2c. It is interesting that the solvent structure of the SSIP
is more compact with all the other H atoms distributed at
the second RDF peak (RCl···H = 3.6 O), while a third RDF
peak (RCl···H = 4.8 O) appears for the CIP structure.


The quantum chemical calculations suggest that entropic
effects should favor the CIP configuration, and it is there-
fore of interest to study the solvation structures of the NaCl-
ACHTUNGTRENNUNG(H2O)6 cluster as a function of temperature. An AIMD sim-
ulation was carried out starting from the SSIP configuration
at a temperature of �100 K, and the temperature was then
gradually raised to 300 K over a period of 10 ps. The gradual
change of temperature (solid line) and the fluctuation of the
Na–Cl distance (dashed line) are shown in Figure 3, and a


Figure 2. Radial distribution functions (RDF), and curves of their inte-
gration, of a) Na–Cl pair; b) Na–O pair; and c) Cl–H pair with the CIP
(a) and the SSIP (c) as an initial structure of AIMD simulations at
100 K. Both the CIP and the SSIP are stable with a sharp RDF peak for
Na–Cl (a). The structures are similar to CIP-1 and SSIP shown in
Figure 1 with the Na+ and Cl� being solvated by 3 water molecules (b
and c). The solvent structure of the CIP is less rigid than that of the SSIP,
which can be clearly shown by the presence of a third RDF peak of the
Cl–H pair for the CIP structure (c).


Figure 3. Fluctuation in the distances (a) of the Na�Cl bond during
AIMD simulation on NaCl ACHTUNGTRENNUNG(H2O)6 with the temperature (c) raised
gradually from 100 to 300 K. The SSIP is unstable at high temperature
and eventually converts to the CIP after 7 ps (T>200 K). A movie in
mpeg format for the trajectory is available as Supporting Information.
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movie of the simulated trajectory is provided in the Sup-
porting Information. In agreement with the DG values from
quantum chemical calculations, the SSIP configuration be-
comes unstable and eventually converts to CIP as the tem-
perature increases.


In order to have a clear picture of the instability of the
SSIP with increasing temperature, the free energies of the
dissolution of Na···Cl in NaCl ACHTUNGTRENNUNG(H2O)6 at temperatures of
100 K and 300 K were determined by a series of constrained
AIMD simulations, with the Na···Cl distance (RNa–Cl) defined
as the reaction coordinate. The RNa–Cl distance was first held
fixed at 2.8 O, the equilibrium distance of Na–Cl in the CIP
configuration, and the average force along the Na···Cl bond
(hFNa–Cli) during a constrained AIMD run was computed.
The RNa–Cl distance was then changed from 2.5 O to 6.0 O in
steps of 0.5 O. For each constrained RNa–Cl distance, a short
AIMD run of 0.5 ps was performed with the temperature of
every MD step scaled to the desired value, and then a con-
stant temperature simulation controlled by a NosR–Hoover
thermostat was run with a simulation time of typically 4–
8 ps. The simulation was stopped when the standard error of
hFNa–Cli was reduced to �5 kJmol�1O�1, as determined by a
block averaging method with a correlation time of typically
0.5 ps. The computed hFNa–Cli as a function of the RNa–Cl dis-
tance is shown in Figure 4a, where by definition, a negative
force corresponds to an attractive interaction.


The reaction free energies DGNa–Cl can then be roughly es-
timated by integration along the curves of hFNa–Cli with re-
spect to RNa–Cl, as shown in Figure 4b:


DGNa�Cl ¼
Z


�hFNa�ClidRNa�Cl


The DGNa–Cl of a configuration at RNa–Cl distance is the free
energy of which relative to that of the CIP configuration,
the shortest RNa–Cl distance with hFNa–Cli equaling to zero.


Both the CIP and the SSIP structures are apparent at the
low temperature of 100 K, with the former being separated
by a very small, �1 kJmol�1, energy barrier from the deeper
SSIP minimum, some 13 kJmol�1 lower in energy than the
CIP (solid line in Figure 4b). This situation completely
changes at the higher temperature of 300 K, where the CIP
structure becomes more stable, with the SSIP minimum dis-
appearing from the free energy profile (dashed line in Fig-
ure 4b). Similar temperature-dependence effects were also
observed in previous studies on an aqueous NaCl solutions
that used the classical molecular dynamics method. These
effects were attributed to the decreasing dielectric constant
with increasing temperature.[36,39] The effect is believed to be
more pronounced in a water cluster than in a bulk aqueous
solution because in a finite cluster with only six water mole-
cules, for example, the ionic dissolution of Na···Cl cannot
take full advantage of the large solvation entropy available
in a bulk aqueous solution.


Conversely, in the SSIP geometry, the water molecules
are instrumental in keeping the Na+ and Cl� ions apart. In
the larger amplitude atomic motions at higher temperatures,


the hydrogen bonds between the water molecules and the
ions are broken resulting in a collapse of the solvent struc-
ture of the SSIP and allowing the Na+ and Cl� ions to com-
bine to form the CIP with a less rigid solvent structure. Such
dynamic nuclear motion owing to the finite temperature
plays a significant role in ionic solvation in small water clus-
ters, and probably also in the solvation chemistry at the air/
aerosol interface.[9–12]


Ionic dissolution of NaCl in NaCl ACHTUNGTRENNUNG(H2O)n, n = 10 and 14, at
a temperature of 300 K : Similar to the n = 6 cluster, the
free-energy profiles for the dissolution of NaCl in the larger
clusters with n = 10 and 14, NaCl ACHTUNGTRENNUNG(H2O)n at a temperature
of 300 K were determined by constrained AIMD simula-
tions, as shown in Figure 4c. The equilibrium Na···Cl dis-
tance of the CIP configuration, �2.8 O according to the cur-
rent AIMD simulations, is essentially independent of cluster
size, and very close to the 2.82 O determined by X-ray dif-
fraction experiments in a concentrated solution,[19] or to the
values determined by theoretical methods that lie between
2.6 and 3.0 O, depending on the specific method and model
potential.[32–34,38,39, 58] As expected, the free-energy profiles
for n = 10 and 14 are significantly changed compared with


Figure 4. Constrained AIMD simulations at 300 K on NaCl ACHTUNGTRENNUNG(H2O)n with
cluster sizes of n = 6, 10, and 14 with the Na–Cl distance treated as the
reaction coordinate. a) Average forces along the Na–Cl bond hFNa–Cli as a
function of the constrained Na–Cl distance RNa–Cl, with negative forces in-
dicating attraction. Integration of hFNa–Cli along the Na–Cl distance gives
the free energy for NaCl dissolution: b) n = 6 at 100 and 300 K, and c) n
= 10 and 14 at 300 K.
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the curve for n = 6 in Figure 4b. In the n = 10 run, the
curve (Figure 4c, dotted line) is flattened, with the free
energy remaining below 5 kJmol�1 over the Na···Cl distance
range between 2.8 and 4.0 O, and there is just a hint of a
second local minimum at a Na···Cl distance of �3.8 O,
barely 1 O longer than in the CIP structure. In the simula-
tion for n = 14, the flattened section of the free-energy pro-
file is further broadened, and two distinct minima corre-
sponding to the CIP and SSIP geometries are clearly identi-
fiable.


In the first step of the ionic dissolution of NaCl in a water
cluster of n = 14, the CIP has to surmount a low barrier of
�8 kJmol�1 at a Na···Cl distance of 3.9 O, before it reaches
a second, SSIP minimum at a Na···Cl distance of 4.5 O. This
secondary SSIP minimum has a free energy of �5 kJmol�1


higher than that of the CIP structure, with the Na···Cl dis-
tance of the SSIP structure being already much closer to the
bulk aqueous solution value of approximately 5 O.[32–34,38,39]


On the basis of an error of hFNa–Cli (�5 kJmol�1O�1) and
the incremental value of RNa–Cl, typically 0.5 O, the uncer-
tainty of the free-energy difference is estimated to be
�3 kJmol�1, which will not have a qualitative effect on the
overall free-energy profile. However, in the relatively flat
section of the free-energy surface around the SSIP mini-
mum, the position of the stationary point cannot be deter-
mined with a high accuracy.


SSIP and CIP of AgCl ACHTUNGTRENNUNG(H2O)n and NaCl ACHTUNGTRENNUNG(H2O)n (n = 6, 10,
and 14) at a temperature of 300 K : To address the central
topic of this paper—a comparison between the highly solu-
ble NaCl and AgCl, one of the most insoluble salts—we
have now similarly examined the dissolution of AgCl. The
main results are summarized in Figure 5. As in the case of
NaCl, the free-energy profiles for the ionic dissolution of
AgCl in AgCl ACHTUNGTRENNUNG(H2O)n clusters with sizes of n = 6, 10, and
14, were again explored by constrained AIMD simulations
at a temperature of 300 K, with average force errors hFAg–Cli
of �10 kJmol�1O�1 along the Ag···Cl bond. Figure 5a shows
the hFAg–Cli, with the CIP with zero force at a distance of
�2.35 O, fairly close to the gas-phase Ag–Cl bond length of
2.281 O.[80] It is interesting to compare this with the result of
sodium chloride, where the CIP configuration Na–Cl dis-
tance in NaCl ACHTUNGTRENNUNG(H2O)n clusters, approximately 2.8 O, is signifi-
cantly longer than the gas-phase value of the Na–Cl bond
length, 2.361 O.[81] Clearly, the more covalent AgCl is less
strongly affected by the water molecules than the more
polar NaCl.


In agreement with the macroscopic solvation behavior—
the solubility of AgCl is roughly 1011 times lower than that
of NaCl—the attractive forces between Ag+ and Cl� in the
AgCl ACHTUNGTRENNUNG(H2O)n clusters (Figure 5a) are much stronger than
those between Na+ and Cl� in NaCl ACHTUNGTRENNUNG(H2O)n. The dominant
factor governing the solubility difference between NaCl and
AgCl in aqueous solution is the ionic dissociation energy of
the Na–Cl and the Ag–Cl bonds, as can easily be shown
using appropriate Born–Haber cycles for their dissolution
processes.[45] From Figure 5b, it is evident that, in the first


step of the ionic dissolution of AgCl, the separation of the
Ag+ and Cl� ions would have to overcome a significant bar-
rier in the 2.3 to 3.5 O separation range. The interionic at-
traction of AgCl in this region is much stronger than that of
NaCl, which leads to a steep increase in the free energy for
the dissolution of AgCl to more than 100 kJmol�1 (Fig-
ure 5b), compared with only 10 kJmol�1 for NaCl (Fig-
ure 4c). In agreement with very recent DFT studies,[60] the
AgCl CIP is much more stable than AgCl SSIP in water
clusters, and the dynamics of nuclear motions included in
our work further destabilize the AgCl SSIP configuration.
Beyond the 3.5 O interionic distance, the forces along the
dissolution coordinate for both NaCl ACHTUNGTRENNUNG(H2O)n and AgCl-
ACHTUNGTRENNUNG(H2O)n are more comparable.


From first-year chemistry, we know that the highly soluble
NaCl is easily ionized in aqueous solutions, with the Na+


and Cl� ions well solvated and stabilized by the solvent mol-
ecules. Our calculations also show that the dissolution of a
CIP to form a SSIP requires much less energy for NaCl than
for AgCl in water clusters. In order to explore in more
detail such solubility difference of NaCl and AgCl in water
clusters, the stability of the SSIP configuration in NaCl-
ACHTUNGTRENNUNG(H2O)n and AgCl ACHTUNGTRENNUNG(H2O)n were examined for cluster sizes of
n = 6, 10, and 14 at a temperature of 300 K by means of
the constraint-free AIMD method. For NaCl ACHTUNGTRENNUNG(H2O)n, each of
the AIMD simulations was started from the SSIP initial con-
figuration, with the Na···Cl distance longer than 4.5 O, and
the cluster was thermally equilibrated in 500 steps before
the NosR–Hoover thermostat was activated. The simulation
then ran for 5 ps. The stability of the SSIP can then be
monitored by following the fluctuations of the Na···Cl dis-


Figure 5. Constrained AIMD simulations at 300 K on AgCl ACHTUNGTRENNUNG(H2O)n with
cluster sizes of n = 6, 10, and 14 with the Ag–Cl distance treated as the
reaction coordinate. a) Average forces along the Ag–Cl bond hFAg–Cli as a
function of the constrained Ag–Cl distance RAg–Cl, with negative force in-
dicating attraction. b) Integration of hFAg–Cli gives the free energy profile
for Ag–Cl dissolution. The attractive force and free energy are both sig-
nificantly larger than in the case of NaCl in Figure 4.
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tance along the AIMD trajectories, as shown in Figure 6a.
As expected from the calculated free-energy profile of the
ionic dissolution of NaCl in NaCl ACHTUNGTRENNUNG(H2O)6 (dashed line in Fig-


ure 4b), the SSIP structure of n = 6 is not stable and “pre-
cipitates” during the simulation rapidly to form the CIP at
an Na···Cl distance of �2.8 O (solid curve in Figure 6a), the
reverse process of the ionic dissolution studied by the above
constrained dynamics simulations. The SSIP structure of
n = 10 is relatively stable; however, the geometry intermit-
tently changes to CIP. Finally, in the n = 14 simulation, the
SSIP structure remains stable over the entire 5 ps of the sim-
ulation.


Similar to NaCl ACHTUNGTRENNUNG(H2O)n, we have also performed con-
straint-free AIMD simulations for AgCl ACHTUNGTRENNUNG(H2O)n clusters with
sizes of n = 6, 10, and 14. Starting from a SSIP initial struc-
ture and an Ag···Cl distance of 4.5 O, the cluster was ther-
mally equilibrated in 500 steps before the NosR–Hoover
thermostat was activated. Actually, as discussed before, the
SSIP configuration for AgCl ACHTUNGTRENNUNG(H2O)n does not really exist in
the finite clusters as a local minimum on the free energy
profile. However, for the convenience of the present discus-
sion, we will still refer to Ag+/Cl� as SSIP when the Ag–Cl
separation is greater than �3.5 O, where the free energy
profile reaches a plateau. As expected, the SSIP configura-
tion is unstable, and a rapid “precipitation” takes place
during the AIMD run for all sizes studied to yield the CIP


configuration, as clearly shown in Figure 6b. The rapid pre-
cipitation of the SSIP of AgCl ACHTUNGTRENNUNG(H2O)14, comparing with the
stable SSIP of NaCl ACHTUNGTRENNUNG(H2O)14, in the 5 ps AIMD simulation at
300 K can also be seen in the movies of the trajectories,
available as Supporting Information.


Solvation structures of NaCl ACHTUNGTRENNUNG(H2O)n and AgCl ACHTUNGTRENNUNG(H2O)n : The
dissolution of the NaCl and AgCl molecules and the solva-
tion energies are also strongly affected by differences in the
CIP and SSIP geometries in the NaCl ACHTUNGTRENNUNG(H2O)n and AgCl-
ACHTUNGTRENNUNG(H2O)n clusters. One useful way to describe a solvated ion
or molecule is to use the coordination number, which is the
number of solvent molecules in the first solvation shell that
are in direct contact with the ions. Obviously, in a fluxional
water cluster assigning the solvent molecules to the first sol-
vation shell is somewhat arbitrary; however, for the purpose
of the present discussion we consider a water molecule to be
in the first solvation shell if its distance from the corre-
sponding ion is less than the minimum beyond the first peak
on the respective radial distribution function (RDF).


The RDFs for Na···O, Ag···O, and Cl···H pairs of the CIP
configurations in clusters n = 6, 10, and 14, obtained from
the above constrained AIMD simulations (Na–Cl = 2.8 O
and Ag–Cl = 2.35 O), are shown in Figure 7. The coordina-
tion number of Na in the CIP for all studied cluster sizes is
about 3, which can be seen by integrating the first peak of
the Na···O RDF curve (�2.3 O, Figure 7a). Interestingly,


Figure 6. Fluctuation of the interionic distance during AIMD simulations
at 300 K. a) On NaCl ACHTUNGTRENNUNG(H2O)n with n = 6 (c), 10 (a), and 14 (g),
starting from an initial geometry with a Na–Cl distance longer than
4.5 O. b) On AgCl ACHTUNGTRENNUNG(H2O)n with n = 6 (c), 10 (a), and 14 (g),
starting from an initial geometry with an Ag–Cl distance longer than
4.0 O. For NaClACHTUNGTRENNUNG(H2O)n, the stability of the SSIP configuration increases
with increasing cluster size. For AgCl ACHTUNGTRENNUNG(H2O)n, “precipitation” immediately
takes place for all the cluster sizes studied. Movies in mpeg format for
the trajectories of both NaCl ACHTUNGTRENNUNG(H2O)14 and AgCl ACHTUNGTRENNUNG(H2O)14 clusters are pro-
vided as Supporting Information.


Figure 7. Radial distribution functions (RDF) of CIP structures with n =


6 (c), 10 (a), and 14 (g), and curves of their integration, of
a) Na-O and b) Cl-H for NaCl ACHTUNGTRENNUNG(H2O)n ; of c) Ag-O and d) Cl-H pairs for
AgCl ACHTUNGTRENNUNG(H2O)n ; taken from constrained AIMD simulations at 300 K (Fig-
ures 5 and 6). The coordination number (CN) of Na (�3) is higher than
that of Ag (�1) and the CN of Cl in NaClACHTUNGTRENNUNG(H2O)n (�3) is also higher
than that in AgCl ACHTUNGTRENNUNG(H2O)n (�2), which indicates that the water molecules
interact more strongly with NaCl CIP than with AgCl CIP.
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the coordination number of Ag obtained by integrating the
first peak of the Ag···O RDF (�2.2 O, Figure 7c) is only
one, reflecting the formation of a quasilinear, hydrated
H2O-Ag-Cl complex. From the first RDF peak of Cl···H
(�2.1 O, Figure 7b and d), the coordination number of Cl
for NaCl is �3, which is also higher than the value of �2
for AgCl. The higher coordination number of NaCl is again
in agreement with the fact that NaCl interacts more strongly
with water molecules.


Intuitively, one must expect the coordination number to
change during the dissolution process. The initial coordina-
tion number depends on the structure of the CIP, and as the
distance between the ions increases, additional water mole-
cules penetrate the area between them, and may enter the
first solvation shell, increasing the coordination number.
The mean coordination numbers during the constrained dy-
namic runs and their change along the reaction coordinate
as the interionic distance is increased are shown for NaCl
and AgCl in the n = 6, 10 and 14 clusters in Figure 8. For


most cluster sizes, the coordination number initially increas-
es as the salt molecule dissociates and the distance between
the ions grows. The decrease, which most curves show near
the maximum distance, is easily understandable: the ions
must eventually approach the surface of the finite clusters.


For NaCl ACHTUNGTRENNUNG(H2O)n, the coordination number of Na+ starts
close to three for the CIP configuration, at a Na···Cl dis-
tance of 2.8 O, and it gradually increases to about four at a
Na···Cl distance above 4.5 O. For AgCl ACHTUNGTRENNUNG(H2O)n, in spite of
the higher solvation energy of Ag+ compared with Na+ ,[82]


the coordination number of Ag+ starts close to one for the
CIP configuration, at a Ag···Cl distance of 2.35 O, and it in-
creases for both the n = 6 and 10 clusters to about two at
longer interionic separations. Only for the largest cluster


studied, n = 14, the coordination number gradually increas-
es to nearly four at large separations. This behavior reflects
the delicate interplay between the propensity of Ag+ to un-
dergo two-fold linear coordination, and the necessity to inte-
grate such a complex into a hydrogen-bonded network.[83]


Such two-fold linear coordination of Ag+ , H2O-Ag-Cl,
which is attributed to sd hybridization of Ag+ ,[83, 84] is further
characterized by the orientation of the water ligands in the
first shell of Ag+ (Figure S1 in the Supporting Information).
The sdz2-hybridized orbital generates a hole of reduced elec-
tronic charge along the z axis.[83,84] A lone pair of a water
molecule interacts with that hole and another lone pair of
the water molecule can form hydrogen bond to the water
cluster. For Na+ , the cationic charge is spherically distribut-
ed, so that both lone pairs of a water molecule can interact
with the Na+ , so that Na+ may have a higher coordination
number than Ag+ .


Figures 9 (NaCl) and 10 (AgCl) show typical geometries
that have been taken from a snapshot near the end of the
constrained AIMD run at the respective distance. The NaCl
CIP is internally solvated by the water cluster for all cluster
sizes. On the other hand, the AgCl CIP is weakly solvated
at the surface of the water clusters. Similar surface-solvated
structures were suggested for NaI ACHTUNGTRENNUNG(H2O)n clusters with the
NaI CIP being dominant even in a large cluster size of
50 water molecules.[42] While the Na+/Cl� SSIP structures


Figure 8. Mean coordination numbers during the constrained AIMD sim-
ulations for NaCl ACHTUNGTRENNUNG(H2O)n and AgCl ACHTUNGTRENNUNG(H2O)n for n = 6 (&), 10 (~), and 14
(*), and their change along the reaction coordinate as the interionic dis-
tance is increased. The coordination numbers of NaCl are generally
higher than those of AgCl.


Figure 9. Structures of NaCl ACHTUNGTRENNUNG(H2O)n, n = 6, 10 and 14, with the Na–Cl
distance fixed at 2.8 O and 4.5 O. The structures are taken from a snap-
shot near the end of the constrained AIMD run at the respective dis-
tance. NaCl is internally solvated for both the CIP and the SSIP configu-
rations. The number of hydrogen bonds (H···O) per water molecule (HB)
is the average obtained from the AIMD run, where a hydrogen bond is
counted when O···H lies between 1.2 O and 2.0 O.


Chem. Eur. J. 2006, 12, 6382 – 6392 I 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6389


FULL PAPERIonic Dissolution and Precipitation



www.chemeurj.org





are again internally solvated, the Ag+/Cl� SSIP structures
for n = 6 and 10 are still weakly solvated on the cluster sur-
face, and an internally solvated structure reluctantly forms
only for the n = 14 cluster.


The AgCl CIP is weakly solvated at the surface of a water
cluster, while the NaCl CIP is internally solvated, probably
because the less polar AgCl (6.07 D) is less hydrophilic than
the more polar NaCl (8.97 D). In addition, the more polariz-
able AgCl probably has a higher propensity than the less
polarizable NaCl to stay on the surface of a water cluster, a
similar effect to the previously described enrichment of
halide ions on the surface of water droplets.[85–87] This is in
agreement with the estimated average number of hydrogen
bonds H···O per water molecule (HB), where a hydrogen
bond is counted when an O···H distance RO···H is 1.2<
RO···H<2.0 O. In all cases, the HB of AgCl ACHTUNGTRENNUNG(H2O)n is larger
than that of the corresponding NaClACHTUNGTRENNUNG(H2O)n, both for the
CIP and the SSIP structure. It seems that AgCl has a re-
duced hydrophilicity, although it is not hydrophobic, so that
water molecules prefer to interact with each other and do
not solvate AgCl efficiently. This may accelerate precipita-
tion reactions in the bulk and lead to the rapid precipitation
of AgCl in aqueous solutions.


The major difference between NaCl and AgCl in their sol-
vation structure is that NaCl is always well solvated inside
the water clusters, while the dissolution of AgCl requires a
significant reorganization of the solvent structure in order to
convert the surface-solvated CIP configuration to an inter-
nally solvated SSIP. This solvent reorganization is a complex
process, which is of fundamental importance for a micro-
scopic understanding of ion solvation.


Summary


The free energy of ionic dissolution of NaCl and AgCl in
NaCl ACHTUNGTRENNUNG(H2O)n and AgCl ACHTUNGTRENNUNG(H2O)n, respectively, and their solva-
tion structures at cluster sizes of n = 6, 10, and 14, have
been studied by AIMD simulations. A detailed study of
NaCl ACHTUNGTRENNUNG(H2O)n revealed that the minimum cluster size needed
to stabilize both the CIP and SSIP configurations are tem-
perature-dependent. Both the CIP and the SSIP of NaCl-
ACHTUNGTRENNUNG(H2O)6 are apparent at a low temperature of 100 K, while
the SSIP is unstable at a high temperature of 300 K. At the
higher temperature, the hydrogen bonds rearrange more
readily so that the more rigid solvent structure of the SSIP
can collapse and allow the Na+ and Cl� ions to combine
and form the CIP with a less rigid solvent structure. Chemi-
cal intuition attributes higher entropy to the SSIP than to
the CIP structure. The calculations, however, show that a
highly ordered arrangement of water molecules is necessary
in gas-phase clusters to stabilize the SSIP, which actually
leads to a lower entropy than that of the CIP structure. Sim-
ilar arguments may apply to highly concentrated or saturat-
ed salt solutions.


The Na–Cl distance of 2.8 O for the CIP configuration is
nearly independent of the cluster size. In agreement with
the high solubility in bulk solution, the SSIP becomes more
stable with increasing cluster size, as indicated by the clearly
identifiable local minima on the free-energy surface at
Na–Cl distances of 3.8 and 4.5 O for n = 10 and 14, respec-
tively.


The interionic attraction of AgCl is much stronger than
that of NaCl for all cluster sizes studied, and the free energy
for the ionic dissolution of AgCl rises steeply to more than
100 kJmol�1, compared to only 10 kJmol�1 for NaCl. The
large difference in ionic dissociation energies results in an
equally large difference in solvation structures between
NaCl ACHTUNGTRENNUNG(H2O)n and AgCl ACHTUNGTRENNUNG(H2O)n. NaCl is strongly internally
solvated by the water cluster both for the CIP and SSIP con-
figurations, while the AgCl CIP is solvated at the surface of
the water clusters because of the weaker AgCl–water inter-
action. The ionic dissolution of AgCl therefore requires a
significant rearrangement of the solvent structure in AgCl-
ACHTUNGTRENNUNG(H2O)n. The less hydrophilic properties of AgCl may con-
tribute to the rapid precipitation of AgCl from aqueous sol-
utions.


Figure 10. Structures of AgCl ACHTUNGTRENNUNG(H2O)n, n = 6, 10 and 14, with the Ag–Cl
distance fixed at 2.35 and 4.0 O. The structures are taken from a snapshot
near the end of the constrained AIMD run at the respective distance.
AgCl is solvated at the surface for the CIP configuration and reluctantly
changes to internal solvation for the SSIP configuration. The number of
hydrogen bonds (H···O) per water molecule (HB) is the average obtained
from the AIMD run, where a hydrogen bond is counted when O···H lies
between 1.2 and 2.0 O.
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Introduction


Efficient molecular receptors toward either charged or neu-
tral species have been designed from calixarenes.[1] Among
the different cyclic oligomers, calix[6]arenes possess a hy-
drophobic cavity that is well adapted for the inclusion of or-
ganic guests. However, they are highly flexible and it is first
necessary to constrain them in a cone conformation.[2] For
this, a possible strategy consists of grafting a tripodal cap on
the narrow rim.[3] In this regard, we have developed an orig-
inal class of molecular receptors, which consist of a calixar-
ene core rigidified by a tripodal aza cap at the narrow rim.[4]


These C3v-symmetrical calix[6]azacryptands (Figure 1) dis-
play remarkable host properties toward either ammonium
ions, neutral polar molecules, or metal ions, depending on
the way they are polarized.[5] These versatile receptors have
also been successfully used in chiral recognition processes[6]


and in the modeling of active sites of enzymes.[7] In the
course of our research, we were interested in introducing a
tris(2-pyridylmethyl)amine (tmpa) cap on the calixarene
core. Indeed, tmpa has been widely used as an N4 donor
ligand, which mimicks the polyhistidine binding sites in met-
alloenzymes. Hence, tmpa-based Cu[8] and Fe[9] complexes
have been shown to reproduce some aspects of biocatalytic


Abstract: A new C3v-symmetrical cal-
ix[6]azacryptand, that is, calix[6]tmpa
(11), was synthesized by efficient [1+1]
macrocyclization reactions. Remarka-
bly, both linear and convergent syn-
thetic strategies that were applied lead
to equally good overall yields. Cal-
ix[6]tmpa behaves as a single proton
sponge and appeared reluctant to un-
dergo polyprotonation, unlike classical
tris(2-pyridylmethyl)amine (tmpa) de-
rivatives. It also acts as a good host for
ammonium ions. Interestingly, it
strongly binds a sodium ion and a neu-


tral guest molecule, such as a urea, an
amide, or an alcohol, in a cooperative
way. A 1H NMR study indicated that
the ligand, as well as its complexes,
adopt a major flattened cone confor-
mation that is the opposite of that ob-
served with the previously reported
calix[6]cryptands. Characterization of
the monoprotonated derivative 11·H+


by X-ray diffraction also revealed the
presence of a 1,3-alternate conforma-
tion, which is the first example of its
kind in the calix[6]arene family. This
conformer is probably also present in
solution as a minor species. The impor-
tant covalent constraint induced by the
polyaromatic tmpa cap on the calixar-
ene skeleton, and conversely from the
calix core onto the tmpa moiety, is the
likely basis for the unique conforma-
tional and chemical properties of this
host.


Keywords: calixarenes · cryptands ·
host–guest systems · supramolecular
chemistry
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cycles, giving rise to interesting reactive species. The present
work describes the synthesis, conformational behaviour, and
preliminary host–guest properties of this novel calix[6]aza-
cryptand, namely calix[6]tmpa.


Results and Discussion


Synthesis of the calix[6]tmpa
(11): Different synthetic strat-
egies have been described in
the literature for the covalent
linkage of a tripodal cap onto
the narrow rim of calix[6]ar-
enes.[10] The convergent strategy
consists of using a [1+1] macro-
cyclization reaction between
two tripodal partners, that is,
the 1,3,5-tris-O-methylated cal-
ix[6]arene 1 (X6H3Me3)


[11] or an
appropriately 2,4,6-tris-O-functionalized derivative and a tri-
podal cap bearing either nucleophilic or electrophilic group-
s.[4a, c,12] The linear strategy has been successfully applied
with a [3+1] macrocyclization reaction between a calix[6]-
trisamine and formaldehyde[4b] or through a proton-cata-
lyzed cyclotrimerization of veratryl units.[13] For the synthe-
sis of calix[6]tmpa (11), we have investigated both strategies.
On the one hand, a tmpa derivative that can be grafted onto
1 through a [1+1] macrocyclization reaction was prepared.
On the other hand, we introduced, at the narrow rim of 1,
6-substituted picolyl arms that can lead to the formation of
the tmpa unit through a macrocyclization reaction with am-
monia. To our knowledge, only one example of such a direct
bi(macrocycle) formation with ammonia has been report-
ed.[14]


For the first strategy, it was necessary to synthesize a
tmpa derivative bearing electrophilic groups on the 6-posi-
tion of the pyridyl residues. The tris-6-hydroxymethyl pre-
cursor 6 was described in the literature,[15] but its synthesis
was reinvestigated in the course of this work.[16] Our synthet-
ic strategy was based on the recently reported regioselective
reduction of the dimethyl pyridine-2,6-dicarboxylate (2) into
3 by NaBH4 (87% yield).[17] Treatment of 3 with PBr3 in
chloroform afforded the corresponding 6-bromomethyl de-
rivative 4 in 99% yield. Heating to 50 8C in a saturated solu-


tion of ammonia in THF con-
taining 4 produced the tmpa de-
rivative 5 in 82% yield. It is re-
markable that, under these con-
ditions, the [3+1] product 5
formed instead of the [1+1]
adduct or mixtures of com-
pounds. Finally, a classical two-
step sequence led to the desired
tris[6-(chloromethyl)-2-pyridyl-
methyl]amine (7) in 44% over-
all yield from 2 (Scheme 1).[18]


The [1+1] macrocyclization reaction between X6H3Me3
(1) and the tmpa derivative 7 was performed in the presence
of a Cs2CO3/K2CO3 mixture (0.5 and 3 equiv, respective-
ly).[19] Under these basic conditions, calix[6]tmpa (11) was
isolated in 47% yield. The use of the stronger base NaH led
to a lower yield (36%) (Scheme 2). It should be noted that,


Figure 1. The calix[6]azacryptands[4–7] and tmpa ligand.


Scheme 1. i) NaBH4, MeOH/CH2Cl2, RT, 87%; ii) PBr3, CHCl3, RT, 99%; iii) NH3, K2CO3, THF, 50 8C, 82%;
iv) NaBH4, EtOH, reflux, 82%; v) SOCl2, RT, 76%.


Scheme 2. i) 7, K2CO3, Cs2CO3, KI, DMF, 90 8C, 47%; ii) 7, NaH, NaI,
THF/DMF, reflux, 36%; iii) 4, NaH, THF, reflux, 99%; iv) LiAlH4, Et2O,
reflux, 88%; v) PBr3, CHCl3, RT, 97%; vi) NH3, Na2CO3, THF, 60 8C,
62%.
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in both cases, no other macro-
cyclization products could be
clearly detected by 1H NMR
spectroscopy.
For the second synthetic


pathway, X6H3Me3 1 was first
alkylated in quantitative yield
with an excess of methyl 6-(bro-
momethyl)picolinate 4
(5 equiv) in the presence of a
strong base (NaH). Reduction
of the ester groups of 8 by lithi-
um aluminum hydride (LAH)
afforded the corresponding tris-
hydroxy derivative 9 in 88%
yield. Subsequent treatment
with PBr3 led to the tris-bromo
derivative 10 in high yield
(97%). The 1H NMR spectra of
the calix[6]arene derivatives 8,
9, and 10 show the presence of
a major flattened C3v-symmetri-
cal cone conformation with the
anisole tBu substituents in the
out position (dtBu=1.36–
1.38 ppm), their corresponding
methoxy group being oriented
towards the center of the cavity
(dOMe=2.34–2.35 ppm) (see the
Supporting Information: Fig-
ures S15, S17, S19). It is note-
worthy however that minor dis-
symmetrical alternate conformations are detectable, as pre-
viously observed for similar calix[6]arenes bearing picolyl
residues.[20] Similarly to the preparation of compound 5, the
reaction of calixarene 10 with a saturated solution of ammo-
nia in THF at 60 8C led, in the presence of Na2CO3, to 11 in
62% yield (Scheme 2). This high yield does not result from
a templating effect of the sodium cation since 11 was isolat-
ed in a comparable 55% yield when the reaction was con-
ducted in absence of Na2CO3.
If we compare the two different pathways for the synthe-


sis of 11, they appear equally efficient as they lead to similar
overall yields from 1 (47% and 52%, respectively), and are
both easy to carry out on a large scale.


1H NMR conformational study of calix[6]tmpa (11): The
conformational properties of 11 have been studied by 1H
NMR spectroscopy. The spectrum recorded at 293 K (Fig-
ure 2a) is characteristic of a major C3v-symmetrical flattened
cone conformation with sharp doublets at d=3.43 and
4.45 ppm for the ArCH2 methylene protons. The NMR pro-
file barely changed in the 263–330 K temperature range, be-
sides some broadening of the OMe signal at low tempera-
ture (see the Supporting Information: Figure S1). An heter-
onuclear multiple bond correlation (HMBC) experiment al-
lowed the attribution of the tBuAr resonances: the aromatic


units linked to the tmpa cap present the more high-field
shifted resonances (dArH=6.80 ppm, dtBu=0.86 ppm), where-
as those belonging to the tBu-anisole units are relatively
down-field shifted (dArH=7.26 ppm, dtBu=1.37 ppm) (see the
Supporting Information: Figure S23). Hence, the former
protons experience the anisotropic ring current from the
tBu-anisole aromatic cores. This shows that the tBuArO-
ACHTUNGTRENNUNG(tmpa) aromatic units are in an in-position, whereas the ani-
sole walls stand away from the C3v axis, thus forming the ex-
ternal shell of the calixarene cavity. Despite the presence of
the tmpa cap that precludes the inclusion of all three O-
methyl substituents in the calixarene cone conformation due
to overcrowding, the corresponding CH3 protons present a
high-field shifted resonance (dOMe=2.53 ppm). This can be
explained by their relative proximity to the C3v axis and, as
a consequence, to the aromatic units of the tmpa and calix-
arene cores.
Such a conformation differs from those adopted by all


other calixazacryptands which we have described so far.
Indeed, in the case of calix[6]tac (Figure 1), the capping of
the narrow rim produced a calixarene with an inverted flat-
tened cone conformation compared with 11, that is, the ani-
sole tBu substituents (dtBu=0.73 ppm) being in an in-posi-
tion with their OCH3 groups far from the C3v axis (dOMe=
3.75 ppm). For calix[6]tren and PN3, a straight and regular


Figure 2. 1H NMR spectra (300 MHz, CDCl3): a) 11 (293 K); b) endo complex 11·Na+�EtOH (293 K); c)
11.H+ ,Pic� (263 K); d) endo complex 11�PrNH3


+ ,Pic� (263 K); !: free PrNH2. Residual solvents, water and
the minor conformers (see the text) have been labeled “S”, “W” and “Minor conf.”, respectively.


Chem. Eur. J. 2006, 12, 6393 – 6402 I 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6395


FULL PAPERCalix[6]arene Azacryptand



www.chemeurj.org





cone conformation was observed (DdtBu < 0.09 ppm and
dOMe �3 ppm). This original conformational behavior of 11
may be related to the more rigid tmpa cap that is construct-
ed from aromatic amines instead of aliphatic amines. Inter-
estingly, such a conformation produces a cavity with a differ-
ent environment at the narrow rim because the oxygen
atoms bearing the tmpa cap are moved away from the C3v
axis, directing their lone pair electrons toward the outside of
the cavity (Scheme 2 and Figure 2a).


A sodium “funnel complex” based on calix[6]tmpa (11): As
in the case of all other calix[6]azacryptands, no inclusion of
small neutral molecules by 11 could be evidenced by 1H
NMR spectroscopy in CDCl3. Interestingly however, when a
chloroform/EtOH solution of 11 was treated with solid
NaCl, a new species was produced. After filtration and re-
moval of the solvents, the resulting solid was analyzed by 1H
NMR spectroscopy in CDCl3 at 293 K (Figure 2b). It
showed new resonances in the high-field region that were
unambiguously (COSY and NOESY, see the Supporting In-
formation: Figures S25 and S27) attributed to an ethanol
guest molecule. The latter appeared strongly bound to the
calix cavity as no free EtOH was observable. The main spe-
cies is C3v-symmetrical with one equivalent of EtOH in the
calixarene cavity (dCH3=�1.56, dCH2=1.44, dOH=


2.16 ppm),[21] possesses a flattened cone conformation simi-
lar to that in 11 (dtBu=1.43 ppm (for the anisole unit as con-
firmed by HMBC) and DdtBu=0.62 ppm) and up-field shift-
ed CH2N and Py�H resonances. Therefore, the identity of
this new species has been assigned as 11·Na+�EtOH, a
funnel complex in which the sodium ion allows the efficient
hosting of one equivalent of ethanol, as depicted in
Scheme 3.[22] The whole NMR spectrum barely changed in
the 261–330 K temperature range, and only a slight broaden-


ing of the signals belonging to the included EtOH molecule
was observed at 330 K. This observation emphasizes the re-
markable affinity of the Na+ complex for this neutral guest.
Lastly, the co-existence of a minor species was evidenced by
the presence of a small triplet at d=�1.45 ppm (Figure 2b,
insert) which was associated to different calixarene resonan-
ces, some of which were clearly observable in the 0–2 ppm
region. This probably corresponds to a minor alternate con-
formation, as discussed below.[23] Interestingly, the binding
of Na+ and EtOH appeared cooperative. Indeed, when the
endo complex 11·Na+�EtOH was strongly dried in the solid
state under high vacuum, part of the bound EtOH was re-
moved. Redissolving the resulting solid in CDCl3 showed a
mixture of 11·Na+�EtOH and free ligand 11. This shows, in
solution and in the absence of EtOH, that the Na+ complex
is not stable and the tmpa cap spontaneously releases the
cation (probably as NaCl). However, adding approximately
three equivelants of ethanol to the solution quantitatively
restored the initial complex. This demonstrates that without
the EtOH guest, 11 is inefficient at binding Na+ . Converse-
ly, without Na+ , 11 is inefficient at binding EtOH.
In a chloroform solution, the displacement of the bound


EtOH was performed upon the addition of a few molar
equivalents of other neutral guests such as (� )-propane-1,2-
diol (PPD), pyrrolidin-2-one (PYD), imidazolidin-2-one
(IMI), EtNH2 or DMF to the endo-complex 11·Na


+�EtOH
(Scheme 3). The complexation-induced upfield shifts (CIS)
and relative affinities obtained with these guests are report-
ed in Table 1. The relative affinities decrease according to
the sequence order IMI @ PYD > EtOH > EtNH2. Thus,
in contrast to the previously reported Zn2+ funnel complex-
es,[5b,24] an alkali metal ion such as Na+ allows the stronger
binding of cyclic ureas, amides, and primary alcohols com-
pared with primary amines. This is obviously related to the


strong oxophilic character of
the harder Na+ ion.


Characterization by X-ray dif-
fraction and hosting properties
of the mono-protonated deriva-
tive 11·H+ : The host properties
of 11 with a protonated aza cap
were investigated as well. At
263 K, the addition of approxi-
mately 0.5 equivalents of picric
acid (PicH) to a solution of 11
in CDCl3 led to the formation
of an approximately 1:1 mixture
of a new C3v-symmetrical spe-
cies in slow exchange with 11
when compared with the NMR
time scale (see the Supporting
Information: Figure S2).[25]


When one equivalent of PicH
was added, 11 was fully con-
verted into this new species
(Figure 2c), which therefore


Scheme 3. i) NaCl, CHCl3, EtOH; ii) L (> 1 equiv), CDCl3; iii) PicH (1 equiv), CDCl3; iv) RNH2 (> 1 equiv),
CDCl3.
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corresponds to the monoprotonated derivative 11·H+


(Scheme 3).[26] It is noteworthy that the addition of a large
excess of PicH (ca. 100 equiv) or a stronger acid such as
perchloric acid did not affect the NMR spectrum much,
beside some broadening of the resonances. This shows that
further protonation of the tmpa cap is highly disfavored, in
contrast to a simple tmpa unit[27] and to the other calix[6]-
ACHTUNGTRENNUNGazacryptands that easily undergo polyprotonation.[4c,5b,6]


X-ray quality crystals of 11·H+ were grown out of a solu-
tion of 11 in CHCl3 that had been treated by a few molar
equivalents of HClO4 diluted in EtOH. The crystal unit con-
tains three calixarene cryptands that are monoprotonated as
attested by the presence of three perchlorate counterions.
Two calixarene cores adopt a flattened cone conformation
(see Figure 3, left, for one of these two cone conformations)


that fully corresponds to that described for 11 above. It is
noteworthy that these flattened cone conformations of
11·H+ present aromatic units that are in alternate in and out
positions compared with the previously reported monopro-


tonated calix[6] azacryptands (i.e. calix[6]tren·H+ and cal-
ix[6]PN3·H


+).[4c,5b] The third calix structure observed in the
solid state possesses an unexpected 1,3-alternate conforma-
tion (Figure 3, right). One anisole unit presents its tBu sub-
stituent in an out position with its OMe group pointing to-
wards the center of the calix cavity. The two others are
upside down, with their tBuAr moieties folded back at the
level of the small rim of the calixarene. Interestingly, this
1,3-alternate conformation appears to be stabilized by a
series of CH–p interactions: all three methoxy groups are
oriented toward the inside of the cavity at relatively short
distances from two p bonds belonging to the calix aromatic
core, one on each side; the upside down tBu groups are also
found next to the pyridine units at distances denoting CH–p
interactions (Figure 4). To the best of our knowledge, this is


the first example in the solid state of a 1,3-alternate confor-
mation of a calix[6]arene derivative.
The NMR spectrum of 11·H+ (Figure 2c) suggests that in


solution too, the protonated calix cryptand adopts two dif-
ferent conformations.[26] The major conformation clearly cor-
responds to the cone conformation observed in the solid-
state structure because it displays a C3v-symmetrical pattern
with several data attesting to the monoprotonation of the
tmpa cap: 1) a downfield shift of the CH2N and pyridine
(Py�H) signals; 2) the presence of a broad singlet at d=
10.01 ppm, integrating for one proton and corresponding to
the NH+ resonance (D2O-exchanged). The presence of a
minor dissymmetrical conformation is shown by extra reso-
nances clearly observable in the d=0–2 ppm region[28] and
may well correspond to the 1,3-alternate conformation ob-
served in the solid state. Such a conformation may also be
relevant to the minor species detected in the spectrum of
complex 11·Na+�EtOH (Figure 2b).
Upon the addition of a large excess of small polar neutral


molecules such as DMSO, EtOH, MeOH, and IMI into a
solution of 11·H+ in CDCl3, no inclusion was detected even
at low temperature (223 K). Indeed, we have previously
shown that the recognition of polar neutral molecules


Table 1. Relative affinities of the neutral guests L towards host 11·Na+


and NMR complexation-induced upfield shifts (CIS) observed upon their
endo complexation (solvent: CDCl3).


Entry L Rel. aff.[a] CIS [ppm][b]


a b g


1 EtOH 1 �2.27 �2.79 -
2 (�)-PPD 0.015 n.d.[c] n.d.[c] �2.53[d]
3 EtNH2 0.16 �2.17 �2.72 –
4 DMF 0.33 �1.74 – �2.61[e]
5 PYD 1.9 – �2.63 �2.48, �2.86[f]
6 IMI 12.3 – – �2.74


[a] Relative affinity calculated at 293 K and defined as [Lin]/ ACHTUNGTRENNUNG[EtOHin]R
[EtOHT]/[LT], where indexes in = included and T = total amount.
Errors estimated �10%. [b] CIS calculated at 293 K and defined as Dd=
d(complexed L) � d ACHTUNGTRENNUNG(free L). a, b, and g refer to the relative position of
the protons to the oxygen atom or to the nitrogen atom in the case of
PrNH2. [c] Not determined due to overlapping of the host and guest sig-
nals. [d] g refers to the relative position of the protons to the oxygen
atom of the primary alcohol. [e] Average value of the two inequivalent
methyl groups. [f] Values determined for CH2CH2CH2 and CH2N, respec-
tively.


Figure 3. Crystal structure of 11·H+ ,ClO4
�. Left: one of the two cone


conformations (see the text); Right: 1,3-alternate conformation. Hydro-
gen atoms and some crystallization solvent molecules have been omitted
for clarity.


Figure 4. Top view of the 1,3-alternate conformer of 11·H+ displaying the
CH–p interactions (dashed lines) between the OMe and the aryl rings on
one hand, and between the tBu substituents and the pyridine groups on
the other. The C···p distances are between 3.1–3.5 and 3.7–4.1 S, respec-
tively.
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through charge–dipole interactions and hydrogen bonding
requires a polycationic cap with multiple NH+ sites.[5b,29]


Yet, the addition of a few equivalents of a primary amine
RNH2 (with R=Et, nPr, or nBu) to 11·H+ led to the forma-
tion of C3v-symmetrical endo complexes with characteristic
high-field-shifted signals for the included alkyl chain (see
Figure 2d for R=Pr, and the CIS values reported in
Table 2). It is noteworthy that, upon complexation of the


amine, the CH2N signal of the tmpa cap of 11·H
+ experi-


enced an impressive high-field shift (DdCH2N=1.23 ppm rela-
tive to 11·H+�1), whereas the Py�H resonances were only
slightly affected. This evidences a proton transfer from the
tmpa cap to the amine, hence showing that the endo com-
plex indeed corresponds to 11�RNH3


+ rather than to 11·H+


�RNH2 (as schematized in Scheme 3). Although we were
unsuccessful in assigning the tBu peaks by HMBC, we can
gather from the only moderate changes observed in the 1H
NMR spectrum (Figure 2) that the calixarene core of
11�RNH3


+ likely remains in the flattened cone conforma-
tion characteristic of 11. When the spectrum was recorded
at room temperature, the in and out exchange process of
RNH3


+ remained slower than the NMR time scale, high-
lighting the strong affinity of the receptor for these ammoni-
um ions. Very interestingly, in the case of the endo complex
11�PrNH3


+ , a splitting of some resonances of the host (i.e.
CH2O and CH2N of the cap) and of the guest (i.e. CH3CH2)
was observed at 220 K (see the Supporting Information:
Figure S3). This is clearly due to the well-known helical
twisting of the three nitrogenous arms of the cap,[20,30] the
host providing a chiral C3 environment sensed by the guest.
Finally, competitive binding experiments monitored by 1H
NMR spectroscopy at 263 K (see the Experimental Section
for the detailed procedure) showed that PrNH3


+ is the best
guest, thus corresponding to optimal cavity filling and CH�
p interactions (Table 2). Hence, in spite of the conforma-
tional differences with calix[6]tren, calix[6]tmpa (11) exhib-
its analogous complexation properties toward ammonium
ions, with a comparable positioning of the ions in the heart


of the cavity (as indicated by similar CIS values) and an
identical guest preference for R=Pr.[5b]


Conclusion


The synthesis of a new C3v-symmetrical calix[6]azacryptand,
that is, calix[6]tmpa (11), was achieved according to two effi-
cient strategies in remarkably similar overall yields from cal-
ixarene 1 (47% and 52%, respectively). Calix[6]tmpa (11)
and its sodium and protonated derivatives (11·Na+ and
11·H+) display conformational properties that differ from
the properties previously observed for all the other calix[6]-
azacryptands, and are probably due to the high sterical con-
strains inferred from the tmpa cap. Also, interestingly, the
NMR study in CDCl3 showed that whereas 11 readily under-
goes monoprotonation in the presence of an acid, it appears
reluctant to undergo polyprotonated, unlike the more flexi-
ble calix[6]azacryptands presenting alkylamines instead of
aromatic amines. The monoprotonated derivative 11·H+ be-
haves as a good receptor for amines, leading to inclusion
complexes 11�RNH3


+ , but it is not polarized enough to
bind small polar neutral molecules in chloroform. Finally,
the cooperative complexation of Na+ in the tmpa cap and
neutral guests in the cavity was evidenced, providing the
first example of a funnel complex binding an alkali-metal
cation. This Na+ complex possesses unique host properties
as compared with the related Zn2+ funnel complexes[24]


since it preferentially includes cyclic ureas, amides, or alco-
hols rather than primary amines. Hence, 11 provides a new
example of synergistic combination of a polyaza site and a
calix[6]arene structure. Indeed, on the one hand, a simple
tmpa molecule undergoes trisprotonation in the presence of
perchloric acid and leads to a bis-tmpa Na+ complex with
NaClO4.


[31] Such different behavior shows the importance of
geometrical control owing to the calixarene macrocycle. On
the other hand, whereas calix[4]arenes functionalized at the
small rim with O-donors have been shown to efficiently
complex sodium ions,[32] cooperative guest coordination is
only possible with a calix[6]arene that provides a wider
small rim leaving access for guest binding to Na+ . In conclu-
sion, calix[6]tmpa (11) constitutes a new member of the cal-
ix[6]azacryptand family with different conformational be-
havior and promising binding properties toward neutral or
charged species.


Experimental Section


General : CH2Cl2 was distilled over CaH2 under argon. CHCl3 was distil-
led over P2O5 under argon. DMF was distilled over silica gel/MgSO4
under argon. Diethyl ether and THF were distilled over sodium/benzo-
phenone under argon. Ethanol was distilled over sodium/diethylphthalate
under argon. All reactions were performed under an inert atmosphere. In
all cases, NaH was not washed prior to use. Silica gel (230–400 mesh) was
used for flash chromatography separations. 1H and 13C NMR spectra
were recorded either with a Bruker AC 200, ARX 250, Avance 300 or
Avance 500 apparatus. Chemical shifts are expressed in ppm. In most


Table 2. Relative affinities of the ammonium ion RNH3
+ towards host


11 and NMR complexation-induced upfield shifts (CIS) observed upon
their endo-complexation in CDCl3.


Entry Ammonium Ion
RNH3


+


Rel.
aff.[a]


CIS [ppm][b]


a b g d


1 EtNH3
+ 0.20 �2.41 �2.38 – –


2 nPrNH3
+ 1 n.d.[c] �1.87 �2.81 –


3 nBuNH3
+ 0.48 n.d.[c] �1.28 �2.76 �2.63


[a] Relative affinity calculated at 293 K and defined as [RNH3
+


in]/ ACHTUNGTRENNUNG[PrNH3
+
in]R [PrNH2(H


+)T]/ ACHTUNGTRENNUNG[RNH2(H
+)T] where indexes in= included


and T= total amount. Errors estimated �10%. [b] CIS calculated at
263 K and defined as Dd=d(complexed ammonACHTUNGTRENNUNGium ion) � d(free ammon-
ium ion). a, b, g, and d refer to the relative position of the protons to the
charged nitrogen atom of the ammonium ion (i.e. Cd-Cg-Cb-Ca-NH3


+).
ACHTUNGTRENNUNG[c] Not determined due to overlapping of the host and guest signals.
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cases, they were assigned through HMQC and/or HMBC, COSY,
NOESY experiments. Traces of residual solvent were used as internal
standard. IR spectra were recorded on a Perkin-Elmer Spectrum One
FT-IR spectrometer using either KBr pellets or the Attenuated Total Re-
flectance (ATR) method. EIMS analyses were performed with a Finnigan
LCQ Advantage apparatus. Elemental analyses were performed at the
Service de Microanalyse (I.C.S.N., Gif sur Yvette, France) and at the
Laboratoire de Microanalyse Organique (IRCOF, France).


Methyl 6-(hydroxymethyl)picolinate (3): NaBH4 (390 mg, 10.3 mmol) was
slowly added, at 0 8C, to a solution of dimethyl pyridine-2,6-dicarboxylate
(2 ; 2.00 g, 10.2 mmol) in a dry 7:3 mixture of MeOH/CH2Cl2 (100 mL).
The reaction mixture was stirred for 3 h at room temperature and then
neutralized with an aqueous saturated NH4Cl solution. After extraction
with CH2Cl2 (3R50 mL), the combined organic layers were dried with
Na2SO4 and the solvent was removed under reduced pressure. The result-
ing crude residue was purified by column chromatography (hexane/
EtOAc; 1:1 then 1:2) giving the mono-alcohol 3 (1.49 g, 87%) as a white
solid. The melting point was identical to the one described in the litera-
ture:[33] m.p. 88 8C; IR (KBr): ñ=1742 cm�1; 1H NMR (300 MHz, CDCl3):
d=3.43 (br s, 1H; OH), 3.98 (s, 3H; OCH3), 4.86 (s, 2H; CH2O), 7.54 (d,
J=8 Hz, 1H; Py�H), 7.85 (t, J=8 Hz, 1H; Py�H), 8.02 ppm (d, J=8 Hz,
1H; Py�H); 13C NMR (75 MHz, CDCl3): d=53.0, 64.7, 123.9, 124.2,
137.8, 147.1; 160.4, 165.7 ppm; EIMS: m/z (%): 167 ([M]+ , 9), 109 (100),
91 (81).


Methyl 6-(bromomethyl)picolinate (4): PBr3 (1.04 mL, 11.1 mmol) was
added, at 0 8C, to mono-alcohol 3 (1.72 g, 10.3 mmol) in anhydrous
CHCl3 (150 mL). The reaction mixture was stirred for 4 h at room tem-
perature and then neutralized at 0 8C with an aqueous saturated K2CO3
solution. After extraction with CH2Cl2 (2R50 mL), the combined organic
layers were dried with Na2SO4 and the solvent was removed under re-
duced pressure, leading to pure compound 4 as a white solid (2.34 g,
99%). No further purification of the compound 4 was necessary. The syn-
thesis of compound 4 was previously reported with a different proce-
dure[34] and, to our knowledge, no characterization data has been report-
ed. m.p. 98 8C; IR (ATR): ñ=1739 cm�1; 1H NMR (300 MHz, CDCl3):
d=4.00 (s, 3H; OCH3), 4.65 (s, 2H; CH2), 7.69 (d, J=8 Hz, 1H; Py�H),
7.87 (t, J=8 Hz, 1H; Py�H), 8.05 ppm (d, J=8 Hz, 1H; Py�H); 13C
NMR (75 MHz, CDCl3): d=33.0, 53.2, 124.6, 127.4, 138.6, 147.5, 157.5,
165.2 ppm; ESI-MS (CH3CN): m/z (%): 230.0 ([M+H]+ , 100), 232.0
([M+H]+ , 92); elemental analysis calcd (%) for C8H8BrNO2 (230.06): C
41.77, H 3.50, N 6.09; found: C 41.79, H 3.27, N 6.12.


Tris[6-(methoxycarbonyl)-2-pyridylmethyl]amine (5): NH3 was bubbled
into a solution of 4 (2.00 g, 8.69 mmol) in THF (150 mL) at room temper-
ature for 30 min. K2CO3 (2.70 g, 19.5 mmol) was then added, the mixture
was stirred at 50 8C and the reaction was monitored by 1H NMR spectro-
scopy in CDCl3. Once the reaction appeared complete, the solvent was
removed under reduced pressure, the resulting residue was dissolved in
CH2Cl2 (30 mL) and washed with water (20 mL). The aqueous layer was
extracted twice with CH2Cl2 (2R15 mL) and the combined organic layers
were dried with Na2SO4. After removal of the solvent under reduced
pressure, recrystallization from CH2Cl2/Et2O (1:1) afforded pure product
5 (1.10 g, 82%) as a white solid. m.p. 94 8C; IR (ATR): ñ=1738 cm�1; 1H
NMR (250 MHz, CDCl3): d=4.02 (s, 9H; OCH3), 4.05 (s, 6H; CH2),
7.80–7.90 (m, 6H; Py�H), 8.01 ppm (d, J=7 Hz, 3H; Py�H); 13C NMR
(75 MHz, CDCl3): d=53.3, 60.3, 124.1, 126.7, 137.8, 147.9, 160.1,
166.2 ppm; ESI-MS (CH3CN): m/z (%): 487.3 ([M+H]+ , 100); elemental
analysis calcd (%) for C24H24N4O6·0.33H2O (470.42): C 61.27, H 5.28, N
11.91; found: C 61.29, H 5.05, N 11.86.


Tris[6-(hydroxymethyl)-2-pyridylmethyl]amine (6): NaBH4 (360 mg,
9.52 mmol) was added to a suspension of tris-ester 5 (230 mg,
0.495 mmol) in anhydrous EtOH (8 mL) at 0 8C. The reaction mixture
was refluxed for 2 h and the solvent was removed under reduced pres-
sure. The resulting crude residue was dissolved in CH2Cl2 (10 mL),
washed with brine (2R10 mL), and with an aqueous saturated Na2CO3
solution (2 mL). The organic layer was dried with Na2SO4 and concen-
trated. Recrystallization from CH2Cl2/Et2O (1:1) yielded pure 6 (154 mg,
82%) as a white solid. The characterization data were identical to those
described in the literature.[15] 1H NMR (200 MHz, CDCl3): d=3.70 (s,


6H; CH2N), 4.93 (s, 6H; CH2O), 7.04 (d, J=8 Hz, 3H; Py�H), 7.06 (d,
J=8 Hz, 3H; Py�H), 7.55 ppm (t, J=8 Hz, 3H; Py�H); 13C NMR
(75 MHz, CDCl3): d=59.8, 64.1, 120.5, 121.8, 137.5, 157.9, 160.6 ppm;
ESI-MS (CH3CN): m/z (%): 381.4 ([M+H]+ , 100).


Tris[6-(chloromethyl)-2-pyridylmethyl]amine (7): SOCl2 (22.0 mL,
302 mmol) was added dropwise to compound 6 (3.18 g, 8.36 mmol) at
0 8C. The resulting suspension was stirred for 5.5 h at room temperature
and the excess of SOCl2 was removed under reduced pressure. The resi-
due was dissolved in CH2Cl2 (200 mL) and an aqueous solution of NaOH
(1m) was added slowly at 0 8C until the mixture became basic (pH > 12).
The organic layer was separated and the aqueous layer was extracted
with CH2Cl2 (2R200 mL). The combined organic layers were washed
with water (3R100 mL), dried over Na2SO4, and evaporated to dryness.
Et2O (2R150 mL) was added to the resulting brown solid and the solu-
tion was stirred for 1 h and filtered. After removal of Et2O under re-
duced pressure, compound 7 was obtained as a pure colorless solid
(2.77 g, 76%). This product is not stable at room temperature and de-
composes within a few days. However, it is stable at lower temperature
(�18 8C) for approximately one month. M.p. 81 8C; IR (KBr): ñ=1589,
1574 cm�1; 1H NMR (300 MHz, CDCl3): d=3.88 (s, 6H; CH2N), 4.62 (s,
6H; CH2Cl), 7.30 (d, J=8 Hz, 3H; Py�-H), 7.51 (d, J=8 Hz, 3H; Py�
H), 7.66 ppm (t, J=8 Hz; 3H, Py�H); 13C NMR (75 MHz, CDCl3) d=


46.8, 60.0, 121.1, 122.3, 137.5, 155.9, 159.1 ppm; EIMS (MeOH): m/z (%):
435 ([M
H]+ , 100).


5,11,17,23,29,35-Hexa-tert-butyl-37,39,41-trimethoxy-38,40,42-tris-[(6-me-
thoxycarbonyl-2-pyridyl)methoxy]calix[6]arene (8): NaH (60 wt% in oil,
1.48 g, 37.0 mmol) was added in small portions into a solution of methyl
6-(bromomethyl)picolinate (4 ; 4.40 g, 19.1 mmol) and X6H3Me3 (1; 3.89 g,
3.83 mmol) in anhydrous THF (160 mL) at 0 8C. After refluxing for 23 h,
the reaction mixture was cooled to 0 8C and water was slowly added until
the gas release ceased. The solvent was removed under reduced pressure,
the resulting residue was dissolved in CH2Cl2 (200 mL) and washed with
water (2R25 mL). After solvent evaporation, the residue was triturated
with EtOH (10 mL) and the resulting solid was isolated by filtration,
yielding compound 8 (5.55 g, 99%) as a white solid. m.p. 224 8C
(decomp); IR (KBr): ñ=2957, 1727, 1592, 1483 cm�1; 1H NMR
(300 MHz, CDCl3): d=0.82 (s, 27H; tBu), 1.36 (s, 27H; tBu), 2.34 (s, 9H;
OCH3calix), 3.42 (d, J=15 Hz, 6H; ArCH2), 3.98 (s, 9H; OCH3pyr), 4.57
(d, J=15 Hz, 6H; ArCH2), 5.20 (s, 6H; OCH2), 6.70 (s, 6H; ArHcalix),
7.26 (s, 6H; ArHcalix), 7.96 (t, J=7 Hz, 3H; Py�H), 8.07 (d, J=7 Hz, 3H;
Py�H), 8.19 ppm (d, J=7 Hz, 3H; Py�H); 13C NMR (75 MHz, CDCl3):
d=29.7, 31.2, 31.7, 34.1, 34.3, 53.0, 60.4, 74.7, 123.9, 124.1, 124.7, 128.1,
133.0, 133.6, 138.1, 146.1, 146.4, 147.2, 151.4, 154.4, 158.9, 165.8 ppm; ele-
mental analysis calcd (%) for C93H111N3O12·2.5H2O (1507.94): C 74.07, H
7.75, N 2.79; found: C 73.87, H 7.66, N 2.59.


5,11,17,23,29,35-Hexa-tert-butyl-37,39,41-trimethoxy-38,40,42-tris-[(6-hy-
droxymethyl-2-pyridyl)methoxy]calix[6]arene (9): LiAlH4 (50 mg,
1.3 mmol) was added into a solution of calix[6]arene 8 (200 mg,
0.14 mmol) in anhydrous Et2O (14 mL). After refluxing for 16 h, the re-
action mixture was cooled to 0 8C and HCl (4n) was slowly added until
pH<3. The solvent was removed under reduced pressure and the result-
ing residue was dissolved in CH2Cl2 (50 mL), washed with an aqueous
solution of NaOH (1m, 15 mL) and then twice with water (2R10 mL).
After solvent evaporation, EtOH (2 mL) was added to the residue and
the resulting solid was isolated by filtration, yielding compound 9
(167 mg, 88%) as a white solid. m.p. 225 8C (decomp); IR (KBr): n=
2961, 1597, 1482 cm�1; 1H NMR (300 MHz, CDCl3): d=0.84 (s, 27H;
tBu), 1.38 (s, 27H; tBu), 2.35 (s, 9H; OCH3), 3.43 (d, J=15 Hz, 6H;
ArCH2), 4.61 (d, J=15 Hz, 6H; ArCH2), 4.76 (s, 6H; CH2OH), 5.11 (s,
6H; PyrCH2O), 6.72 (s, 6H; ArHcalix), 7.18 (t, J=4 Hz, 3H; Py�H), 7.28
(s, 6H; ArHcalix), 7.75–7.86 ppm (m, 6H; Py�H); 13C NMR (75 MHz,
CDCl3): d=29.8, 31.3, 31.8, 34.2, 34.4, 60.4, 64.0, 75.0, 119.4, 120.2, 123.9,
128.1, 133.2, 133.8, 137.8, 146.0, 146.3, 151.6, 154.5, 157.0, 158.2 ppm; ele-
mental analysis calcd (%) for C90H111N3O9·2H2O (1414.90): C 76.40, H
8.19, N 2.97; found: C 76.66, H 8.03, N 2.65.


5,11,17,23,29,35-Hexa-tert-butyl-37,39,41-trimethoxy-38,40,42-tris-[(6-bro-
momethyl-2-pyridyl)methoxy]calix[6]arene (10): PBr3 (0.300 mL,
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3.19 mmol) was added to a solution of calix[6]arene 9 (600 mg,
0.435 mmol) in CHCl3 (50 mL) and the reaction mixture was stirred for
2 h at room temperature. The reaction mixture was poured into an aque-
ous K2CO3 (sat.) solution (150 mL) at 0 8C. The aqueous layer was ex-
tracted with CH2Cl2 (2R30 mL) and the combined organic layers were
dried with Na2SO4. After filtration and removal of the solvent under
vacuum, pure compound 10 (661 mg, 97%) was obtained as a white
solid. m.p. 151 8C (decomp); IR (KBr): ñ=2961, 1593, 1482 cm�1; 1H
NMR (300 MHz, CDCl3): d=0.83 (s, 27H; tBu), 1.38 (s, 27H; tBu), 2.34
(s, 9H; OCH3), 3.42 (d, J=15 Hz, 6H; ArCH2), 4.57 (s, 6H; CH2Br),
4.58 (d, J=15 Hz, 6H; ArCH2), 5.11 (s, 6H; CH2O), 6.71 (s, 6H;
ArHcalix), 7.27 (s, 6H; ArHcalix), 7.41 (d, J=7 Hz, 3H; Py�H), 7.80–
7.89 ppm (m, 6H; Py�H); 13C NMR (75 MHz, CDCl3): d=29.8, 31.3,
31.8, 34.0, 34.2, 34.4, 60.4, 75.0, 120.9, 122.4, 123.9, 128.1, 133.2, 133.7,
138.1, 146.0, 146.3, 151.5, 154.5, 156.1, 158.2 ppm; elemental analysis
calcd (%) for C90H108Br3N3O6·2H2O (1603.59): C 67.41, H 7.04, N 2.62;
found: C 67.18, H 6.69, N 2.55.


Calix[6]tmpa (11):


Method A : X6Me3H3 (1; 508 mg, 0.500 mmol) was added to a mixture of
NaH (60 wt% in oil, 90 mg, 2.3 mmol) and NaI (50 mg, 0.33 mmol) in an-
hydrous THF (80 mL) and anhydrous DMF (80 mL). The solution was
stirred for 30 min and compound 7 (327 mg, 0.750 mmol) was added in
one portion. The reaction mixture was refluxed for 48 h and then the sol-
vent was removed under reduced pressure. The resulting residue was dis-
solved in dichloromethane (100 mL) and washed with water (3R50 mL).
The organic layer was separated and concentrated to dryness. The result-
ing residue was triturated with ethanol (10 mL) and pure calix[6]tmpa
(11) was isolated by centrifugation as a white solid (240 mg, 36%).


Method B : A suspension of X6Me3H3 (1; 300 mg, 0.295 mmol), compound
7 (142 mg, 0.326 mmol), K2CO3 (124 mg, 0.897 mmol), Cs2CO3 (48 mg,
0.15 mmol), and KI (25 mg, 0.15 mmol) in anhydrous DMF (20 mL) was
stirred vigorously at room temperature for 2 h and then at 90 8C for 64 h.
After the mixture was allowed to cool back to room temperature, DMF
was removed under vacuum to dryness. CH2Cl2 (100 mL) and HCl (2m,
1.5 mL) were added to the residue and the solution was stirred for 1 h at
room temperature. The organic layer was separated, washed with H2O
(2R50 mL), then stirred with an aqueous NaOH solution (5m, 4.5 mL)
for 1 h at room temperature. The organic layer was again separated and
washed three times with H2O (first with 2R50 mL for a few minutes,
then with 100 mL for 1 h) to remove any trace of sodium cation. After
evaporation of CH2Cl2 under reduced pressure, the aqueous suspension
was filtered over celite. The solid phase was washed successively with
H2O (3R50 mL), EtOH (3R50 mL), CH2Cl2 (3R20 mL), and finally ex-
tracted with CHCl3 (4R20 mL). Evaporation of the CHCl3 fractions
yielded the desired pure product 11 (187 mg, 47%).


Method C : NH3 was bubbled for 1 h into a solution of calix[6]arene 10
(170 mg, 0.108 mmol) in THF (100 mL) at room temperature. Na2CO3
(20 mg, 0.19 mmol) was added and the reaction mixture was heated at
60 8C for 16 h. The solvent was removed under reduced pressure and the
crude solid was dissolved in CH2Cl2 (20 mL), washed with an aqueous
solution of NaOH (1m, 5 mL) and with water (2R100 mL). After evapo-
ration of CH2Cl2, the suspension was filtered over celite. The solid phase
was washed successively with H2O (2R10 mL), CH2Cl2 (2R5 mL), and fi-
nally extracted with CHCl3 (4R10 mL) to yield pure 11 (90 mg, 62%).
m.p. > 260 8C; IR (KBr): ñ=2951, 1591 cm�1; 1H NMR (CDCl3,
300 MHz): d=0.86 (s, 27H; tBu), 1.37 (s, 27H; tBu), 2.53 (s, 9H; OCH3),
3.43 (d, J=15 Hz, 6H; ArCH2), 3.63 (s, 6H; CH2N), 4.45 (d, J=15 Hz,
6H; ArCH2), 5.65 (s, 6H; CH2O), 6.80 (s, 6H; ArHcalix), 7.08 (d, J=7 Hz,
3H; Py�H), 7.26 (s, 6H; ArHcalix), 7.61–7.66 ppm (m, 6H; Py�H);
13C NMR (CDCl3, 75 MHz): d=31.0, 31.2, 31.9, 34.2, 34.4, 60.1, 61.4,
74.9, 117.8, 121.9, 124.3, 128.6, 133.5, 134.0, 136.6, 145.8, 146.0, 151.7,
155.9, 157.5, 160.0 ppm; elemental analysis calcd (%) for
C90H108N4O6


.CH2Cl2·3H2O (1480.82): C 73.81, H 7.90, N 3.78; found: C
74.12, H 7.69, N 3.59.


11·H+ ,Pic� and endo complexes 11�RNH3
+ ,Pic� : PicH (1 equiv) was


added to a solution of 11 (3 mg, 2 mmol) in CDCl3 (0.6 mL). The corre-
sponding 1H NMR spectrum showed the formation of the monoprotonat-
ed species 11·H+ ,Pic� : 1H NMR (CDCl3, 300 MHz, 263 K): d=0.87 (s,


27H; tBu), 1.40 (s, 27H; tBu), 2.85 (s, 9H; OCH3), 3.40 (d, J=15 Hz,
6H; ArCH2), 4.29 (d, J=15 Hz, 6H; ArCH2), 4.95 (sb, 6H; CH2N), 5.56
(s, 6H; CH2O), 6.85 (s, 6H; ArHcalix), 7.32 (s, 6H; ArHcalix), 7.46 (d, J=
8 Hz, 3H; Py�H), 7.92 (t, J=8 Hz, 3H; Py�H), 8.04 (d, J=8 Hz, 3H;
Py�H), 8.97 (s, 2H; Pic�), 10.09 ppm (br s, 1H; NH+).


RNH2 (> 1 equiv) was then added to the NMR tube leading to the quan-
titative formation of complex 11�RNH3


+ ,Pic� as shown by 1H NMR
spectroscopy.


For R=Et: 1H NMR (CDCl3, 500 MHz, 263 K) d= �1.28 (t, J=7 Hz,
3H; CH3guest), 0.33 (m, 2H; CH3CH2guest), 0.79 (s, 27H; tBu), 1.40 (s,
27H; tBu), 3.32 (s, 9H; OCH3), 3.48 (d, J=15 Hz, 6H; ArCH2), 3.63 (sb,
6H; CH2N), 4.25 (d, J=15 Hz, 6H; ArCH2), 5.31 (s, 6H; CH2O), 6.69 (s,
6H; ArHcalix), 7.31–7.34 (m, 9H; 6 ArHcalix + 3Py�H), 7.75 (d, J=7 Hz,
3H; Py�H), 7.81 (t, J=7 Hz, 3H; Py�H), 8.85 ppm (s, 2H; Pic�).
For R=Pr: 1H NMR (CDCl3, 300 MHz, 263 K): d=�1.91 (t, J=7 Hz,
3H; CH3guest), �0.33 (sb, 2H; CH3CH2guest), 0.78 (s, 27H; tBu), 1.41 (s,
27H; tBu), 3.10 (s, 9H; OCH3), 3.44 (d, J=15 Hz, 6H; ArCH2), 3.72 (sb,
6H; CH2N), 4.30 (d, J=15 Hz, 6H; ArCH2), 5.38 (s, 6H; CH2O), 6.75 (s,
6H; ArHcalix), 7.30–7.35 (m, 9H; 6 ArHcalix + 3Py�H), 7.66 (d, J=7 Hz,
3H; Py�H), 7.87 (t, J=7 Hz, 3H; Py�H), 7.89 (br s, 3H; NH3+guest),
8.87 ppm (s, 2H; Pic�).


endo complex 11·Na+ ,Cl��EtOH : A mixture of 11 (5 mg, 3.7 mmol) and
NaCl (9.5 mg, 0.16 mmol) in CHCl3 (0.8 mL) and EtOH (0.3 mL) was
stirred at room temperature for 1 h and then filtered. After evaporation
of the solvents, CDCl3 (0.6 mL) was added and the quantitative forma-
tion of complex 11·Na+ ,Cl��EtOH was shown by 1H NMR spectroscopy.
1H NMR (CDCl3, 300 MHz, 293 K): d=�1.56 (t, J=7 Hz, 3H; CH3guest),
0.81 (s, 27H; tBu), 1.35–1.50 (m, 29H; tBu + CH2guest ; determined by the
COSY experiment), 2,16 (t, J=6 Hz, 1H; OHguest), 3.13 (s, 9H; OCH3),
3.45 (d, J=15 Hz, 6H; ArCH2), 3.96 (br s, 6H; CH2N), 4.25 (d, J=15 Hz,
6H; ArCH2), 5.38 (s, 6H; CH2O), 6.71 (s, 6H; ArHcalix), 7.34 (s, 6H;
ArHcalix), 7.44 (d, J=6 Hz, 3H; Py�H), 7.82–7.96 ppm (m, 6H; Py�H);
13C NMR (CDCl3, 75 MHz): d=15.7 (CH3CH2OHin), 29.5, 31.3, 31.8,
34.3, 34.5, 57.6 (CH3CH2OHin), 58.7, 61.4, 75.6, 118.4, 123.7, 124.1, 129.6,
131.8, 132.7, 139.7, 146.6, 147.0, 150.8, 153.6, 158.2, 159.3 ppm.


Determination of the relative affinities of the ammonium ions RNH3
+


(with R=Et, Pr or nBu) toward host 11 through 1H NMR competitive
binding studies : For a typical procedure: EtNH2 (ca. 8 equiv) and PrNH2
(ca. 5 equiv) were successively added into a CDCl3 solution (0.60 mL)
containing 11·H+ ,Pic� (prepared as above) at room temperature. A 1H
NMR spectrum recorded at 293 K showed the guest resonances of both
endo complexes 11�EtNH3


+ ,Pic� and 11�PrNH3
+ ,Pic� besides the sig-


nals corresponding to the free amines. The integrations of the methyl
group of the free amines and of the included ammonium guests were
used to calculate the relative affinity defined as [EtNH3


+
in]/ ACHTUNGTRENNUNG[PrNH3


+
in]R


[PrNH2(H
+)T]/ ACHTUNGTRENNUNG[EtNH2(H


+)T], where indexes “in” and “T” stand for “in-
cluded” and “total amount”, respectively (errors estimated �10%).
Given the large excess of free amines versus 11·H+ , the relative affinities
were calculated considering that the slight difference of pKa between the
different free amines was negligible.


Determination of the relative affinities of the neutral guests L (with L=


(� )-PPD, PYD, EtOH, DMF, IMI, EtNH2) toward host 11·Na+ through
1H NMR competitive binding studies : For a typical procedure: EtNH2
(ca. 7 equiv) was added into a CDCl3 solution (0.60 mL) containing
11·Na+�EtOH (prepared as above) at room temperature. A 1H NMR
spectrum recorded at 293 K showed the guest resonances of both endo
complexes 11·Na+�EtNH2 and 11·Na+�EtOH besides the signals corre-
sponding to the free EtOH and EtNH2. The integrations of the free and
included EtOH and EtNH2 allowed us to calculate the relative affinity
defined as [EtNH2in]/ ACHTUNGTRENNUNG[EtOHin]R [EtOHT]/ ACHTUNGTRENNUNG[EtNH2T], where indexes “in”
and “T” stand for “included” and “total amount”, respectively (errors es-
timated �10%).
XRD structure determination of 11·H+ ,ClO4


� : A prismatic colorless crys-
tal was rapidly fished out of the mother liquor with a cryoloop and
frozen under a cold nitrogen stream (100 K). Diffraction data were re-
corded at the BM-14 beamline (ESRF Synchrotron, Grenoble) and con-
sist of 100 three-degree rotation frames. Distance was set as to get the
highest possible resolution (1.01 S) compatible with the wavelength in
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use (0.964 S). Data reductions and averages were done with the HKL
package of programs.[35] The structure was solved with the SHELXD pro-
gram, part of the SHELX package.[36] Refinements with anisotropic ther-
mal factors were conducted with the SHELXH program. Final statistics
are as following: space group P1̄ (triclinic) with three independent mole-
cules (Z=6); parameters: a=17.806(1), b=28.698(1), c=31.229(1) S;
a=67.175(5), b=79.256(4), g=83.793(5)8 ; final R factor=0.0975 for
21031 observed Fo (criterion 4s(Fo)) and 0.1003 for all data (25549 Fo).
Associated to the three ligands are eight CHCl3 and three ClO4


� ions.
Two additional individual peaks were refined as water molecules. Mw=


5318.01. Total chemical formula: [C90H109N4O6
+ , ClO4


�]3, 8·CHCl3,
2·H2O. CCDC-298120 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data re-
quest/cif.
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The Nicholas Approach to Natural Product Hybrids**


Elsa #lvaro,[a] Mar)a C. de la Torre,*[a] and Miguel A. Sierra*[b]


Introduction


The concept of natural product hybrids[1] is probably one of
the last and maybe most fundamental breakthroughs in
recent natural-product chemistry. A natural-product hybrid
is a synthetic compound having two or more than two natu-
ral products derived fragments joined at least by one
carbon–carbon bond. This idea like many others is inspired
by Nature since many of the known natural products are
built of fragments arising from different biosynthetic path-
ways.[2] Against the isolation of compounds which contain
novel structures from natural sources, the synthesis of
hybrid natural products warrants access to an almost inex-
tinguishable variety of new structures and, most importantly,


having structural diversity which is a leading idea in contem-
poraneous organic synthesis.[3] The underlying idea is that
combination of diverse structural features from two or more
functionally active substances into one new product may
either enhance or alter the desired characteristic of individu-
al components or lead to new types or properties.[1b] Per-
haps, the naturally occurring alkaloid hybrid vincristine (1)
is the best example[1a] to illustrate this point. This compound
is a dimeric indole alkaloid having a vindoline and catharan-
thine moieties. Both monomeric compounds show no activi-
ty. However, vincristine is the drug of choice for lymphatic
leukemia.[4] The quinone-mucocin[5] hybrid 2 bears a qui-
none moiety characteristic of ubiquinones replacing the bu-
tenolide moiety, which is characteristic of acetogenins isolat-
ed from Annonaceae. A final example is the estrone–talaro-
mycin hybrid 3 derived from the joining of an steroid and
the spirocyclic mycotoxin talaromycin (Figure 1).[6]


We have recently reported the diversity oriented synthesis
of natural-product hybrids derived from (R)-(+)-sclareolide
having a hispanane scaffold.[7] This route to new terpene de-
rivatives introduces structural and stereochemical diversity
through a single synthetic pathway. To expand the potential
to produce new entities in the field of natural-product hy-
brids, the use of organometallic moieties as reagents has a
double advantage: First, the possibility to effect otherwise
impossible transformations and, second, the presence of the
metal may also increase the structural diversity by produc-
ing bioorganometallic entities.[8] This approach will combine
the two emerging fields of bioorganometallic chemistry and


Abstract: The intermolecular Nicholas
reaction of terpene-based scaffolds is
an excellent access to natural product
hybrid compounds. These intermolecu-
lar reactions have a low selectivity and
are scarcely efficient for non-conjugat-
ed cations, but they are highly efficient
to produce new terpene structures
through an intramolecular reaction
pathway. The use of cations derived
from natural product derived


[Co2(CO)6]–enyne complexes is, in con-
trast, a highly efficient regio- and ster-
eoselective procedure to prepare very
complex structures, incorporating di-
verse densely functionalized or labile
moieties. Thus, b-pinene–diterpene–al-


kaloid or homohybrids can be accessed
in totally stereo-, regio- and siteselec-
tive fashion. This approach efficiently
discriminates between different propar-
gylic positions by selecting the nature
of the alcohol, being the enyne-derived
cations the most reactive. The chimera
38 with a steroid–terpene–indole skele-
ton was prepared in this way.


Keywords: cobalt · hybrids · natu-
ral products · Nicholas reaction ·
synthesis


[a] E. 7lvaro, Dr. M. C. de la Torre
Instituto de Qu<mica Org=nica
Dpto. de Productos Naturales, CSIC, C/Juan de la Cierva 3
28006 Madrid (Spain)
Fax: (+34)915-644-853
E-mail : iqot370@iqog.csic.es


[b] Prof. M. A. Sierra
Dpto. de Qu<mica Org=nica, Facultad de Qu<mica
Universidad Complutense, 28040 Madrid (Spain)
Fax: (+34)913-94-4310
E-mail : sierraor@quim.ucm.es


[**] For a preliminary communication of a part of this work see: E.
7lvaro, M. C. de la Torre, M. A. Sierra, Org. Lett. 2003, 5, 2381–2384.


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


Chem. Eur. J. 2006, 12, 6403 – 6411 F 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 6403


FULL PAPER







synthesis of natural-product hybrids. Furthermore, through a
smart choice of the organometallic reagent it could be
either maintained or eliminated at the end of the process.
Co-complex stabilized a-carbocations meet these premises
since the Nicholas reaction is a very efficient process to
form C�C bonds from two different fragments, the required
propargylic substrates are easy to made, and the Co complex
is incorporated to the final products and may be choicely
eliminated without altering the final products.[9] An addi-
tional attractive of this chemistry is the possibility of stress-
ing well-established methodology by working in densely
functionalized and sensitive systems, a problem that is today
unsolved.[7]


Scheme 1 depicts the general idea to be developed herein.
Thus, a terpene derived propargylic alcohol will be com-
plexed with [Co2(CO)8] and the cluster-stabilized a-cation,
resulted from the acid treatment, will be reacted with an ad-
equate nucleophile. The reaction product will be a bioorga-
nometallic hybrid. Finally, if required, the Co moiety may
be removed. Reported herein is the successful implementa-
tion of this approach to produce diverse terpene–terpene,
terpene–alkaloid and, to stress the methodology, a steroid–
terpene–alkaloid chimera. Furthermore, the requisites,
scope and limitations of the Nicholas reaction in densely
functionalized systems will be also discussed.


Results and Discussion


Terpene substrates 4, 5, and 6 (Table 1) used in this work,
were prepared by reaction of lithium trimethylsilyl acetylide
or lithium phenyl acetylide with the appropriate aldehyde or
lactol previously reported by us, followed by treatment of
the resulting alcohols with Ac2O/Pyr when required.


[11,12] It
soon became evident that compounds 4, 5 and 6 were poor
regents to build hybrids by using the intermolecular Nicho-
las reaction, even using strongly activated aromatic rings as
nucleophiles. Thus, Co complexes of alkynes 4, 5 and 6 were
generated in situ with [Co2(CO)8] and reacted with either
BF3·Et2O (compounds 4 and 5) at 0 8C or HBF4 at �20 8C
(compound 6) in the presence of 1,3,5-trimethoxybenzene
(Table 1). Except for compound 5, which formed the desired
hybrid 7 in a respectable 85% yield (Table 1, entry 2), com-
pound 4 gave the anticipated product 8 together with tricy-
clic compound 9, arising from the intramolecular capture of
the carbocation by the exocyclic D8(17) double bond (Table 1,
entry 1). Furthermore, compounds 7 and 8 were obtained as
mixtures of epimers at the newly formed stereogenic center
(Table 1, entries 1 and 2). Intramolecular trapping of the
carbocation derived from 6 also takes place yielding the tet-
rahydrofuran 10 exclusively (Table 1, entry 4).[13] Evidently,
9 and 10, which are obtained as single stereoisomers, are the
sole reaction products when the [Co2(CO)6]–alkyne com-
plexes derived from substrates 4 and 6 were reacted with
BF3·Et2O or HBF4 in the absence of 1,3,5-trimethoxyben-
zene. A slight increase in yield (from 35 to 43%) was ob-


Abstract in Spanish: La reacci�n de Nicholas intermolecular
de diversos derivados terp�nicos es una ruta excelente para la
preparaci�n de productos naturales h!bridos. Estas reacciones
intermoleculares son poco selectivas y escasamente eficientes
cuando se utilizan cationes no conjugados, pero son muy efi-
cientes para producir nuevas estructuras terp�nicas cuando la
reacci�n es intramolecular. Los cationes derivados de com-
plejos de productos naturales conteniendo un fragmento
[Co2(CO)6]–enino son, por el contrario, excelentes reactivos
para preparar compuestos estructuralmente muy complejos,
incorporando fragmentos muy funcionalizados o l/biles, de
forma totalmente regio- y estereoselectiva. As!, se pueden ob-
tener h!bridos de tipo diterpeno-b-pineno, -alcaloide u ho-
moh!bridos de forma estero-, regio- y locoselectiva. Esta
aproximaci�n discrimina de forma eficiente entre diferentes
posiciones proparg!licas si se selecciona la naturaleza del al-
cohol, siendo los cationes derivados de sistemas en!nicos los
m/s reactivos. La quimera 38 con un esqueleto de esteroide-
teperno-indol se prepar� siguiendo esta metodolog!a.


Figure 1. Examples of natural product hybrids isolated either from natu-
ral sources (1) or synthetic (2 and 3).


Scheme 1. Approach to natural product hybrids by intramolecular Nicho-
las reaction using terpene scaffolds.
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served in the case of 9.[14] The stereochemistry at carbon C-
12[15] of tricyclic derivative 10 was ascertained on the basis
of NOE measurements. Irradiation of H-12 (dH 5.39) caused
an increase in the intensity of the signal corresponding to
the b-axially oriented C-17 Me-group at 1.25 ppm. Therefore
proton H-12 and C-17 methyl are located on the same side
of the plane defined by the tetrahydrofuran ring. The stereo-
chemistry of carbon C-12 for 9 could not be established,


since unambiguous assignment
of protons H-11 and H-17 was
not possible. The intramolecu-
lar capture of the stabilized car-
bocation derived from 5, having
a D7 double bond, did not
occur; dienyne 11 was obtained
instead (Table 1, entry 3).[16]


The trans-stereochemistry of 11
at the new double bond was as-
signed on the basis of the value
of the coupling constant (J=
14.8 Hz) between protons H-11
and H-12.
Alkynes 12 and 13, derived


from (1R)-(�)-myrtenal, by ad-
dition of lithium trimethylsilyl
acetylide and subsequent acety-
lation (Scheme 2), were investi-
gated next as scaffolds to con-
struct terpene derived hybrids.
In situ preparation of the corre-
sponding [Co2(CO)6]–alkyne
complexes was achieved as de-
scribed above and subsequently
reacted with 1,3,5-trimethoxy-
benzene in the presence of
BF3·Et2O (Table 2). Gratifying-
ly, compound 14 was obtained
in nearly quantitative yield
(93%) and as a single stereo-
isomer. This was a general reac-
tion for activated aromatic
rings such as furan or N-meth-
ylindole, which formed a single
stereoisomer of compounds 15
and 16 in 99 and 93% yields,
respectively (Table 2).
Compounds 14–16 were de-


rived from the addition of the
nucleophile to carbon C-3 of
the b-pinene framework. This
fact was established unambigu-
ously by extensive NMR spec-
troscopy of the hybrids 17, 18
and 19 obtained by oxidation of
the corresponding cobalt com-
plexes either with cerium(i-


Table 1. Nicholas reaction of 4, 5 and 6 derived from (R)-(+)-sclareolide.


Entry Substrate Product ACHTUNGTRENNUNG(Yield/%)[a]


1[b] 8[f] (40)


9[e,f] (35)


2[b] 7[f] (85)


3[c] 11 (82)


4[d] 10 (83)


[a] Yields are given on pure compounds [b] BF3·OEt2, at 0 8C. [c] BF3·OEt2, at 0 8C, absence of nucleophile.
[d] HBF4, at �20 8C. The same reaction product is obtained in the presence or absence of nucleophile.
[e] Compound 9 was obtained as the sole reaction product in absence of nucleophile. [f] For the alkyne libera-
tion from 7, 8 and 9 see Supporting Information.


Scheme 2. Synthesis of derivatives 12 and 13 from (1R)-(�)-myrtenal.
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v)ammonium nitrate (CAN)[17] or I2.
[18] In all cases, a


gHMBC cross peak is observed between H-3 of the b-
pinene fragment (17: dH 4.59) and the carbon of the nucleo-
phile attached to the terpene (17: dC 113.8). Therefore, the
formation of derivatives 14–16 occurred with allylic rear-
rangement, from an a- to a b-pinene derivative. Although
a- to b-pinene isomerizations are known[19] these reactions
are less efficient than the one described here.
The stereochemistry of compound 17, and hence of hy-


brids 18 and 19 derived from (1R)-(�)-myrtenal, at carbon
C-3 and at the exocyclic double bond was established by
NOE experiments (Figure 2). Selective irradiation of H-3 at


dH 4.59 caused a strong NOE signal corresponding to the
pro-S methyl group at carbon C-7. Therefore proton H-3
and carbon C-7 must have a syn relationship. Additionally,
irradiation of the olefinic proton H-7 (dH 4.83) caused a pos-
itive NOE increment of the signal assigned to proton H-3,


establishing an E stereochemis-
try for the D2(10) double bond
(Figure 2, see also preliminary
communication).
The bias of cations derived


from 1-[(alkynyl)dicobalt hexa-
carbonyl]allyl to form exclu-
sively (E)-1,3-enynes was re-
ported by Nicholas.[20] The
origin of this bias was attribut-
ed to the considerable steric
hindrance of the [Co2(CO)6]
moiety and not to any hypo-
thetical stabilizing conjugative
interaction between the C=C
double bond and the alkyne
complex. In our case there is a
clear preference to place the
bulky Co2–alkyne complex
away from the incoming nucle-
ophile to minimize the steric re-
pulsion.[21] This may be the
origin of the exclusive E stereo-
chemistry observed in products
14–16 and in all related com-
pounds throughout this work
(see below). The stereochemi-
cal outcome of the addition of


aromatic nucleophiles to carbon C-3 of (1R)-(�)-myrtenal
derived alkynes may be due to the steric hindrance exerted
by the geminal dimethyl group at carbon C-7, which drives
the addition of the nucleophile by the face opposite to the
bulky dimethyl group.
After the ability of (1R)-(�)-myrtenal derived alkynes 12


and 13 to react with activated aromatic rings was establish-
ed, this reaction was used for the preparation of terpene hy-
brids derived from densely functionalized and labile natural
products. The selective manipulation of densely functional-
ized compounds is, as stated above, an unsolved problem.[7]


We chose the neoclerodane diterpene 19-acetylgnaphalin
(20)[22] and (�)-reserpine (21).[23] 19-Acetylgnaphalin (20) is
extremely prone to rearrange in acid or basic media[24] due
to its functional arrangement but it has, in principle, a single
reactive site towards the carbocation formed from (1R)-(�)-
myrtenal derived alkyne, namely the furan ring. (�)-Reser-
pine (21) was selected to investigate the potential of this
methodology to selective react in a complex system having,
in principle, two reactive sites, the indole and the benzene
ring. Furthermore, the success of these reactions would dem-
onstrate the usefulness of this approach to prepare sophisti-
cated terpene–terpene and terpene–alkaloid hybrids.
The Nicholas reaction of the dicobalt complex prepared


from alcohol 12 and 19-acetylgnaphalin (20) in the presence
of BF3·Et2O gave a single reaction product in 30% yield
(90% based on recovered 19-acetylgnaphalin) (Scheme 3).
Neither decomposition nor rearranged derivatives from 19-
acetylgnaphalin were obtained, in spite of the acid sensitivi-


Table 2. Nicholas Reaction of 12 and 13 derived from (1R)-(�)-myrtenal.


Entry Nucleophile T [8C] Product ACHTUNGTRENNUNG(Yield/%)[a] Alkynes (Yield/%)[a]


1 0 14[b] (93) 17 (94)


2 �20 15[c] (99) 18 (77)


3 �78 16 (93) 19 (59)


[a] Yields are given for pure compounds. [b] Compound 13 was used as starting material. [c] Alcohol 12 was
used starting material.


Figure 2. Main NOE increments observed for hybrid 17.
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ty of this compound. The struc-
ture of the reaction product
was established as 22 on spec-
troscopic grounds of the Co-
free compound 23. Treatment
of 22 with I2 liberates the
alkyne moiety producing the
terpene-based hybrid 23 in
80% yield. The signals for the
two terpenic fragments were
easily recognized in the 1H and
the 13C NMR spectra. The pat-
tern for the b-pinene fragment
was identical to the hybrids de-
scribed above. Accordingly, the
addition of the furanic nucleo-
phile had taken place at carbon
C-3, and following the same
stereochemical course. With re-
spect to the neoclerodane part,
the 1H NMR spectrum of 23
was almost identical to 19-ace-
tylgnaphalin (20) except for the
signals corresponding to the
furanic moiety. Thus, hybrid 23
showed signals for only two fur-
anic protons instead of the
three of 19-acetylgnaphalin. The signal at 6.29 ppm corre-
sponds to the b-furanic proton H-14, while the signal at
7.29 ppm must be attributed to one a-furan proton at C-15
or C-16 positions. Since both signals are coupled each other
with a J value of 1.8 Hz, the signal at 7.29 ppm must be as-
signed to proton H-15. This observation was substantiated
by the gHMBC spectrum. In particular, correlation between
proton H-3 of the b-pinene part (dH 3.90) and the quaterna-
ry carbon C-16 of the neoclerodane fragment (dC 158.6)
clearly establishes that the Nicholas reaction has proceeded
exclusively through carbon C-16, yielding a dicobalt C-3,
C16–b-pinene-neoclerodane hybrid 23. It is worth noting
that the reaction between the Co complex derived from 12
and 19-acetylgnaphalin is not only totally stereoselective but
also totally regioselective (the site-selectivity is ensured by
the absence of additional nucleophile groups).


Once the compatibility of our approach to prepare ter-
pene hybrids with sensitive natural products was proven, the
reaction of the Co complex derived from 12 with reserpine
21 as nucleophile was next pursued. The reaction of the
cobalt complex derived from 12 and a slight excess of reser-
pine, in the presence of BF3·Et2O at �20 8C, formed a mix-
ture (1.1:1) of two inseparable regioisomers identified as 24
and 25, in low yield (17% combined) (Scheme 4). Iterative
chromatography allowed the isolation[25] of a small amount
of both hybrids 24 and 25 for which 1H NMR spectra could
be obtained. In both cases, signals for unchanged 3,4,5-tri-
methoxybenzoate ester were observed, while signals due the
indole moiety accounted for only two protons. Therefore,
site-selectivity towards the indole aromatic ring could be


achieved but without regioselectivity and in low yields.
Since the free indole nitrogen may be, in principle, interfer-
ing with the reaction, the N-Boc derivative of reserpine 26
was prepared and treated with the complex derived from 12.
No products derived from electrophilic aromatic substitution
were observed. Clearly, the decrease in the electronic densi-
ty of the indole aromatic ring caused by the carbamate
group totally inhibits the reaction.
The reaction of N-methylreserpine 27 was investigated


next. In this case, a clean reaction resulted under the usual
conditions from which compound 28 was isolated in a 39%
yield. No traces of other regioisomers were observed
(Scheme 4). Unreacted reserpine was the only product pres-
ent in the mixture. Clearly, the methyl group not only
avoids the interference of the indole nitrogen group in the
reaction but also produces a steric hindrance that precludes


Scheme 3. Nicholas reaction of the sensible diterpene 19-acetylgnaphalin
20 and alcohol 12.


Scheme 4. Nicholas reaction of reserpine 21, N-Boc and N-methylreserpine, 26 and 27 with alcohol 12.
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the addition of the Co complex estabilized carbocation to C-
12 carbon of the reserpine.[26]


The structure of 28 was unambiguously established based
on the spectroscopic investigations. The 1H NMR spectrum
showed the pattern of signals for a b-pinene fragment, iden-
tical to the above described Nicholas educts, establishing the
incorporation of reserpine to carbon C-3 of the terpenic
fragment by the opposite face to the geminal dimethyl
group. The regiochemistry at the reserpine part was evi-
denced by the presence of a signal singlet at dH 7.11 corre-
sponding to proton H-9 of the indole fragment, instead of
the signal doublet at dH 7.32 (J=7.2 Hz) observed for the
unsubstituted N-methylreserpine 27. Therefore, the Nicholas
reaction between the Co complex from 12 and N-methylre-
serpine proceeds with complete regio- and stereoselectivity
yielding hybrid 28.
Cobalt–b-pinene hybrids 14 and 15 are perfect precursors


for using as nucleophiles on a second Nicholas reaction.
Access to a new class of compounds having two b-pinene
units tethered by an aromatic or heteroaromatic spacer was
achieved by treating cobalt complex from 12 and 13 with hy-
brids 14 and 15 under the usual conditions. Thus, compound
29 was obtained as a single diastereomer from 14, while re-
gioisomeric compounds 30 and 31 were obtained when the
furan derivative 15 was used as nucleophile (Table 3). Oxi-
dation of the cobalt moiety of hybrids 29–31 yielded alkynes
32–34, respectively. Mass spectrometric analysis of alkynes


32 and 33 accounts for the incorporation of a second b-
pinene fragment. Additionally, as expected for a molecule
having a C2 symmetry axis, the


1H NMR for both hybrids
showed a single group of signals, due to the terpenic part,
identical to hybrids 14 and 15, and only one signal singlet
for one aromatic proton, at d 6.25 ppm in the case of 32,
and for two b furanic protons at 5.84 ppm in the case of 33.
On the contrary, alkyne 34 showed 1H and 13C NMR signals
for one b-pinene fragment, originating from nucleophile 15,
and for one a-pinene fragment due to the Co complex from
12 (Table 3). In addition, long-range gHMBC cross peaks
between proton H-3 of the b-pinene part (dH 3.74) with one
quaternary a furan carbon at dC 158.9, and between proton
H-7 of the a-pinene part (dH 4.31) with the remaining a-fur-
anic carbon at dC 150.9, established unambiguously the re-
giochemistry of the reaction. Therefore, the Nicholas reac-
tion of the Co-stabilized carbocation derived from 12 with
the b-pinene–furane hybrid 15 as nucleophile has proceeded
in part at the exocyclic carbon C-7 producing compound 31.
It is worthy to note that compound 31 was obtained as a
single diastereoisomer albeit in this case the second Nicho-
las reaction took place at carbon C-10, the exocyclic position
of the intermediate carbocation, without allylic rearrange-
ment (Table 3).
The synthesis of homohybrids 29 and 30 demonstrates


that sequential Nicholas reactions can be effected to in-
crease the complexity of the products in a controlled


manner. Two remaining ques-
tions were finally addressed:
the reactivity of tertiary cobalt
stabilized carbocations and the
control of the regioselectivity of
the reaction. First, the
[Co2(CO)6]-derivative 35 was
prepared in situ by treating
mestranol with [Co2(CO)8] and
reacted with N-methylindole, in
the presence of BF3·Et2O at
�78 8C. The steroid–indole
hybrid 36 was obtained in 16%
isolated yield. Structure 36 is in
agreement with its spectroscop-
ic data. In particular, the
13C NMR showed signals attrib-
utable to the steroid part,
almost identical to the mestra-
nol–Co complex 35, except for
the signals corresponding to
carbons C-12 and C-14 that ap-
peared shifted at lower field
(DdC-12=++3.9 and DdC-14=


+7.3). This displacement
should be a consequence of the
lack of the tertiary hydroxyl
group at C-17, which on 35 ex-
erted a shielding g-gauche
effect on the aforementioned


Table 3. Nicholas reaction of 12 and 13 with hybrids 14 and 15.


Entry Nucleophile Product ACHTUNGTRENNUNG(Yield/%)[a] Alkynes[e]


1 29[b] (72) 32 (47)


2[c,d] 30 33 (36)


31 34 (40)


[a] Yields are given for pure compounds. [b] Using 13 as starting material. [c] Using alcohol 12 as starting ma-
terial. [d] Global yield 53%, 30/31 1:2. [e] Procedures for the oxidation of the cobalt complexes are given in
the Experimental Section and in the Supporting Information.
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carbon atoms. Additionally, the gHMBC cross peak between
proton H-2 of the indol fragment at d 5.70 ppm and carbon
C-17 of the esteroid at 43.8 ppm establishes that mestranol
and indole parts are joined through carbons C-17 and C-3,
respectively. Regarding the stereochemistry at the quaterna-
ry center C-17, irradiation of the b-axially oriented methyl
group C-18 at d 1.04 ppm caused an increment in the inten-
sity of the signal corresponding to the propargylic proton of
the Co complex at d 6.14 ppm. Consequently, the addition
of the indole has taken place by the a-face, placing the Co
complex and methyl C-18 at the same side of the plane de-
fined by the ring D of the steroid (Scheme 5).


Compared with the reactivity of the secondary propargyl
alcohols derived from (1R)-(�)-myrtenal 12 and 13, the re-
activity of complex 35 is considerably decreased. This fact
was used to discriminate between two propargylic alcohols
in a complex substrate. Thus, diol 37 was prepared by addi-
tion of the dianion derived from mestranol to (1R)-(�)-myr-
tenal. The corresponding [Co2(CO)6] complex was subse-
quently reacted with one equivalent of N-methylindole in
the presence of BF3·Et2O at �78 8C. Chimera 38 having ste-
roid, terpene and indole fragments was obtained as a single
regio- and stereoisomer although in low yield (14%). How-
ever, by increasing the amount of N-methylindole to four
equivalents, compound 38 was obtained in 78% isolated
yield (Scheme 5). NMR analysis indicated that only one


molecule of indole has been incorporated to the complex
derived from 37. The location of the N-methylindole must
be at the (1R)-(�)-myrtenal C-3 carbon, since characteristic
signals for a b-pinene arrangement are distinguished in the
1H and 13C NMR spectra. These similarities also established
an identical stereochemical reaction course to the Nicholas
reactions described above for (1R)-(�)-myrtenal derived
cobalt complexes 12 and 13.
These reactions clearly demonstrate that the selective


functionalization of complex substrates can be achieved by
using the different reactivity of conjugated Co-complex sta-
bilized cations (the more reactive) and non-conjugated terti-
ary carbocations.
In conclusion, the intermolecular Nicholas reaction of ter-


pene-based scaffolds provides an excellent access to natural
product hybrid compounds. These reactions are low selec-
tive and efficient for non-conjugated cations, but become
highly efficient to produce new terpene structures in an in-
tramolecular way. The use of cations derived from natural
product [Co2(CO)6]–enyne complexes is, in contrast, a
highly efficient regio- and stereoselective procedure to pre-
pare very complex structures, incorporating diverse densely
functionalized or labile moieties. Thus, b-pinene–diterpene,
–alkaloid or homohybrids can be accessed in totally stereo-
selective an, except for homodimer 31, regio- and siteselec-
tive fashion. Finally, it is possible to discriminate between
different propargylic positions by selecting the nature of the
alcohol, being the enyne-derived cations the most reactive.
The chimera 38 having a steroid–terpene–indole skeleton
was prepared in this way. Further work to stress this meth-
odology to prepare even more sophisticated structures (chi-
meras) is in progress in our laboratories.


Experimental Section


General methods : Unless noted otherwise, all reactions were carried out
under an argon atmosphere using standard Schlenk techniques. All glass-
ware was oven dried for approximately 1 h prior to use. THF and Et2O
were distilled from Na/benzophenone under argon. CH2Cl2 was distilled
from CaH2. Other solvents were HPLC grade and were used without fur-
ther purification. All reagents were obtained from commercial sources
and used without further purification, unless noted otherwise. BF3·OEt2
was distilled from CaH2 under vacuum prior to use. Furan was distilled
prior to use. Silica gel 60 F254 plates were used for TLC analysis. Flash
column chromatography was performed using silica-gel (Merck, No 9385,
230–400 mesh). 1H and 13C NMR spectra were recorded at 200, 300, 400
or 500 MHz (1H) using CDCl3 as solvent and with the residual solvent
signal as internal reference (CDCl3, d 7.25 and 77.0 ppm). The following
abbreviations are used to describe peak patterns when appropriate: s
(singlet), d (doublet), t (triplet), m (multiplet), and br (broad). Mass
spectra were recorded using the electronic impact technique with an ioni-
zation energy of 70 eV or using the atmospheric pressure chemical ioniza-
tion (APCI) or electrospray (ES) chemical ionization techniques in its
positive or negative modes. IR spectra were obtained on a Perkin-Elmer
681 spectrophotometer. Optical rotations were measured on a 241 MC
polarimeter using a sodium lamp. Melting points were determined on a
Koffler block and are uncorrected. Elemental analyses were made with a
Carlo Erba EA 178 apparatus. The following procedures are representa-
tive for the methodologies used through this paper. Full experimental


Scheme 5. Synthesis of mestranol–indol hybrid 36 and mestranol–myrte-
nal–indol quimera 38.
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procedures and data for all the compounds obtained in this work are
given as the Supporting Information.


Hybrid 28 from 12 and N-methylreserpine (27): [Co2(CO)8] (72 mg,
0.17 mmol) was added to a solution of 12 (37 mg, 0.15 mmol) in CH2Cl2
(2 mL). The mixture was stirred at room temperature for 1 h, cooled to
�20 8C and then treated dropwise with BF3·OEt2 (38 mL, 0.30 mmol).
After 5 min of stirring, a CH2Cl2 solution of N-methylreserpine (95 mg,
0.15 mmol in 1 mL CH2Cl2) was added via cannula. The mixture was
kept at �20 8C for 20 h. After quenching with saturated aqueous
NaHCO3, the cooling bath was removed and the layers were separated.
The aqueous layer was extracted with CH2Cl2. The combined organic
layers were washed with brine, dried over Na2SO4, filtered, and concen-
trated in vacuo. The crude product was purified by silica gel chromatog-
raphy (hexanes/AcOEt 3:2) to give 28 as a dark green oil (67 mg, 39%).
1H NMR (400 MHz, CDCl3): d=7.32 (s, 2H), 7.11 (s, 1H), 6.71 (s, 1H),
6.22 (br s, 1H), 5.05 (m, 1H), 4.44 (br s, 1H), 4.28 (d, J=9.2 Hz, 1H),
3.93 (s, 3H), 3.91 (s, 7H), 3.73 (s, 3H), 3.62 (s, 3H), 3.54 (t, J=5.5 Hz,
1H), 3.50 (s, 3H), 3.13–2.99 (m, 3H), 2.71 (dd, J=11.4, 4.8 Hz, 1H), 2.61
(t, J=11.5 Hz, 1H), 2.43–2.28 (m, 5H), 2.15 (m, 1H), 2.02 (m, 3H), 1.68
(d, J=14.3 Hz, 1H), 1.61 (d, J=9.9 Hz, 1H), 1.36 (s, 3H), 0.25 (m, 2H),
0.94 (s, 3H), 0.37 (s, 9H); 13C NMR (70 MHz, CDCl3): d=200.6 (6C),
172.6 (C), 165.4 (C), 154.3 (C), 153.0 (3C), 142.2 (C), 136.1 (C), 131.4
(C), 125.4 (C), 122.9 (CH), 119.9 (C), 78.8 (C), 76.7 (2CH), 70.2 (C), 91.2
(CH), 80.1 (C), 77.9 (CH), 77.7 (CH), 60.9 (CH3), 60.8 (CH3), 56.2
(2CH3), 55.7 (CH3), 55.4 (CH), 51.8 (CH), 51.6 (CH3, CH2), 49.4 (CH2),
47.7 (CH), 42.1 (CH), 41.0 (C), 34.7 (CH2), 33.8 (CH), 32.1 (CH3), 30.2
(CH2), 29.7 (CH2), 25.7 (CH3), 25.2 (CH2), 21.7 (CH3), 17.1 (CH2), 1.1
(3CH3); IR (KBr): nmax = 2081, 2043, 2014 cm�1; elemental analysis
calcd (%) for C55H64N2O15SiCo2: C 57.99, H 5.66; found: C 57.54, H 5.43.


Compounds 30 and 31: [Co2(CO)8] (549 mg, 1.33 mmol) was added to a
solution of 12 (300 mg, 1.33 mmol) in CH2Cl2 (15 mL). The mixture was
stirred at room temperature for 1 h, cooled to �78 8C, and treated with
15 (707 mg, 1.22 mmol) and BF3·OEt2 (0.31 mL, 2.42 mmol in 7 mL
CH2Cl2). The temperature was allowed to warm from �78 to �20 8C, and
kept at �20 8C for 3.5 h. Then, the reaction mixture was diluted with sa-
turated aqueous NaHCO3 and warmed to room temperature with stir-
ring. The layers were separated, and the aqueous layer was extracted
with CH2Cl2. The combined organic layers were washed with brine, dried
over Na2SO4, filtered, and concentrated in vacuo. The crude product was
purified by silica gel chromatography (hexanes) to give 30–31 (1:2 mix-
ture of regioisomers) as a dark brown oil (706 mg, 53%). 30–31 could be
obtained separated.


Data for 30 (minor isomer): 1H NMR (200 MHz, CDCl3): d=6.28 (d, J=
1.6 Hz, 2H), 5.82 (s, 2H), 3.83 (brd, J=8.4 Hz, 2H), 3.37 (t, J=5.9 Hz,
2H), 2.42–2.31 (m, 4H), 2.12–2.04 (m, 4H), 1.54–1.41 (d, J=7.1 Hz, 2H),
1.34 (s, 6H), 0.84 (s, 6H), 0.32 (s, 18H); 13C NMR (75 MHz, CDCl3): d=
200.4 (12C), 158.9 (2C), 149.5 (2C), 122.7 (2CH), 75.6 (2CH), 99.2 (2C),
80.0 (2C), 46.8 (2CH), 40.9 (2CH), 40.7 (2C7), 35.6 (2CH), 30.9 (2CH2),
27.8 (2CH2), 25.8 (2CH3), 21.8 (2CH3), 1.0 (6CH3); IR (KBr): nmax =


2955, 2916, 2083, 2044, 2003, 1619, 1574, 1249, 838 cm�1.


Data for 31 (major isomer): 1H NMR (CDCl3, 200 MHz): d=6.25 (s,
1H), 5.96 (d, J=2.9 Hz, 1H), 5.79 (d, J=2.9 Hz, 1H), 5.53 (s, 1H), 4.77
(s, 1H), 3.81 (d, J=9.2 Hz, 1H), 3.39 (t, J=6.0 Hz, 1H), 2.57–2.25 (m,
7H), 2.11–2.04 (m, 2H), 1.55 (m, 1H), 1.34 (s, 3H), 1.28 (s, 3H), 1.23–
1.19 (m, 1H), 0.83 (s, 3H), 0.62 (s, 3H), 0.32 (s, 9H), 0.31 (s, 9H);
13C NMR (CDCl3, 75 MHz): d=200.8 (12C), 160.5 (C), 154.1 (C),149.7
(C), 146.8 (C), 123.7 (CH), 120.7 (CH), 111.5 (C), 77.6 (CH), 76.2 (CH),
99.2 (C), 80.5 (C), 79.3 (C), 53.4 (CH), 47.0 (CH), 45.0 (CH), 41.6 (CH),
41.4 (C), 40.6 (CH), 38.8 (C), 36.2 (CH), 32.7 (CH2), 31.7 (CH2), 31.3
(CH2), 27.9 (CH2), 26.7 (CH3), 26.1 (CH3), 22.2 (CH3), 21.0 (CH3), 1.6
(6CH3); IR (KBr): nmax = 2917, 2084, 2044, 2013, 1625, 1598, 1249,
839 cm�1.


Compound 37: A solution of mestranol (157 mg, 0.51 mmol) in THF
(7 mL) at �78 8C was treated dropwise with a solution of nBuLi (0.8 mL,
1.1 mmol, 1.4m solution). The mixture was stirred for 30 min, and then
(1R)-(�)-myrtenal (0.12 mL, 0.77 mmol) was added dropwise via cannu-
la. The reaction was stirred for 4 h from �78 8C to RT. Subsequently, the
reaction mixture was quenched with saturated aqueous NH4Cl, and the


cooling bath was removed. The mixture was extracted with Et2O (2Q),
and the combined organic layers were washed with brine, dried over
Na2SO4, filtered, and concentrated in vacuo. Silica gel chromatography
(hexanes/AcOEt 20:1 ! 9:1) of the crude product provided 37 (mixture
of diastereoisomers) as a clear oil (119 mg, 51%). 1H NMR (300 MHz,
CDCl3): d=7.21 (d, J=8.5 Hz, 1H), 6.71 (dd, J=8.5, 2.7 Hz, 1H), 6.62
(d, J=2.7 Hz, 1H),5.63 (br s, 1H), 4.83 (br s, 1H), 3.77 (s, 3H), 2.84 (m,
2H), 2.46–1.32 (m, 18H), 1.30, 1.29 (s, 3H), 1.20, 1.17 (d, J=7.8 Hz in
both cases, 1H), 0.86 (s, 3H), 0.85 (s, 3H); 13C NMR (75 MHz, CDCl3):
d=157.4 (C), 146.6, 145.5 (C), 137.9 (C), 132.5 (C), 126.3 (CH), 119.9,
119.4 (CH), 113.7 (CH), 111.4 (CH), 89.1, 88.8 (C), 84.9, 84.8 (C), 79.9,
79.8 (C), 65.3, 64.9 (CH), 55.2 (CH3), 49.4 (CH), 47.2, 47.1 (C), 43.5
(CH), 42.7, 42.6 (CH), 40.7, 40.6 (CH), 39.4 (CH), 39.0, 38.8 (CH2), 37.9,
37.8 (C), 33.0, 32.9 (CH2), 31.9, 31.8 (CH2), 31.0 (CH2), 29.8 (CH2), 27.7
(CH2), 26.4 (CH2), 26.1 (CH3), 22.8 (CH2), 21.2, 21.1 (CH3), 12.7 (CH3);
IR (film): nmax = 3434, 2932, 2202, 167, 1500, 1255, 744 cm�1; MS (EI):
m/z (%): 460 (19) [M +], 442 (15) [M +�H2O], 427 (13) [M +


�H2O�CH3], 399 (9), 335 (7), 37 (14), 284 (24), 242 (46), 227 (70), 174
(67), 147 (58), 91 (28); elemental analysis calcd (%) for C31H40O3: C
80.83, H 8.75; found: C 80.94, H 8.67.


Chimera 38 from 37 and N-methylindole : [Co2(CO)8] (96 mg, 0.23 mmol)
was added to a solution of 37 (97 mg, 0.21 mmol) in CH2Cl2 (5.5 mL).
The mixture was stirred at room temperature for 1 h, cooled to �78 8C,
and treated with N-methylindole (17 mg, 0.84 mmol in 2 mL CH2Cl2) and
BF3·OEt2 (59 mL, 0.46 mmol) for 45 min at �78 8C. Then, the reaction
mixture was diluted with saturated aqueous NaHCO3 and warmed to
room temperature with stirring. The layers were separated, and the aque-
ous layer was extracted with CH2Cl2. The combined organic layers were
washed with brine, dried over Na2SO4, filtered, and concentrated in
vacuo. The crude product was purified by silica gel chromatography (hex-
anes/AcOEt 50:1 ! 25:1) to provide 38 (181 mg, 78%) as dark green oil.
1H NMR (300 MHz, CDCl3): d=7.58 (d, J=7.8 Hz, 1H), 7.21–7.05 (m,
4H), 6.72 (d, J=2.4 Hz, 1H), 6.70 (s, 1H), 6.60 (m, 2H), 4.21 (brd, J=
8.8 Hz, 1H), 3.85 (t, J=5.4 Hz, 1H), 3.79 (s, 3H), 3.41 (s, 3H), 2.78–2.48
(m, 4H), 2.25–2.03 (m, 5H), 1.77–1.25 (m, 7H), 1.39 (s, 3H), 1.01 (s, 3H),
0.97 (s, 3H), 0.86 (m, 1H); 13C NMR (70 MHz, CDCl3): d=200.5 (6C),
158.1 (C), 157.5 (C), 137.9 (C), 137.0 (C), 132.6 (C), 126.7 (C), 126.3
(CH), 126.2 (CH), 123.4 (C), 121.5 (CH), 120.1 (CH), 119.3 (CH), 118.6
(CH), 113.7 (CH), 111.2 (CH), 79.4 (CH), 78.3 (C), 87.1 (C), 87.0 (C),
55.2 (CH3), 49.3 (CH), 49.1 (C), 46.0 (CH), 43.0 (CH2), 42.4 (CH), 41.7
(CH), 40.5 (C), 39.3 (CH), 34.3 (CH2), 34.2 (CH), 33.0 (CH2), 32.2 (CH3),
29.5 (CH2), 28.4 (CH2), 27.2 (CH2), 26.0 (CH2), 25.7 (CH3), 23.7 (CH2),
22.0 (CH3), 15.9 (CH3); IR (KBr): nmax = 3435, 2931, 2082, 2044, 2017,
1611, 1500, 1465, 1372, 1255, 736 cm�1; elemental analysis calcd (%) for
C46H47NO8Co2: C 64.26, H 5.51; found: C 64.43, H 5.37.
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Bis-ortho-Substitution by Methyl Groups Dramatically Increases the
Racemization Barrier of Trçger Bases**


Denis A. Lenev,*[a] Konstantin A. Lyssenko,[b] Denis G. Golovanov,[b]


Volker Buss,*[c] and Remir G. Kostyanovsky*[a]


Introduction


Trçger�s base, 2,8-dimethyl-6H,12H-5,11-methanodibenzo-
ACHTUNGTRENNUNG[b,f]ACHTUNGTRENNUNG[1,5]diazocine (1),[2] is chiral due to two stereogenic ni-
trogen centers which occupy the bridge head positions of
the bicyclic framework and thus are structurally prohibited
from inversion. Prelog and Wieland were the first to per-


form enantioseparation of 1 by chromatography on lac-
tose.[3] The absolute configuration of 1 was determined
later[4] from the diastereomeric salt formed with 1,1’-binaph-
thalene-2,2’-diyl hydrogen phosphate: X-ray diffraction anal-
ysis of the crystalline salt unequivocally established the con-
figuration of (+)-1 as 5S,11S, in contrast to what had been
deduced on the basis of chiroptical evidence.[5] Spurred by
the attention that Trçger�s base analogues (Trçger bases,
TBs) demanded as unique chiral entities their syntheses[6,7]


have further been developed and refined. Interest in the
chemistry of 1 lies in the realm of asymmetric synthesis, cat-
alysis,[8] and supramolecular chemistry,[4,9] utilizing the con-
cave aromatic scaffold of the base. Particularly noteworthy
is the enantioselective DNA intercalation by TBs.[10] Prog-
ress in the development of 1 as a versatile chiral tool is been
hampered by its stereolability in acidic media.[3,4,11–13] The
stereointegrity could be improved,[6d,10b,14] however, the
methods tend to ignore[6d,10b] or destroy[14a,b] the geminal
methano-bridge. In few cases macrocyclic TB-derived cyclo-
phanes prohibit epimerization,[9b,14c] although this approach
lacks generality.
The most probable mechanism for the racemization of TB


in acidic media involves formation of the methyleneiminium
ion 1a as a key intermediate (Scheme 1),[11,12] despite the
fact that X-ray, NMR- and UV/VIS spectral studies have


Abstract: We have shown through rac-
emization kinetics studies that the
enantiomerization barriers of the bis-
ortho-methyl substituted Trçger bases 2
and 3 in acidic media are raised by
30 kJmol�1 relative to the parent com-
pound 1, that is 130.4(4) and
131.6(4) kJmol�1, respectively (105 8C,
pH 1, ethylene glycol). The enantiome-
rization barrier of para-methoxy-para-
nitro substituted Trçger base 4 was de-
termined by dynamic capillary electro-
phoresis to 96.3(2) kJmol�1 (25 8C,


pH 2.2, H2O), which is lower by
5 kJmol�1 relative to 1. The influence
of deutero-substitution on the racemi-
zation rates was also studied. The influ-
ence of steric and electronic factors on
the enantiomerization barrier was in-
vestigated by quantum-mechanical


(DFT) calculations. It is shown that
enantiomerization takes place in two
steps: ring-opening and further inter-
conversion of the monocyclic inter-
mediate. For the interconversion to
occur a transition state has to be
passed which is sensitive to steric ef-
fects. Ortho-substitution by methyl
groups significantly increases the
energy of this state. Thus, compounds 2
and 3 are the simplest Trçger bases
which are configurationally stable in
acidic media.
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failed to provide evidence for such a species.[4,11] For the iso-
merization reaction to occur the methylene group has to
pass through the plane of the benzene ring in order to close
the bridge on the opposite side. If this is achieved by rota-
tion about the C4a�N5 bond (or the equivalent C10a�N11
bond) the enantiomerization barrier should increase when
the ortho-hydrogens at C4 and C10 are substituted by large
groups thereby producing strain in the transition state. This
rate-decelerating effect might even be enhanced by the sup-
porting role (“buttressing effect”[15]) of a second spacious
group in the meta-position preventing the outward move-
ment of the ortho-substituent.
With these considerations in mind we have synthesized


enantiopure 2, which is the 2,8-desmethyl-4,10-dimethyl
isomer of TB 1, from the dibromo precursor 3, which forms
a racemic conglomerate and undergoes spontaneous resolu-
tion by crystallization. Details
of the syntheses and the resolu-
tion have been described re-
cently.[1] Here we report the
barriers to racemization of both
2 and 3 which were determined
under acidic conditions and
found to be significantly higher
than in the parent compound,
making them the simplest TBs
stable under acidic conditions.
Effects of the deuterium sub-


stitution on the racemization
rates were studied on enantio-
pure [D6]-(�)-1 and [D6]-(�)-3.
Electronic effects of substitu-
tion on the racemization rate were investigated on the ex-
ample of asymmetrically substituted TB 4.[16] We also per-
formed quantum-mechanical calculations in order to charac-


terize transition state structures and energy barriers for the
enantiomerization of 1 to 4.


Results and Discussion


Kinetic analyses : Racemization of 1, [D6]-1, 2, 3 and [D6]-3
at different temperatures under acidic conditions (0.1m
CF3SO3H in ethylene glycol or isobutanol) was followed
using either HPLC or circular dichroism (CD) spectroscopi-
cal measurements (Tables 1, 2). The pseudo-first order rate


constants for racemization krac, were derived by linear re-
gression of the data according to the first-order kinetic law.
Enantiomerization[17] of racemic 4 was studied in aqueous
tris-phosphate buffer at pH 2.2 using dynamic capillary elec-
trophoresis (for example, see ref. [12]) with chiral additive


Abstract in Russian:


Scheme 1. Formation of the methyleneiminium intermediate during race-
mization of TB 1.


Table 1. Racemization constants and enantiomerization barriers of 1 in
0.1m CF3SO3H/ethylene glycol.


T [8C] krac [10
�5 s�1] DG�


enant [kJmol�1]


25.0 2.43(3)[a] 101.0(1)[a]


25.0 3.02(5) 100.5(1)
29.8 5.9(2) 100.5(1)
35.2 12.2(2) 100.4(1)
39.5 20.1(2) 100.6(1)
44.9 38.1(6) 100.7(1)


[a] Values for [D6]-1.
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2-hydroxypropyl-b-cyclodextrin (Table 3). The rate constants
kenant for enantiomerization of 4 were derived from chroma-
tographic parameters by using recently developed unified


equation for dynamic chromatography, implemented in the
DCXplorer software.[18] From the krac or kenant values the
free energy barriers to enantiomerization, DG�


enant, were cal-
culated using the Eyring Equations (1) and (2) where k is
the statistical transmission factor (set equal to 1, see calcula-
tions below). The influence of the protonation–deprotona-
tion equilibrium (Scheme 2) on the racemization kinetics
and the selection of the pH value for the measurements


were considered based on the data reported previously.
Thus, the pKa2 of 1 is 3.2,[19] whereas its pKa1 is �0.[11] We
therefore conclude that at pH 1 compounds 1 to 3 are pres-
ent mainly in the monocationic form. Probably, at pH 2.2
the compound 4 is also mainly monoprotonated. This as-
sumption allowed us to use pseudo-first order constants in-
stead of complete ones. An additional kinetic experiment
performed at 120 8C with a twofold increase of the acid con-
centration (0.2m) and otherwise identical conditions showed
that the rate constant for racemization of 3 decreased by
12%. This effect can be rationalized by increase of the con-
centration of the dication, which is stereochemically the
more stable species.


kenant ¼ kðkBTh�1Þe
�DG�


RT
ð1Þ


krac ¼ 2kenant ð2Þ


From Eyring plots of lnACHTUNGTRENNUNG(kenant/T) versus 1/T (Figures 1–4)
the activation parameters of enantiomerization DH �


enant and
DS�


enant for compounds 1 to 4 were obtained (Table 4). They


were used to extrapolate linearly the rate constants for the
compounds 1 and 4 to higher temperatures and for the com-
pounds 2 and 3 to lower temperatures. We note a) that the
barrier to enantiomerization for 1 is very close to the previ-
ously reported value (100.9 kJmol�1 at 25 8C, pH 2.2,
H2O


[12]), b) that asymmetric para-nitro, para-methoxy substi-
tution in 4 decreases the barrier by ~5 kJmol�1 and c) that
ortho-methyl substitution increases the barrier by
~30 kJmol�1. Thus, at 105 8C, kenant(1)/kenant(3) > kenant(1)/
kenant(2) > 2000, which indicates the significant decrease in
reactivity of 2 and 3. There is a small effect of the additional
meta-Br substituent, which lowers the corresponding rate
constant by a factor of �1.5 and raises the enantiomeriza-
tion barrier by 1 kJmol�1 (Table 4). Isotopic effects of deu-


terium were also observed.
Thus, compound [D6]-1 race-
mizes slower, than the proto-
nated analogue with krac(1)/
krac([D6]-16) = 1.24, whereas
the opposite trend is observed
for 3 : krac(3)/krac([D6]-3)=0.87.
This could be rationalized by


increased effective steric volume of H in comparison to D,
leading to retardation of racemization in the sterically hin-
dered proto-3. Table 5 summarizes calculated half-times for
racemization of the compounds 1 to 4 at different tempera-
tures and pH. Figure 5 exemplifies plateau formation be-
tween two peaks of interconverting enantiomers of 4 in a
typical electropherogram at 40 8C.


Calculations and structure : To model the enantiomerization
reaction we have examined possible enantiomerization path-
ways of the protonated TB with density functional theory
(B3LYP at the 6-31G ACHTUNGTRENNUNG(d,p) level). In particular, we studied
intermediates and transition states of 3, supplemented by se-


Table 2. Racemization constants and enantiomerization barriers of 2
and 3.


T [8C] krac [10
�5 s�1]


(2)
DG�


enant (2)
[kJmol�1]


krac [10
�5 s�1]


(3)
DG�


enant (3)
[kJmol�1]


100[a] 1.01(2) 129.9(3) 0.517(3) 131.9(4)
100[b] 0.89(1) 130.3(4) – –
105[b] 1.49(6) 130.4(4) 1.03(9) 131.6(4)
110[b] 2.1(1) 131.1(4) 1.6(1) 132.0(4)
115[b] 3.3(2) 131.4(4) 2.5(2) 132.3(4)
120[b] 5.3(1) 131.6(4) 3.64(3) 132.8(4)
120[b, c] 4.17(6) 132.4(4)


[a] 0.1m CF3SO3H/Me2CHCH2OH. [b] 0.1m CF3SO3H/ethylene glycol.
[c] Values for [D6]-3.


Table 3. Enantiomerization constants and enantiomerization barriers of 4
at pH 2.2 in 50 mm tris-phosphate buffer.


T [8C] kenant [10
�5 s�1] DG�


enant [kJmol�1]


20 4.89 96.0(3)
25 8.47 96.3(2)
30 16.1 96.3(2)
35 31.5 96.22(2)
40 66.8 95.9(3)


Scheme 2. Protonation–deprotonation equilibrium for TBs.


Table 4. Experimental activation parameters to enantiomerization and
calculated transition state energies for compounds 1 to 4.


DH �
enant


[kJmol�1]
DS�


enant


[Jmol�1K�1]
DG�


enant (105 8C)
[kJmol�1]


kenant
(105 8C)
[s�1]


E ACHTUNGTRENNUNG(TS2)
[kJmol�1][b]


1 98(1) �9(4) 101(2)[a] 0.03–0.21[a] 84.4
2 103(3) �73(8) 130.4(4) 1.49R10�5 121.0
3 101(2) �81(6) 131.6(4) 1.03R10�5 128.9
4 98(3) 6(10) 96(7)[a] 0.05–4[a] 65.3


[a] Extrapolated values. [b] Calculated (using density functional theory)
energies of the transition states TS2 (see below).
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lected structures of 1 and 2. The (R,R)-configured bicyclic
structure of protonated 3 was optimized starting with the
crystal structure of the racemic monotrifluoroacetate 5
(Figure 6). In agreement with the X-ray data, and typical for
protonated Trçger bases,[20] the bridging methylene group is
significantly displaced towards the unprotonated nitrogen in


anticipation of the ring-opening step. Actual ring opening
requires 71.4 kJmol�1 (see Figure 7) and leads to the first
monocyclic intermediate. The conformational behaviour of
similar substituted eight-membered rings including their in-
version which is a requirement for enantiomerization of 3
has been extensively studied previously.[21] In short, there
should exist at least four enantiomeric pairs of stable confor-
mations (one chair, two folded and one extended twist-boat
form) and seven pairs of transition states for their intercon-
version. Several of these structures have been found and
characterized as stationary points on the potential energy
landscape; they are shown schematically in Figure 7. The
high energies of these conformations correlate with the high


Figure 1. Eyring plot for the determination of the activation parameters
of 1 from the kinetic experiments, the upper and lower lines represent
the error bands of the linear regression with a 95% confidence level. The
correlation coefficient R is 0.9997.


Figure 2. Eyring plot for the determination of the activation parameters
of 2 from the kinetic experiments; R=0.998.


Figure 3. Eyring plot for the determination of the activation parameters
of 3 from the kinetic experiments; R=0.9994.


Figure 4. Eyring plot for the determination of activation parameters for
racemization of 4 from the calculated rate constants; R=0.994.


Table 5. Racemization half-times for compounds 1 to 4 at different tem-
peratures and pH.


T [8C] pH 1 2 3 4


105 1 2–10 s[a] 12.9 h 18.7 h 0.1–7 s[a]


105 7[b] 3–15 h 9.6 y 13.4 y 0.2–12 h
25 1 6.4 h 13 y[a] 15 y[a] 1.1 h
25 7[b] 4.6 y 105 y 105 y 1 y


[a] Extrapolated values. [b] Calculated values, assuming pKa2 3.2.


Figure 5. Plateau formation between the peaks of two interconverting
enantiomers in a typical electropherogramm of 4 (40 8C, pH 2.2, 50 mm


tris-phosphate buffer, 20 mm 2-hydroxypropyl-b-cyclodextrin).
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electrophilicity of isolated methyleneiminium salts,[22] which
is why they are present in only negligible amounts in the re-
action mixtures.[11] However, of the multitude of structures
only a few are relevant with respect to the inversion process.
According to our hypothesis it is the rotation of the N+=


CH2 group through the plane of the aromatic ring which de-
fines the reaction progress. Therefore, the structures can be
divided into two groups according to the position of the
methylene group (“above” or “below”) relative to this plane
which makes the dihedral angle C4-C4a-N5-C13 the “indica-
tor of chirality”. Most important are therefore transition
state(s) which connect structures of opposite chirality. Using
the STQN algorithm[23] we could locate only one such struc-
ture (TS2 in Figure 7) which connects a folded twist-boat
conformation (FTB2) with the inverted extended twist-boat
conformation ETB*.
The structure of TS2 is shown in Figure 8. Its most promi-


nent feature is the heavy puckering of the aromatic ring ex-


emplified by the dihedral angle C3-C4-C4a-C12a which is
�15.68. This non-planar deformation is caused by the strong
steric repulsion between the methylene group and the
methyl group in the ortho-position which is clearly visible in
the Figure. In the corresponding transition state of 2 the
strain is lower leading to a pucker angle (as defined above)
of only �8.78. Finally, in 1 and 4 the benzene ring remains
essentially planar during the interconversion. Independent
of the substitution the transition state is chiral; therefore the
equivalent back reaction must pass through the enantiomer-
ic transition state TS2*. The two equivalent transition states
TS2 and TS2* and two equivalent protonation sites in the
molecule bring the value of the statistical transmission
factor k in the Eyring Equation (1) to unity (see above).
The calculated energies of the three transition states are


shown in Table 4 next to the experimentally determined free
energies of enantiomerization. The agreement is satisfactory
for 2 and for 3 ; also, the significantly lower barrier of 1 is
correctly reproduced. The asymmetric substitution of 4,
from general considerations, should lead to stabilization of
the transition state TS2 by p-conjugation. Indeed, the calcu-
lated value of the energy of TS2 for 4 is 65.3 kJmol�1. The
observed modest lowering of the barrier from 101 to
96 kJmol�1 might be explained by the fact that the Figure 7
in general is no longer true for 4 : the TS2 is probably not
the most energetic transition state and rate is determined by
other transition states in the Figure. Another important
message is that the negative activation entropy for racemiza-
tion of 2 and 3 (Table 4) might show the significant role of
the solvation effects in the activated complexes (cf. ref.
[24]), which should be the subject of further investigations.
In summary we have shown that bis-ortho substitution by


methyl groups raises the barrier to enantiomerization of
Trçger bases, dramatically enhancing their configurational
stability in acidic media. According to quantum-mechanical
calculations inversion takes place in two steps. Protonation
initiates the ring-opening step and formation of the first imi-
nium ion which equilibrates via relatively low lying transi-
tion states with other conformers. For enantiomerization to
occur a transition state has to be passed which appears to be
highly sensitive to steric effects. Our calculations show that
ortho substitution by methyl groups increases significantly
the energy of this state and thus is able to cause the ob-
served configurational stability.


Figure 6. Projection of the molecular structure of the compound 5 in the
solid state.


Figure 7. DFT-calculated stationary points for protonated 3 and possible
pathway for enantiomerization. Asterisks indicate positive values for the
dihedral angle C4-C4a-N5-C13 (see text). Energies (in italics; in
kJmol�1) relative to the (R,R)- and (S,S)-bicyclic structures, GS and GS*,
respectively. FTB1 and FTB2 are folded twist-boat and ETB extended
twist-boat conformations; TS1 to TS3 and TSi represent transition states.


Figure 8. Stick model of the transition state (TS2) for enantiomerization
of protonated 3. The view is approximately along the C6–C12 axis; the
N+=CH2 group is in the front. Note the bent ortho-methyl group.
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Configurationally stable Trçger bases may be used in
asymmetric aminomethylation, other acid- or non-nucleo-
philic base-promoted enantioselective reactions, and for mo-
lecular recognition in a broad pH range. As has been point-
ed out[6b] ortho-substituents increase the volume of the hy-
drophobic pocket in TBs, which along with the present find-
ings strongly enhances the supramolecular potential of the
system.


Experimental Section


General methods : Triflic and trifluoroacetic acids (puriss.) were pur-
chased from Fluka and used without purification. [D2]Paraformaldehyde
(99% D) was purchased from Acros. Ethylene glycol and isobutanol
were distilled from CaH2.


[D6]-(� )-1: Synthesized according to described procedure, with (CD2O)n
used as formaldehyde equivalent.[6e] M.p. 137 8C; 1H NMR (400 MHz,
CDCl3): d = 2.10 (s, 6H, 2Me), 6.59 (d, 2H, 4J = �1.5 Hz), 6.85 (dd,
2H, 3J = 8.1, 4J = �1.5 Hz), 6.92 (d, 2H, 3J = 8.1 Hz); 13C NMR
(100 MHz, CDCl3): d = 23.0 (Me), 60.3 (quint, ArCD2N,


1JCD = 20 Hz),
68.2 (m, NCD2N,


1JCD = 20 Hz), 126.9, 129.4, 129.5, 130.3, 135.5, 147.6;
ESI-MS: m/z : calcd for C17H13D6N2: 257.19187; found: 257.19185
[M+H]+ .


[D6]-(� )-3 : Synthesized according to described procedure with (CD2O)n
used as formaldehyde equivalent.[6a] M.p. 220–222 8C; 1H NMR
(400 MHz, CDCl3): d = 2.39 (s, 2Me, 6H), 6.56 (d, 2H, 3J = 8 Hz), 7.14
(d, 2H, 3J = 8 Hz); 13C NMR (100 MHz, CDCl3): d = 17.7, 54.6 (quint,
ArCD2N,


1JCD = 20 Hz), 66.9, (m, NCD2N,
1JCD = 20 Hz), 124.5, 125.9,


127.2, 128.3, 133.4, 147.6; ESI-MS: m/z : calcd for C17H11D6Br2N2:
413.01296; found: 413.01287 [M+H]+ .


3,9-Dibromo-4,10-dimethyl-6H,12H-5,11-methano-dibenzo ACHTUNGTRENNUNG[b,f]-
ACHTUNGTRENNUNG[1,5]diazocinium trifluoroacetate (5): The title compound was obtained
by slow evaporation of the diluted solution of 3 in 0.1m CF3COOD/
CD2Cl2 to yield transparent plates. M.p. 160 8C (gas evolution); 1H NMR
(400 MHz, CD2Cl2): d = 2.53 (s, 6H, 2Me), 4.03 (d, 2J = �17 Hz, 2H,
CHaAr), 4.58 (s, NCH2N), 4.77 (d,


2J = �17 Hz, 2H, CHbAr), 6.77 (d, 3J
= 8 Hz, 2H), 7.23 (br s, 1H, NH), 7.37 (d, 3J = 8 Hz, 2H).


At 120 K crystals of 5 are monoclinic, space group P21/n, a=7.3751(7),
b=17.803(2), c=14.373(1) T, b=99.087(2), V=1863.5(3) T3, Z=4,
1calcd=1.861 gcm�3. Intensities of 19107 reflections were measured with a
SMART 1000 CCD diffractometer (l ACHTUNGTRENNUNG(MoKa)=0.71072 T, 2q<568), and
4491 independent reflections (Rint=0.0302) were used in further refine-
ment. The refinement converged to wR2=0.0610 and GOF=1.086 for all
independent reflections (R1=0.0281 was calculated against F for 3614
observed reflections with I>2s(I)). All calculations were performed
using SHELXTL PLUS 5.1.


CCDC-232751 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Enantiopure 1 and [D6]-1 were prepared according to ref. [4], enantio-
pure 2, 3, and [D6]-3 according to refs. [1, 6a], racemic 4, according to ref.
[16].


Kinetic experiments for 1 to 3 were performed in solution in glass vials
in thermostated oil baths. In each of the series, the free base was dis-
solved in CF3COOH, and the excessive acid was rapidly removed under
reduced pressure at room temperature. The residue was then dissolved in
acidic ethylene glycol (typical concentration 5R10�3m) and the solution
divided into aliquots, which were immersed in the thermostat. For com-
pound 1, at each time point the vial contents were neutralized with aque-
ous NH3, extracted with hexane and analyzed by HPLC on a chiral sta-
tionary phase Whelk R,R O 1, hexane/EtOH 98:2 as a mobile phase with
UV detection at 254 nm; the retention times of the enantiomers were
9.1 min for (+)-1 and 9.9 min for (�)-1. System was equipped with Shi-
madzu C-R3A integrator. For compounds 2 and 3, the vials were cooled


by liquid nitrogen, brought to room temperature, and the contents were
analyzed using the decay of the CD signal at 265 nm. For each tempera-
ture, the rate constants were obtained by linear regression of the data to
the first-order kinetics law (six data points). For CD measurements, max-
imal values of CD signal (DA) at each point of time (t) were taken, divid-
ed by the value of DA at t=0 (DA0), and logarithm of the ratio ln ACHTUNGTRENNUNG(DA0/
DA) was plotted against t. The slope constituted the pseudo first-order
rate constant krac (see Supporting Information). For HPLC measure-
ments, the integration values were used to calculate enantiomeric excess
(ee), and ln ACHTUNGTRENNUNG(ee0/ee) was plotted against t. Again, the slope constituted the
first-order rate constant krac. The chemical integrity of the samples after
racemization was monitored and confirmed by HPLC, UV and NMR.


Dynamic capillary electrophoresis for 4 was performed using Agilent
3DCE system (Agilent, Waldbronn, Germany), equipped with a diode
array detector (DAD). Fused silica capillary with dimensions of 50 mm
i.d.R60 cm (51.5 cm effective length) was thermostated by air. The ex-
periments were performed applying 30 kV voltage, in tris-phosphate
buffer (50 mm) at pH 2.2 with 2-hydroxypropyl-b-cyclodextrin (20 mm) as
a chiral additive. Sample solution of 4 in the buffer (1 mgmL�1) was in-
jected by applying pressure of 50 mbar for 5 s. The analyte was detected
by DAD at 220 � 20 nm.


Computations were performed in the computing center of Cologne Uni-
versity (RRZK) using Gaussian 03, Revision B.04, Gaussian, Inc., Pitts-
burgh PA, 2003. The crystal structure of 5 was taken as a starting point
for the geometry optimizations. Preliminary calculations were run at the
AM1 level, and the minima search starting from the transition states was
done using the Intrinsic Reaction Coordinate (IRC) routine implemented
in the package.[23] Thus, using both IRC and STQN,[23] the full reaction
path for 5 was calculated, and the AM1 structures were then used as
guesses for the high level DFT geometry optimizations. Each structure at
DFT level was characterized by frequency calculation, local minima
having no and transition states one imaginary frequency.
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Unprecedented Association of [Mo6Bri7Y
iBra6]


3� Cluster Units and
[MoIIIBr6]


3� Complexes: Synthesis, Crystal Structures, and Properties of the
Double Salts Rb3[Mo6Bri7Y


iBra6]ACHTUNGTRENNUNG(Rb3ACHTUNGTRENNUNG[MoBr6])3 (Y=Se, Te)


Kaplan Kirakci, St1phane Cordier,* and Christiane Perrin[a]


Introduction


Structures of binary molybdenum halides with the general
Mo6X12 formula (X=Cl, Br, I) are based on octahedral Mo6


clusters characterised by Mo�Mo bonds. Mo6 metallic clus-
ters were structurally characterised by Brosset,[1] but were
first reported by Blomstrandt in 1857.[2] The Mo6 clusters
are bound to eight inner ligands located in face-capping po-
sitions (Xi) and to six apical ligands located in terminal posi-
tions (Xa) to form a Mo6X


i
8X


a
6 anionic unit.[3] The structures


of these Mo6X12 halides are based on Mo6X
i
8X


a
6 units that


share four apical ligands with four adjacent units in the
equatorial plane. These interconnections lead to Mo6X


i
8X


a–


a
4/2X


a
2 layers that are interpenetrated and held together


through van der Waals contacts between halogen ligands of


adjacent layers.[4] In the early 1960s, Sheldon reported the
possibility of ligand exchanges within the unit without de-
struction of the Mo6 cluster. In particular, Mo6Cl12 can be
converted in Mo6 bromides and iodides in fused lithium bro-
mide or iodide.[5] Moreover, he showed that it is rapidly dis-
proportionated in fused KCl (m.p. 770 8C) to molybdenum
metal and K3ACHTUNGTRENNUNG[MoIIICl6] based on discrete [MoIIICl6]


3� ions.
For a stoichiometric KCl/Mo6Cl12 (i.e. 2:1) ratio, an excision
reaction occurs instead of disproportionation leading to the
pure chloride K2ACHTUNGTRENNUNG[Mo6Cl14] in which the [Mo6Cl14]


2� units are
discrete.[6] Mo6Br12 exhibits a similar behaviour with bro-
mide alkali salts[7] but hitherto no crystal structure has been
reported with discrete [MoIIIBr6]


3� ions. On the other hand,
the solid-state reaction of Mo6X12 halides with chalcogens at
high temperature enables the substitution of chalcogen for
halogen.[8]


In this work, we evidence that the reaction between
Mo6Br12 and RbBr in the presence of Se or Te leads to a
partial disproportionation of Mo6Br12 into Mo and
[MoIIIBr6]


3� as well as the substitution of one chalcogen for
one bromine in an inner position to form the double-salts
Rb3[Mo6Bri


7Y
iBra


6]ACHTUNGTRENNUNG(Rb3 ACHTUNGTRENNUNG[MoBr6])3 (Y=Te, Se) (1,
Rb12Mo9Br31Te and 2, Rb12Mo9Br31Se). These compounds


Abstract: The double salts
Rb3[Mo6Bri


7Y
iBra


6]ACHTUNGTRENNUNG(Rb3 ACHTUNGTRENNUNG[MoBr6])3 (Y=


Se, Te) result from the partial dispro-
portionation of the Mo6Br12 octahe-
dral-cluster-based bromide, in the pres-
ence of corresponding chalcogenides
and RbBr salt (crystal data: Rb12-
ACHTUNGTRENNUNG[MoBr6]3[Mo6Bri


7TeiBra
6] (1), Pm3̄m


(No. 221), a=12.1558(2) =, Z=1, R1=


0.028; wR2=0.050; Rb12 ACHTUNGTRENNUNG[MoBr6]3-
ACHTUNGTRENNUNG[Mo6Bri


7SeiBra
6] (2), Pm3̄m, a=


12.144(3) =, Z=1, R1=0.028; wR2=


0.050). The structures of 1 and 2 are
built up from [MoIIIBr6]


3� complexes
and [Mo6Bri


7Y
iBra


6]
3� cluster units


characterised by a random distribution
of seven bromine and one chalcogen li-
gands on all the eight inner positions
that face cap the Mo6 clusters. Such a
distribution implies a static orientation-
al disorder of the [Mo6Bri


7Y
iBra


6]
3�


units around the origin of the unit cell.
Close-packed anionic layers based on
[MoIIIBr6]


3� complexes and
[Mo6Bri


7Y
iBra


6]
3� cluster units are


stacked in the sequence ABC. This ar-
rangement leads to very short Bra�Bra


intercluster unit distances of 3.252 =,
much lower than the sum of the van
der Waals radii (3.70 =). The trivalent
oxidation state of molybdenum in the
Mo complexes and 24 valence electrons
per Mo6 cluster have been confirmed
by magnetic susceptibility measure-
ments. Salts 1 and 2 constitute the first
examples of structurally characterised
bromides containing discrete
[MoIIIBr6]


3� complexes obtained by
means of solid-state synthesis.


Keywords: anions · cluster com-
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tions · transition metals
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are built up from [MoIIIBr6]
3� ions and [Mo6Bri


7Y
iBra


6]
3�


cluster units characterised by a random distribution of seven
bromine and one chalcogen atoms on the eight inner posi-
tions. Such a distribution implies a static orientational disor-
der of the [Mo6Bri


7Y
iBra


6]
3� units around the origin of the


unit cell. The number of valence electrons per Mo6 is found
to be 24, corresponding to MoII, whilst the oxidation state of
Mo in the [MoIIIBr6]


3� complexes is +3. Magnetic measure-
ments have confirmed the oxidation states of molybdenum
in this salt. It is worth noting that the Bra�Bra interunit dis-
tance is only 3.252 =, which is much lower than the sum of
van der Waals radii (3.70 =).[9] The solid-state reactivity of
Mo6Br12 will be analysed and the structural findings will be
discussed and compared with those of related compounds
based on similar cluster units or complexes.


Results and discussion


Description of the structures of Rb12Mo9Br31Te (1) and
Rb12Mo9Br31Se (2): Relevant interatomic distances for 1 and
2 are reported in Tables 1 and 2 respectively. Salt 1 crystal-


ACHTUNGTRENNUNGlises in the cubic system (space group Pm3̄m, No. 221). The
structure is based on [MoBr6]


3� octahedral complexes
(Figure 1) and [Mo6Bri


7TeiBra
6]


3� discrete anionic units
(Figure 2) in which the Mo6 cluster is face-capped by eight
inner ligands. The average unit is characterised by a random
distribution of one tellurium and seven bromine atoms on
the eight inner positions. Such a distribution implies that the
[Mo6Bri


7TeiBra
6]


3� units are statically and orientationally dis-
ordered. The presence of Te on the inner position induces a
local C3 symmetry. Indeed, the apparent Oh symmetry of the
[Mo6Bri


7TeiBra
6] units in the Pm3̄m space group results from


the static orientational disorder around the origin of the
unit cell. Similar features have been encountered and dis-


cussed for Nb6 cluster compounds based on Nb6L
i
12L


a
6


units.[10] The centres of cluster units occupy the apices of the
cubic unit cell (Figure 3). Mo and Bra are located on the


Table 1. Selected interatomic distances [=] in 1.


Mo6Br13Te unit
Mo1�Mo2 2.6341(9) L 12
Mo1�Br1 2.589(1) L 6
Mo1�Br2 2.608(3) L 8
Mo1�Te2 2.73(2) L 8


MoBr6 complex
Mo2�Br3 2.606(1) L 2
Mo2�Br4 2.6026(7) L 4


rubidium environment
Rb1�Br4 3.5274(1) L 4
Rb1�Br1 3.6564(9) L 2
Rb1�Br3 3.7733(7) L 2
Rb1�Br2 4.286(2) L 2
Rb1�Te2 4.18(2) L 2
Rb2�Br3 3.472(1) L 6


Br�Br contacts
Br1�Br1 3.252(1) L 6
Br2�Br4 3.854(2) L 4


Table 2. Selected interatomic distances [=] in 2.


Mo6Br13Se unit
Mo1�Mo2 2.626(1) L 12
Mo1�Br1 2.590(2) L 6
Mo1 L2 2.597(1) L 8


MoBr6 complex
Mo2�Br3 2.599(2) L 2
Mo2�Br4 2.599(1) L 4


rubidium environment
Rb1�Br4 3.5222(9) L 4
Rb1�Br1 3.631(2) L 2
Rb1�Br3 3.788(1) L 2
Rb1 L2 4.286(1) L 2
Rb2�Br3 3.473(2) L 6


Br�Br contacts
Br1�Br1 3.251(2) L 6
Br2�Br4 3.857(1) L 4


Figure 1. Representation of the octahedral MoBr6 complex. Displacement
ellipsoids are shown at the 50% probability level.


Figure 2. Representation of the Mo6Br13Te unit. Displacement ellipsoids
are shown at the 50 % probability level. Locally only one of the two rep-
resented positions Te1 and Br1 is occupied.
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edge of the units along one fourfold axis. The Mo atom of
the [MoBr6]


3� entity lies at the centre of the faces, with the
Mo�Br3 direction perpendicular to the faces and it merges
with another fourfold axis. The [MoBr6]


3� complexes de-
scribe a large ([MoBr6]


3�)6 octahedron. Twelve distorted
sites, each based on two [Mo6Bri


7TeiBra
6]


3� units and two
[MoBr6]


3� entities, are generated at a 12j Wyckoff position
(Figure 4, top) and are statistically occupied by Rb1
(98.4(3)%). It merges with the centroid of the distorted tet-
rahedron formed by two units belonging to one edge of the
unit cell and by two [MoBr6]


3� entities belonging to one
edge the ([MoBr6]


3�)6 octahedron. Each of the two
[MoBr6]


3� complexes brings two Br4 and one Br3 atoms to
complete the Rb1 coordination site (Rb1�Br4: 3.527 =,
Rb1�Br3: 3.773 =). Two apical and two inner ligands from
two cluster units complete this coordination site (Rb1�Bra:
3.656 =, Rb1�Br2: 4.286 =, Rb1�Te2: 4.180 =). Another
cationic site located on the 1b Wyckoff position and statisti-
cally occupied by Rb2 (8(2) %) is generated at the centre of
the unit cell corresponding also to the centre of the
([MoBr6]


3�)6 octahedron (Figure 4, bottom). The Rb2 atom
lies in an octahedral site surrounded by bromine belonging
to six [MoBr6]


3� complexes (Rb�Br 3.472(1) =). The seleni-
um homologue 2 is isostructural with 1. The evolution of in-
teratomic distances between 1 and 2 is related to the dis-
crepancy between the ionic radii of Te and Se. One can note
in particular a slight increase of Mo�Mo bond lengths, but
no significant change in the distances of the [MoBr6]


3� com-
plex as well as in the Br�Br contacts within the standard de-
viations.


Comparison between the structures of 1 (Pm3̄m) and that of
Rb2.5Mo6Br13.5Te0.5 ACHTUNGTRENNUNG(Pn3̄): The common structural feature be-
tween the structures of 1 and Rb2.5Mo6Br13.5Te0.5


[11] is that
they are both based on [Mo6Bri


7TeiBra
6]


3� units. From the
point of view of the stacking, the structure of 1 is related to
that of Rb2.5Mo6Br13.5Te0.5 (Pn3̄). In Rb2.5Mo6Br13.5Te0.5, the
layers are stacked in an ABC sequence along the [11 1] di-


rection. The projection of one unit layer of
Rb2.5Mo6Br13.5Te0.5 is represented in Figure 5 (top). The
same projection of a layer built from Mo6 cluster units and
[MoBr6]


3� complexes is represented in Figure 5 (bottom) for
comparison. One can see that these projections are closely
related. In Rb2.5Mo6Br13.5Te0.5, the unit oriented along the
[11 1] direction is surrounded by six other units tilted by 458
versus the [11 1] direction corresponding to an orientation
along the [1�1 1], [�1�1 1] and [�1 1 1] directions. In 1,
these tilted units are replaced by [MoBr6]


3� complexes. This
change leads to new cationic sites. In Rb2.5Mo6Br13.5Te0.5, the
octahedral unit cavities generated by the ABC stacking are
fully occupied by rubidium cations. On the other hand, only
3=4 of the tetrahedral cavities (centroid on a 6d Wyckoff po-
sition) are occupied, whilst the other 1=4, located on the
[11 1] axis (2a Wyckoff position), are empty owing to steric
hindrance of inner ligands. In 1, the [Mo6Bri


7TeiBra
6]


3� ionic
units are located in a sphere with a diameter roughly equal
to 8.90 = and the [MoBr6]


3� complexes in a sphere with a
diameter roughly equal to 5.21 =. Despite this discrepancy
of their diameter, the [Mo6Bri


7TeiBra
6]


3� and [MoBr6]
3� com-


plexes are arranged according to a close-packing mode
within the layer with Br4�Br2 contacts of 3.854 = close to
the value expected for van der Waals contacts. Regardless
the type of anions, this packing generates octahedral and


Figure 3. Representation of the Rb3[Mo6Br13Te] ACHTUNGTRENNUNG(Rb3 ACHTUNGTRENNUNG[MoBr6])3 unit cell
(represented in bold). Displacement ellipsoids are shown at the 50%
probability level.


Figure 4. Top: Rb1 environment. Displacement ellipsoids are shown at
the 50 % probability level. For sake of clarity, only the ligands of the clus-
ters belonging to the rubidium coordination sphere are represented.
Bottom: Rb2 environment. Displacement ellipsoids are shown at the
50% probability level.
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tetrahedral voids. Owing to the disposition of anions, the
distance between the centroids of tetrahedral cavities and
the L4 ligand is too short to be occupied by counterions
(2.069 = from Br4 and 1.916 = from Te4). This resembles
the steric hindrance of the ligand in Rb2.5Mo6Br13.5Te0.5 for
the tetrahedral site located in the [11 1] direction. On the
other hand, the distance between the middle of the edges of
the unit cell and the Bra ligands is found to be 1.626 =, pre-
venting the occupation of octahedral cavities centred on this
position. The other octahedral cavity formed by the anions
located at the centre of the unit cell is occupied by Rb2
(Figure 4 bottom).


Discrete [MoIIIBr6]
3� complexes in the solid state : Although


isolated [MoBr6]
3� complexes have been characterised in


highly concentrated solutions starting from [MoBr3ACHTUNGTRENNUNG(NH3)3]
3�


complexes,[12] salts 1 and 2 constitute the first examples of
solid-state compounds containing the discrete [MoBr6]


3�


complex. Indeed, hitherto, no compound based on discrete
triple-charged [MoBr6]


3� ions have been reported, although
some compounds with double-charged ions have been isolat-
ed, for instance [PPh3Me]2ACHTUNGTRENNUNG[MoBr6] (average interatomic


Mo�Br distance is 2.532 =).[13] However, some complexes
built up from MoIII, Br� and neutral donor ligands have
been reported, for example, (NH4)2ACHTUNGTRENNUNG[MoBr5ACHTUNGTRENNUNG(H2O)] or TPP-
ACHTUNGTRENNUNG[MoBr4(Py)2] (TPP= tetraphenylphosphonium).[14] The TPP-
ACHTUNGTRENNUNG[MoBr4(Py)2] complex is based on a [MoIIIBr4(Py)2]


� mono-
charged complex with Mo�Br bond lengths ranging from
2.5761(7)–2.5831(7) = with an average value of 2.580 =.
(NH4)2ACHTUNGTRENNUNG[MoBr5 ACHTUNGTRENNUNG(H2O)] is based on double-charged [MoIIIBr5-
ACHTUNGTRENNUNG(H2O)]2� complex with Mo�Br bond lengths that vary
within the range 2.560(2) =-2.583(1) = with an average
value of 2.580 =. These average values of the Mo�Br bond
lengths are smaller than those observed in 1 (2.606 =) and 2
(2.599 =).


Comparison with related compounds based on M6 clusters
and MX6 complexes : Although based on edge-bridged
M6L


i
12L


a
6 units, instead of M6L


i
8L


a
6 as in compounds 1 and 2,


two related examples of mixed oxidation compounds con-
taining M6 clusters and discrete M cations at a higher oxida-
tion state have been reported: Zr6Cl12–M2ZrCl6 (M=Na, K,
Cs)[15] and the Na2NbF6–Nb6L


i
12�xF


i
xF


a–a
6/2 series (x=4 for Cl


and x=8 for Br).[16] Zr6Cl12–M2ZrCl6 was obtained by de-
composition of ZrClH in the presence of the corresponding
chloride salt. In the zirconium compound, the [Zr6Cli


12L
a
6]


units share their apical chlorine ligands with those of [ZrCl6]
complexes. This compound can then better be written as
M2ZrZr6Cl18 in which the M and Zr4+ cations are located in
the tetrahedral and octahedral cavities generated by an
ABC close packing of the units. The Na2NbF6–
Nb6L


i
12�xF


i
xF


a–a
6/2 series was obtained by reduction of NbF5


and NbX5 by niobium metal in the presence of NaX. These
series are based on [M6L


i
12F


a
6]


� units and [MF6]
� complexes.


They crystallise in the Pm3̄m space group and exhibit a
structure similar to those of 1 and 2. The units are located
on the apices of the cubic unit cell, but share apical ligands
to form a M6L


i
12F


a–a
6/2 three-dimensional framework. The


[NbF6] complexes are located at the centre of the unit cell
and the sodium atoms statically occupy positions close to
the centre of the unit cell.


Br�Br contacts : The Bra�Bra distance between the units is
very short (3.252 =) and is much lower than the sum of the
van der Waals radii (3.70 =). This value can, however, be
compared with those reported in reference [17]. For exam-
ple, the Br�Br ionic–ionic contacts between the PBr4


+ and
Br� ions in PBr5 or between the PBr4


+ and Br3
� ions in


PBr7.
[18] Note that this value is very close to the intermolecu-


lar contacts between dibromine molecules in solid Br2


(3.30 =).[19] In [PPh4] ACHTUNGTRENNUNG[I3Br4],[20] the [I3Br4]
� ions are dimer-


ised through a Br�Br contact with a length of 3.367(3) =. It
turns out that only the related compound La48Br81Os8,


[21]


based on La6 clusters centred by Os, is also characterised by
similar unusual short Br�Br contacts. In La48Br81Os8, the
La6(Os) clusters are heavily interbridged by Br atoms found
both in face-capping and edge-bridging positions. They ex-
hibit in average 19.63 bonded Br atoms per La6Os cluster to
be compared to the usual 18 for La6Bri


12Bra
6(Os) cluster


Figure 5. Top: Projection of an unit layer along [11 1] in
Rb2.5Mo6Br13.5Te0.5. Bottom: Projection of an unit layer along [1 11] in
Rb3[Mo6Br13Te] ACHTUNGTRENNUNG(Rb3 ACHTUNGTRENNUNG[MoBr6])3.
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units. This astonishing bromide contains unusual Bri–a–a func-
tions and each lanthanum atom can be bound to more than
one Bra ligand. The strong structural constraints result in
particular in a cell volume 10 % less than for an equivalent
hypothetical La6Br10Os and short Br�Br contacts. The small-
est ones are in the range 3.300(6)–3.393(6) =.


The short Bra�Bra contacts in 1 and 2 must be related to
the coexistence of two anionic species within the structure
with different spherical diameters ([Mo6Bri


7Y
iBra


6]
3� :


�8.90 =; [MoBr6]
3� : �5.21 =). The structure of these


double salts can be considered as a Rb3[Mo6Bri
7Y


iBra
6] salt


embedded in a Rb3ACHTUNGTRENNUNG[MoBr6] matrix according to a 1/3 ratio.
The units are arranged in such a way that each Mo�Bra


bond from a unit that merges with the edge of the unit cell
is oriented towards a Bra�Mo bond from another unit. The
coulombic interactions between anions and cations involve a
compression of the units along the edges of the unit cell, re-
sulting in a compression of the Mo�Bra bond and short Bra�
Bra contacts. This assumption is also supported by the short
Mo�Bra bond length (2.589(1)) = compared to related Mo6


cluster units.[11]


Chemistry of molybdenum bromides and concluding re-
marks : The reaction between Mo6Br12 and a stoichiometric
amount of an alkali salt leads to the formation of the
AxMo6Br14 series based on discrete [Mo6Bri


8Bra
6]


2� units.
The charge of the unit can be increased by the substitution
of chalcogen for halogen atoms. Indeed, monosubstituted
units have been obtained in Rb2+xMo6Bri


8�xY
i
xBra


6
[11] while


disubstituted units have been obtained in the Cs4Mo6Br12Y2


(Y=S, Se) series.[22] Let us recall that the Rb2+x-
Mo6Bri


8�xY
i
xBra


6 series (x=0.5 for Y=Te ; 0.25�x�0.7 for
Y=Se) are built up from [Mo6Bri


8�xY
i
xBra


6]
(2+x)� average


anionic units—corresponding to a mixture of (1�x)-
ACHTUNGTRENNUNG[Mo6Br14]


2� with x ACHTUNGTRENNUNG[Mo6Br13Y]3�—associated with (2+x)
Rb+ counterions. In the present new series, no range of ho-
mogeneity has been observed meaning that only the
[Mo6Br13Y]3� species is present within the solid. From a
chemical point of view, it transpires that the reaction be-
tween Mo6Br12 and an excess of alkali salt leads to a dispro-
portionation of Mo6Br12 into Mo and [MoIIIBr6]


3� (3ABr+
3 MoIIBr2!Mo+A3Mo2


IIIBr9). Consequently, the increase in
the RbBr/Mo6


IIBr12 ratio in the loaded composition leads to
final product poorer in Rb2Mo6Br14 and richer in Mo and
A3Mo2


IIIBr9. The presence of chalcogens in the loaded com-
position favours the formation of the [Mo6Bri


7Y
iBra


6]
3�


anionic cluster unit. This enables the formation of hybrid
solid-state compounds containing both [MoIIIBr6]


3� ions and
[Mo6Bri


7Y
iBra


6 ]3� ionic cluster units. Further experiments
showed that higher reaction yields for 1 and 2 are obtained
starting from RbBr, MoBr3, Mo6Br12, Mo and Y for stoichio-
metrically loaded compositions.


Experimental Section


Synthesis of Rb12Mo9Br31Te and Rb12Mo9Br31Se : Mo6Br12 was obtained
by decomposition of MoBr3—prepared by reaction of molybdenum
powder in Br2 flow at 680 8C—under a N2 flow at the same tempera-
ture.[4] Single-crystals of Rb12Mo9Br31Se and Rb12Mo9Br31Te were initially
obtained from reactions as secondary phases in reactions designed to syn-
thesise the Rb2+xMo6Bri


8�xYxBra
6 chalcogenobromides. After a prelimina-


ry structural determination, the title series was obtained from a pow-
dered mixture (0.5 g) of RbBr, Mo6Br12 and Y (Y=Te, Se) with the
ratios 12: ACHTUNGTRENNUNG(19/2):1. The equation of the reaction can be therefore written:
12RbBr+19/12 Mo6Br12+Y!Rb12 ACHTUNGTRENNUNG[MoBr6]3[Mo6Bri


7Y
iBra


6]+
1=2 Mo. Pow-


ders were ground, pelleted and placed into a silica tube. Once sealed
under vacuum, the tube was heated for three days at 900 8C. The analysis
of the X-ray powder patterns evidenced the presence of Mo, Rb2Mo6Br14


and Rb2.5Mo6Br13.5Y0.5 as secondary phases along with Rb12-
ACHTUNGTRENNUNG[MoBr6]3[Mo6Bri


7TeiBra
6] as the major product. It must be pointed out


that when RbBr contains traces of moisture, a partial substitution of O
for Br was observed in the [MoBr6] complex, leading to a reduction of
the anionic charge and consequently of the rubidium content in the title
compound.


Chemical analysis : Elemental content was determined by chemical analy-
ses of single crystals at the Centre for Scanning Electron Microscopy and
Microanalyses of Rennes 1 University (France) by energy dispersive
spectrometry (EDS) using a scanning electron microscope JEOL JSM
6400 equipped with a microprobe EDS OXFORD LINK ISIS. The
atomic percentages obtained for several single crystals for 2 and 1 were
Rb 25, Mo 19, Br 54, Se 2 and Rb 24, Mo 18, Br 56, Te 2, respectively; el-
emental analysis calcd (%) for Rb12Mo9Br31Y: Rb 22.64, Mo 16.98, Br
58.49, Y 1.89.


Magnetic measurements : Magnetic susceptibility measurements were per-
formed with a SQUID susceptometer on 30 mg of selected
Rb12Mo9Br31Se single crystals within the temperature range 2–300 K at
500 G. The magnetic data, in the form of 1/c versus T are shown in
Figure 6. The susceptibility follows a Curie law with an experimental


meff=3.95 mB and is consistent with the presence of MoIII in the [MoBr6]
3�


complex and a VEC value of 24 for the [Mo6Bri
7TeiBra


6]
3� unit. Indeed,


the theoretical magnetic moment per MoIII at 300 K is mth=3.87 mB is con-
sistent with a S=3/2 ground state and a VEC value of 24 corresponds to
a nonmagnetic cluster.


Crystal structure analysis : Single-crystal X-ray diffraction data of
Rb12Mo9Br31Te and Rb12Mo9Br31Se were collected at room temperature
on a Nonius KappaCCD area-detector X-ray diffractometer with MoKa


Figure 6. Representation of the inverse magnetic susceptibility versus T
for 1.
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radiation (l=0.71073 =) (Centre de DiffractomCtrie de lSUniversitC de
Rennes 1, France). Details of data collections and structure refinements
are reported in Table 3. Positional and equivalent atomic displacement


parameters are reported in Tables 4 and 5 for 1 and 2, respectively. The
data processing was performed by the EvalCCD analysis software[23] and
absorption corrections were applied through the SADABS program.[24]


Among the possible space groups deduced from the observed systematic


extinctions, the refinement procedure enabled to retain unambiguously
the Pm3̄m centrosymmetric space group for the two title compounds.
The structures were solved by direct methods by using the SIR97 pro-
gram.[25] Subsequent structural refinements by least-squares techniques,
combined with difference Fourier syntheses, were performed using


SHELXL-97.[26] The structure of Rb12Mo9Br31Te is based on a
[Mo6Bri


7TeiBra
6] average unit and on a [MoBr6] complex of Oh and D4h


symmetry, respectively. The [MoBr6] complex is built up from Mo1, Br3
and Br4 located on the 3c, 6f and 12i Wyckoff positions, respectively.
The [Mo6Bri


7TeiBra
6] unit is built up from Mo2 and apical bromine Br1


located both on 6e Wyckoff positions. During the refinement procedure,
it was firstly assumed that the inner Br2 fully occupied an 8g position,
but after several cycles of refinements, it turned out that an electronic
peak remained close to Br2 at a distance from molybdenum correspond-
ing to a Mo�Te bond length. Tellurium Te2 was then introduced on this
residue with the same atomic displacement parameter as Br2. The sum of
the occupancies of Br2 and Te2 was restricted to the value corresponding
to a fully occupied 8g position. Afterwards, the first two restraints were
progressively relaxed during the convergence, leading to final positions in
agreement with reliable Mo�ACHTUNGTRENNUNG(Br, Te) interatomic distances. Owing to the
small occupancy of tellurium, this atom was refined isotropically. Rb1
and Rb2 statistically occupy a 12j and a 1b Wyckoff position. The final
formula deduced from the structural refinement is
Rb11.90(4)Mo9Br31.34(6)Te0.66(6). This formula was rounded to Rb12Mo9Br31Te
considering that the number of valence electrons is constant and equal to
24. Indeed, a Te content lower than 1 would imply a VEC value higher
than 24 and the electronic occupancy of Mo�Mo antibonding levels.


The structure of Rb12Mo9Br31Se is isostructural with that of
Rb12Mo9Br31Te. Although X-ray diffraction techniques are not appropri-
ate to discriminate Se and Br owing to their close scattering factors,
these two elements were assumed randomly distributed on the inner
ligand position (L2) for Rb12Mo9Br31Se as found experimentally for the
tellurium compound. The presence of selenium in the compound was
confirmed by EDS analysis performed on several selected crystals. The
final formula deduced from structural determination was
Rb11.83(6)Mo9Br31Se and was rounded to Rb12Mo9Br31Se. For both com-
pounds the refined rubidium content is 12 within the standard deviations.


As stressed above for Rb12Mo9Br31Te,
the VEC value of 24 implies the pres-
ence of exactly one chalcogen per unit
for corresponding Rb content equal to
12.


Further details on the crystal structure
investigation(s) may be obtained from
the Fachinformationszentrum Karls-
ruhe, 76344 Eggenstein-Leopoldsha-
fen, Germany (fax: (+49) 7247-808-
666; e-mail : crysdata@fiz-karlsruhe.
de), on quoting the depository num-
bers CSD-416123 (1) and CSD-416124
(2).
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Synthetic Scope of Alcohol Transfer Dehydrogenation Catalyzed by
Cu/Al2O3: A New Metallic Catalyst with Unusual Selectivity


Federica Zaccheria,[a] Nicoletta Ravasio,*[b] Rinaldo Psaro,[b] and Achille Fusi[a]


Introduction


The oxidation of alcohols to carbonyl compounds is an es-
sential functional-group transformation in organic synthesis.
Countless methods have been developed to perform this re-
action, the most popular represented by the Collins,[1]


Jones,[2] pyridinium chlorochromate (PCC),[3] pyridinium di-
chromate,[4] and Swern[5] oxidations. Most of these methods
suffer from the use of stoichiometric toxic reagents, cryogen-
ic conditions, and/or the production of copious amounts of
waste.


An alternative approach is the use of a catalyst in combi-
nation with a stoichiometric oxidant, for example, tetrapro-
pylammonium perruthenate (TPAP) with stoichiometric N-
methylmorpholine (NMO),[6] while the use of supported[7,8]


or unsupported[9] stable nitroxyl free radical precursor
TEMPO (TEMPO= tetramethylpiperdinyloxy free radical)
and of hypervalent iodine reagents[10] are an alternative to
metal based oxidants.


Much more attractive is the use of molecular oxygen or
air as the terminal oxidant, therefore the development of
catalysts for the aerobic oxidation of alcohols has been ex-


plored by using a wide variety of metals. Very active copper
based homogeneous systems have been setup,[11] whereas
the heterogeneous systems mainly rely on the use of noble
metals.[12]


An interesting alternative to aerobic conditions is repre-
sented by the use of a readily available organic molecule in-
stead of oxygen as the hydrogen acceptor, thus overcoming
safety concerns linked with the use of flammable solvents.
However, only few cases of alcohol transfer dehydrogena-
tion promoted by heterogeneous catalysts are known. Re-
cently three palladium-based systems have been reported by
Hayashi[13,14] and Baiker,[15] both active only in the oxidation
of aromatic or allylic alcohols and one based on Ru.[16]


We recently reported that a low loading supported copper
catalyst, 8% Cu/Al2O3, is very effective in selective oxida-
tion of nonactivated aliphatic secondary alcohols under hy-
drogen-transfer dehydrogenation conditions.[17] Here we
wish to report some additional results together with a mech-
anistical investigation on this catalytic system.


Results and Discussion


Copper catalysts prepared through a nonconventional chem-
isorption-hydrolysis technique have been shown to be active
and very selective in a wide range of reductions, not only
under catalytic hydrogenation conditions but also in hydro-
gen transfer reactions from secondary alcohols. In particular,
Cu/Al2O3 was shown to be the most active reagent in trans-
ferring hydrogen from 2-propanol to 4-tert-butylcyclohexa-
none (Scheme 1). A detailed study aimed to elucidate the
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effect of the donor alcohol structure revealed the existence
of a two-step mechanism based on the dehydrogenation of
the donor followed by substrate reduction.[18]


In particular when (iPr)2CHOH and 3-octanol were used
as hydrogen donors, formation of the corresponding ketones
was observed also after complete conversion of 4-tert-butyl-
cyclohexanone. Moreover the stereochemistry observed in
diisopropylcarbinol was coincident with that obtained under
catalytic hydrogenation conditions, strongly suggesting that
hydrogen availability on the catalyst surface is comparable
both in the presence of molecular H2 and when using this
particular alcohol as a donor.


These results and the need for heterogeneous and simple
systems for the oxidation of hydroxyl groups under liquid-
phase conditions prompted us to investigate the activity of
these copper catalysts in alcohol dehydrogenation reactions.


From the results catalysts Cu/SiO2 and Cu/Al2O3 seemed
promising, although in the absence of an acceptor an equili-
brium situation between dehydrogenation and hydrogena-
tion was reached. On the other hand if hydrogen is spilled
off from the reactor (Table 1) it is apparent that the dehy-


drogenation reaction can go to completion. No reaction oc-
curred in the presence of Al2O3 alone, although under these
conditions the support showed some activity in hydrogen-
transfer reactions from 2-propanol.[19]


However, Cu/MgO, which showed activity comparable
with that of Cu/SiO2 in the transfer hydrogenation of 4-tert-
butylcyclohexanone from 2-propanol, is scarcely active in 3-
octanol dehydrogenation (entry 3), thus confirming once
more that its activity in the former reaction is due mainly to
a MPV-type mechanism (MPV=Meerwein–Ponndorf–
Verley) and not to its dehydrogenation ability.[18]


To improve the synthetic potential of this reaction it
seemed more effective to adopt transfer dehydrogenation
conditions by exploiting a pivotal feature of these catalytic
systems already expressed in other synthetic applica-
tions,[20, 21] that is, their specificity towards hydrogenation of
a conjugated system in the presence of an isolated one.
Thus, by adding styrene in an equimolar ratio with respect
to the substrate as a hydrogen acceptor, complete oxidation
of the desired alcohol was obtained in very short reaction


times, particularly over Cu/Al2O3. The byproduct, ethylben-
zene, is easily removed from the reaction mixture together
with the solvent. The catalyst was pretreated in H2 at 543 K
before use to reduce all the copper to the metallic phase;
however, reduction at a much lower temperature (Table 2,
entry 1b) still resulted in a very active material . On the con-
trary a lower copper loading on the catalyst results in much
lower activity (entry 1a versus 1d and 21a versus 21b).


Three main features are apparent from the results report-
ed in Table 2: the uncomplete conversion of benzylic alcohol
(entry 5), the inactivity of primary alcohols (entries 3 and 7),
and the high activity for secondary unactivated alcohols.


This trend is very different from that observed over
almost all the oxidation catalytic systems reported so far,
both based on a metal and on a radical precursor, which
always convert benzylic alcohols faster than the other alco-
hols, thus suggesting that a different mechanism is operating
in the present case.


However, in total analogy with the Ru/Al2O3 systems,[22]


the plot of logACHTUNGTRENNUNG(kX/kH) versus the Brown–Okamoto s+ for a
series of different benzylic alcohols was found to be linear
with a slope corresponding to a Hammett 1+ value of
�0.75 (r2=0.97), while the correlation with the s+ is better
than that with s constants, particularly for electron donating
substituents (Figure 1, Table 3). This shows that the forma-
tion of a carbocation-type transition state is involved in the
oxidation path. Therefore benzylic alcohols should exhibit
the fastest reaction rates, owing to the higher stability of
their corresponding carbocations. The uncomplete conver-
sion observed under our experimental conditions can thus
be ascribed to the inadequacy of the hydrogen acceptor
used, which is unable to prevail over the aromatic aldehyde
formed.


This apparent drawback, however, also has a plus side as
it allows us to finely-tune the system selectivity. Thus, the
competitive dehydrogenation of cyclooctanol and benzyl al-
cohol shows a marked selectivity towards the oxidation of
the secondary alcohols (Figure 2), but in the absence of sty-
rene, benzaldehyde acts as the acceptor and oxidation of cy-
clooctanol becomes specific (Figure 3).


The large decrease in the rate of cyclooctanol disappear-
ance during competitive dehydrogenation and the small re-
duction in the rate of benzyl alcohol oxidation are strong
evidence that the latter compound displaces cyclooctanol
from the catalyst surface.[23] This is why benzaldehyde or
substituted benzaldehydes may well be used as the acceptor,
as shown by a test carried out on cyclooctanol (Table 2,
entry 21c), but with a dramatic decrease in reaction rate.


It is worth underlining that this is the only case in which
the product competes with the acceptor, as even secondary
benzylic alcohols can be readily oxidized notwithstanding
the high activity of Cu/Al2O3 in the hydrogenation of aro-
matic ketones[24] (entry 6). The effectiveness of styrene with
respect to aromatic ketones in trapping the hydrogen
formed is also shown by the dehydrogenation of optically
pure (R)-1-phenyl-ethanol which proceeds without racemi-
zation with up to 80% conversion.


Scheme 1.


Table 1. Oxidation of 3-octanol with different 8% Cu catalysts.[a]


Entry Catalyst t [h] Conversion [%] Selectivity [%]


1 Cu/SiO2 20 100 100
2 Cu/Al2O3 12 84 100
3 Cu/MgO 20 40 100


[a] Reaction carried out by spilling-off H2 from the reactor.
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Steric effects also play a sig-
nificant role. This is apparent in
the monosubstituted cyclohexa-
nols series (entries 9–12), in the
very low activity of isopinocam-
pheol (entry 15), and from the
comparison between linear and
branched substrates (entry 1
versus 4). This effect is so
strong that in disubstituted cy-
clohexanols the reaction takes
place at a reasonable rate only
when the OH group is in axial
conformation, as shown by the
comparison of (�)-menthol
with neomenthol (entry 13
versus 14).


For the same reason in 3-ster-
ols the oxidation is faster when
the OH group is in the 3b-posi-
tion both in the 5a (entry 24
versus 25) and 5b series
(entry 26 versus 27). This shows
that the OH group has to be as
unhindered as possible to effec-
tively adsorb on the catalyst
surface.


According to the relevant lit-
erature on the mechanism of
secondary alcohols dehydrogen-
ation over metallic copper cata-
lysts, a proper orientation of
the alcohol molecule on the sur-
face is required.[25–27] In particu-
lar, Rioux and Vannice suggest-
ed that formation of a hydrogen
molecule from isopropanol
occurs in two sequential ele-
mentary steps and that the first
hydrogen atom removed is the
hydroxyl one. Even though the
O�H bond is stronger than the
C�H one, its cleavage prior to
the a hydrogen is attributed to
its orientation on the surface of
copper on carbon catalysts.[25]


We suggest that this also holds
for the Cu/Al2O3-catalyzed re-
action. After this step, the
richer the incipient carbenium
ion in the electrons the fastest
will be the remotion of the
second hydrogen atom from the
a carbon.


The understanding of the
strong electronic effects operat-
ing in this catalytic system and


Table 2. Transfer dehydrogenation of different alcohols over Cu/Al2O3.


Entry Substrate t [h] Conversion [%] Selectivity [%]


1


a
b
c
d


1.5
2.5[a]


2.5[b]


4[c]


100
98
97
96


100
100
100
100


2 4 100 100


3 24 4 100


4 6 100 100


5 20 51.5 100


6 0.75 100 100


7 24 1 100


8 3 99 98


9
10
11
12


R=2-Me
R=3-Me
R=4-Me
R=4-tBu


3.5
3
1.5
1.5


99
100
100
97


100
100
100
100


13 48 50[d] 100


14 6 97[d] 100


15 48 40[d] 100


16
a
b


2.5
1.5[e]


100
100


88
95


17 30 95 91


18 2 93 84


19 30 15 100


20 6 95 91


21
a
b
c


0.5
1[c]


9[f]


100
90
90


100
100
100


22 2 97 100


23 1.5 100 100
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of the role played by the acceptor have significant conse-
quences from the synthetic point of view.


The formation of a carbocation-type transition state can
account for the inactivity of primary alcohols, such as 1-oc-
tanol. Indeed, competitive hydrogenation of 1-octanol and
cyclooctanol gave >97% cyclooctanone; 1-octanol was re-
covered unchanged (Figure 4).


On the contrary, allylic alcohols react very fast, much
faster than their saturated analogues, as shown by the com-
parison between mirtenol and mirtanol (entry 18 versus 19)
and of carveol and dihydrocarveol (entry 16 versus 17) al-


though in this last case steric ef-
fects may also play a role. Se-
lectivity is not high when secon-
dary reactions can take place,
as in the case of geraniol, which
under these conditions gives cit-
ronellol and isopulegol,[28] but
anaerobic conditions avoid for-
mation of the corresponding
carboxylic acid which are often
observed when using gold cata-
lysts.[12a,29]


The oxidation of carveol re-
quires some more comments.
Thus, under catalytic dehydro-
genation conditions both nickel
and conventional copper-based
catalysts convert carveol into
carvacrol and tetrahydrocar-
vone, therefore methods pro-
posed for this transformation
on the industrial scale rely on
the use of Oppenauer oxidation


systems[30,31] or homogeneous dehydrogenation systems.[32]


On the contrary, over Cu/Al2O3 carveol was oxidized with
88% selectivity under standard conditions and with 95% se-
lectivity by only using two equivalents of hydrogen acceptor,
giving carvone, one of the more sought after compounds in
the flavor and fragrances industry. On the other hand, in the
absence of styrene, dihydrocarvone could be obtained in
moderate yield directly from carveol, acting as both the hy-
drogen donor and acceptor (Scheme 2).


In addition, perillyl aldehyde is typically obtained from
perillyl alcohol through Oppenauer-type oxidation systems
in the presence of alkylboron compounds and six equiva-
lents of pivalaldehyde[33] or in the presence of aluminium


Table 2. (Continued)


Entry Substrate t [h] Conversion [%] Selectivity [%]


24 2.5 100 96


25 4 86 100


26 24 41 75


27 5 89 80


[a] Catalyst activated at 453 K. [b] Ethylbenzene as solvent. [c] Catalyst with 5% Cu loading. [d] Mixture of
ketone diastereoisomers. [e] Substrate/styrene=1:2. [f] Benzaldehyde as hydrogen acceptor.


-0.2


-0.1


0


0.1


0.2


0.3


0.4


0.5


0.6


0.7


-0.9 -0.7 -0.5 -0.3 -0.1 0.1 0.3 0.5
σ +


p-OMe


p-Me
p-F


p-H


p-Cl


lo
g 


(k
X
/k


H
)


Figure 1. Hammett plot for competitive dehydrogenation of benzyl alco-
hol and p-substituted benzyl alcohols. Reaction conditions: benzyl alco-
hol (0.5 mmol), p-substituted benzyl alcohol (0.5 mmol), styrene
(1 mmol), 8% Cu/Al2O3 (100 mg), toluene (8 mL), 363 K, N2 atmosphere.
No suitable data are available for the reaction of p-NO2-benzyl alcohol
due to poisoning of the catalyst in the presence of the nitro group.[24]


Table 3. Oxidation of substituted benzylic alcohols.


Entry Substrate t [h] Conversion [%]


1 20 80


2 20 57


3 20 52


4 20 49


5 20 33
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isopropoxide and more than the stoichiometric amounts of
nitrobenzaldehyde,[30] whereas under the conditions required
by the present system it can be obtained in 86% yield with-
out formation of any waste but some ethylbenzene
(entry 20).


Remarkable activity is observed for nonactivated secon-
dary alcohols that are less easily oxidized by other systems.
In particular, a striking activity was observed for cyclohexa-


nol and a series of substituted cyclohexanols (entries 8–12).
In the case of 4-tert-butylcyclohexanol, for example, the ac-
tivity based on the total metal content (TOF=3.5 h�1) is
comparable with that observed under aerobic conditions
both over 1% Pd/MgO (TOF=3.5 h�1)[12b] and 1% Ru/
Al2O3 (TOF=2.1 h�1),[22] whereas for cyclooctanol the activ-
ity (TOF=12.5 h�1) is higher than that observed for both
systems (TOF=3.2 h�1 for Pd/MgO and TOF=2.7 h�1 for
Ru/Al2O3). However, if we consider productivity expressed
as gproduct/gcatalystMh, Cu/Al2O3 turns out to be one order of
magnitude more active than the other two systems for the
dehydrogenation of 4-tert-butylcyclohexanol and two orders
of magnitude for the dehydrogenation of cyclooctanol.


The catalyst is efficient for at least six catalytic runs with-
out relevant loss in activity or in selectivity. The Cu content
before use and after six runs was found to be unchanged by
AAS analysis, while Cu in the filtrates was found to be
absent by GF-AAS. Moreover, TPR profiles before and
after six runs appeared to be identical, showing the high sta-
bility of the metallic phase (Figure 5).


Experimental Section


Cu/Al2O3 was prepared as already reported[17] by chemisorption-hydroly-
sis using alumina from Grace Davison (BET=300 m2g�1, pore volume =


1.0 mLg�1). The powder was added to a [Cu ACHTUNGTRENNUNG(NH3)4]
2+ solution prepared


by dropping aqueous NH3 to a Cu ACHTUNGTRENNUNG(NO3)2·3H2O solution until pH 9 had
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Figure 2. Competitive dehydrogenation of cyclooctanol and benzyl alco-
hol in the presence of styrene. Reaction conditions: benzyl alcohol
(0.5 mmol), cyclooctanol (0.5 mmol), styrene (1 mmol), 8% Cu/Al2O3


(100 mg), toluene (8 mL), 363 K, N2 atmosphere.
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Figure 3. Competitive dehydrogenation of cyclooctanol and benzyl alco-
hol in the absence of styrene Reaction conditions: benzyl alcohol
(0.5 mmol), cyclooctanol (0.5 mmol), 8% Cu/Al2O3 (100 mg), toluene
(8 mL), 363 K, N2 atmosphere.
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Figure 5. TPR profiles of the fresh catalyst and of the catalyst used for
six catalytic runs.


Figure 4. Competitive dehydrogenation of cyclooctanol and 1-octanol.
Reaction conditions: 1-octanol (0.5 mmol), cyclooctanol (0.5 mmol), sty-
rene (1 mmol), 8% Cu/Al2O3 (100 mg), toluene (8 mL), 363 K, N2 atmos-
phere.
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been reached. After 20 min under stirring, the slurry, held in an ice bath
at 273 K, was diluted with water. The solid was separated by filtration,
washed with water, dried overnight at 383 K, and calcined in air at 673 K
for 4 h.


Before reaction, the catalyst (100 mg) was treated in the reaction vessel
for 20 min in air at 543 K, for 20 min under reduced pressure, and then
reduced in hydrogen (1 atm) at the same temperature.


The substrates (100 mg, 200 mg for steroids) and styrene (1 equiv) were
dissolved in toluene (8 mL) and the solution transferred under nitrogen
into the reaction vessel containing the prereduced catalyst (100 mg). Cat-
alytic tests were carried out at 363 K under nitrogen and with magnetic
stirring (1000 rpm).


For the recycling test, the catalyst was separated by filtration after reac-
tion, washed with acetone, dried, and reactivated by hydrogenation
before recycling.


The reaction mixtures were analyzed by means of GC (nonbonded bis-
cyanopropyl-polysiloxane capillary column, 100 m), GCMS (HP-5 MS
cross-linked 5% phenyl methyl silicone, 30 m), and 1H NMR (Bruker,
300 MHz) spectroscopy.


Competitive reactions, were carried out by preparing a solution of the
two substrates in an equimolar ratio and styrene (2 equiv) in toluene
(8 mL).


TPR experiments were conducted on a Micromeritics Pulse Chemisorb
2700 apparatus. Samples were calcined in O2 flow (50 mLmin�1) at 773 K
for 1 h, cooled down to 200 K in Ar flow (50 mLmin�1), and then TPR
was performed in H2 (8%)/Ar flow (15 mLmin�1, heating rate 8 8min�1


to 773 K).


The copper content analyses of the solutions were performed by graphite
furnace atomic absorption spectroscopy (GF-AAS) by using a GBC
908 AA instrument and the analysis of the catalysts by a Perkin–Elmer
400 atomic absorption spectrophotometer.


Conclusion


The Cu/Al2O3-catalyzed transfer dehydrogenation reaction
has been shown to be a versatile and powerful tool for the
oxidation of secondary and allylic alcohols under very mild
conditions. Electronic effects and the choice of the acceptor
make this catalytic system unique as it allows selective oxi-
dation of a secondary alcohol in the presence of an unpro-
tected primary alcohol and also of a benzylic alcohol. More-
over, the catalyst can also be used for hydrogenation and
cyclization reactions, always showing excellent selectivity,
good productivity, stability, and reusability, basic features
for the application of heterogeneous catalysts to fine-chemi-
cal synthesis.
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Introduction


Due to our interest in applying solid-supported multicompo-
nent reactions in library synthesis,[1–5] we explored transi-
tion-metal-catalyzed solid-supported [2+2+2]-cycloaddition
reactions. These reactions represent a facile route for the
preparation of highly-substituted benzene and pyridine rings
in a single operation.[6–10] Because of its atom economy and
convergent nature, the cycloaddition approach is advanta-
geous in the construction of highly-substituted benzene rings
in comparison with conventional strategies (for example, se-
quential reactions of aromatic rings in electrophilic aromatic
substitutions or ortho-metalations). Since the discovery of
the first transition-metal-mediated cyclotrimerizations in
1949, further accomplishments have increased the broad
utility of this reaction in the assembly of polycyclic aromatic
frameworks from simple acyclic precursors.[11] The develop-
ment of several catalyst systems based on Ni, Co, Ru, and
Rh have led to mild reaction conditions applicable to organ-


ic synthesis.[12–19] However, various problems are still associ-
ated with these reactions, including chemo- and regioselec-
tivity issues.[20] The crossed solution-phase reaction of diynes
and alkynes often results in only moderate yields and con-
tamination with side products, due to the participation of
the diyne in competing cycloadditions.[21] Scheme 1 shows a
general [2+2+2] cycloaddition between an unsymmetrically
substituted diyne 1 and an unsymmetrical alkyne 2. Besides
forming the desired product 3 (as two possible regioisomers,
only one is shown), this reaction can potentially lead to the
formation of dimer 4 (as four isomers) and, depending on
the catalyst system, the benzene 5 (as four isomers), and the
trimer 6 (as three isomers). The potential formation of prod-
ucts resulting from trimolecular cyclotrimerizations of 1 are
omitted in this scheme due to their low probability. To re-
solve these issues we conducted this reaction on a solid sup-
port by immobilizing the diyne 1 on a polystyrene resin.
Moreover, solid-phase organic synthesis allows for easy au-
tomation, parallelization, and purification—important for
the rapid generation of compound libraries.[22–26] Due to the
commercial availability of a wide range of alkyne precursors
and several catalyst systems, [2+2+2] cycloadditions repre-
sent ideal tools for the facile assembly of diverse arrays of
aromatic compounds. Additionally, the highly convergent
and efficient nature of cyclotrimerization reactions makes
them ideal candidates for solid-phase combinatorial chemis-
try.[27]


Abstract: The transition-metal-cata-
lyzed [2+2+2] cyclotrimerization of a
diyne and an alkyne provides a conver-
gent route to highly-substituted aro-
matic rings. This reaction possesses dis-
tinct drawbacks, especially low chemo-
and regioselectivities, which hamper its
application in combinatorial synthesis.
These problems have been solved by
the development of solid-supported


[2+2+2]-cycloaddition reactions. If
conducted on a solid-support, this reac-
tion enables rapid combinatorial access
to diverse sets of carbo- and heterocy-
clic small-molecule arrays. The scope


of this methodology has been investi-
gated by examining different immobili-
zation strategies, different diyne pre-
cursors, and a variety of functionalized
alkyne reaction partners. Overall, isoin-
doline, phthalan, and indan libraries
were assembled in good to excellent
yields and with high purities.
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Results and Discussion


1,6-Diyne substrates 7, 8, and 9 (Figure 1a) have either been
purchased or prepared according to literature proce-
dures.[28,29] The diynes were immobilized on polystyrene


resins (100–200 mesh, 1% cross-linked) with excellent load-
ings. Common trityl (for 7 and 8) and carboxy linkers (for 9)
were employed and the couplings occurred under standard
conditions (Scheme 2).[30] The loading of the diyne precur-
sors was 1 mmolg�1 on average, as determined by GCMS
analysis. The trityl linker was chosen for substrates 7 and 8
as its mild cleavage conditions (1% HCl in CH2Cl2/MeOH
for 1 h at room temperature) provided the cyclotrimeriza-
tion products with highest purity. To our surprise, 9 immobi-
lized via a trityl linker only yielded trace amounts of cyclo-
trimerization products. Switching to the carboxy resin 26,
however, delivered cyclotrimerization products in good
yields. This is probably due to the steric constraints imposed
by the trityl linker which are lowered by using the sterically
less demanding carboxy-functionalized resin.
Solid-supported cyclotrimerizations were conducted with


a set of alkynes 10–21 (Figure 1b). We employed alkyne
substrates with a limited range of functionalities, probing
the versatility of this methodology. Most of the substrates
shown in Figure 1 were commercially available. Acetylene
10 was the most reactive substrate and the cycloadditions
proceeded smoothly at room temperature with excellent


yields. Monosubstituted alkynes appeared to be less reactive
and required elevated reaction temperatures. However, the
mild reaction conditions tolerated a wide range of function-
alities including alkyl chains (in 11 and 20), hydroxy and
alkoxy groups (in 13, 14, and 21), aromatic rings (in 12 and
14), carbamates (in 15) cyano groups (in 16), silyl groups (in
17), chlorines (in 18), and esters (in 19). The disubstituted
alkynes 20 and 21 lead to the formation of up to pentasub-
stituted benzenes 64–65, however, the yields were lower,
probably due to increased steric repulsion in the cycloaddi-
tion. Catalyst efficiency appears to be reduced in the pres-
ence of hydroxyl functionalities (in 13); however, by benzyl
protection of the alcohol (in 14), activity was restored result-
ing in excellent yields. A similar trend was observed for
amine functionalities as propargylamine failed to undergo
cyclotrimerization. Simple installation of a Boc protecting
group (in 15) facilitated the cyclotrimerization and conven-
iently yielded the desired amine product as the protecting
group was removed under the acidic conditions utilized for
cleavage of 33 and 46 from the resin.
In initial experiments immobilized dipropargylamine 23


was treated with the soluble alkyne reaction partner
(10 equiv) in presence of 10 mol% WilkinsonKs catalyst
[RhCl ACHTUNGTRENNUNG(PPh3)3] at 30 to 60 8C for 12 to 48 h. Various solvents
were employed including toluene, CH2Cl2, THF, and etha-


Scheme 1. Potential products formed in the solution-phase [2+2+2] cycloaddition of 1 and 2.


Figure 1. Diynes (a) and alkynes (b) employed in solid-supported cyclo-
trimerizations.


Scheme 2. Immobilization of diynes 7–9. DIC = diisopropylcarbodi-
imide; DMAP = 4-dimethylaminopyridine; TEA = triethylamine.
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nol; however, a 3:1 ratio of CH2Cl2 to ethanol at 60 8C was
found to be optimal. The cyclotrimerized products 27 were
cleaved from the resin by treatment with 1% anhydrous hy-
drochloric acid in CH2Cl2 for one hour and analyzed by
1H NMR and LCMS spectroscopy. Under these conditions
yields ranged from 30–60% and incomplete conversion of
the diyne 7 was observed in most cases. Optimized condi-
tions were found by addition of the catalyst in two portions
(10 mol% each, the second aliquot was added after 24 h).
Moreover, it was found that yields could be substantially in-
creased by degassing the solvents prior to catalyst addition.
After 48 h the resins were filtered and washed following
standard protocols (alternating rinses with CH2Cl2 and
methanol). Release from the resin indicated complete con-
sumption of diyne 7, and the isoindolines 28–39 were ob-
tained in 70–95% yields (Table 1). The compounds were iso-
lated as the HCl salts and purities were determined to be
>90% (1H NMR spectroscopic analysis), obviating the need
for further purification.


Cyclotrimerization reactions with the immobilized diyne
24 were performed under identical conditions; however, to
achieve compound purities of >90% (1H NMR spectroscop-
ic analysis), the cleavage solutions were filtered through a
plug of silica gel to remove unidentified polar impurities. In
these cases yields were equally high, and the 2,3-dihydro-in-
denes (indans) 41–52 were obtained in 60–84% yields
(Table 2).
We also investigated the solid-supported formation of


phthalans by employing the cyclotrimerization precursor 26
(Table 3). Due to the presence of an internal triple bond in
26 a higher reaction temperature (80 8C in dichloroethane)


Table 1. Solid-supported formation of isoindolines.


R R’ Yield [%]


28 H H 95
29 ACHTUNGTRENNUNG(CH2)3CH3 H 90
30 Ph H 84
31 CH2OH H 82
32 CH2OBn H 93
33 CH2NH2 H 69
34 ACHTUNGTRENNUNG(CH2)3CN H 81
35 SiMe3 H 75
36 ACHTUNGTRENNUNG(CH2)4Cl H 71
37 COOMe H 79
38 CH2CH3 CH2CH3 70
39 CH2OCH3 CH2OCH3 87


[a] Isolated as the HCl salt.


Table 2. Solid-supported formation of indans.


R R’ Yield [%]


41 H H 78
42 ACHTUNGTRENNUNG(CH2)3CH3 H 81
43 Ph H 84
44 CH2OH H 60
45 CH2OBn H 82
46 CH2NH2 H 67
47 ACHTUNGTRENNUNG(CH2)3CN H 64
48 SiMe3 H 70
49 ACHTUNGTRENNUNG(CH2)4Cl H 65
50 COOMe H 69
51 CH2CH3 CH2CH3 63
52 CH2OCH3 CH2OCH3 61


Table 3. Solid-supported formation of phtalans.[a]


Conditions A Conditions B
R R’ Yield [%] a/b Yield [%] a/b


54 H H 82 94
55a ACHTUNGTRENNUNG(CH2)3CH3 H


67 1:3 86 1:9
55b H ACHTUNGTRENNUNG(CH2)3CH3


56a Ph H
73 3:1 93 1:9


56b H Ph
57a CH2OH H


64 1:1 79 1:9
57b H CH2OH
58a CH2OBn H


74 1:1 78 1:9
58b H CH2OBn
59a CH2NBoc H


76 1:1 73 1:9
59b H CH2NBoc
60a ACHTUNGTRENNUNG(CH2)3CN H


71 1:3 90 1:9
60b H ACHTUNGTRENNUNG(CH2)3CN
61a SiMe3 H


68 2:1 69 1:9
61b H SiMe3
62a ACHTUNGTRENNUNG(CH2)4Cl H


68 2:1 95 1:9
62b H ACHTUNGTRENNUNG(CH2)4Cl
63a COOMe H


75 1:1 73 1:3
63b H COOMe
64 CH2CH3 CH2CH3 57 68
65 CH2OCH3 CH2OCH3 62 71


[a] Conditions A: [RhCl ACHTUNGTRENNUNG(Ph3P)3], DCE, 80 8C, 48 h. Conditions B: [RuCl-
ACHTUNGTRENNUNG(cod)Cp*], DCE, RT, 24 h. DCE=dichloroethane.
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was required to achieve complete conversion of the starting
material. The obtained yields (57–82%) were lower than in
case of the other two diynes 23 and 24. Cyclotrimerization
products 54–65 were obtained in excellent purities (>90%)
after filtration through a plug of silica gel to remove uniden-
tified polar impurities. Cycloadditions of the unsymmetrical
diyne 26 led to the formation of regioisomers, as determined
by 1H NMR spectroscopic analysis. Low or no regioselectivi-
ty was obtained by using WilkinsonKs catalyst. However, a
slight substrate dependency was observed, which is in ac-
cordance with published reports.[31] To obtain a higher
degree of control over the regioisomeric ratio, we examined
two ruthenium catalysts in the cyclotrimerization reaction.
In the case of both, Grubbs catalyst [Cl2-
ACHTUNGTRENNUNG(Cy3P)2RuCHPh]


[31–33] and [Cp*ClRu ACHTUNGTRENNUNG(cod)][17] (cod=1,5-cy-
clooctadiene; Cp*=pentamethylcyclopentadiene) a high
degree of regioselectivity was observed independent of the
nature of the alkyne (>90% isomers 55b–63b). Ultimately,
the [Cp*ClRu ACHTUNGTRENNUNG(cod)] catalyst was utilized due to its favorable
reaction conditions (24 h, room temperature, addition of
10 mol% catalyst in one aliquot) and high product yields
(69%–95%). The observed regioselectivity is in agreement
with the previously reported observation in which the bulky
Cp* ligand on the metal center directs the alkyne approach
on the metallacycle intermediate to reduce steric interac-
tions.[17] Surprisingly, while all alkyne substrates displayed a
high regioselectivity, cyclotrimerizations with the electron-
deficient alkyne 19 led to dramatically reduced regioselec-
tivity.


Conclusion


In summary, we demonstrated the application of solid-sup-
ported rhodium- and ruthenium-catalyzed [2+2+2]-cycload-
dition reactions in combinatorial chemistry, enabling their
use in the assembly of complex compound libraries. This
methodology provides a rapid means for the generation of
diverse carbo- and heterocyclic structures, including isoindo-
lines, phthalans, and indans; compound classes which have
already been validated as exhibiting important biological ac-
tivities and are found in a variety of natural products.[34–37]


The reaction conditions used for these solid-supported cy-
clotrimerization reactions are compatible with a variety of
functional groups allowing for further diversification of the
generated small molecule arrays. The compounds were ob-
tained in good to excellent yields and with high purities. Ini-
tial regioselectivity issues were solved by switching from a
rhodium to a ruthenium-catalyst system.


Experimental Section


General : Solvents and reagents were obtained from either Sigma Aldrich
or Fisher Scientific and were used without further purification unless oth-
erwise noted. Tritylchloride and carboxy resins, 100–200 mesh, 1% cross-
linking, were purchased from Sigma Aldrich and Novabiochem. Diynes 8


and 9 were prepared according to literature procedures.[28, 29] Reactions
were conducted under a N2 atmosphere by using dry solvents distilled
from appropriate drying agents prior to use. NMR spectroscopic data
were acquired on a Varian Gemini 300 MHz NMR spectrometer, GCMS
data were obtained on an HP 5890 Series II G1800 A spectrometer,
LCMS data were obtained on an HP 1100mSD system with a ZorbaxSB
C-18 3.5 mm pore size 4.5X100 mm column, and HRMS was conducted on
a JEOL HX110HF mass spectrometer with a resolving power of 10000
and an accelerating voltage of 10 keV. Compound purity was assessed by
gradient runs of 9:1–1:9 H2O/acetonitrile at a flow rate of 0.75 mLmin�1


for 15 minutes.


Immobilization of 7: Resin 22 (990 mg, 1.9 mmol) was left to swell for 15
minutes in CH2Cl2 (10 mL). Dipropargylamine (0.59 mL, 5.7 mmol,
3 equiv) was added, followed by pyridine (2.14 mL, 19.0 mmol, 10 equiv).
The reaction was shaken at room temperature for 12 h. The resin was
transferred to a syringe filter and washed with alternating rinses of
CH2Cl2 and MeOH (4Q7 mL). The resin was then dried under vacuum
and 15 mg were removed, cleaved (1% HCl in CH2Cl2/MeOH, 1 h), and
used to determine the loading by GC spectroscopic analysis.


Immobilization of 8 : Resin 22 (500 mg, 0.95 mmol) was left to swell for
15 minutes in CH2Cl2 (5 mL). Diyne 8 (370 mg, 2.43 mmol, 3 equiv) was
added, followed by TEA (1.26 mL, 9.5 mmol, 10 equiv) and the reaction
was stirred at room temperature for 12 h. The resin was transferred to a
syringe filter and washed with alternating rinses of CH2Cl2 and MeOH
(4Q5 mL). The resin was then dried under vacuum and 15 mg were re-
moved, cleaved (1% HCl in CH2Cl2/MeOH, 1 h), and used to determine
the loading by GC spectroscopic analysis.


Immobilization of 9 : Resin 25 (1.0 g, 1.2 mmol) was left to swell for 15
minutes in CH2Cl2 (6 mL). Diyne 9 (750 mg, 6 mmol, 5 equiv) was added,
followed by DMAP (29 mg, 0.24 mmol, 0.2 equiv), and diisopropylcarbo-
diimide (0.93 mL, 6 mmol, 5 equiv) and the reaction was shaken at room
temperature for 12 h. The resin was transferred to a syringe filter and
washed with alternating rinses of CH2Cl2 and MeOH (4Q5 mL). The
resin was then dried under vacuum and 15 mg were removed, cleaved
(25 mg K2CO3, THF/MeOH 4:1, 12 h), and used to determine the loading
by GC spectroscopic analysis.


Cyclotrimerization of 23 : Derivatized resin 23 (50 mg, 0.07 mmol) was
placed in a flame-dried vial with CH2Cl2/EtOH (3:1, 2 mL). The soluble
alkyne (0.70 mmol, 10 equiv) was added and the solution was degassed
with three freeze-pump-thaw cycles. WilkinsonKs Catalyst (6 mg,
0.07 mmol, 0.1 equiv) was added and the reaction was heated to 60 8C.
After 24 h, additional catalyst was added (6 mg, 0.07 mmol, 0.1 equiv)
and the reaction was left to progress for an additional 24 h. The resin was
transferred to a syringe filter and washed with alternating rinses of
CH2Cl2 and MeOH (4Q5 mL). The resin was then treated with 1% HCl
in CH2Cl2/MeOH for 1 h. The filtrate was concentrated to yield the cy-
clotrimerized product. Yields ranged from 69–95% and products were
obtained in quantities of 7.2–3.4 mg.


Cyclotrimerization of 24 : Derivatized resin 24 (50 mg, 0.05 mmol) was
placed in a flame-dried vial with CH2Cl2/EtOH (3:1, 2 mL). The soluble
alkyne (0.49 mmol, 10 equiv) was added and the solution was degassed
with three freeze-pump-thaw cycles. WilkinsonKs catalyst (5 mg,
0.05 mmol, 0.1 equiv) was added and the reaction was heated to 60 8C.
After 24 h, additional catalyst was added (5 mg, 0.05 mmol, 0.1 equiv)
and the reaction was left to progress for another 24 h. The resin was then
transferred to a syringe filter and washed with alternating rinses of
CH2Cl2 and MeOH (4Q5 mL). The resin was then treated with 1% HCl
in CH2Cl2/MeOH for 1 h. The filtrate was removed, concentrated, dis-
solved in ether, and filtered through a plug of silica gel to yield the cyclo-
trimerized product. Yields ranged from 60–84% and products were ob-
tained in quantities of 6.4–2.8 mg.


Cyclotrimerization of 26 by using Wilkinson8s catalyst : Derivatized resin
26 (50 mg, 0.05 mmol) was placed in a flame-dried vial with dichloro-
ethane (2 mL). The soluble alkyne (0.50 mmol, 10 equiv) was added and
the solution was degassed with three freeze-pump-thaw cycles. Wilkin-
sonKs catalyst (4 mg, 0.005 mmol, 0.1 equiv) was added and the reaction
was heated to 80 8C. After 24 h, additional catalyst was added (4 mg,
0.005 mmol, 0.1eq) and the reaction was left to progress for another 24 h.
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The resin was transferred to a syringe filter and washed with alternating
rinses of CH2Cl2 and MeOH (4Q3 mL). The resin was then treated with
K2CO3 in THF/MeOH 4:1 for 12 h. The filtrate was removed, concentrat-
ed, dissolved in ether, and filtered through a plug of silica gel to yield the
cyclotrimerized product. Yields ranged from 52–87% and products were
obtained in quantities of 6.4–2.2 mg.


Cyclotrimerization of 26 by using [Cp*ClRu ACHTUNGTRENNUNG(cod)] as the catalyst : Deriv-
atized resin 26 (50 mg, 0.05 mmol) was placed in a flame-dried vial with
dichloroethane (2 mL). The soluble alkyne (0.50 mmol, 10 equiv) was
added and the solution was degassed with three freeze-pump-thaw cycles.
[Cp*ClRuACHTUNGTRENNUNG(cod)] catalyst (2 mg, 0.01 mmol, 0.1 equiv) was added and the
reaction was shaken at room temperature for 24 h. The resin was trans-
ferred to a syringe filter and washed with alternating rinses of CH2Cl2
and MeOH (4Q3 mL). The resin was then treated with K2CO3 in THF/
MeOH 4:1 for 12 h. The filtrate was removed and concentrated to yield
the cyclotrimerized product. Yields ranged from 69–95% and products
were obtained in quantities of 8.1–3.9 mg.


Compound 28 :[38] 1H NMR (300 MHz, CD3OD): d=10.46 (s, 2H), 7.28–
7.24 (m, 4H), 4.50 ppm (s, 4H); LCMS: m/z : 119.1 [M+H]+ , tR=
4.04 min.


Compound 29 : 1H NMR (300 MHz, CDCl3): d=10.40 (s, 2H), 7.12 (d,
3J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 1H), 7.14 (d, 3J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 1H), 7.08 (s, 1H), 4.62
(s, 4H), 2.61 (t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 2H), 1.58 (p, 3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 2H),
1.35 (m, 2H), 0.93 ppm (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H); LCMS: m/z : 176.1
[M+H]+ , tR=5.93 min.


Compound 30 : 1H NMR (300 MHz, CDCl3): d=10.49 (s, 2H), 7.56–7.33
(m, 8H), 4.73 ppm (s, 4H); 13C NMR (75 MHz, CDCl3): d=142.6, 140.2,
134.8, 132.9, 129.1, 128.3, 128.0, 127.4, 123.4, 121.7, 50.9, 50.7 ppm;
HRMS (FAB): m/z : calcd for C14H14N: 196.1126; found: 196.1114
[M+H]+ ; LCMS: m/z : 196.1 [M+H]+ , tR=5.75 min.


Compound 31: 1H NMR (300 MHz, CD3OD): d=7.39 (d, 3J ACHTUNGTRENNUNG(H,H)=
7.6 Hz, 2H), 7.38 (s, 1H), 4.63 (s, 4H), 3.09 ppm (s, 2H); LCMS: m/z :
150.1 [M+H]+ , tR=1.97 min.


Compound 32 : 1H NMR (300 MHz, CDCl3): d=10.42 (s, 2H), 7.35–7.22
(m, 8H), 4.64 (s, 4H), 4.55 (s, 2H), 4.53 ppm (s, 2H); LCMS: m/z : 240.1
[M+H]+ , tR=5.81 min.


Compound 33 : 1H NMR (300 MHz, CD3OD): d=7.52 (d, 3J ACHTUNGTRENNUNG(H,H)=
8.1 Hz, 2H), 7.50 (s, 1H), 4.67 (s, 4H), 4.17 ppm (s, 2H); LCMS: m/z :
149.1 [M+H]+ , tR=1.34 min.


Compound 34 : 1H NMR (300 MHz, CDCl3): d=10.52 (s, 2H), 7.23–7.12
(m, 3H), 4.67 (s, 4H), 2.35 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 2H), 2.18 (t, 3J ACHTUNGTRENNUNG(H,H)=
7.2 Hz, 2H), 2.00 ppm (quin, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 2H); 13C NMR (75 MHz,
CDCl3): d=141.2, 134.7, 132.3, 129.5, 123.4, 123.1, 119.3, 50.7, 50.6, 34.4,
27.1, 16.8 ppm; HRMS (FAB): m/z : calcd for C12H15N2: 187.1235; found:
187.1231 [M+H]+ ; LCMS: m/z : 187.1 [M+H]+ , tR=4.41 min.


Compound 35 : 1H NMR (300 MHz, CDCl3): d=10.44 (s, 2H), 7.47 (d,
3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 1H), 7.43 (s, 1H), 7.29 (s, 1H), 4.68 (s, 4H), 0.28 ppm
(s, 9H); LCMS: m/z : 192.0 [M+H]+ , tR=6.37 min.


Compound 36 : 1H NMR (300 MHz, CDCl3): d=10.41 (s, 2H), 7.25–7.09
(m, 3H), 4.63 (s, 4H), 3.55 (t, 3J ACHTUNGTRENNUNG(H,H)=6.3 Hz, 2H), 2.65 (t, 3J ACHTUNGTRENNUNG(H,H)=
6.6 Hz, 2H), 1.78–1.76 ppm (m, 4H); LCMS: m/z : 210.0 [M+H]+ , tR=
6.03 min.


Compound 37: 1H NMR (300 MHz, CDCl3): d=10.43 (s, 2H), 8.03 (m,
2H), 7.95 (s, 1H), 3.92 (s, 3H), 3.48 ppm (s, 4H); LCMS: m/z : 178.1
[M+H]+ , tR=5.34 min.


Compound 38 : 1H NMR (300 MHz, CDCl3): d=10.31 (s, 2H), 7.06 (s,
2H), 4.61 (s, 4H), 2.64 (q, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 4H), 1.21 ppm (t, 3J ACHTUNGTRENNUNG(H,H)=
7.2 Hz, 6H); LCMS: m/z : 176.1 [M+H]+ , tR=5.93 min.


Compound 39 : 1H NMR (300 MHz, CDCl3): d=10.34 (s, 2H), 7.33 (s,
2H), 4.64 (s, 4H), 4.49 (s, 4H), 3.40 ppm (s, 6H); LCMS: m/z : 208.1
[M+H]+ , tR=4.20 min.


Compound 41:[39] 1H NMR (300 MHz, CDCl3): d=7.18–7.13 (m, 4H),
3.78 (s, 4H), 2.86 (s, 4H), 2.39 ppm (s, 2H); LCMS: m/z: 179.0 [M+Na]+,
tR=5.01 min.


Compound 42 : 1H NMR (300 MHz, CDCl3): d=7.08–6.95 (m, 3H), 3.77
(s, 4H), 2.81 (s, 4H), 2.57 (t, 3J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 2H), 2.12 (s, 2H), 1.61–


1.55 (m, 2H), 1.40–1.32 (m, 2H), 0.93 ppm (t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 3H);
LCMS: m/z : 257.1 ppm [M+Na]+ , tR=6.73 min.


Compound 43 : 1H NMR (300 MHz, CDCl3): d=7.55 (d, 3J ACHTUNGTRENNUNG(H,H)=
6.9 Hz, 2H), 7.43–7.23 (m, 6H), 3.82 (s, 4H), 2.91 (s, 2H), 2.90 (s, 2H),
2.34 ppm (s, 2H); 13C NMR (75 MHz, CDCl3): d=142.4, 141.6, 140.9,
140.1, 128.9, 127.3, 127.2, 125.9, 125.5, 124.0, 69.9, 49.5, 38.8, 38.6 ppm;
HRMS (FAB): m/z calcd for C17H19O2: 255.1385; found: 255.1381
[M+H]+ ; LCMS: m/z : 277.0 [M+Na]+ , tR=6.16 min.


Compound 44 : 1H NMR (300 MHz, CD3OD): d=7.14–7.09 (m, 3H), 4.53
(s, 2H), 3.78 (s, 4H), 2.76 ppm (s, 4H); LCMS: m/z : 231.0 [M+Na]+ , tR=
3.89 min.


Compound 45 : 1H NMR (300 MHz, CDCl3): d=7.37–7.15 (m, 8H), 4.56
(s, 2H), 4.52 (s, 2H), 3.75 (s, 4H), 2.83 (s, 4H), 2.23 ppm (s, 2H); LCMS:
m/z : 321.1 [M+Na]+ , tR=6.07 min.


Compound 46 : 1H NMR (300 MHz, CD3OD): d=7.25–7.20 (m, 3H), 4.04
(s, 2H), 3.55 (s, 4H), 2.81 ppm (s, 4H); LCMS: m/z : 230.0 [M+Na]+ , tR=
1.97 min.


Compound 47: 1H NMR (300 MHz, CDCl3): d=7.12–6.94 (m, 3H), 3.76
(s, 4H), 2.83 (s, 2H), 2.81 (s, 2H), 2.74 (t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 2H), 2.35–
2.30 (m, 2H), 2.29 (s, 2H), 1.97 ppm (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 2H); 13C NMR
(75 MHz, CDCl3): d=142.5, 140.1, 138.3, 127.0, 125.4, 125.3, 119.9, 69.7,
49.3, 38.6, 38.4, 34.5, 27.3, 16.6 ppm; HRMS (EI): m/z: calcd for
C15H20NO2 [M+H]+ : 246.1494; found: 246.1488; LCMS: m/z : 268.0
[M+Na]+ , tR=5.12 min.


Compound 48 : 1H NMR (300 MHz, CDCl3): d=7.35–7.15 (m, 3H), 3.77
(s, 4H), 2.85 (s, 4H), 2.43 (s, 2H), 0.25 ppm (s, 9H); LCMS: m/z : 273.0
[M+Na]+ , tR=6.77 min.


Compound 49 : 1H NMR (300 MHz, CDCl3): d=7.10–6.94 (m, 3H), 3.77
(s, 4H), 3.55 (t, 3J ACHTUNGTRENNUNG(H,H)=6.3 Hz, 2H), 2.82 (s, 4H), 2.61 (t, 3J ACHTUNGTRENNUNG(H,H)=
7.5 Hz, 2H), 2.32–2.10 (br s, 2H), 1.84–1.75 ppm (m, 4H); LCMS: m/z :
291.0 [M+Na]+ , tR=6.36 min.


Compound 50 : 1H NMR (300 MHz, CDCl3): d=8.58 (s, 1H), 8.25–7.93
(m, 2H), 3.76 (s, 4H), 3.59 (s, 3H), 3.25 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 4H);
LCMS: m/z : 259.0 [M+Na]+ , tR=5.57 min.


Compound 51: 1H NMR (300 MHz, CDCl3): d=6.99 (s, 2H), 3.78 (s,
4H), 2.81 (s, 4H), 2.62 (q, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 4H), 1.91 (s, 2H), 1.21 ppm
(t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 6H); LCMS: m/z : 257.1 [M+Na]+ , tR=6.48 min.


Compound 52 : 1H NMR (300 MHz, CDCl3): d=7.20 (s, 2H), 4.74 (s,
4H), 3.74 (s, 4H), 3.93 (s, 6H), 2.82 (s, 4H), 2.34–2.22 ppm (br s, 2H);
LCMS: m/z : 289.1 [M+Na]+ , tR=4.72 min.


Compound 54 : 1H NMR (300 MHz, CDCl3): d=7.28–7.18 (m, 3H), 5.19
(s, 2H), 5.12 (s, 2H), 4.67 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=5.7 Hz, 2H); LCMS: m/z :
151.0 [M+H]+ , tR=5.37 min.


Compound 55 : 55a/55b 1:3; 1H NMR (300 MHz, CDCl3): d=7.11 (s,
0.5H), 7.06 (s, 0.75H), 7.00 (s, 0.75H), 5.24 (s, 1H), 5.15 (s, 1.5H), 5.09
(1.5H), 4.87 (s, 0.5H), 4.64 (s, 1.5H), 2.71 (t, 3J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 0.5H),
2.63 (t, 3J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 1.5H), 1.43–1.30 (m, 4H), 0.92 ppm (t, 3J=
7.2 Hz, 3H); LCMS: m/z : 207.1 [M+H]+ , tR=8.25 min.


Compound 56 : 56a/56b 3:1; 1H NMR (300 MHz, CDCl3): d=7.57 (d,
3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 0.5H, 7.44–7.35 (m, 5H), 7.22 (s, 1.5H), 5.32 (s, 1.5H),
5.22 (s, 1H), 5.17 (s, 1.5H), 4.73 (d, 3J ACHTUNGTRENNUNG(H,H)=5.4 Hz, 0.5H), 4.58 ppm (d,
3J ACHTUNGTRENNUNG(H,H)=5.4 Hz, 1.5H); 13C NMR (75 MHz, CDCl3): d=141.6, 141.1,
140.8, 136.7, 134.8, 129.0, 127.7, 127.4, 125.2, 119.2, 73.7, 72.7, 63.9 ppm;
HRMS (FAB): m/z calcd for C15H15NO2 [M+H]+ : 227.1072; found:
227.1069; LCMS: m/z : 227.0 [M+H]+ , tR=7.64 min.


Compound 57: 57a/57b 1:1; 1H NMR (300 MHz, CDCl3): d=7.67–7.44
(m, 1H), 7.17 (s, 0.5H), 7.14 (s, 0.5H), 5.22–5.10 (m, 4H), 4.77–4.66 ppm
(m, 4H); LCMS: m/z : 203.0 [M+Na]+ , tR=4.50 min.


Compound 58 : 58a/58b 1:1; 1H NMR (300 MHz, CDCl3): d=7.37–7.16
(m, 7H), 5.24 (s, 1H), 5.17 (s, 1H), 5.12 (d, 3J ACHTUNGTRENNUNG(H,H)=4.5 Hz, 2H), 4.67
(s, 2H), 4.60–4.56 ppm (m, 4H); LCMS: m/z : 293.0 [M+Na]+ , tR=
7.83 min.


Compound 59 : 59a/59b 1:1; 1H NMR (300 MHz, CDCl3): d=7.24–7.09
(m, 3H), 5.23–5.02 (m, 4H), 4.65 (d, 3J ACHTUNGTRENNUNG(H,H)=5.4 Hz, 2H), 4.38 (d,
3J ACHTUNGTRENNUNG(H,H)=6.0 Hz, 2H), 4.31 (d, 3J ACHTUNGTRENNUNG(H,H)=5.4 Hz, 2H), 1.46 (s, 4.5H),
1.43 ppm (s, 4.5H); LCMS: m/z : 302.1 [M+Na]+ , tR=5.37 min.
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Compound 60 : 60a/60b 1:3; 1H NMR (300 MHz, CDCl3): d=7.13 (s,
0.5H), 7.07 (s, 0.75H), 7.00 (s, 0.75H), 5.23–5.09 (m, 4H), 4.69–4.64 (m,
2H), 2.90 (t, 3J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 0.5H), 2.81 (t, 3J (H,H)=7.8 Hz, 1.5H),
2.42–2.32 (m, 2H), 2.04–1.95 ppm (m, 2H); 13C NMR (75 MHz, CDCl3):
d=140.6, 139.8, 135.9, 134.6, 126.1, 120.4, 119.6, 73.6, 72.7, 63.7, 34.5,
27.4, 16.8 ppm; HRMS (EI): m/z: calcd for C13H15NO2Na: 240.1000;
found: 240.0995 [M+Na]+ ; LCMS: m/z : 40.0 [M+Na]+ , tR=6.02 min.


Compound 61: 61a/61b 2:1; 1H NMR (300 MHz, CDCl3): d=7.43 (d,
3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 0.33H), 7.34 (d, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 1.33H), 7.17 (d,
3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 0.33H), 5.26 (s, 1.33H), 5.19 (s, 1.33H), 5.13 (s, 1.33H),
4.75 (d, 3J ACHTUNGTRENNUNG(H,H)=5.1 Hz, 0.33H), 4.68 (d, 3J ACHTUNGTRENNUNG(H,H)=5.1 Hz, 1.67H), 0.37
(s, 3H), 0.29 ppm (s, 6H); LCMS: m/z : 223.0 [M+H]+ , tR=8.37 min.


Compound 62 : 62a/62b 2:1; 1H NMR (300 MHz, CDCl3): d=7.25 (s,
0.67H), 7.06 (s, 0.33H), 6.99 (s, 0.33H), 5.23 (s, 1.33H), 5.15 (s, 1.33H),
5.09 (s, 1.33H), 4.68 (d, 3J ACHTUNGTRENNUNG(H,H)=4.2 Hz, 1.33H), 4.64 (d, 3J ACHTUNGTRENNUNG(H,H)=
4.2 Hz, 0.67H), 3.56 (q, 3J ACHTUNGTRENNUNG(H,H)=6.3 Hz, 2H), 2.76 (t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz,
1.33H), 2.67 (t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 0.67H), 1.90–1.75 ppm (m, 4H);
LCMS: m/z : 241.0 [M+H]+ , tR=7.92 min.


Compound 63 : 63a/63b 1:1; 1H NMR (300 MHz, CDCl3): d=8.85 (s,
0.33H), 8.43 (s, 0.33H), 8.19 (d, 3J ACHTUNGTRENNUNG(H,H)=8.1 Hz 0.67H), 7.78 (d,
3J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 0.67H), 3.97–3.85 ppm (m, 6H); LCMS: m/z : 209.1
[M+H]+ , tR=8.14 min.


Compound 64 : 1H NMR (300 MHz, CDCl3): d=7.04 (s, 1H), 5.24 (s,
2H), 5.22 (s, 2H), 5.08 (s, 2H), 4.69 (d, 3J ACHTUNGTRENNUNG(H,H)=5.4 Hz, 2H), 2.77 (q,
3J ACHTUNGTRENNUNG(H,H)=7.6 Hz, 2H), 2.69 (q, 3J ACHTUNGTRENNUNG(H,H)=7.6 Hz, 2H), 1.26–1.21 ppm (m,
6H); LCMS: m/z : 207.0 [M+H]+ , tR=8.21 min.


Compound 65 : 1H NMR (300 MHz, CDCl3): d=7.19 (s, 1H), 5.24 (s,
2H), 5.12 (s, 2H), 4.65 (s, 2H), 4.57 (d, 3J ACHTUNGTRENNUNG(H,H)=6.0 Hz, 2H), 4.53 (s,
2H), 3.47 (s, 3H), 3.40 ppm (s, 3H); LCMS: m/z : 261.0 [M+Na]+ , tR=
5.50 min.


Acknowledgements


We thank Linette Pruna Padilla and Wendy Fields for technical contribu-
tions to the research. D.D.Y. thanks the Department of Education for a
GAANN fellowship.


[1] S. L. Dax, J. J. McNally, M. A. Youngman, Curr. Med. Chem. 1999,
6, 255–270.


[2] A. Dçmling, I. I. Ugi, Angew. Chem. 2000, 112, 3300–3344; Angew.
Chem. Int. Ed. 2000, 39, 3168–3210; .


[3] L. Weber, Curr. Med. Chem. 2002, 9, 2085–2093.
[4] M. Pulici, G. Cervi, K. Martina, F. Quartieri, Comb. Chem. High


Throughput Screening 2003, 6, 693–727.
[5] C. Hulme, T. Nixey, Curr. Opin. Drug. Discovery Dev. 2003, 6, 921–


929.
[6] N. E. Schore in ACHTUNGTRENNUNG[2+2+2] Cycloadditions, Vol. 5 (Eds.: B. M. Trost, I.


Fleming, L. A. Paquette), Pergamon Press, Oxford, 1991, pp. 1129–
1162.


[7] V. Gevorgyan, U. Radhakrishnan, A. Takeda, M. Rubina, M. Rubin,
Y. Yamamoto, J. Org. Chem. 2001, 66, 2835–2841.


[8] J. A. Varela, C. Saa, Chem. Rev. 2003, 103, 3787–3801.
[9] Y. Yamamoto, Curr. Org. Chem. 2005, 9, 503–519.
[10] S. Saito, Y. Yamamoto, Chem. Rev. 2000, 100, 2901–2915.
[11] K. P. C. Vollhardt, Acc. Chem. Res. 1977, 10, 1–8.
[12] P. Bhatarah, E. H. Smith, J. Chem. Soc. Perkin Trans. 1 1990, 2603–


2606.
[13] R. Boese, J. Rodriguez, K. P. C. Vollhardt, Angew. Chem. 1991, 103,


1542–1544; Angew. Chem. Int. Ed. Engl. 1991, 30, 993–994.
[14] D. B. Grotjahn, K. P. C. Vollhardt, Synthesis 1993, 579–605.
[15] S. K. Das, R. Roy, Tetrahedron Lett. 1999, 40, 4015–4018.
[16] K. P. C. Vollhardt, Angew. Chem. 1984, 96, 525–541; Angew. Chem.


Int. Ed. Engl. 1984, 23, 539–556.
[17] Y. Yamamoto, T. Arakawa, R. Ogawa, K. Itoh, J. Am. Chem. Soc.


2003, 125, 12143–12160.
[18] A. Torrent, I. Gonzalez, A. Pla-Quintana, A. Roglans, M. Moreno-


Manas, T. Parella, J. Benet-Buchholz, J. Org. Chem. 2005, 70, 2033–
2041.


[19] R. Tanaka, A. Yuza, Y. Watai, D. Suzuki, Y. Takayama, F. Sato, H.
Urabe, J. Am. Chem. Soc. 2005, 127, 7774–7780.


[20] R. Grigg, R. Scott, P. Stevenson, J. Chem. Soc. Perkin Trans. 1 1988,
1357–1364.


[21] R. Grigg, P. Stevenson, T. Worakun, Tetrahedron 1988, 44, 4967–
4972.


[22] B. A. Lorsbach, M. J. Kurth, Chem. Rev. 1999, 99, 1549–1581.
[23] S. Booth, P. H. H. Hermkens, H. C. J. Ottenheijm, D. C. Rees, Tetra-


hedron 1998, 54, 15385–15443.
[24] P. J. Edwards, A. I. Morrell, Curr. Opin. Drug Discovery Dev. 2002,


5, 594–605.
[25] Z. Yu, M. Bradley, Curr. Opin. Chem. Biol. 2002, 6, 347–352.
[26] B. Kundu, Curr. Opin. Drug Discovery Dev. 2003, 6, 815–826.
[27] Q. Sun, X. M. Zhou, K. Islam, D. J. Kyle, Tetrahedron Lett. 2001, 42,


6495–6497.
[28] D. Banti, M. North, Tetrahedron Lett. 2003, 44, 8157–8160.
[29] H. H. Fox, M. O. Wolf, R. Odell, B. L. Lin, R. R. Schrock, M. S.


Wrighton, J. Am. Chem. Soc. 1994, 116, 2827–2843.
[30] F. Guillier, D. Orain, M. Bradley, Chem. Rev. 2000, 100, 2091–2157.
[31] B. Witulski, T. Stengel, J. M. Fernandez-Hernandez, Chem.


Commun. 2000, 1965–1966.
[32] R. H. Grubbs, Tetrahedron 2004, 60, 7117–7140.
[33] J. U. Peters, S. Blechert, Chem. Commun. 1997, 1983–1984.
[34] W. A. Ayer, R. H. Mccaskill, Tetrahedron Lett. 1980, 21, 1917–1920.
[35] H. Kawagishi, M. Ando, T. Mizuno, Tetrahedron Lett. 1990, 31, 373–


376.
[36] K. J. Kapples, G. M. Shutske, J. Heterocycl. Chem. 1997, 34, 1335–


1338.
[37] M. Horiuchi, T. Maoka, N. Iwase, K. Ohnishi, J. Nat. Prod. 2002, 65,


1204–1205.
[38] A. R. Ramesha, S. Bhat, S. Chandrasekaran, J. Org. Chem. 1995, 60,


7682–7683.
[39] T. Shono, Y. Matsumura, K. Tsubata, Y. Sugihara, J. Org. Chem.


1982, 47, 3090–3094.


Received: November 1, 2005
Revised: March 6, 2006


Published online: June 6, 2006


www.chemeurj.org D 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 5563 – 55685568


A. Deiters et al.



www.chemeurj.org






DOI: 10.1002/chem.200600084


Absolute Configuration of New Cytotoxic and Other Bioactive Trichothecene
Macrolides


Li Shen†, Rui H. Jiao†, Yong H. Ye, Xiao T. Wang, Chen Xu, Yong C. Song,
Hai L. Zhu,* and Ren X. Tan*[a]


Introduction


Trichothecenes are structurally a family of fungi-produced
sesquiterpenols with or free of acyl residue(s). Among this
type of secondary metabolite, a number have been demon-
strated to play a substantial role in cancer prevention,[1] im-
munomodulation,[2] plant tissue induction,[3] phytotoxicity,[4]


fungus suppression,[5] malaria management,[6] biocontrol
agent,[7] and mammalian intoxications.[8] Renewed under-
standing of the relevant molecular mechanisms of action of
these compounds highlighted that the biochemical processes,
in most cases, were fascinatingly unique.[9] Hence, trichothe-
cenes have become a common research topic in the fields of
medicine, agriculture, animal breeding, food safety, toxicolo-


gy, and even biochemical antiterrorism, a field which is cur-
rently attracting much more public attention.


In our continuous characterization of chemically novel
and/or biologically potent metabolites produced by fungi
harboring in healthy plant tissues[10] or normal animal
organs,[11] the presence of trichothecene metabolites was as-
certained, prior to the detailed fractionation procedure, by
1H NMR spectral analysis of extracts derived from a solid-
substrate culture of Myrothecium roridum IFB-E009 and a
liquid culture of Myrothecium roridum IFB-E012, which are
endophytic fungi residing in two traditional Chinese medici-
nal plants, Trachelospermum jasminoides (Apocynaceae)
and Artemisia annua (Asteraceae), respectively. Subsequent
1H NMR monitored fractionation of the extracts led to the
isolation of three new 10,13-cyclotrichothecane-based mac-
rolides 1–3 in coexistence with the known analogues roridin
E (4) and mytoxin B (5). The follow-up cytotoxicity assess-
ment disclosed that the macrolides 1–5 were highly active
against the human tumor cell line, nasopharyngeal epider-
moid KB.


The stereospecificity is ubiquitous in biochemical process-
es, and some biological functions mainly result from chirali-
ty-dependent interactions between biomacromolecular tar-
gets and small-molecule substrates.[12] As for the trichothe-
cenes with a diversity of biological functions, advanced
knowledge about their absolute configuration could be a
must for a better understanding and/or quantitative evalua-


Abstract: Three new cytotoxic 10,13-
cyclotrichothecane-derived macrolides,
myrothecines A–C (1–3), were charac-
terized from the extracts of two Myro-
thecium roridum strains, IFB-E009 and
IFB-E012, isolated as endophytic fungi
found on the traditional Chinese me-
dicinal plants Trachelospermum jasmi-
noides and Artemisia annua, respective-
ly. The absolute configuration of myro-
thecines A–C was elucidated by a com-


bination of spectral techniques (UV,
IR, MS, circular dichroism (CD), 1H
and 13C NMR, DEPT, 1H–1H COSY,
NOESY, HMQC, and HMBC spectra-
scopic analyses), MosherAs ester analy-
sis, and single-crystal X-ray diffraction.
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was established by correlating its spec-
tral data with that of known absolute
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tions of the chiral specificity in functioning processes at the
cellular and molecular level. This observation provided us
with a strong impetus to assign the absolute configuration of
new cytotoxic macrolides 1–3 and other structurally-related
analogues by a combination of their CD data, MosherAs
ester, and single-crystal X-ray diffraction analyses.


Results and Discussion


Myrothecine A (1) was isolated as colorless crystals. Its spe-
cific rotation was near to zero despite the multiple chiral


centers present in its finally refined structure. The HRESI
mass spectrum of 1 indicated that its molecular formula was
C29H38O10, necessitating a total of 11 degrees of unsatura-
tion. The 1H and 13C NMR spectra of 1 displayed the coexis-
tence of three methyls, nine methylenes, eight methines, six
quaternary carbons, two double bonds, one ketone, and two
ester carbonyls. This observation suggested that it was most
likely a trichothecene compound belonging to the macrocy-
clic 10,13-cyclotrichothecane group.[1,13] This assumption was
subsequently confirmed by a set of 2D NMR spectroscopic
experiments (1H–1H COSY, NOESY, HMQC, and HMBC
spectra) that provided data for the unequivocal assignment
of all 1H and 13C NMR spectral data (Tables 1 and 2). In the
1H–1H COSY spectrum of 1, the coupling sequences from
H-2 through H-4, between H-7 and H-8, and of H-10 with
H-11 and H-13 were readily recognized and connected to
the sesquiterpenol moiety according to the HMBC correla-
tions of (1) H-2 with C-4, C-5, and C-11, (2) H-3a with C-5
and C-12, (3) H-4 with C-5, C-6, and C-12, (4) H-11 with C-
9 and C-15, and (5) H-15 with C-1’, C-7, and C-11. Further-
more, the chemical shifts from C/H-1’ through C/H-14’ were
very close to those of mytoxin B,[14] indicating that they
shared the same diacyl residue, situated at 4,15-oxygen
atoms as demonstrated by the HMBC correlations of H-4
with C-11’ and H-15 with C-1’. Moreover, the formulated
relative configuration of 1 was given by its NOESY spec-
trum which displayed the cross-peaks of (1) H-4 with H-3a,
H-14, and H-15a, (2) H-11 with H-7a, H-10, and H-15a,
(3) H-14 with H-7b, H-8b, and H-13b, (4) H-15a/b with H-4/
H-7a, (5) H-16 with H-8b, H-10, and H-13b, and (6) H-2’
with H-7’a and H-12’. In addition, the assigned relative con-
figuration of 1 was confirmed by single-crystal X-ray diffrac-
tion analysis (Figure 1).


The absolute configuration of 1 was determined by utiliz-
ing the NMR-tube MosherAs reactions,[15] taking advantage
of the fact that the 12’-OH group could be acylated with the
MosherAs reagent. The C-12’ atom was determined to have
an R configuration (Figure 2) and the other chiral centers of
1 were, relative to the chirality of C-12’, assigned by single-
crystal X-ray diffraction. The absolute configuration of 1
was established as 2R, 4R, 5S, 6R, 9S, 10S, 11R, 12R, 6’S,
and 12’R.


Abstract in Chinese:


Figure 1. X-ray molecular structure of 1.
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The crystal structure of 1 (Figure 1) is orthorhombic with
the space group P21212. The 16-membered ring in each mol-
ecule consists of two a,b-unsaturated esters with the two
carbonyls on the same side of the macrocycle. A tetrahydro-
pyran ring in a chair conformation consisting of C3’, C4’,
C5’, O5, C6’, and C12’ is en-
wrapped inside the macrocycle.
The acetyl and hydroxyl groups
on the ring are positioned on
the side of the “chair” that is
oriented towards the outside of
the 16-membered cycle, creat-
ing a space insufficient to ac-
commodate small-molecule sol-
vents, such as methanol. The
length of each molecule of 1 is
about 15.4 P, indicating that 1
is a nano-sized molecule, which
is combined via intermolecular
hydrogen bonding to form 2D-
layers along the ab plane (Fig-
ure S11).


The molecular formula of
myrothecine B (2) was deter-
mined as C29H38O11, with one
extra oxygen atom than that of
1, from its HRESI mass spec-
trum. Furthermore, the 1H and
13C NMR spectra of 2 were
comparable to those of 1 with
most of the data being nearly
identical in both sets (Tables 1
and 2). However, clear NMR
spectral differences could be
readily recognized as the fol-
lowing: the 14’-methyl singlet
(dH=2.30 ppm) in the 1H NMR


spectrum of 1 was replaced by a pair of mutually coupled
doublets (J=20.2 Hz) at dH=4.58 and 4.39 ppm. This obser-
vation, particularly the big geminal coupling constant of the
14’-methylene protons, required the presence of a hydroxy-
acetyl group.[1,16] This could be rationalized by assuming that
2 was a 14’-hydroxylated derivative of 1, which was con-
firmed by the 13C NMR spectrum of 2 in which an oxygenat-
ed methylene carbon signal at dC=69.2 ppm substituted for
the 14’-methyl resonance at dC=28.7 ppm in that of 1.
Moreover, the structure proposed for 2 was reinforced by its
1H–1H COSY, NOESY, HMQC, and HMBC spectra result-
ing in the unequivocal assignment of its 1H and 13C NMR
spectral data (Tables 1 and 2) and the relative configuration
of 2. Finally, myrothecine B (2) was shown to share the
same absolute configuration (2R, 4R, 5S, 6R, 9S, 10S, 11R,
12R, 6’S, and 12’R) with myrothecine A (1) by the close re-
semblance in their 13C NMR spectral data (except for C-14’,
Table 2). This allocation was reinforced by its CD spectrum,
which exhibited the negative and positive Cotton effects at
lmax=232 and 247 nm (nearly identical to those of 1, Figure
S1a and b) arising from p!p* and n!p* transitions of the
g-chiral a,b-unsaturated ester chromophore, respectively.


The molecular formula of myrothecine C (3) was deter-
mined as C29H36O11, two hydrogens less than that of myro-
thecine B (2), from its HRESI mass spectrum. This observa-


Figure 2. Dd (=dS�dR, expressed in ppm) values obtained for the MTPA
esters of 1. MTPA=Methoxy(trifluoromethyl)phenylacetic acid.


Table 1. 1H NMR spectroscopic data for compounds 1, 2, and 3 d/ppm (multiplicity, J/Hz).


Proton 1[a] 2[b] 3[c]


2 3.99 (d, 4.1) 3.88 (d, 3.9) 3.80 (d, 3.7)
3a 2.39 (brdd, 15.6, 8.0) 2.1 (m) 2.13 (dd, 15.2,8.0)
3b 1.84 (ddd, 15.6, 3.8, 2.9) 1.85 (m) 1.70 (m)
4 5.16 (dd, 7.9, 2.4) 5.15 (dd, 8.0, 3.0) 5.06 (d, 6)
7a 1.55 (ddd, 14.5, 14.0, 5.4) 1.55 (m) 1.40 (td, 14.3, 5.0)
7b 2.15 (m) 2.15 (m) 1.97 (d, 12.6)
8a 1.39 (brdd, 14.5, 4.9) 1.35 (brdd, 14.3, 5.2) 1.23 (brd, 14.3)
8b 1.77 (ddd, 14.5, 14.0, 4.9) 1.80 (m) 1.58 (td, 14.0,4.3)
10 2.18 (m) 2.10 (m) 2.00 (brd, 11.3)
11 3.61 (d, 3.6) 3.57 (d, 4.0) 3.46 (d, 3.3)
13a 1.93 (dd, 13.9, 12.0) 1.85 (m) 1.72 (m)
13b 1.46 (dd, 13.9, 5.4) 1.55 (m) 1.32 (dd, 13.8, 5.3)
14 1.10 (s) 1.14 (s) 0.94 (s)
15a 4.54 (d, 11.7) 4.51 (d, 11.6) 4.36 (brd, 11.6)
15b 3.65 (d, 11.7) 3.56 (d, 11.6) 3.54 (brd, 11.6)
16 1.24 (s) 1.18 (s) 1.05 (s)
2’ 5.78 (br s) 5.94 (br s) 5.79 (s)
4’a 2.75 (dddd, 13.3,12.5,6.6, 1.5) 2.79 (m) 2.39 (dd, 12.6, 5.7)
4’b 3.53 (brd, 13.3) 3.47 (brd, 13.0) 3.37 (brd, 12.9)
5’a 4.05 (brdd, 11.5, 6.2) 3.96 (m) 3.73 (dd, 10.8, 5.5)
5’b 4.19 (td, 11.5, 2.7) 4.18 (td, 11.2, 2.7) 4.07 (t, 11.0)
7’a 1.96 (m) 2.05 (m) 1.71 (m)
7’b 1.65 (m) 1.70 (m) 1.53 (ddd, 14, 8.9, 4.2)
8’a 2.82 (m) 2.79 (m) 2.72 (m)
8’b 1.69 (ddd, 12.9, 9.2, 3.6) 1.65 (m) 1.79 (m)
9’ 6.42 (ddd, 11.6, 9.2, 6.3) 6.46 (m) 6.35 (m)
10’ 5.76 (dd, 11.6, 2.0) 5.81 (dd, 11.6, 2.4) 5.67 (d, 11.3)
12’ 3.97 (br s) 3.96 (br s) 4.31 (s)
13’ 3.62 (s)
14’a 2.30 (s) 4.58 (d, 20.2)
14’b 4.39 (d, 20.2)


[a] Spectra recorded at 500 MHz in CDCl3. [b] Spectra recorded at 300 MHz in [D6]acetone. [c] Spectra re-
corded at 500 MHz in CDCl3/[D6]DMSO 6:1.
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tion, along with the 1H and 13C NMR spectra of 3, suggested
that it was a congener of metabolites 1 and 2. Furthermore,
the 1H and 13C NMR signals of 3, except for those from H/
C-12’ through H/C-14’ were comparable to those of 1 and 2,
highlighting that it was only different from the two metabo-
lites in the functionality of positions 12’–14’. This assumption
was confirmed by its 1H–1H COSY, NOESY, HMQC, and
HMBC spectra permitting the exact assignment of all 1H
and 13C NMR spectral data (Tables 1 and 2). In particular,
the H-12’ singlet of 3 at dH=4.31 ppm was observed to be
substantially downfield relative to those (around dH=


3.96 ppm) of 1 and 2, and the H-14’ signals discerned with 1
and 2 were replaced by a one-proton singlet of 3 at dH=


3.62 ppm. In the 13C NMR spectrum of 3, the resonance
lines due to C-3’, 6’, 7’, 12’, 13’, and 14’ were remarkably de-
viated from those of 1 and 2. These spectral features, along
with the unsaturation index of 3, demonstrated the presence
of an a-hydroxy g-lactone. The formulated relative configu-
ration of 3 was established by its NOESY spectrum and
single-crystal X-ray diffraction analysis. The absolute config-
uration of 3 was determined to be 2R, 4R, 5S, 6R, 9S, 10S,
11R, 12R, 6’S, 12’R, and 13’R (Figure 3) by the close resem-
blance of its 1H and 13C NMR spectral data, due to the sea-
quiterpenol moiety of 3, to those of metabolites 1 and 2.
The CD spectrum of 3 was also comparable to that of 1 and
2, although the intensity of its positive Cotton effect at


251 nm ascribable to the n!p* transition of the g-chiral
a,b-unsaturated ester chromophore was deceased substan-
tially as a result of the electron-withdrawing effect of the g-
lactone carbonyl on the 12’-oxygen atom (Figure S1c).


It was noteworthy that myrothecine C (3) also possesses a
16-membered macrocycle, the size of which is about 5R
7 P2. The two ester carbonyls are located at the same side
of the macrocycle. No H2O or other small solvent molecules
were embedded in the macrocycle, although the cycle did
create a space big enough to host such molecules. If corre-
lated with the macrocyle size of 1 (see above), it could be
hypothesized that the rigidity of the lactone ring could influ-
ence the conformation of the macrocyle. Furthermore, all
the hydroxyls, carboxyl oxygens (except O-7), and H2O mol-
ecules contributed to intermolecular hydrogen bonding (O-
12�H···O-5, a=2.988(3) P; O-12�H···O-3, b=2.912(2) P; O-
11�H···O-5, c=2.912(2) P; O-3�H···O-2, d=2.884(2) P; and
O-2�H···O-12, e=2.835(2) P). Most of the angles were
larger than 1608, indicating a strong hydrogen bond.
Through multiple hydrogen bonds, the molecules of 3 and
water joined to form the observed three-dimensional struc-
ture (Figure S12).


The MS and 1H/13C NMR spectra of metabolite 4 estab-
lished its identity as roridin E, with its absolute configura-
tion unambiguously assigned elsewhere.[8] The metabolite 5,
the most cytotoxic to the KB cell line, was ascertained to be
mytoxin B by comparing its MS and 1H/13C NMR spectral
data with those in the literature.[14] However, no report deal-
ing with the assignment of its absolute configuration could
be found. As a matter of fact, the close resemblance of its
1H and 13C NMR spectral data (DdH=<0.2 ppm, DdC=


<1.0 ppm, except for the shift deviation created by the dif-
ference in the acyl moieties) with those of roridin E (4) and
verrucarin A indicated that metabolite 5 shared with 4 and
verrucarin A the same sesquiterpenol residue with its abso-
lute configuration assigned as 2R, 4R, 5S, 6R, 11R, and
12R.[8,17] A close comparison of the 13C NMR spectra of 5
and 1 demonstrated that the resonance lines from C-1’–C-
14’ were identical in both sets. This observation substantiat-
ed that the absolute configuration of the diacyl moiety was


Table 2. 13C NMR spectroscopic data for compounds 1, 2, and 3 d/ppm.


Carbon 1[a] 2[b] 3[c]


2 80.8 81.7 80.4
3 40.4 41.3 39.9
4 79.3 79.4 78.4
5 51.2 52.0 50.8
6 44.0 44.5 43.5
7 28.3 29.0 27.8
8 31.3 31.9 30.7
9 73.6 74.1 72.3
10 44.2 45.1 43.7
11 69.0 70.0 68.9
12 78.1 77.3 76.5
13 28.1 29.3 28.2
14 10.4 10.9 10.1
15 73.0 73.0 73.0
16 28.1 27.9 27.3
1’ 165.5 166.6 164.8
2’ 117.3 117.4 118.9
3’ 154.1 156.1 148.5
4’ 25.5 26.3 25.0
5’ 63.0 63.7 64.4
6’ 87.3 88.5 83.0
7’ 29.5 30.7 23.5
8’ 21.3 21.7 20.8
9’ 148.0 147.6 147.8
10’ 120.8 122.4 120.7
11’ 165.8 167.2 165.7
12’ 77.3 77.7 84.0
13’ 213.0 213.4 72.2
14’ 28.7 69.2 175.9


[a] Spectra recorded at 125 MHz in CDCl3. [b] Spectra recorded at
75 MHz in [D6]acetone. [c] Spectra recorded at 125 MHz in CDCl3/
[D6]DMSO 6:1.


Figure 3. X-ray molecular structure of 3.
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6’S and 12’R. This assumption was reinforced by the CD
spectrum of 5, which gave negative and positive Cotton ef-
fects at lmax=233 and 248 nm, respectively, nearly identical
to those of 1 and 2 (Figures S1a, b, and d). In conclusion,
the absolute configuration of mytoxin B was elucidated as
2R, 4R, 5S, 6R, 11R, 12R, 6’S, and 12’R.


The in vitro cytotoxicity of the macrolides 1–5 was evalu-
ated against the human tumor cell line nasopharyngeal epi-
dermoid KB. All the macrolides showed significant cytotox-
icity with the corresponding IC50 (the inhibition concentra-
tion at which 50% survival of cells was allowed) values of
8.5 (15.6), 0.76 (1.4), 32.21 (57.5), 0.034 (0.066), and
0.0022 mgmL�1 (0.0042 mM), respectively. The IC50 value of
5-fluorouracil (a clinically prescribed antitumor drug coas-
sayed as a positive control) against the three tumor cell
lines was 1.82 mgmL�1 (14 mm).


Conclusion


The present work characterized three new 10,13-cyclotricho-
thecane-derived macrolides 1–3 from cultures of two endo-
phytic Myrothecium roridum strains, IFB-E009 and IFB-
E012. Previously, macrocyclic analogues of this skeleton
with different acylation patterns were isolated from cultures
of Calcarisporium arbuscula (harboring in the fruiting body
of the mushroom Ganoderma lucidum collected in the Si-
chuan Province of China)[13] and Myrothecium verrucaria as-
sociated with the sponge Spongia sp. (collected off the coast
of Maui, Hawaii).[1] Even earlier, 10,13-cyclotrichothecane-
derived macrolides were found as secondary metabolites of
M. verrucaria obtained from the roots of Baccharis coridifo-
lia.[18] Chemically, 12,13-epoxytrichothec-9-enes could be re-
arranged into 10,13-cyclotrichothecane derivatives upon
boiling in the presence of a weak acid.[19] However, few re-
ports were available describing the direct characterization of
10,13-cyclotrichothecane-based metabolites from any culture
of environmental microbes. Moreover, the 12,13-epoxytri-
chothec-9-ene metabolites seemed to be more active than
the corresponding rearranged products with a 10,13-cyclotri-
chothecane skeleton.[1,19] This observation suggested 10,13-
cyclotrichothecane-derived macrolides could be related to
the endophytism and/or symbiosis in which a detoxication
process could result from the host-microbe interadaptation
initiated through several mechanisms, such as expoxide hy-
drolase, which was reported to be involved in plant-fungus
interactions.[20] In correlation to this fact, the detection of
the 10,13-cyclotrichothecane macrolides from the endophyte
cultures highlights the possibility that Myrothecium roridum
strains IFB-E009 and IFB-E012 could be a new source of
fungal epoxide hydrolase(s), which are of high value for mi-
crobiological transformations.[21]


Experimental Section


General : Melting points were measured on an XT-4 apparatus and are
uncorrected. Optical rotation was determined in MeOH on a WXG-4
disc polarimeter, and IR spectra by using KBr disks on a Nexus 870
FTIR spectrometer. UV spectra were recorded on a Hitachi U-3000 spec-
trophotometer. NMR spectra were acquired on Bruker DRX-500 and
DPX-300 NMR spectrometers by using TMS and solvent signals as inter-
nal standards. ESIMS and HRESIMS were taken on a Mariner Mass
5304 instrument. CD spectra were recorded on a Jasco J-810 circular di-
chroism spectrometer. Silica gel (200–300 mesh) for column chromatog-
raphy and silica GF254 for TLC were produced by Qingdao Marine
Chemical Company (China). Sephadex LH-20 was purchased from Phar-
macia Biotech (Sweden). ODS silica gel was obtained from Nacalai
Tesque, Kyoto (Japan). The ELISA plate reader was obtained from Sun-
rise (USA). MosherAs acid chloride was purchased from Aldrich. HPLC
analyses were performed by using a column of Allsphere ODS-2.5 mm
(250R4.6 mm), Hitachi pump L-7100, and a UV detector L-7400. All
chemicals used in the study were of analytical grade.


Microorganisms : Following the procedure previously detailed,[22] the
strains IFB-E009 and IFB-E012 were isolatedfrom surface-sterilized
stems of apparently healthy T. jasminoides and A. annua, respectively,
the former of which was collected in March 2002 from the Zijin Moun-
tain in the suburb of Nanjing (China) and the latter collected in May
2003 from the coast of the Yangtze River in the same city. Both strains
were identified by comparing the morphological character and 18S
rDNA sequence with those of standard records. Specifically, the morpho-
logical examination was performed by scrutinizing the fungal culture, the
mechanism of spore production, and the characteristics of the spores. For
inducing sporulation, each of the isolated fungal strains was separately in-
oculated on PDA, CMA, CA, WSA, and PCA in Petri dishes. All experi-
ments and observations were repeated at least twice leading to the co-
identification of the two strains as Myrothecium roridum,[23] which were
kept at the Institute of Functional Biomolecules, Nanjing 210093
(China).


Fermentation : M. roridum IFB-E009 was cultured by a solid-matrix
steady protocol, which we have previously described.[24] Briefly, the fresh
mycelium grown on potato-detrose agar (PDA) medium at 28 8C for
5 days was inoculated into Erlenmeyer flasks (1000 mL) containing PD
medium (400 mL). After 6 days of incubation at 28 8C on a rotary shaker
at 150 rpm, the liquid culture (20 mL) was transferred as the seed into
500 bottles preloaded with a given amount of grain medium composed of
grain (7.5 g), bran (7.5 g), yeast (0.5 g), sodium tartrate (0.1 g),
FeSO4·7H2O (0.01 g), sodium glutamate (0.1 g), pure corn oil (0.1 mL),
and water (30 mL). Cultivation was kept for 45 days at 28 8C.


M. roridum IFB-E012 was cultured in liquid medium. The fresh myceli-
um grown on PDA medium at 28 8C for 5 days was inoculated into flasks
(1000 mL) containingCzapekAs medium (500 mL from a mixture of su-
crose (30 g), NaNO3 (3 g), K2HPO4 (1 g), yeast extract (1 g), KCl (0.5 g),
MgSO4·7H2O (0.5 g), FeSO4 (0.01 g), and H2O (1000 mL)). After 5 days
of the incubation at 28 8C on a rotary shaker at 150 rpm, a portion of the
liquid culture (50 mL) was transferred as the seed into each of a total of
300 flasks (1000 mL) containing CzapekAs medium (500 mL). The liquid
cultivation that followed was kept for 10 days at 28 8C and 150 rpm on a
rotary shaker.


Extraction and isolation : The culture filtrates of M. roridum IFB-E012
(total volume 165 L) was extracted exhaustively with EtOAc. Evapora-
tion of the solvent from the extract in vacuo yielded a black residue
(35 g). After eliminating waxy substances, a residue (27 g) was obtained,
which was then chromatographed over silica gel (160 g) eluting succes-
sively with CHCl3/MeOH 100:0!0:100. Based on the TLC monitoring,
the collected fractions (500 mL each) were combined into six parts. Frac-
tion-2 was purified by column chromatography fractionation over silica
gel with CHCl3/MeOH 100:0!100:16. Gel filtration of Fraction-2–2 over
Sephadex LH-20 with CHCl3/MeOH 1:1 followed by ODS silica gel
column chromatography eluting with H2O/MeOH 100:0!60:40 produced
compound 1 (65 mg). Fraction-2–3 was purified by using Sephadex LH-
20 with CHCl3/MeOH 1:1 and then further purified by HPLC with
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MeOH/H2O 65:35 (0.7 mLmin�1) to yield roridin E (4) (3 mg, tR=
25 min) and mytoxin B (5, 12 mg, tR=15 min). Fraction-4 was also puri-
fied by column chromatography fractionation over silica gel with CHCl3/
MeOH 100:1!100:16 and the obtained fractions 4–3 were purified by
HPLC with MeOH/H2O 35:65 (0.6 mLmin�1) to provide 2 (4 mg, tR=
19.2 min).


Crude MeOH extract (327 g) of a solid culture of M. roridum IFB-E009
was fractionated after preliminary treatment as described above. The ob-
tained fraction-4 was purified by silica gel column chromatography elut-
ing with CHCl3/MeOH 100:1!100:8, and then fraction-4–6 was further
purified by using Sephadex LH-20 repeatedly with CHCl3/MeOH 1:1 as
the eluent. Finally, repetitive recrystallization by using CHCl3/MeOH 1:1
at room temperature provided myrothecine 3 as colorless crystals
(15.5 mg). 1H and 13C NMR spectroscopic data for myrothecines A–C are
listed in Tables 1 and 2


Myrothecine A (1): Colorless crystals; m.p. 252–254 8C; [a]25
D =0.0 (c=


0.00436 in MeOH); UV (MeOH): lmax (e)=214 nm
(19400 mol�1dm3cm�1); CD (CH3OH): lmax (De)=232 (�0.47), 246 nm
(0.42 mol�1 dm3cm�1); IR (KBr): ñ=3444, 3303, 2930, 1714, 1663, 1635,
1413, 1400, 1254, 1235, 1203, 1174, 1159, 1051, 1031, 929, 817, 776 cm�1;
HRESIMS: m/z : calcd for C29H38O10Na: 569.2357; found: 569.2356
[M+Na]+ .


Myrothecine B (2): Colorless crystals; m.p. 213–216 8C; [a]25
D =++0.6 (c=


0.00053 in MeOH); UV (MeOH): lmax (e)=219 nm
(9900 mol�1 dm3cm�1); CD (CH3OH): lmax (De)=232 (�0.61), 247 nm
(0.42 mol�1 dm3cm�1); IR (KBr): ñ=3403, 2959, 1716, 1661, 1639, 1412,
1396, 1251, 1222, 1191, 1156, 1057, 1024, 764 cm�1; HRESIMS: m/z : calcd
for C29H38O11Na: 585.2306; found: 585.2296 [M+Na]+ .


Myrothecine C (3): Colorless crystals; m.p. 220–223 8C; [a]25
D =++7.3 (c=


0.001 in MeOH); UV (MeOH): lmax (e)=223 nm (12300 mol�1dm3cm�1);
CD (CH3OH): lmax (De)=232 (�2.96), 251 nm (0.46 mol�1dm3cm�1); IR
(KBr): ñ=3338, 2901, 1642, 1428, 1369, 1335, 1316, 1281, 1203, 1156,
1103, 1048, 998, 898, 701, 664, 608, 518, 457, 436 cm�1; HRESIMS: m/z :
calcd for C29H36O11Na583.2150; found: 583.2143 [M+Na]+ .


Single-crystal X-ray diffractions : Determination of the crystal structures
of myrothecines A (1) and C (3) was carried out on a Nonius CAD4 dif-
fractometer equipped with graphite-monochromated MoKa radiation (l=
0.71073), and with Lorentz polarization and absorption corrections for a
crystal of the title compounds (0.25R0.25R0.18 mm for 1 and 0.27R
0.20R0.18 mm for 3). The intensities were collected at 293 K by using a
w-scan mode with variable scan speed. A total of 17638 reflections for 1
(and 12343 reflections for 3) were collected in the range of q=1.53–
28.368 for 1 (q=2.67–28.328 for 3) of which 6594 for 1 (6418 for 3) were
independent. For 1, 4855 (5722 for 3) observable reflections with I�
2s(I) were used in the structure solution and refinements. The structure
was solved by direct methods and refined on F2 by full-matrix least-
squares methods by using SHELX-97.[25] All the non-hydrogen atoms
were refined anisotropically. All the hydrogen atoms were placed in cal-
culated positions and were assigned fixed isotropic thermal parameters at
1.2 times the equivalent isotropic U of the atoms to which they are at-
tached and allowed to ride on their respective parent atoms. The contri-
butions of these hydrogen atoms were included in the structure-factors
calculations. The refinement gave the final R1=0.074 for 1 (R1=0.042
for 3) with w= [s2(Fo)


2+ (0.1 ACHTUNGTRENNUNG(max ACHTUNGTRENNUNG(0,Fo
2)+2Fc


2)/3)2]�1. Some crystallo-
graphic and experimental data for the two compounds are listed in
Table S1.[26]


Preparation of (R)- and (S)-MTPA Esters (1 r and 1s): Myrothecine A
(1) was dissolved in [D5]pyridine in an NMR tube, and then dried under
a nitrogen stream. A baseline 1H NMR spectrum was then recorded as a
reference, followed by the addition of a calculated amount of (R)-MTPA
chloride into the NMR tube. This tube was rigorously shaken to afford
even mixing. The NMR tube was maintained at room temperature for
12 h until the acylation reaction had gone to completion. The 1H NMR
spectrum was recorded every 4 h and a 1H–1H COSY spectrum of the re-
sulting (S)-MTPA ester (1s) was recorded. Similarly, 1 was acylated with
(S)-MTPA chloride to generate the (R)-MTPA ester (1r), and the 1H–1H
COSY spectrum of the obtained (R)-MTPA ester (1r) was also record-
ed.[15,27]


Cytotoxicity assay : The in vitro cytotoxicity was evaluated as described
in our previous paper.[10]
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Introduction


Since Smalley and co-workers confirmed the existence of
La@C82 in 1991,[1] endohedral metallofullerenes (EMFs)


have attracted intense interest as a result of their unique
structures and properties.[2] As a novel hybrid material of
metals and fullerenes, EMFs are expected to have a wide
range of potential applications in chemistry, physics, bio-
ACHTUNGTRENNUNGmedicine, and nanomaterials science.[2,3] The chemistry of
EMFs has recently received much attention and a variety of
fullerene-related reactions have been applied to EMFs.[4–7] It
has been found that the reactivities of EMFs are quite dif-
ferent to those of empty fullerenes. In particular, several
monoadditions to EMFs have been revealed to occur with
remarkable regioselectivity and to afford only a few or even
only one regioisomer.[4,5b,c,6] The selectivity of these addition
reactions has been ascribed to the encapsulated metal atoms
or clusters which influence the electronic structure and reac-
tivity of the fullerene cage by electron transfer. The electro-
chemical behavior of EMF derivatives has also been studied.
Exterior modifications have been demonstrated to be a
useful way of tuning the electronic properties of fullerene
cores.[6a,7c] These efforts have made it possible to prepare
specific fullerene materials with desired properties by inter-
nal doping with metal atoms and by exterior modification of
the fullerene cage.


We have a particular interest in the Bingel reaction,
which is one of the most widely applied reactions in fuller-
ene chemistry. The first attractive Bingel adduct of EMFs to
be obtained was Gd@C60[CACHTUNGTRENNUNG(COOC2H5)]n (n=1–10) report-
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of base (the Bingel reaction) generated
five monoadducts which have been
fully characterized. It was found that
four of them (mono-A, -B, -C, and -D)
are ESR-inactive, suggesting singly
bonded regioisomers. In contrast, the
fifth product (mono-E) is ESR-active,
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trochemical behavior. In particular, the
singly bonded monoadducts undergo
the retro-Bingel reaction either under
thermal treatment or during electron
transfer on the cyclic voltammetric
timescale. However, mono-E shows re-
markable thermal stability and perfect
reversibility under the same experi-
mental conditions.


Keywords: cycloaddition · electro-
chemistry · endohedral metalloful-
lerenes · regioselectivity · structure
elucidation


[a] Dr. L. Feng, Dr. T. Wakahara, Dr. T. Nakahodo, Dr. T. Tsuchiya,
Q. Piao, Dr. Y. Lian, Prof. Dr. T. Akasaka
Center for Tsukuba Advanced Research Alliance
University of Tsukuba, Tsukuba, Ibaraki 305-8577 (Japan)
Fax: (+81)29-853-6409
E-mail : akasaka@tara.tsukuba.ac.jp


[b] Dr. Y. Maeda
Department of Chemistry, Tokyo Gakugei University, Koganei,
Tokyo 184-5801 (Japan)


[c] Prof. Dr. E. Horn
Department of Chemistry, Rikkyo University, Tokyo 171-8501 ACHTUNGTRENNUNG(Japan)
Fax: (+81)5992-3434
E-mail : ehorn_chem@grp.rikkyo.ne.jp


[d] Dr. K. Yoza
Bruker AXS K.K., Yokohama 221-0022 (Japan)


[e] Prof. Dr. T. Kato
Josai University, Sakado 350-0295 (Japan)


[f] Dr. N. Mizorogi, Prof. Dr. S. Nagase
Institute for Molecular Science, Okazaki 444-8585 (Japan)
Fax: (+81)564-53-4660
E-mail : nagase@ims.ac.jp


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


I 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 5578 – 55865578







ed by TDA researchers.[8] Its hydroxylated derivative (Gd@
C60[CACHTUNGTRENNUNG(COOH)]n, n=1–10) has been proved to have favor-
ACHTUNGTRENNUNGable properties as a magnetic resonance imaging (MRI) con-
trast reagent.[3a, 8] More recently, another Bingel adduct of
an EMF (Y3N@C80) was reported. As suggested by related
NMR spectroscopic analyses, a malonate group has been at-
tached to a specific [6,6] double bond of a C80 cage with ex-
cellent regioselectivity.[5c] However, when we performed the
Bingel reaction on La@C82, its product distribution was
found to be very different to those of empty fullerenes as
well as previously reported EMFs.[5c,8]


Herein we describe all the monoadducts formed in this
unconventional Bingel reaction of La@C82. Their possible
structure assignments are discussed according to not only
experimental characterizations but also theoretical calcula-
tions. In addition, their stabilities and electrochemical be-
havior have been studied and compared with those of the
parent La@C82.


Results and Discussion


Synthesis and isolation : The reaction of fullerenes with di-
ethyl bromomalonate in the presence of 1,8-diazabicyclo-
ACHTUNGTRENNUNG[5.4.0]undec-7-ene (DBU) has been widely used to add mal-
onate groups across the [6,6] double bonds of fullerene
cages.[9] However, the use of DBU in the reaction of metal-
lofullerenes is inadvisable because charge transfer may
occur between them, similarly to the interaction between
metallofullerenes and some basic nitrogen solvents such as
pyridine, aniline and dimethylformamide.[10] To explore the
reactivity of DBU towards La@C82, we added DBU drop-
wise to a solution of La@C82 in toluene whilst stirring,
which led to the formation of a precipitate in a short
time. This precipitate is soluble in a mixture of CS2 and
acetone and exhibits similar absorption characteristics to
[La@C82]


�TBA+ (TBA= tetrabutylammonium) obtained by
electrolysis.[11] This result suggests that [La@C82]


� is formed
by charge transfer from DBU to La@C82. Thus, DBU actual-
ly causes the generation of a side product ([La@C82]


�), and
prevention of an excess formation of [La@C82]


� has to be
taken into account in the Bingel reaction of La@C82. We
first modified the established protocol by reducing the
amount of DBU used in the reaction. For instance, in a typi-
cal reaction, DBU (0.54 equiv) was added dropwise to a
mixture of La@C82 (1 equiv) and diethyl bromomalonate
(1.8 equiv). The total yield of Bingel adducts was about
25% based on the pristine La@C82. The unwanted
[La@C82]


� was formed in a yield of 4–7% and then recov-
ered as La@C82 by controlled-potential electrolysis (CPE).
In fact, no more than one equivalent of DBU is advisable
for this reaction as excess base would otherwise lead to a
dramatic increase in the formation of [La@C82]


� , which is
not wanted in the Bingel reaction of La@C82.


Monoadducts were revealed to be the major products of
this reaction. They were isolated from the reaction mixture
by multistage high-performance liquid chromatography


(HPLC). The separation scheme is shown in Figure 1. In the
first stage (Figure 1a), the soluble reaction mixture was in-
jected into a 5PYE column and a mixture of monoadducts
(fraction a1 (Fra1)) was separated from the multiadducts
and unreacted starting materials. Figure 1b shows the chro-
matogram of the second stage of the product separation,
which was performed on a Buckyprep M column. Mono-E
was isolated from the other monoadducts (fraction b1
(Frb1)) as a result of its longer retention time. Then, in the
third stage (Figure 1c), fraction b1 obtained in the second
stage was recycled on a 5PBB column. Mono-A and frac-
tion c2 were completely separated in the second cycle. In
the fourth stage (Figure 1d), mono-C was isolated from frac-
tion d2 (mono-B and -D) by recycling fraction c2 on a
Bucky ACHTUNGTRENNUNGprep column. However, owing to their very similar re-
tention times, attempts to separate mono-B and -D failed on
all available columns using toluene as the eluent. In the fifth
stage (Figure 1e), a little better isolation was achieved by
using a mixture of toluene and hexane (3:1) as the eluent on
a Buckyclutcher column. Under this condition, mono-D was
eluted on the front shoulder of mono-B and could be re-
moved with the loss of some of mono-B. Therefore, mono-
A, -B, -C, and -E were successfully purified. The HPLC pro-
files of the purified samples on different columns are shown
in the Supporting Information. The product distribution was
estimated to be approximately 55.4% mono-A, 22.1%
mono-B, 5.1% mono-C, 5.5% mono-D, and 11.9% mono-E
according to the analyses of their HPLC profiles.


Product characterizations : First, the magnetic properties of
mono-A, -B, -C, -D, and -E were studied by ESR spectros-
ACHTUNGTRENNUNGcopy. The results are completely unexpected: Mono-A, -B,
-C, and -D were found to be ESR-inactive, whereas mono-E
was the only ESR-active species. As Figure 2 shows, the pa-
rameters of the ESR signal from mono-E, including the g
value (g=2.0019), the hyperfine coupling constant (hfc=
1.173 G), and the peak-to-peak linewidths (DHpp=0.558 G),
are similar to those of the parent La@C82 (g=2.0011, hfc=
1.152 G, DHpp=0.360 G). This suggests that mono-E retains
the paramagnetic properties of the parent EMF and might
be a cycloadduct of La@C82. However, the other monoad-
ducts are believed to have completely different structures.


The absolute structure of mono-A was clearly established
by an X-ray crystallographic analysis performed at 93 K.[12]


As shown in Figure 3, its unique structural feature is the
single-bond between the appended bromomalonate group
and the fullerene cage. As a result, only one electron is di-
verted away from the 85 p-electron system of La@C82. This
gives rise to a closed-shell structure of mono-A, which is in
good agreement with the results of ESR spectroscopy. The
addition site is far from the lanthanum atom and is located
at an apex of two six-membered rings and a five-membered
ring. To the best of our knowledge, this is the first definite
example of a derivative of M@C2n with the addition site far
from the encapsulated metal atom.


Efforts to obtain single crystals of the other monoadducts
have so far been unsuccessful because of their small
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amounts. However, the NMR spectra of mono-B, -C, and -D
were found to exhibit features comparable to those of
mono-A. In detail, only two sets of signals due to the two
ethoxy groups appear in their 1H NMR spectra. In the 13C
NMR spectra, mono-A, -B, -C, and -D exhibit resonances
from 81 carbon atoms in the range typical of sp2 carbon
atoms (d=180–125 ppm), indicating the diversion of one sp2


carbon atom and the C1 symmetry of the C82 cage. The
other signals can be assigned to the two ethoxycarbonyl
groups and the C�C bond between the malonate functional
group and the fullerene cage (see the Supporting Informa-
tion for the NMR spectra).


Thus, NMR spectroscopic analyses suggest that mono-A,
-B, -C, and -D might be regioisomers of a singly bonded
monoadduct.


The paramagnetic nature of mono-E does not allow direct
NMR analysis, so the anion of mono-E was prepared by the
bulk electrolysis method. The 1H NMR spectrum of [mono-


Figure 1. HPLC separation/isolation scheme for the Bingel monoadducts of La@C82. a) First-stage HPLC chromatogram on a 5PYE column (Nacalai
Cosmosil 20M250 mm, toluene as eluent, 9.0 mLmin�1 flow rate); b) second-stage HPLC chromatogram on a Buckyprep M column (Nacalai Cosmosil
20M250 mm, toluene as eluent, 9.9 mLmin�1 flow rate); c) third-stage HPLC chromatogram on a 5PBB column (Nacalai Cosmosil 20M250 mm, toluene
as eluent, 9.9 mLmin�1 flow rate); d) fourth-stage HPLC chromatogram on a Buckyprep column (Nacalai Cosmosil 20M250 mm, toluene as eluent,
9.0 mLmin�1 flow rate); e) fifth-stage HPLC chromatogram on a Buckyclutcher column [Nacalai Cosmosil 21M500 mm, toluene and hexane (3:1) as
eluent, 9.9 mLmin�1 flow rate].


Figure 2. ESR spectrum of isolated mono-E.


Figure 3. ORTEP drawing of mono-A (major enantiomer). Hydrogen
atoms and CS2 molecules have been omitted for clarity.
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E]� is similar to those of mono-A, B, C, and D, with two
sets of signals due to the two ethoxy groups being observed.
However, [mono-E]� exhibits a different 13C NMR spectrum
(Figure 4): 82 sp2 carbon atoms could be identified between


90 and 160 ppm, corresponding to the conjugated C82 cage,
which undoubtedly suggests that [mono-E]� also possesses
C1 symmetry. Notably, there are two carbon atoms (d=
111.26 and 94.52 ppm) shifted upfield relative to the other
80 standard sp2 carbon atoms. This feature is comparable to
that of the 13C NMR spectrum of [La@C82(Ad)]� in which
the two higher-field sp2 carbon atoms (d=80–100 ppm) have
been assigned to the fullerenyl carbon atoms at [6,6] posi-
tions at which the ’open’ cycloaddition occurs.[6c] Therefore,
it is reasonable to presume that one bond in the [mono-E]�


cage has been opened as a result of cycloaddition of the
malonate group. Since all of the 82 carbon atoms are still
conjugated to each other after open cycloaddition, the elec-
tronic structure of mono-E is expected to be almost unal-
tered compared with the parent La@C82.


Figure 5 shows the UV/Vis/NIR absorption spectra of
mono-A, -B, -C, and -E, as well as of the anion of mono-E.
Mono-A, -B, and -C have clearly lost most of the absorption
features of the parent La@C82. Their most characteristic
near-IR bands are observed at 1416, 1294, and 1014 nm, re-
spectively. Since mono-A, -B, and -C are regioisomers, their
absorption spectra in the near-IR field are believed to be in-
dependent of the nature of the addend and can be distin-
guished by their different addition sites. All their absorption
onsets move to a shorter wavelength (ca. 1600 nm), indicat-
ing larger HOMO–LUMO energy gaps. In contrast, the ab-
sorption features of mono-E are almost identical to those of
La@C82 in the near-IR field. This suggests that mono-E re-


tains the essential electronic structural characteristics of
La@C82, as predicted by NMR spectroscopy. When mono-E
was reduced to [mono-E]� , its color changed from brown to
a little darker brown. [Mono-E]� has an absorption onset at
around 1600 nm, as well as a diagnostic band at 918 nm and
a broad band at 1420 nm in the near-IR field.


The MALDI-TOF mass spectra of mono-A, -B, -C, and
-E are presented in the Supporting Information. Mono-A,
-B, and -C exhibit similar mass spectra in either the positive
or the negative mode: The most distinct peak at m/z 1123 is
that of the parent La@C82, while the weak peak at m/z 1281
arises from the loss of a bromine atom. No molecular-ion
peak was observed for the monoadducts. In the case of
mono-E, its molecular-ion peak (m/z 1281) is the most in-
tense one in either the positive- or negative-mode mass
spectrum, indicating that [mono-E]+ and [mono-E]� are not
so fragile as to be cleaved under the applied laser desorp-
tion conditions.


Theoretical prediction of addition sites : The theoretical cal-
culations of the Mulliken charge densities of La@C82 per-
formed at the B3LYP level of theory have revealed that C23
(the addition site in mono-A) is the most positively charged
carbon atom,[12a] even though La@C82 has a negatively
charged fullerene cage due to the three-electron donation
from the encapsulated lanthanum atom.[13] Also, besides


Figure 4. 13C NMR of [mono-E]� a) with 1H decoupling, b) without 1H
decoupling. The signals marked by ~ are due to the carbonyl carbon
atoms of the malonate functional group. The signals marked by * are due
to impurities. Figure 5. UV/Vis/NIR spectra of a) mono-A, -B, and -C, and b) mono-E


in toluene and its anion in o-dichlorobenzene. The absorption profile of
La@C82 is given as a reference.
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C23, there are three other positively charged carbon atoms
(C18, C21, and C14) in La@C82 (see Figure 6 and Table 1).
Their charge densities decrease in the following order:


C18>C21>C14. On the other hand, the p-orbital axis
vector (POAV) of carbon atoms is usually used as an index
of local strain.[14] According to the results of the calculations,
the POAV of C23 is less than that of C18. However, because
of the dominant yield of mono-A, C23 appears to be the
most reactive carbon atom for this Bingel reaction. The pos-
itive charge density might be more important than the local
strain in the Bingel reaction of La@C82. Accordingly, the ad-
dition site for the second most abundant monoadduct
(mono-B) can be assigned to C18, while mono-C and -D
might have addition sites at C14 and C21 (or C21 and C14),
respectively.


Generally, these positively charged carbon atoms are lo-
cated near the bottom of the C82 cage and far from the lan-
thanum atom. Nucleophilic addition reactions, such as the
Bingel reaction, prefer to occur in this region. The highly
negative charges are mainly delocalized over the top of C82


cage and close to the lanthanum atom. Correspondingly,
electrophilic addition reactions, such as the carbene reac-
tion, have been proved to take place at the top of the C82


cage.[6a,c] Therefore, the patterns of addition to La@C82 are
expected to be selectively controlled by the type of reaction.


Thermal stabilities and electrochemical properties : Since
the Bingel reaction of La@C82 took place at room tempera-
ture, product distribution is believed to be kinetically con-
trolled; the reaction probably affords kinetically favored


products rather than thermodynamically stable ones. To ex-
perimentally probe their thermal stabilities, mono-A, -B, -C,
-D, and -E were heated in anhydrous o-dichlorobenzene for
6 h at 80 8C. Then the treated samples were analyzed by
HPLC. Surprisingly, mono-A, -B, -C, and -D were found to
decompose to give the parent La@C82 as the major product.
These results suggest that these singly bonded monoadducts
have very low thermal stabilities even though they exhibit
high stabilities at low or room temperature. In contrast,
mono-E showed comparatively higher stability and re-
mained almost intact after thermal treatment.


The electrochemical properties of mono-A, -B, -C, and -E
were investigated by differential pulse voltammetry (DPV)
in o-dichlorobenzene (Figure 7). Their redox potentials ob-
tained by DPV are listed in Table 2, together with the redox


potentials of La@C82
[15] and its carbene derivative


La@C82(Ad).[6a] Because of their similar structural charac-
ters, mono-A, -B, and -C showed similar redox behavior. As
Figure 7 shows, these three isomers exhibit three reduction
waves and one oxidation wave in the range of 0.8 to �2.0 V.
Their first oxidation waves are shifted anodically by 0.16–
0.31 V relative to the value of E1


ox for La@C82, while their
reduction waves are shifted cathodically by 0.24–0.41 V rela-
tive to the value of E1


red for La@C82. Although their specific


Figure 6. Schematic drawing of La@C82.


Table 1. Charge densities and POAV values of the positively charged
carbon atoms in La@C82.


Carbon number Charge density POAV value


23 0.006 10.74
18 0.004 11.01
21 0.002 10.50
14 0.000 11.00


Figure 7. Differential pulse voltammograms of a) mono-A, b) mono-B,
and c) mono-C in o-dichlorobenzene (0.1m (nBu)4NPF6, 20 mVs�1 scan
rate).
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redox potentials are different, mono-A, -B, and -C have es-
sentially identical potential gaps between their first oxida-
tion and reduction waves (1.04, 1.06, and 1.08 V, respective-
ly) which are much larger than that for La@C82 (0.49 V).
This also suggests that these singly bonded monoadducts
possess larger HOMO–LUMO energy gaps due to their
higher-lying LUMO levels and lower-lying HOMO levels, as
compared with those of La@C82. Therefore, singly bonded
addition dramatically modifies the electronic structure of
the fullerene core with respect to the pristine one. More-
over, the first oxidation and reduction potentials of mono-A
are shifted to a more positive potential than those of mono-
B and -C, indicating the influence of regioisomerism. Such
differences in the electrochemical behavior of regioisomers
have also been reported for silylated C76 and C84.


[16]


Further studies on the electrochemical behavior of these
monoadducts focused on cyclic voltammetry (CV) measure-
ments. For mono-A, -B, and -C, each redox wave was stud-
ied independently in their potential scale. The first oxidation
waves, as well as the second and third reduction waves, were
found to be reversible. The first reduction waves are irrever-
sible, even when the scan rate was increased up to
100 mVs�1, indicating that [M]� [M=La@C82CBr-
ACHTUNGTRENNUNG(COOC2H5)2] is quite unstable, even on the CV timescale.
In particular, as Figure 8 shows, when potentials are cathodi-
cally scanned beyond R1, a new oxidation wave A0 appears
in the following anodic scan. This new oxidation is clearly
reversible, as shown by the third segment of scans, giving
rise to a reduction wave A0’ that is much more positive than
the adduct-based first reduction wave R1. Moreover, in the
third or even further redox scans, R1 exhibits a lower cur-
rent, whereas A0 and A0’ show an increased current. The E1=2


value (ca. �0.38 V) for this new redox couple (A0 and A0’)
is close to the first reduction potential (�0.42 V) of pristine
La@C82. These results suggest that the first reduction of
these monoadducts is followed by some rapid chemical reac-
tion (by the EC mechanism)[17] to generate La@C82 (the
retro-Bingel reaction). Further evidence for this proposed
chemical decomposition was obtained from HPLC analyses,
which clearly showed the appearance of La@C82 in the sam-
ples after electrochemical measurements, confirming effi-


cient addend removal during the electron-transfer proce-
dure.


Mono-E exhibits two reduction waves and one oxidation
wave in the range of 0.8 to �2.0 V (Figure 9a). Its first oxi-
dation potential (0.08 V) is almost identical to that of


Table 2. Redox potentials[a,b] of the Bingel monoadducts of La@C82.


E1
ox E1


red E2
red E3


red


mono-A 0.38 �0.66 �1.31 �1.47
mono-B 0.23 �0.83 �1.32 �1.48
mono-C 0.26 �0.82 �1.33 �1.50
mono-E 0.08 �0.28 �1.19
La@C82(Ad)[c] �0.01 �0.49 �1.44 �1.79
La@C82


[c] 0.07 �0.42 �1.37 �1.53


[a] Values are in given in volts relative to a ferrocene/ferrocenium redox
couple and were obtained by DPV. [b] Conditions: working electrode:
platinum disk (1 mm diameter); counter-electrode: platinum wire; refer-
ence electrode: saturated calomel reference electrode (SCE); supporting
electrolyte: 0.1m (nBu)4NPF6 in o-dichlorobenzene. CV: scan rate,
50 mVs�1. DPV: pulse amplitude, 50 mV; scan rate, 20 mVs�1. [c] The
redox potentials of La@C82 and La@C82(Ad) are given for reference.


Figure 8. Cyclic voltammograms of a) mono-A, b) mono-B, and c) mono-
C in o-dichlorobenzene (0.1m (nBu)4NPF6, 50 mVs�1 scan rate).


Figure 9. a) Differential pulse and b) cyclic voltammograms of mono-E in
o-dichlorobenzene (0.1m (nBu)4NPF6, 50 and 20 mVs�1 scan rate, respec-
tively).
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La@C82 (0.07 V), while its first reduction potential is shifted
positively by 0.14 V relative to the E1


red of La@C82, which
evidences the strong electron-withdrawing ability of the ap-
pended malonate group. Since all the redox waves of mono-
E are reversible (Figure 9b), mono-E is expected to be very
stable in any of its redox states (cation, anion, and dianion)
under argon on the CV timescale. In addition, [mono-E]�


was prepared by the bulk electrolysis method which was per-
formed at a potential 250 mV more negative than the first
reduction potential of mono-E. [Mono-E]� is also very
stable in air, like [La@C82]


� . NMR measurements are there-
fore practicable for [mono-E]� .


Conclusion


Herein, we report an unconventional Bingel reaction of
La@C82. Five monoadducts (mono-A, -B, -C, -D, and -E)
have been synthesized and characterized. Among them,
mono-A, -B, -C, and -D were revealed to be regioisomers of
a singly bonded monoadduct. Mono-E was suggested to be a
cycloadduct that is similar to conventional Bingel adducts.
Thus, this research has provided another example of an
EMF with a distinctly different reactivity to those of empty
fullerenes. Furthermore, the thermal stabilities and electro-
chemical behavior of these monoadducts were investigated.
Mono-A, -B, and -C exhibited nearly identical physicochem-
ical properties due to their similar structural features,
whereas mono-E possessed different properties, in good
agreement with its unique structure. Generally, these studies
have not only elucidated the structures and properties of the
Bingel monoadducts of La@C82, but also provided a synthet-
ic route to novel carboxylated derivatives of EMFs, which
are expected to be useful species with biological and medi-
cal applications.


Experimental Section


General : All chemicals and solvents were obtained from commercial
sources (Wako, Aldrich) and used without further purification unless
stated otherwise. Toluene was distilled over sodium/benzophenone. o-Di-
chlorobenzene (ODCB) was distilled over P2O5 and stored with molecu-
lar sieves.


Synthesis : The reaction of La@C82 (4.77 mg, 4.25M10�3 mmol) with dieth-
yl bromomalonate (1.8 mg, 7.53M10�3 mmol) was conducted at room
temperature in the presence of 1,8-diazabicyclo ACHTUNGTRENNUNG[5.4.0]undec-7-ene (DBU)
(0.35 mg, 2.3M10�3 mmol) in dry toluene under argon. The reaction pro-
ceeded very readily over 2 h. The crude reaction mixture was filtered to
remove a small amount of precipitate and separated by multistage sepa-
ration on HPLC.


HPLC separation : During the multistage HPLC separation procedure,
five different columns were used: 5PYE (Nacalai Cosmosil 20M250 mm,
toluene as eluent, 9.0 mLmin�1 flow rate), Buckyprep M (Nacalai Cos-
mosil 20M250 mm, toluene as eluent, 9.9 mLmin�1 flow rate), 5PBB (Na-
calai Cosmosil 20M250 mm, toluene as eluent, 9.9 mLmin�1 flow rate),
Buckyprep (Nacalai Cosmosil 20M250 mm, toluene as eluent,
9.0 mLmin�1 flow rate), and Buckyclutcher [Nacalai Cosmosil 20M
500 mm, toluene and hexane (3:1) as eluent, 9.9 mLmin�1 flow rate].


ESR spectroscopy: ESR spectra of mono-A, -B, -C, -E, as well as the
mixture of mono-B and -D, were recorded with a Bruker ESR 300E spec-
trometer. Before measurements were taken, all samples in toluene were
degassed and sealed in ESR tubes.


NMR spectroscopy : For the NMR measurements, samples of mono-A,
-C, and the mixture of mono-B and -D were dissolved in CDCl3/CS2 (ca.
1:1). The anion of mono-E was dissolved in [D6]acetone/CS2 (4:1). 13C
NMR spectra were recorded at 125 MHz with a Bruker DRX 500 spec-
trometer with a CryoProbe system. [Cr ACHTUNGTRENNUNG(acac)3] and TMS were used as a
relaxant and reference (d=0.00 ppm), respectively. 1H NMR spectra
were recorded at 500 MHz with the same spectrometer.


UV/Vis/NIR spectroscopy : UV/Vis/NIR spectra of mono-A, B, C, and E
in toluene were recorded with a Shimadzu UV-3150 spectrometer using a
quartz cell and 1-nm resolution.


Mass spectrometry : Matrix-assisted laser desorption-ionization time-of-
flight (MALDI-TOF) mass spectra of mono-A, -B, -C, and -E, as well as
the mixture of mono-B and D, were recorded with a Bruker BIFEX-III
mass spectrometer using 1,1,4,4-tetraphenyl-1,3-butadiene as the matrix.
The measurements were performed in both positive and negative ion
modes.


Electrochemical measurements : Differential pulse voltammetry (DPV),
cyclic voltammetry (CV), and controlled-potential bulk electrolyses in
ODCB were carried out using a BAS CW-50 instrument. A conventional
three-electrode cell consisting of a platinum working electrode, a plati-
num counter-electrode, and a saturated calomel reference electrode
(SCE) was used for CV and DPV measurements. (nBu)4NPF6 was used
as the supporting electrolyte. All potentials were recorded against a SCE
reference electrode and corrected against Fc/Fc+ . DPV and CV were
measured at a scan rate of 20 and 50 mVs�1, respectively.


Controlled-potential bulk electrolysis (CPE) was performed using an H-
type cell with two platinum gauze electrodes as the working and counter-
electrodes, respectively. [Mono-E]� was obtained under argon in ODCB
containing 0.1m (nBu)4NClO4 by setting the applied potential at a value
250 mV more negative than the E1=2 value of the [mono-E]�/mono-E
redox couple. The freshly prepared [mono-E]� was then transferred from
the bulk cell to a 1.00 cm quartz cuvette under argon to measure its UV/
Vis/NIR spectrum. The excess supporting electrolyte was precipitated
from the solvent by adding carbon disulfide to ODCB and then removed
by filtration. The solvent was evaporated under reduced pressure. The re-
sidual brown solid was washed by hexane and dissolved in [D6]acetone/
CS2 (4:1) for NMR analysis.


Mono-A : 1H NMR (500 MHz, CDCl3/CS2): d=4.50–4.60 (m, 4H;
OCH2CH3), 1.50 (t, J=7 Hz, 3H; OCH2CH3), 1.48 ppm (t, J=7 Hz, 3H;
OCH2CH3);


13C NMR (125 MHz, CDCl3/CS2): d=164.91 (CO2C2H5),
164.71 (CO2C2H5), 157.27, 156.62, 156.30, 152.33, 150.33, 149.65, 149.48,
149.21, 148.80, 148.61, 148.15, 148.00, 147.55, 147.42, 146.93, 146.32,
145.53, 145.45, 145.32, 144.37, 144.05 (two overlapping signals), 144.02,
143.92, 143.83, 143.78, 143.66, 143.29, 143.21, 143.15, 142.70, 142.68,
142.53, 142.25, 141.87, 141.72, 141.07, 140.84, 140.56, 140.26, 140.23,
140.13, 139.98, 139.92, 138.91, 138.86, 138.74, 138.65, 138.57, 138.44,
138.15, 137.93, 137.79, 137.72, 137.68, 136.91, 136.87, 136.78, 136.58,
136.37, 136.26, 135.90, 135.85, 135.47, 135.40, 135.17 (two overlapping sig-
nals), 134.78, 134.56, 134.34, 134.25, 134.22, 133.84, 133.77, 133.36, 132.64,
132.52, 131.69, 130.97, 130.44, 130.36, 69.42 (CBrACHTUNGTRENNUNG(CO2C2H5)2), 63.99
(OCH2CH3), 63.71 (OCH2CH3), 60.46 (fullerenyl sp3 carbon), 14.16
(OCH2CH3), 14.13 ppm (OCH2CH3); MS (MALDI-TOF): m/z : calcd for
LaC89H10O4 ([M�Br]+): 1280.96, LaC82: 1122.89; found: 1281.57, 1123.39.


Mono-B : 1H NMR (500 MHz, CDCl3/CS2): d=4.60–4.69 (m, 4H;
OCH2CH3), 1.53 (t, J=7 Hz, 3H; OCH2CH3), 1.52 ppm (t, J=7 Hz, 3H;
OCH2CH3);


13C NMR (125 MHz, CDCl3/CS2): d=178.08, 169.47, 165.14
(CO2C2H5), 164.91 (CO2C2H5), 161.56, 160.81, 151.64, 149.70, 148.79,
148.67, 148.52, 148.06, 147.89, 147.45, 147.16, 146.97, 146.84, 146.79,
146.29, 146.19, 146.08, 146.00, 145.86, 145.60, 144.49, 144.46, 143.64,
143.55, 143.28, 143.11, 143.09, 143.02, 142.89, 142.59, 142.56 (two overlap-
ping signals), 142.40, 142.07, 141.74, 141.67, 141.50, 141.45, 141.18, 140.28,
140.20, 139.85, 139.69, 139.23, 139.01, 138.99, 138.80, 138.73, 138.60,
138.50, 137.73, 137.70, 137.67, 137.61 (two overlapping signals), 137.49,
137.00, 136.44, 136.30, 136.26, 136.20, 136.09, 136.00, 135.71 (two overlap-
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ping signals), 135.42, 135.02, 134.95, 134.43, 134.41, 134.38, 134.15, 133.71
(two overlapping signals), 133.37, 131.99, 131.83, 129.81, 129.25, 68.51
(CBrACHTUNGTRENNUNG(CO2Et)2), 64.11 (OCH2CH3), 63.92 (OCH2CH3), 61.10 (fullerenyl
sp3 carbon), 14.22 (OCH2CH3), 14.16 ppm (OCH2CH3); MS (MALDI-
TOF, positive): m/z : calcd for LaC89H10O4 ([M�Br]+): 1280.96, LaC82:
1122.89; found: 1280.80, 1122.79.


Mono-C : 1H NMR (500 MHz, CDCl3/CS2): d=4.50–4.60 (m, 4H;
OCH2CH3), 1.42 (t, J=7 Hz, 3H; OCH2CH3), 1.40 ppm (t, J=7 Hz, 3H;
OCH2CH3);


13C NMR (125 MHz, CDCl3/CS2): d=175.39, 165.05 (2C;
CO2C2H5), 164.80, 158.38, 152.53, 150.33, 149.63, 149.35, 148.94, 148.66,
147.60, 147.42, 147.39, 146.99, 146.90, 146.86, 146.77, 146.70, 146.54,
145.40 (three overlapping signals), 144.84, 144.55, 144.52, 143.88, 143.70,
143.47, 143.30, 143.21, 143.01, 142.98, 142.80, 142.10, 142.08, 141.90,
141.84, 141.48, 141.44, 141.29, 141.09, 140.91, 140.59, 140.49, 140.36,
140.16, 139.78, 139.56, 138.90, 138.79, 138.03, 138.00, 137.77, 137.50,
137.31, 137.27, 137.23, 137.18, 137.09, 136.82, 136.34, 135.74, 135.49,
135.27, 135.23, 135.09, 134.95, 134.76, 134.41, 134.15, 133.61 (two overlap-
ping signals), 133.48, 133.30, 133.25, 133.12, 133.04, 131.63, 131.21, 131.05,
130.26, 129.41, 69.32 (CBr ACHTUNGTRENNUNG(CO2C2H5)2), 64.09 (OCH2CH3), 64.04
(OCH2CH3), 63.70 (fullerenyl sp3 carbon), 14.07 (OCH2CH3), 14.03 ppm
(OCH2CH3); MS (MALDI-TOF): m/z : calcd for LaC89H10O4 ([M�Br]+):
1280.96, LaC82: 1122.89; found: 1280.97, 1122.91.


Mono-D : 1H NMR (500 MHz, CDCl3/CS2): d=4.35–4.43 (m, 4H;
OCH2CH3), 1.37 (t, J=7 Hz, 3H; OCH2CH3), 1.33 ppm (t, J=7 Hz, 3H;
OCH2CH3);


13C NMR (125 MHz, CDCl3/CS2): d=169.54, 164.33
(CO2C2H5), 164.16 (CO2C2H5), 163.99, 161.22 157.33, 156.72, 156.38,
155.03, 154.14, 153.34, 153.06, 152.39, 151.88, 151.36, 150.73, 150.13,
149.40, 149.10, 148.59, 148.49, 147.63, 146.36, 145.82, 145.78, 145.65,
145.50, 145.49, 145.40, 145.22, 145.16, 145.14, 145.01, 144.29, 144.27,
144.09, 143.97, 143.91, 143.85, 143.74, 143.72, 142.84, 142.35, 141.59,
141.24, 140.53, 140.31 (two overlapping signals), 139.63, 139.52, 139.25,
139.12 (two overlapping signals), 138.57, 138.18, 138.01, 137.25, 137.09,
136.89, 136.83, 136.66 (three overlapping signals), 136.50, 136.36, 135.95,
135.82, 135.29, 134.84, 134.74, 134.05 (two overlapping signals), 133.81,
133.61, 133.51, 133.23, 131.90, 131.17, 131.08, 128.92, 128.22, 128.14,
127.58, 67.84 (CBr ACHTUNGTRENNUNG(CO2C2H5)2), 63.72 (OCH2CH3), 63.64 (OCH2CH3),
57.02 (fullerenyl sp3 carbon), 13.98 (OCH2CH3), 13.94 ppm (OCH2CH3).


Mono-E : The NMR data were obtained from [Mono-E]� . 1H NMR
(500 MHz, [D6]acetone/CS2): d=4.19–4.24 (m, 4H; OCH2CH3), 1.23 (t,
J=7 Hz, 3H; OCH2CH3), 1.21 ppm (t, J=7 Hz, 3H; OCH2CH3);


13C
NMR (125 MHz, [D6]acetone/CS2): d=165.92 (CO2C2H5), 165.84
(CO2C2H5), 158.31, 156.50, 156.40, 153.88, 151.92, 151.89, 151.69, 151.65,
151.52, 151.47, 150.86, 150.79, 150.34, 149.81, 149.22, 149.03, 148.27,
148.09, 147.98, 147.45, 147.34, 146.30, 146.27, 145.99, 145.76, 145.03,
144.69, 144.67, 144.54, 144.36 (two overlapping signals), 144.22, 144.17,
144.10, 143.60, 143.14, 143.09, 142.72, 142.57, 142.22, 141.94, 141.40,
141.18, 141.17, 140.51, 140.37, 139.92, 139.61, 139.49, 139.34, 138.82,
138.65, 138.34, 138.27, 138.19, 137.91, 137.68, 137.52, 137.46, 137.31,
137.27, 137.25, 137.01, 136.86, 136.77, 136.75 (two overlapping signals),
136.35, 136.32, 136.23, 135.76, 135.44, 135.34, 134.75, 133.80, 133.52,
130.96, 129.91, 128.34, 118.72, 111.26, 94.52, 65.74 (C ACHTUNGTRENNUNG(CO2C2H5)2), 63.06
(OCH2CH3), 63.00 (OCH2CH3), 14.37 (OCH2CH3), 14.35 ppm
(OCH2CH3); MS (MALDI-TOF): m/z : calcd for LaC89H11O4 ([M]+):
1280.96; found: 1281.38.
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Synthesis of Sulfated Galactocerebrosides from an Orthogonal b-d-
Galactosylceramide Scaffold for the Study of CD1–Antigen Interactions


Federica Compostella,*[a] Silvia Ronchi,[a] Luigi Panza,[b] Sabrina Mariotti,[c]


Lucia Mori,[c] Gennaro De Libero,[c] and Fiamma Ronchetti[a]


Introduction


The availability of biologically active molecules with well
defined chemical and structural properties is a fundamental
requirement for structure–function studies in biochemical
systems. The basic recognition motif of the ligand, identified
through structure elucidation and biological activity studies,
can in many cases be used as a template for the preparation
of a large number of related derivatives. This approach is
useful to assess different biological questions, such as the
identification of functionalities capable of modulating the
binding of the ligand to biological receptors, the study of po-
tential to induce specific responses of structurally different
antigen–receptor complexes, or the development of deriva-


tives for biological tagging, such as with fluorescent probes.
In this context, we have recently been involved in the study
of sulfatide–protein interactions.[1] Sulfatide is a mammalian
glycolipid antigen that participates in intracellular signalling
mechanisms and is presented to the immune system by the
CD1 family of antigen-presenting surface proteins. The bio-
logical mechanism involving sulfatide consists of T cell acti-
vation after recognition between the T cell receptor and the
CD1–antigen complex; sulfatide is a particularly promiscu-
ous ligand that binds all human CD1 molecules and is pre-
sented by the different CD1 isoforms to specific T cells.[2]


Structurally it is a b-d-galactosylceramide bearing a sulfate
group at position 3 in galactose. The solved 3D structures of
CD1s reveal that these molecules each possess a narrow and
deep hydrophobic antigen-binding groove, specially tailored
to recognize and bind the long alkyl chains of lipid antigens
such as sulfatide.[3] In particular, the atomic structure of
CD1a with bound sulfatide shows that the protein has two
hydrophobic pockets that extend out of the centre of the
binding groove, each of which accommodates an alkyl chain,


Abstract: CD1a protein binds sulfatide
(3-O-sulfo-b-d-galactosylceramide) to
form an antigen complex that interacts
with T cell receptors and activates
T cells. To assess the role of the posi-
tion of the sulfate in T cell activation,
the synthesis of three b-d-galactosylcer-
amides, variously bearing a sulfate at
position 2, 4, or 6 of galactose, has
been planned and carried out. The
compounds were synthesized by an or-


thogonal sulfation strategy from a
common b-d-galactosylceramide scaf-
fold, which was in turn obtained
through an efficient glycosylation reac-
tion between a fully orthogonally pro-
tected galactosyl imidate and 3-O-ben-


zoylazidosphingosine. Immunological
evaluation of the three sulfated com-
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while the charged and polar headgroups of the bound anti-
gen stick out from the middle of the lipid-binding groove of
CD1a for T cell receptor recognition. The galactose moiety
and the 3-sulfate group of sulfatide (that is, the polar part of
the antigen) form contacts with the charged and polar resi-
due of the protein, located at the intersection of the two hy-
drophobic pockets.[3c] From the consideration that these con-
tacts are important for the orientation of the bound antigen
and its presentation to T cell receptor, it is interesting to
evaluate how the position of the sulfate on the galactose in-
fluences the spatial arrangement of the antigen bound to the
CD1a protein and hence the potential of the complex pre-
sented to T cells.


To address this problem, the availability of a b-d-galacto-
sylceramide scaffold with a set of mutually orthogonal pro-
tecting groups on galactose[4]—through selective deprotec-
tion at the desired hydroxy group, sulfation and final remov-
al of the remaining protections—could allow the preparation
of a family of sulfated galactosylceramides differing in the
position of the sulfate on galactose.


Here we report the synthesis of the b-d-galactosylcer-
ACHTUNGTRENNUNGamide 1 (Scheme 1) fully orthogonally protected at the
sugar moiety. The versatility of this glycolipid scaffold has
been investigated through the synthesis of a family of posi-
tion isomers of sulfatide:[5] that is, a series of b-d-
galactosylcer ACHTUNGTRENNUNGamides bearing the sulfate group at positions 2
or 4 or 6 in galactose. These compounds have been tested
for activation of a sulfatide-specific and CD1a-restricted
T cell clone to assess the role of the position of the sulfate
in T cell activation.


Results and Discussion


Synthesis : The design of the b-d-glycosylceramidic scaffold
1 involved the incorporation of a levulinate moiety at C-2, a
p-methoxybenzyloxy group at C-3, and a [b-(trimethylsil-
ACHTUNGTRENNUNGyl)ethoxy]methyl (SEM) acetal, together with a tert-butyldi-


phenylsilyl ether, at C-4 and C-6, respectively. The four pro-
tecting groups on galactose are orthogonal and are not con-
strained to any particular deprotection sequence for the in-
troduction of the desired functionalities. Furthermore, al-
though the three ether groups can be simultaneously
removed under acid conditions, they are at the same time
stable enough to acidic glycosidation procedures. In addi-
tion, we were not interested in having selective access to the
hydroxy group on ceramide, which was thus protected as a
benzoate. As a consequence, the protecting groups on galac-
tose are not only orthogonal between themselves, but also
towards the benzoate, which, in contrast, is not orthogonal
with respect to levulinate.


The preparation of compound 1 requires quantities of the
galactosyl imidate 2 and azidosphingosine 3, to drive the
glycosidation reaction to the production of the glycolipid
template (Scheme 1). To date the preparation of glycosylcer-
amides through the Schmidt “azidosphingosine glycosylation
procedure” remains the most efficient approach for their
synthesis.[6] This procedure has been widely explored in our
laboratories, where we have developed efficient large-scale
syntheses of (2S,3R,4E)-3-O-benzoylazidosphingosine
(3).[1b,7]


Allyl a-d-galactopyranoside derivative 6 (Scheme 2) was
chosen as the precursor of imidate 2 to allow selective de-
protection of the anomeric position, thus making compound
6 a fully orthogonally protected derivative.


The synthesis started from allyl 3-O-p-methoxybenzyl-a-
d-galactopyranoside,[8] which was selectively protected at
the primary hydroxy group as the tert-butyldiphenylsilyl
ether to yield compound 4, which was in turn subsequently
acylated at position 2 by treatment with levulinic acid and a
condensing agent. Finally, protection of the free 4-OH
group was accomplished by use of [b-(trimethylsilyl)ethoxy]-
methyl (SEM) chloride and HJnig base to give galactopy-
ACHTUNGTRENNUNGranoside 6.


At this point it was essential to verify the complete ortho-
gonality of this attractive set of protecting groups on this


Scheme 1. a) TESOTf, CH2Cl2, m.s., �50 8C, 86%; b) nervonic acid, Bu3P,
EDCI, CH2Cl2, 60%.


Scheme 2. a) TBDPSCl, CH2Cl2/Py, 87%; b) Levulinic acid, EDCI,
DMAP, CH2Cl2, 62%; c) SEMCl, DIPEA, CH2Cl2, 95%;
d) NH2NH2·AcOH, CH2Cl2/MeOH, 89%; e) DDQ, CH2Cl2/H2O, 85%;
f) TBAF, THF/AcOH, 91%; g) MgBr2·Et2O, Et2O/CH3NO2, 87%; h) Ir
catalyst, THF, then NBS, THF/H2O, 85%; i) Cl3CCN, DBU, CH2Cl2,
85%. DBU= 1,8-diazabicycloACHTUNGTRENNUNG[5.4.0]undec-7-ene, Lev = levulinyl,
NBS=N-bromosuccinimide, PMB = p-methoxybenzyl, SEM = [b-(tri-
methylsilyl)ethoxy]methyl, TBDPS = tert-butyldiphenylsilyl.
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“model” compound (Scheme 2), so the Lev ester was re-
moved by treatment with hydrazine acetate in dichloro-
ACHTUNGTRENNUNGmethane/methanol to give the 2-deprotected compound 7.
Oxidative cleavage of the 3-O-p-methoxybenzyl group of 6,
on the other hand, was easily accomplished by treatment
with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in
dichloromethane/water to give 8. The tert-butyldiphenylsilyl
ether at C-6 was instead removed by treatment with tetrabu-
tylammonium fluoride buffered with acetic acid; these con-
ditions did not affect the levulinate at position 2, which was
otherwise partially hydrolyzed if acetic acid was not present.
The ether protection at C-4, the SEM group, was cleaved
with magnesium bromide in a diethyl ether/nitromethane
system, yielding compound 5. These mild cleavage condi-
tions did not affect the other ether groups on compound 6.
All the deprotection conditions, as tested on allyl galacto-
pyranoside 6, should also be compatible when the sugar is
linked to ceramide, in which there are no groups unstable to
these procedures. The allyl group of compound 6 was hydro-
lysed by smooth isomerization of the allyloxy group, fol-
lowed by hydrolysis of the enol ether. In conclusion, this
particular set of protecting groups should offer an exciting
opportunity to obtain a range of well defined structures in a
fast and facile manner.


The 1-O-unprotected derivative was converted into the
trichloroacetimidate donor 2 by treatment with trichloroace-
tonitrile in dichloromethane in the presence of DBU as the
base (Scheme 2).


The glycosylation reaction to give 10 (Scheme 1) was suc-
cessfully accomplished by treating imidate 2 with
(2S,3R,4E)-3-O-benzoylazidosphingosine (3)[1b,7] in dichloro-
methane at low temperature with catalysis by triethylsilyl
triflate. The conditions proved
to be compatible with the acid-
sensitive ether protecting
groups on galactose, provided
that the reaction was carried
out at �50 8C. The glycosylation
product was recovered in high
yield and with good stereoselec-
tivity, as confirmed by the char-
acteristic 8.0 Hz value of the
trans-diaxial J1’,2’ coupling con-
stant found in the 1H NMR
spectrum. The synthesis of b-d-
galactosylceramide derivative 1
was completed by reduction of
the azido functionality in a
Staudinger reaction with con-
comitant formation of the de-
sired amide bond through con-
densation with nervonic acid[1a]


in the presence of soluble car-
bodiimide.


With scaffold 1 to hand, the
desired 6-O-, 4-O- and 2-O-
sulfo-b-d-galactosylceramides


were prepared as described in Scheme 3. Glycolipid 1 was
first selectively deprotected in high yield at position 6 of gal-
actose and was then subjected to sulfation at the primary
hydroxy group by treatment with sulfur trioxide/trimethyl-
ACHTUNGTRENNUNGamine in DMF. The sulfated compound was fully deprotect-
ed by simultaneous removal of ether protections with 5%
trifluoroacetic acid in dichloromethane, followed by Zem-
plQn transesterification of the benzoate and levulinate. The
desired 6-O-sulfated 12 was recovered as its sodium salt
after loading onto a cation-exchange resin column, followed
by flash chromatography.


On the other hand, treatment of galactosylceramide 1
with magnesium bromide afforded a high yield of 4-O-un-
protected 13, which was then sulfated. The sodium salt of 4-
O-sulfated 14 was recovered after treatment with trifluoro-
acetic acid, followed by removal of the silyl ether with tetra-
butylammonium fluoride, ester deprotection and standard
purifications. Finally, compound 1 was selectively deprotect-
ed at the 2-position of galactose by hydrolysis of the Lev
ester with hydrazine acetate. The free hydroxy group was
smoothly sulfated under standard conditions, but a longer
reaction time was needed. The desired 2-O-sulfated 16 was
obtained in good yield after removal of the protecting
groups and final purification.


Although it should in principle also be possible to obtain
the 3-O-sulfate from scaffold 1, it was not synthesized as it
had been prepared by us previously.[1a]


Biology : We evaluated the biological activity of the synthet-
ic sulfated galactosylceramides, differing in the positions of
their sulfate groups, by a T cell antigen presentation assay.
A CD1a-restricted human T cell clone reactive to natural b-


Scheme 3. a) TBAF, THF/AcOH, 86%; b) SO3·Me3N, DMF, 40 8C, 73%; c) 1) CF3COOH 5% in CH2Cl2,
2) MeONa, MeOH/CH2Cl2, 3) Dowex Na+ form, 70%; d) MgBr2, Et2O/CH3NO2, 84%; e) SO3·Me3N, DMF,
40 8C, 68%; f) 1) CF3COOH 5% in CH2Cl2, 2) TBAF, THF, 3) MeONa, MeOH/CH2Cl2, 4) Dowex Na+ form,
66%; g) NH2NH2·AcOH, CH2Cl2/MeOH 82%; h) SO3·Me3N, DMF, 40 8C, 62%; i) see f), 75%.
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d-galactosylceramides bearing the sulfate group in position 3
of galactose was selected for these studies because desulfa-
tion experiments had clearly demonstrated the importance
of the sulfate group for TCR recognition.[9] The clone was
stimulated with two types of CD1a-expressing human anti-
gen-presenting cells (APCs): monocyte-derived dendritic
cells (DCs) (Figure 1A), or CD1a-transfected promyelocytic


THP-1 cells (Figure 1B) preincubated with the various com-
pounds. T cell activation was detected by measuring released
IL-4 or TNF-a in the culture supernatant and was compared
with the optimal response obtained with the 3-O-sulfated
galactosylceramide. The 4-O-sulfated compound (14) and to
a lesser extent the 6-O-sulfated compound (12) were active
with both types of APC, whereas the 2-O-sulfated analogue
(16) did not stimulate T cells.


We chose CD1a-restricted presentation of sulfatide as our
experimental model in order to exclude the possibility that
presentation of sulfatide analogues might be influenced by
late-endosomal resident proteins. As CD1a recycles in early
endosomes and not in late endosomes,[2] its loading with gly-
colipid antigens is not influenced by lipid transfer proteins,
and nor by sulfatases, which reside in late endosomes. In ad-
dition, CD1a can be directly loaded on the surface of anti-
gen-presenting cells without internalization and recombinant
CD1a can associate in vitro with sulfatide in the absence of
other proteins.[9] These unique characteristics of CD1a load-
ing with sulfatide make it unlikely that differences in anti-
gen presentation would be responsible for the observed re-
duced responses to the tested analogues.


The published crystal structure of CD1a–sulfatide com-
plex shows the exact position of the galactose, partially pro-
truding out of the CD1a a helices.[3c] In this structure, the
sulfate in position 3 is in an optimal orientation to make
direct contact with the TCR, thus participating in the estab-
lishment of a high-affinity TCR–CD1a–sulfatide interaction,
sufficient for T cell stimulation. Our findings with sulfatide
analogues are in agreement with this hypothesis and show
that the exact position of sulfate is important for optimal
stimulation of tested sulfatide-specific T cells.


Moreover, these data also confirm the discriminatory ca-
pacity of the T cell receptor, which is influenced by the pre-
cise position of the polar moiety of the glycolipid antigen.[10]


Indeed, other experimental models have shown the impor-
tance for immunogenicity of the anomeric form of the glyco-
sidic bond to the ceramide,[11] of the type of sugars present
in the CD1-associated ligand[12,13] and of the presence of ad-
ditional sugar moieties, which are not cleaved during antigen
processing and facilitate or inhibit antigen recognition.[13]


Conclusion


Activation of T cells is triggered by contact between the
CD1a–sulfatide antigen complex and specific T cell recep-
tors. Shedding light on the chemical requirements underly-
ing this process may be significant for understanding of the
molecular determinants of immune response.


Herein the synthesis of a series of sulfo-b-d-galactosylcer-
amides, each bearing a sulfate ester variously at position 2,
4, or 6 of galactose—that is, a family of position isomers of
mammalian sulfatide—through the use of an orthogonally
protected galactosylceramide scaffold has been described.
The isomers of the natural sulfatide were used to investigate
the role of the position of the sulfate ester in determining
the antigen–CD1a protein interaction. In this context, our
study has confirmed the discriminatory capacity of the T cell
receptor, which depends on a molecular recognition process,
influenced by the precise position of the polar moiety of the
glycolipid antigen.


Moreover, to the best of our knowledge, this is the first
example of the preparation of a galactosylceramidic scaf-
fold. We believe that this scaffold and the approach we have
presented can be used to obtain new series of cerebroside
derivatives, bearing various functionalities at different posi-
tions.


Experimental Section


General : Optical rotations were measured with a Perkin–Elmer 241 po-
larimeter at 20 8C. 1H and 13C NMR spectra were recorded at 298 K with
a Bruker AVANCE 500 spectrometer operating at 500.13 and
125.76 MHz for 1H and 13C, respectively. Chemical shifts are reported on
the d (ppm) scale and are relative to TMS as internal reference. MS spec-
tra were recorded in the negative or positive mode on a Thermo Quest
Finnigan LCQ deca spectrometer by electrospray ionization as indicat-
ed. All reactions were monitored by TLC on silica gel 60 F-254 plates
(Merck), spots being developed with 5% sulfuric acid in methanol/water
(1:1) or with phosphomolybdate-based reagent. Flash column chromatog-
raphy was performed on silica gel 60 (230–400 mesh, Merck). Organic
solutions were dried over sodium sulfate. All evaporations were carried
out under reduced pressure at 40 8C. Dry solvents and liquid reagents
were distilled prior to use: THF and diethyl ether were distilled from
sodium, whilst dichloromethane and pyridine were distilled from calcium
hydride. DMF and methanol were dried on molecular sieves (4 R).
EDCI: 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride.


Allyl 6-O-(tert-butyldiphenylsilyl)-3-O-(4-methoxybenzyl)- a-d-galacto-
pyranoside (4): TBDPSCl (4.60 mL, 17.69 mmol) was added at 0 8C to a
solution of allyl 3-O-(4-methoxybenzyl)-a-d-galactopyranoside[8] (3.00 g,


Figure 1. The position of the sulfate group influences the glycolipid im-
munogenicity. Monocyte-derived DCs (A) or CD1a-transfected human
promyelocitic cell line THP-1 (B) were preincubated with (black bars) or
without (white bars) the indicated sulfated-b-d-galactosylceramides prior
to the addition of sulfatide-specific CD1a-restricted T cell clone K34B9.1.
IL-4 or TNF-a released were measured. Data are expressed as means�
SDs (ngmL�1) of triplicates.
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8.81 mmol) in CH2Cl2/Py (2:1, 150 mL). The reaction mixture was al-
lowed to warm slowly to room temperature, and stirring was continued
for 20 h. The solution was diluted with CH2Cl2 (300 mL), washed with
HCl (2n, 2S150 mL) and water (2S150 mL) and dried, and the solvent
was removed under reduced pressure. Flash chromatography (hexane/
AcOEt 4:6) afforded 4 as an amorphous white solid (4.44 g, 87%). Rf =


0.48 (hexane/AcOEt 4:6); [a]20
D = ++67.7 (c = 1 in chloroform);


1H NMR (CDCl3): d = 1.04 (s, 9H; (CH3)3CSi), 2.05 (d, J2,OH = 8.0 Hz,
1H; OH), 2.41 (s, 1H; OH), 3.60 (dd, J2,3 = 9.5, J3,4 = 3.0 Hz, 1H; H-3),
3.74–3.85 (m, 5H; H-5, -6a and OCH3), 3.88 (dd, J5,6b = 5.5, J6a,6b =


9.5 Hz, 1H; H-6b), 3.93–4.03 (m, 2H; H-2 and OCHaHbCH=CH2), 4.05
(br s, 1H; H-4), 4.13–4.19 (m, 1H; OCHaHbCH=CH2), 4.62 (d, J =


11.7 Hz, 1H; OCHaHbPh), 4.68 (d, J = 11.7 Hz, 1H; OCHaHbPh), 4.94
(d, J1,2 = 3.7 Hz, 1H; H-1), 5.15–5.20 (m, 1H; CH=CHaHb), 5.21–5.29
(m, 1H; CH=CHaHb), 5.84–5.94 (m, 1H; CH=CHaHb), 6.85–6.89 (m, 2H;
arom.), 7.27–7.43 (m, 8H; arom.), 7.63–7.68 ppm (m, 4H; arom.);
13C NMR (CDCl3): d = 19.0, 26.6 (3SC), 55.1, 63.0, 66.7, 68.2, 68.4, 70.1,
71.6, 78.2, 97.3, 113.8 (2SC), 117.7, 127.5–135.4 (16SC), 159.2 ppm; ESI-
MS (positive-ion mode): m/z (%): 601.3 (30) [M+Na]+ , 1179.0 (100)
[2M+Na]+ ; elemental analysis calcd (%) for C33H42O7Si (578.76): C
68.48, H 7.31; found: C 68.67, H 7.40.


Allyl 6-O-(tert-butyldiphenylsilyl)-2-O-levulinyl-3-O-(4-methoxybenzyl)-
a-d-galactopyranoside (5)


From compound 4 : EDCI (4.37 g, 22.80 mmol) and DMAP (1.86 g,
15.20 mmol) were added under argon to a solution of compound 4
(4.40 g, 7.60 mmol) and levulinic acid (1.32 g, 11.4 mmol) in dichlorome-
thane (100 mL). The reaction mixture was stirred at room temperature
overnight (TLC: dichloromethane/AcOEt 8:2; Rf of 5 = 0.60), and the
solvent was removed under reduced pressure. The residue was purified
by flash chromatography (hexane/AcOEt 6:4) to give 5 (3.20 g, 62%) as
an oil.


From compound 6 : MgBr2 (0.46 g, 1.80 mmol) was treated with dry dieth-
yl ether (0.50 mL), and MeNO2 (0.10 mL) was added to this two-phase
solution. The resulting (one-phase) solution was added under argon to a
stirred solution of compound 6 (0.10 g, 0.12 mmol) in diethyl ether
(1 mL). The reaction mixture was stirred for 3 h at room temperature
and was then diluted with AcOEt (10 mL) and washed with water
(10 mL). The aqueous layer was extracted with AcOEt (2S10 mL), and
the combined organic layers were washed with brine (2S10 mL), dried
and concentrated. The crude product was purified by flash chromatogra-
phy (hexane/AcOEt 1:1) to afford 5 (0.073 g, 87%) as an oil. Rf = 0.50
(hexane/AcOEt 1:1); [a]20


D = ++59.0 (c = 1 in chloroform); 1H NMR
(CDCl3): d = 1.02 (s, 9H; (CH3)3CSi), 2.16 (s, 3H; CH3CO), 2.50 (br s,
1H; OH), 2.53–2.78 (m, 4H; OCOCH2CH2), 3.76–3.91 (m, 7H; H-3, -5,
-6a, -6b and OCH3), 3.92–3.98 (m, 1H; OCHaHbCH=CH2), 4.04 (brd,
J3,4 = 3.0 Hz, 1H; H-4), 4.07- 4.13 (m, 1H; OCHaHbCH=CH2), 4.56 (d,
J=11.7 Hz, 1H; OCHaCHbPh), 4.61 (d, J = 11.7 Hz, 1H; OCHaCHbPh),
5.01 (d, J1,2 = 3.5 Hz, 1H; H-1), 5.13 (dd, J1,2 = 3.5, J2,3 = 10.0 Hz, 1H;
H-2), 5.14–5.18 (m, 1H; CH=CHaHb), 5.20–5.27 (m, 1H; CH=CHaHb),
5.81–5.91 (m, 1H; CH=CHaHb), 6.84–6.88 (m, 2H; arom.), 7.23–7.27 (m,
2H; arom.), 7.32–7.43 (m, 6H; arom.), 7.63–7.69 ppm (m, 4H; arom.);
13C NMR (CDCl3): d = 19.9, 27.5 (3SC), 28.7, 30.5, 38.6, 55.9, 63.8, 68.1,
68.9, 70.7, 71.2, 72.8, 76.0, 95.9, 114.6 (2SC), 118.3, 128.4–136.3 (16SC),
160.1, 172.9, 207.0 ppm; ESI-MS (positive-ion mode): m/z (%): 699.2 (75)
[M+Na]+ , 1375.0 (100) [2M+Na]+ ; elemental analysis calcd (%) for
C38H48O9Si (676.87): C 67.43, H 7.15; found: C 67.58, H 7.26.


Allyl 6-O-(tert-butyldiphenylsilyl)-2-O-levulinyl-3-O-(4-methoxybenzyl)-
4-O-{[b-(trimethylsilyl)ethoxy]methyl}-a-d-galactopyranoside (6): Com-
pound 5 (3.15 g, 4.65 mmol) was dissolved in dry dichloromethane
(50 mL). N,N-Diisopropylethylamine (6.37 mL, 37.20 mmol) and [b-(tri-
methylsilyl)ethoxy]methyl chloride (3.28 mL, 18.60 mmol) were succes-
sively added to this solution, which was then heated at reflux for 15 h
under argon, during which an additional quantity of SEMCl (0.80 mL)
was added. The solvent was removed under reduced pressure and pure 6
(3.56 g, 95%) was recovered after flash chromatography (hexane/AcOEt
7.5:2.5) as an oil. Rf = 0.63 (hexane/AcOEt 6:4); [a]20


D = ++36.7 (c = 1
in chloroform); 1H NMR (CDCl3): d = �0.14 (s, 9H; (CH3)3Si), 0.64–
0.76 (m, 2H; SiCH2), 1.03 (s, 9H; (CH3)3CSi), 2.14 (s, 3H; CH3CO),


2.52–2.77 (m, 4H; OCOCH2CH2), 3.43–3.54 (m, 2H; CH2OCH2O), 3.75–
3.83 (m, 6H; H-5, -6a, -6b and OCH3), 3.83 (dd, J2,3 = 10.5, J3,4 =


3.7 Hz, 1H; H-3), 3.89–3.94 (m, 1H; OCHaHbCH=CH2), 4.03–4.09 (m,
2H; H-4 and OCHaHbCH=CH2), 4.53 (d, J = 11.5 Hz, 1H; OCHaHbPh),
4.61 (d, J = 11.5 Hz, 1H; OCHaHbPh), 4.70 (d, J = 7.0 Hz, 1H;
CH2OCHaHbO), 4.86 (d, J = 7.0 Hz, 1H; CH2OCHaHbO), 5.04 (d, J1,2 =


3.7 Hz, 1H; H-1), 5.11–5.23 (m, 3H; H-2 and CH=CH2), 5.78–5.87 (m,
1H; CH=CH2), 6.83–6.87 (m, 2H; arom.), 7.21–7.26 (m, 2H; arom.),
7.32–7.42 (m, 6H; arom.), 7.62–7.66 ppm (m, 4H; arom.); 13C NMR
(CDCl3): d = �0.8 (3SC), 18.4, 19.9, 27.5 (3SC), 28.7, 30.5, 38.6, 55.9,
64.0, 66.3, 68.8, 71.8, 72.1, 72.8, 73.2, 76.6, 95.8, 96.2, 114.5 (2SC), 118.1,
128.4–136.2 (16SC), 159.9, 172.8, 207.0 ppm; ESI-MS (positive-ion
mode): m/z (%): 829.3 (79) [M+Na]+ , 1635.7 (100) [2M+Na]+ ; elemen-
tal analysis calcd (%) for C44H62O10Si2 (807.13): C 65.48, H 7.74; found:
C 65.39, H 7.80.


Allyl 6-O-(tert-butyldiphenylsilyl)-3-O-(4-methoxybenzyl)-4-O-{[b-(tri-
methylsilyl)ethoxy]methyl}-a-d-galactopyranoside (7): A solution of hy-
drazine acetate (0.033 g, 0.36 mmol) in methanol (0.10 mL) was added to
a stirred solution of compound 6 (0.10 g, 0.12 mmol) in dichloromethane
(10 mL) and the reaction mixture was kept stirring at room temperature
for 3 h. Water (10 mL) was added, and after separation the aqueous layer
was extracted with dichloromethane (2S10 mL). The combined organic
layers were dried, concentrated and purified by flash chromatography
(dichloromethane/AcOEt 9:1) to yield 7 (0.076 g, 89%) as an oil. Rf =


0.44 (dichloromethane/AcOEt 9:1); [a]20
D = ++85.8 (c = 1 in chloro-


form); 1H NMR (CDCl3): d = �0.14 (s, 9H; (CH3)3Si), 0.68–0.79 (m,
2H; SiCH2), 1.04 (s, 9H; (CH3)3CSi), 2.07 (d, J2,OH = 7.5 Hz, 1H; OH),
3.47–3.55 (m, 3H; H-5 and CH2OCH2O), 3.59 (dd, J2,3 = 10.0, J3,4 =


2.7 Hz, 1H; H-3), 3.74–3.82 (m, 5H; H-6a, -6b and OCH3), 3.93–3.99 (m,
1H; OCHaHbCH=CH2), 3.99–4.05 (m, 1H; H-2), 4.08–4.14 (m, 2H; H-4
and OCHaHbCH=CH2), 4.57 (d, J = 11.5 Hz, 1H; OCHaHbPh), 4.69 (d,
J = 11.5 Hz, 1H; OCHaHbPh), 4.71 (d, J = 7.0 Hz, 1H; CH2OCHaHbO),
4.88 (d, J = 7.0 Hz, 1H; CH2OCHaHbO), 4.96 (d, J1,2 = 3.7 Hz, 1H; H-
1), 5.12–5.18 (m, 1H; CH=CHaHb), 5.19–5.25 (m, 1H; CH=CHaHb),
5.81–5.90 (m, 1H; CH=CH2), 6.84–6.89 (m, 2H; arom.), 7.26–7.43 (m,
8H; arom.), 7.62–7.68 ppm (m, 4H; arom.); 13C NMR (CDCl3): d = �0.8
(3SC), 18.4, 19.9, 27.5 (3SC), 56.0, 64.0, 66.3, 68.9, 69.6, 72.3 (3SC),
79.3, 96.1, 98.0, 114.6 (2SC), 118.5, 128.4–136.2 (16SC), 159.9 ppm; ESI-
MS (positive-ion mode): m/z (%): 709.2 (100) [M+H]+ ; elemental analy-
sis calcd (%) for C39H56O8Si2 (709.03): C 66.06, H 7.96; found: C 66.28, H
8.00.


Allyl 6-O-(tert-butyldiphenylsilyl)-2-O-levulinyl-4-O-{[b-(trimethylsilyl)-
ACHTUNGTRENNUNGethoxy]methyl}-a-d-galactopyranoside (8): DDQ (0.035 g, 0.16 mmol)
was added to a mixture of compound 6 (0.10 g, 0.12 mmol) in dichloro-
ACHTUNGTRENNUNGmethane (1.5 mL) containing water (5%) and the mixture was stirred
vigorously for 3 h, diluted with dichloromethane (15 mL) and washed
successively with saturated Na2S2O3 (1S10 mL), NaHCO3 (1S10 mL)
and brine (1S10 mL). The organic phase was dried and concentrated
under reduced pressure. The residue was purified by flash chromatogra-
phy (hexane/AcOEt 7:3) to give compound 8 (0.070 g, 85%) as an oil. Rf


= 0.30 (hexane/AcOEt 7:3); [a]20
D = ++41.2 (c = 1 in chloroform);


1H NMR (CDCl3): d = �0.02 (s, 9H; (CH3)3Si), 0.88–0.96 (m, 2H;
SiCH2), 1.03 (s, 9H; (CH3)3CSi), 2.15 (s, 3H; CH3CO), 2.60–2.82 (m, 4H;
OCOCH2CH2), 3.46–3.54 (m, 1H; CHaHbOCH2O), 3.71 (dd, J5,6a = 5.7,
J6a,6b = 10.0 Hz, 1H; H-6a), 3.80 (dd, J5,6b = 8.0, J6a,6b = 10.0 Hz, 1H;
H-6b), 3.82–3.89 (m, 1H; CHaHbOCH2O), 3.89–3.99 (m, 3H; H-3, -5 and
OCHaHbCH=CH2), 4.01 (brd, J3,4 = 3.0 Hz, 1H; H-4), 4.03–4.08 (m, 1H;
OCHaHbCH=CH2), 4.57 (d, J = 7.0 Hz, 1H; CH2OCHaHbO), 4.75 (d, J
= 7.0 Hz, 1H; CH2OCHaHbO), 4.92 (d, J1,2 = 3.7 Hz, 1H; H-1), 4.98
(dd, J1,2 = 3.7 Hz, J2,3 = 10.3 Hz, 1H; H-2), 5.12–5.17 (m, 1H; CH=


CHaHb), 5.21–5.27 (m, 1H; CH=CHaHb), 5.79–5.88 (m, 1H; CH=CH2),
7.33–7.44 (m, 6H; arom.), 7.60–7.65 ppm (m, 4H; arom.); 13C NMR
(CDCl3): d = �0.8 (3SC), 18.7, 19.9, 27.5 (3SC), 28.8, 30.5, 38.7, 62.4,
67.5, 68.1, 69.2, 71.1, 72.6, 81.5, 96.6, 97.8, 118.1, 128.5–136.2 (13SC),
173.1, 207.1 ppm; ESI-MS (positive-ion mode): m/z (%): 709.1 (41)
[M+Na]+ , 1395.8 (100) [2M+Na]+ ; elemental analysis calcd (%) for
C36H54O9Si2 (686.98): C 62.94, H 7.92; found: C 62.85, H 7.78.
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Allyl 2-O-levulinyl-3-O-(4-methoxybenzyl)-4-O-{[b-(trimethylsilyl)eth-
ACHTUNGTRENNUNGoxy]methyl}-a-d-galactopyranoside (9): Tetrabutylammonium fluoride
(0.18 mL, 1m in THF) was added to a solution of compound 6 (0.10 g,
0.12 mmol) in tetrahydrofuran/acetic acid (4:1, 2 mL) and the solution
was stirred at room temperature for five days, during which additional
aliquots of TBAF were added (overall 5 equiv). The solution was diluted
with ethyl acetate (20 mL), washed with NaHCO3 (2S10 mL) and NaCl
(1S10 mL), dried and concentrated. The residue was purified by flash
chromatography (hexane/AcOEt 1:1) to give compound 9 (0.062 g, 91%)
as an oil. Rf = 0.32 (hexane/AcOEt 1:1); [a]20


D = ++41.0 (c = 1 in chloro-
form); 1H NMR (CDCl3): d = �0.01 (s, 9H; (CH3)3Si), 0.86–0.98 (m,
2H; SiCH2), 2.14 (s, 3H; CH3CO), 2.52–2.77 (m, 4H; OCOCH2CH2),
3.02 (t, J6,OH = 7.5 Hz, 1H; OH), 3.47–3.53 (m, 1H; CHaHbOCH2O),
3.64–3.72 (m, 2H; H-6a, -6b), 3.74–3.82 (m, 4H; CHaHbOCH2O and
OCH3), 3.87–3.94 (m, 2H; H-3, -5), 3.96–4.01 (m, 1H; OCHaHbCH=


CH2), 4.06 (brd, J3,4 = 3.0 Hz, 1H; H-4), 4.10–4.15 (m, 1H;
OCHaHbCH=CH2), 4.56 (d, J = 11.5 Hz, 1H; OCHaHbPh), 4.60 (d, J =


11.5 Hz, 1H; OCHaHbPh), 4.76 (d, J = 7.0 Hz, 1H; CH2OCHaHbO), 4.81
(d, J = 7.0 Hz, 1H; CH2OCHaHbO), 5.04 (d, J1,2 = 3.5 Hz, 1H; H-1),
5.15 (dd, J1,2 = 3.5, J2,3 = 10.5 Hz, 1H; H-2), 5.15–5.20 (m, 1H; CH=


CHaHb), 5.22–5.29 (m, 1H; CH=CHaHb), 5.82–5.92 (m, 1H; CH=CH2),
6.83–6.88 (m, 2H; arom.), 7.21–7.26 ppm (m, 2H; arom.); 13C NMR
(CDCl3): d = �0.8 (3SC), 18.8, 28.7, 30.5, 38.6, 56.0, 61.3, 67.2, 69.3,
70.4, 71.8, 73.4, 74.5, 76.0, 96.3, 97.6, 114.6 (2SC), 118.3, 129.9 (2SC),
130.9, 134.5, 160.0, 172.8, 206.9 ppm; ESI-MS (positive-ion mode): m/z
(%): 591.2 (100) [M+Na]+ , 1159.5 (40) [2M+Na]+ ; elemental analysis
calcd (%) for C28H44O10Si (568.73): C 59.13, H 7.80; found: C 58.90, 7.57.


6-O-(tert-Butyldiphenylsilyl)-2-O-levulinyl-3-O-(4-methoxybenzyl)-4-O-
{[b-(trimethylsilyl)ethoxy]methyl}-a,b-d-galactopyranosyl trichloroacet-
ACHTUNGTRENNUNGimidate (2): Bis(methyldiphenyl phosphine)cyclooctadiene-iridium(i)
hexa ACHTUNGTRENNUNGfluorophosphate (0.098 g, 0.12 mmol) was suspended in dry tetrahy-
drofuran (25 mL) under Ar, and hydrogen was bubbled through the mix-
ture for 15 min. The resulting clear solution was then added dropwise to
a stirred solution of 6 (3.10 g, 3.84 mmol) in dry tetrahydrofuran (40 mL)
under Ar. After 3 h, additional tetrahydrofuran (200 mL), water (15 mL),
and N-bromosuccinimide (1.03 g, 5.77 mmol) were added. After 15 min,
the mixture was concentrated, dichloromethane was added (200 mL), and
the organic layer was washed with saturated NaHCO3 solution (2S
100 mL), dried and evaporated. The galactopyranose product (2.51 g,
85%) was recovered after flash chromatography (hexane/AcOEt 6:4;
Rf=0.22), and dissolved in dry dichloromethane (45 mL). Trichloroaceto-
nitrile (3.28 mL, 32.70 mmol) and 1,8-diazabicyclo ACHTUNGTRENNUNG[5,4,0]undec-7-ene
(0.10 mL) were added and the mixture was stirred for 2 h at room tem-
perature. The solvent was evaporated, and the residue was purified by
flash chromatography (hexane/AcOEt 7:3, 1% triethylamine) to yield 2
(2.53 g, 85%) as an oil. Rf = 0.30 (hexane/AcOEt 7:3); [a]20


D =++20.9
(c= 1 in chloroform); 1H NMR (CDCl3) (selected signals): d = 3.48 (dd,
J2,3 = 10.0, J3,4 = 3.0 Hz, 0.3H; H-3b), 3.91 (dd, J2,3 = 10.5, J3,4 = 2.5 Hz,
0.7H; H-3a), 5.38 (dd, J1,2 = 3.5, J2,3 = 10.5 Hz, 0.7H; H-2a), 5.47 (dd,
J1,2 = 8.5, J2,3 = 10.0 Hz, 0.3H; H-2b), 5.67 (d, J1,2 = 8.5 Hz, 0.3H;
H-1b), 6.47 (d, J1,2 = 3.5 Hz, 0.7H; H-1a), 8.47 (s, 0.7H; a-NH), 8.56 ppm
(s, 0.3H; b-NH); ESI-MS (positive-ion mode): m/z (%): 932.0 (100)
[M+Na]+ ; elemental analysis calcd (%) for C43H58Cl3NO10Si2 (911.45): C
56.66, H 6.41; found: C 56.49, H 6.36.


ACHTUNGTRENNUNG(2S,3R,4E)-2-Azido-3-benzoyloxy-1-[6-O-(tert-butyldiphenylsilyl)-2-O-
levulinyl-3-O-(4-methoxybenzyl)-4-O-{[b-(trimethylsilyl)ethoxy]methyl}-
b-d-galactopyranosyloxy]-octadec-4-ene (10): Triethylsilyl trifluorometha-
nesulfonate in dry CH2Cl2 (0.1m solution, 2.1 mL) was added dropwise at
�50 8C under argon to a mixture of imidate 2 (2.29 g, 2.52 mmol), 3-O-
benzoylazidosphingosine (3,[7] 0.90 g, 2.10 mmol) and molecular sieves
(4 R, 1.80 g) in dry CH2Cl2 (70 mL). After 30 min the reaction mixture
was quenched by addition of saturated NaHCO3 solution and filtered
over a pad of celite. After separation, the aqueous layer was extracted
with CH2Cl2 (3S50 mL) and the combined organic layers were dried and
concentrated. Purification by flash chromatography (hexane/AcOEt 8:2)
gave pure 10 (2.12 g, 86%) as a colourless oil. Rf = 0.38 (hexane/AcOEt
8:2); [a]20


D = �21.0 (c = 1 in chloroform); 1H NMR (CDCl3): d = �0.12
(s, 9H; (CH3)3Si), 0.70–0.76 (m, 2H; SiCH2), 0.86 (t, J = 6.0 Hz, 3H;
CH3), 1.03 (s, 9H; (CH3)3CSi), 1.11–1.38 (m, 22H; CH2), 1.96–2.04 (m,


2H; 2SH-6), 2.14 (s, 3H; CH3CO), 2.54–2.85 (m, 4H; OCOCH2CH2),
3.33–3.39 (m, 2H; H-3’, -5’), 3.42 (dd, J1a,1b = 10.5, J1a,2 = 6.3 Hz, 1H;
H-1a), 3.46–3.57 (m, 2H; CH2OCH2O), 3.75–3.94 (m, 7H; H-1b, -2, -6a’,
-6b’ and OCH3), 4.04 (brd, J3’,4’ = 2.5 Hz, 1H; H-4’), 4.26 (d, J1’,2’ =


8.0 Hz, 1H; H-1’), 4.47 (d, J = 12.0 Hz, 1H; OCHaHbPh), 4.62 (d, J =


12.0 Hz, 1H; OCHaHbPh), 4.69 (d, J = 7.0 Hz, 1H; CH2OCHaHbO), 4.85
(d, J = 7.0 Hz, 1H; CH2OCHaHbO), 5.23 (dd, J1’,2’ = 8.0, J2’,3’ = 10.0 Hz,
1H; H-2’), 5.44–5.54 (m, 2H; H-3, -4), 5.78–5.89 (m, 1H; H-5), 6.84–6.90
(m, 2H; arom.), 7.20–7.26 (m, 2H; arom.), 7.32–7.68 (m, 13H; arom.),
7.98–8.04 ppm (m, 2H; arom.); 13C NMR (CDCl3): d = �0.8 (3SC),
14.8, 18.5, 19.9, 23.4, 27.5 (3SC), 28.6–38.6 (14SC), 55.9, 63.6, 64.3, 66.3,
68.0, 71.2, 71.9, 72.0, 75.7, 76.5, 79.3, 96.1, 101.8, 114.5 (2SC), 123.4,
128.5–139.4 (22SC), 160.0, 165.8, 172.0, 207.3 ppm; ESI-MS (positive-ion
mode): m/z (%): 1200.3 (100) [M+Na]+ ; elemental analysis calcd (%) for
C66H95N3O12Si2 (1178.64): C 67.26, H 8.12, N 3.57; found: C 67.39, H 8.21,
N 3.62.


ACHTUNGTRENNUNG(2S,3R,4E)-3-Benzoyloxy-1-[6-O-(tert-butyldiphenylsilyl)-2-O-levulinyl-3-
O-(4-methoxybenzyl)-4-O-{[b-(trimethylsilyl)ethoxy]methyl}-b-d-galacto-
pyranosyloxy]-2-((Z)-tetracos-15-enoylamino)-octadec-4-ene (1): Bu3P
(0.47 mL, 1.91 mmol) was added under argon to a solution of compound
10 (1.5 g, 1.27 mmol) and nervonic acid (0.70 g, 1.91 mmol) in dry di-
chloromethane (25 mL). After consumption of the starting material (3 h),
as shown by TLC (hexane/AcOEt 7:3), EDCI (0.73 g, 3.81 mmol) was
added and the reaction mixture was stirred overnight at room tempera-
ture. The solvent was evaporated off and pure 1 (1.14 g, 60%) was recov-
ered as a colourless oil after purification of the crude product by flash
chromatography (hexane/AcOEt from 8:2 to 7:3). Rf = 0.50 (hexane/
AcOEt 7:3); [a]20


D = �13.9 (c = 1 in chloroform); 1H NMR (CDCl3): d=
�0.12 (s, 9H; (CH3)3Si), 0.70–0.76 (m, 2H; SiCH2), 0.86 (t, J = 6.5 Hz,
6H; 2SCH3), 1.01 (s, 9H; (CH3)3CSi), 1.12–1.36 (m, 54H; 27SCH2),
1.51–1.60 (m, 2H; CH2), 1.88–2.04 (m, 9H; 3SCH2C=C and CH3CO),
2.04–2.18 (m, 2H; CH2CONH), 2.34–2.42 and 2.47–2.59 and 2.73–2.82
(3Sm, 4H; OCOCH2CH2), 3.29–3.35 (m, 2H; H-3’, -5’), 3.46–3.59 (m,
3H; H-1a and CH2OCH2O), 3.73–3.78 (m, 2H; 2SH-6’), 3.78 (s, 3H;
OCH3), 4.03 (brd, J3’,4’ = 2.5 Hz, 1H; H-4’), 4.07 (dd, J1a,1b = 10.5, J1b,2=


3.7 Hz, 1H; H-1b), 4.21 (d, J1’,2’ = 8.0 Hz, 1H; H-1’), 4.36–4.45 (m, 2H;
H-2 and OCHaHbPh), 4.61 (d, J = 12.0 Hz, 1H; OCHaHbPh), 4.70 (d, J
= 7.0 Hz, 1H; CH2OCHaHbO), 4.84 (d, J = 7.0 Hz, 1H;
CH2OCHaHbO), 5.23 (dd, J1’,2’ = 8.0, J2’,3’ = 10.0 Hz, 1H; H-2’), 5.27–
5.37 (m, 2H; CH=CH), 5.38–5.48 (m, 2H; H-3, -4), 5.78 (dt, J4,5 = 15.0,
J5,6 = 6.5 Hz, 1H; H-5), 6.60 (d, J2,NH = 9.3 Hz, 1H; NH), 6.84–6.87 (m,
2H; arom.), 7.18–7.22 (m, 2H; arom.), 7.28–7.64 (m, 13H; arom.), 7.93–
7.97 ppm (m, 2H; arom.); 13C NMR (CDCl3): d = �0.8 (3SC), 14.8 (2S
C), 18.4, 19.8, 23.4–38.5 (38SC), 51.5, 55.9, 63.3, 66.3, 67.8, 71.1, 71.9 (2S
C), 75.3, 76.2, 79.5, 96.1, 102.3, 114.5 (2SC), 125.6–137.5 (25SC), 159.9,
166.0, 171.9, 173.8, 207.5 ppm; ESI-MS (positive-ion mode): m/z (%):
1522.6 (100) [M+Na]+ ; elemental analysis calcd (%) for C90H141NO13Si2
(1501.25): C 72.00, H 9.47, N 0.93; found: C 72.15, H 9.25, N 0.96.


ACHTUNGTRENNUNG(2S,3R,4E)-3-Benzoyloxy-1-[2-O-levulinyl-3-O-(4-methoxybenzyl)-4-O-
{[b-(trimethylsilyl)ethoxy]methyl}-b-d-galactopyranosyloxy]-2-((Z)-tetra-
cos-15-enoylamino)-octadec-4-ene (11): Tetrabutylammonium fluoride
(1.33 mL, 1m in THF) was added to a solution of compound 1 (0.20 g,
0.13 mmol) in tetrahydrofuran/acetic acid (4:1, 7 mL) and the solution
was stirred at room temperature for 5 days, during which additional ali-
quots of TBAF were added (overall 5 equiv). The solution was diluted
with ethyl acetate (20 mL), washed with saturated NaHCO3 (2S10 mL)
and NaCl (1S10 mL), dried and concentrated. The residue was purified
by flash chromatography (hexane/AcOEt 1:1) to give compound 11
(0.14 g, 86%) as a colourless oil. Rf = 0.29 (hexane/AcOEt 1:1); [a]20


D =


�21.9 (c = 1 in chloroform); 1H NMR (CDCl3): d = 0.00 (s, 9H;
(CH3)3Si), 0.82–0.98 (m, 8H; 2SCH3 and SiCH2), 1.15–1.38 (m, 54H;
27SCH2), 1.52–1.61 (m, 2H; CH2), 1.94–2.04 (m, 9H; 3SCH2C=C and
CH3CO), 2.06–2.18 (m, 2H; CH2CONH), 2.36–2.44 and 2.46–2.54 and
2.56–2.64 and 2.71–2.80 (4 m, 4H; OCOCH2CH2), 3.18 (br s, 1H; OH),
3.40–3.53 (m, 3H; H-3’, 5’ and CHaHbOCH2O), 3.56–3.70 (m, 3H; H-1a
and 2SH-6’), 3.72–3.80 (m, 4H; OCH3 and CHaHbOCH2O), 3.97–4.02
(m, 2H; H-1b, 4’), 4.27 (d, J1’,2’ = 8.0 Hz, 1H; H-1’), 4.39–4.47 (m, 2H;
H-2 and OCHaHbPh), 4.56 (d, J = 12.0 Hz, 1H; OCHaHbPh), 4.76 (d, J=
7.0 Hz, 1H; CH2OCHaHbO), 4.81 (d, J = 7.0 Hz, 1H; CH2OCHaHbO),
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5.20 (dd, J1’,2’ = 8.0, J2’,3’ = 10.3 Hz, 1H; H-2’), 5.27–5.37 (m, 2H; CH=


CH), 5.45 (brdd, J3,4 = 7.5, J4,5 = 15.0 Hz, 1H; H-4), 5.53 (t, J2,3 = J3,4 =


7.5 Hz, 1H; H-3), 5.83 (dt, J4,5 = 15.0, J5,6 = 6.5 Hz, 1H; H-5), 6.44 (d,
J2,NH = 9.0 Hz, 1H; NH), 6.83–6.87 (m, 2H; arom.), 7.17–7.21 (m, 2H;
arom.), 7.38–7.44 (m, 2H; arom.), 7.49–7.55 (m, 1H; arom.), 7.97–
8.02 ppm (m, 2H; arom.); 13C NMR (CDCl3): d = �0.8 (3SC), 14.8 (2S
C), 18.8, 23.4–38.5 (35SC), 51.5, 55.9, 61.3, 67.1, 68.2, 71.9, 72.4, 72.6,
75.2 (2SC), 79.2, 97.2, 102.2, 114.5 (2SC), 125.6–137.9 (13SC), 160.1,
166.1, 172.0, 173.8, 207.3 ppm; ESI-MS (positive-ion mode):
m/z (%): 1284.5 (100) [M+Na]+ ; elemental analysis calcd (%) for
C74H123NO13Si (1262.85): C 70.38, H 9.82, N 1.11; found: C 70.49, H 9.91,
N 1.18.


ACHTUNGTRENNUNG(2S,3R,4E)-1-[6-O-(Sodium oxysulfonyl)-b-d-galactopyranosyloxy]-2-
((Z)-tetracos-15-enoylamino)-octadec-4-ene (12): A solution of com-
pound 11 (0.13 g, 0.10 mmol) in dry DMF (2 mL) was treated with sulfur
trioxide/trimethylamine complex (0.042 g, 0.30 mmol), and the resulting
mixture was stirred at 40 8C for 1 h. The mixture was concentrated to a
few microlitres under reduced pressure (high vacuum pump) and purified
by flash chromatography (CH2Cl2/MeOH 9:1) to afford the 6-sulfated
product (0.098 g, 73%) as a colourless oil. Rf = 0.34 (CH2Cl2/MeOH
9:1); 1H NMR (CDCl3/CD3OD 2:1): d = �0.05 (s, 9H; (CH3)3Si), 0.75–
0.92 (m, 8H; 2SCH3 and SiCH2), 1.16–1.36 (m, 54H; 27SCH2), 1.50–
1.60 (m, 2H; CH2), 1.94–2.22 (m, 11H; 3SCH2C=C and CH3CO and
CH2CONH), 2.38–2.82 (m, 4H; OCOCH2CH2), 3.48 (dd, J2’,3’ = 10.0,
J3’,4’ = 3.0 Hz, 1H; H-3’), 3.56–3.68 (m, 3H; H-1a and CH2OCH2O),
3.75–3.85 (m, 4H; H-5’ and OCH3), 3.98–4.18 (m, 4H; H-1b, 4’, 6a’, 6b’),
4.28–4.42 (m, 3H; H-1’, -2 and OCHaHbPh), 4.62 (d, J = 11.5 Hz, 1H;
OCHaHbPh), 4.72 (d, J = 7.0 Hz, 1H; CH2OCHaHbO), 4.85 (d, J=
7.0 Hz, 1H; CH2OCHaHbO), 5.17 (dd, J1’,2’ = 8.0, J2’,3’ = 10.0 Hz, 1H;
H-2’), 5.27–5.36 (m, 2H; CH=CH), 5.41–5.52 (m, 2H; H-3, -4), 5.81 (dt,
J4,5 = 15.0, J5,6 = 7.0 Hz, 1H; H-5), 6.81–6.89 (m, 2H; arom.), 7.16–7.25
(m, 2H; arom.), 7.38–7.58 (m, 4H; 3SH arom. and NH), 7.93–8.02 ppm
(m, 2H; arom.); ESI-MS (negative-ion mode): m/z (%): 1340.8 (100)
[M�H]� .


The 6-sulfated compound (0.080 g, 0.060 mmol) was treated with tri-
fluoroacetic acid in dichloromethane (5% 2 mL) at room temperature
for 10 min., and the solvent was then evaporated under reduced pressure.
The residue was dissolved in dry dichloromethane/methanol (1:1, 1.5 mL)
and sodium methoxide in dry methanol (0.05m solution, 1.48 mL) was
added. The reaction mixture was stirred overnight at room temperature
and was then neutralized with an ion-exchange resin (Dowex 50S8, H+


form), filtered and concentrated. The solvent was removed under re-
duced pressure, and the residue was then dissolved in CHCl3/MeOH (1:1,
1 mL) and loaded onto a cation-exchange resin column (Dowex 50X8,
Na+ form, 0.5S4 cm). The mixture was eluted with CHCl3/MeOH 1:1,
concentrated and subjected to flash chromatography (CH2Cl2/MeOH 8:2)
to give compound 12 (0.038 g, 70%) as an amorphous white solid. Rf =


0.20 (CH2Cl2/MeOH 8:2); [a]20
D = �4.4 (c = 0.5 in chloroform/methanol


1:1); 1H NMR (CDCl3/CD3OD 1:1): d = 0.88 (t, J = 6.5 Hz, 6H; 2S
CH3), 1.20–1.45 (m, 54H; 27SCH2), 1.53–1.63 (m, 2H; CH2), 1.97–2.08
(m, 6H; 3SCH2C=C), 2.17 (t, J = 7.5 Hz, 2H; CH2CO), 3.50–3.60 (m,
3H; H-1a, -2’, -3’), 3.75–3.80 (m, 1H; H-5’), 3.94 (d, J3’,4’ = 2.5 Hz, 1H;
H-4’), 3.98–4.02 (m, 1H; H-2), 4.09 (t, J2,3 = J3,4 = 7.5 Hz, 1H; H-3),
4.14 (dd, J1a,1b = 10.5, J1b,2 = 4.7 Hz, 1H; H-1b), 4.16–4.24 (m, 3H; H-1’,
-6a’, -6b’), 5.29–5.37 (m, 2H; CH=CH), 5.43 (ddt, J3,4 = 7.5, J4,5 = 15.0,
Jall = 1 Hz, 1H; H-4), 5.69 ppm (dt, J4,5 = 15.0, J5,6 = 6.5 Hz, 1H; H-5);
13C NMR (CDCl3/CD3OD 1:1): d = 13.6 (2SC), 22.5–36.3 (32SC), 53.4,
65.8, 68.2, 69.0, 71.2, 71.9, 72.8, 73.0, 103.8, 129.3, 129.7 (2SC), 134.1,
174.8 ppm; ESI-MS (negative-ion mode): m/z (%): 888.9 (100) [M�Na]� ;
elemental analysis calcd (%) for C48H90NNaO11S (912.28): C 63.19, H
9.94, N 1.54; found: C 63.03, H 9.80, N 1.50.


ACHTUNGTRENNUNG(2S,3R,4E)-3-Benzoyloxy-1-[6-O-(tert-butyldiphenylsilyl)-2-O-levulinyl-3-
O-(4-methoxybenzyl)-b-d-galactopyranosyloxy]-2-((Z)-tetracos-15-enoyl-
ACHTUNGTRENNUNGamino)-octadec-4-ene (13): MgBr2 (0.50 g, 1.95 mmol) was treated with
dry diethyl ether (1 mL), and MeNO2 (0.20 mL) was added to this bipha-
sic solution. The resulting (one-phase) solution was added under argon to
a stirred solution of compound 1 (0.20 g, 0.13 mmol) in diethyl ether
(2 mL). The reaction mixture was stirred for 3 h at room temperature


and was then diluted with AcOEt (20 mL) and washed with water
(20 mL). The aqueous layer was extracted with AcOEt (3S15 mL), and
the combined organic layers were washed with brine (2S20 mL), dried
and concentrated. The crude product was purified by flash chromatogra-
phy (hexane/AcOEt 7:3) to afford 13 (0.15 g, 84%) as an oil. Rf = 0.35
(hexane/AcOEt 7:3); [a]20


D = �1.4 (c = 1 in chloroform); 1H NMR
(CDCl3): d = 0.86 (t, J = 6.5 Hz, 6H; 2SCH3), 1.00 (s, 9H; (CH3)3CSi),
1.12–1.36 (m, 54H; 27SCH2), 1.51–1.64 (m, 2H; CH2), 1.88–2.21 (m,
11H; 3SCH2C=C, CH3CO and CH2CONH), 2.35–2.43 and 2.46–2.63 and
2.75–2.84 (3Sm, 5H; OCOCH2CH2 and OH), 3.36–3.43 (m, 2H; H-3’,
-5’), 3.53 (dd, J1a,1b = 10.5, J1a,2 = 3.5 Hz, 1H; H-1a), 3.67 (dd, J6a’,6b’ =


10.3, J5’,6a’ = 5.5 Hz, 1H; H-6a’), 3.76–3.83 (m, 4H; H-6b’ and OCH3),
4.00 (brd, J3’,4’ = 3.0 Hz, 1H; H-4’), 4.06 (dd, J1a,1b = 10.5, J1b,2 = 3.7 Hz,
1H; H-1b), 4.26 (d, J1’,2’ = 8.0 Hz, 1H; H-1’), 4.38–4.44 (m, 1H; H-2),
4.50 (d, J = 12.0 Hz, 1H; OCHaHbPh), 4.57 (d, J = 12.0 Hz, 1H;
OCHaHbPh), 5.17 (dd, J1’,2’ = 8.0, J2’,3’ = 10.0 Hz, 1H; H-2’), 5.29–5.36
(m, 2H; CH=CH), 5.38–5.50 (m, 2H; H-3, 4), 5.78 (brdt, J4,5 = 15.0, J5,6


= 6.5 Hz, 1H; H-5), 6.63 (d, J2,NH = 9.3 Hz, 1H; NH), 6.83–6.87 (m, 2H;
arom.), 7.18–7.64 (m, 15H; arom.), 7.91–7.95 ppm (m, 2H; arom.);
13C NMR (CDCl3): d = 14.8 (2SC), 19.8–38.5 (39SC), 51.5, 55.9, 62.6,
66.4, 67.4, 71.6, 72.0, 75.1, 75.3, 79.0, 101.7, 114.6 (2SC), 125.6–137.6
(25SC), 165.5, 166.0, 172.1, 173.9, 207.6 ppm; ESI-MS (positive-ion
mode): m/z (%): 1392.7 (100) [M+Na]+ ; elemental analysis calcd (%) for
C84H127NO12Si (1370.99): C 73.59, H 9.34, N 1.02; found: C 73.70, H 9.40,
N 1.05.


ACHTUNGTRENNUNG(2S,3R,4E)-1-[4-O-(Sodium oxysulfonyl)-b-d-galactopyranosyloxy]-2-
((Z)-tetracos-15-enoylamino)-octadec-4-ene (14): A solution of com-
pound 13 (0.14 g, 0.10 mmol) in dry DMF (2 mL) was treated with sulfur
trioxide/trimethylamine complex (0.042 g, 0.30 mmol), and the resulting
mixture was stirred at 40 8C for 3 h. The mixture was concentrated to a
few microlitres under reduced pressure (high vacuum pump) and purified
by flash chromatography (CH2Cl2/MeOH 9.5:0.5) to afford the 4-sulfated
product (0.098 g, 68%) as a colourless oil. Rf = 0.15 (CH2Cl2/MeOH
9.5:0.5); 1H NMR (CDCl3/CD3OD 2:1): d = 0.84 (t, J = 6.5 Hz, 6H; 2S
CH3), 0.97 (s, 9H; (CH3)3CSi), 1.12–1.36 (m, 54H; 27SCH2), 1.48–1.62
(m, 2H; CH2), 1.90–2.15 (m, 11H; 3SCH2C=C, CH3CO and
CH2CONH), 2.35–2.43 and 2.46–2.55 and 2.59–2.68 and 2.75–2.84 (4Sm,
4H; OCOCH2CH2), 3.39–3.43 (m, 2H; H-3’, -5’), 3.48 (dd, J1a,1b = 10.0,
J1a,2 = 3.5 Hz, 1H; H-1a), 3.76 (s, 3H; OCH3), 3.84 (dd, J6a’,6b’ = 11.5,
J5’,6a’ = 7.4 Hz, 1H; H-6a’), 3.99 (dd, J6a’,6b’ = 11.5, J5’,6b’ = 4.0 Hz, 1H;
H-6b’), 4.07 (dd, J1a,1b = 10.0, J1b,2 = 4.5 Hz, 1H; H-1b), 4.25 (d, J1’,2’ =


8.0 Hz, 1H; H-1’), 4.31–4.39 (m, 2H; H-2 and OCHaHbPh), 4.72 (d, J =


12.0 Hz, 1H; OCHaHbPh), 4.79 (d, J3’,4’ = 3.0 Hz, 1H; H-4’), 4.94 (dd,
J1’,2’ = 8.0, J2’,3’ = 10.0 Hz, 1H; H-2’), 5.26–5.34 (m, 2H; CH=CH), 5.35–
5.45 (m, 2H; H-3, -4), 5.79 (dt, J4,5 = 15.0, J5,6 = 6.5 Hz, 1H; H-5), 6.80–
6.86 (m, 2H; arom.), 7.18–7.65 (m, 15H; arom.), 7.89–7.95 (m, 3H; arom.
and NH) ppm; ESI-MS (negative-ion mode): m/z (%): 1448.8 (100)
[M�H]� .


The 4-sulfated compound (0.080 g, 0.055 mmol) was treated with tri-
fluoroacetic acid in dichloromethane (5%, 2 mL) at room temperature
for 10 min., and the solvent was then evaporated under reduced pressure.
Tetrabutylammonium fluoride (0.21 mL, 1m in THF) was added to a sol-
ution of the residue in dry THF (2 mL) and the solution was stirred at
room temperature overnight. After evaporation of the solvent, the resi-
due was dissolved in dry dichloromethane/methanol (1:1, 1.5 mL) and
sodium methoxide in dry methanol (0.05m solution, 1.6 mL) was added.
The reaction mixture was stirred overnight at room temperature and was
then neutralized with an ion-exchange resin (Dowex 50S8, H+ form), fil-
tered and concentrated. The solvent was removed under reduced pres-
sure, and the residue was then dissolved in CHCl3/MeOH (1:1, 1 mL)
and loaded onto a cation-exchange resin column (Dowex 50X8, Na+


form, 0.5S4 cm). The mixture was eluted with CHCl3/MeOH 1:1, concen-
trated and subjected to flash chromatography (CH2Cl2/MeOH 9.5:0.5) to
give compound 14 (0.033 g, 66%) as an amorphous white solid. Rf =


0.26 (CH2Cl2/MeOH 8:2); [a]20
D = �1.6 (c = 0.75 in chloroform/metha-


nol 1:1); 1H NMR (CDCl3/CD3OD 1:1): d = 0.87 (t, J = 6.5 Hz, 6H; 2S
CH3), 1.18–1.43 (m, 54H; 27SCH2), 1.53–1.63 (m, 2H; CH2), 1.97–2.06
(m, 6H; 3SCH2C=C), 2.18 (t, J = 7.5 Hz, 2H; CH2CO), 3.54–3.60 (m,
2H; H-1a, -2’), 3.62–3.68 (m, 2H; H-3’, -5’), 3.72 (dd, J5’,6a’ = 6.5, J6a’,6b’
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= 11.0 Hz, 1H; H-6a’), 3.83 (dd, J5’,6b’ = 7.5 Hz, J6a’,6b’ = 11.0 Hz, 1H;
H-6b’), 3.95–4.00 (m, 1H; H-2), 4.08 (t, J2,3 = J3,4 = 7.5 Hz, 1H; H-3),
4.15 (dd, J1a,1b = 10.0, J1b,2 = 4.5 Hz, 1H; H-1b), 4.24 (d, J1’,2’ = 7.5 Hz,
1H; H-1’), 4.73 (brd, J3’,4’ = 3.0 Hz, 1H; H-4’), 5.29–5.37 (m, 2H; CH=


CH), 5.43 (ddt, J3,4 = 7.5, J4,5 = 15.0, Jall = 1 Hz, 1H; H-4), 5.69 ppm
(dt, J4,5 = 15.0, J5,6 = 6.7 Hz, 1H; H-5); 13C NMR (CDCl3/CD3OD 1:1):
d = 13.7 (2SC), 22.5–36.3 (32SC), 53.3, 60.0, 68.9, 71.6, 71.7, 72.5, 74.0,
74.8, 103.6, 129.3, 129.7 (2SC), 134.1, 174.7 ppm; ESI-MS (negative-ion
mode): m/z (%): 888.9 (100) [M�Na]� ; elemental analysis calcd (%) for
C48H90NNaO11S (912.28): C 63.19, H 9.94, N 1.54; found: C 63.30, H 9.99,
N 1.58.


ACHTUNGTRENNUNG(2S,3R,4E)-3-Benzoyloxy-1-[6-O-(tert-butyldiphenylsilyl)-3-O-(4-meth-
ACHTUNGTRENNUNGoxybenzyl)-4-O-{[b-(trimethylsilyl)ethoxy]methyl}-b-d-galactopyranosyl-
ACHTUNGTRENNUNGoxy]-2-((Z)-tetracos-15-enoylamino)-octadec-4-ene (15): A solution of
hydrazine acetate (0.060 g, 0.65 mmol) in methanol (0.39 mL) was added
to a stirred solution of compound 1 (0.20 g, 0.13 mmol) in dichlorome-
thane (13 mL) and the reaction mixture was kept stirring at room tem-
perature for 6 h (TLC: dichloromethane/AcOEt 9:1). Water (15 mL) was
added and, after separation, the aqueous layer was extracted with
dichloroACHTUNGTRENNUNGmethane (2S15 mL). The combined organic layers were dried,
concentrated and purified by flash chromatography (hexane/AcOEt
7.5:2.5) to yield 15 (0.15 g, 82%) as an oil. Rf = 0.25 (hexane/AcOEt
7.5:2.5); [a]20


D = �8.0 (c = 1 in chloroform); 1H NMR (CDCl3): d=


�0.09 (s, 9H; (CH3)3Si), 0.74–0.81 (m, 2H; SiCH2), 0.86 (t, J = 6.5 Hz,
6H; 2SCH3), 1.02 (s, 9H; (CH3)3CSi), 1.17–1.37 (m, 54H; 27SCH2),
1.50–1.60 (m, 2H; CH2), 1.92–2.04 (m, 6H; 3SCH2C=C), 2.04–2.14 (m,
2H; CH2CONH), 3.23 (dd, J2’,3’ = 9.5, J3’,4’ = 2.5 Hz, 1H; H-3’), 3.32 (t,
J5’,6a’ = J5’,6b’ = 6.5 Hz, 1H; H-5’), 3.46–3.53 (m, 1H; CHaHbOCH2O),
3.55–3.64 (m, 2H; H-1a and CHaHbOCH2O), 3.74–3.82 (m, 6H; H-2’,
-6a’, -6b’ and OCH3), 4.03–4.08 (m, 2H; H-1b, -4’), 4.13 (d, J1’,2’=7.7 Hz,
1H; H-1’), 4.39–4.46 (m, 1H; H-2), 4.55 (d, J = 12.0 Hz, 1H;
OCHaHbPh), 4.69 (d, J = 7.0 Hz, 1H; CH2OCHaHbO), 4.73 (d, J=
12.0 Hz, 1H; OCHaHbPh), 4.84 (d, J = 7.0 Hz, 1H; CH2OCHaHbO),
5.29–5.37 (m, 2H; CH=CH), 5.39–5.46 (brdd, J3,4 = 7.5, J4,5 = 15.5 Hz,
1H; H-4), 5.49 (t, J2,3 = J3,4 = 7.5 Hz, 1H; H-3), 5.80 (dt, J4,5 = 15.5,
J5,6=6.5 Hz, 1H; H-5), 6.26 (d, J2,NH = 9.5 Hz, 1H; NH), 6.84–6.88 (m,
2H; arom.), 7.25–7.42 (m, 10H; arom.), 7.47–7.53 (m, 1H; arom.), 7.57–
7.64 (m, 4H; arom.), 7.95–8.00 ppm (m, 2H; arom.); 13C NMR (CDCl3):
d = �0.8 (3SC), 14.8 (2SC), 18.5–37.6 (37SC), 52.1, 55.9, 63.4, 66.1,
69.7, 71.0, 71.8, 72.1, 75.4, 76.0, 81.4, 96.0, 105.4, 114.6 (2SC), 125.4–137.7
(25SC), 160.0, 166.1, 174.0 ppm; ESI-MS (positive-ion mode): m/z (%):
1424.7 (100) [M+Na]+ ; elemental analysis calcd (%) for C85H135NO11Si2
(1403.15): C 72.76, H 9.70, N 1.00; found: C 72.90, H 9.78, N 1.03.


ACHTUNGTRENNUNG(2S,3R,4E)-1-[2-O-(Sodium oxysulfonyl)-b-d-galactopyranosyloxy]-2-
((Z)-tetracos-15-enoylamino)-octadec-4-ene (16): A solution of com-
pound 15 (0.14 g, 0.10 mmol) in dry DMF (2 mL) was treated with sulfur
trioxide/trimethylamine complex (0.042 g, 0.30 mmol), and the resulting
mixture was stirred at 40 8C for 4 days. The mixture was concentrated to
a few microlitres under reduced pressure (high vacuum pump) and puri-
fied by flash chromatography (CH2Cl2/MeOH 9.5:0.5) to afford the 2-sul-
fated product (0.092 g, 62%) as a colourless oil. 1H NMR (CDCl3/
CD3OD 2:1): d = �0.16 (s, 6H; (CH3)2SiCH3), 0.07 (s, 3H;
(CH3)2SiCH3), 0.60–0.74 (m, 2H; SiCH2), 0.87 (t, J = 6.5 Hz, 6H; 2S
CH3), 0.96 (s, 9H; (CH3)3CSi), 1.15–1.36 (m, 54H; 27SCH2), 1.55–1.65
(m, 2H; CH2), 1.86–1.96 (m, 2H; CH2C=C), 1.97–2.05 (m, 4H; 2S
CH2C=C), 2.22–2.32 (m, 2H; CH2CONH), 3.28–3.46 (m, 5H; H-1a, -3’,
-5’ and CH2OCH2O), 3.65–3.73 (m, 2H; H-6a’, 6b’), 3.77 (s, 3H; OCH3),
3.82 (brd, J3’,4’ = 3.0 Hz, 1H; H-4’), 4.16–4.23 (m, 2H; H-1b, -1’), 4.33–
4.38 (m, 1H; H-2), 4.48 (dd, J1’,2’ = 8.0, J2’,3’ = 10.0 Hz, 1H; H-2’), 4.59
(d, J = 7.0 Hz, 1H; CH2OCHaHbO), 4.62 (d, J = 12.0 Hz, 1H;
OCHaHbPh), 4.75 (d, J = 7.0 Hz, 1H; CH2OCHaHbO), 4.79 (d, J =


12.0 Hz, 1H; OCHaHbPh), 5.29–5.42 (m, 3H; CH=CH and H-4), 5.58 (t,
J2,3 = J3,4 = 7.7 Hz, 1H; H-3), 5.83 (dt, J4,5 = 15.0, J5,6 = 6.5 Hz, 1H; H-
5), 6.83–6.88 (m, 2H; arom.), 7.16–7.60 (m, 15H; arom.), 7.90 (d, J2,NH =


9.5 Hz, 1H; NH), 7.99–8.04 (m, 2H; arom.) ppm; ESI-MS (negative-ion
mode): m/z (%): 1480.9 (100) [M�H]� .


The 2-sulfated compound (0.080 g, 0.054 mmol) was deprotected by the
procedure used to synthesize compound 14 and afforded the title com-


pound (0.037 g, 75%) as a white amorphous solid after purification by
flash chromatography (CH2Cl2/MeOH 9:1). Rf = 0.05 (CH2Cl2/MeOH
9:1); [a]20


D = �2.2 (c = 0.5 in chloroform/methanol 1:1); 1H NMR
(CDCl3/CD3OD 1:1): d = 0.87 (t, J = 6.5 Hz, 6H; 2SCH3), 1.17–1.47
(m, 54H; 27SCH2), 1.51–1.63 (m, 2H; CH2), 1.93–2.08 (m, 6H; 3S
CH2C=C), 2.16–2.34 (m, 2H; CH2CO), 3.46 (dd, J1a,1b = 9.5, J1a,2 =


3 Hz, 1H; H-1a), 3.50 (t, J5’,6 a’ = J5’,6b’ = 5.8 Hz, 1H; H-5’), 3.67–3.86 (m,
3H; H-3’, -6a’, -6b’), 3.88–3.93 (m, 1H; H-2), 3.95 (d, J3’,4’ = 3.0 Hz, 1H;
H-4’), 4.12 (t, J2,3 = J3,4 = 7.5 Hz, 1H; H-3), 4.32–4.41 (m, 3H; H-1b, -1’,
-2’), 5.29–5.37 (m, 2H; CH=CH), 5.42 (ddt, J3,4 = 7.5, J4,5 = 15.0, Jall =


1 Hz, 1H; H-4), 5.69 ppm (dt, J4,5 = 15.0, J5,6 = 6.5 Hz, 1H; H-5);
13C NMR (CDCl3/CD3OD 1:1): d = 13.5 (2SC), 22.3–36.3 (32SC), 52.8,
61.2, 68.8, 68.9, 71.1, 72.5, 74.3, 77.8, 101.9, 129.3, 129.7 (2SC), 133.8,
174.7 ppm; ESI-MS (negative-ion mode): m/z (%): 888.9 (100) [M�Na]�


; elemental analysis calcd (%) for C48H90NNaO11S (912.28): C 63.19, H
9.94, N 1.54; found: C 63.30, H 9.98, N 1.56.


Biological assay : All experiments were performed in RPMI 1640 medium
containing glutamine (2 mm), Na pyruvate (1 mm) and non-essential
amino acids (1%) (all from Cambrex, Verviers, Belgium), Kanamycin
(Gibco, 100 mgmL�1) and AB human serum (5%, Swiss Red Cross,
Bern).


The sulfatide-specific CD1a-restricted K34B9.1 T cell clone was establish-
ed and maintained as previously described.[9]


Human promyelocytic cell line THP-1 expressing CD1a was obtained by
transfection with human CD1a cDNA. The surface expression of CD1a
molecules was tested with a specific mAb (OKT6, ATCC CRL8019,
American Type Culture Collection).


DCs from healthy donors were isolated from peripheral blood mononu-
clear cells by culturing in the presence of GM-CSF and IL-4. Each prepa-
ration of DC was tested for the surface expression of CD1a molecules
with the OKT6 mAb.


Synthetic compounds for antigen presentation assays were firstly dis-
solved in a chloroform/methanol 1:1 mixture and then dried under
stream of nitrogen. The dried material was re-dissolved in water and so-
nicated.


DCs (2S104 per well) or CD1a-transfected THP-1 cells (4S104 per well)
were preincubated for 2 h at 37 8C with sonicated antigens (15 mgmL�1)
before addition of K34B9.1 T cell clone (5S104 per well in triplicate). Su-
pernatants were harvested after 36 h and released cytokines were meas-
ured by ELISA. TNF-a was detected by use of sandwich ELISA kits ac-
cording to manufacturerUs instruction (Instrumentation Laboratory,
Schlieren, CH) and IL-4 was detected by use of anti-IL-4 mAbs (BD
PharMingen). Data are expressed as means�SDs (ngmL�1) of triplicates.
All experiments were repeated at least three times.


Acknowledgements


This work was supported by MIUR-Italy (COFIN 2004: “Structure and
synthesis of glycolipids”; FIRB 2001: “Development of new immune re-
sponse modifiers and of peptide and DNA vaccines for tuberculosis im-
munotherapy”), the Swiss National Foundation (grant No. 3100 A0–
109918/1) and the Swiss Multiple Sclerosis Society.


[1] a) F. Compostella, L. Franchini, G. De Libero, G. Palmisano, F. Ron-
chetti, L. Panza, Tetrahedron 2002, 58, 8703–8708; b) L. Franchini,
F. Compostella, A. Donda, L. Mori, D. Colombo, G. De Libero, P.
Matto, F. Ronchetti, L. Panza, Eur. J. Org. Chem. 2004, 4755–4761.


[2] G. De Libero, L. Mori, Nat. Rev. Immunol. 2005, 5, 485–496.
[3] a) Z. Zeng, A. R. Castano, B. W. Segelke, E. A. Stura, P. A. Peter-


son, I. A. Wilson, Science 1997, 277, 339–345; b) S. D. Gadola, N. R.
Zaccai, K. Harlos, D. Shepherd, J. C. Castro-Palomino, G. Ritter,
R. R. Schmidt, E. Y. Jones, V. Cerundolo, Nat. Immunol. 2002, 3,
721–726; c) D. M. Zajonc, M. A. Elsliger, L. Teyton, I. A. Wilson,
Nat. Immunol. 2003, 4, 808–815; d) T. Batuwangala, D. Shepherd,


www.chemeurj.org C 2006 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 5587 – 55955594


F. Compostella et al.



www.chemeurj.org





S. D. Gadola, K. J. C. Gibson, N. R. Zaccai, A. R. Fersht, G. S.
Besra, V. Cerundolo, E. Y. Jones, J. Immunol. 2004, 172, 2382–2388;
e) M. Koch, V. S. Stronge, D. Shepherd, S. D. Gadola, B. Mathew, G.
Ritter, A. R. Fersht, G. S. Besra, R. R. Schmidt, E. Y. Jones, V. Cer-
undolo, Nat. Immunol. 2005, 6, 819–826.


[4] Examples of multifunctional scaffolds based on carbohydrates: a) T.
Wunberg, C. Kallus, T. Opatz, S. Henke, W. Schmidt, H. Kunz,
Angew. Chem. 1998, 110, 2620–2622; Angew. Chem. Int. Ed. 1998,
37, 2503–2505; b) C.-H. Wong, X.-S. Ye, Z. Zhang, J. Am. Chem.
Soc. 1998, 120, 7137–7138; c) C. Kallus, T. Opatz, T. Wunberg, W.
Schmidt, S. Henke, H. Kunz, Tetrahedron Lett. 1999, 40, 7783–7786;
d) M. Ghosh, R. G. Dulina, R. Kakarla, M. J. Sofia, J. Org. Chem.
2000, 65, 8387–8390; e) F. Peri, F. Nicotra, C. P. Leslie, F. Micheli, P.
Seneci, C. Marchioro, J. Carbohydr. Chem. 2003, 22, 57–71; f) T.
Opatz, C. Kallus, T. Wunberg, W. Schmidt, S. Henke, H. Kunz, Eur.
J. Org. Chem. 2003, 1527–1536; g) U. HJnger, J. Ohnsmann, H.
Kunz, Angew. Chem. 2004, 116, 1125–1127; Angew. Chem. Int. Ed.
2004, 43, 1104–1107; h) S. Castoldi, M. Cravini, F. Micheli, E. Piga,
G. Russo, P. Senesi, L. Lay, Eur. J. Org. Chem. 2004, 2853–2862;
i) R.-H. Fan, J. Achkar, J. M. HernXndez-Torres, A. Wei, Org. Lett.
2005, 7, 5095–5098; j) F. Sicherl, V. Wittmann, Angew. Chem. 2005,
117, 2133–2136; Angew. Chem. Int. Ed. 2005, 44, 2096–2099.


[5] A. Marinier, A. Martel, J. Banville, C. Bachand, R. Remillard, P. La-
pointe, B. Turmel, M. Menard, W. E. Harte, Jr., J. J. K. Wright, G.


Todderud, K. M. Tramposch, J. Bajorath, D. Hollenbaugh, A.
Aruffo, J. Med. Chem. 1997, 40, 3234–3247.


[6] Y. D. Vankar, R. R. Schmidt, Chem. Soc. Rev. 2000, 29, 201–216.
[7] F. Compostella, L. Franchini, G. Giovenzana, L. Panza, D. Prosperi,


F. Ronchetti, Tetrahedron: Asymmetry 2002, 13, 867–872.
[8] L. Lay, L. Panza, L. Poletti, D. Prosperi, S. Canevari, M. E. Perico,


Eur. J. Org. Chem. 2001, 4331–4336.
[9] A. Shamshiev, H.-J. Gober, A. Donda, Z. Mazorra, L. Mori, G. De


Libero, J. Exp. Med. 2002, 195, 1013–1021.
[10] D. B. Moody, D. M. Zajonc, I. A. Wilson, Nat. Rev. Immunol. 2005,


5, 1–14.
[11] T. Kawano, J. Cui, Y. Koezuka, I. Toura, Y. Kaneko, K. Motoki, H.


Ueno, R. Nakagawa, H. Sato, E. Kondo, H. Koseki, M. Taniguchi,
Science 1997, 278, 1626–1629.


[12] D. B. Moody, B. B. Reinhold, M. R. Guy, E. M. Beckman, D. E.
Frederique, S. T. Furlong, S. Ye, V. N. Reinhold, P. A. Sieling, R. L.
Modlin, G. S. Besra, S. A. Porcelli, Science 1997, 278, 283–286.


[13] A. Shamshiev, A. Donda, T. I. Prigozy, L. Mori, V. Chigorno, C. A.
Benedict, L. Kappos, S. Sonnino, M. Kronenberg, G. De Libero, Im-
munity 2000, 13, 255–264.


Received: December 17, 2005
Revised: February 8, 2006


Published online: April 25, 2006


Chem. Eur. J. 2006, 12, 5587 – 5595 C 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5595


FULL PAPERSynthesis of Sulfated Galactocerebrosides



www.chemeurj.org






DOI: 10.1002/chem.200501481


Photoaddition of N-Substituted Piperazines to C60: An Efficient Approach to
the Synthesis of Water-Soluble Fullerene Derivatives


Olesya A. Troshina,[a] Pavel A. Troshin,*[a] Alexander S. Peregudov,[b]


Viacheslav I. Kozlovski,[c] and Rimma N. Lyubovskaya[a]


Dedicated to Professor Roger Taylor


Introduction


Water-soluble fullerene derivatives exhibit a range of excit-
ing biological properties, and are potentially useful for the
development of novel drugs.[1–4] Some water-soluble deriva-
tives of C60 inhibit quite efficiently enzymes of human im-
munodeficiency and hepatitis C viruses.[5–7] Several groups


have reported the application of fullerene derivatives for
photodynamic therapy of cancer[8,9] and as antiproliferative
agents.[10] Implication of a “radical sponge” effect of water-
soluble fullerenes is promising with respect to design of ad-
vanced neuroprotectors.[11] Finally, some fullerene deriva-
tives exhibited bacteriostatic activity[10,12] and can be utilized
as contrast agents in X-ray and magnetic resonance imag-
ing.[13,14]


A serious drawback for the development of the biological
chemistry of fullerenes is the strongly hydrophobic nature of
the fullerene cage. It is necessary to attach at least four to
six ionic groups or 24 to 30 hydroxyls to the carbon cage to
obtain “truly” water-soluble fullerene derivatives that pos-
sess solubility in water above 1 mgmL�1. There are no more
than 10 to 15 of such fullerene derivatives with well-defined
composition and structure synthesized so far.[1–4] Most of
them have five to six organic addends that cover almost the
whole fullerene surface, making them less than promising
for biological applications.[15–17] Two other derivatives of C60
have three malonic acid residues arranged at one fullerene
semisphere to give C3 and D3 isomers of C60[CACHTUNGTRENNUNG(COOH)2]3.


[18]


The only examples of “truly” water-soluble fullerene deriva-


Abstract: An oxidative radical photo-
addition of mono N-substituted pipera-
zines to [60]fullerene was systematical-
ly investigated. Reactions of C60 with
piperazines bearing bulky electron-
withdrawing groups (2-pyridyl, 2-pyri-
midinyl) were found to be the most se-
lective and yielded C60ACHTUNGTRENNUNG(amine)4O as
major products along with small
amounts of C60ACHTUNGTRENNUNG(amine)2. In contrast, in-
teractions of fullerene with N-methyl-
piperazine and N-(tert-butoxycarbo-
nyl)piperazine were found to have low
selectivity due to different side reac-


tions. Tetraaminofullerene derivative
C60(N-(2-pyridyl)piperazine)4O was
found to react readily with organic and
inorganic acids to yield highly water-
soluble salts (solubility approximately
150 mgmL�1). In contrast, C60(N-(2-
pyrimidinyl)piperazine)4O undergoes
hydrolysis under the same conditions
and results in a complex mixture of
compounds with an average composi-


tion of C60(N-(2-pyrimidinyl)piperazi-
ne)2(OH)2O. Radical photoaddition of
N-(2-pyridyl)piperazine to fullerene
derivatives can be used as a facile
route for their transformation into
water-soluble compounds. Two model
fullerene cycloadducts (a methanoful-
lerene and a pyrrolidinofullerene) were
easily converted into mixtures of re-
gioisomers of A=C60(N-(2-pyridyl)pi-
perazine)4O (A=cyclic addend) that
give highly water-soluble salts under
acid treatment.
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tives bearing one organic addend are compounds with den-
drimeric appendages synthesized from corresponding den-
drimeric malonates.[19] The most promising is a symmetrical
dendro [60]fullerene which has 18 carboxylic groups, pro-
ducing a solubility of ~30 mgmL�1 at pH 7.4 and
~250 mgmL�1 at pH 10.[20]


The cycloaddition reactions have relatively low potential
for the synthesis of “truly” water-soluble fullerene deriva-
tives, while highly selective radical additions can provide
facile synthetic routes to water-soluble compounds. This
strategy was exemplified by a three-stage synthesis of fuller-
ene derivatives bearing five glycoside moieties based on
five-fold radical addition of a ArMgBr/CuBr·SMe2 reagent
to C60.


[21] Here we explored the potential of the radical addi-
tion of secondary amines to C60 for the synthesis of individu-
al aminofullerene derivatives and their subsequent conver-
sion into water-soluble salts.


Results and Discussion


A reaction of C60 with amines was among the first discov-
ered for fullerenes. Initially it was claimed to be nuchleo-
philic and to yield simple addition products C60Hn ACHTUNGTRENNUNG(NR2)n.


[22]


However, no obvious evidence was obtained for the pres-
ence of hydrogen atoms attached to the carbon cage in the
fullerene derivatives formed.[23] In contrast, a number of re-
ports indicated unambiguous formation of aminofullerene
derivatives C60 ACHTUNGTRENNUNG(NR2)n under the same conditions.


[24,25] More-
over, conduction of these reactions in air under irradiation
by visible light resulted in increased product yields and de-
creased reaction times in comparison with the syntheses
under an argon atmosphere whilst heating at reflux.[26–28]


However, a number of individual fullerene derivatives
prepared by photochemical addition of amines to C60 is
quite limited. A range of N,N’-disubstituted ethylendiamines
afford piperazinofullerenes with moderate to high
yields;[24,26,27] N,N’-dimethylpropylendiamine yields a mix-
ture of a corresponding cyclic 1,4-addition product and a
cagelike fullerene dimer.[29] Reactions of C60 with such cyclic
secondary amines as morpholine and piperidine yielded full-
erene dimers [1,4-C60amine]2 with low solubility, correspond-
ing 1,4-diaminofullerenes C60 ACHTUNGTRENNUNG(amine)2 and tetraaminofuller-
enes C60ACHTUNGTRENNUNG[amine]4O were formed as byproducts with very low
yields.[25] Formation of 10 pure tetraaminofullerenes C60-
ACHTUNGTRENNUNG[amine]4O as final products of a photochemical reaction of
C60 with secondary amines has been claimed previously.


[30]


However, the NMR spectroscopic data and isolation proce-
dure was provided only for N-methylpiperazine adduct 1,
which was obtained in an outstanding 98% yield
(Scheme 1).


Reactions of C60 with N-methylpiperazine and morpholine :
We precisely reproduced a procedure reported for the syn-
thesis of 1 and obtained a complex mixture of aminofuller-
ene derivatives. This mixture was analyzed by ESI-MS, re-
vealing the presence of molecular ions of protonated com-


pounds C60[N-methylpiperazine]3OH (M1), C60[N-methylpi-
perazine]5OH (M2), and C60[N-methylpiperazine]4O (M3) in
addition to a number of other species (Figure 1a). A change
of the light source from a 60W incandescent bulb to a 15W
Hg medical UV tube and variation of the reagent ratio (C60
per amine from 1:5 to 1:100), reaction time (from 5 h to
10 d), and solvent (chlorobenzene, 1,2-dichlorobenzene, ben-
zene and 1,2,4-trichlorobenzene) did not significantly affect
the product composition. Moreover, a reaction of C60 with
morpholine also yielded similar products C60ACHTUNGTRENNUNG[morf]3OH
(M’1), C60 ACHTUNGTRENNUNG[morf]4O (M’2), and C60 ACHTUNGTRENNUNG[morf]5OH (M’3) as was
deduced from the ESI mass spectrum (Figure 1b).
The NMR spectra of the crude fullerene N-methylpipera-


zine product also confirmed the presence of several compo-
nents in the sample (Figure 2). The 1H NMR spectrum ex-
hibited at least five overlapped signals at d=2.27–2.43 ppm,
corresponding to N�CH3 fragments in contrast to two equal
lines at d=2.38 and 2.42 ppm reported for 1.[21] The
13C NMR spectrum was collected on an 100 MHz instrument
within 24 h from 100 mg of the crude product dissolved in
0.7 mL of CS2/C6D12. A set of 20–30 signals corresponding
to the N-methylpiperazine addends of different fullerene de-
rivatives was observed in the d=45–60 ppm region; a broad
hump formed by overlapped sp2 fullerene carbon signals
was observed in the typical d=125–155 ppm range.
Thus, the spectroscopic data indicated quite low selectivi-


ty for the photochemical addition of N-methylpiperazine
and morpholine to C60. We examined the possibility of sepa-
rating the fullerene derivatives bearing N-methylpiperazine
addends by column chromatography on silica and alumina.
These compounds underwent very strong absorption at the
stationary phases and could be eluted from the column only
by CH2Cl2/pyridine, CH2Cl2/Et3N, CH2Cl2/CH3COOH, or
similar mixtures. Such separation procedures resulted in hy-
drolysis of the aminofullerenes affording fullerenol-like spe-
cies (C60ACHTUNGTRENNUNG(amine)x(OH)yOz, x=~1–2, y=~2–5, z=~0–1).
These species were confirmed by IR spectroscopy and
chemical analysis. Similar hydrolysis reactions slowly occur-
red when crude C60-N-methylpiperazine product was dis-
solved in an aqueous acid (HCl, CH3COOH, CF3COOH) at
room temperature. Heating of aqueous acid solutions of
these aminofullerenes above 50 8C (particularly on a rotary
evaporator) resulted in instantaneous precipitation of C60(N-
methylpiperazine)x(OH)yOz (Scheme 2).


Scheme 1.
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Reactions of C60 with piperazines 2a–d : Reactions of
[60]fullerene with N-alkylpiperazines yielded complex mix-
tures of aminofullerenes that were quite labile towards hy-
drolysis and therefore are not promising for the preparation
of water-soluble fullerene-based compounds. We applied
less basic N-substituted piperazines 2a–d bearing electron-
withdrawing bulky groups as starting reagents for the deri-
vatization of C60. Indeed, reactions of 2a–b with C60 were


much more selective and afforded tetraaminofullerenenes
3a–b and diaminofullerenes 4a–b ; these compounds were
separated and purified by column chromatography
(Scheme 3).
The reaction between fullerene and N-(2-pyridyl)pipera-


zine proceeds smoothly and gives 50–70% yields of 3a
(Table 1). A combination of irradiation time, reagent ratio,
and scale of the synthesis affects strongly product yields. Ir-
radiation of the reaction mixture within just 10–14 h gives
high product yields in the syntheses started from 100–
150 mg of C60 and large excess of 2a (20–30 equiv). Howev-
er, both large-scale syntheses (500–1000 mg of C60) and reac-
tions with a lower excess of 2a (10 equiv) require longer ir-
radiation (40–50 h) to achieve satisfactory product yields.
Yields of byproduct 4a are generally low (1–5%) and it
does not depend strongly on the time of irradiation. Interac-
tion of C60 with N-(2-pyrimidinyl)piperazine exhibits much


Figure 1. ESI mass spectra of N-methylpiperazine-C60 (a) and morpho-
line-C60 (b) crude products.


Figure 2. 1H (a) and 13C NMR (b) spectra of N-methylpiperazine-C60
crude product.


Scheme 2.
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lower selectivity, therefore a typical yield of 3b is in the
range of 15–20%. Compound 4b was isolated as a byprod-
uct with yields of 5–9%. A major part of the crude product
was represented by a complex mixture of fullerene deriva-
tives that could not be separated by column chromatogra-
phy.
A reaction of C60 with piperazine 2c gave a surprising


result as it was accompanied by precipitation of a product
with composition C60(N-(4-pyridyl)piperazinyl)4.0O (3c), as
was determined by chemical analysis. It was completely in-
soluble in common organic solvents, preventing its spectro-
scopic characterization. In contrast to 2a–c, piperazine 2d
undergoes partial degradation under the reaction conditions,
resulting in the formation of piperazinofullerene 5 along
with other products; this compound was synthesized previ-
ously by starting from unsubstituted piperazine and C60.


[24,27]


A major part of the product was eluted from the column fol-
lowing 5 as a single fraction; however, this fraction consisted


of a number of compounds as
revealed from the 1H and
13C NMR spectra. We could not
separate this mixture by repeat-
able chromatography on a
silica-gel column with various
eluent compositions. Most
likely, photochemical cleavage
of the tert-butoxycarbonyl
group in piperazine 2c results
in formation of numerous full-
erene derivatives containing
both piperazine and N-(tert-bu-
toxycarbonyl)piperazine unites
attached to the carbon cage in
different arrangements.
Compositions and structures


of aminofullerenes 3a–b were
confirmed by 1H and 13C NMR
spectroscopy, ESI-MS, and
chemical analysis data. The
NMR spectra for compounds
3a and 4a are shown in
Figure 3. There are a total of 49
signals in the 13C NMR spec-
trum, proving Cs symmetry of
the molecule of 3a ; four reso-
nances at d=70–80 ppm corre-
spond to sp3 carbons of the full-
erene cage bearing amine
groups and epoxide oxygen.
The Cs-symmetrical structure


of 1,4-diaminofullerene 4a was
confirmed by both its 1H and
13C NMR spectra. Unfortunate-
ly, it was not possible to obtain
a MALDI-TOF mass spectrum
of 4a because of the facile elim-
ination of addends from the


fullerene cage under the measurements conditions (regard-
less of the matrix composition).


Suggested mechanism for the fullerene reaction with secon-
dary amines : It is known that the first stage of interaction
between amine and C60 is a photoinduced electron transfer
that results in the formation of the radical pair C60


�C R2NH
+ C


I. (Scheme 4). Following recombination of the fullerene rad-
ical anion and amine radical cation affords zwitterionic in-
termediate II.[22] Next, II reacts with oxygen to give hydro-
peroxyde III. Similar hydroperoxydes were observed when
anion (CN)C60


� was allowed contact with air;[31] there is also
some analogy with the reaction of aliphatic R3C


� with O2.
[32]


Intermediate III can also react with amine to give zwitterion
IV. Anionic species bearing hydroperoxide moieties are
known to be unstable and undergo degradation by elimina-
tion of a hydroxyl anion.[33] In this case, elimination of OH�


should be accompanied by amine deprotonation and loss of


Scheme 3.


Table 1. Experimental conditions and product yields for reactions of C60 with piperazines 2a–c.


Piperazine Amount of C60 [mg]
(mmol)


Amount of piperazine [mg]
(mmol)


V (DCB)
[mL]


Mole ratio
piperazine/


C60


t
[h]


Yield 3a–c
[%]


2a 100 (0.139) 673 (4.129) 10 30.0 14 53
2a 100 (0.139) 428 (2.626) 10 18.9 30 47
2a 150 (0.208) 326 (2.000) 13 9.6 36 50
2a 200 (0.278) 453 (2.779) 17 10 20 20
2a 200 (0.278) 679.2 (4.167) 16 15 45 59
2a 500 (0.694) 1070 (6.564) 45 9.5 20 29
2a 500 (0.694) 1070 (6.564) 45 9.5 40 72
2a 1000 (1.389) 2300 (14.110) 90 10.0 30 16
2a 950 (1.389) 2152 (13.2) 80 9.5 80 71
2b 200 (0.278) 200 (1.220) 30 4.4 60 11
2b 500 (0.694) 1200 (7.317) 45 10.5 48 15
2b 200 (0.278) 600 (3.659) 20 13.2 24 17
2b 250 (0.347) 600 (3.659) 20 10.5 48 23
2c 106 (0.147) 478.5 (2.94) 20 20.0 24 80
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a H2O molecule. Finally, intermolecular recombination of
radicals affords diaminofullerene C60ACHTUNGTRENNUNG[amine]2OV.
There are two possible ways for conversion of C60-


ACHTUNGTRENNUNG[amine]2O to C60ACHTUNGTRENNUNG[amine]4O (Scheme 5). According to the


first one, fullerene-sensitized generation of singlet oxygen
causes the oxidation of amine and the formation of amine
radicals that undergo regioselective addition to the carbon
cage yielding the final product 3a–b (cyclopentadienyl
mode).[34] If we assume that this pathway is true, formation
of diaminofullerenes 4a–b can be explained by addition of
amine radicals to the parent fullerene C60.
Alternatively, one more amine molecule can attack diami-


nofullerene V giving zwitterion VI ; the latter reacts with
oxygen yielding hydroperoxide VII. The conversion of VII
to tetraaminofullerenes 3a–b can be achieved only by a nu-


Figure 3. 1H (a) and 13C NMR (b) spectra of 3a ; * denotes CHCl3 in
CDCl3.


Scheme 4.


Scheme 5.
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cleophilic substitution of an
�OOH group with an amine
residue. The substitution of the
�OOH group in III by an
amine is responsible for the for-
mation of small amounts of di-
aminofullerenes 4a–b.
It is important to note that


hydrogen peroxide is formed as
a side product in both routes.
Indeed, H2O2 was observed
when similar reactions were
conducted in DMSO/chloroben-
zene media.[35] Further investi-
gations are required to establish
which of the suggested reaction
sequences is actually responsi-
ble for formation of cyclopenta-
dienyl-type tetraaminofuller-
enes C60ACHTUNGTRENNUNG[amine]4O from C60 and
secondary amines.
The conversion of V to 3a–b


proceeds quite rapidly as corre-
sponding intermediates were
not isolated even at low reac-
tion times (1 h) when fullerene
consumption was just about
10%. It was observed that the
rate of the reaction between
corresponding piperazine and
[60]fullerene (the rate of fuller-
ene consumption) correlates
with the electron-withdrawing
effect of the group attached to
the piperazinyl nitrogen. Thus,
N-methylpiperazine is the most
active reagent; 2a and c have
moderate activity, while pipera-
zines 2b and d react with C60
very slowly. This trend fits well
with the suggested mechanism
as it involves such steps as nu-
cleohphilic addition of amine to the double C=C bonds and
probably nucleohphilic substitution of �OOH by an amine
residue (route B, Scheme 5).
A nucleophilic addition of R2NH to epoxide oxygen can


also yield C60 ACHTUNGTRENNUNG[amine]3OH and C60 ACHTUNGTRENNUNG[amine]5OH from C60-
ACHTUNGTRENNUNG[amine]2O and C60ACHTUNGTRENNUNG[amine]4O, respectively (Scheme 6). These
products were actually formed in the reactions of C60 with
morpholine and N-methylpiperazine. However, nucleophilic
epoxide ring opening becomes sterically suppressed when
piperazines with bulky groups are used as starting reagents.


Conversion of tetraaminofullerenes C60ACHTUNGTRENNUNG[amine]4O into
water-soluble salts : Tetraaminofulllerene derivatives C60-
ACHTUNGTRENNUNG[amine]4O 3a–c are quite strong organic bases that afford
corresponding salts 6a–c (Scheme 7) by dissolving in organic


(CF3COOH) and inorganic acids (36% aqueous HCl). Isola-
tion of 6a–c from aqueous acid solutions by removal of acid
and water in vacuum (on a rotary evaporator) at elevated
temperatures was challenged by partial hydrolysis similar to
that observed for N-methylpiperazine-fullerene derivatives.
Therefore, these solutions were concentrated at room tem-
perature within 1–2 weeks and substantial degradation did
not occur for 6a,c. Alternatively, removal of acid and water
can be undertaken under vacuum at room temperature.
Chemical analysis data for hydrochlorides 6a,c (X=Cl) evi-
denced the presence of 7.78 and 7.10 HCl formula units on
average per carbon cage, respectively. This corresponds to
0.65 and 0.59 HCl per nitrogen atom in 6 ,c thus indicating
that less basic nitrogen atoms attached to the fullerene cage
do not undergo substantial protonation. The 1H and


Scheme 6.


Scheme 7.
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13C NMR spectra of 6a,c (in D2O) were badly resolved, per-
haps due to a statistical degree of protonation of amine
groups in 6a,c.
In contrast to 6a and 6c, concentration of the solution of


6b was accompanied by relatively rapid (10–20 h) hydrolysis
even at room temperature yielding an insoluble in water
solid with composition C60(N-(2-pyrimidinyl)piperazi-
ne)2(OH)2O·nHX (HX=HCl, CF3COOH; n=~2–3) as was
determined by chemical analysis. This material was convert-
ed into the free base C60(N-(2-pyrimidyl)piperazi-
ne)2(OH)2O by treatment with Et3N in toluene; characteri-
zation of this product by 1H and 13C NMR spectroscopy evi-
denced that it is most probably a mixture of isomers. Thus,
hydrolysis of aminofullerenes C60ACHTUNGTRENNUNG[amine]4O was proven to
be nonregioselective.
The solubility of salts 6a and c in water was estimated to


be in the range of 150–200 mgmL�1 at pH~7.0, enough for
all kinds of biological investigations. We point out that these
cationic compounds are among the most soluble in water
fullerene derivatives; their preparation is straightforward
and large quantities can be easily obtained (from grams to
hundreds of grams).


Transformation of pyrrolidino- and methanofullerenes A=


C60 into tetraaminofullerenes A=C60ACHTUNGTRENNUNG[amine]4O : We found
that the photoaddition of N-substituted piperazines can be
applied not only to parent C60 but also to some fullerene de-
rivatives. In particular, pyrrolidinofullerene 7 and methano-
fullerene 8 readily react with N-(2-pyridyl)piperazine to
yield the corresponding aminofullerenes A=C60 ACHTUNGTRENNUNG[amine]4O
(A is a cyclic addend) 9–10 as major products (Scheme 8).


The NMR spectra showed that this reaction is nonregiose-
lective and yields mixtures of isomers of A=C60 ACHTUNGTRENNUNG[amine]4O
that could not be separated by column chromatography on
silica. Nevertheless, addition of piperazine groups provides a
facile route for the conversion of a range of fullerene deriv-
atives into water-soluble compounds that can find applica-
tions, particularly for the design of specific targets for bio-
logical studies (Figure 4).


Conclusions


A comparative study of the oxidative photoaddition of N-
substituted piperazines to [60]fullerene revealed a different
selectivity for these reactions depending on the reagent


structure. Addition of N-meth-
ylpiperazine (and morpholine)
resulted in complex product
mixtures with C60ACHTUNGTRENNUNG[amine]3OH,
C60 ACHTUNGTRENNUNG[amine]4O, and C60-
ACHTUNGTRENNUNG[amine]5OH as predominant
components. Reaction of C60
with N-(tert-butoxycarbonyl)pi-
perazine also had a low selec-
tivity because of photochemical
deprotection of the starting re-
agent. On the contrary, N-(2-
pyridyl)- and N-(2-pirimidinyl)-
piperazines were found to be
the most efficient reagents
yielding C60ACHTUNGTRENNUNG[amine]4O as the
major product. A mechanism of
formation for C60 ACHTUNGTRENNUNG[amine]2 and


C60 ACHTUNGTRENNUNG[amine]4O under photochemical conditions was suggest-
ed. It was shown that pyrrolidino- and methanofullerenes
also undergo reactions with N-substituted piperazines to
yield A=C60 ACHTUNGTRENNUNG[amine]4O (A is a cyclic addend) as mixtures of
regioisomers.
Tetraaminofullerenes C60 ACHTUNGTRENNUNG[amine]4O and A=C60 ACHTUNGTRENNUNG[amine]4O


can be easily converted into highly water-soluble salts; this
procedure is accompanied in some cases by nonselective hy-


Scheme 8.


Figure 4. 1H (a) and 13C (b) NMR spectra of 4a ; * denotes CHCl3 and
signals of 1,2-DCB trapped in the lattice of solid 4a.
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drolysis with formation of insoluble in water fullerenol-like
derivatives C60 ACHTUNGTRENNUNG[amine]4�x(OH)xO·nHX (HX=corresponding
acid).
The simple and efficient syntheses of tetraaminofullerene


derivatives C60ACHTUNGTRENNUNG[amine]4O and A=C60 ACHTUNGTRENNUNG[amine]4O and their
facile conversion into corresponding salts can be considered
as a power approach to the preparation of novel highly
water-soluble fullerene derivatives bearing cationic groups
attached to the fullerene cage. Biological studies of these
compounds may result in new breakthroughs in this field as
previous studies were focused predominantly on water-solu-
ble fullerenes bearing anionic COO� units.


Experimental Section


General : All commercially available solvents and reagents were pur-
chased from Acros or Aldrich and used as received. NMR spectra were
recorded from solutions in CDCl3 (


1H) and CS2/ ACHTUNGTRENNUNG[D12]cyclohexane 10:1
(13C) on an AMX 400, Bruker (400 MHz-1H) instrument with the solvent
residual proton signal or tetramethylsilane (TMS) as a standard. Deuter-
ated water D2O was used as a solvent for spectroscopic characterization
of salts 4a and c. LCQ Deca XP (Thermo Finnigan) and custom-made
high resolution ESI O-TOF MS[36] were used to obtain ESI mass spectra.
Fullerene derivatives 7 and 8 were synthesized as previously descri-
bed.[37,38]


General procedure for the reaction of C60 with piperazines 2a–d : Fuller-
ene C60 was dissolved in 1,2-dichlorobenzene (DCB) within 2 h whilst
stirring in air. After the addition, a solution of piperazine 2a–d in 10 mL
of 1,2-dichlorobenzene was added in one run to the fullerene solution.
The resulting reagent mixture was stirred in air (in an opened Erlenmey-
er flask) under irradiation from the top by 60W incandescent light bulb.
The course of the reaction was monitored by TLC and all syntheses were
stopped when conversion of C60 was nearly complete. Reagent ratios and
optimal reaction times are specified in Table 1. In the case of piperazine
2c, almost complete precipitation of the material from the solution was
observed.


When the reaction was accomplished (for piperazines 2a–b and d), the
reagent mixture was initially diluted by toluene (1:7 by volume) and then
as much n-hexane as possible was added until the material began to pre-
cipitate. The resulting solution was filtered and poured onto a silica-gel
column (purchased from Acros Organics, 30–75 m, 90 O). A small
amount of unreacted fullerene was washed out from the column with tol-
uene/hexane mixtures ~1:1. Elution by toluene/methanol mixtures result-
ed in the fractions of diaminofullerenes 4a–b and then tetraaminofuller-
enes 3a–b. Compound 5 was followed by mixture of unidentified prod-
ucts in the course of separation of the crude material obtained from pi-
perazine 2d.


General synthetic procedure for the preparation of aminofullerenes 9
and 10 : Pyrrolidinofullerene 8 (100 mg, 0,117 mmol) or methanofullerene
9 (110 mg, 0.125 mmol) was dissolved in 1,2-dichlorobenzene (10 mL)
and then piperazine 2a (26.24 equiv, 535 mg, 3.28 mmol) was added. The
reagent mixture was stirred in air under irradiation by a 60W incandes-
cent light bulb for 48 h. The workup and isolation of aminofullerenes 9
and 10 was carried out as described above for tetraaminofullerenes 3a–b.
No corresponding diaminofullerenes A=C60ACHTUNGTRENNUNG[amine]2O were observed in
the course of chromatographic separation.


General procedure for the preparation of 6a, 6c, and salts of aminofuller-
enes 9 and 10 : The starting aminofullerene (0.5 g) was dissolved in aque-
ous HCl (30 mL, 36%) or in the same volume of CF3COOH (98%)
within 5 min whilst stirring at room temperature. The resulting solution
was filtered through a glass filter under reduced pressure and the filtrate
poured into a Petri dish. The later was introduced into a large desiccator
filled with solid NaOH where it was stored until complete evaporation of
the acid and water had occurred. The resultant solid was redissolved in


water (10 mL) and precipitated by the addition of acetonitrile. The pre-
cipitate was isolated by centrifugation, washed three times with hexane,
and dried in air. Typical product yields ranged between 0.45–0.55 g.


Compound 3a : Eluent: toluene/MeOH 99:1; 1H NMR (400 MHz,
CDCl3): d=3.25–4.25 (brm, 16H), 6.65 (m, 3H), 6.81 (d, 1H), 7.47 (t,
1H), 7.66 (t, 1H), 8.17 (d, 1H), 8.27 ppm (d, 1H); 13C NMR (100 MHz,
CS2/C6D12 10:1): d=45.33, 45.65, 46.48, 47.86, 97.87, 100.06, 106.40, 106.5,
113.2, 113.3, 125.27, 127.39, 130.46, 130.80, 130.88, 131.20, 131.85, 131.95,
133.83, 134.64, 142.51, 143.75, 143.82, 143.91, 144.12, 144.63, 144.78,
144.82, 146.45, 147.42, 147.76, 147.91, 148.00, 148.08, 148.27, 148.62,
148.79, 149.28, 149.97, 150.05, 150.48, 150.64, 151.21, 151.26, 153.20,
155.77, 158.66, 158.89, 164.07 ppm; ESI-MS (CH2Cl2/HCOOH): calcd
(%): 462.476, 693.21, 1385.414; found: 462.506 (10) [M+3H]3+ , 693.256
(100) [M+2H]2+ , 1385.473 (25) [M+H]+ .


Compound 3b : Eluent: toluene/MeOH 98.5:1.5; 1H NMR (400 MHz,
CDCl3): d=3.25–4.25 (brm, 16H), 6.52 (t, 2H), 6.58 (t, 2H), 8.35 (d,
1H), 8.44 ppm (d, 1H); 13C NMR (100 MHz, CS2/C6D12 10:1): d=43.34,
43.44, 44.17, 44.22, 50.73, 51.17, 71.54, 71.81, 75.50, 76.43, 109.72, 109.77,
110.48, 128.18, 140.38, 141.70, 142.94, 143.17, 143.49, 143.53, 143.85,
144.12, 144.37, 144.56, 145.01, 145.99, 146.17, 146.69, 146.83, 146.90,
147.04, 147.29, 147.62, 147.69, 148.98, 149.24, 149.28, 151.52, 157.10,
160.96, 161.19 ppm.


Compound 4a : Eluent: toluene/MeOH 99.2:0.8; 1H NMR (400 MHz,
CDCl3): d=3.40–4.20 (brm; 8H), 6.70 (t, 1H), 6.81 (d, 1H), 7.56 (t, 1H),
8.27 ppm (d, 1H); 13C NMR (100 MHz, CS2-C6D12 10:1): d=45.82, 49.89,
73.52, 106.43, 113.29, 127.36, 128.17, 130.36, 136.75, 138.20, 139.78, 140.38,
141.11, 142.09, 142.25, 142.53, 142.97, 143.03, 143.16, 143.41, 143.50,
144.06, 144.16, 144.22, 144.32, 144.39, 145.37, 145.60, 146.47, 146.88,
147.00, 147.35, 148.00, 148.61, 149.75, 150.98, 158.67 ppm.


Compound 4b : Eluent: toluene/MeOH 99:1; 1H NMR (400 MHz,
CDCl3): d=3.72–4.07 (brm, 8H), 4.22 (br s, 8H), 6.56 (t, 2H), 8.39 ppm
(d, 4H); 13C NMR (100 MHz, CS2/C6D12 10:1): d=44.31, 50.02, 73.57,
109.85, 138.19, 139.78, 140.35, 141.10, 142.09, 142.25, 142.53, 142.97,
143.01, 143.17, 143.41, 143.50, 143.69, 144.05, 144.16, 144.22, 144.31,
145.36, 145.59, 146.47, 146.87, 146.99, 147.34, 148.60, 149.76, 150.99,
157.08, 157.16, 157.25, 161.27 ppm.


Compound 5 : Eluent: toluene/MeOH 99.7:0.3; 1H NMR (400 MHz,
CDCl3): d=3.67 (d, 4H), 4.63 ppm (d, 4H); 13C NMR (100 MHz, CS2/
C6D12 10:1): d=47.54, 78.46, 137.08, 139.96, 141.13, 141.96, 142.35, 142.74,
144.74, 145.37, 145.75, 146.12, 146.48, 152.20 ppm.


Compound 9 : Eluent: toluene/MeOH 98:2; 1H NMR (400 MHz, CDCl3):
d=2.20–5.16 (brm, 35H), 6.50–6.95 (brm, 8H), 7.36–7.73 (m, 6H), 8.11–
8.38 (m, 4H), 8.47–9.00 ppm (brm, 2H); ESI-MS (CH2Cl2/HCCOH)
(%): 760.30 (100) [M+2H]2+ , 768.30 (80) [M+O+2H]2+ , 1519.55 (10)
[M+H]+ , 1535.55 (8) [M+O+H]+ .


Compound 10 : Eluent: toluene/MeOH 98.7:1.3; 1H NMR (400 MHz,
CDCl3): d=1.14–1.62 (m, 6H), 2.60–4.76 (brm, 36H), 6.67 (br s, 8H),
7.50 (br s, 4H), 8.20 ppm (br s, 4H).
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Ruthenium-Catalyzed Cycloaddition of 1,6-Diynes and Nitriles under Mild
Conditions: Role of the Coordinating Group of Nitriles
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Kenji Itoh[a]


Introduction


Pyridine is one of the most important nitrogen heterocycles,
playing a key role in several biological processes.[1] Pyridines
are also used extensively for ligands in organometallic
chemistry.[2] Although substituted pyridine rings have been
constructed generally through conventional condensation
methods, such as the Hantzsch synthesis,[1] the transition-
metal-mediated [2+2+2] cyclocotrimerization of two al-
kynes with a nitrile is an alternative atom-economical
method to produce multiply substituted pyridines under
neutral and mild conditions.[3] The cyclocotrimerizations
have been explored extensively since their discovery by Wa-
katsuki and Yamazaki,[4] and catalytic, partially intramolecu-
lar approaches utilizing a,w-diynes or cyanoalkynes proved
to be particularly useful for the assembly of bicyclic pyridine
frameworks, as pioneered by Vollhardt and co-workers.[5]


However, the chemo- and regioselectivity, as well as reac-


tion conditions of catalytic protocols, must be improved
before these methods can be compared with stoichiometric
methods.[6] In this context, mild and highly selective cycload-
ditions of a,w-diynes with nitriles were achieved recently by
using a chiral indenylcobalt catalyst and a nickel N-hetero-
cyclic carbene complex.[7]


We developed independently the ruthenium-catalyzed cy-
cloadditions of 1,6-diynes with carbon–heteroatom multiple
bonds, and found that carbon–nitrogen triple bonds directly
connecting to an electron-withdrawing group are capable of
participating in the ruthenium-catalyzed cycloaddition at
60–80 8C.[8] This is in striking contrast to simple acetonitrile
or benzonitrile that yield hardly any cycloadducts. Quite sur-
prisingly, however, dicyanides bearing two cyano groups at
remote positions reacted with 1,6-diynes even at ambient
temperature under the ruthenium catalysis.[9] Notably, the
cycloaddition took place at one of the two cyano groups, re-
sulting in the formation of pyridines possessing an intact cy-
anoalkyl side chain after completion of the reaction.


After our reports, Sa5 and co-workers revisited the ruthe-
nium-catalyzed cycloadditions of 1,6-diynes with electron-
deficient nitriles or dicyanides by means of a different cata-
lytic system, [Cp*Ru ACHTUNGTRENNUNG(CH3CN)3]PF6/Et4NCl, to broaden the
scope of the substrates.[10] Interestingly, they reported that
the dicyanides play a critical role in cleaving a dimeric com-
plex, [{Cp*Ru ACHTUNGTRENNUNG(CH3CN)Cl}2], generated in situ from the cati-
onic precatalyst and Et4NCl. Also encouraging is that some
nitriles possessing a heteroatom element in close proximity
to the cyano group exhibited a similar reactivity with malo-
nonitrile to give the corresponding pyridines, albeit with
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amount of [Cp*RuCl ACHTUNGTRENNUNG(cod)] (Cp*=pen-
tamethylcyclopentadienyl, cod=1,5-cy-
clooctadiene), 1,6-diynes were allowed
to react chemo- and regioselectively
with nitriles bearing a coordinating
group, such as dicyanides or a-haloni-
triles, at ambient temperature to afford


bicyclic pyridines. Careful screening of
nitrile components revealed that a
C�C triple bond or heteroatom sub-


stituents, such as methoxy and methyl-
thio groups, proved to act as the coor-
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moderate yields of around 50%. This report shows that fur-
ther explorations of the scope of substrate, as well as the re-
action mechanism, are required to establish the generality
of the ruthenium-catalyzed pyridine formation. Herein, we
report results that provide a plausible explanation for the
role of the coordinating group on the nitrile component.


Results and Discussion


Ruthenium-catalyzed cycloaddition of dicyanides : To
ACHTUNGTRENNUNGachieve a selective and efficient pyridine formation, we em-
ployed a neutral ruthenium(ii) complex, [Cp*RuCl ACHTUNGTRENNUNG(cod)]
(1), having both an electron-donating planar ligand (Cp*=
pentamethylcyclopentadienyl) and a readily leaving support-
ing ligand (cod=1,5-cyclooctadiene), as this proved to be an
efficient precatalyst for the cycloaddition of the a,w-diynes
with alkenes,[11] alkynes,[12] isocyanates and isothiocya-
nates,[13] or tricarbonyl compounds.[14] The reaction of di-
methyl dipropargylmalonate (2a) and two equivalents of
acetonitrile in the presence of 1 mol% 1 in 1,2-dichloro-
ethane (DCE) at room temperature (around 25 8C), howev-
er, gave only a mixture of dimers and trimers of 2a. Diyne
2a was recovered quantitatively if the reaction was carried
out with acetonitrile as a solvent. On the other hand, 2a was
allowed to react with 1.5 equivalents of malononitrile (3a)
in the presence of 2 mol% 1 in DCE at room temperature
for 22 h to afford bicyclic pyridine 4aa in 92% yield
(Scheme 1, Table 1, run 1). The reaction reached completion
after 7 h at 60 8C and a similar yield (91%) of 4aa was iso-
lated (run 2). As a precatalyst, a RuIII complex,
[(Cp*RuCl2)2], was found to be less effective, furnishing 4aa
in 22% yield (2 mol%, RT, 22 h). In striking contrast,
[RuCl2ACHTUNGTRENNUNG(cod) ACHTUNGTRENNUNG(CH3CN)2] or [Ru ACHTUNGTRENNUNG(C6Me6) ACHTUNGTRENNUNG(cod)] were totally in-
competent for pyridine formation under the same reaction
conditions.


A similar reaction of parent 1,6-heptadiyne (2b) with 3a
at ambient temperature for 16 h gave 4ba in 77% yield, in-
dicating that the assistance of the gem-disubstituent effect
(Thorpe–Ingold effect) is not essential (Table 1, run 3).[15] In
contrast, 1,7-octadiyne proved to be totally ineffective for
the present ruthenium catalysis (run 4). The use of N,N-di-
propargyltosylamide (2c) and propargyl ether (2d) led to
the formation of pyridine-fused heterocycles 4ca and 4da in
85 and 86% yield, respectively (runs 5 and 6). The rutheni-
um complex was also capable of catalyzing the cycloaddition
of dipropargyl sulfide (2e) with 3a even at room tempera-
ture (run 7). The desired sulfur heterocycle 4ea was ob-
tained in 63% yield, although an increased catalyst loading
of 5 mol% was required.


To examine the generality in terms of the nitrile compo-
nent, several other dicyanides were then subjected to the
catalyzed cycloaddition with diyne 2a. A tether unit con-
necting the two cyano groups has a decisive effect upon the
chemoselectivity. Succinonitrile (3b), in which the two
cyano groups are separated by two methylene units, gave
4ab in only 29% yield, along with the concomitant forma-


tion of a mixture of dimer and trimer of 2a (Table 1, entry
8). These results clearly suggest that the shorter tether fa-
vored the desired pyridine formation. The yield of 4ab was,
however, improved to 62% with increased loadings of
ruthenium complex 1 (5 mol%) and dicyanide 3b (4 equiv)
as a result of the partial inhibition of the diyne dimerization
(run 9). In contrast to 3b, dicyanides connecting a more
rigid tether gave better results. For example, ortho-, meta-,
and para-dicyanobenzenes 3d–3 f were allowed to react with
2a, delivering the corresponding pyridines 4ad–4af in 43–
61% yield (runs 10–12). In these cases, the product yields
appeared to depend on the distance between the two cyano
groups. On the other hand, fumaronitrile (3g), in which two
cyano groups are in a mutual trans relationship, gave acrylo-
nitrile derivative 4ag in a much higher yield (88%, entry


Scheme 1. a) Ruthenium-catalyzed cycloaddition of diynes 2 with nitriles
3. b) Diynes and nitriles employed in this study.
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13) than that for phthalonitrile (3d) possessing a cis dicya-
nide moiety (61%, entry 10).


The following experiments disclosed that the exceptional
reactivity of the dicyanides is not attributed simply to the
electron-withdrawing ability of the cyano group. In place of
malononitrile (3a) or terephthalonitrile (3 f), methyl cyano-
ACHTUNGTRENNUNGacetate or methyl p-cyanobenzoate, in which an ester group
substitutes one of the cyano groups in 3a or 3 f, were em-
ployed, however, the corresponding bicyclic pyridines were
formed in less than 10% yield at ambient temperature.


We next turned our attention to the regioselectivity of the
cycloaddition of unsymmetrical 1,6-diynes and dicyanides.[8b]


The cycloaddition of malonate derivative 2 f possessing a
methyl terminal and malononitrile 3a was first conducted at
ambient temperature (Table 2, run 1). The reaction did not,


however, complete within 24 h, even with an increased cata-
lyst loading of 5 mol%. As a result, the yield of 4 fa is mod-
erate, albeit with excellent regioselectivity, and 40% of the
diyne was recovered intact. At elevated temperature
(60 8C), the cycloaddition uneventfully reached completion
within 5 h in the presence of 2 mol% 1 to give 4 fa in 97%
yield, although the regioselectivity was lowered to 95:5 (run
2). The reaction of conjugated diyne 2g bearing a phenyl
terminal turned out to be very slow, even under the heating
conditions. Upon increasing the catalyst loading to
10 mol%, cycloadduct 4ga was obtained as a single re-
gioisomer in 78% yield with 11% recovery of 2g (run 3).


Table 1. Cycloaddition of diynes with dicyanides.


Run 2,3 1 [mol%] T [8C] t [h] Product, Yield [%]


1 2a,3a 2 RT 22 4aa, 92


2 2a,3a 2 60 7 4aa, 91


3 2b,3a 2 RT 16 4ba, 77


4 2 l,3a 5 RT 24 no reaction


5 2c,3a 2 RT 0.5 4ca, 85


6 2d,3a 2 RT 14 4da, 86


7 2e,3a 5 RT 24 4ea, 63


8 2a,3b 2 RT 18 4ab, 29


9 2a,3b[a] 5 RT 12 4ab, 62


10 2a,3d 2 RT 4 4ad, 61


11 2a,3e 2 RT 7 4ae, 50


12 2a,3 f 2 RT 17 4af, 43


13 2a,3g 2 RT 22 4ag, 88


[a] Four equivalents.


Table 2. Cycloaddition of unsymmetrical diynes with dicyanides.


Run 2,3 1 [mol%] T [8C] t [h] Product, Yield [%] [4 :4’][a]


1 2 f,3a 5 RT 24 4 fa, 44[b] [100:0]


2 2 f,3a 2 60 5 4 fa, 97 [95:5]


3 2g,3a 10 60 24 4ga, 78[c] [100:0]


4 2h,3a 5 60 5.5 4ha, 92 [100:0]


5 2 i,3a 2 60 0.5 4 ia, 95 [100:0]


6 2 j,3a 2 60 16 4 ja, 97 [95:5]


7 2 f,3b 2 RT 10 4 fb, 83 [100:0]


8 2 f,3c 5 RT 22 4 fc, 46 [100:0]


9 2 f,3d 2 RT 7 4 fd, 89 [100:0]


10 2 f,3g 5 RT 24 4 fg, 89 [100:0]


[a] The isomer ratio was determined by 1H NMR spectroscopy. [b] Diyne
2 f was recovered in 40% yield. [c] Diyne 2g was recovered in 11%
yield.
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With 5 mol% loading of 1, sterically demanding trimethyl-
silyl-substituted diyne 2h underwent cycloaddition for 5.5 h
at the same temperature to give 4ha as a single regioisomer
in 92% yield (run 4). Similarly, aza and oxa heterocycles 4 ia
and 4 ja were obtained in high yields and regioselectivity
(runs 5 and 6).


In contrast to malononitrile, succinonitrile (3b) under-
went a clean reaction with 2 f at ambient temperature in the
presence of 2 mol% 1 to afford 4 fb as a single regioisomer
in 83% yield (run 7). This shows that the terminal methyl
substituent considerably retarded the undesirable dimeriza-
tion of 2 f (Table 1, run 7). However, the reaction of a dicya-
nide having a longer tether, glutaronitrile (3c), suffered
from the competitive dimerization of 2 f, resulting in the
lower yield of 4 fc (run 8). Rigid dicyanides 3d and 3g were
also converted regioselectively to the corresponding pyri-
dines in good yields (runs 9 and 10).


Exploratory study on the scope of nitrile components : In
striking contrast to the above dicyanides, monocyanides,
such as acetonitrile or methyl cyanoacetate, gave poor re-
sults. In addition, one of the two cyano groups in the dicya-
nides remained intact after the completion of pyridine for-
mation. This suggests that one cyano moiety might behave
as a coordinating group assisting the cycloaddition of the
other cyano group. Thus, other nitriles possessing a heteroa-
tom-coordinating group a to the cyano group were screened
to expand the scope of the nitrile substrate. As mentioned,
Sa5 and co-workers reported that chloroacetonitrile (3h)
was allowed to react with diyne 2a in the presence of
10 mol% [Cp*Ru ACHTUNGTRENNUNG(CH3CN)3]PF6/Et4NCl in DMF at room
temperature for 1.5 h to give chloromethylpyridine 4ah in
56% yield.[10] Under our standard conditions, the same
product was obtained in 93% yield (Table 3, run 1). Under
similar conditions, fluoroacetonitrile (3 i) furnished 4ai in
90% yield (run 2), whereas the corresponding bromide 4aj
was obtained from bromoacetonitrile (3 j) in only moderate
yield, probably due to its instability (run 3). Because 3 j is
an activated halide, oxidative addition of its C�Br bond to
Ru species might give catalytically inactive species that lead
to the decreased yield. a,a-Dichloroacetonitrile 3k also ex-
hibited a similarly good reactivity and the corresponding
product 4ak was obtained in a high yield (run 4). These re-
sults are in striking contrast to that observed for trichloro-
acetonitrile, which failed to undergo cycloaddition within
24 h at ambient temperature, even with an increased catalyst
loading of 5 mol%, although the corresponding cycloadduct
was obtained at an elevated temperature of 80 8C.[8] More-
over, b-chloronitriles, such as 3-chloropropionitrile and o-
chlorobenzonitrile (3r, see below) gave no cycloadduct
under the same reaction conditions. Therefore, both the
number and the position of halogen substitution on the ni-
trile component proved to play important roles.


To establish the generality of the a-halonitrile cycloaddi-
tion, various combinations of diynes and nitriles were exam-
ined, as summarized in Table 3. The high-yield formation of
4bh from 1,6-heptadiyne (2b) again shows that the assis-


tance of the gem-disubstituent effect is not essential (run
5).[15] The use of N,N-dipropargyltosylamide (2c), diproparg-
yl ether (2d), and dipropargylsulfide (2e) afforded pyridine-


Table 3. Cycloaddition of diynes with a-halonitriles.[a]


Run 2,3 1 [mol%] t [h] Product, Yield [%]


1 2a,3h 2 2 4ah, 93


2 2a,3 i 2 1 4ai, 90


3 2a,3j 2 3 4aj, 42


4 2a,3k 2 3 4ak, 91


5 2b,3h 2 6 4bh, 81


6 2c,3h 2 4 4ch, 80


7 2d,3h 2 20 4dh, 71


8 2e,3h 5 20 4eh, 61


9 2a,3 l 2 4 4al, 87


10 2a,3m 2 6 4am, 71


11 2a,3n 2 2 4an, 87


12 2a,3o 2 10 4ao, 84


13 2a,3p 2 24 4ap, 76


14 2a,3q 2 24 4aq, 81


[a] All reactions were carried out at RT.
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fused heterocycles 4ch, 4dh, and 4eh, respectively, in 61–
80% yield, indicative of the ruthenium catalysis being com-
patible with heteroatom tethers (runs 6–8). In terms of the
nitrile component, 2-chloropropionitrile (3 l) and its amino
analogue 3m or 2-chloroacrylonitrile (3n) underwent un-
eventful cycloaddition with 2a at ambient temperature for
2–6 h to give pyridines 4al, 4am, or 4an, respectively, in
good yields (runs 9–11). In the case of dicyanide 3o, the cy-
cloaddition took place exclusively at the cyano group a to
the dichloromethylene moiety (run 12). Notably, selective
pyridine formations were observed for a,a-dichloronitriles
3p and 3q bearing an alkene or an alkyne terminal (runs 13
and 14), whereas these unsaturated a,a-dichloronitriles are
capable of undergoing transition-metal-catalyzed atom-
transfer radical cyclization.[16]


In addition to these halonitriles, nitriles bearing an
oxygen, a nitrogen, or a sulfur substituent were subjected to
cycloaddition with 2a (Scheme 2). In the presence of


2 mol% 1, methoxyacetonitrile (3s) was allowed to react
with 2a at ambient temperature for 17 h to obtain the de-
sired cycloadduct 4as, albeit in low yield. In this case, the
dimer of 2a was also formed as major product in 40% yield.
To suppress the undesired dimerization, a large excess of 3s
(10 equiv) was used with an increased catalyst loading. As a
consequence, the reaction reached completion within 3 h,
and the yield of 4as was improved to 70%. In a similar
manner, except for catalyst loading of 20 mol%, methyl-
thioacetonitrile (3 t) underwent cycloaddition with 2a for
24 h to afford 4at in 32% yield along with the diyne dimer
(31%).


The cycloaddition of chloroacetonitrile (3h) with the un-
symmetrical diynes turned out to be more effective than
that of the dicyanides. As described above, the reaction of
methyl-substituted diyne 2 f with malononitrile did not com-
plete within 24 h at ambient temperature. Upon heating at
60 8C, the desired product was obtained in an excellent
yield, although the regioselectivity was slightly decreased
relative to that at room temperature (Table 2, runs 1 and 2).
In contrast, the reaction of 2 f and 3h uneventfully reached
completion within 3 h at room temperature, and gratifyingly,
the desired pyridine 4 fh was obtained in 88% yield as a
sole regioisomer (Table 4, run 1). The reactions with other
diynes 2g and 2h bearing a bulky terminal substituent also


proceeded at ambient temperature to afford 4gh and 4hh in
80 and 84% yield, respectively (runs 2 and 3). The heteroa-
toms on the tether chains have no detrimental effect on the
regioselectivity (runs 4 and 5). Moreover, the significant
aspect of the cycloaddition of these unsymmetrical diynes is
that their self-dimerization is inhibited by the steric repul-
sion of the terminal substituent. In fact, o-chlorobenzonitrile
(3r) proved to be an incompetent nitrile component toward
the cycloaddition with 2a, resulting in the exclusive forma-
tion of the dimer of 2a. On the other hand, 3r was capable
of undergoing cycloaddition with 2 f to furnish 4 fr in 71%
yield (run 6). Similarly, methoxyacetonitrile (3s) and meth-
ylthioacetonitrile (3 t) were converted to the corresponding
pyridines 4 fs and 4 ft in 79 and 81% yield, respectively,
without increased loadings of these nitriles (runs 7 and 8).


Reaction mechanism: the role of the coordinating group of
nitrile components : In striking contrast to a-halo-, a-me-


Scheme 2. Cycloaddition of diyne 2a with methoxyacetonitrile 3s and
methylthioacetonitrile 3t.


Table 4. Cycloaddition of unsymmetrical diynes with halo-, methoxy-,
and methylthionitriles.[a]


Run 2,3 1 [mol%] t [h] Product, Yield [%][b]


1 2 f,3h 2 3 4 fh, 88


2 2g,3h 5 6 4gh, 80


3 2h,3h 5 4 4hh, 84


4 2 i,3h 2 3 4 ih, 86


5 2j,3h 2 15 4jh, 84


6 2 f,3r 5 8 4 fr, 71


7 2 f,3s 2 10 4 fs, 79


8 2 f,3t 5 24 4 ft, 81


[a] All reactions were carried out at RT. [b] All products were obtained
as single regioisomers.
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thoxy-, or a-methylthionitriles, acetonitriles possessing a ni-
trogen substituent, such as N,N-dimethylaminoacetonitrile
or N-methylaminoacetonitrile, gave no corresponding cyclo-
adducts. This indicates that multiple lone pairs are required
for the ruthenium-catalyzed cyclocotrimerization. On the
basis of these results, one might consider that highly nucleo-
philic amino groups deactivated the ruthenium catalysis
through their strong coordination. This possibility can be
ruled out, however, because the cycloadducts of diynes and
dicyanides, the less-nucleophilic cyanoalkylpyridine, also
failed to undergo the second cycloaddition with the intact
cyano group, although the first cycloaddition was not inhib-
ited by the accumulating pyridine product. In addition, a-
chloronitrile possessing an amino group 3m underwent
clean cycloaddition at ambient temperature to give the cor-
responding cycloadduct 4am. This means that an amino
group does not inhibit the catalytic formation of pyridine. In
addition, the incompetence of cyanoesters compared to di-
cyanides also suggests the importance of the multiple p-
bonds for the assisting group.[17–19] On the other hand, Sa5
and co-workers suggested that the dicyanides cleave a di-
meric complex, [{Cp*Ru ACHTUNGTRENNUNG(CH3CN)Cl}2], through the coordi-
nation to both ruthenium centers with their nitrogen lone
pairs to form a catalytically active species.[10] With these
facts in mind, we examined the possibility of a C�C triple
bond as an assisting group. However, in our ruthenium-cata-
lyzed cycloaddition, terminal alkynes generally show much
higher reactivity than simple nitriles. Thus, the C�C triple
bond should be sterically shielded by a bulky terminal group
to inhibit the unfavorable reaction on the alkyne moiety. To
this end, monocyanide 3u possessing a trimethylsilyl-substi-
tuted alkyne moiety (4 equiv) reacted with 2a in the pres-
ence of 10 mol% 1 at ambient temperature (Scheme 3).
Gratifyingly, the expected pyridine 4au was obtained, albeit
in moderate yield (58%). Moreover, unsymmetrical diyne
2 f was allowed to react with 1.5 equivalents of 3u with a


lower catalyst loading of 5 mol%, resulting in the regiose-
lective formation of 4 fu in 75% yield. Another nitrile sub-
strate o-alkynylbenzonitrile 3v, in which the alkynyl and
cyano groups are connected with a phenylene tether, was
also allowed to react with 2 f in a similar manner to afford
4 fv in 54% yield, along with the dimer of 2 f in 28% yield
(Scheme 3), although no cycloadduct was obtained from 2a
with 3v. As expected, the reaction of diyne 2a with trans-3-
pentenenitrile resulted in the formation of the diyne dimer
in 60% yield. These results clearly indicated that the cyclo-
addition of 3u and 3v proceeds with the assistance of the
4e-h2-coordination with the carbon–carbon triple bond.[20,21]


Therefore, the cycloaddition ability of the dicyanides must
be attributed to the carbon–nitrogen triple bond, rather
than to the nitrogen lone pair.


It has been considered that the ruthenium-catalyzed cy-
cloadditions proceed via a ruthenacyclopentatriene inter-
mediate, on the basis of theoretical calculations, as well as
the isolation of bicyclic analogues of such a ruthenacy-
cle.[8b,12b–d, i, 22] An alternative possibility is that the intermedi-
acy of an azaruthenacyclopentadiene may account for the
unusual observations mentioned above. The reaction of a-
propargyloxyacetonitrile 5 with excess 1-hexyne, however,
gave no cycloadduct, which rules out the catalytic pathway
via the azaruthenacyclopentadiene intermediate, such as 6,
to the pyridine product (Scheme 4). This was also supported


by the fact that cyanodiyne 7a bearing both a 1,6-diyne
moiety and a pendant nitrile was converted successfully to
tricyclic pyridine 8a in 74% yield by means of a slow-addi-
tion technique (syringe-pump addition of 7a over 3 h, then
stirring for 24 h), as well as a high-dilution condition (0.01m
solution), avoiding bimolecular side reactions (Scheme 5).
Notably, the oxygen atom a to the C�N triple bond is not
imperative for the completion of intramolecular cyclization.
In the same manner, cyanodiyne with a malonate tether 7b


Scheme 3. Ruthenium-catalyzed cycloaddition of 2a and 2 f with cyanoal-
kyne 3u and 3v (E=CO2Me).


Scheme 4. Failed cycloaddition of cyanoalkyne 5 with 1-hexyne.


Scheme 5. Ruthenium-catalyzed cyclization of cyanodiyne 7.
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gave 8b in a comparable yield. In contrast to 7a and 7b, 7c
possessing no terminal alkyne requires neither the slow-ad-
dition technique nor a high-dilution condition. With a cata-
lyst loading of 5 mol%, 7c was selectively converted to 8c
in 86% yield within 1 h at ambient temperature. To the best
of our knowledge, these are the first examples of a fully in-
tramolecular [2+2+2] cyclocotrimerization of alkynes with a
nitrile.


To obtain further insight into the mechanism, we conduct-
ed the chlorine-ligand-abstraction experiments outlined in
Scheme 6. It was found previously that the cationic rutheni-


um species produced in situ from 1 and a silver salt is totally
ineffective for the intramolecular alkyne cyclotrimeriza-
tion.[12c] This is probably attributed to the [Cp*Ru]+ frag-
ment capable of forming a stable arene complex.[12c] The de-
teriorative effect of the formation of cationic species was re-
produced by conducting the cycloaddition of 2a with 1-
hexyne in the presence of 1 mol% 1 and 2 mol% AgPF6.
Under these conditions, no reaction took place even after
24 h, whereas in the absence of the silver salt the cycloaddi-
tion completed within 30 min to give 9 in 94% yield.


On the other hand, the cycloaddition of the same diyne
with malononitrile (3a) proceeded in the presence of the
silver salt. Thus, upon treatment with 5 mol% 1 and
10 mol% AgPF6 at room temperature for 24 h, pyridine 4aa
was obtained in 64% yield. These experiments revealed that
the chlorine ligand is not essential for the pyridine forma-
tion. The cationic system still functions in the cycloaddition


of the dicyanide, albeit with diminished efficiency, because
the pyridine produced behaves as a readily removable h1-ni-
trogen ligand toward the [Cp*Ru]+ fragment. This is in
striking contrast to the arene product, giving the stable h6-
arene complex. The decrease in catalytic efficiency was not
so pronounced for chloroacetonitrile (3h), giving a higher
product yield with a smaller catalyst loading. Notably, the
cycloaddition of only 1.5 equivalents of methoxyacetonitrile
(3s) selectively afforded 4as in moderate yield under the
cationic conditions, preventing the dimerization of 2a. In
this case, 12% of the diyne was also recovered intact.


Next, we examined the effect of external chloride ion
(Scheme 6). Firstly, the cycloaddition of 2a with 1-hexyne
(4 equiv) was conducted in the presence of 1 mol% 1 and
5 mol% Et4NCl at ambient temperature. As a result, the re-
action reached completion within 30 min to give 9 in 87%
yield. Therefore, the added chloride ion had no impact on
the ruthenium-catalyzed, partially intramolecular alkyne cy-
clotrimerization. Secondly, the cycloadditions of 2a with
chloroacetonitrile (3h) were carried out by adding 5, 10, or
20 mol% Et4NCl with 2 mol% 1 at ambient temperature.
These reactions were completed after around 20 h to give
pyridine 4ah in 68–74% yield, along with the diyne dimer in
12–15% yield. The chloride additive slowed the pyridine
formation and facilitated somewhat the undesirable diyne
dimerization, however, the amount of ammonium chloride
had almost no influence on the product ratio of 82:18–86:14.
The exact role of the chloride ligand is not clear at this
stage, whereas the neutral ruthenium species, [Cp*RuCl],
proved to have higher catalytic efficacy, and the undesired
dimerization of the diyne was observed in the presence of
external chloride ions. These aspects suggest that the chlo-
ACHTUNGTRENNUNGrine-atom dissociation/association steps might be involved in
the catalytic cycle (see below).[23]


To obtain further insight into the coordination mode of
the nitriles used in this study, we performed theoretical cal-
culations. For computational efficacy, we calculated model
complexes having a Cp ligand instead of a Cp* ligand, al-
though these two ligands afford different steric and electron-
ic environments to the ruthenium center. Although the ni-
triles bearing an extra coordinating group are expected to
behave as bidentate ligands, the chelate-coordination mode
failed to explain the efficacy of fumalonitrile 3g, in which
the two cyanogroups are located mutually trans on the rigid
alkene backbone. In addition, small bite angles of malononi-
trile 3a or chloroacetonitrile 3h make their chelate forma-
tion on single ruthenium species difficult. Indeed, the DFT-
optimization of neutral and cationic ruthenium complexes I
or II having a chelate chloroacetonitrile ligand resulted in
the isomerization of oxidative-addition products I’ or II’ as
stationary points (Figure 1). This suggests that the nitriles
function as bridging rather than chelate ligands. As such a
possibility, it was reported previously that o-cyanophenyldi-
phenylphosphine behaves as a bridging ligand in a dinuclear
rhenium complex. In this example, the cyano group was con-
sidered to coordinate to the rhenium center through the
C�N triple bond.[24] Such a side-on coordination mode of


Scheme 6. Effects of additives on ruthenium-catalyzed cycloadditions.
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the cyano group is clearly beneficial to cyclocotrimerization
leading to pyridines. Accordingly, we also assumed a sym-
metrical dinuclear ruthenium complex with two bridging h2-
nitrile ligands to be active species. The DFT-optimization of
model complex III consisting of neutral [CpRuCl] fragments
and chloroacetonitrile, however, led to a ring-collapsed
structure. In contrast, the similar cationic complex IV was
located successfully as a stationary point. Its Ru�C and Ru�
N bond lengths of 2.190 and 2.150 N, respectively, are simi-
lar to those reported for the isolated h2-nitrile complexes.[19]


On the other hand, the Ru–chlorine bond length of 2.635 N
is greater than the Rh–Cl distance (2.49 N) in a related cat-
ionic pentamethylcyclopentadienylrhodium dichloromethane
complex.[25] This shows that the chlorine ligand is more
labile for ligand substitution than the h2-nitrile ligand.


On the basis of these observations, a plausible catalytic
cycle is outlined in Scheme 7. The initial ligand exchange
from cod to nitrile 3 with concomitant chloride dissociation
may give dinuclear cationic complex 11, in which bridging
side-on nitrile ligands act as six-electron donors. In other
words, it might be reasonable to consider that the reacting


cyano group takes the 2e-h2-coordination mode, and an
extra coordinating group (CN, Cl, F, Br, OMe, SMe,
C�CSiMe3) behaves as a four-electron-donor ligand. In this
respect, both ruthenium centers are coordinatively saturated
18-electron species in 11. Substitution of labile 11 accommo-
dates diyne 2, resulting in the irreversible formation of mon-
onuclear h2-nitrile complex 12. Subsequent oxidative cycliza-
tion of the diyne ligand leads to cationic ruthenacyclopenta-
triene (nitrile) complex 13. At this stage, the chloride ion
might return to the ruthenium center of 13 to afford ruthe-
nacyclopentadiene 14 before further reaction of the coordi-
nated nitrile. This is because the four-legged piano-stool ge-
ometry might be required for the formal [2+2] cycloaddi-
tion, leading to azaruthenatricycle 15. The direct conversion
of 13 to 15, however, cannot be ruled out. Finally, the Ru�C
bond cleavage in 15 followed by the reductive elimination
of pyridine 4 from resultant 16 leads to the formation of h1-
pyridine complex 17. The ligand exchange from 4 to nitrile 3
with concomitant chloride dissociation restores dinuclear
species 11.


Further scope and application of ruthenium-catalyzed cyclo-
cotrimerization : As depicted in Scheme 8, fully substituted
pyridines 4ka and 4kh were obtained in good yields from


internal diyne 2k. Notably, the reaction of chloroacetonitrile
3h proceeded even at ambient temperature with a lesser
catalyst loading than that for malononitrile 3a. Nitriles 3a
and 3h were allowed to react with tetrayne 18 in refluxing
DCE to afford bipyridines 19a and 19b in 95 and 71%
yield, respectively (Scheme 9).[26]


Previously, we achieved the ruthenium-catalyzed C-aryl-
glycoside synthesis from C-diynylglycosides and monoal-
ACHTUNGTRENNUNGkynes.[12f,g] Herein, this strategy was extended to the synthe-
sis of pyridine analogues (Scheme 10). The cycloaddition of
glycoside 20 with 1.5 equivalents of 3h or 3k was conducted
at room temperature. Although a high catalyst loading of
10 mol% was required, the desired C-pyridylglycosides 21a
and 21b were synthesized selectively in good yields.


Finally, we examined the cycloaddition of diyne 22 bear-
ing an amide tether (Scheme 11). It has been reported that
such an unsymmetrical diyne reacted with terminal alkynes,
electron-deficient nitriles, or isocyanates to give the corre-
sponding cycloadducts with moderate to good regioselectivi-
ty.[8b,12d] On the basis of DFT calculations of model inter-
mediates, the regioselectivity was ascribed to the electronicScheme 7. Plausible mechanism for ruthenium-catalyzed cycloaddition.


Scheme 8. Synthesis of fully substituted pyridines.


Figure 1. DFT-optimized structures of model complexes.
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influence of the internal carbonyl group. In striking contrast,
no regioselectivity was observed for the cycloaddition of 22
with malononitrile (3a) or chloroacetonitrile (3h), strongly
indicative that the cycloaddition of these nitriles proceeds
by a different mechanism, with previous examples (see
above). On the other hand, the cycloaddition of dichloroace-
tonitrile (3k) exhibited moderate regioselectivity of
23c :24c=80:20. Consequently, the cycloaddition regioselec-
tivity depends on the number of chlorine atoms a to the
cyano group, although the origin of such dependence is not
clear.


Conclusion


Dicyanides and halonitriles exhibit exceptionally high reac-
tivity toward the ruthenium-catalyzed cycloaddition with
1,6-diynes leading to bicyclic pyridines under mild condi-


tions. Further screening of the nitrile components revealed
that methoxy and methylthio groups also behave as assisting
groups, whereas nitrogen functional groups, such as pyridyl
and amino groups, proved to be totally ineffective. More-
over, a trimethylsilylated alkynyl group indicated a similar
efficiency to the cyano group, although alkenyl and ester
functionalities are incompetent. These results suggest that
multiple lone pairs or p-bonds play a critical role.


Experimental Section


General : Column chromatography was performed with silica gel (Cica
silica gel 60N) eluted with mixed solvents (hexane/ethyl acetate). 1H and
13C NMR spectra were measured by using a Varian Mercury 300 NMR
spectrometer with CDCl3 solutions at 25 8C. 1H NMR chemical shifts are
reported in terms of chemical shift (d, ppm) relative to the singlet at
7.26 ppm for chloroform. Splitting patterns are designated as follows: s,
singlet; d, doublet; t, triplet; q, quartet; quint, quintet; sext, sextet; sept,
septet; m, multiplet. Coupling constants are reported in Hz. 13C NMR
spectra were fully decoupled and are reported in terms of chemical shift
(d, ppm) relative to the triplet at 77.0 ppm for CDCl3. Elemental analyses
were performed by the Instrumental Analysis Facility of Nagoya Univer-
sity or the Microanalytical Center of Kyoto University. Melting points
were obtained by using a BPchi Melting Point B-540 and are uncorrected.
1,2-Dichloroethane was dried over CaH2, distilled, and degassed before
use. [Cp*RuCl ACHTUNGTRENNUNG(cod)] was obtained according to the literature proce-
dures.[27]


General procedure for ruthenium-catalyzed cycloaddition: reaction of di-
methyl dipropargylmalonate (2a) with malononitrile (3a): A solution of
diyne 2a (63 mg, 0.3 mmol) in dry degassed 1,2-dichloroethane (2 mL)
was added to a solution of malononitrile (3a) (30 mg, 0.45 mmol) and
[Cp*RuClACHTUNGTRENNUNG(cod)] (1) (2.3 mg, 0.006 mmol) in dry degassed 1,2-dichloro-
ethane (1 mL) over 15 min by using a syringe under Ar atmosphere at
RT. The reaction mixture was stirred at RT for 20 h. The solvent was
evaporated and the crude product was purified by silica-gel flash column
chromatography (eluent hexane/AcOEt=2:1) to give 4aa (76 mg, 92%)
as orange solid. Other cycloadditions were carried out in a similar way.
The spectral data for 4ah have been reported.[10]


Analytical data for cycloadducts


4aa : m.p. 81–82 8C (eluent hexane/AcOEt=2:1); 1H NMR (300 MHz,
CDCl3, 25 8C): d=3.56 (s, 2H), 3.61 (s, 2H), 3.75 (s, 6H), 3.88 (s, 2H),
7.30 (s, 1H), 8.39 ppm (s, 1H); 13C NMR (75 MHz, CDCl3, 25 8C): d=
26.5 (CH2), 38.0 (CH2), 40.2 (CH2), 53.3 (CH3), 60.1, 117.0, 118.1 (CH),
135.6, 145.4 (CH), 148.7, 151.2, 171.0 ppm; IR (CHCl3): ñ=2252 (CN),
1732 cm�1 (CO2Me); MS (FAB): m/z (%): 274 (80) [MH+], 243 (27)
[MH+�OMe], 214 (100) [M+�CO2Me]; elemental analysis calcd (%)
for C14H14N2O4 (274.27): C 61.31, H 5.14, N 10.21; found: C 61.41, H,
5.12, N 10.10.


4ba : oil (eluent hexane/AcOEt=2:1); 1H NMR (300 MHz, CDCl3,
25 8C): d=2.12 (quint, J=7.5 Hz, 2H), 2.92 (t, J=7.5 Hz, 4H), 3.88 (s,
2H), 7.30 (s, 1H), 8.38 ppm (s, 1H); 13C NMR (75 MHz, CDCl3, 25 8C):
d=25.0, 26.4, 30.0, 32.7, 117.3, 118.4, 139.5, 145.4, 147.6, 155.4 ppm; IR
(CHCl3): ñ=2258 cm�1 (CN); MS (FAB): m/z (%): 159 (100) [MH+],
120 (19) [MH+�CH2CN]; elemental analysis calcd (%) for C10H10N2


(158.20): C 75.92, H 6.37, N 17.71; found: C 75.80, H, 6.50, N 17.52.


4ca : m.p. 145–146 8C (eluent hexane/AcOEt=1:2); 1H NMR (300 MHz,
CDCl3, 25 8C): d=2.41 (s, 3H), 3.90 (s, 2H), 4.63 (s, 2H), 4.65 (s, 2H),
7.29 (s, 1H), 7.34 (d, J=8.1 Hz, 2H), 7.77 (d, J=8.1 Hz, 2H), 8.41 ppm
(s, 1H); 13C NMR (75 MHz, CDCl3, 25 8C): d=21.6, 26.5, 51.5, 53.1,
116.4, 116.7, 127.3, 129.9, 132.0, 133.0, 144.0, 144.1, 147.2, 149.5 ppm; IR
(CHCl3): ñ=2251 (CN), 1350 (Ts), 1165 cm�1 (Ts); MS (FAB): m/z (%):
314 (100) [MH+], 158 (41) [M+�Ts]; elemental analysis calcd (%) for
C16H15N3O2S (313.37): C 61.32, H 4.82, N 13.41; found: C 61.26, H, 4.99,
N 13.13.


Scheme 11. Cycloaddition of amide-tethered diyne 22.


Scheme 9. Synthesis of bipyridines.


Scheme 10. Synthesis of C-pyridylglycosides.
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4da : m.p. 80–81 8C (eluent hexane/AcOEt=2:1); 1H NMR (300 MHz,
CDCl3, 25 8C): d=3.95 (s, 2H), 5.10 (s, 2H), 5.14 (s, 2H), 7.35 (s, 1H),
8.47 ppm (s, 1H); 13C NMR (75 MHz, CDCl3, 25 8C): d=26.5, 71.4, 72.7,
115.0, 116.9, 134.8, 142.6, 149.0, 150.5 ppm; IR (CHCl3): ñ=2258 cm�1


(CN); MS (FAB): m/z (%): 161 (100) [MH+]; elemental analysis calcd
(%) for C9H8N2O (160.17): C 67.49, H 5.03, N 17.49; found: C 67.55, H,
4.87, N 17.48.


4ea : m.p. 121–122 8C (eluent hexane/AcOEt=4:1); 1H NMR (300 MHz,
CDCl3, 25 8C): d=3.94 (s, 2H), 4.27 (s, 4H), 7.37 (s, 1H), 8.49 ppm (s,
1H); 13C NMR (75 MHz, CDCl3, 25 8C): d=26.2, 35.4, 37.5, 116.8, 118.3,
136.1, 145.9, 148.4, 151.5 ppm; IR (CHCl3): ñ=2256 cm�1 (CN); MS (EI):
m/z (%): 176 (100) [M+], 148 (25) [M+�2H�CN]; elemental analysis
calcd (%) for C9H8N2S (176.24): C 61.34, H 4.58, N 15.90; found: C
61.24, H, 4.44, N 15.62.


4ab : oil (eluent hexane/AcOEt=1:2); 1H NMR (300 MHz, CDCl3,
25 8C): d=2.81 (t, J=7.5 Hz, 2H), 3.07 (t, J=7.5 Hz, 2H), 3.58 (s, 2H),
3.60 (s, 2H), 3.76 (s, 6H), 7.08 (s, 1H), 8.38 ppm (s, 1H); 13C NMR
(75 MHz, CDCl3, 25 8C): d=16.9, 33.4, 38.1, 40.3, 53.2, 60.1, 117.0, 118.9,
119.4, 134.6, 145.1, 148.7, 150.4, 155.5, 171.2 ppm; IR (CHCl3): ñ=2247
(CN), 1732 cm�1 (CO2Me); MS (FAB): m/z (%): 289 (100) [MH+], 229
(8) [M+�CO2Me]; elemental analysis calcd (%) for C15H16N2O4 (288.30):
C 62.49, H 5.59, N 9.72; found: C 62.78, H, 5.79, N 9.22.


4ad : m.p. 125–126 8C (eluent hexane/AcOEt=4:1–3:1); 1H NMR
(300 MHz, CDCl3, 25 8C): d=3.70 (s, 4H), 3.79 (s, 6H), 7.48 (dt, J=7.5,
1.5 Hz, 1H), 7.62 (s, 1H), 7.67 (dt, J=7.5, 1.5 Hz, 1H), 7.78 (d, J=
7.5 Hz, 1H), 7.79 (d, J=7.5 Hz, 1H), 8.61 ppm (s, 1H); 13C NMR
(75 MHz, CDCl3, 25 8C): d=38.2, 40.4, 53.3, 60.1, 110.9, 118.6, 119.0,
128.4, 129.7, 132.6, 134.0, 135.9, 143.4, 145.4, 150.4, 153.8, 171.1 ppm; IR
(CHCl3): ñ=2225 (CN), 1736 cm�1 (CO2Me); MS (FAB): m/z (%): 337
(100) [MH+], 277 (35) [M+�CO2Me], 219 (18) [M+�2CO2Me]; elemen-
tal analysis calcd (%) for C19H16N2O4 (336.34): C 67.85, H 4.79, N 8.33;
found: C 67.89, H, 4.66, N 8.31.


4ae : m.p. 153–154 8C (eluent hexane/AcOEt=5:1–1:1); 1H NMR
(300 MHz, CDCl3, 25 8C): d=3.66 (s, 2H), 3.67 (s, 2H), 3.78 (s, 6H), 7.55
(t, J=7.5 Hz, 1H), 7.59 (s, 1H), 7.64–7.67 (m, 1H), 8.16–8.19 (m, 1H),
8.26 (t, J=1.5 Hz, 1H), 8.54 ppm (s, 1H); 13C NMR (75 MHz, CDCl3,
25 8C): d=38.2, 40.4, 53.3, 60.2, 112.8, 116.4, 118.6, 129.4, 130.5, 130.9,
131.9, 135.8, 140.5, 145.5, 150.8, 153.7, 171.1 ppm; IR (CHCl3): ñ=2232
(CN), 1735 cm�1 (CO2Me); MS (FAB): m/z (%): 337 (100) [MH+], 277
(10) [M+�CO2Me]; elemental analysis calcd (%) for C19H16N2O4


(336.34): C 67.85, H 4.79, N 8.33; found: C 68.08, H, 5.00, N 8.17.


4af : m.p. 178–179 8C (eluent hexane/AcOEt=5:1–3:1); 1H NMR
(300 MHz, CDCl3, 25 8C): d=3.67 (s, 2H), 3.68 (s, 2H), 3.78 (s, 6H), 7.62
(d, J=0.6 Hz, 1H), 7.67 (dt, J=9.0, 2.4 Hz, 1H), 8.06 (dt, J=9.0, 2.4 Hz,
1H), 8.55 ppm (d, J=0.6 Hz, 1H); 13C NMR (75 MHz, CDCl3, 25 8C):
d=38.2, 40.4, 53.3, 60.2, 112.2, 116.9, 118.8, 127.3, 132.4, 136.0, 143.5,
145.6, 150.7, 154.0, 171.2 ppm; IR (CHCl3): ñ=2230 (CN), 1735 cm�1


(CO2Me); MS (FAB): m/z (%): 337 (100) [MH+], 277 (10) [M+


�CO2Me]; elemental analysis calcd (%) for C19H16N2O4 (336.34): C
67.85, H 4.79, N 8.33; found: C 67.65, H, 4.82, N 8.11.


4ag : m.p. 102–104 8C (eluent hexane/AcOEt=1:2); 1H NMR (300 MHz,
CDCl3, 25 8C): d=3.61 (s, 2H), 3.65 (s, 2H), 3.77 (s, 6H), 6.52 (d, J=
15.9 Hz, 1H), 7.19 (s, 1H), 7.35 (d, J=15.9 Hz, 1H), 8.46 ppm (s, 1H);
13C NMR (75 MHz, CDCl3, 25 8C): d=38.4, 40.2, 53.3, 60.1, 100.3, 118.0,
120.1, 138.0, 146.0, 148.6, 149.9, 150.6, 171.0 ppm; IR (CHCl3): ñ=2223
(CN), 1735 cm�1 (CO2Me); MS (FAB): m/z (%): 287 (100) [MH+], 277
(10) [M+�CO2Me]; elemental analysis calcd (%) for C15H14N2O4


(286.28): C 62.93, H 4.93, N 9.79; found: C 62.70, H 4.89, N 9.73.


4 fa : m.p. 54–55 8C (eluent hexane/AcOEt=1:2); 1H NMR (300 MHz,
CDCl3, 25 8C): d=2.44 (s, 3H), 3.54 (s, 2H), 3.60 (s, 2H), 3.76 (s, 6H),
3.84 (s, 2H), 7.14 ppm (s, 1H); 13C NMR (75 MHz, CDCl3, 25 8C): d=
22.0 (CH3), 26.5 (CH2), 38.6 (CH2), 40.5 (CH2), 53.3 (CH3), 59.5, 115.7
(CH), 117.2, 133.6, 148.2, 150.8, 154.1, 171.2 ppm; IR (CHCl3): ñ=2256
(CN), 1736 cm�1 (CO2Me); MS (FAB): m/z (%): 288 (41) [M+], 228
(100) [M+�H�CO2Me], 197 (28) [M+�HOMe�CO2Me]; elemental
analysis calcd (%) for C15H16N2O4 (288.30): C 62.49, H 5.59, N 9.72;
found: C 62.40, H 5.58, N 9.69.


4ga : m.p. 122–123 8C (eluent hexane/AcOEt=1:2); 1H NMR (300 MHz,
CDCl3, 25 8C): d=3.65 (s, 2H), 3.74 (s, 6H), 3.79 (s, 2H), 3.96 (s, 2H),
7.29 (s, 1H), 7.38–7.50 (m, 3H), 7.72–7.77 ppm (m, 2H); 13C NMR
(75 MHz, CDCl3, 25 8C): d=26.6, 39.9, 40.3, 53.2, 60.0, 116.6, 117.2, 128.2,
128.4, 128.8, 132.6, 138.4, 148.9, 152.5, 154.1, 171.0 ppm; IR (CHCl3): ñ=
2257 (CN), 1735 cm�1 (CO2Me); MS (FAB): m/z (%): 351 (100) [MH+],
291 (34) [M+�CO2Me]; elemental analysis calcd (%) for C20H18N2O4


(350.37): C 68.56, H 5.18, N 8.00; found: C 68.50, H 5.22, N 7.87.


4ha : m.p. 120–121 8C (eluent hexane/AcOEt=5:1); 1H NMR (300 MHz,
CDCl3, 25 8C): d=0.33 (s, 9H), 3.56 (s, 2H), 3.63 (s, 2H), 3.77 (s, 6H),
3.89 (s, 2H), 7.20 ppm (s, 1H); 13C NMR (75 MHz, CDCl3, 25 8C): d=1.3,
26.8, 39.4, 39.8, 53.2, 60.2, 117.1, 117.5, 140.9, 148.4, 148.5, 163.5,
171.2 ppm; IR (CHCl3): ñ=2253 (CN), 1734 cm�1 (CO2Me); MS (FAB):
m/z (%): 347 (100) [MH+], 287 (40) [M+�CO2Me]; elemental analysis
calcd (%) for C17H22N2O4Si (346.45): C 58.93, H 6.40, N 8.09; found: C
58.92, H 6.42, N 8.08.


4 ia : m.p. 163–164 8C (eluent hexane/AcOEt=1:2); 1H NMR (300 MHz,
CDCl3, 25 8C): d=2.39 (s, 3H), 2.41 (s, 3H), 3.84 (s, 2H), 4.56 (s, 2H),
4.60 (s, 2H), 7.11 (s, 1H), 7.33 (d, J=8 Hz, 2H), 7.76 ppm (d, J=8 Hz,
2H); 13C NMR (75 MHz, CDCl3, 25 8C): d=21.6, 21.9, 26.5, 51.9, 53.5,
113.9, 116.9, 127.3, 129.9, 130.2, 133.2, 144.0, 146.9, 149.2, 153.2 ppm; IR
(CHCl3): ñ=2256 cm�1 (CN); MS (FAB): m/z (%): 328 (100) [MH+],
172 (36) [M+�Ts]; elemental analysis calcd (%) for C17H17N3O2S
(327.40): C 62.36, H 5.23, N 12.83; found: C 62.19, H 5.29, N 12.53.


4ja : m.p. 127–129 8C (eluent hexane/AcOEt=1:2); 1H NMR (300 MHz,
CDCl3, 25 8C): d=2.42 (s, 3H), 3.89 (s, 2H), 5.07 (s, 2H), 5.09 (s, 2H),
7.17 ppm (s, 1H); 13C NMR (75 MHz, CDCl3, 25 8C): d=22.1, 26.5, 71.8,
73.3, 112.5, 117.1, 132.9, 148.7, 150.1, 151.7 ppm; IR (CHCl3): ñ=


2256 cm�1 (CN); MS (FAB): m/z (%): 175 (100) [MH+]; elemental analy-
sis calcd (%) for C10H10N2O (174.20): C 68.95, H 5.79, N 16.08; found: C
68.69, H 5.75, N 15.94.


4 fb : m.p. 72–74 8C (eluent hexane/AcOEt=1:1); 1H NMR (300 MHz,
CDCl3, 25 8C): d=2.42 (s, 3H), 2.77 (t, J=7.2 Hz, 2H), 3.01 (t, J=7.2 Hz,
2H), 3.52 (s, 2H), 3.56 (s, 2H), 3.75 (s, 6H), 6.90 ppm (s, 1H); 13C NMR
(75 MHz, CDCl3, 25 8C): d=17.2, 22.0, 33.4, 38.5, 40.5, 53.2, 59.4, 116.5,
119.4, 132.6, 149.9, 153.6, 155.2, 171.4 ppm; IR (CHCl3): ñ=2250 (CN),
1734 cm�1 (CO2Me); MS (FAB): m/z (%): 303 (100) [MH+], 243 (34)
[M+�CO2Me]; elemental analysis calcd (%) for C16H18N2O4 (302.33): C
63.56, H 6.00, N 9.27; found: C 63.73, H 6.06, N 9.18.


4 fc : m.p. 78–79 8C (eluent hexane/AcOEt=1:2); 1H NMR (300 MHz,
CDCl3, 25 8C): d=2.07 (q, J=7.2 Hz, 2H), 2.37 (t, J=7.2 Hz, 2H), 2.43
(s, 3H), 2.84 (t, J=7.2 Hz, 2H), 3.53 (s, 2H), 3.57 (s, 2H), 3.76 (s, 6H),
6.87 ppm (s, 1H); 13C NMR (75 MHz, CDCl3, 25 8C): d=16.7, 22.1, 25.5,
36.6, 38.6, 40.6, 53.2, 59.4, 116.5, 119.6, 132.0, 149.9, 153.4, 157.5,
171.5 ppm; IR (CHCl3): ñ=2249 (CN), 1734 cm�1 (CO2Me); MS (FAB):
m/z (%): 317 (100) [MH+], 257 (44) [M+�CO2Me]; elemental analysis
calcd (%) for C17H20N2O4 (316.35): C 64.54, H 6.37, N 8.86; found: C
64.70, H 6.44, N 8.61.


4 fd : m.p. 131–132 8C (eluent hexane/AcOEt=3:1); 1H NMR (300 MHz,
CDCl3, 25 8C): d=2.57 (s, 3H), 3.63 (s, 2H), 3.69 (s, 2H), 3.79 (s, 6H),
7.42 (s, 1H), 7.46 (dt, J=7.8, 1.2 Hz, 1H), 7.64 (dt, J=7.8, 1.2 Hz, 1H),
7.75 (t, J=1.2 Hz, 1H), 7.78 ppm (t, J=1.2 Hz, 1H); 13C NMR (75 MHz,
CDCl3, 25 8C): d=22.1, 38.7, 40.7, 53.3, 59.5, 109.1, 111.1, 116.7, 118.7,
128.3, 129.7, 132.6, 134.0, 143.7, 150.1, 153.5, 154.1, 171.4 ppm; IR
(CHCl3): ñ=2227 (CN), 1738 cm�1 (CO2Me); MS (FAB): m/z (%): 351
(100) [MH+], 289 (11) [M+�2H�CO2Me]; elemental analysis calcd (%)
for C20H18N2O4 (350.37): C 68.56, H 5.18, N 8.00; found: C 68.50, H 5.32,
N 7.75.


4 fg : m.p. 119–121 8C (eluent hexane/AcOEt=5:1); 1H NMR (300 MHz,
CDCl3, 25 8C): d=2.47 (s, 3H), 3.57 (s, 2H), 3.61 (s, 2H), 3.77 (s, 6H),
6.53 (d, J=15.9 Hz, 1H), 7.02 (s, 1H), 7.32 ppm (d, J=15.9 Hz, 1H);
13C NMR (75 MHz, CDCl3, 25 8C): d=22.3, 38.9, 40.4, 53.3, 59.4, 99.8,
118.1, 118.1, 136.4, 148.8, 149.5, 150.0, 154.7, 171.2 ppm; IR (CHCl3): ñ=
2221 (CN), 1735 cm�1 (CO2Me); MS (FAB): m/z (%): 301 (100) [MH+],
241 (12) [M+�CO2Me]; elemental analysis calcd (%) for C16H16N2O4


(300.31): C 63.99, H 5.37, N 9.33; found: C 63.86, H 5.30, N 9.34.
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4ai : oil (eluent hexane/AcOEt=2:1); 1H NMR (300 MHz, CDCl3, 25 8C):
d=3.62 (s, 4H), 3.76 (s, 6H), 5.45 (d, J=46.8 Hz, 2H), 7.33 (s, 1H),
8.40 ppm (s, 1H); 13C NMR (75 MHz, CDCl3, 25 8C): d=38.0, 40.3, 53.1,
60.0, 84.4 (d, J=167.9 Hz), 116.5 (d, J=5.6 Hz), 135.4 (d, J=0.5 Hz),
144.6 (d, J=1.1 Hz), 150.4, 154.6 (d, J=21.1 Hz), 171.0 ppm; IR (CHCl3):
ñ=1737 cm�1 (CO2Me); MS (EI): m/z (%): 267 (43) [M+], 236 (10) [M+


�OMe], 207 (100) [M+�H�CO2Me], 176 (22) [M+�H�CO2Me�OMe];
elemental analysis calcd (%) for C13H14FNO4 (267.25): C 58.42, H 5.28, N
5.24; found: C 58.38, H 5.25, N 5.14.


4aj : oil (eluent hexane/AcOEt=3:1); 1H NMR (300 MHz, CDCl3,
25 8C): d=3.65 (s, 4H), 3.78 (s, 6H), 4.62 (s, 2H), 7.41 (s, 1H), 8.42 ppm
(s, 1H); 13C NMR (75 MHz, CDCl3, 25 8C): d=33.9, 38.0, 40.2, 53.2, 60.0,
119.3, 135.6, 145.0, 150.7, 155.0, 171.0 ppm; IR (CHCl3): ñ=1736 cm�1


(CO2Me); MS (EI): m/z (%): 327 (13) [M+], 267 (35) [M+�H�CO2Me],
248 (34) [M+�Br], 188 (100) [M+�H�CO2Me�Br]; elemental analysis
calcd (%) for C13H14BrNO4 (328.16): C 47.58, H 4.30, N 4.27; found: C
47.69, H 4.44, N 4.02.


4ak : oil (eluent hexane/AcOEt=5:1); 1H NMR (300 MHz, CDCl3,
25 8C): d=3.65 (s, 4H), 3.77 (s, 6H), 6.72 (s, 1H), 7.63 (s, 1H), 8.38 ppm
(s, 1H); 13C NMR (75 MHz, CDCl3, 25 8C): d=38.1, 40.3, 53.3, 60.0, 71.5,
116.9, 137.2, 144.1, 151.3, 156.4, 170.9 ppm; IR (CHCl3): ñ=1737 cm�1


(CO2Me); MS (EI): m/z (%): 317 (27) [M+], 282 (13) [M+�Cl], 257 (85)
[M+�H�CO2Me], 222 (100) [M+�H�CO2Me�Cl]; elemental analysis
calcd (%) for C13H13Cl2NO4 (318.15): C 49.08, H 4.12, N 4.40; found: C
49.11, H 3.94, N 4.27.


4bh : oil (eluent hexane/AcOEt=5:1); 1H NMR (300 MHz, CDCl3,
25 8C): d=2.12 (quint, J=7.8 Hz, 2H), 2.93 (t, J=7.8 Hz, 4H), 4.65 (s,
2H), 7.34 (s, 1H), 8.41 ppm (s, 1H); 13C NMR (75 MHz, CDCl3, 25 8C):
d=25.0, 30.0, 32.6, 47.1, 119.0, 139.6, 145.0, 153.8, 154.8; MS (EI): m/z
(%): 167 (100) [M+]; elemental analysis calcd (%) for C8H8ClNO
(167.64): C 64.48, H 6.01, N 8.36; found: C 64.68, H 5.90, N 8.14.


4ch : m.p. 155.2–156.1 8C (eluent hexane/AcOEt=2:1); 1H NMR
(300 MHz, CDCl3, 25 8C): d=2.41 (s, 3H), 4.64 (s, 4H), 4.65 (s, 2H),
7.31–7.35 (m, 2H), 7.33 (s, 1H), 7.75–7.78 (m, 2H), 8.41 ppm (s, 1H);
13C NMR (75 MHz, CDCl3, 25 8C): d=21.6, 45.4, 51.6, 53.2, 116.9, 127.3,
129.8, 131.9, 133.1, 143.6, 144.0, 146.7, 155.7 ppm; IR (CHCl3): ñ=1349
(NTs), 1162 cm�1 (NTs); MS (EI): m/z (%): 322 (21) [M+], 167 (100)
[M+�Ts]; elemental analysis calcd (%) for C15H15ClN2O2S (322.81): C
55.81, H 4.68, N 8.68; found: C 56.00, H 4.59, N 8.58.


4dh : oil (eluent hexane/AcOEt=2:1); 1H NMR (300 MHz, CDCl3,
25 8C): d=4.71 (s, 2H), 5.11 (s, 2H), 5.15 (s, 2H), 7.40 (s, 1H), 8.49 ppm
(s, 1H); 13C NMR (75 MHz, CDCl3, 25 8C): d=46.6, 71.5, 72.8, 115.5,
134.7, 142.1, 150.0, 155.3; MS (EI): m/z (%): 169 (100) [M+], 141 (91)
[M+�CO]; elemental analysis calcd (%) for C8H8ClNO (169.61): C
56.65, H 4.75, N 8.26; found: C 56.89, H 4.70, N 8.07.


4eh : m.p. 85.0–86.0 8C (eluent hexane/AcOEt=5:1); 1H NMR (300 MHz,
CDCl3, 25 8C): d=4.27 (br s, 4H), 4.68 (s, 2H), 7.39 (s, 1H), 8.49 ppm (s,
1H); 13C NMR (75 MHz, CDCl3, 25 8C): d=35.5, 37.6, 46.4, 118.9, 136.1,
145.5, 151.1, 154.7; MS (EI): m/z (%): 185 (35) [M+], 149 (100) [M+


�Cl]; elemental analysis calcd (%) for C8H8ClNS (185.67): C 51.75, H
4.34, N 7.54; found: C 51.66, H 4.22, N 7.20.


4al : oil (eluent hexane/AcOEt=2:1); 1H NMR (300 MHz, CDCl3, 25 8C):
d=1.85 (d, J=6.9 Hz, 3H), 3.61 (s, 2H), 3.62 (s, 2H), 3.76 (s, 6H), 5.12
(q, J=6.9 Hz, 1H), 7.35 (s, 1H), 8.39 ppm (s, 1H); 13C NMR (75 MHz,
CDCl3, 25 8C): d=25.2, 38.1, 40.4, 53.3, 59.1, 60.1, 117.0, 135.5, 144.6,
150.6, 159.3, 171.2 ppm; IR (CHCl3): ñ=1737 cm�1 (CO2Me); MS (EI):
m/z (%): 297 (6) [M+], 262 (100) [M+�Cl], 238 (12) [M+�CO2Me], 202
(66) [M+�H�CO2Me�Cl]; elemental analysis calcd (%) for
C14H16ClNO4 (297.73): C 56.48, H 5.42, N 4.70; found: C 56.65, H 5.34, N
4.61.


4am : oil (eluent hexane/AcOEt=10:1–6:1); 1H NMR (300 MHz, CDCl3,
25 8C): d=3.61 (s, 2H), 3.64 (s, 2H), 3.73 (dd, J=13.8, 7.2 Hz, 1H), 3.77
(s, 3H), 3.78 (s, 3H), 3.94 (dd, J=13.8, 6.0 Hz, 1H), 4.27 (br s, 1H), 4.59
(dd, J=7.2, 6.0 Hz, 1H), 6.65 (d, J=8.1 Hz, 2H), 6.73 (t, J=8.1 Hz, 1H),
7.17 (t, J=8.1 Hz, 2H), 7.36 (s, 1H), 8.43 ppm (s, 1H); 13C NMR
(75 MHz, CDCl3, 25 8C): d=38.1, 40.3, 49.9, 53.3, 60.0, 60.9, 113.1, 117.9,
118.7, 129.2, 135.9, 144.9, 146.7, 150.6, 156.2, 171.0, 171.1 ppm; IR


(CHCl3): ñ=1736 cm�1 (CO2Me); MS (EI): m/z (%): 388 (2) [M+], 352
(100) [M+�HCl], 236 (21) [M+�H�CO2Me�NHPh]; elemental analysis
calcd (%) for C26H21ClN2O4 (388.84): C 61.78, H 5.44, N 7.20; found: C
61.73, H 5.39, N 6.93.


4an : oil (eluent hexane/AcOEt=8:1); 1H NMR (300 MHz, CDCl3,
25 8C): d=3.63 (s, 2H), 3.64 (s, 2H), 3.77 (s, 6H), 5.68 (s, 1H), 6.46 (s,
1H), 7.63 (s, 1H), 8.43 ppm (s, 1H); 13C NMR (75 MHz, CDCl3, 25 8C):
d=38.1, 40.3, 53.2, 60.1, 115.6, 116.76, 136.0, 138.1, 144.5, 150.5, 151.9,
171.1 ppm; IR (CHCl3): ñ=1737 cm�1 (CO2Me); MS (EI): m/z (%): 295
(48) [M+], 260 (10) [M+�Cl], 235 (88) [M+�H�CO2Me], 200 (100) [M+


�H�CO2Me�Cl]; elemental analysis calcd (%) for C14H14ClNO4


(295.06): C 56.86, H 4.77, N 4.74; found: C 56.89, H 4.71, N 4.61.


4ao : oil (eluent hexane/AcOEt=8:1–3:1); 1H NMR (300 MHz, CDCl3,
25 8C): d=1.70–1.77 (m, 4H), 2.35–2.40 (m, 2H), 2.78–2.84 (m, 2H), 3.64
(s, 2H), 3.65 (s, 2H), 3.77 (s, 6H), 7.86 (s, 1H), 8.39 ppm (s, 1H);
13C NMR (75 MHz, CDCl3, 25 8C): d=17.1, 24.9, 38.1, 40.4, 46.1, 53.3,
60.0, 91.1, 117.5, 119.2, 136.4, 143.7, 151.0, 157.9, 171.0 ppm; IR (CHCl3):
ñ=2251 (CN), 1737 cm�1 (CO2Me); MS (EI): m/z (%): 399 (1) [MH+],
363 (35) [M+�Cl], 316 (100) [M+�ACHTUNGTRENNUNG(CH2)4CN]; elemental analysis calcd
(%) for C18H20Cl2N2O4 (399.27): C 54.15, H 5.05, N 7.02; found: C 54.40,
H 4.95, N 6.87.


4ap : oil (eluent hexane/AcOEt=20:1–10:1); 1H NMR (300 MHz, CDCl3,
25 8C): d=1.41–1.62 (m, 4H), 2.02–2.11 (m, 2H), 2.73–2.79 (m, 2H), 3.65
(s, 4H), 3.77 (s, 6H), 4.91–5.03 (m, 2H), 5.72–5.85 (m, 1H), 7.84 (s, 1H),
8.41 ppm (s, 1H); 13C NMR (75 MHz, CDCl3, 25 8C): d=25.1, 28.3, 33.5,
38.0, 40.4, 47.2, 53.2, 60.0, 92.1, 114.5, 117.3, 136.1, 138.3, 143.8, 150.7,
158.3, 171.0 ppm; IR (CHCl3): ñ=1737 cm�1 (CO2Me); MS (EI): m/z
(%): 399 (5) [M+], 364 (52) [M+�Cl], 316 (100) [M+�H� ACHTUNGTRENNUNG(CH2)4CH=


CH2]; elemental analysis calcd (%) for C19H23Cl2NO4 (400.30): C 57.01,
H 5.79, N 3.50; found: C 57.09, H 5.80, N 3.40.


4aq : oil (eluent hexane/AcOEt=5:1); 1H NMR (300 MHz, CDCl3,
25 8C): d=1.53–1.72 (m, 4H), 1.94 (t, J=2.4 Hz, 1H), 2.21 (dt, J=7.2,
2.4 Hz, 2H), 2.75–2.80 (m, 2H), 3.65 (s, 2H), 3.66 (s, 2H), 3.78 (s, 6H),
7.85 (s, 1H), 8.41 ppm (s, 1H); 13C NMR (75 MHz, CDCl3, 25 8C): d=
18.3, 24.9, 27.9, 38.1, 40.4, 46.7, 53.3, 60.0, 68.5, 84.0, 91.9, 117.3, 136.2,
143.8, 150.8, 158.2, 171.1 ppm; IR (CHCl3): ñ=3305 (C�CH), 1737 cm�1


(CO2Me); MS (EI): m/z (%): 398 (8) [MH+], 362 (35) [M+�Cl], 316
(100) [M+� ACHTUNGTRENNUNG(CH2)4C 8CH]; elemental analysis calcd (%) for
C19H21Cl2NO4 (398.28): C 57.30, H 5.31, N 3.52; found: C 57.16, H 5.03,
N 3.33.


4as : oil (eluent hexane/AcOEt=1:1); 1H NMR (300 MHz, CDCl3, 25 8C):
d=3.47 (s, 3H), 3.60 (s, 2H), 3.61 (s, 2H), 3.76 (s, 6H), 4.55 (s, 2H), 7.30
(s, 1H), 8.40 ppm (s, 1H); 13C NMR (75 MHz, CDCl3, 25 8C): d=38.1,
40.4, 53.2, 58.8, 60.1, 75.4, 117.2, 134.7, 144.5, 150.3, 156.7, 171.2 ppm; IR
(CHCl3): ñ=1735 cm�1 (CO2Me); MS (EI): m/z (%): 279 (2) [M+], 249
(100) [MH+�OMe], 220 (9) [M+�CO2Me]; elemental analysis calcd
(%) for C14H17NO5 (279.29): C 60.21, H 6.14, N 5.02; found: C 60.48, H
6.10, N 4.79.


4at : oil (eluent hexane/AcOEt=1:1); 1H NMR (300 MHz, CDCl3, 25 8C):
d=2.06 (s, 3H), 3.59 (s, 4H), 3.76 (s, 8H), 7.24 (s, 1H), 8.36 ppm (s, 1H);
13C NMR (75 MHz, CDCl3, 25 8C): d=15.3, 38.1, 40.0, 40.3, 53.2, 58.8,
60.1, 118.7, 134.3, 144.6, 150.3, 157.0, 171.3 ppm; IR (CHCl3): ñ=


1734 cm�1 (CO2Me); MS (EI): m/z (%): 295 (1) [M+], 249 (100) [MH+


�SMe]; elemental analysis calcd (%) for C14H17NO4S (295.35): C 56.93,
H 5.80, N 4.74; found: C 57.15, H 5.80, N 4.60.


4 fh : m.p. 79.6–81.4 8C (eluent hexane/AcOEt=3:1); 1H NMR (300 MHz,
CDCl3, 25 8C): d=2.47 (s, 3H), 3.56 (s, 2H), 3.61 (s, 2H), 3.77 (s, 6H),
4.61 (s, 2H), 7.18 ppm (s, 1H); 13C NMR (75 MHz, CDCl3, 25 8C): d=
21.9, 38.5, 40.5, 46.9, 53.2, 59.4, 116.4, 133.6, 150.2, 153.4, 154.5,
171.2 ppm; IR (CHCl3): ñ=1736 cm�1 (CO2Me); MS (EI): m/z (%): 297
(34) [M+], 266 (6) [M+�OMe], 237 (100) [M+�H�CO2Me], 202 (19)
[M+�H�CO2Me�Cl]; elemental analysis calcd (%) for C14H16ClNO4


(297.73): C 56.48, H 5.42, N 4.70; found: C 56.69, H 5.35, N 4.56.


4gh : oil (eluent hexane/AcOEt=10:1); 1H NMR (300 MHz, CDCl3,
25 8C): d=3.66 (s, 2H), 3.75 (s, 6H), 3.78 (s, 2H), 4.72 (s, 2H), 7.36 (s,
1H), 7.38–7.51 (m, 3H), 7.72–7.77 ppm (m, 2H); 13C NMR (75 MHz,
CDCl3, 25 8C): d=39.9, 40.3, 46.9, 53.2, 60.0, 117.2, 128.2, 128.3, 128.5,
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132.6, 138.7, 151.9, 153.5, 155.2, 171.1 ppm; IR (CHCl3): ñ=1736 cm�1


(CO2Me); MS (EI): m/z (%): 359 (44) [M+], 328 (4) [M+�OMe], 300
(100) [M+�CO2Me], 264 (32) [M+�H�CO2Me�Cl]; elemental analysis
calcd (%) for C19H18ClNO4 (359.80): C 63.42, H 5.04, N 3.89; found: C
63.77, H 4.92, N 3.66.


4hh : m.p. 87.0–88.0 8C (eluent hexane/AcOEt=5:1); 1H NMR (300 MHz,
CDCl3, 25 8C): d=0.34 (s, 9H), 3.56 (s, 2H), 3.63 (s, 2H), 3.76 (s, 6H),
4.67 (s, 2H), 7.27 ppm (s, 1H); 13C NMR (75 MHz, CDCl3, 25 8C): d=
�1.3, 39.5, 39.8, 47.5, 53.2, 60.2, 117.7, 140.9, 148.0, 154.7, 162.3,
171.3 ppm; IR (CHCl3): ñ=1736 (CO2Me), 1259 cm�1 (TMS); MS (EI):
m/z (%): 355 (32) [M+], 340 (54) [M+�Me], 296 (100) [M+�CO2Me];
elemental analysis calcd (%) for C16H22ClNO4Si (355.89): C 54.00, H
6.23, N 3.94; found: C 54.09, H 6.42, N 3.69.


4 ih : m.p. 143.0–144.0 8C (eluent hexane/AcOEt=2:1); 1H NMR
(300 MHz, CDCl3, 25 8C): d=2.42 (s, 3H), 4.57–4.59 (m, 2H), 4.59 (s,
2H), 4.61–4.63 (m, 2H), 7.15 (s, 1H), 7.32–7.35 (m, 2H), 7.75–7.79 ppm
(m, 2H); 13C NMR (75 MHz, CDCl3, 25 8C): d=21.5, 21.9, 46.6, 52.0,
53.6, 114.5, 127.3, 129.8, 130.1, 133.2, 143.9, 146.4, 152.5, 155.5 ppm; IR
(CHCl3): ñ=1345 (NTs), 1164 cm�1 (NTs); MS (EI): m/z (%): 336 (10)
[M+], 181 (100) [M+�Ts]; elemental analysis calcd (%) for
C16H17ClN2O2S (336.84): C 57.05, H 5.09, N 8.32; found: C 56.84, H 5.32,
N 8.07.


4jh : m.p. 81.0–82.0 8C (eluent hexane/AcOEt=3:1); 1H NMR (300 MHz,
CDCl3, 25 8C): d=2.46 (s, 3H), 4.66 (s, 2H), 5.08–5.13 (m, 4H), 7.22 ppm
(s, 1H); 13C NMR (75 MHz, CDCl3, 25 8C): d=22.1, 46.7, 71.9, 73.3,
113.1, 132.9, 149.6, 151.0, 155.0; MS (EI): m/z (%): 183 (90) [M+], 155
(100) [M+�CO], 119 (65) [M+�CO�Cl]; elemental analysis calcd (%)
for C9H10ClNO (183.63): C 58.86, H 5.49, N 7.63; found: C 59.08, H 5.65,
N 7.25.


4 fr : oil (eluent hexane/AcOEt=6:1); 1H NMR (300 MHz, CDCl3, 25 8C):
d=2.54 (s, 3H), 3.63 (s, 2H), 3.68 (s, 2H), 3.79 (s, 6H), 7.29 (s, 1H),
7.28–7.35 (m, 2H), 7.42–7.46 (m, 1H), 7.50–7.73 ppm (m, 1H); 13C NMR
(75 MHz, CDCl3, 25 8C): d=22.2, 38.7, 40.6, 53.2, 59.4, 118.2, 126.7, 129.1,
129.8, 131.3, 131.9, 132.9, 139.3, 149.0, 153.4, 155.0, 171.4 ppm; IR
(CHCl3): ñ=1734 cm�1 (CO2Me); MS (EI): m/z (%): 359 (83) [M+], 299
(100) [M+�H�CO2Me], 239 (45) [M+�2H�2CO2Me]; elemental analy-
sis calcd (%) for C19H18ClNO4 (359.80): C 63.42, H 5.04, N 3.89; found: C
63.64, H 5.07, N 3.65.


4 fs : oil (eluent hexane/AcOEt=1:1); 1H NMR (300 MHz, CDCl3, 25 8C):
d=2.46 (s, 3H), 3.46 (s, 3H), 3.55 (s, 2H), 3.60 (s, 2H), 3.76 (s, 6H), 4.51
(s, 2H), 7.13 ppm (s, 1H); 13C NMR (75 MHz, CDCl3, 25 8C): d=21.9,
38.6, 40.6, 53.1, 58.7, 59.5, 75.5, 114.8, 132.7, 149.8, 153.0, 156.3,
171.4 ppm; IR (CHCl3): ñ=1734 cm�1 (CO2Me); MS (EI): m/z (%): 293
(1) [M+], 263 (100) [MH+�OMe], 203 (15) [M+�CO2Me]; elemental
analysis calcd (%) for C15H19NO5 (293.32): C 61.42, H 6.53, N 4.78;
found: C 61.43, H 6.52, N 4.38.


4 ft : oil (eluent hexane/AcOEt=3:1); 1H NMR (300 MHz, CDCl3, 25 8C):
d=2.07 (s, 3H), 2.45 (s, 3H), 3.54 (s, 2H), 3.59 (s, 2H), 3.74 (s, 2H), 3.77
(s, 6H), 7.07 ppm (s, 1H); 13C NMR (75 MHz, CDCl3, 25 8C): d=15.3,
22.0, 38.5, 39.9, 40.5, 53.1, 59.4, 116.2, 132.3, 149.8, 153.0, 156.4,
171.3 ppm; IR (CHCl3): ñ=1734 cm�1 (CO2Me); MS (EI): m/z (%): 309
(1) [M+], 263 (100) [MH+�SMe], 202 (15) [M+�HSMe�CO2Me]; ele-
mental analysis calcd (%) for C15H19NO4S (309.38): C 58.23, H 6.19, N
4.53; found: C 58.34, H 6.22, N 4.43.


4au : oil (eluent hexane/AcOEt=10:1–6:1); 1H NMR (300 MHz, CDCl3,
25 8C): d=0.20 (s, 9H), 3.60 (s, 2H), 3.61 (s, 2H), 3.76 (s, 6H), 3.80 (s,
2H), 7.40 (s, 1H), 8.34 ppm (s, 1H); 13C NMR (75 MHz, CDCl3, 25 8C):
d=0.2, 29.1, 38.0, 40.4, 53.2, 60.1, 87.8, 102.9, 117.7, 134.0, 144.6, 150.4,
154.8, 171.3 ppm; IR (CHCl3): ñ=2176 (C�C), 1734 (CO2Me), 1277
(TMS), 846 cm�1 (TMS); MS (EI): m/z (%): 344 (100) [M+�H], 273 (35)
[M+�H�SiMe3]; elemental analysis calcd (%) for C18H23NO4Si (345.47):
C 62.58, H 6.71, N 4.05; found: C 62.53, H 6.54, N 3.81.


4 fu : oil (eluent hexane/AcOEt=5:1); 1H NMR (300 MHz, CDCl3,
25 8C): d=0.19 (s, 9H), 2.43 (s, 3H), 3.54 (s, 2H), 3.61 (s, 2H), 3.77 (s,
8H), 7.24 ppm (s, 1H); 13C NMR (75 MHz, CDCl3, 25 8C): d=0.1, 21.9,
29.1, 38.5, 40.6, 53.1, 59.4, 87.7, 103.1, 115.3, 132.0, 150.0, 152.9, 154.4,
171.4 ppm; IR (CHCl3): ñ=2176 (C�C), 1734 (CO2Me), 1271 (TMS),


846 cm�1 (TMS); MS (EI): m/z (%): 359 (28) [M+], 344 (100) [M+�Me],
287 (25) [M+�H�SiMe3]; elemental analysis calcd (%) for C19H25NO4Si
(359.49): C 63.48, H 7.01, N 3.90; found: C 63.28, H 6.96, N 3.50.


4 fv : oil (eluent hexane/AcOEt=6:1–5:1); 1H NMR (300 MHz, CDCl3,
25 8C): d=0.17 (s, 9H), 2.55 (s, 3H), 3.62 (s, 2H), 3.65 (s, 2H), 3.78 (s,
8H), 7.30 (dd, J=7.5, 1.5 Hz, 1H), 7.39 (dt, J=7.5, 1.5 Hz, 1H), 7.56 (dd,
J=7.5, 1.5 Hz, 1H), 7.67 (s, 1H), 7.71 ppm (dd, J=7.5, 1.5 Hz, 1H);
13C NMR (75 MHz, CDCl3, 25 8C): d=�0.1, 22.2, 38.6, 40.6, 53.1, 59.6,
97.6, 104.6, 117.8, 120.8, 127.5, 128.7, 129.5, 132.7, 133.4, 142.5, 148.5,
153.3, 155.5, 171.4 ppm; IR (CHCl3): ñ=2153 (C�C), 1737 (CO2Me),
1272 (TMS), 855 cm�1 (TMS); MS (EI): m/z (%): 421 (14) [M+], 406 (8)
[M+�Me], 348 (100) [M+�SiMe3], 288 (28) [M+�SiMe3�H�CO2Me],
229 (56) [M+�SiMe3�H�2CO2Me]; elemental analysis calcd (%) for
C24H27NO4Si (421.56): C 68.38, H 6.46, N 3.32; found: C 68.60, H 6.41, N
3.15.


4ka : m.p. 115–117 8C (eluent hexane/AcOEt=1:1); 1H NMR (300 MHz,
CDCl3, 25 8C): d=2.24 (s, 3H), 2.40 (s, 3H), 3.55 (s, 4H), 3.76 (s, 6H),
3.80 ppm (s, 2H); 13C NMR (75 MHz, CDCl3, 25 8C): d=14.8, 21.6, 24.7,
39.0, 39.8, 53.3, 59.3, 116.8, 124.9, 133.9, 146.3, 149.5, 151.0, 171.3 ppm;
IR (CHCl3): ñ=2251 (CN), 1734 cm�1 (CO2Me); MS (FAB): m/z (%):
303 (100) [MH+], 243 (34) [M+�CO2Me]; elemental analysis calcd (%)
for C16H18N2O4 (302.33): C 63.56, H 6.00, N 9.27; found: C 63.41, H 6.11,
N 9.46.


4kh : m.p. 99.0–100.2 8C (eluent hexane/AcOEt=8:1–2:1); 1H NMR
(300 MHz, CDCl3, 25 8C): d=2.31 (s, 3H), 2.43 (s, 3H), 3.56 (s, 2H), 3.57
(s, 2H), 3.78 (s, 6H), 4.67 ppm (s, 2H); 13C NMR (75 MHz, CDCl3,
25 8C): d=14.4, 21.6, 39.1, 39.8, 45.5, 53.2, 59.3, 125.9, 134.1, 149.4, 150.4,
152.2, 171.4 ppm; IR (CHCl3): ñ=1736 cm�1 (CO2Me); MS (EI): m/z
(%): 311 (55) [M+], 276 (14) [M+�Cl], 251 (100) [M+�H�CO2Me], 216
(89) [M+�H�CO2Me�Cl]; elemental analysis calcd (%) for
C15H18ClNO4 (311.76): C 57.79, H 5.82, N 4.49; found: C 57.99, H 5.77, N
4.33.


19a : m.p. 188–189 8C (eluent hexane/AcOEt=5:1–1:1); 1H NMR
(300 MHz, CDCl3, 25 8C): d=3.64 (s, 4H), 3.76 (s, 12H), 3.96 (s, 4H),
4.10 (s, 4H), 7.28 ppm (s, 2H); 13C NMR (75 MHz, CDCl3, 25 8C): d=
26.5, 40.2, 41.3, 53.2, 59.7, 116.9, 117.7, 135.7, 147.8, 151.8, 153.3,
171.5 ppm; IR (CHCl3): ñ=2253 (CN), 1734 cm�1 (CO2Me); MS (FAB):
m/z (%): 547 (100) [MH+], 487 (13) [M+�CO2Me]; elemental analysis
calcd (%) for C28H26N4O8 (546.53): C 61.53, H 4.80, N 10.25; found: C
61.75, H 4.93, N 10.12.


19b : m.p. 185.9–186.3 8C (eluent hexane/AcOEt=4:1–3:1); 1H NMR
(300 MHz, CDCl3, 25 8C): d=3.65 (s, 4H), 3.76 (s, 12H), 4.07 (s, 4H),
4.71 (s, 4H), 7.36 ppm (s, 2H); 13C NMR (75 MHz, CDCl3, 25 8C): d=
40.2, 41.1, 46.8, 53.1, 59.7, 118.0, 135.4, 151.5, 152.5, 154.0, 171.6 ppm; IR
(CHCl3): ñ=1733 cm�1 (CO2Me); MS (EI): m/z (%): 564 (18) [M+], 505
(100) [M+�CO2Me]; elemental analysis calcd (%) for C26H26Cl2N2O8


(565.40): C 55.23, H 4.64, N 4.95; found: C 55.61, H 4.58, N 4.62.


21a : oil (eluent hexane/AcOEt=3:1–2:1); 1H NMR (300 MHz, CDCl3,
25 8C): d=2.09 (s, 3H), 2.11 (s, 3H), 3.55 (d, J=18.0 Hz, 1H), 3.62 (d,
J=18.0 Hz, 1H), 3.73 (d, J=18.0 Hz, 1H), 3.75 (s, 3H), 3.76 (s, 3H), 3.83
(d, J=18.0 Hz, 1H), 4.17–4.22 (m, 2H), 4.30 (dd, J=12.6, 7.8 Hz, 1H),
4.62 (s, 2H), 5.16–5.20 (m, 1H), 5.40 (dd, J=4.5, 2.7 Hz, 1H), 6.02 (ddd,
J=10.5, 3.9, 2.1 Hz, 1H), 6.23 (ddd, J=10.5, 2.7, 1.2 Hz, 1H), 7.32 ppm
(s, 1H); 13C NMR (75 MHz, CDCl3, 25 8C): d=20.8, 21.0, 38.4, 40.0, 46.6,
53.1, 53.2, 59.8, 62.2, 64.3, 71.4, 73.6, 118.3, 122.8, 130.9, 134.3, 152.1,
153.3, 154.3, 170.3, 170.6, 171.2 ppm; IR (CHCl3): ñ=1738 cm�1


(CO2Me); MS (EI): m/z (%): 495 (14) [M+], 436 (37) [M+-CO2Me], 376
(40) [M+�H�2CO2Me], 334 (100) [M+�H�2CO2Me�H2C=C=O]; ele-
mental analysis calcd (%) for C23H26ClNO9 (495.91): C 55.71, H 5.28, N
2.82; found: C 55.92, H 5.15, N 2.75.


21b : oil (eluent hexane/AcOEt=2:1); 1H NMR (300 MHz, CDCl3,
25 8C): d=2.09 (s, 3H), 2.11 (s, 3H), 3.60 (d, J=18.0 Hz, 1H), 3.67 (d,
J=18.0 Hz, 1H), 3.75 (d, J=18.0 Hz, 1H), 3.76 (s, 3H), 3.77 (s, 3H), 3.85
(d, J=18.0 Hz, 1H), 4.14–4.33 (m, 3H), 5.16–5.22 (m, 1H), 5.40 (dd, J=
4.5, 2.4 Hz, 1H), 6.02 (ddd, J=10.5, 3.9, 2.1 Hz, 1H), 6.22 (ddd, J=10.5,
2.4, 0.9 Hz, 1H), 6.68 (s, 1H), 7.62 ppm (s, 1H); 13C NMR (75 MHz,
CDCl3, 25 8C): d=20.8, 21.0, 38.5, 40.0, 53.1, 53.2, 59.8, 62.2, 64.3, 71.4,
73.4, 116.6, 123.2, 130.5, 136.0, 152.6, 152.8, 155.9, 170.2, 170.5, 171.0,


Chem. Eur. J. 2006, 12, 5618 – 5631 I 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5629


FULL PAPERCycloaddition of 1,6-Diynes and Nitriles



www.chemeurj.org





171.1 ppm; IR (CHCl3): ñ=1739 cm�1 (CO2Me); MS (EI): m/z (%): 529
(25) [M+], 470 (45) [M+�CO2Me], 428 (63) [M+�CO2Me�H2C=C=O],
410 (64) [M+�H�2CO2Me], 368 (100) [M+�H�2CO2Me�H2C=C=O];
elemental analysis calcd (%) for C23H25Cl2NO9 (530.35): C 52.09, H 4.75,
N 2.64; found: C 52.38, H 4.65, N 2.45.


23a/24a : m.p. 135.2–138.2 8C (eluent hexane/AcOEt=1:1–1:3); 1H NMR
(300 MHz, CDCl3, 25 8C): 23a : d=4.06 (s, 2H), 4.33 (s, 2H), 4.80 (s, 2H),
7.28–7.39 (m, 5H), 7.56 (s, 1H), 9.06 ppm (s, 1H); 24a : d=4.08 (s, 2H),
4.38 (s, 2H), 4.83 (s, 2H), 7.28–7.39 (m, 5H), 7.90 (s, 1H), 8.73 ppm (s,
1H); 13C NMR (75 MHz, CDCl3, 25 8C): 23a : d=26.9, 46.4, 49.1, 116.6,
127.9, 128.0, 128.1, 128.2, 128.8, 136.0, 145.8, 151.3, 152.5, 165.7 ppm;
24a : d=26.7, 46.7, 48.0, 116.5, 127.9, 128.1, 128.8, 135.2, 135.8, 141.8,
144.8, 150.2, 165.6 ppm; IR (CHCl3): ñ=2259 (CN), 1697 cm�1


(CONBn); MS (FAB): m/z (%): 263 (100) [M+], 236 (4) [M+�HCN],
186 (12) [M+�C6H5], 159 (37) [M+�HCN�C6H5]; elemental analysis
calcd (%) for C16H13N3O (263.29): C 72.99, H 4.98, N 15.96; found: C
72.90, H 5.01, N 16.01.


23b/24b : m.p. 99.9–101.8 8C (eluent hexane/AcOEt=2:1–1:2); 1H NMR
(300 MHz, CDCl3, 25 8C): 23b : d=4.32 (s, 2H), 4.77 (s, 2H), 4.80 (s, 2H),
7.28–7.39 (m, 5H), 7.58 (s, 1H), 9.07 ppm (s, 1H); 24b : d=4.37 (s, 2H),
4.78 (s, 2H), 4.83 (s, 2H), 7.28–7.39 (m, 5H), 7.96 (s, 1H), 8.71 ppm (s,
1H); 13C NMR (75 MHz, CDCl3, 25 8C): 23b : d=46.3, 46.4, 49.1, 117.0,
127.8, 127.9, 128.0, 128.7, 136.0, 145.2, 150.8, 158.5, 165.9 ppm; 24b : d=
46.4, 46.6, 47.9, 116.8, 127.7, 128.0, 128.7, 135.0, 135.9, 141.4, 144.2, 156.4,
165.9 ppm; IR (CHCl3): ñ=1695 cm�1 (CONBn); MS (FAB): m/z (%):
272 (100) [M+], 237 (8) [M+�Cl], 195 (12) [M+�C6H5], 168 (38) [MH+


�NBn]; elemental analysis calcd (%) for C15H13ClN2O (272.73): C 66.06,
H 4.80, N 10.27; found: C 66.25, H 4.78, N 10.10.


23c/24c : oil (eluent hexane/AcOEt=3:1); 1H NMR (300 MHz, CDCl3,
25 8C): 23c : d=4.36 (s, 2H), 4.81 (s, 2H), 6.82 (s, 1H), 7.28–7.39 (m,
5H), 7.87 (s, 1H), 9.03 ppm (s, 1H); 24c : d=4.39 (s, 2H), 4.83 (s, 2H),
6.83 (s, 1H), 7.28–7.39 (m, 5H), 8.25 (s, 1H), 8.69 ppm (s, 1H); 13C NMR
(75 MHz, CDCl3, 25 8C): 23c : d=46.4, 49.2, 71.0, 115.8, 127.9, 128.0,
128.1, 128.8, 135.9, 144.7, 151.3, 159.6, 165.5 ppm; 24c : d=46.7, 48.0,
71.0, 115.5, 127.9, 128.0, 129.2, 135.8, 136.4, 142.0, 143.7, 157.7,
165.4 ppm; IR (CHCl3): ñ=1696 cm�1 (CONBn); MS (FAB): m/z (%):
306 (100) [M+], 271 (28) [M+�Cl], 236 (43) [M+�2Cl]; elemental analy-
sis calcd (%) for C15H12Cl2N2O (307.17): C 58.65, H 3.94, N 9.12; found:
C 58.69, H 3.78, N 8.91.


General procedure for synthesis of cyanodiynes : A solution of 5-oxa-
octa-2,7-diyne-1-ol (993 mg, 8.0 mmol) in dry DMF (5 mL) was added to
a solution of NaH (60% in oil, 480 mg, 12.0 mmol) in dry DMF (10 mL)
at 0 8C and stirred for 1 h at RT. A solution of bromoacetonitrile (1.15 g,
9.6 mmol) in dry DMF (5 mL) was added at 0 8C and the resulting solu-
tion was stirred overnight at RT. The reaction mixture was poured onto
ice water (20 mL) and extracted with ether (3R10 mL). The combined or-
ganic layer was dried over MgSO4 and concentrated in vacuo. The resi-
due was purified by silica-gel-column flash chromatography (eluent,
hexane/AcOEt=7:1) to afford 7a (110 mg, 34%) as colorless oil.
1H NMR (300 MHz, CDCl3, 25 8C): d=2.47 (t, J=2.7 Hz, 1H), 4.26 (d,
J=2.7 Hz, 2H), 4.33 (t, J=1.5 Hz, 2H), 4.37 (s, 2H), 4.38 ppm (t, J=
1.5 Hz, 2H); 13C NMR (75 MHz, CDCl3, 25 8C): d=54.1, 56.5, 56.6, 58.2,
75.2, 78.5, 80.1, 84.0, 115.3 ppm; IR (CHCl3): ñ=3305 (C�CH),
2122 cm�1 (C�N); MS (EI): m/z (%): 163 (13) [M+], 121 (100) [M+


�CH2C�CH]; elemental analysis calcd (%) for C9H9NO2 (163.17): C
66.25, H 5.56, N 8.58; found: C 66.01, H 5.79, N 8.31.


In a similar manner, 7b was prepared from 8-bromo-4-oxaocta-1,6-diyne
and dimethyl cyanomethylmalonate (86% yield). Oil (eluent, hexane/
AcOEt=3:1); 1H NMR (300 MHz, CDCl3, 25 8C): d=2.46 (t, J=2.4 Hz,
1H), 3.08 (t, J=2.1 Hz, 2H), 3.14 (s, 2H), 3.82 (s, 6H), 4.21 (d, J=
2.4 Hz, 2H), 4.23 ppm (t, J=2.1 Hz, 2H); 13C NMR (75 MHz, CDCl3,
25 8C): d=21.9, 23.9, 53.7, 54.8, 56.2, 56.5, 75.1, 78.6, 79.8, 115.7,
167.4 ppm; IR (CHCl3): ñ=3303 (C�CH), 2257 (C�N), 1745 cm�1


(CO2Me); MS (EI): m/z (%): 278 (6) [MH+], 218 (100) [M+�CO2Me];
elemental analysis calcd (%) for C14H15NO5 (277.27): C 60.64, H 5.45, N
5.05; found: C 60.93, H 5.50, N 4.71.


In a similar manner, 7c was prepared from 6-cyano-5-oxahexa-2-yne-1-ol
and bromo-2-butyne (66% yield). Oil (eluent, hexane/AcOEt=8:1);


1H NMR (300 MHz, CDCl3, 25 8C): d=1.85 (t, J=2.1 Hz, 3H), 4.18 (q,
J=2.1 Hz, 2H), 4.27 (t, J=1.5 Hz, 2H), 4.35 (t, J=1.5 Hz, 2H), 4.36 ppm
(s, 2H); 13C NMR (75 MHz, CDCl3, 25 8C): d=3.7, 54.1, 56.3, 57.3, 58.3,
73.9, 79.7, 83.4, 84.4, 115.3 ppm; IR (CHCl3): ñ=2242 cm�1 (C�N); MS
(EI): m/z (%): 176 (14) [M+�H], 148 (100) [M+�H�HC�N]; elemental
analysis calcd (%) for C10H11NO2 (177.08): C 67.78, H 6.26, N 7.90;
found: C 67.73, H 6.25, N 7.49.


General procedure for ruthenium-catalyzed cyclization of cyanodiynes :
A solution of 7a (49.0 mg, 0.30 mmol) in DCE (20 mL) was added to a
solution of [Cp*RuCl ACHTUNGTRENNUNG(cod)] (11.6 mg, 0.031 mmol) in dry degassed DCE
(10 mL) over 3 h through a syringe pump at RT. The reaction mixture
was stirred for further 24 h and then concentrated in vacuo. The residue
was purified by silica-gel-column flash chromatography (eluent, hexane/
AcOEt=1:1) to afford 8a (34.1 mg, 70%) as pale-yellow solid. M.p.
98.3–99.1 8C; 1H NMR (300 MHz, CDCl3, 25 8C): d=5.03 (br s, 2H), 5.09
(br s, 2H), 5.12 (br s, 2H), 5.17 (br s, 2H), 8.41 ppm (s, 1H); 13C NMR
(75 MHz, CDCl3, 25 8C): d=71.0, 71.6, 71.7, 72.7, 125.4, 134.0, 141.7,
142.4, 159.6 ppm; MS (EI): m/z (%): 163 (100) [M+], 135 (41) [M+


�CO], 106 (60) [M+�H�2CO]; elemental analysis calcd (%) for
C9H9NO2 (163.17): C 66.25, H 5.56, N 8.58; found: C 66.08, H 5.70, N
8.37.


Analytical data for 8b : m.p. 105.1–106.2 8C (eluent hexane/AcOEt=3:1);
1H NMR (300 MHz, CDCl3, 25 8C): d=3.53 (s, 2H), 3.70 (s, 2H), 3.77 (s,
6H), 5.03 (br s, 2H), 5.12 (br s, 2H), 8.31 ppm (s, 1H); 13C NMR
(75 MHz, CDCl3, 25 8C): d=37.0, 41.5, 53.3, 58.1, 71.7, 71.9, 126.4, 133.8,
141.2, 144.8, 159.8, 171.4 ppm; IR (CHCl3): ñ=1736 cm�1 (CO2Me); MS
(EI): m/z (%): 277 (83) [M+], 246 (13) [M+�OMe], 217 (100) [M+


�H�CO2Me]; elemental analysis calcd (%) for C14H15NO5 (277.27): C
60.64, H 5.45, N 5.05; found: C 60.45, H 5.79, N 4.90.


Analytical data for 8c : m.p. 123.1–124.2 8C (eluent hexane/AcOEt=1:1–
1:2); 1H NMR (300 MHz, CDCl3, 25 8C): d=2.46 (s, 3H), 5.05 (br s, 4H),
5.09 (br s, 2H), 5.11 ppm (br s, 2H); 13C NMR (75 MHz, CDCl3, 25 8C):
d=22.0, 71.1, 72.2, 72.7, 122.8, 131.8, 142.0, 150.7, 159.4 ppm; MS (EI):
m/z (%): 177 (100) [M+], 148 (38) [M+�H�CO], 120 (44) [M+


�H�2CO]; elemental analysis calcd (%) for C10H11NO2 (177.08): C
67.78, H 6.26, N 7.90; found: C 67.73, H 6.25, N 7.50.


Computational methods : The Gaussian 03 program package was used for
all geometry optimizations.[27] The geometries of model complexes I–IV
were fully optimized by means of the BeckeSs three-parameter hybrid
density functional method (B3LYP)[28] with the basis set, consisting of a
double-z basis set with the relativistic effective core potential of Hay and
Wadt (LanL2 ECP)[29] for Ru, and the 6–31G(d)[30] basis sets for other el-
ements.
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Introduction


Supramolecular chemistry has been instrumental in the per-
ception of chemistry as an information science. Indeed, the
controlled assembly of well-defined supramolecular entities
rests on the storage of molecular information within the co-
valently bound components as appropriate arrays of interac-
tion sites, and its processing through recognition algorithms
based on specific noncovalent interactional patterns. The
program is thus molecular and its operation is supramolecu-
lar.[1–3]


These features are prevalent in arrays of hydrogen-bond-
ing sites as present in nucleic acid strands, but they also
apply to metallosupramolecular chemistry. Here, the instruc-
tions are given by the nature, number, and arrangement of
the coordination subunits and their reading/processing is
performed by means of the recognition algorithm defined
by the coordination properties of the metal ion(s).[1–3]


Indeed a great variety of metallosupramolecular architec-
tures has been generated by self-organization processes im-
plementing these programming principles.[4]


Among them, helical metal complexes, the helicates, have
served as benchmarks for such studies,[4a–c] since their initial
description.[5a] They are based on polytopic ligand strands
that entwine themselves around a one-dimensional array of
metal cations, double helicates being particularly well-stud-
ied systems. Depending on the nature of the coordination
subunits and of the metal ions, homo-[5] or heterostranded[6]


double helicates are obtained, and combined subunit/cation
selectivity[7–9] is observed. Of special interest is the occur-
rence of self-recognition (self-sorting),[9] in which mixtures
of ligands and metal ions in dynamic coordination equilibri-
um undergo spontaneous selection of the correct strands
and metal ions, yielding the helicates expected on the basis
of the coordination program and indicating the robustness
of the instructions.


Such self-selection amounts to a dynamic exploration of
the diversity space of the various possible combinations, ulti-
mately generating the thermodynamically favored one. It


Abstract: Double helicates are known
to exhibit self-recognition characteris-
tics determined by the coordination ge-
ometry of the metal involved as well as
by the topicity of the ligands. Combin-
ing tridentate (terpyridine, T) or biden-
tate (bipyridine, B) subunits in a tritop-
ic strand affords a set of ligands able to
assemble by pairs to form double heli-


cates, homo- or heterostranded, homo-
or heterotopic, depending on the coor-
dination properties of the metals in-


volved. The four ligand strands, BBB,
TTT, BBT, and TBT form constitution-
ally dynamic sets of double helicates
with the metal ions CuI, CuII, and ZnII;
these helicates correspond to the cor-
rect coding of the BB, BT, and TT
pairs for tetra-, penta-, and hexacoordi-
nate CuI, CuII, and ZnII cations, respec-
tively.
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displays self-assembly by a reversible process performing se-
lection of the correct partner(s). As such, it has been of spe-
cial significance in the emergence of dynamic combinatorial
chemistry,[10] the reversible covalent sector of constitutional
dynamic chemistry,[11] which also encompasses the supramo-
lecular domain, the entities of which are dynamic by essence
due to the lability of noncovalent connections, as in metallo-
supramolecular species such as the helicates.


Coding and selection in helicate self-assembly : Coding and
selection in the self-organization of metallosupramolecular
species are based upon 1) information storage at the molec-
ular level, in the coordination subunits (number, nature, po-
sitioning of the interaction sites); 2) information processing
at the supramolecular level, by metal-ion binding through
specific algorithms defined by the coordination features of
the cations (tetra-, penta-, hexacoordinate; tetrahedral,
trigonal-bipyramidal, square-pyramidal, octahedral, etc.);
and 3) correspondence between the subunits and the metal
cations, which determines the mode of ligand/cation assem-
bly. In the case of helicates, the order of the helicate
(double, triple, or quadruple stranded) as well as its homo-
or heterostranded nature depend on the denticity of the co-
ordination subunit (bidentate or tridentate) and the coordi-
nation number (four, five, or six) of the metal ion; these fac-
tors define the number of subunits surrounding a given coor-
dination center (Figure 1). A sequence of coordination sub-
ACHTUNGTRENNUNGunits may be considered as a codon, a ligand strand consist-
ing of one or several such codons.


The helicates may be of different types depending on
whether the strands and coordination centers are the same
or different. Thus, double helicates may be homostranded–
homotopic, homostranded–heterotopic, heterostranded–ho-
motopic, or heterostranded–heterotopic.


Coordination subunits of various structures have been im-
plemented for the generation of helicates,[4–8] our own work
being based on the bidentate 2,2’-bipyridine (B) and on the
tridentate 2,2’:6’2’’-terpyridine (T) groups.[5–7,9a,12] Self-assem-
bly modes of trinuclear double helicates have been repre-
sented schematically in Figure 1 of both references [3] and


[12]. They formally involve pairing between the two B and
T units through three patterns, tetra-, penta- or hexacoordi-
nation, akin to the pairing between the nucleobases A, G, T,
and C through two interaction patterns, that is, two A=T or
three G�C hydrogen bonds, in the nucleic acid double helix.
A pair of units, a “base pair”, provides a code for metal-ion
recognition; that is, B·B, T·T, and B·T coding for metal ions
with tetra-, hexa-, and pentacoordination, respectively. A se-
quence of B and T units represents a codon, corresponding
to an identical anticodon when the pairing is through even
coordination (tetra, hexa) or to a complementary anticodon
for odd coordination (penta). The two cases amount to oper-
ations of duplication (copying B into B, T into T) or transla-
tion (B into T or conversely).


Specifically, pairing between B and T subunits and metal
cations of tetrahedral (such as CuI or AgI) or octahedral
(such as FeII, CoII, NiII, or ZnII) coordination geometry,
leads to the formation of [BBMtet] and [TTMoct] coordina-
tion centers as well as [BTCuII] centers[6] with the CuII


cation, which presents preferential (B,T) pentacoordination,
although with limited robustness (see below). Thus, homotri-
topic ligands containing either B or T units, that is, BBB and
TTT strands, form double helicates with CuI[5] and FeII,[12] re-
spectively, while a mixture of BBB and TTT gives a hetero-
stranded double helicate with CuII cations.[6] Crystallograph-
ic studies have provided characterization of species such as
[MI


3ACHTUNGTRENNUNG(BBB)2] (M=Cu, Ag),[5] [FeII
3ACHTUNGTRENNUNG(TTT’)2],


[12] and [CuII
3-


ACHTUNGTRENNUNG(BBB) ACHTUNGTRENNUNG(TTT’)].[6] In the last two cases, the notation TTT’
designates ligands in which the terpyridine units are linked
by ethylene bridges.


Heterotritopic ligands, as represented by BTB and TBT
strands, give rise to particularly interesting systems with re-
spect to control of binding selectivity and formation of spe-
cific heterometallic helicates.[7] In [CuI


2FeII
ACHTUNGTRENNUNG(BTB)2], CuI and


FeII are localized in the terminal four-coordinate B·B sites
and in the central six-coordinate site, respectively, while in
[CuII


3ACHTUNGTRENNUNG(BTB) ACHTUNGTRENNUNG(TBT)], the three CuII ions are bound to the
quinquedentate T·B “base pair”, as in the [CuII


3ACHTUNGTRENNUNG(BBB)-
ACHTUNGTRENNUNG(TTT’)] species mentioned above.[6]


The present work is concerned with an exploration of the
validity of the pair-coding of a set of tritopic ligand strands


Abstract in French: Les m�talloh�licates � double brin sont
connus pour manifester des propri�t�s d�auto-reconnaissance
cod�es � la fois par la g�om�trie des m�taux impliqu�s et par
la topicit� des ligands. En combinant dans un mÞme brin tri-
m!re des sous-unit�s trident�es (terpyridine, T) et/ou biden-
t�es (bipyridine, B), on g�n!re un ensemble de ligands s�ap-
pariant en double h�lices pouvant Þtre homo- ou h�t�roas-
sembl�es, homo- ou h�t�rotopiques, selon les propri�t�s de
coordination des m�taux impliqu�s. Ainsi, les quatre ligands
BBB, TTT, BBT et TBT forment avec les ions CuI, CuII et
ZnII une biblioth!que dynamique de double h�licates, corres-
pondant au codage correct entre les paires BB, BT et TT et
les cations t�tra-, penta- et hexacoordin�s CuI, CuII et ZnII


respectivement.


Figure 1. Coordination patterns and corresponding pair-coding with bi-
dentate (B; bipyridine) and tridentate (T; terpyridine) ligand subunits;
tetra- (e.g., CuI), penta- (e.g., CuII), and hexacoordinating (e.g., ZnII,
FeII) metal ions are represented for simplicity by a square, a pentagon
and a hexagon, respectively.
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(Figure 2) for the metal ions CuI, CuII, and ZnII. In an initial
study,[7] in which FeII was used instead of ZnII, the results
were complicated apparently by the kinetic inertness of
some of the FeII intermediates. The more labile ZnII has
proven preferable, as it provides systems that equilibrate
more rapidly and in which the speciation is simpler. The fact
that overall the behavior of ZnII and FeII is similar points to
the generality of the coding, as it is the type of coordination
not the nature of the cation that determines the outcome.


Importantly, for the first transition-metal series, despite
the fact that each metal exhibits various coordination num-
bers and geometries (even in a single oxidation state) in a
broad range of complexes, polypyridine ligand units appear
to evoke quite strong individual preferences for tetra-,
penta-, or hexacoordination.


In conducting the present study of the species distribution
arising when various mixtures of four tritopic polypyridine
ligands (Figure 2) were added to solutions containing differ-
ent mixtures of ZnII, CuII, and CuI cations, it was anticipated
that these would be labile systems, representing dynamic
combinatorial libraries[10] distributed in accord with thermo-
dynamic preferences, resulting (in part) from the nature of
the coordination environments. Our aim was thus to estab-
lish in a complex system of constitutionally dynamic[11] met-
allosupramolecular species, that is, the double helicates, and
the occurrence of information-directed self-assembly by self-
selection of the correct double strand/metal cation partners
from an equilibrating set of polytopic strands and metal cat-
ACHTUNGTRENNUNGions. Electrospray mass spectrometry (ES-MS) was used as
the primary tool for this work, its utility having been estab-
lished earlier in a study of the self-assembly of pentanuclear
double helicates.[13] However, it is clear that this method,
while allowing the identification of the species present, does
not give accurate quantitative information.


Results and Discussion


To obtain reference data, ES-
MS studies were first per-
formed on the species formed
from the three cations CuI,
CuII, and ZnII and the monotop-
ic B and T (bi- and ter-pyri-
dine) ligands. In a mixture 2B,
2T, 1CuI, and 1ZnII, only B-
CuI-B and T-ZnII-T species
were formed, while a mixture
of B, T, and CuII gave both pen-
tacoordinate B-CuII-T and hexa-
coordinate T-CuII-T complexes
together with remaining ligand
B. A mixture of 2B, 2T, 1CuII,
and 1ZnII gave predominantly
B-CuII-T and T-ZnII-T species.


Given its preference for hexacoordination similar to that
of FeII (results not shown), ZnII may be considered as not
only interesting in its own right, but also as a convenient
model for what may be expected with FeII under forcing
conditions to activate inert intermediates. Evidently, subtle
differences between these two metal ions must arise and
might well prove useful in exploring such factors as the dif-
ference between inner and outer sites of homostranded
double helicates, differences that have been quantified in
triple-helix systems.[8a]


The four tritopic ligands employed (Figure 2) all involved
linkage of the B or T sites by 2-oxapropyl bridges; that is,
BBB,[14] BBT,[7] TBT[7] and TTT (see Experimental Section).
Assuming the codings B·B=CuI, B·T=CuII and T·T=ZnII


to be valid, a mixture of all four ligands could give rise to a
total of 11 different double-helical complexes in the pres-
ence of a mixture of the three cations CuI, CuII, and ZnII


(Figure 3).
Of these species, only [CuI


3ACHTUNGTRENNUNG(BBB)2]
3+ has been structural-


ly characterized as a double helicate, though both an ana-
logue of 8, [CuII


3 ACHTUNGTRENNUNG(TTT’)ACHTUNGTRENNUNG(BBB)]6+ (8’)[6] and the FeII ana-
logue of 5, [FeII


3ACHTUNGTRENNUNG(TTT’)2]
6+ [12] have been similarly authenti-


cated. Whether both helicate and nonhelicate species might


Figure 2. Left: The four tritopic ligand strands, based on a sequence of bipyridine and terpyridine coordination
subunits, used in the present work for combined strand/metal ion recognition. Right: schematic representation
of the ligand strands. The two spacers in TTT’ are -CH2-CH2- groups.


Figure 3. The 11 possible trinuclear complexes that may be formed with
the four tritopic ligands BBB, BBT, TBT, and TTT (Figure 2) and a set
of metal ions of tetra-, penta- and hexacoordination algorithms.
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be present in solution mixtures is a matter requiring investi-
gation by systematic characterization of the products from
particular mixtures. In the present systems involving para-
magnetic CuII, such analysis was heavily dependent on the
use of ES-MS, which establishes composition but not spatial
structure. Thus, 1H NMR spectroscopy was an indispensable
accompaniment for all diamagnetic species (involving only
CuI and ZnII). It is of interest to note, however, that al-
though trinuclear species of heterostrand composition were
found in the present work to give ES-MS peaks for several
ion associates (with [BF4]


�), in no case did they provide in-
tense solvate peaks, a characteristic resulting probably from
the absence in the helicate species of molecular cavities or
clefts that might provide sites for holding solvent molecules.


It was expected that the nature of the species present in
any mixture of the selected ligands and metal ions would
depend not only on the ratios of reactants, but also on their
concentrations and thus the concentration chosen for the
present measurements was set at ~10�4 molL�1, a value
known in the well-characterized BBB/CuI system to lead to
the double helicate [CuI


3ACHTUNGTRENNUNG(BBB)2]
3+ , in which >90% of the


total amount of metal is complexed.[5d] The overall results of
ES-MS measurements showed that, for all systems investi-
gated, this choice led to the prominence of bis ACHTUNGTRENNUNG(ligand)–tri-
metal species (associated with various numbers of counter-
ions), indicating that while no doubt the stability constants
for all species are not the same, all are of a value at least
comparable to that of [CuI


3 ACHTUNGTRENNUNG(BBB)2]
3+ . Care was also taken


to achieve experimental conditions leading to thermody-
namic equilibrium in the solvent used. To validate any
ligand coding, it is not essential that the particular complex
of interest be the sole or even the dominant species present,
but that it should have the correct composition, be readily
detectable, and that extensive coding errors be absent.


Generation of double helicates from single ligand strands


Strand BBB : Considering first the addition of the separate
ligands to CuI/CuII/ZnII mixtures, the behavior of BBB in
strongly favoring exclusive binding of CuI is well establish-
ed,[5] so only the ES-MS of a solution containing BBB and
CuI was investigated here. The most intense peak in the
spectrum is that assigned to [CuI


3ACHTUNGTRENNUNG(BBB)2]
3+ (m/z 451), with


a much less intense peak corresponding to the ion-pair
{[CuI


3ACHTUNGTRENNUNG(BBB)2]·BF4}
2+ (m/z 719). The isotopical simulation of


the ES-MS spectrum of the signal of triply charged [CuI
3-


ACHTUNGTRENNUNG(BBB)2]
3+ is in perfect agreement with the experimental


spectrum, thus allowing a unambiguous identification of the
peak (See Supporting Information, Figure S1c,d). Interest-
ingly, a peak of intermediate intensity corresponds to the
species [CuI


ACHTUNGTRENNUNG(BBB)]+ (m/z 643), for which it is possible that
the ligand is not in its extended form but instead is folded
back and has wrapped itself about CuI to give tetrahedral
coordination by binding with the first and second or the first
and third bipyridine units. This species is not observed at
high concentrations (10�2


m). Molecular modeling indicates
that such entities can indeed form, but generally the ES-MS


results support the indications from 1H NMR and electronic
absorption spectroscopic studies that the BBB/CuI system is
rather simple.


Strand BBT: The case of the ligand BBT is special, since its
symmetry is such that two double helicate forms, involving
parallel (2) and antiparallel ligand strands (3) (Figure 3), are
possible and are associated with different base-pairings.


Consistent with the coding anticipated for a parallel
(head-to-head) arrangement, the electrospray mass spec-
trum for a mixture of BBT with one molar equivalent of CuI


and half that amount of ZnII shows a major peak for a bis-
ACHTUNGTRENNUNG(ligand) species with the composition [CuI


2ZnII
ACHTUNGTRENNUNG(BBT)2]


4+


(2). Direct synthesis of this diamagnetic material and re-
cording of its 1H NMR spectrum revealed the diastereoto-
picity of the methylene protons expected for a helical (or a
mesocate) structure.[4c] Further, COSY experiments enabled
the complete assignment of all 30 inequivalent proton sig-
nals (aromatic and methylene) expected for C2 symmetry,
while ROESY measurements (See Supporting Information,
Figure S2) showed the close proximity of the terminal B
units of the two strands, reflected in the approach of the
methyl group of one strand to the methylene group close to
the terminal pyridine of the other strand, as anticipated
from the structure of [CuI


3ACHTUNGTRENNUNG(BBB)2] (Figure 4). Furthermore,


the ROESY spectrum provided no evidence for proximity
of protons associated with B and T units of separate strands.


Addition of BBT to a 2:1 mixture of CuII and CuI also
provided a solution for which most of the principal peaks in
the high-resolution electrospray mass spectrum could be as-
signed to a single bis ACHTUNGTRENNUNG(ligand) species, containing three Cu
ions and with an overall charge of 5+ , associated with vari-
ous numbers of either [BF4]


� or F� ions. Thus, both isotopic
peak separations and patterns were consistent with a peak
at m/z 295 being due to [CuII


2CuI
ACHTUNGTRENNUNG(BBT)2]


5+ , at m/z 374 to
{[CuII


2CuI
ACHTUNGTRENNUNG(BBT)2]·F


�}4+ , at m/z 391 to {[CuII
2CuI


ACHTUNGTRENNUNG(BBT)2]·
[BF4]


�}4+ , at m/z 550 to {[CuII
2CuI


ACHTUNGTRENNUNG(BBT)2]·ACHTUNGTRENNUNG[BF4]
�)2}


3+ , at
m/z 869 to {[CuII


2CuI
ACHTUNGTRENNUNG(BBT)2]·ACHTUNGTRENNUNG([BF4]


�)3}
2+ , and at m/z 1826


to {[CuII
2CuI


ACHTUNGTRENNUNG(BBT)2]·ACHTUNGTRENNUNG([BF4]
�)4}


+ . These data are consistent
with the formation of the antiparallel (head-to-tail ; 3)
double helicate species [CuIICuICuII


ACHTUNGTRENNUNG(BBT) ACHTUNGTRENNUNG(TBB)]5+ , expect-
ed for the coding that this array of B, T pairs implies. Al-


Figure 4. Proximity of the protons of the terminal CH3 group of one BBT
strand to the methylene protons on the second strand in the parallel-
stranded double helicate [CuI


2ZnII
ACHTUNGTRENNUNG(BBT)2]


4+ (2).
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though the paramagnetism of 3 excludes the use of 1H NMR
spectroscopy to establish its symmetry, it seems reasonable
to assume a double-helical form given that this has been es-
tablished crystallographically for both [CuI


3ACHTUNGTRENNUNG(BBB)2]
3+ [5a] and


[CuII
3ACHTUNGTRENNUNG(BBB) ACHTUNGTRENNUNG(TTT’)]6+ .[12] (Note that the presence of the


fluo ACHTUNGTRENNUNGride ion in the m/z 374 species indicates that some
degree of hydrolysis of BF4


� may have occurred in solu-
tion.)


The formation of parallel- or antiparallel-stranded double
helicates from the same pair of ligands and different sets of
metal ions corresponds to a double expression of molecular
information: processing the same molecular information by
means of two different coordination algorithms (sets of
metal ions) generates two different output species in a
single-code/two-product fashion.[3]


Strands TBT and TTT: For the symmetrical ligands TBT and
TTT, previous investigations[7] of their individual interac-
tions with CuI/FeII mixtures have demonstrated the forma-
tion of species analogous to 4 and 5, again consistent with
the coding implicit in the helical bis ACHTUNGTRENNUNG(ligand) array. In the
case of the analogue of 4, the electrospray mass spectrum
showed the predominance of a 1:1 FeII/TBT species, perhaps
as a consequence of the ligand folding to envelop the cation
and of the expected kinetic inertness of this helicate precur-
sor. Replacement of FeII by ZnII appears in all cases to
result in rapid equilibration, with TBT+ZnII+0.5CuI giving
predominantly 4 and TTT+1.5ZnII giving 5. Considering
the known structure of the FeII analogue of 5,[12] it is as-
sumed that the ZnII complex is also double-helical. The ES-
MS signal of the sixfold charged [ZnII


ACHTUNGTRENNUNG(TTT)2]
6+ is in excel-


lent agreement with the isotopical simulation (See Support-
ing Information, Figure S1a,b).


Strand/cation self-selection in the assembly of double heli-
cates from mixtures of ligands and metal ions : The goal of
this work was to analyze the occurrence of complex recipro-
cal self-selection between ligand strands and metal cations
as a function of the coordination subunits of the ligands and
the coordination number of the ions.


1) For the various binary mixtures possible with the pres-
ent ligands, it is expected that any (heteroligand) double-
helical array would involve at least one site for CuII


(Figure 3) and indeed combination of the different ligand
pairs with the appropriate mixtures of metal ions led, in all
cases, to the predominance of the species 6–11 in the elec-
trospray mass spectra. The presence of the paramagnetic
CuII center renders the ES-MS technique of particular im-
portance in these instances. Noting that there are two iso-
baric pairs 3 and 7 within the full range of complexes possi-
ble, some ambiguities may be anticipated in the analysis of
systems based on mixtures of more than two ligands (see
below). Even with binary ligand mixtures and suitable
choice of the nature and composition of the metal-ion mix-
ture, various complications must be considered, the most
evident being that both homo- and heteroligand-pairs may
be present in any given double-helical species. For a precise-


ly controlled metal ion composition and with specificity of
binding, these are not necessarily of equal likelihood (i.e. as-
suming the metal ion composition controls the ligand pair-
ing), but a 1:1 mixture of 1 and 3, for example, would have
the same overall composition as 6. Indeed, a 1:1 mixture of
BBB and BBT with 2CuI+CuII provides a mass spectrum
showing significant peaks for all three species 1, 3, and 6, all
three corresponding to correct (2 strand+3cation) combina-
tions. Entropic factors may favor the mixed-ligand species 6,
though they do not seem to be dominant, since the mixture
generated from a solution of BBB+TBT+CuI+2CuII con-
tains in addition to 7 as the major species, also detectable
amounts of 1.


Evidence that satisfaction of the local metal-ion require-
ments is the major factor influencing the helicate composi-
tion, that is, that the strength of the binding of a given metal
ion to a given site (the “local” information) is not markedly
dependent upon the nature of the adjoining sites, is provid-
ed in the system BBT+TBT, which is unique in that it may
provide a ligand pair able to bind all three metal cations
considered to give 9. An equimolar mixture of BBT and
TBT provides the three pairing combinations (BBT, TBT),
(TBT)2 and (BBT)2 in which the strands may be either par-
allel or antiparallel. Treatment with an equimolar mixture
CuI+CuII+ZnII yields indeed a mixture of helicates giving a
mass spectrum dominated by the peaks corresponding to all
four “correct” species 2, 3, 4, and 9 (Figure 5).


2) Similarly, in progressing to a ternary ligand mixture but
restricting the choice of metal ions to CuI and ZnII, only the
homoligand species 1, 2, and 5 are seen to be present in the
product mixture, consistent with the fact that the coding in a
heteroligand pair would require the presence of CuII for
binding (Figure 3).


3) Proceeding further to a quaternary ligand mixture
(BBB+BBT+TBT+TTT) and adding all three metal ions,
the mass spectrum displays peaks due only to trimetallic–
bis ACHTUNGTRENNUNG(ligand) species (given isobaric overlaps) incorporating


Figure 5. ES/MS spectrum of a mixture of BBT+TBT+CuI+CuII+ZnII


showing the formation of all four possible double helicates corresponding
to the correct (2 subunits/1 cation) combinations: 2, 3, 4 and 9.
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the correct selection of ligands and metal cations corre-
sponding to the “base pair” coding provided by each pair of
ligand strands (Supporting information, Figure S3).


Five-point reading—pentacoordination and the special case
of CuII : Five coordination is required for the generation of
heterotopic coordination centers from a combination of a bi-
dentate and a tridentate coordination subunit. Similarly, het-
erostranded double helicates as well as translation, by B/T
correspondence, also result from pentacoordination. Al-
though there are some other cases of pentacoordination
with other metal ions and binding units, CuII appears to
occupy a unique place, by being the metal cation among all
of them that fits best the requirements for the present pur-
poses. As has been seen from experiments with the mono-
topic ligands B and T, CuII forms both B·T and T·T pairs so
that (B,T) instructions and their reading by CuII appear to
be less “robust” than are (B,B) and (T,T) four-point and six-
point interactions with tetrahedrally and octahedrally coor-
dinating cations, respectively. With the present tritopic li-
gands, the preferential coding of a B·T site for CuII appears
to be obeyed, except in the particular case of BBB/TTT
mixtures, for which species 8 ([Cu3ACHTUNGTRENNUNG(BBB) ACHTUNGTRENNUNG(TTT)]6+) is not
detected in competition with [Cu3ACHTUNGTRENNUNG(TTT)2]


6+ (See Supporting
Information, Figure S4). This contrasts markedly with the
BBB/TTT’ system (the TTT’ ligand having ethylene rather
than oxapropylene bridges), in which the ES-MS spectrum
exhibits predominantly signals due to anion associates of
[CuII


3ACHTUNGTRENNUNG(BBB) ACHTUNGTRENNUNG(TTT’)]6+ (See Supporting information, Fig-
ure S5), the structure of which has also been confirmed in
the solid state by X-ray crystallography.[6] Thus, in any hetero-
ACHTUNGTRENNUNGstrand species, a common bridge between donor units is not
necessarily ideal.


In addition to the consequences of the choice of the B
and T subunits, the detailed structure of the strands appears
to play an important role, in particularly their commensura-
bility and flexibility. As already pointed out, the CuII coordi-
nation instructions are not fully “robust” with respect to co-
ordination number five or six. Furthermore, a pentacoordi-
nate BT·CuII center may be have either trigonal bipyramidal
or square pyramidal geometry. In the crystal structure,
BT·CuII has a square pyramidal geometry[15a,b] and in the
[CuII


3ACHTUNGTRENNUNG(BBB) ACHTUNGTRENNUNG(TTT’)] double helicate, the terminal centers
are square pyramidal, whereas the central one is trigonal bi-
pyramidal.[6,15c] Assuming that binding of the tridentate units
would be energetically dominant, it may be that it is the
array of bidentate sites that must accommodate most to any
mismatch. Hence, if the oxapropylene bridges of BBB
cannot adapt sufficiently to match the requirements of a
[CuII


3ACHTUNGTRENNUNG(TTT)]6+ unit, this might lead to the relative destabili-
zation of [Cu3ACHTUNGTRENNUNG(BBB) ACHTUNGTRENNUNG(TTT)]6+ . Shortening the links between
tridentate units, as in TTT’, would make the ligand commen-
surable with the BBB strand, which could explain the return
to favoring of pentacoordination, as in [Cu3 ACHTUNGTRENNUNG(BBB) ACHTUNGTRENNUNG(TTT’)]6+ .
On the other hand, bridge matching in [Cu3ACHTUNGTRENNUNG(BBB’) ACHTUNGTRENNUNG(TTT’)]6+


also leads to the dominance of the heterostrand species. As
in all systems involving thermodynamic equilibria between


multiple species, this may either result from an intrinsic sta-
bility of a given species, here [CuII


3ACHTUNGTRENNUNG(BBB’)ACHTUNGTRENNUNG(TTT’)], or to an
intrinsic destabilization of another member of the equilibrat-
ing system, that is, [CuII


3ACHTUNGTRENNUNG(TTT’)], due to the lack of flexibili-
ty of the ethylene bridges.


Other factors, such as differences in rotational energy
within the bridges or in stacking interactions between the ar-
omatic units of the ligands, must play a part. Although one
may wish to explore other [(metal ion)n+(bidentate site)(tri-
dentate site)] combinations, the [CuII, B, T] unit, despite lim-
ited robustness, nevertheless offers good information-pro-
ACHTUNGTRENNUNGcessing capability,[16] as illustrated by the role it plays in mul-
tinuclear systems presenting multiple expression of molecu-
lar information[17] and dominant/recessive behavior.[18]


Conclusions


While it has not been shown that in every case studied here
the trimetallic–bis ACHTUNGTRENNUNG(ligand) species detected by ES-MS has a
double helical structure, this is a plausible rationalization of
all the present results, consistent with both the spectroscopic
and crystallographic observations for several species.


If, as in the present work, the binding of all metal ions in-
volved is labile, it becomes possible to rapidly establish
equilibrium mixtures of (double) helicate complexes involv-
ing polyACHTUNGTRENNUNG(B/T) ligands in which the particular strand pairings
are determined by specific coordination preferences of the
cations. Provision of the appropriate metal-ion mixture may
thus be used to control ligand pairing by means of the infor-
mation contained in the mixture of metal ions and ligands.[19]


Clearly, complications may arise when a broader range of
metal ions than CuI, CuII, and ZnII is considered. Also, the
differences between CuI and CuII indicate that there may be
many useful subtleties to be explored in the use of redox-
active transition-metal ions to control ligand assembly, as is
the case in the electrochemical interconversion between two
highly intertwined multinuclear architectures[17] or between
two states of a catenate.[20]


One of the remarkable features of helicate ligand binding
is the occurrence of “self-recognition”, meaning that for a
mixture of strands of differing topicity, addition of a metal
ion compatible with helicate formation results preferentially
in the pairing of ligands of the same topicity.[9a] This suggests
the possibility of devising an analogue of the polymerase
chain reaction[21] in which coordination subunits, functional-
ized so as to enable their reversible linkage (for instance,
through imine groups[9d]), would first be assembled on a
primer strand under the control of metal-ion coordination
“base-pair” coding; the newly assembled strand would
thereafter be irreversibly connected by post-assembly modi-
fication (e.g. reduction of imine groups), and finally strand
separation by sequestering the metal ions would prepare the
stage for the next round.[22] Given the observed effect of dif-
ferences in the linking units between donor sites on the sta-
bility of mixed-ligand species, an appealing prospect would
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be that the linking reaction might automatically lead to the
ejection of the newly generated ligand.


To read the message considered to be conveyed by the
formation of a given helicate, it must, of course, be possible
to detect that helicate. This does not mean that it must be
the only assembly present on the supramolecular “page”,
but simply that it must be spatially, energetically, or tempo-
rally separable from the other species present (which may
themselves carry other messages, perhaps more inscrutable).
In the systems currently described, not only are the species
[MM’M’’LL’] readily isolated and detected by ES-MS, but
they are generally major components of the reaction mix-
tures. Of much interest in the perspective of the present
work is the exploration of coordination units other than B
and T and of their ability to undergo complementary pairing
with metal cations. Triple-stranded helicates might be con-
sidered, based for instance on the combination of B and T
with strands containing monodentate pyridine groups.


One of the prospects for the use of ligands described
herein is in the construction of a more sophisticated analyti-
cal dictionary so as to be able to decipher the information
contained in the ligand/metal-ion coordinative language. In
the conventional analytical technique of inductively coupled
plasma mass spectrometry (ICP-MS), for example, a single
signal (ion current) identifies a single element. For ES-MS
of solutions containing polytopic ligands, a single signal may
identify several elements (as a particular mixture), depen-
ACHTUNGTRENNUNGding upon the ligand topicity. There is still much work to be
done, however, to establish ways of converting the qualita-
tive information of the nature of the species present into the
quantitative information of how much there is of each.


In summary, the present systems involving mixtures of
several ligand strands and metal ions have enabled conduct
of a dynamic exploration of the supramolecular constitution-
al space[11] under the control of the processing of molecular
information, driven by recognition between complementary
coordination subunit/metal-cation pairing involving specific
interactional algorithms,[3] and resulting in a process of self-
organization by selection[11] of the correct components.


Experimental Section


Materials and general methods : The following compounds were prepared
as previously described: BBB,[14] BBT,[7] TBT.[7] The following reagents
were purchased from commercial sources: CuII


ACHTUNGTRENNUNG[BF4]2 (Aldrich), ZnII-
ACHTUNGTRENNUNG[BF4]2 (Aldrich). 400 MHz 1H NMR spectra were recorded on a Bruker
Ultrashield Avance 400 spectrometer. The solvent residual signal[23] was
used as an internal reference for 1H NMR spectra. The following nota-
tion is used for the 1H NMR spectral splitting patterns: singlet (s), dou-
blet (d), triplet (t), multiplet (m). The two-dimensional NMR experi-
ments used were: COSY (correlation spectroscopy), NOESY (nuclear
Overhauser enhancement spectroscopy or nuclear Overhauser and ex-
change spectroscopy), ROESY (rotating-frame Overhauser enhancement
(effect) spectroscopy); they were done on 500 MHz Bruker spectrome-
ters. FAB-MS, EI-MS, and ES-MS measurements were performed by the
Service de Spectrom;trie de Masse, Universit; Louis Pasteur. Melting
points were recorded on a BUchi Melting Point B-540 apparatus and are
uncorrected.


Spectrometric analysis of the helicate mixtures


Mass spectrometry : Spectra for the solution equilibrium studies were ob-
tained using electrospray ionization on three different instruments, con-
siderable time being devoted to establishing the optimum conditions for
detection of the helicates on each. Signal attributions were verified by
comparing the high-resolution ES-MS data to isotopical simulations.
Metal and ligand mixtures were prepared from stock solutions of the sep-
arate ligands and the metal salts CuIBF4, CuII


ACHTUNGTRENNUNG[BF4]2, and ZnII
ACHTUNGTRENNUNG[BF4]2 in


acetonitrile. The solutions finally injected into the spectrometers were di-
luted so that the total ligand concentration was 10�4


m.


Calibration : (for all) Calibration was performed using the multiply charg-
ed peaks of protonated horse heart myoglobin (2 mm, in water/acetonitrile
50/50 (v/v) acidified with 1% HCOOH. For calibration in the high-reso-
lution mode, the singly charged clusters of [H3PO4)nH


+]+ (n=2–20) were
used by injecting a solution of 0.01% H3PO4 in water/acetonitrile 50/50
(v/v).


MicroTof : High-Resolution ESI mass spectra in positive mode were ac-
quired on a time-of-flight mass spectrometer (microTof, Bruker Dalton-
ics, Bremen, Germany). The ESI-source was heated to 200 8C. Sample
solutions were introduced into the mass spectrometer source with a sy-
ringe pump (Cole Parmer, Vernon Hills, Illinois, USA) with a flow rate
of 3 mLmin�1. Scanning was performed on an m/z range from 50–3000,
data was averaged for 1 min and then smoothed using the Gaussian algo-
rithm.


Quattro II : ESI mass spectra in positive mode were acquired on a triple
quadrupole mass spectrometer (Quattro II, Micromass, Altrincham, UK)
in the positive mode. The ESI-source was heated to 80 8C. Sample solu-
tions were introduced into the mass spectrometer source with a syringe
pump (Harvard type 55 1111: Harvard Apparatus Inc., South Natick,
USA) with a flow rate of 3 mLmin�1. Scanning was performed on an m/z
range from 200–3000 in 28 s; five scans were summed to obtain the final
spectrum.


MSD : To get comparative results, selected mixtures were also analyzed
with a second quadrupole mass spectrometer (Mass Selective Detector,
Series 1100mSD, Hewlett Packard Inc, Toronto, Canada) in the positive
mode. The desolvation gas temperature was set to 300 8C, sample solu-
tions were introduced into the mass spectrometer source with a syringe
pump (Harvard type 55 1111: Harvard Apparatus Inc., South Natick,
USA) with a flow rate of 3 mLmin�1. Scanning was performed on an m/z
range from 200–1200 in 10 seconds; five scans were summed to obtain
the final spectrum. Spectra were smoothed using the Gaussian algorithm.


Synthesis : Syntheses of functionalized bipyridine units and tritopic li-
gands derived from them were described previously,[14] as were those of
ligands closely related to those used that contained terpyridine units.[7,10]


Hence, only a selection is presented herein as illustrative of the general
synthetic procedures.


5-Bromomethyl-2,2’-6’,2’’-terpyridine :[12] In rapid succession, N-bromo-
succinimide (1.07 g, 6 mmol) and benzoylperoxide (0.23 g, 0.33 mmol)
were added to a solution of 5,5’’-dimethyl-2,2’-6’,2’’-terpyridine (1 g,
4 mmol) in CCl4 (100 mL). The resulting yellow solution was heated
under Ar at 95 8C for 55 min before being filtered while hot, and the sol-
vent removed in vacuo. Purification was achieved by column chromatog-
raphy (silica; CH2Cl2) and by recrystallization from CHCl3/hexane
(0.891 g, 68% yield). M.p. 224–225 8C; 1H NMR (200 MHz; CDCl3): d=
8.69 (m, 2H; H6, H6’’), 8.60 (brd, J=7.8 Hz, 2H; H3, H3’’), 8.46 (dd, J=
7.8, 0.9 Hz, 1H; H3’), 8.44 (dd, J=7.8, 0.9 Hz, 1H; H5’), 7.96 (t, J=
7.8 Hz, 1H; H4’), 7.86 (m, 2H; H4, H4’’), 7.33 (ddd, J=7.5, 4.8, 1.2 Hz,
1H; H5’’), 4.56 ppm (s, 2H; CH2Br); MS (EI): m/z (%): 327 (6)
[M+Br81]+ , 325 (6) [M+Br79]+ , 247 (38), 246 (100) [M�Br]+ . Polybromi-
nated products could be reduced to monobrominated products by the use
of DIBAL (DIBAL=diisobutylaluminum hydride) in CH2Cl2 at �78 8C.


5,5’’-Bis(bromomethyl)-2,2’-6’,2’’-terpyridine :[12] In rapid succession, N-
bromosuccinimide (5.55 g, 31.19 mmol) and benzoylperoxide (0.23 g,
0.94 mmol) were added to a solution of 5,5’’-dimethyl-2,2’-6’,2’’-terpyri-
dine (1.63 g, 6.24 mmol) in CCl4 (150 mL). The resulting yellow solution
was heated under Ar at 95 8C for 55 min before being filtered while hot.
Insoluble material present was washed with CCl4 (2W75 mL), the wash-
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ings combined with the initial filtrate, and the total evaporated under
vacuum to give a yellow paste. This paste was dissolved in CH2Cl2
(300 mL) and washed with aqueous Na2S2O3 (0.5m ; 3W100 mL). The
combined aqueous washings were back-extracted with CH2Cl2 (100 mL),
and the combined organic phases were then dried over Na2SO4 before
the solvent was removed in vacuo. The yellow residue obtained was re-
crystallized twice from CCl4 to obtain pure 5,5’’-bis(bromomethyl)-2,2’-
6’,2’’-terpyridine (0.27 g; 10%). Considerable additional material was
subsequently obtained by reduction of higher bromination products with
DIBAL. Thus, the CCl4-soluble material was recovered by evaporation of
the solvent, then dissolved in CH2Cl2 (120 mL) and cooled to �78 8C.
DIBAL (1m in CH2Cl2) was added until TLC indicated that only dibro-
mide was present, the solution then being green. Saturated aqueous
NH4Cl (70 mL) was added and the mixture allowed warm to room tem-
perature. Water (150 mL) was added and the mixture filtered through
Celite, the filter pad being subsequently washed with CH2Cl2. The total
organic phase was washed with water (2W150 mL), dried over Na2SO4


and the solvent removed in vacuo. Recrystallization of the residue from
CH2Cl2 provided more product as a very pale yellow powder (1.20 g;
46% yield). M.p. 189–191 8C; 1H NMR (200 MHz; CDCl3): d=8.72 (d,
J=2.2 Hz, 2H; H6, H6’’), 8.61 (d, J=8.1 Hz, 2H; H3, H3’’), 8.47 (d, J=
7.8 Hz, 2H; H3’, H5’), 7.97 (t, J=7.8 Hz, 1H; H4’), 7.91 (dd, J=8.1,
2.2 Hz, 2H; H4,H4’’), 4.57 ppm (s, 4H; 2CH2Br); MS (EI): m/z (%):
419.9 (100), [M+H]+ with expected isotopic pattern), 391 (49), 340/338
(22/22) [M�Br]+ .


5-Acetoxymethyl-2,2’-6’,2’’-terpyridine : CH3CO2Na (3.92 g, 48 mmol) was
added to a solution of 5,5’’-bis(bromomethyl)-2,2’-6’,2’’-terpyridine
(2.60 g, 8.0 mmol) in DMF (120 mL) and the mixture heated at 140 8C for
20 h. The organic fractions were dried over Na2SO3 and the solvent re-
moved in vacuo to yield the methylacetate as a white solid (2.10 g, 86%
yield) sufficiently pure for direct use in the next step. 1H NMR
(200 MHz; CDCl3): d=8.65 (br s, 2H; Ar), 8.56 (brd, J=8.0 Hz, 2H;
Ar), 8.40 (brd, J=7.7 Hz, 2H; Ar), 7.96–7.77 (m, 3H; Ar), 7.96–7.77 (m,
3H; Ar), 7.32–7.25 (m, 1H; Ar), 5.16 (s, 2H; CH2OAc), 2.09 ppm (s, 3H;
-O2CH3).


5,5’’-Bis(acetoxymethyl)-2,2’-6’,2’’-terpyridine : CH3CO2Na (2.12 g) was
added to a solution of 5,5’’-bis(bromomethyl)-2,2’-6’,2’’-terpyridine
(0.90 g) in DMF (40 mL) and the mixture was heated, under Ar, at
140 8C for 19 h. Removal of the solvent in vacuo gave a pale brown solid,
which was extracted with CHCl3 and filtered through Celite to remove
NaBr. Evaporation of the solvent provided material (0.80 g, 99% yield)
sufficiently pure for direct use in the next step.


5-Hydroxymethyl-2,2’-6’,2’’-terpyridine : Solutions of 5-acetoxymethyl-
2,2’-6’,2’’-terpyridine (1.435 g, 4.7 mmol) in CH3OH (100 mL) and NaOH
(1.20 g) in water (20 mL) were mixed and heated at reflux for 17 h. On
cooling, the solution was concentrated in vacuo and then diluted with
water (90 mL). The product, which formed a suspension, was extracted
into CH2Cl2 until no terpyridine could be detected in the aqueous phase.
The combined extracts were dried over Na2SO4 then evaporated to dry-
ness, giving the product as a white crystalline solid (1.095 g, 82% yield).
M.p. 131 8C; 1H NMR (200 MHz; CDCl3): d=8.65–8.61 (m, 1H; Ar),
8.53–8.49 (m, 2H; Ar), 8.44 (d, J=8.2 Hz, 1H; Ar), 8.33 (d, J=7.9 Hz,
2H; Ar), 7.87 (t, J=7.9 Hz, 1H; Ar), 7.80 (td, J=7.7, 1.8 Hz, 1H; Ar),
7.73 (dd J=8.1, 2.1 Hz, 1H; Ar), 7.29 (ddd, J=7.5, 4.9, 1.2 Hz, 1H; Ar
5’’), 4.69 (br s, 2H; CH2OH), 3.86 ppm (br, 1H; OH); 13C NMR
(50.33 MHz; CDCl3): d=156.1, 155.3, 155.1, 154.9 (Ar-C, o-N), 148.9,
147.7 (Ar-CH, o-N), 137.8, 136.9 (Ar-CH, p-N), 136.5 (Ar-CCH2OH, m-
N), 135.7 (Ar-CH, p-N), 123.7, 121.3, 120.9 (Ar-CH, m-N), 62.3 ppm
(CH2OH); MS (EI): m/z (%): 264, 263 (19:100) [M]+ , 262 (35) [M�H]+ ,
246 (20) [M�OH]+ , 234 (57) [M�CHO]+ , 149 (36), 78 (38).


5,5’’-Bis(hydroxymethyl)-2,2’-6’,2’’-terpyridine : Solutions of 5,5’’-bis(ace-
toxymethyl)-2,2’-6’,2’’-terpyridine (0.81 g) in CH3OH (50 mL) and NaOH
(1.20 g) in water (20 mL) were mixed and heated at reflux for 17 h. On
cooling, the solution was concentrated in vacuo and then diluted with
water (50 mL). The product, which formed a suspension, was extracted
into CHCl3 (50 mL), the extractions being repeated until no terpyridine
could be detected in the aqueous phase. The combined extracts were
dried over Na2SO4 then evaporated to dryness, giving the product as a


white crystalline solid (0.50 g, 80% yield). M.p. 154–156 ˚C; 1H NMR
(200 MHz; CD3OD): d=8.59 (d, J=1.7 Hz, 2H; H6, H6’’), 8.50 (d, J=
8.1 Hz, 2H; H3, H3’’), 8.27 (d, J=7.8 Hz, 2H; H3’,H5’), 7.93 (t, J=
7.8 Hz, 1H; H4’), 7.89 (dd, J=8.1, 1.7 Hz, 2H; H4, H4’’), 4.70 ppm (s,
4H; 2CH2OH); MS (EI): m/z (%): 293 (100) [M]+ , 292 (24) [M�H]+ ,
276 (15) [M�OH]+ , 264 (52), 262 (11) [M�CH2OH]+ .


Ligand strand TTT: Under Ar, KOtBu (0.112 g, 1 mmol) was added to a
solution of 5,5’’-di(hydroxymethyl)-2,2’-6’,2’’-terpyridine (0.147 g,
0.5 mmol) in THF (20 mL) turning the colorless solution to pale orange.
The mixture was stirred for 1 h at room temperature before adding 5-bro-
momethyl-2,2’-6’,2’’-terpyridine (0.326 g, 1 mmol) and stirring for 17 h.
The precipitate was obtained upon filtration and washed with water,
MeOH, and diethyl ether to give TTT as a white powder (0.288 g, 74%
yield). M.p. 199–201 8C; 1H NMR (500 MHz; 10% CF3SO3D in
[D6]acetone): d=9.54 (br s, 2H; Ar), 9.47 (br s, 2H; Ar), 9.37 (d, J=
6.0 Hz, 2H; Ar), 9.15 (m, 6H; Ar), 9.04 (m, 6H; Ar), 8.91 (m, 6H; Ar),
8.61 (t, J=7.9 Hz, 2H; Ar), 8.61 (m, 1H; Ar), 8.43 (ddd, J=7.4, 6.0,
1.1 Hz, 2H; Ar), 5.30 ppm (s, 8H; 4CH2O); MS (FAB): m/z (%): 784
(31) [M+H]+ , 522 (10) [M�terpyCH2O]+ , 345 (25), 262 (28) [terpy-
CH2O]+ , 247 (33), 192 (100); HS-MS (MicroTOF): m/z : 784.31 [M+H]+ ,
806.29 [M+Na]+ .


Ligand strand TBT: Following the same procedure as for the synthesis of
TTT, 6,6’-di(hydroxymethyl)-2,2’-bipyridine (0.173 g, 0.8 mmol) and 5-
bromomethyl-2,2’-6’,2’’-terpyridine (0.522 g, 1.6 mmol) gave TBT as a
white powder (0.311 g, 55% yield). M.p. 196–198 8C; 1H NMR (400 MHz;
CDCl3): d=8.73 (d, J=2.0 Hz, 2H; terpy H6’’), 8.70 (brdd, J=4.7,
1.8 MHz, 2H; terpy H6), 8.63 (d, J=8.1 Hz, 2H; terpy H3’’), 8.62 (brd,
J=7.7 Hz, 2H; terpy H3), 8.46 (d, J=8.0 Hz, 4H; terpy H3’ H5’), 8.34
(d, J=7.8 Hz, 2H; bpy H5), 7.96 (t, J=8.0 Hz, 2H; terpy H4’), 7.92 (dd,
J=8.1, 2.0 Hz, 2H; terpy H4’’), 7.86 (td, J=7.4, 1.8 Hz, 2H; terpy H4),
7.85 (t, J=7.8 Hz, 2H; bpy H3), 7.53 (ddd, J=7.4, 4.7, 1.1 Hz, 2H; terpy
H5), 4.84 (s, 4H; 2CH2O), 4.80 ppm (s, 4H; 2CH2O); 13C NMR
(50.33 MHz; CDCl3): d=157.7, 156.3, 155.9, 155.6, 155.4, 155.2 (Ar-C, o-
N), 149.2, 148.7 (Ar-CH, o-N), 137.9, 137.6, 136.9, 136.5 (Ar-CH, p-N),
133.6 (Ar-CCH2O, m-N), 123.8, 121.5, 121.2, 121.0, 120.9, 120.0 (Ar-CH,
m-N), 73.6 (CH2), 70.3 ppm (CH2); MS (FAB): m/z (%): 707 (75)
[M+H]+ , 491 (43), 247 (100).


Ligand strand BBT: Following the same procedure as for the synthesis of
TTT, 5-hydroxymethyl-2,2’-6’,2’’-terpyridine (0.171 g, 0.65 mmol) and 6’-
(bromomethyl)-6’’’-methyl-6,6’’-[oxybix(methylene)]bis(2,2’-bipyridine)[14]


(0.300 g, 0.65 mmol) gave BBT as a white powder (0.251 g, 60% yield).
M.p. 206–208 8C; 1H NMR (200 MHz; CDCl3): d=8.72 (m, 2H; Ar), 8.63
(m, 2H; Ar), 8.46 (d, J=7.8 Hz, 2H; Ar), 8.33 (m, 3H; Ar), 8.19 (d, J=
7.9 Hz, 1H; Ar), 8.0–7.8 (m, 6H; Ar), 7.68 (t, J=7.7 Hz, 1H; Ar), 7.60–
7.51 (m, 3H; Ar), 7.34 (ddd, J=7.5, 4.8, 1.2 Hz, 1H; terpy H5’’), 7.16 (d
J=7.6 Hz, 1H; Ar), 4.91 (s, 4H; 2CH2O), 4.83 (s, 4H; 2CH2O), 4.80 (s,
2H; CH2O), 2.63 ppm (s, 3H; Me); MS (FAB): m/z (%): 646, 645, 644
(100:48:14) [M+H]+ , 455 (29), 383 (34), 262 (31) [terpyCH2O]+ , 246 (50)
[terpyCH2]


+ , 199 (73) [bpyCH2O]+ , 184 (60), 165 (38); HS-MS (Micro-
TOF): m/z : 644.27 [M+H]+, 666.25 [M+Na]+ .


Preparation of the complexes 1–11: Stock solution of the ligands BBB,
BBT, TBT, and TTT in CH2Cl2 (10�2


m, 100 mL) and of [CuI-
ACHTUNGTRENNUNG(CH3CN)4]BF4, [CuII


ACHTUNGTRENNUNG(CH3CN)4] ACHTUNGTRENNUNG[BF4]2, ZnII
ACHTUNGTRENNUNG[BF4]2·8H2O in CH3CN


(10�2
m, 100 mL) were prepared. The appropriate amounts of ligands


strands and metallic cations were mixed, the resulting solution evaporat-
ed and redissolved in pure CH3CN (0.500 mL) so that the concentration
in complex would be 5.10�5


m, and injected in the spectrometer without
any further purification.


Data for 1:[5a] 1H NMR (400 MHz; CD3CN): d=8.29 (d, J=9 Hz, 4H;
Ar), 8.26 (d, J=9 Hz, 4H; Ar),8.26 (d, J=9 Hz, 4H; Ar), 8.17 (d, J=
9 Hz, 4H; Ar), 8.08 (t, J=9 Hz, 4H; Ar), 7.98 (t, J=9 Hz, 4H; Ar), 7.75
(t, J=9 Hz,4H; Ar), 7.51 (d, J=9 Hz, 4H; Ar), 6.95 (d, J=9 Hz,4H;
Ar), 6.77 (d, J=9 Hz, 4H; Ar), 3.87 (AB, J=12 Hz, 4H; CH2O), 3.85
(AB, J=12 Hz, 4H; CH2O), 3.68 (AB, J=12 Hz, 4H; CH2O), 3.61 (AB,
J=12 Hz, 4H; CH2O), 2.16 ppm (s, 12H; CH3); ES-MS: m/z calcd for
{[CuI


3 ACHTUNGTRENNUNG(BBB)2] ACHTUNGTRENNUNG[(BF4)]}
2+ = [C72H64BCu3F4N12O4]


2+ : 719.40; found: 719.16;
calcd for [CuI


3ACHTUNGTRENNUNG(BBB)2]
3+ = [C72H64Cu3N12O4]


3+ : 450.66; found: 450.47
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(see Supporting information); additional peak: [CuI
ACHTUNGTRENNUNG(BBB) ACHTUNGTRENNUNG(BF4)]: calcd


for [CuI
ACHTUNGTRENNUNG(BBB)]+ = [C36H32CuN6O2]


+ : 643.19; found: 643.19;


Data for 2 : 1H NMR (400 MHz; CD3CN): d=8.78 (s, 6H; terpy H3’, H4’,
H5’), 8.54 (d, J=6.4 Hz, 2H; terpy H3’’), 8.53 (d, J=4.2 Hz, 2H; bpy
H3’’’), 8.41 (d, J=6.4 Hz, 2H; bpy H5’’), 8.34 (d, J=8.4 Hz,2H; bpy H3),
8.32 (t, J=8 Hz,2H; bpy H4’’’), 8.31 (d, J= (:! Hz, 2H; bpy H3’), 8.17 (d,
J=6.5 Hz, 2H; terpy H3), 8.15 (t, J=6.3 Hz, 2H; bpy H4), 8.13 (t, J=
6.3 Hz, 2H; terpy H4’’’), 7.99 (t, J=6.4 Hz, 2H; bpy H4’’’), 7.92 (t, J=
6.4 Hz, 2H; bpy H4’), 7.74 (s, 2H; terpy H6), 7.56 (d, J=5.9 Hz, 4H;
terpy H6’’’, bpy H5), 7.42 (d, J=6 Hz, 2H; bpy H5’’’), 7.37 (dd, J=
4.2 Hz, 4.1 Hz, 2H; terpy H5’’’), 7.30 (d, J=6.4 Hz, 2H; terpy H4), 6.99
(d, J=6 Hz, 2H; bpy H5’), 6.95 (d, J=6.2 Hz, 2H; bpy H5’’), 4.49 (d, J=
13.33 Hz, 2H; bpy-CH2OCHH-tpy), 3.99 (d, J=13.63 Hz, 2H; bpy-
CHHOCH2-bpy), 3.95 (d, J=13.67 Hz, 2H; bpy-CH2OCHH-bpy), 3.79
(d, J=13.30 Hz, 2H; bpy-CH2OCHH-terpy), 3.76 (d, J=13.63 Hz, 4H;
bpy-CHHOCH2-bpy bpy-CHHOCH2-terpy,), 3.66 (d, J=13.67 Hz, 2H;
bpy-CH2OCHH-bpy), 3.22 (d, J=13.63 Hz, 2H; bpy-CHHOCH2-terpy),
2.18 ppm (s, 6H; CH3-bpy); ES-MS: m/z calcd for [(BBT)2CuI


2ZnII-
ACHTUNGTRENNUNG(BF4)2]


2+ = [C80H66B2Cu2F8N14O4Zn]2+ : 826.78; found: 826.17; calcd for
[CuI


2ZnII
ACHTUNGTRENNUNG(BBT)2ACHTUNGTRENNUNG(BF4)]


3+ = [C80H66BCu2F4N14O4Zn]3+ : 522.25; found:
521.78; calcd for [CuI


2ZnACHTUNGTRENNUNG(BBT)2]
4+ = [C80H66Cu2N14O4Zn]3+ : 369.98;


found: 369.60, 445.12.


Data for 3 : ES-MS: m/z calcd for [CuII
2CuI


ACHTUNGTRENNUNG(BBT)2ACHTUNGTRENNUNG(BF4)4]
+ =


[C80H66B4Cu3F16N14O4]
+ : 1825.33; found: 1825.85; 1187.85; calcd for


[CuII
2CuI


ACHTUNGTRENNUNG(BBT)2ACHTUNGTRENNUNG(BF4)3]
2+ = [C80H66B3Cu3F12N14O4]


2+ : 868.17; found:
868.85; calcd for [CuII


2CuI
ACHTUNGTRENNUNG(BBT)2ACHTUNGTRENNUNG(BF4)2]


3+ = [C80H66B2Cu3F8N14O4]
3+ :


550.51; found: 550.28, [CuII
2CuI


ACHTUNGTRENNUNG(BBT)2ACHTUNGTRENNUNG(BF4)]
4+ = [C80H66BCu3F4N14O4]


4+ :
391.22; found: 391.07; calcd for [CuII


2CuACHTUNGTRENNUNG(BBT)2
IF]4+ =


[C80H66Cu3FN14O4]
4+ : 374.27; found: 374.08; calcd for [CuII


2CuI
ACHTUNGTRENNUNG(BBT)2]


5+


= [C80H66Cu3N14O4]
5+ : 295.62; found: 295.38; additional peaks: [CuII-


ACHTUNGTRENNUNG(BBT)]ACHTUNGTRENNUNG[BF4]2: calcd for [CuII
ACHTUNGTRENNUNG(BBT)]2+ = [C40H33CuN7O2]


2+ : 353.64;
found: 353.45.


Data for 4 : ES-MS: m/z calcd for [ZnII
2CuI


ACHTUNGTRENNUNG(TBT)2 ACHTUNGTRENNUNG(BF4)3]
2+ =


[C88H68B3CuF12N16O4Zn2]
2+ : 934.16; found: 933.66; calcd for [ZnII


2CuI-
ACHTUNGTRENNUNG(TBT)2 ACHTUNGTRENNUNG(BF4)2]


3+ = [C88H68B2CuF8N16O4Zn2]
2+ : 593.84; found: 593.25;


calcd for [ZnII
2CuI


ACHTUNGTRENNUNG(TBT)2 ACHTUNGTRENNUNG(BF4)]
4+ = [C88H68BCuF4N16O4Zn2]


4+ : 423.68;
found: 423.44; calcd for [ZnII


2CuI
ACHTUNGTRENNUNG(TBT)2]


5+ = [C88H68CuN16O4Zn2]
4+ :


321.58; found: 321.33, 257.10 additional peaks: [ZnII
ACHTUNGTRENNUNG(TBT)] ACHTUNGTRENNUNG[BF4]2: calcd


for [ZnII
ACHTUNGTRENNUNG(TBT) ACHTUNGTRENNUNG(BF4)]


+ = [C44H34BF4N8O2Zn]+ 857.21; found: 857.21;
calcd for [ZnII


ACHTUNGTRENNUNG(TBT)]2+ = [C44H34N8O2Zn]2+ 385.10; found: 385.40;
[454.0]


Data for 5 : ES-MS: m/z calcd for [ZnII
3 ACHTUNGTRENNUNG(TTT)2 ACHTUNGTRENNUNG(BF4)4]


2+ =


[C98H74B4F16N18O4Zn3]
2+ : 1055.57; found: 1055.90; calcd for [ZnII


3 ACHTUNGTRENNUNG(TTT)2-
ACHTUNGTRENNUNG(BF4)3]


3+ = [C98H74B3F12N18O4Zn3]
3+ : 674.78; found: 674.60; calcd for


[ZnII
3 ACHTUNGTRENNUNG(TTT)2 ACHTUNGTRENNUNG(BF4)2]


4+ = [C98H74B2F8N18O4Zn3]
4+ : 484.38; found: 484.20;


calcd for [ZnII
3ACHTUNGTRENNUNG((TTT)2BF4)]


5+ = [C98H74BF4N18O4Zn3]
5+ : 370.14; found:


369.88; calcd for [ZnII
3ACHTUNGTRENNUNG(TTT)2F]5+ = [C98H74FN18O4Zn3]


5+ : 356.58; found:
356.68; calcd for [ZnII


3 ACHTUNGTRENNUNG(TTT)2]
6+ = [C98H74N18O4Zn3]


6+ : 293.99; found:
293.74.


Data for 6 : ES-MS: m/z calcd for [CuI
2CuII


ACHTUNGTRENNUNG(BBB)ACHTUNGTRENNUNG(BBT) ACHTUNGTRENNUNG(BF4)2]
2+ =


[C76H65B2Cu3F8N13O4]
2+ : 793.16; found: 793.30; calcd for [CuI


2CuII
ACHTUNGTRENNUNG(BBB)-


ACHTUNGTRENNUNG(BBT)ACHTUNGTRENNUNG(BF4)]
3+ = [C76H65BCu3F4N13O4]


3+ : 500.62; found: 500.45; calcd for
[CuI


2CuII
ACHTUNGTRENNUNG(BBB)ACHTUNGTRENNUNG(BBT)]4+ = [C76H65Cu3N13O4]


+ : 353.76; found: 353.60; ad-
ditional peaks: [CuI


3 ACHTUNGTRENNUNG(BBB)2] ACHTUNGTRENNUNG[BF4]3 (1); [CuI
2CuII


ACHTUNGTRENNUNG(BBT)2] ACHTUNGTRENNUNG[BF4]4: calcd for
[CuI


2CuII
ACHTUNGTRENNUNG(BBT)2ACHTUNGTRENNUNG(BF4)2]


2+ = [C80H66B2Cu3F8N14O4]
2+ : 825.86; found:


825.05; calcd for [CuI
2CuII


ACHTUNGTRENNUNG(BBT)2 ACHTUNGTRENNUNG(BF4)]
3+ = [C80H66BCu3F4N14O4]


3+ :
521.64; found: 521.45; calcd for [CuI


2CuII
ACHTUNGTRENNUNG(BBT)2]


3+ = [C80H66Cu3N14O4]
3+ :


369.53; found: 369.43.


Data for 7: ES-MS: m/z calcd for [CuII
2CuI


ACHTUNGTRENNUNG(BBB)ACHTUNGTRENNUNG(TBT) ACHTUNGTRENNUNG(BF4)3]
2+ =


[C80H66B3Cu3F12N14O4]
2+ : 869.26; found: 869.20; calcd for [CuII


2CuI-
ACHTUNGTRENNUNG(BBB)ACHTUNGTRENNUNG(TBT) ACHTUNGTRENNUNG(BF4)2F]2+ = [C80H66B2Cu3F9N14O4]


2+ : 835.36; found: 835.30;
calcd for [CuII


2CuI
ACHTUNGTRENNUNG(BBB) ACHTUNGTRENNUNG(TBT) ACHTUNGTRENNUNG(BF4)2]


3+ = [C80H66B2Cu3F8N14O4]
3+ :


550.57; found: 550.60; calcd for [CuII
2CuI


ACHTUNGTRENNUNG(BBB) ACHTUNGTRENNUNG(TBT) ACHTUNGTRENNUNG(BF4)F]3+ =
[C80H66BCu3F5N14O4]


3+ : 527.90; found: 527.90; calcd for [CuII
2CuI


ACHTUNGTRENNUNG(BBB)-
ACHTUNGTRENNUNG(TBT)F]4+ = [C80H66Cu3FN14O4]


4+ : 374.17; found: 374.20; calcd for
[CuII


2CuI
ACHTUNGTRENNUNG(BBB)ACHTUNGTRENNUNG(TBT)]5+ = [C80H66Cu3N14O4]


5+ : 295.62; found: 295.67;
additional peaks: [CuI


3 ACHTUNGTRENNUNG(BBB)2] ACHTUNGTRENNUNG[BF4]3 (1).


Data for 8 : ES-MS: no peaks found for the complex [CuII
3 ACHTUNGTRENNUNG(BBB) ACHTUNGTRENNUNG(TTT)]-


ACHTUNGTRENNUNG[BF4]6 (see text and Supporting Information, Figure S3). [CuII
3 ACHTUNGTRENNUNG(TTT)2]-


ACHTUNGTRENNUNG[BF4]6: ES-MS: m/z calcd for [CuII
3ACHTUNGTRENNUNG(TTT)2 ACHTUNGTRENNUNG(BF4)4]


2+ =


[C98H74B4Cu3F16N18O4]
2+ : 1052.80; found: 1052.80; calcd for [CuII


3 ACHTUNGTRENNUNG(TTT)2-
ACHTUNGTRENNUNG(BF4)3]


3+ = [C98H74B3Cu3F12N18O4]
3+ : 672.93; found: 672.80; calcd for


[CuII
3 ACHTUNGTRENNUNG(TTT)2 ACHTUNGTRENNUNG(BF4)2]


4+ = [C98H74B2Cu3F8N18O4]
3+ : 483.00; found: 483.10;


calcd for [CuII
3 ACHTUNGTRENNUNG(TTT)2F]5+ = [C98H74Cu3FN18O4]


5+ : 355.48; found: 355.28;
calcd for [CuII


3 ACHTUNGTRENNUNG(TTT)2]
6+ = [C98H74Cu3N18O4]


3+ : 293.06; found: 293.07.


Data for 9 : ES-MS: m/z calcd for [CuIICuIZnII
ACHTUNGTRENNUNG(BBT)ACHTUNGTRENNUNG(TBT) ACHTUNGTRENNUNG(BF4)3]


2+ =


[C84H67B3Cu2F12N15O4Zn]2+ : 901.71; found: 901.25; calcd for [CuIICuIZnII-
ACHTUNGTRENNUNG(BBT)ACHTUNGTRENNUNG(TBT) ACHTUNGTRENNUNG(BF4)2]


3+ = [C84H67B2Cu2F8N15O4Zn]3+ : 572.21; found:
571.80; calcd for [CuIICuIZnII


ACHTUNGTRENNUNG(BBT) ACHTUNGTRENNUNG(TBT) ACHTUNGTRENNUNG(BF4)]
4+ =


[C84H67BCu2F4N15O4Zn]4+ : 406.58; found: 406.90; calcd for [CuIICuIZnII-
ACHTUNGTRENNUNG(BBT)ACHTUNGTRENNUNG(TBT)]5+ = [C84H67Cu2N15O4Zn]5+ : 308.60; found: 308.45. Addi-
tional peaks: [CuI


2ZnII
ACHTUNGTRENNUNG(BBT)2] ACHTUNGTRENNUNG[BF4]4 (2); [CuII


2CuI
ACHTUNGTRENNUNG(BBT)2] ACHTUNGTRENNUNG[BF4]5 (3);


[CuIZnII
2ACHTUNGTRENNUNG(TBT)2] ACHTUNGTRENNUNG[BF4]5 (4); 445.1.


Data for 10 : ES-MS: m/z calcd for [CuII
2ZnII


ACHTUNGTRENNUNG(BBT)ACHTUNGTRENNUNG(TTT) ACHTUNGTRENNUNG(BF4)4]
2+ =


[C89H70B4Cu2F16N16O4Zn]2+ : 982.19; found: 982.9; calcd for [CuII
2ZnII-


ACHTUNGTRENNUNG(BBT)ACHTUNGTRENNUNG(TTT) ACHTUNGTRENNUNG(BF4)3]
3+ = [C89H70B3Cu2F12N16O4Zn]2+ : 626.83; found:


626.5; calcd for [CuII
2ZnII


ACHTUNGTRENNUNG(BBT) ACHTUNGTRENNUNG(TTT) ACHTUNGTRENNUNG(BF4)2F]3+ =
[C89H70B2Cu2F9N16O4Zn]2+ : 604.23; found: 604.1; calcd for [CuII


2ZnII-
ACHTUNGTRENNUNG(BBT)ACHTUNGTRENNUNG(TTT) ACHTUNGTRENNUNG(BF4)F]4+ = [C89H70BCu2F5N16O4Zn]2+ : 431.37; found: 431.3;
calcd for [CuII


2ZnII
ACHTUNGTRENNUNG(BBT) ACHTUNGTRENNUNG(TTT)F2]


4+ = [C89H70Cu2F2N16O4Zn]2+ : 414.52;
found: 414.1; calcd for [CuII


2ZnII
ACHTUNGTRENNUNG(BBT) ACHTUNGTRENNUNG(TTT)F]5+ =


[C89H70Cu2FN16O4Zn]2+ : 327.81; found: 327.6; calcd for [CuII
2ZnII


ACHTUNGTRENNUNG(BBT)-
ACHTUNGTRENNUNG(TTT)]6+ = [C89H70Cu2N16O4Zn]6+ : 270.01; found: 269.9; additional
peaks: [ZnII


3 ACHTUNGTRENNUNG(TTT)2] ACHTUNGTRENNUNG[BF4]6 (5); [CuII
ACHTUNGTRENNUNG(BBT)] ACHTUNGTRENNUNG[BF4]2: calcd for [CuII


ACHTUNGTRENNUNG(BBT)-
ACHTUNGTRENNUNG(BF4)]


+ = [C40H33BCuF4N7O2]
+ : 793.20; found: 793.2; calcd for [CuII-


ACHTUNGTRENNUNG(BBT)]2+ = [C40H33CuN7O2]
2+ : 353.64; found: 353.45.


Data for 11 : ES-MS: no peaks found for the complex [CuIIZnII
2 ACHTUNGTRENNUNG(TBT)-


ACHTUNGTRENNUNG(TTT)] ACHTUNGTRENNUNG[BF4]6. [ZnII
3ACHTUNGTRENNUNG(TTT)2] ACHTUNGTRENNUNG[BF4]6 (6); [ZnII


ACHTUNGTRENNUNG(TBT)]ACHTUNGTRENNUNG[BF4]2: calcd for [ZnII-
ACHTUNGTRENNUNG(TBT)]2+ = [C44H34BF4N8O2Zn]+: 857.21; found: 857.2; calcd for [ZnII-
ACHTUNGTRENNUNG(TBT)]2+ = [C44H34ZnN8O2]


2+ : 385.10; found: 385.2.
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Efficient Synthesis of a Chiral [4]Pseudocatenane and Its Derivatives:
A Novel Ship(s Wheel-like Interlocked Structure


Xiao-Zhang Zhu[a, b] and Chuan-Feng Chen*[a]


Introduction


Mechanically interlocked molecules[1] like rotaxanes and
catenanes have attracted much attention, and they have
been efficiently synthesized by various template methods
during the last two decades. This class of interesting mole-
cules has a nonplanar structure, which might be provided
with topological chirality.[2] Planar chirality has also been in-
troduced to the construction of chiral catenanes.[3] However,
the most convenient and useful way to produce chiral inter-
locked molecules with unambiguous conformation is proba-
bly to incorporate chiral groups directly into the structures
of their subunits.[4] In this situation, the chirality induction
between the chiral part and the achiral one has been found


in several interlocked systems[5] and used for the design of
molecular shuttles[6] and asymmetric benzoin condensa-
tion.[7] So far, few examples on highly ordered chiral inter-
locked structures have been reported. On the other hand,
the studies on the reactivity of interlocked molecules are
also limited,[8] although it is important not only for the con-
struction of complexed interlocked molecules[9] but also for
their further functionalization.[7,10]


Recently, we reported a highly efficient approach to
[4]pseudocatenanes by threefold metathesis reactions of a
triptycene-based tris[2]pseudorotaxane.[11] Follow the same
strategy, more elegant topological interesting molecules with
well-defined structures and functions could be constructed.
For this purpose, a new triptycene-based receptor[12] contain-
ing three (R)-(+)-benzo-2,2’-binaphtho[26]crown-8 moie-
ACHTUNGTRENNUNGties[13,14] has been synthesized; use of this receptor has lead
to various highly ordered chiral interlocked molecules.
Herein, we report 1) the efficient synthesis of a novel chi-
ACHTUNGTRENNUNGral[4]pseudocatenane by dynamic covalent chemistry,[15]


2) deprotonation and N-acylation of the ammonium groups
in the[4]pseudocatenane to result in a new class of neutral
chiral interlocked molecules, and 3) construction of a ship5s
wheel-like interlocked structure.


Abstract: A novel chiral[4]pseudocate-
nane 5H3 ACHTUNGTRENNUNG[PF6]3 was synthesized effi-
ciently by treatment of a solution of
chiral triptycene-based tri(crown ether)
1 and three equivalents of a bis[p-(but-
3-enyloxy)benzyl]ammonium salt in
CH2Cl2 with a Grubbs II catalyst, fol-
lowed by hydrogenation. It was found
that the ammonium groups in 5H3-
ACHTUNGTRENNUNG[PF6]3 could be deprotonated by 1,8-
diazabicyclo ACHTUNGTRENNUNG[5.4.0]undec-7-ene (DBU)
in acetonitrile or dimethyl sulfoxide
(DMSO). Consequently, N-acylation of
the ammonium groups was easily per-


formed in the presence of DBU, which
resulted in a new class of neutral
highly ordered interlocked molecules
in good yields. In particular, the incor-
poration of stopper units, for example,
diethyl phosphoramidate, lead to the
isolation of the interlocked molecule
10 with an interesting ship5s wheel-like
structure, which was structurally stud-


ied with the help of detailed NMR ex-
periments. Compared with 1, it was fur-
ther found that the Cotton effect of
(R)-1,1’-binaphthyl chromophore at
241 nm was greatly reduced in 5H3-
ACHTUNGTRENNUNG[PF6]3 and its derivatives. Moreover, a
new positive Cotton effect at 248 nm
appeared in the interlocked molecules;
this observation could be attributed to
the chirality transfer from the bi-
naphthyl units to the macrocycles lying
in the cavities of 1.
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Results and Discussion


Synthesis of a chiral[4]pseudocatenane : Synthesis of the
chiral triptycene-based receptor 1 and the chiral[4]pseudo-
ACHTUNGTRENNUNGcatenane 5H3ACHTUNGTRENNUNG[PF6]3 is depicted in Scheme 1. Reaction of
(R)-(+)-1,1’-bi-2-naphthol with 8-tosyloxy-3,6-dioxaoctanol
in the presence of K2CO3, followed by the tosylation with p-
toluenesulfonyl chloride in the presence of Ag2O and KI,
gave compound 2 in 90% total yield.[16] Triptycene tri-
ACHTUNGTRENNUNG(catechol) 3[11] was then treated with 2 in the presence of
Cs2CO3 under a high dilution condition to afford 1 in 38%
yield. 1H and 13C NMR spectra of 1 are consistent with its
D3v symmetry.


The 1H NMR spectrum of a 1:3 mixture of 1[17] and the
PF6 salt of bis[p-(but-3-enyloxy)benzyl]ammonium (4H-
ACHTUNGTRENNUNG[PF6]) in CDCl3 showed a great difference with those of the
two components, which suggested that new complexes be-
tween 1 and 4H ACHTUNGTRENNUNG[PF6] were formed. Consequently, when a
solution of 1 and three equivalents 4HACHTUNGTRENNUNG[PF6] in CH2Cl2 was
treated with the second-generation Grubbs catalyst[18] (5
mol%) in high dilution concentration (1mm), the chiral[4]-


pseudocatenane 5’H3 ACHTUNGTRENNUNG[PF6]3 could be efficiently obtained in
79% yield by threefold metathesis reactions of a triptycene-
based tris[2]pseudorotaxane. The 1H NMR spectrum showed
that signals of terminal vinyl protons of 4HACHTUNGTRENNUNG[PF6] disap-
peared while a new broad signal appeared at d=5.59 ppm
for �CH=CH� protons in 5’H3ACHTUNGTRENNUNG[PF6]3 as a cis/trans isomeric
mixture. The MALDI-TOF mass spectrum of 5’H3ACHTUNGTRENNUNG[PF6]3 dis-
played a strong peak at m/z=2851.3 for the [5’�2H]+ ion.
Furthermore, hydrogenation of 5’H3ACHTUNGTRENNUNG[PF6]3 with Adam5s cata-
lyst (PtO2·H2O) quantitatively afforded the chiral[4]pseudo-
catenane 5H3ACHTUNGTRENNUNG[PF6]3, which could be fully characterized. The
interlocked molecule 5H3ACHTUNGTRENNUNG[PF6]3 showed only 16 signals in
the 13C NMR spectrum for the 114 aromatic carbon atoms
and 12 signals for 64 aliphatic carbon atoms; these results
are in accord with D3v symmetry.


Deprotonation and N-acylation of the ammonium groups in
the [4]pseudocatenane : The lower acidity of ammonium
groups in 5H3ACHTUNGTRENNUNG[PF6]3 resulted made it difficult to neutralize
with triethylamine, tributylamine, or diisopropylethyl-
ACHTUNGTRENNUNGamine.[8c,19] But we found that 5H3 ACHTUNGTRENNUNG[PF6]3 could be deproto-


Scheme 1. Synthesis of the chiral triptycene-based receptor 1 and the chiral[4]pseudocatenane 5H3 ACHTUNGTRENNUNG[PF6]3.
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nated to neutral interlocked
molecule 6 by 1,8-diazabicyclo-
ACHTUNGTRENNUNG[5.4.0]undec-7-ene (DBU); this
was proved by the 1H NMR ex-
periments in [D3]acetonitrile or
[D6]dimethyl sulfoxide
([D6]DMSO).[20] Compound 6 is
an important precursor for fur-
ther functionalization of 5H3-
ACHTUNGTRENNUNG[PF6]3 to a new class of neutral
chiral[4]pseudocatenanes.


As shown in Scheme 2, we
first performed the N-acetyla-
tion of 5H3ACHTUNGTRENNUNG[PF6]3 by using acetic
anhydride in DMF in the pres-
ence of DBU. It was found that
the reaction went smoothly at
room temperature to give com-
pound 7 in 84% yield. The
MALDI-TOF mass spectrum of
7 revealed a strong peak at
m/z=3003.1 for [7+Na]+ .
Under the same conditions, the
perchloroacetylated product 8
was synthesized in 93% yield by
further treatment of 5H3ACHTUNGTRENNUNG[PF6]3
with chloroacetic anhydride.
Active chlorine atoms in com-
pound 8 provided us with many
opportunities for further func-
tionalization. As a result, nucle-
ophilic substitution of the chlor-
ide with sodium azide gave com-
pound 9 in 90% yield. Com-
pound 10 was then synthesized
in 88% yield by the reaction[21]


of triethyl phosphite with azide
groups in 9.


Identification of the structure of
compound 10 : The MALDI-
TOF mass spectrum of 10 re-
vealed a strong peak at m/z=
3433.8 for [10]+ . To confirm its
topological structure, detailed
NMR experiments were carried
out. It was found that the
1H NMR spectrum of 10
changed greatly with the deuter-
ated solvents used. Consequently, the 1H NMR spectra were
very intricate and assignments of signals could not be made
for that taken in CDCl3 (Figure 1a); however, the spectrum
became very clear in [D6]DMSO (Figure 1b). This solvent
dependence might be due to the different conformations[22]


of crown ethers in 10 existing in the two solvents. In chloro-
form, the crown ether subunits are more likely to take a
conformation which the oxygen atoms of crown ethers point


into the cavity; this would result in hydrophilic cavities. In
this situation, the aliphatic chain with six carbon atoms
would be excluded by the cavities, and the conformation of
10 would be distorted, which is reflected in the 1H NMR
spectrum. On the other hand, DMSO is a aprotic polar sol-
vent, in which compound 10 can favor a regular conforma-
tion. This phenomenon has also been found in compounds 7
and 8.[20]


Scheme 2. N-Acylation of 5H3ACHTUNGTRENNUNG[PF6]3 and synthesis of the interlocked molecule 10. Proton designations of 10
are shown.
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Compound 10 was then studied by NMR spectroscopy in
[D6]DMSO. As shown in Figure 2, the NOESY spectrum of
10 revealed that the three aliphatic links lying in the three
cavities of crown ethers. With the help of the 1H-1H COSY
and TOCSY spectra, the peaks in the aromatic and poly-
ACHTUNGTRENNUNGether regions could be assigned. As a result, two sets of sig-
nals at d=4.12 and 3.93 ppm were assigned to the Ha’,a’’ pro-
tons and those at d=4.14 and 4.01 ppm were assigned to
benzylic protons, which might be due to the affection of bi-
naphthyl groups. Furthermore, the carbon signals of 10 in its
13C NMR spectrum could also be designated by means of
the HMQC and HMBC spectra.[20] Compound 10 showed a
simple 13C NMR spectrum, in which only 19 signals for 114
aromatic carbon atoms and 14 signals for 79 aliphatic
carbon atoms were observed.[20] Moreover, its 31P NMR
showed only one signal at d=9.68 ppm.[20] All these obser-
vations proved its D3v symmetry. At the same time, we
found that the structure of 10 was also desymmetrized
slightly so that the carbon atoms C20’, C20’’, and C22 were
split into two separate signals, because of the chiral bi-
naphthyl units.


Compound 10 is an interesting neutral mechanically inter-
locked molecule, in which no complexation effects between
the two subunits exist. The incorporation of three stopper
units, that is diethyl phosphoramidate, gave it an unambigu-
ous interlocked structure similar in shape to a ship5s wheel
(Figure 3). In fact, the incorporation of stopper units into in-
terlocked structures is a very useful strategy for the synthe-
sis of special rotaxanes[23] and molecular motors.[24]


CD spectra : The circular dichroism (CD) spectra of the host
1, [4]pseudocatenane 5H3 ACHTUNGTRENNUNG[PF6]3 and its neutral derivatives
(6, 7, 8, 10) are depicted in Figure 4. As expected, com-
pound 1 showed the classical negative Cotton effect of the
(R)-1,1’-binaphthyl chromophore at 241 nm. Relative to 1,
greatly reduced intensities of the 1,1’-binaphthyl chromo-
phore in 5H3ACHTUNGTRENNUNG[PF6]3 and its derivatives were observed; this
reduction could be attributed to the interlocked structure.
Interestingly, a new positive Cotton effect at 248 nm ap-
peared in the interlocked molecules, which might be as-
ACHTUNGTRENNUNGcribed to the chirality transfer[5] from the 1,1’-binaphthyl


unit to the macrocycles lying in
the cavities of 1. This observa-
tion is in accord with the afore-
mentioned NMR spectra of the
interlocked molecules. More-
over, 5H3ACHTUNGTRENNUNG[PF6]3 showed a stron-
ger positive Cotton effect and
weaker negative one than its
neutral derivatives did; this
result might be due to the more
stabilized conformation by the
complexation effects between
the two subunits in 5H3ACHTUNGTRENNUNG[PF6]3.
Furthermore, we found that the
substituent groups on the nitro-
gen atoms in the neutral inter-


locked compounds had no evident effects on their CD spec-
tra.


Conclusion


In conclusion, we have synthesized a novel chiral[4]pseudo-
catenane and demonstrated that deprotonation and N-acyla-
tion of the ammonium groups in the [4]pseudocatenane
could result in a new class of neutral highly ordered inter-
locked molecules. In particular, the incorporation of stopper
units led to the isolation of an interlocked molecule with an
interesting ship5s wheel-like structure; this structure of this
compound was studied by the detailed NMR experiments.
Moreover, the interlocked molecules showed not only a
greatly reduced Cotton effect of (R)-1,1’-binaphthyl chromo-
phore at 241 nm, but also a new positive Cotton effect at
248 nm, which might be ascribed to the chirality transfer
from the binaphthyl units to the macrocycles lying in the
cavities of 1. Further work on the design of molecular devi-
ces and chiral catalysts based on this class of interlocked
molecules are in progress in our laboratory.


Experimental Section


General : Melting points, taken on an electrothermal melting point appa-
ratus, are uncorrected. IR spectra were recorded on a FT-IR spectrome-
ter by using KBr discs. The 1H NMR and 13C NMR spectra were mea-
ACHTUNGTRENNUNGsured on a Bruker DMX600 NMR or a Bruker DMX300 NMR spec-
trometer. MALDI-TOF MS were obtained on a Bruker BIFLEXIII mass
spectrometer. CD-spectra were measured on JASCO, J-810 spectropo-
larimeter. Elemental analyses were performed by the Analytical Labora-
tory of Institute of Chemistry, CAS. 8-Tosyloxy-3,6-dioxaoctanol, com-
pound 3, and ammonium salt 4H ACHTUNGTRENNUNG[PF6] were prepared as reported previ-
ously.[11] The Grubbs II catalyst was purchased from Aldrich.


(R)-2,2’-Bis(8-hydroxy-3,6-dioxa-1-octyloxy)-1,1’-binaphthyl (2’): A mix-
ture of (R)-(+)-1,1’-bi-2-naphthol (2.86 g, 0.01 mol), 8-tosyloxy-3,6-di-
ACHTUNGTRENNUNGoxaoctanol (6.08 g, 0.02 mol), and K2CO3 (5.52 g, 0.04 mol) in dry aceto-
nitrile (120 mL) was refluxed for 24 h. The reaction mixture was filtered
and then concentrated under reduced pressure. The crude product was
purified by column chromatography over silica gel (eluent: acetone) to
afford the desired product 2’ (5.41 g, 98.4%) as a pale yellow oil.
1H NMR (CDCl3, 300 MHz): d=7.93 (d, J=9.0 Hz, 2H), 7.85 (d, J=


Figure 1. 1H NMR spectra (600 MHz, 298.0 K) of 10 in a) CDCl3 and b) [D6]DMSO.
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8.1 Hz, 2H), 7.42 (d, J=9.0 Hz, 2H), 7.34–7.29 (m, 2H), 7.18–7.24 (m,
1.2 Hz, 2H), 7.15 (d, J=8.4 Hz, 2H), 4.17–4.03 (m, 4H), 3.64–361 (m,
4H), 3.50–3.41 (m, 8H), 3.27–3.24 (m, 4H), 3.20–3.05 (m, 4H), 2.63 ppm
(s, 2H); 13C NMR (CDCl3, 75 MHz): d=154.3, 134.1, 129.4, 129.3, 127.8,
126.3, 125.5, 123.7, 120.5, 115.6, 72.4, 70.6, 70.2, 69.9, 69.7, 61.7 ppm;
MALDI-TOF MS: m/z : 550 [M]+ ; elemental analysis calcd (%) for
C32H38O8: C 69.80, H 6.96; found: C 69.55, H 6.85.


(R)-2,2’-Bis(8-tosyloxy-3,6-dioxa-1-octyloxy)-1,1’-binaphthyl (2): Fresh
Ag2O (6.96 g, 30 mmol), TsCl (4.2 g, 22 mmol) and KI (0.68 g, 4.1 mmol)


were added to a solution of 2’ (5.41 g, 98 mmol) in dried CH2Cl2
(100 mL). The reaction mixture was stirred for 24 h, then filtered through
a small pad of silica gel, and washed with acetone. Evaporation of the
solvent, followed by column chromatography (SiO2: dichloromethane to
acetone) to yield 2 (7.72 g, 91.5%) as a pale yellow oil. 1H NMR (CDCl3,
300 MHz): d=7.92 (d, J=9.0 Hz, 2H), 7.83 (d, J=8.1 Hz, 2H), 7.76 (d,
J=8.1 Hz, 4H), 7.41 (d, J=9.0 Hz, 2H), 7.32–7.25 (m, 6H), 7.20–7.11 (m,
4H), 4.07–4.02 (m, 8H), 3.47–3.41 (m, 8H), 3.17–3.11 (m, 4H), 3.08–3.00
(m, 4H), 2.42 ppm (s, 6H); 13C NMR (CDCl3, 75 MHz): d=154.3, 144.8,
134.1, 133.0, 129.8, 129.4, 129.3, 127.95, 127.86, 126.3, 125.5, 123.7, 120.5,
115.6, 70.5, 70.4, 69.9, 69.6, 69.3, 68.4, 21.6 ppm; MALDI-TOF MS: m/z :
858.4 [M]+ ; elemental analysis calcd (%) for C46H50O12S2·0.5H2O: C
63.65, H 5.92; found: C 63.80, H 5.68.


Compound 1: A suspension of cesium carbonate (4.6 g, 14.1 mmol) in an-
hydrous DMF (60 mL) under argon atmosphere was stirred vigorously
for 10 min and then heated to 100 8C. A solution of triptycene tri-
ACHTUNGTRENNUNG(catechol) 3 (0.44 g, 1.2 mmol) and bistosylate 2 (3 g, 3.5 mmol) in anhy-
drous DMF (80 mL) was added dropwise to the mixture over a period of
12 h. The reaction mixture was stirred at 100 8C for another 4 d. After
cooling down to ambient temperature, the mixture was filtered and


Figure 2. a) The TOCSY NMR spectrum of the aliphatic region; b) the
1H-1H COSY NMR spectrum of the aromatic region; and c) a selected
area of the NOESY spectrum of 10 (600 MHz, [D6]DMSO, 298 K). (The
values on the axes represent d in ppm.)


Figure 3. Structure of compound 10 as obtained from an MM2 calcula-
tion.


Figure 4. CD spectra (CH2Cl2, 20 8C) of 1, 5H3 ACHTUNGTRENNUNG[PF6]3, 6, 7, 8, and 10.
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washed with CH2Cl2. The filtrate was concentrated under reduced pres-
sure to give a gray solid, which was redissolved in CH2Cl2 (250 mL) and
washed with H2O. The organic layer was dried over anhydrous magnesi-
um sulfate. After removal of the solvent, the resulting oil was subjected
to successive column chromatography over silica gel (eluent: 100:1
CH2Cl2/CH3OH and then 60/1 CH2Cl2/CH3OH).Compound 1 was ob-
tained as an off-white solid (0.85 g, 38%). M.p. 116–118 8C; [a]20


D =104
(c=0.5 in CH2Cl2);


1H NMR (CDCl3, 600 MHz): d=7.82 (d, J=9.0 Hz,
6H), 7.75 (d, J=8.4 Hz, 6H), 7.40 (d, J=9.0 Hz, 6H), 7.27 (m, 6H),
7.19–7.16 (m, 6H), 7.09 (d, J=7.8 Hz, 6H), 6.93 (s, 6H), 4.20–4.00 (m,
18H), 4.00–3.90 (m, 6H), 3.79–3.66 (m, 12H), 3.59–3.51 (m, 6H), 3.51–
3.42 (m, 12H), 3.42–3.34 (m, 6H), 3.34–3.21 (m, 12H), 2.28 ppm (s, 6H);
13C NMR (CDCl3, 75 MHz): d=154.5, 145.9, 142.8, 134.1, 129.5, 129.3,
127.9, 126.3, 125.5, 123.7, 120.7, 116.3, 109.6, 70.80, 70.76, 70.1, 69.9, 47.7,
14.1 ppm; MALDI-TOF MS: m/z : 1943.5 [M+Na]+ ; HRMS calcd for
[M+2H]2+: 961.4151; found: 961.4157.


Compound 5H3 ACHTUNGTRENNUNG[PF6]3 : A solution of 1 (200 mg, 0.10 mmol) and 4H ACHTUNGTRENNUNG[PF6]
(0.15 g, 0.31 mmol) in anhydrous CH2Cl2 (80 mL) was purged with Ar for
10 min. Then, a solution of Grubbs II catalyst (15 mg, 5 mol%) in
CH2Cl2 (20 mL) was added by syringe and the reaction mixture was
heated at 40 8C for 6 h under Ar. The solvent was evaporated off under
reduced pressure and the crude product was subjected to column chro-
matography over silica gel with CH2Cl2/CH3OH (200:1 to 160:1) as the
eluent to yield 5’H3 ACHTUNGTRENNUNG[PF6]3 (0.27 g, 79%) as a white solid. 1H NMR
(CDCl3, 300 MHz): d=8.01 (d, J=9.0 Hz, 6H), 7.91 (d, J=8.1 Hz, 6H),
7.48 (d, J=9.0 Hz, 6H), 7.44–7.34 (m, 6H), 7.34–7.18 (m , 12H), 7.07–
6.88 (m, 18H), 6.75–6.63 (m, 12H), 5.59 (br s, 6H), 4.27–3.72 (m, 48H),
3.31–2.98 (m, 48H), 2.65–2.29 ppm (m, 18H); MALDI-TOF MS: m/z :
2549.1 [M�2H�3PF6]


+ . A mixture of 5’H3 ACHTUNGTRENNUNG[PF6]3 (0.36 g) and PtO2


(36 mg) in chloroform (15 mL) was stirred under H2 atmosphere for 6 h.
After the mixture was filtrated and the filtrate was concentrated, 5H3-
ACHTUNGTRENNUNG[PF6]3 was quantitatively obtained as a white solid. M.p. 214–216 8C;
[a]20


D =184 (c=0.5 in CH2Cl2);
1H NMR (CDCl3, 300 MHz): d=8.00 (d,


J=9.0 Hz, 6H), 7.91 (d, J=8.1 Hz, 6H), 7.47 (d, J=9.0 Hz, 6H), 7.43–
7.32 (m, 6H), 7.32–7.16 (m, 12H), 7.04–6.88 (m, 18H), 6.69 (d, J=8.4 Hz,
12H), 4.32–4.17 (m, 6H), 4.17–3.81 (m, 36H), 3.80–3.64 (m, 6H), 3.55–
2.90 (m, 48H), 2.39 (s, 6H), 1.78 (br s, 12H), 1.49 ppm (br s, 12H);
13C NMR (CDCl3, 75 Hz): d=159.7, 154.8, 143.4, 142.5, 133.8, 130.9,
130.1, 128.2, 126.7, 125.2, 124.5, 123.1, 121.5, 117.6, 114.7, 106.3, 71.3,
70.9, 70.7, 70.2, 69.2, 68.5, 68.0, 52.1, 48.0, 28.8, 25.7, 13.6 ppm; IR: ñ=
2930 (C�H), 844 (P�Fas), 557 cm�1 (P�Fs); HRMS calcd for [M]3+ :
952.4681; found: 952.4648.


Compound 6 : To a solution of 5H3 ACHTUNGTRENNUNG[PF6]3 (40 mg, 0.009 mmol) in DMSO
was added DBU (12 mL, 0.08 mmol) and then the mixture was poured
into water. The resulted precipitate was filtrated, washed with water and
then dried in air. 34 mg (85%) of 6 as a white solid was obtained.
1H NMR ([D6]DMSO, 600 MHz): d=8.04 (d, J=9.0 Hz, 6H), 7.94 (d, J=
7.8 Hz, 6H), 7.58 (d, J=8.4 Hz, 6H), 7.38–7.30 (m, 6H), 7.30–7.19 (m,
6H), 7.07 (d, J=7.8 Hz, 6H), 6.92 (d, J=7.2 Hz, 12H), 6.82 (s, 6H), 6.56
(d, J=7.8 Hz, 12H), 4.14 (br s, 6H), 3.94 (br s, 6H), 3.87 (br s, 6H), 3.76
(br s, 12H), 3.53–3.38 (m, 24H), 3.29 (br s, 24H), 3.17 (br s, 6H), 3.11
(br s, 6H), 2.16 (s, 6H), 1.52 (br s, 12H), 1.23 ppm (br s, 12H); 13C NMR
([D6]DMSO, 150 MHz): d=157.7, 154.8, 144.9, 142.2, 133.7, 132.7, 129.7,
129.3, 129.1, 128.4, 126.5, 125.1, 123.8, 119.3, 116.1, 114.3, 107.6, 69.9,
69.8, 69.6, 69.5, 68.8, 68.6, 67.6, 52.1, 47.6, 29.2, 25.5, 13.8 ppm; MALDI-
TOF MS: m/z : 2855.4 [M+1]+ .


Compound 7: A solution of 5H3 ACHTUNGTRENNUNG[PF6]3 (80 mg, 0.018 mmol), acetic anhy-
dride (100 mL, 0.11 mmol) and DBU (36 mL, 0.24 mmol) in anhydrous
DMF (0.5 mL) was stirred overnight. The reaction mixture was extracted
with dichloromethane. The organic layer was dried over anhydrous
Na2SO4 and then concentrated under reduced pressure. The crude prod-
uct was purified by column chromatography over silica gel with CH2Cl2/
CH3OH (40:1 to 20:1) as the eluent to yield 7 (60 mg, 84%) as a white
solid. M.p. 151–152 8C; [a]20


D =196 (c=0.5 in CH2Cl2);
1H NMR


([D6]DMSO, 600 MHz): d=8.05–7.98 (m, 6H), 7.95–7.89 (m, 6H), 7.59–
7.48 (m, 6H), 7.36–7.29 (m, 6H), 7.28–7.21 (m, 6H), 7.10–7.02 (m, 6H),
6.81 (s, 6H), 6.73–6.51 (m, 24H), 4.19–4.04 (m, 12H), 4.01 (br s, 6H), 3.94
(br s, 6H), 3.80 (br s, 24H), 3.47 (br s, 12H), 3.22–3.04 (br s, 24H), 3.16


(br s, 12H), 2.17 (s, 6H), 2.04–1.96 (m, 9H), 1.58–1.45 (m, 12H), 1.35–
1.19 ppm (m, 12H); 13C NMR ([D6]DMSO, 150 MHz): d=169.7, 157.8,
157.6, 154.2, 144.3, 141.8, 133.1, 129.2, 128.8, 128.3, 127.9, 127.1, 126.0,
124.7, 123.3, 118.7, 115.5, 114.9, 114.5, 107.0, 69.4, 69.1, 68.2, 68.1, 67.9,
67.1, 49.1, 47.2, 46.1, 28.4, 24.9, 21.4, 13.4 ppm; IR: 2927 (C�H),
1645 cm�1 (C=O, amide); MALDI-TOF MS: m/z : 2980.2 [M�3PF6]


+ ;
HRMS calcd for [M+1]2+ : 1491.2143; found: 1491.2138.


Compound 8 : A solution of 5H3 ACHTUNGTRENNUNG[PF6]3 (320 mg, 0.036 mmol), chloroacetic
anhydride (0.6 g, 3.95 mmol) and DBU (0.36 mL, 2.41 mmol) in anhy-
drous DMF (0.8 mL) was stirred at 50 8C for 24 h. The reaction mixture
was extracted with dichloromethane. The organic layer was dried over
anhydrous Na2SO4 and then concentrated under reduced pressure. The
crude product was purified by column chromatography over silica gel
with CH2Cl2/CH3OH (80:1 to 60:1) as the eluent to yield 8 (280 mg,
93%) as a white solid. M.p. 161–163 8C; [a]20


D =216 (c=0.5 in CH2Cl2);
1H NMR ([D6]DMSO, 600 MHz): d=8.03–8.00 (m, 6H), 7.93 (d, J=
7.8 Hz, 6H), 7.56–7.51 (m, 6H), 7.36–7.28 (m, 6H), 7.28–7.19 (m, 6H),
7.06–7.04 (m, 6H), 6.81 (s, 6H), 6.75–6.51 (m, 24H), 4.41–4.28 (m, 6H),
4.20–4.00 (m, 18H), 3.93 (br s, 6H), 3.80 (br s, 24H), 3.30 (br s, 12H),
3.20–3.06 (m, 24H), 3.16 (br s, 12H), 2.18 (s, 6H), 1.52 (br s, 12H),
1.24 ppm (br s, 12H); 13C NMR ([D6]DMSO, 150 MHz): d=166.0, 158.0,
157.8, 154.2, 144.3, 141.8, 133.1, 129.2, 128.7, 128.1, 127.9, 127.5, 126.0,
124.6, 123.2, 118.7, 115.5, 114.8, 114.5, 106.9, 69.4, 69.0, 68.1, 67.8, 67.0,
48.6, 47.2, 46.6, 42.1, 28.3, 24.9, 13.3 ppm; IR: ñ=2931 (C�H), 1654 cm�1


(C=O, amide); MALDI-TOF MS: m/z : 3082.2 [M]+ ; HRMS calcd for
[M+1]2+ : 1542.1559; found: 1542.1523.


Compound 9 : A mixture of 8 (0.2 g, 0.065 mmol) and sodium azide
(50 mg, 0.77 mmol) in DMSO (2 mL) at 70 8C was stirred for 10 h. Then
methanol (15 mL) was added to the reaction mixture. The resulting mix-
ture was filtrated, washed with water and methanol, and then dried in air
to give 9 (0.18 g, 90%) as a white solid. Compound 9 was used without
further purification. M.p. 179–181 8C; IR: ñ=2931 (C�H), 2104 (�N�N),
1654 cm�1 (C=O, amide); MALDI-TOF MS: m/z : 3103.9 [M]+ .


Compound 10 : After a solution of 9 (62 mg, 0.02 mmol) and triethylphos-
phine (24 mL, 0.18 mmol) in dichloromethane was stirred at room temper-
ature for 24 h, another amount of triethylphosphine (24 mL, 0.18 mmol)
was added. The reaction mixture was stirred for another 12 h and then
concentrated. The resulting crude product was purified by column chro-
matography over silica gel with CH2Cl2/CH3OH (50:1 to 40:1) as the
eluent to yield 10 (60 mg, 88%) as a white solid. M.p. 157–159 8C; [a]20


D =


204 (c=0.5 in CH2Cl2);
1H NMR ([D6]DMSO, 600 MHz): d=8.06–7.98


(m, 6H), 7.96–7.88 (m, 6H), 7.59–7.50 (m, 6H), 7.36–7.29 (m, 6H), 7.28–
7.20 (m, 6H), 7.06 (d, J=8.4 Hz, 6H), 6.82 (s, 6H), 6.76–6.48 (m, 24H),
4.81–4.79 (m, 3H), 4.13 (br s, 12H), 4.01 (br s, 6H), 3.94 (br s, 18H), 3.82
(br s, 24H), 3.66 (br s, 6H), 3.47 (br s, 12H), 3.33 (br s, 24H), 3.16 (br s,
12H), 2.18 (s, 6H), 1.51 (br s, 12H), 1.23 (br s, 12H), 1.18 ppm (t, J=
3.6 Hz, 18H); 13C NMR ([D6]DMSO, 150 MHz): d=169.4, 157.8, 157.7,
154.2, 144.3, 141.8, 133.1, 129.2, 128.8, 128.2, 127.9, 127.0, 125.9, 124.6,
123.2, 118.7, 115.5, 114.7, 114.5, 107.0, 69.4, 69.0, 68.2, 67.9, 67.1, 61.30,
61.3 (JPC=4.4 Hz), 47.2, 46.9, 46.8, 42.2, 28.3, 24.8, 16.0 (JPC=6.6 Hz),
13.3 ppm; 31P NMR ([D6]DMSO, 243 MHz): d=9.7 ppm; IR: ñ=2933
(C�H), 1643 (C=O, amide), 1252 (P=O, phosphoramide), 1059 cm�1 (P�
O�Me); MALDI-TOF MS: m/z : 3433.8 [M]+ ; HRMS calcd for [M+1]2+ :
1717.7741; found: 1717.7771.
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Introduction


Iloprost (2),[1–3] 3-oxa-iloprost (3)[3–7] and cicaprost (4)[8–10]


are biologically highly potent and chemically stable ana-
logues of prostacyclin (1)[11] which have been designed and
developed by the Schering group headed by Vorbr&ggen
and Skuballa. Prostacyclin plays an important role in the
vascular and central nervous system and in inflammation. Its


Abstract: We describe new fully stereo-
controlled syntheses of the prostacyclin
analogues iloprost (2), the most active
component of the drugs Ilomedin and
Ventavis, and 3-oxa-iloprost (3), a de-
rivative that is expected to have a sig-
nificantly higher metabolic stability
than 2 perhaps allowing an oral appli-
cation. The syntheses are based on the
same strategy and chiral bicyclic build-
ing block as used in the synthesis of ci-
caprost (4), the third most potent ana-
logue that exhibits, besides prostacy-
clin-like activities, antimetastatic activi-
ties. Reaction of the enantiopure C6–
C13 bicyclic aldehyde 17 with
Cl3CCOOH/Cl3CCOONa afforded tri-


chlorocarbinol 24 which was converted
via mesylate 25 to the C6–C14 bicyclic
alkyne 9. The palladium-catalysed hy-
drostannylation of alkyne 9 gave with
high regio- and stereoselectivity the al-
kenylstannane 26, Sn/Li exchange of
which afforded the E-configured alke-
nyllithium derivative 8. Coupling of the
C6–C14 building block 8 with the enan-
tiopure C15–C20 building block, the N-
methoxyamide 7, gave the C6–C20 bi-
cyclic ketone 6 in high yield without


epimerisation at C16. The configura-
tion at C15 of iloprost (2) and 3-oxa-
iloprost (3) was established through a
highly diastereoselective reduction of
ketone 6 with catecholborane and the
chiral oxazaborolidine 28 which fur-
nished alcohol (15S)-29. The highly
stereoselective conversions of alcohol
(15S)-29 to iloprost (2) and 3-oxa-ilo-
prost (3), which include as key stereo-
selective steps an olefination with a
chiral phosphonoacetate and a copper-
mediated allylic alkylation, have al-
ready been described.Keywords: alkenylstannane · asym-
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medicinal application is, however, severely hampered by
short chemical and metabolic half-lives. Iloprost (2) has al-
ready been approved as both Ilomedin for the treatment of
severe thrombo-angiitis obliterans with a high risk of ampu-
tation as well as RaynaudGs disease[12] and as Ventavis for
the treatment of pulmonary arterial hypertension, a highly
debilitating and potentially fatal disease.[13] Iloprost, howev-
er, has to be administered by infusion or inhalation because
of its relatively low oral activity. 3-Oxa-iloprost (3) is ex-
pected to have a significantly higher metabolic stability than
iloprost (2) because enzymatic b-oxidation by the oxygen
atom at the 3-position is prevented, which could perhaps
allow oral application. Finally cicaprost (4) exhibits not only
a much higher biological and oral activity than iloprost (2)
but also exhibits a strong inhibitory effect in a series of
spontaneously metastasising rodent mammary tumours.[8d,14]


Structure–activity studies have revealed that the biological
activity of iloprost (2), 3-oxa-iloprost (3) and cicaprost (4) is
strongly dependent on the 5E configuration of the exocyclic
double bond and on the configurations at C15 and C16, the
5E,15S,16S diastereomers being the most active ones.[12a,5–7]


Thus the development of fully stereocontrolled syntheses of
iloprost (2), 3-oxa-iloprost (3) and cicaprost (4) is of consid-
erable importance. For economic reasons it would be partic-
ularly attractive to have an access to all three prostacyclin
analogues based on one convergent strategy and by using
the same or similar building blocks. Although the syntheses
of iloprost (2),[1,2] 3-oxa-iloprost (3)[4] and cicaprost (4)[8a,9]


developed by the Schering group fulfil these criteria, they
are not fully stereocontrolled giving in the case of iloprost
(2) and 3-oxa-iloprost (3) mixtures of diastereomers in
regard to the configurations of the exocyclic double bond,
C15 and C16. Because of this deficiency Ilomedin and Ven-
tavis are not single isomer drugs but mixtures of iloprost (2)
and its less active 16R diastereomer. We have recently de-
veloped a fully stereocontrolled synthesis of cicaprost (4)[10]


by a new route. Now we describe herein the fully stereocon-
trolled syntheses of iloprost (2) and 3-oxa-iloprost (3) based
on the same strategy, methodologies and starting material as
used in the synthesis of cicaprost.


Results and Discussion


Retrosynthesis of iloprost and 3-oxa-iloprost : Our synthesis
of cicaprost (4)[10] has the following key features (Scheme 1).
First, the chiral C6–C14 lithioalkyne building block 10 is
joined to the chiral C15–C21 amide building block 11 to
generate the C14�C15 bond and form the ketone 12. Sec-
ondly, the configuration of C15 of 4 is established through a
diastereoselective reduction of 12 with a chiral reducing re-
agent. Thirdly, the C1–C5 a-side chain is stereoselectively
constructed by diastereoselective olefination of ketone 13
with a chiral Horner–Wadsworth–Emmons (HWE) re-
ACHTUNGTRENNUNGagent.[9a,10,15]


The first key starting material, the bicyclic alkyne 9 had
been synthesised from the enantiopure aldehyde 17[10]


(Scheme 2). This aldehyde can be obtained from the readily
available achiral ketone 14[2d,16, 17] either through an enantio-
selective synthesis via ketone 18 and nitrile 19 using a chiral
base for the desymmetrisation[3,10,18] or through a racemic
synthesis[2d] via esters 15a and 15b and alcohol 16 in combi-
nation with an efficient microbiological kinetic resolution of
rac-15a.[2e] In particular, the second route to 17 has been op-
timised for large-scale synthesis. The second key starting
material, the N-methoxyamide 11, was obtained in an enan-
tiopure form through both an enantioselective synthesis
using the oxazolidinone method and by a racemic synthesis
in combination with an efficient preparative-scale resolution
by chiral HPLC.[10]


Based on this strategy for the synthesis of cicaprost (4), a
retrosynthesis of iloprost (2) and oxa-iloprost (3) was devel-
oped featuring a joining of the C6–C14 lithioalkene building


Scheme 1. Retrosynthesis of iloprost (2) and 3-oxa-iloprost (3), and syn-
thesis of cicaprost (4).[10]
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block 8 and the C15–C20 amide building block 7 to generate
the C14�C15 bond and form the ketone 6, and a diastereo-
selective reduction of 6 with a chiral reducing reagent fol-
lowed by deprotection and protection to give ketone 5 (cf.
Scheme 1). The 5E stereoselective conversion of ketone 5 to
iloprost (2) and 3-oxa-iloprost (3) by a highly diastereoselec-
tive olefination reaction with a chiral HWE reagent and a
highly regio- and diastereoselective allylic alkylation has al-
ready been realised (vide infra).[3]


We recently reported on the fully stereocontrolled synthe-
ses of 2 and 3 by a different route which, however, gives no
access to cicaprost.[3] In the context of this synthesis we had
already developed an efficient synthesis of the enantiopure
N-methoxyamide 7 by using the same methods applied in
the synthesis of the enantiopure amide 11 (cf. Scheme 2).
Thus alkylation of oxazolidinone 20 with butynyl iodide
gave the substituted oxazolidinone 21 (70%, 92% de), the
esterification of which afforded ester 22 (68%). Amidation
of ester 22 furnished amide 7 (93%) which was purified to
give �99% ee (95%) by preparative chiral HPLC. Alterna-
tively amide 7 with �99% ee was prepared through a race-
mic synthesis of rac-7 in combination with an efficient prep-
arative-scale resolution by chiral HPLC.


Synthesis of the alkenylstannane 26 : Aldehyde 17 was pre-
pared as depicted in Scheme 2.[2d] Silylation of the hydroxy
ester 15a gave the silyl ether 15b (98%) which was reduced
to the alcohol 16 (97%). Finally, oxidation of alcohol 16 af-
forded the labile aldehyde 17 in 93% yield. Alkyne 9 has
previously been synthesised from aldehyde 17 either by
Wittig reaction with dibromomethyltriphenylphosphonium
bromide followed by elimination of the corresponding di-


bromoalkene with potassium
tert-butylate or by olefination
with S-lithiomethyl-N-methyl-
phenylsulfoximine that in-
cludes an addition–elimination
reaction followed by a-elimi-
nation of the corresponding
vinyl dimethylaminosulfoxoni-
um salt with lithium tert-buty-
lamide.[10] Although both
routes give alkyne 9 in high
yields, an alternative method
was sought that uses commer-
cially available or less expen-
sive reagents and gives no
phosphorus- or sulfur-based re-
action products. Based on pre-
vious results with a structurally
related aldehyde,[10] the tri-
chloroacetic acid/sodium tri-
chloroacetate addition–elimi-
nation method was selected.[19]


Thus treatment of aldehyde 17
with Cl3CCOOH/Cl3CCOONa
in dimethylformamide (DMF)


gave trichlorocarbinol 24 as a mixture of diastereomers in a
ratio of 2:1 in 87% yield (Scheme 3). Mesylation of alcohol
24 with MeSO2Cl and 1,4-diazabicycloACHTUNGTRENNUNG[2.2.2]octane
(DABCO) in CH2Cl2 afforded mesylate 25 as a mixture of
diastereomers in a ratio of 2:1 in 80% yield. Reaction of
mesylate 25 with four equivalents of nBuLi in THF at
�20 8C furnished the enantiopure alkyne 9 in 86% yield,
which was easily purified by column chromatography.
It was planned to selectively generate the E-configured al-


kenyllithium derivative 8 from the corresponding alkenyl-


Scheme 2. Synthesis of aldehyde 17 and N-methoxyamide 7. Reagents and conditions: a) ClSitBuMe2, DMF,
imidazole; b) HAl ACHTUNGTRENNUNG(iBu)2, CH2Cl2, 0 8C; c) SO3


.pyridine, Me2SO, NEt3.


Scheme 3. Synthesis of the alkenylstannane 26. Reagents and conditions:
a) 1) 1.5 equiv Cl3CCOOH, Cl3CCOONa, DMF, 5 8C; 2) NH4Cl, RT; b)
1) 4.2 equiv DABCO, 2.5 equiv MeSO2Cl, CH2Cl2, RT; 2) 2n HCl, NaCl,
RT; c) 1) 4.0 equiv nBuLi, THF, �20 8C to RT; 2) NH4Cl, RT; d)
Bu3SnH, [PdCl2 ACHTUNGTRENNUNG(PPh3)2], THF, RT.
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stannane 26 by a Sn/Li exchange reaction. Thus a regio- and
stereoselective synthesis of stannane 26 from alkyne 9 was
required. The palladium-catalysed addition of Bu3SnH
(1.2 equiv)[20a,b] to alkyne 9 in THF at room temperature
using [PdCl2ACHTUNGTRENNUNG(PPh3)2] (0.02 equiv) as precatalyst gave a mix-
ture of the isomeric alkenylstannanes 26 and 27 in a ratio of
94:6 in 94% yield. Preparative HPLC afforded stannane 26
in 80% and stannane 27 in 6% yield. Formation of the Z
isomer of 26 was not observed. The high selectivity of the
addition reaction may be attributed to the steric bulk of the
substituents at the propargylic position.[20c]


Coupling of the building blocks : Treatment of the alkenyl-
stannane 26 with nBuLi in THF at �78 8C delivered the E-
configured alkenyllithium derivative 8, the reaction of which
with amide 7 at �78 8C gave ketone 6 in 88% yield
(Scheme 4). Epimerisation of
ketone 6 at C16 was not ob-
served under these conditions.
The alkenylstannane 26 was
recovered in 8% yield. It was
expected that stereoselective
reduction of ketone 6 would
be difficult to achieve with an
achiral reducing reagent be-
cause of the low degree of
asymmetric induction provided
by C16. Thus a chiral reducing
reagent had to be used and
based on previous results for
the stereoselective reduction
of structurally related ke-
tones[3,10] the oxazaborolidine
method[21,22] was selected.
Treatment of a mixture of cat-
echolborane (1.5 equiv) and
oxazaborolidine 28 (1.5 equiv)
with ketone 6 in toluene at
�78 8C led to the formation of a mixture of alcohols (15S)-
and (15R)-29 in a ratio of 95:5. Column chromatography
gave alcohol (15S)-29 in 75% yield and alcohol (15R)-29 in
5% yield. Ketone 6 was recovered in 17% yield. A similar
reduction of the recovered ketone 6 increased the yield of
alcohol (15S)-29 to 87%. The use of only 0.3 equivalents of
28 in the reduction of ketone 6 led to a much reduced reac-
tion rate and a lower diastereoselectivity of only 85:15. We


previously observed a similar decrease in diastereoselectivity
for the reduction of a structurally related ketone upon appli-
cation of substoichiometric amounts of 28 and catecholbor-
ane.[3]


The attainment of (15S)-29 represents a formal fully ster-
eocontrolled total syntheses of iloprost (2) and 3-oxa-ilo-
prost (3) since this alcohol has already been converted via
ketone 30 to the target molecules.[3] The key stereoselective
steps in the syntheses of iloprost (2) and 3-oxa-iloprost (3)
from ketone 30 are 1) a highly diastereoselective olefination
of the ketone with the chiral HWE reagent 31 with forma-
tion of the 5E-configured alkene 32 and 2) a highly regio-
and stereoselective allylic alkylation of the acetate of the
allyl alcohol 33 with the C1–C3 organocuprate 34 with for-
mation of alkene 35 (Scheme 5).


Conclusion


The three carbocyclic analogues of prostacyclin, iloprost, 3-
oxa-iloprost and cicaprost, which are important and promis-
ing medicinal substrates, are accessible by fully stereocon-
trolled routes based on a common synthetic strategy and
similar building blocks, a goal which had not been attained
previously.


Scheme 4. Coupling of the building blocks 7 and 8 and stereoselective reduction of ketone 6. Reagents and conditions: a) nBuLi, THF, �78 8C; b) 1) 7,
THF, �78 8C; 2) NH4Cl, H2O, RT; c) 28, catecholborane, toluene, �78 8C.


Scheme 5. Final key steps in the formal stereoselective syntheses of 2 and 3.[3]
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Experimental Section


General methods : All reactions were carried out under argon in absolute
solvents in oven-dried glassware using syringe and Schlenk techniques.
THF, Et2O and toluene were distilled under argon from lead/sodium in
the presence of benzophenone. DMSO, DMF and CH2Cl2 were distilled
from CaH2. Reagents were obtained from commercial sources and used
without further purification. nBuLi was standardised by titration with di-
phenylacetic acid. Oxazaborolidine 28 was prepared from (R)-a,a-di-
phenyl-2-pyrrolidinemethanol and 0.333 equivalents of n-butylboroxine
in refluxing toluene (16 h) by using a Dean–Stark trap.[23] TLC was per-
formed on E. Merck precoated plates (silica gel 60 F254, layer thickness
0.2 mm), and flash chromatography was performed with E. Merck silica
gel 60 (0.040–0.063 mm) with a nitrogen pressure of 0.2 bar. HPLC was
carried out with a Dynamax SD-1 pump using Varian 320 UV/VIS and
Knauer RI detectors. 1H and 13C NMR spectra were recorded with
Varian VXR 300, Varian Mercury 300 and Varian Inova 400 instruments.
Chemical shifts are reported relative to TMS (d=0.00 ppm) as internal
standard. The following abbreviations have been used to designate the
multiplicity of the peaks in 1H NMR spectra: s= singlet, d=doublet, t=
triplet, q=quartet, sex= sextet, m=multiplet, b=broad and combina-
tions thereof. Peaks in the 13C NMR spectra are denoted as “u” for
carbon atoms with zero or two attached protons or as “d” for carbon
atoms with one or three attached protons, as determined from the APT
pulse sequence. Peaks in the 1H NMR spectra were assigned by
GMQCOSY, GNOE, and HETCOR experiments and those in the 13C
NMR spectra by DEPT experiments. IR spectra were recorded with a
Perkin-Elmer PE 1759 FT instrument. Only peaks �800 cm�1 are listed:
vs=very strong, s= strong, m=medium, w=weak. Low-resolution mass
spectra were recorded with a Varian MAT 212 S instrument using either
electron impact ionisation (EI, 70 eV) or chemical ionisation (CI, CH4 or
isobutane). Only peaks of m/z�80 and an intensity of �10% except de-
cisive ones are listed. High-resolution mass spectra were recorded either
with a Varian MAT 95 mass spectrometer or with a Mircomass LCT
spectrometer (ESI, TOF). Optical rotations were measured with a
Perkin-Elmer model 241 polarimeter at approximately 22 8C. Specific ro-
tations are in gradmLdm�1 g�1 and c is in g per 100 mL.


Methyl (3a’S,4’R,5’R,6a’R)-5’-(tert-butyldimethylsilyloxy)-5,5-dimethyl-
hexahydro-1’H-spiro ACHTUNGTRENNUNG[[1,3]dioxane-2,2’-pentalene]-4’-carboxylate (15b):
Imidazole (1.36 g, 20 mmol) and ClSitBuMe2 (1.66 g, 11 mmol) were
added to a solution of alcohol 15a (2.84 g, 10 mmol) in DMF (50 mL).
After the mixture had been stirred at room temperature for 20 h, a half-
saturated aqueous solution of NaHCO3 was added. The mixture was ex-
tracted with diethyl ether and the combined organic phases were dried
(MgSO4) and concentrated in vacuo. Purification by chromatography
(EtOAc/hexanes, 1:4) gave the silyl ether 15b (3.90 g, 98%) as a colour-
less oil. [a]D=�9.1 (c=1.00 in CH2Cl2);


1H NMR (400 MHz, CDCl3):
d=0.02 (s, 3H), 0.08 (s, 3H), 0.92 (s, 9H), 1.56 (m, 1H), 1.84 (m, 2H),
2.09 (m, 3H), 2.44 (m, 1H), 2.60 (m, 2H), 3.44 (d, J=2.0 Hz, 2H), 3.48
(d, J=2.0 Hz, 2H), 3.70 (s, 3H), 4.28 (m, 1H) ppm; 13C NMR (100 MHz,
CDCl3): d=�5.1 (d), �4.8 (d), 18.0 (u), 22.5 (d), 22.6 (d), 25.7 (d), 30.1
(u), 36.2 (d), 38.4 (u), 40.6 (u), 41.8 (u), 42.2 (u), 51.6 (d), 58.9 (d), 72.1
(u), 72.2 (u), 77.6 (d), 109.9 (u), 175.6 (u) ppm; IR (capillary): ñ=2954
(vs), 2887 (s), 2857 (s), 2808 (m), 1736 (m), 1470 (m), 1437 (m), 1391 (m),
1362 (w), 1255 (s), 1205 (m), 1170 (m), 1117 (vs), 1047 (s), 1007 (s), 837
(vs) cm�1; MS (CI, isobutane): m/z (%): 399 (100) [M++1], 383 (1), 342
(2), 341 (8), 313 (2); MS (EI, 70 eV): m/z (%): 398 (5) [M+], 341 (100),
313 (2), 309 (5), 297 (5), 255 (30), 235 (8), 223 (10), 207 (8), 181 (6), 161
(11), 149 (35); HRMS: calcd for C21H38O5Si: 398.248853; found:
398.248715.


[(3a’S,4’S,5’R,6a’R)-5’-(tert-Butyldimethylsilyloxy)-5,5-dimethylhexahy-
dro-1’H-spiro ACHTUNGTRENNUNG[[1,3]dioxane-2,2’-pentalen]-4’-yl]methanol (16): HAl ACHTUNGTRENNUNG(iBu)2
(10.21 mL, 57.3 mmol) in CH2Cl2 (20 mL) was added to a solution of
ester 15b (15.0 g, 37.6 mmol) in CH2Cl2 (60 mL) at �78 8C within 1.5 h.
After the mixture had been stirred at 0 8C for 2 h, MeOH (10 mL) and
aqueous potassium tartrate were added. Then the mixture was filtered
through Celite which was washed with CH2Cl2 (200 mL). The combined
organic phases were dried (MgSO4) and concentrated in vacuo. Purifica-


tion by chromatography (EtOAc/hexanes, 1:1) gave alcohol 16 (13.4 g,
97%) as colourless crystals. [a]D=�22.0 (c=1.00 in CH2Cl2); Rf=0.30
(hexanes/EtOAc, 3:1); 1H NMR (400 MHz, [D8]THF): d=0.04 (s, 3H),
0.05 (s, 3H), 0.88 (s, 9H), 0.89 (s, 3H), 0.91 (s, 3H), 1.44 (m, 1H), 1.73
(m, 2H), 1.82 (m, 1H), 2.08 (m, 3H), 2.27 (m, 2H), 2.73 (s, 1H), 3.41 (m,
4H), 3.50 (m, 2H), 3.93 (m, 1H) ppm; 13C NMR (100 MHz, [D8]THF):
d=�4.7 (d), �4.4 (d), 18.5 (u), 22.7 (d), 22.7 (d), 26.2 (d), 30.5 (u), 36.8
(d), 39.9 (u), 40.9 (d), 41.3 (u), 42.3 (u), 57.1 (d), 62.7 (u), 72.0 (u), 72.5
(u), 76.4 (d), 110.7 (u) ppm; IR (CHCl3): ñ=3362 (br), 2954 (vs), 2886
(s), 2858 (vs), 1645 (m), 1470 (s), 1392 (m), 1362 (w), 1328 (m), 1255 (vs),
1113 (s), 1044 (s), 1009 (s), 861 (s), 837 (vs) cm�1; MS (CI, isobutane): m/
z (%): 371 (100) [M++1], 370 (2), 369 (2), 314 (2), 313 (17), 295 (2), 285
(2), 209 (2), 133 (2); MS (EI, 70 eV): m/z (%): 370 (4) [M+], 313 (56),
297 (5), 227 (32), 209 (100), 183 (30), 168 (11), 135 (42); HRMS: calcd
for C20H38O4Si: 370.253939; found: 370.253923.


(3a’S,4’R,5’R,6a’R)-5’-(tert-Butyldimethylsilyloxy)-5,5-dimethylhexahy-
dro-1’H-spiro ACHTUNGTRENNUNG[[1,3]dioxane-2,2’-pentalene]-4’-carbaldehyde (17): A solu-
tion of SO3–pyridine complex (7.0 g, 44.1 mmol) in DMSO (30 mL) was
added to a solution of alcohol 16 (5.45 g, 14.7 mmol) in DMSO (30 mL)
and NEt3 (26.2 mL, 17.8 mmol) at room temperature within 30 min.
After the mixture had been stirred for 3 h, water was added and the mix-
ture extracted with diethyl ether. The combined organic phases were
dried (MgSO4) and concentrated in vacuo. Purification by chromatogra-
phy (hexanes/EtOAc, 1:4) gave aldehyde 17 (5.01 g, 93%) as a colourless
oil. [a]D=�22.7 (c=0.9 in CH2Cl2); Rf=0.65 (hexanes/EtOAc, 3:1); 1H
NMR (400 MHz, [D8]THF): d=0.04 (s, 3H), 0.06 (s, 3H), 0.88 (s, 9H),
0.91 (s, 3H), 0.93 (s, 3H), 1.57 (m, 1H), 1.84 (m, 2H), 2.08 (m, 3H), 2.45
(m, 1H), 2.60 (m, 2H), 3.42 (d, J=2.8 Hz, 2H), 3.45 (s, 2H), 4.31 (m,
1H), 9.62 (d, J=2.2 Hz, 1H) ppm; 13C NMR (100 MHz, [D8]THF): d=
�4.56 (d), �4.22 (d), 18.70 (u), 22.86 (d), 22.96 (d), 26.40 (d), 30.73 (u),
37.58 (d), 39.29 (d), 39.40 (u), 41.02 (u), 42.80 (u), 67.30 (d), 72.48 (u),
72.58 (u), 76.22 (d), 110.54 (u), 202.15 (d) ppm; IR (capillary): ñ=2953
(vs), 2857 (s), 2708 (s), 1724 (vs), 1472 (m), 1394 (m), 1362 (m), 1312 (w),
1255 (m), 1117 (vs), 1046 (s), 1005 (m) cm�1; MS (CI, isobutane): m/z
(%): 369 (100) [M+ +1], 367 (9), 357 (7), 355 (6), 353 (19), 327 (10), 323
(6), 313 (4), 312 (18), 283 (22), 279 (6), 265 (9), 238 (5), 237 (38), 155 (6),
151 (5); MS (EI, 70 eV): m/z (%): 368 (2) [M+], 340 (3), 311 (41), 236
(15), 225 (94), 219 (38), 207 (29), 133 (70), 127 (100); HRMS: calcd for
C20H36O4Si: 368.238288; found: 368.238212.


(S)- and (R)-1-[(3a’S,4’S,5’R,6a’R)-5’-(tert-Butyldimethylsilyloxy)-5,5-di-
methylhexahydro-1’H-spiro ACHTUNGTRENNUNG[[1,3]dioxane-2,2’-pentalen]-4’-yl]-2,2,2-tri-
chloroethanol (24): Cl3CCOONa (3.77 g, 20.4 mmol) was added portion-
wise to a stirred solution of aldehyde 17 (5.00 g, 13.6 mmol) and
Cl3CCOOH (3.32 g, 20.4 mmol) in DMF (15 mL) at 5 8C so as to main-
tain a temperature of 5 8C. Subsequently the mixture was stirred at 5 8C
for 6 h. Then water was added until two clear phases had formed. The
aqueous phase was extracted with Et2O. The combined organic phases
were washed with aqueous NH4Cl, dried (MgSO4) and concentrated in
vacuo. Chromatography (hexanes/EtOAc, 5:1) afforded trichlorocarbinol
24 (5.76 g, 87%) as a mixture of diastereomers in a ratio of 2:1 as a col-
ourless oil. Major diastereomer: Rf=0.51 (hexanes/EtOAc, 5:1); 1H
NMR (400 MHz, CDCl3): d=0.06 (s, 3H), 0.07 (s, 3H), 0.89 (s, 9H), 0.94
(s, 3H), 0.97 (s, 3H), 1.42–2.67 (m, 9H), 3.45 (s, 2H), 3.48 (s, 2H), 3.97–
4.13 (m, 1H), 4.08–4.12 (m, 1H), 5.08 (d, J=4.9 Hz, 1H) ppm; 13C NMR
(100 MHz, CDCl3): d=�4.9 (d), �3.5 (d), 17.9 (u), 22.5 (d), 22.5 (d), 25.7
(d), 30.0 (u), 34.5 (d), 36.6 (d), 39.8 (u), 40.6 (u), 41.0 (u), 55.0 (d), 71.8
(u), 72.1 (u), 76.8 (d), 81.6 (d), 103.8 (u), 109.7 (u) ppm. Minor diaster-
eomer: Rf=0.51 (hexanes/EtOAc, 5:1); 1H NMR (400 MHz, CDCl3): d=
0.12 (s, 3H), 0.14 (s, 3H), 0.91 (s, 9H), 0.95 (s, 3H), 0.98 (s, 3H), 1.42–
2.67 (m, 9H), 3.47 (s, 2H), 3.50 (s, 2H), 4.16–4.17 (m, 1H), 4.18–4.22 (m,
1H), 5.08 (d, J=4.9 Hz, 1H) ppm; 13C NMR (100 MHz, CDCl3): d=�4.8
(d), �3.4 (d), 17.7 (u), 22.4 (d), 22.4 (d), 25.6 (d), 30.0 (u), 36.2 (d), 39.5
(u), 40.6 (u), 40.8 (u), 41.6 (d), 55.0 (d), 71.8 (u), 72.1 (u), 79.0 (d), 86.8
(d), 102.9 (u), 109.2 (u) ppm. Data for the mixture of diastereomers: IR
(CDCl3): ñ=3401 (m), 2954 (s), 2859 (s), 1723 (m), 1469 (m), 1394 (w),
1363 (w), 1328 (w), 1255 (m), 1114 (s), 1045 (m), 1006 (m), 911 (m), 838
(m) cm�1; MS (EI, 70 eV): m/z (%): 490 (4), 489 (5), 488 (12), 487 (5)
[M+ +1], 486 (12) [M+], 433 (24), 432 (15), 431 (70), 430 (16), 429 (70),
415 (25), 369 (22), 357 (11), 347 (35), 346 (16), 345 (96), 344 (16), 343
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(100), 339 (35), 327 (26), 309 (19), 307 (29), 301 (11), 298 (13), 297 (13),
271 (12), 243 (15), 237 (12), 235 (18), 233 (19), 215 (11), 211 (16), 197
(11), 181 (24), 169 (15), 161 (17), 151 (16), 133 (13), 128 (18), 127 (11),
121 (17), 115 (11), 105 (15), 95 (17), 93 (31); MS (CI, isobutane): m/z
(%): 491 (37), 490 (28), 489 (100), 488 (30), 487 (98) [M++19], 486 [M+]
(1), 403 (14), 401 (15); HRMS: calcd for C21H37Cl3O4Si: 486.152673;
found: 486.152807.


(S)- and (R)-1-[(3a’S,4’R,5’R,6a’R)-5’-(tert-Butyldimethylsilyloxy)-5,5-di-
methylhexahydro-1’H-spiro ACHTUNGTRENNUNG[[1,3]dioxane-2,2’-pentalen]-4’-yl]-2,2,2-tri-
chloroethyl methanesulfonate (25): MeSO2Cl (3.8 g, 48.4 mmol) was
added to a stirred solution of trichlorocarbinol 24 (9.44 g, 19.4 mmol) and
DABCO (9.12 g, 81.3 mmol) in CH2Cl2 (35 mL) within 15 min using a sy-
ringe pump. After the mixture had been stirred at ambient temperature
for 15 h, water was added. The aqueous phase was extracted with
CH2Cl2. The combined organic phases were washed with 2n HCl and
aqueous NaCl, dried (MgSO4) and concentrated in vacuo. Chromatogra-
phy (hexanes/EtOAc, 5:1) afforded mesylate 25 (8.75 g, 80%) as a mix-
ture of diastereomers in a ratio of 2:1 as a colourless oil. Major diaster-
eomer: Rf=0.36 (hexanes/EtOAc, 5:1); 1H NMR (400 MHz, C6D6): d=
0.16 (s, 3H), 0.33 (s, 3H), 0.71 (s, 3H), 0.82 (s, 3H), 0.99 (s, 9H), 1.49–
2.92 (m, 9H), 2.35 (s, 3H), 3.27 (s, 2H), 3.30 (s, 2H), 4.22–4.29 (m, 1H),
5.56 (s, 1H) ppm; 13C NMR (100 MHz, CDCl3): d=�4.7 (d), �3.8 (d),
18.1 (u), 22.3 (d), 22.4 (d), 26.1 (d), 29.1 (u), 36.0 (d), 37.7 (d), 38.4 (d),
38.5 (u), 40.9 (u), 42.6 (u), 55.7 (d), 71.7 (u), 71.9 (u), 76.5 (d), 87.9 (d),
99.6 (u), 109.9 (u) ppm. Minor diastereomer: Rf=0.36 (hexanes/EtOAc,
5:1); 1H NMR (400 MHz, C6D6): d=0.12 (s, 3H), 0.19 (s, 3H), 0.76 (s,
3H), 0.78 (s, 3H), 1.05 (s, 9H), 1.49–2.92 (m, 9H), 2.40 (s, 3H), 3.25 (s,
2H), 3.26 (s, 2H), 4.59 (m, 1H), 5.26 (d, J=2.7 Hz, 1H) ppm; 13C NMR
(100 MHz, CDCl3): d=�4.4 (d), �4.2 (d), 22.4 (d), 22.5 (d), 22.9 (u), 26.0
(d), 31.8 (u), 36.7 (d), 38.4 (d), 39.9 (u), 40.1 (u), 41.7 (u), 44.0 (d), 55.4
(d), 71.5 (u), 71.7 (u), 76.3 (d), 87.8 (d), 99.4 (u), 109.7 (u) ppm. Data for
the mixture of diastereomers: IR (CDCl3): ñ=2953 (s), 2858 (s), 2278
(m), 1469 (m), 1363 (s), 1332 (m), 1255 (m), 1179 (s), 1117 (s), 1036 (m),
935 (m), 860 (s) cm�1; MS (EI, 70 eV): (m/z) (%): 568 (2), 567 (2) [M+ +


1], 566 (5) [M+], 564 (5), 509 (21), 507 (18), 423 (14), 421 (13), 377 (12),
339 (23), 329 (16), 327 (49), 325 (49), 181 (13), 155 (11), 153 (100); MS
(CI, CH4): m/z (%): 570 (12), 569 (40), 568 (32), 567 (90), 566 (35), 565
(100) [M+ +1], 564 (14) [M+], 563 (10), 551 (17), 549 (19), 511 (17), 510
(11), 509 (40), 507 (38), 471 (25), 469 (25), 435 (17), 433 (20), 423 (18),
421 (18), 349 (20), 347 (21), 339 (14), 327 (18), 325 (18), 251 (11), 153
(29); HRMS: calcd for C22H39Cl3O6SSi�C4H9: 507.059799; found:
507.059819.


(�)-tert-Butyl[(3a’S,4’S,5’R,6a’R)-4’-ethynyl-5,5-dimethylhexahydro-1’H-
spiro ACHTUNGTRENNUNG[[1,3]-dioxane-2,2’-pentalen]-5’-yloxy]dimethylsilane (9): nBuLi
(1.60m in hexanes, 40 mL, 61.84 mmol) was added to a stirred solution of
mesylate 25 (8.75 g, 15.46 mmol) in THF (60 mL) at �20 8C within
15 min using a syringe pump. After the addition was complete, the mix-
ture was stirred at �20 8C for 20 min. The mixture was then warmed to
ambient temperature and stirred for a further 1 h. The resulting clear,
orange solution was quenched with aqueous NH4Cl (20 mL) to give a
yellow turbid suspension. The aqueous phase was extracted with Et2O.
The combined organic phases were dried (MgSO4) and concentrated in
vacuo. Chromatography (hexanes/EtOAc, 3:1) afforded alkyne 9 (4.85 g,
86%) as a colourless oil. The spectroscopic data for compound 9 match-
ed those reported previously.[10]


(+)-tert-Butyl{(3a’S,4’S,5’R,6a’R)-5,5-dimethyl-4’-[(E)-2-(tributylstannyl)-
vinyl]hexahydro-1’H-spiro ACHTUNGTRENNUNG[[1,3]dioxane-2,2’-pentalen]-5’-yloxy}dimethyl-
silane (26) and tert-butyl{(3a’S,4’R,5’R,6a’R)-5,5-dimethyl-4’-[1-(tributyl-
stannyl)vinyl]hexahydro-1’H-spiro ACHTUNGTRENNUNG[[1,3]dioxane-2,2’-pentalen]-5’-yloxy}-
dimethylsilane (27): Bu3SnH (4.3 mL, 15.96 mmol) was added dropwise
to a solution of alkyne 9 (4.85 g, 13.3 mmol) and [PdCl2 ACHTUNGTRENNUNG(PPh3)2] (187 mg,
0.27 mmol) in THF (35 mL) at room temperature within 1.5 h using a sy-
ringe pump. During the addition the colour of the mixture changed from
yellow to dark-brown and finally to black. After the addition was com-
plete, the mixture was stirred for an additional 20 min. Then the mixture
was concentrated in vacuo. Chromatography (hexanes/EtOAc, 30:1) af-
forded 8.20 g (94%) of a mixture of stannane 26 and its regioisomer 27.
Preparative HPLC (Kromasil Si-100, 250R30 mm; hexanes/EtOAc, 98:2;


RI; UV, 254 nm) gave stannanes 26 (6.88 g, 80%) and 27 (520 mg, 6%)
as colourless oils. Stannane 26 : [a]D=++1.32 (c=1.06 in CDCl3); Rf=0.70
(hexanes/EtOAc, 10:1); 1H NMR (400 MHz, C6D6): d=0.08 (s, 3H), 0.10
(s, 3H), 0.69 (s, 3H), 0.84 (s, 3H), 0.93–1.02 (m, 24H), 1.35–1.44 (m, 6H),
1.54–1.66 (m, 7H), 1.86 (dd, J=5.5, J=12.9 Hz, 1H), 1.96–2.35 (m, 6H),
2.53 (m, 1H), 3.23–3.28 (m, 4H), 3.77 (dt, J=6.3, J=9.6 Hz, 1H), 6.05
(dd, J=7.1, J=18.9 Hz, 1H), 6.17 (d, J=18.7 Hz, 1H) ppm; 13C NMR
(100 MHz, C6D6): d=�4.4 (d), �4.3 (d), 9.5 (u), 13.7 (d), 18.1 (u), 22.2
(d), 22.4 (d), 25.9 (d), 27.5 (u), 29.4 (u), 29.7 (u), 35.5 (d), 37.9 (u), 41.3
(u), 41.9 (u), 42.9 (d), 62.5 (d), 71.6 (u), 71.7 (u), 78.9 (d), 110.1 (u), 127.6
(d), 151.5 (d) ppm; IR (neat): ñ=2955 (s), 2856 (s), 1597 (m), 1466 (m),
1375 (m), 1329 (m), 1253 (m), 1118 (s), 1045 (m), 992 (m), 963 (w), 940
(w), 909 (m), 838 (s) cm�1; MS (EI, 70 eV): m/z (%): 603 (12), 601 (18),
600 (27), 599 (78), 598 (37), 597 (54), 596 (24), 595 (28), 253 (16), 251
(16), 250 (11), 249 (100), 248 (30), 247 (69), 246 (25), 245 (41), 235 (11),
207 (11), 200 (17), 199 (15), 198 (12), 197 (12), 195 (15), 193 (56), 192
(19), 191 (45), 190 (15), 189 (25), 179 (20), 177 (19), 175 (14), 172 (24),
171 (27), 170 (15), 137 (12), 135 (14); MS (CI, CH4): m/z (%): 657 (4),
656 (4) [M+ +1], 655 [M+] (7), 654 (4), 603 (13), 601 (19), 600 (33), 599
(100), 598 (48), 597 (68), 596 (35), 595 (39), 543 (12), 525 (16), 291 (56),
289 (41), 249 (13); HRMS: calcd for C33H54O3SiSn�C4H9: 599.294179;
found: 599.294088. Stannane 27: [a]D=�1.34 (c=1.12 in CDCl3). Rf=


0.68 (hexanes/EtOAc, 10:1); 1H NMR (300 MHz, C6D6): d=0.03 (s, 3H),
0.05 (s, 3H), 0.62 (s, 3H), 0.73 (s, 3H), 0.83–0.95 (m, 24H), 1.25–1.33 (m,
6H), 1.50–1.62 (m, 7H), 1.76–1.82 (m, 1H), 1.90–2.35 (m, 6H), 2.62 (t,
J=8.8 Hz, 1H), 3.17–3.25 (m, 4H), 3.85 (dt, J=6.4, J=9.4 Hz, 1H), 5.26
(d, J=2.9 Hz, 1H), 5.86 (dd, J=0.7, J=2.9 Hz, 1H) ppm; 13C NMR
(75 MHz, C6D6): d=�4.3 (d), �4.0 (d), 10.3 (u), 13.6 (d), 18.0 (u), 22.1
(d), 22.3 (d), 25.9 (d), 27.6 (u), 29.2 (u), 29.6 (u), 35.9 (d), 38.2 (u), 41.3
(u), 41.8 (u), 45.2 (d), 66.7 (d), 71.7 (u), 78.7 (d), 110.1 (u), 127.7 (u),
156.7 (u) ppm; IR (neat): ñ=2954 (s), 2856 (s), 1465 (m), 1327 (w), 1253
(m), 1119 (s), 1003 (w), 909 (w), 838 (m) cm�1; MS (EI, 70 eV): m/z (%):
656 (1) [M+], 603 (14), 601 (18), 600 (31), 599 (100), 598 (37), 597 (67),
596 (34), 595 (38), 248 (12), 192 (13), 178 (13), 176 (15), 171 (11), 170
(10); MS (CI, CH4): m/z (%): 657 (4) [M++1], 656 (5) [M+] 655 (7), 654
(6), 652 (4), 603 (15), 601 (20), 600 (34), 599 (100), 598 (49), 597 (72), 596
(40), 595 (43), 291 (15), 289 (12); HRMS (ESI, TOF): calcd for
C33H65O3SiSn [M++H]: 657.3735; found: 657.3725.


(+)-(S,E)-1-[(3a’S,4’R,5’R,6a’R)-5’-(tert-Butyldimethylsilyloxy)-5,5-dime-
thylhexahydro-1’H-spiro ACHTUNGTRENNUNG[[1,3]dioxane-2,2’-pentalen]-4’-yl]-4-methyloct-1-
en-6-yn-3-one (6): nBuLi (1.6m in hexanes, 1.9 mL, 3.05 mmol) was
added to a solution of stannane 26 (2.0 g , 3.05 mmol) in THF (15 mL) at
�78 8C within 10 min using a syringe pump. After the mixture had been
stirred for 1 h at �78 8C, it was added through a double-ended needle to
a solution of amide 7 (491 mg, 2.90 mmol) in THF (5 mL) at �78 8C. The
mixture was stirred for 1 h at �78 8C and then quenched by the addition
of aqueous NH4Cl (8 mL). Then the mixture was warmed to ambient
temperature and the aqueous phase was extracted with Et2O. The com-
bined organic phases were washed with aqueous NaCl, dried (MgSO4)
and concentrated in vacuo. Chromatography (hexanes/EtOAc, 5:1) af-
forded ketone 6 (1.26 g, 88%) as a colourless oil and stannane 26
(160 mg, 8%). [a]D=++6.79 (c=1.12 in CDCl3); Rf=0.52 (hexanes/
EtOAc, 5:1); 1H NMR (400 MHz, C6D6): d=0.02 (s, 6H), 0.76 (s, 3H),
0.80 (s, 3H), 0.95 (s, 9H), 1.16 (d, J=6.9 Hz, 3H), 1.54 (t, J=2.6 Hz,
3H), 1.49–1.57 (m, 1H), 1.78–1.85 (m, 2H), 1.96–2.09 (m, 4H), 2.19–2.33
(m, 2H), 2.47 (q, J=9.1 Hz, 1H), 2.51–2.59 (m, 1H); 2.78 (sex, J=
6.8 Hz, 1H), 3.23 (s, 2H), 3.27 (s, 2H), 3.64 (dt, J=9.1, J=6.0 Hz, 1H),
6.20 (d, J=15.7 Hz, 1H), 6.80 (dd, J=8.9, J=15.7 Hz, 1H) ppm; 13C
NMR (100 MHz, C6D6): d=�4.5 (d), �4.4 (d), 3.3 (u), 16.5 (d), 18.2 (u),
22.4 (d), 22.5 (d), 22.7 (u), 25.9 (d), 29.9 (u), 35.9 (d), 38.2 (u), 40.7 (u),
42.2 (u), 43.1 (d), 43.9 (d), 57.8 (d), 71.7 (u), 71.9 (u), 76.7 (u), 77.2 (u),
78.6 (d), 110.0 (u), 129.2 (d), 148.4 (d), 199.7 (u) ppm; IR (neat): ñ=2954
(s), 2858 (s), 2736 (w), 1694 (m), 1670 (s), 1626 (s), 1467 (m), 1361 (m),
1328 (m), 1255 (s), 1220 (w), 1189 (w), 1119 (s), 1043 (m), 1005 (m), 986
(m), 910 (m), 857 (m), 838 (m) cm�1; MS (EI, 70 eV): m/z (%): 474 (1)
[M+], 418 (30), 417 (100), 332 (12), 331 (48), 239 (10), 209 (18), 197 (15),
181 (15), 161 (11), 128 (13), 119 (18), 105 (12); MS (CI, CH4): m/z (%):
476 (4), 475 (11) [M++1], 474 (3) [M+], 459 (14), 417 (36), 371 (19), 343
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(100), 257 (15); HRMS: calcd for C28H46O4Si: 474.316539; found:
474.316541.


(+)-(3S,4S,E)-1-[(3a’S,4’R,5’R,6a’R)-5’-(tert-Butyldimethylsilyloxy)-5,5-
dimethylhexahydro-1’H-spiro ACHTUNGTRENNUNG[[1,3]dioxane-2,2’-pentalen]-4’-yl]-4-methyl-
oct-1-en-6-yn-3-ol [(15S)-29] and (�)-(3R,4S,E)-1-[(3a’S,4’R,5’R,6a’R)-5’-
(tert-butyldimethylsilyloxy)-5,5-dimethylhexahydro-1’H-spiro-
ACHTUNGTRENNUNG[[1,3]dioxane-2,2’-pentalen]-4’-yl]-4-methyloct-1-en-6-yn-3-ol [(15R)-29]:
A solution of ketone 6 (1.13 g, 2.38 mmol) in toluene (2 mL) was added
to a solution of oxazaborolidine 28 (0.8m solution in toluene, 4.4 mL,
3.6 mmol, 1.5 equiv) and catecholborane (0.4 mL, 3.6 mmol, 1.5 equiv) in
toluene (5 mL) within 2.5 h using a syringe pump. After the mixture had
been stirred for 1 h at �78 8C, MeOH (5 mL) was added and the mixture
was warmed to ambient temperature. The mixture was stirred for a fur-
ther 30 min and then concentrated in vacuo. Column chromatography
(hexanes/EtOAc, 5:1) afforded ketone 6 (196 mg, 17%), alcohol (15S)-29
(851 mg, 75%) with �99% de and alcohol (15R)-29 (40 mg, 5%) with
�99% de as colourless oils. The diastereomeric ratio of (15S)- and
(15R)-29 was 95:5. Alcohol (15S)-29 : [a]D=++7.0 (c=1.02 in THF); Rf=


0.31 (hexanes/EtOAc, 5:1); 1H NMR (300 MHz, C6D6): d=0.07 (s, 3H),
0.09 (s, 3H), 0.77 (s, 3H), 0.79 (s, 3H), 0.99 (s, 9H), 1.06 (d, J=6.9 Hz,
3H), 1.51–1.56 (m, 1H), 1.58 (t, J=2.6 Hz, 3H), 1.71–1.80 (m, 1H), 1.86
(dd, J=6.0, J=13.7 Hz, 1H), 1.95 (m, 1H), 2.02–2.19 (m, 5H), 2.26–2.43
(m, 4H), 3.26 (s, 2H), 3.31 (s, 2H), 3.67 (dt, J=6.3, J=9.2 Hz, 1H), 3.97
(m, 1H), 5.54 (t, J=5.9 Hz, 2H) ppm; 13C NMR (75 MHz, C6D6): d=
�4.3 (d), �4.2 (d), 3.4 (d), 16.0 (d), 18.2 (u), 22.5 (d), 22.5 (d), 22.6 (u),
26.1 (d), 29.9 (u), 35.9 (d), 38.7 (u), 39.1 (d), 40.9 (u), 42.0 (u), 43.3 (d),
57.4 (d), 71.9 (u), 72.0 (u), 76.1 (d), 76.8 (u), 78.1 (u), 79.3 (d), 110.4 (u),
132.5 (d), 134.4 (d) ppm; IR (neat): ñ=3478 (m), 2954 (s), 2858 (s), 1467
(m), 1392 (m), 1362 (m), 1329 (m), 1254 (m), 1218 (w), 1117 (s), 1042
(m), 1007 (m), 973 (m), 907 (m), 838 (s) cm�1; MS (EI, 70 eV): m/z (%):
476 (1) [M+], 420 (26), 419 (89), 333 (32), 328 (12), 327 (41), 291 (12),
275 (24), 251 (11), 242 (18), 241 (95), 225 (37), 223 (35), 213 (24), 211
(27), 209 (14), 200 (13), 199 (63), 197 (29), 195 (12), 193 (11), 187 (23),
185 (18), 184 (16), 183 (81), 181 (23), 177 (17), 171 (21), 169 (36), 168
(14), 167 (16), 161 (24), 159 (65), 157 (30), 143 (39), 143 (31), 135 (12),
133 (27), 131 (35), 129 (25), 128 (27), 121 (59), 119 (52), 117 (26), 115
(14), 109 (30), 107 (36), 105 (54), 95 (34), 93 (36), 91 (32), 81 (48); MS
(CI, CH4): m/z (%): 478 (3), 477 (11) [M++1], 476 (4) [M+], 475 (9), 461
(18), 459 (37), 419 (44), 345 (43), 327 (100), 259 (21), 241 (64); HRMS:
calcd for C28H48O4Si: 476.332189; found: 476.332141. Alcohol (15R)-29 :
[a]D=�16.36 (c=1.1 in CDCl3); Rf=0.28 (hexanes/EtOAc, 5:1); 1H
NMR (300 MHz, C6D6): d=0.08 (s, 3H), 0.10 (s, 3H), 0.75 (s, 3H), 0.79
(s, 3H), 1.01 (s, 9H), 1.09 (d, J=6.9 Hz, 3H), 1.45–1.50 (m, 1H), 1.56 (t,
J=2.5 Hz, 3H), 1.74–1.81 (m, 1H), 1.87 (dd, J=6.3, J=13.4 Hz, 1H),
1.95 (m, 1H), 2.03–2.21 (m, 5H), 2.27–2.46 (m, 4H), 3.26 (s, 2H), 3.31 (s,
2H), 3.67 (dt, J=6.3, J=9.2 Hz, 1H), 4.14 (m, 1H), 5.54 (m, 2H) ppm;
13C NMR (75 MHz, C6D6): d=�4.3 (d), �4.2 (d), 3.3 (d), 14.3 (d), 18.3
(u), 22.4 (d), 22.5 (d), 23.2 (u), 26.1 (d), 29.9 (u), 35.9 (d), 38.7 (u), 39.3
(d), 41.0 (u), 42.0 (u), 43.5 (d), 57.7 (d), 71.9 (u), 72.0 (u), 75.1 (d), 76.7
(u), 78.4 (u), 79.3 (d), 110.4 (u), 132.8 (d), 133.7 (d) ppm; IR (neat): ñ=
3476 (m), 2954 (s), 2858 (s), 1468 (m), 1392 (m), 1362 (m), 1329 (m),
1253 (m), 1218 (m), 1117 (s), 1041 (m), 1009 (m), 970 (m), 908 (m), 838
(s) cm�1; MS (EI, 70 eV): m/z (%): 476 (1) [M+], 420 (22), 419 (77), 333
(41), 327 (28), 326 (11), 315 (16), 291 (10), 275 (20), 251 (10), 242 (17),
241 (88), 240 (11), 225 (36), 223 (34), 213 (21), 211 (41), 209 (20), 200
(12), 199 (56), 197 (30), 195 (13), 193 (11), 187 (18), 185 (15), 184 (13),
183 (70), 181 (23), 177 (16), 171 (19), 169 (36), 168 (14), 167 (16), 161
(28), 160 (11), 159 (73), 157 (30), 155 (14), 147 (24), 145 (41), 143 (28),
135 (13), 133 (21), 131 (32), 129 (24), 128 (27), 122 (10), 121 (95), 119
(63), 117 (25), 115 (14), 109 (30), 107 (34), 105 (39), 95 (34), 93 (32), 91
(31), 83 (11), 81 (46); MS (CI, CH4): m/z (%): 478 (6), 477 (18) [M++1],
476 [M+] (5), 475 (11), 461 (26), 460 (16), 459 (42), 420 (18), 419 (60),
346 (16), 345 (70), 343 (13), 333 (18), 328 (25), 327 (100), 259 (32), 242
(15), 241 (83), 225 (12), 223 (11), 183 (10), 121 (17); HRMS (ESI, TOF):
calcd for C28H49O4Si [M


++H]: 477.3400; found: 474.3400.
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Introduction


Among the inherently strained[1] oligocycles with embedded
cyclopropane moieties, linear (1) and branched (2) [n]trian-
gulanes,[2] that is, hydrocarbons that consist of spiroannelat-
ed cyclopropane rings only, are of special interest: in spite
of their high strain, which in each case significantly exceeds


that of the sum of the separate three-membered rings,[3]


these hydrocarbons are surprisingly stable.


Relative to the meanwhile reasonably large number of all
carbon-based triangulanes, with the current records being a
linear[4] as well as a branched[5] [15]triangulane, far fewer
heterocyclic triangulanes are known, and this certainly re-
flects enhanced reactivity of the three-membered heterocy-
cles.[2a,6] Almost nothing is known about metalla[n]triangu-
lanes because the organometallic chemistry of cyclopropane
derivatives is dominated by ring-opening reactions.[1b,7] How-
ever, metal-mediated substitutions on vinylcyclopropane de-
rivatives[8] and cycloadditions with the simplest methylene-


Abstract: Treatment of {h5:h1[2-(di-tert-
butylphosphanyl-P)ethyl]cyclopentadi-
ACHTUNGTRENNUNGenyl}cobalt(i) chloride (5) with methyl-
ACHTUNGTRENNUNGenecyclopropane (3) or bicyclopropyl-
ACHTUNGTRENNUNGidene (4), as well as with their spirocy-
clopropanated analogues methylene-
ACHTUNGTRENNUNGspiropentane (7), cyclopropylidenespi-
ACHTUNGTRENNUNGropentane (10), or 7,7’-bi ACHTUNGTRENNUNG(dispiro-
[2.0.2.1]heptylidene) (15) in the pres-
ence of sodium amalgam at �50 8C,
furnished the stable cobalt complexes
6, 9, 8, 11, and 16, respectively, in 72,


83, 84, 86, and 54% isolated yield, re-
spectively. The complexes 14 and 16
were also obtained by ligand exchange
of the ethene complex {h5 :h1[2-(di-tert-
butylphosphanyl-P)ethyl]cyclopentadi-
enyl}(h2-ethene)cobalt(i) (12) with 13
and 15 in 79 and 52% yield, respective-


ly. The X-ray crystal-structure analyses
of complexes 9, 14, and 16, as well as
the NMR-spectroscopic data of all
complexes, reveal that they can be re-
garded as linear and branched cobal-
ta[n]triangulanes. The thermal stability
of complexes 6, 8, and 9 up to 109, 145,
and 160 8C was determined by differen-
tial thermal analysis-thermogravimetry
(DTA-TG) analysis.
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triangulane, methylenecyclopropane (3), and its derivatives[9]


as well as bicyclopropylidene (4)[10] can be achieved with re-
tention of one or both of the rings, respectively. In particu-
lar, strained alkenes have an increased ability to accept
back-bonding and are, therefore, coordinated preferentially
to transition metals.[11] It is this feature that is used frequent-
ly to stabilize otherwise unstable alkenes and alkynes by
complexation.[12] In view of their high-lying HOMOs,[13,14]


methylenecyclopropane (3) and especially bicyclopropyl-
idene (4)[15] should be strong p-bases capable of efficiently
donating electron density into the vacant orbitals of transi-
tion metals. Indeed, complexes of a few transition metals, in-
cluding cobalt and titanium, with methylenecyclopropane
(3) and bicyclopropylidene (4) have been reported.[9a,b,16]


From the structural and electronics point of view, such com-
plexes can be considered as metallaspiropentane and
metalladispiroACHTUNGTRENNUNG[2.0.2.1]heptane derivatives.[17] Here, we
report the synthesis and structural characterization of some
cobalt complexes of 3 and 4, as well as of higher methylene-
triangulanes and bicyclopropylidenes. These complexes can
be considered as higher linear and branched cobalta[n]trian-
gulanes.


Results and Discussion


One of the reliable methods to prepare cobalt complexes of
sensitive ligands is complexation with the {[2-(di-tert-butyl-
phosphanyl-P)ethyl]-h5-cyclopentadienyl}cobalt(i) fragment
(CoCp#), in which the cyclopentadienyl ligand and the
pendant phosphane side-arm coordinate at the metal to
form a rather stable chelate.[18] A convenient route to such
complexes is the reductive complexation starting from the
paramagnetic chloro complex 5 in the presence of sodium
amalgam and the new ligand.[19] This method was selected
for the preparation of linear cobalta[n]triangulanes from
carbocyclic methylenetriangulanes and spirocyclopropanated
bicyclopropylidenes (Scheme 1).


Thus, by treating 5 with methylenecyclopropane 3 or its
spirocyclopropanated analogue 7 in the presence of sodium
amalgam at �50 8C, the cobalt complexes 6 and 8 were iso-
lated after recrystallization as red-brown crystals in 72 and
84% yield, respectively (Scheme 1). Under the same condi-
tions, bicyclopropylidene (4) and monospirocyclopropanated
bicyclopropylidene 10 gave the corresponding products 9
and 11 in even higher yields (83 and 87%, respectively).
The former was obtained in the form of large brown crystals
with edge length of up to 7 mm after crystallization from di-
ethyl ether. Alternatively, this type of compound may be
prepared by ligand exchange of the ethene complex {h5:h1[2-
(di-tert-butylphosphanyl-P)ethyl]cyclopentadienyl}(h2-eth-
ene)cobalt(i) (12).[18b] This approach was tested for the more
sterically demanding dispirocyclopropanated bicyclopropyli-
dene 13. Indeed, the corresponding complex 14 was isolated
in comparable yield (79%). However, this method appeared
to have no advantages, as the complex 16 from the tetraspi-
ACHTUNGTRENNUNGrocyclopropanated bicyclopropylidene 15 was obtained in


very similar (and lower, in accord with increased steric-
demand problems) yields by both methods (Scheme 1).


All of the prepared complexes were characterized by re-
cording adequate IR, NMR, and mass spectra; the base
peak in the latter corresponds to the CoCp# fragment result-
ing from complete decomplexation (see Experimental Sec-
tion). The NMR spectra of complexes 9 and 16 indicate a
plane of symmetry through the cobalt atom and the center
of the former double bond, whereas NMR spectra of the
other complexes disclose their asymmetric structure and,
therefore, exclude any low-barrier rotation around one of
the C�Co bonds.[19] This indicates a large back-bonding
effect accepted by methylenetriangulanes as well as bicyclo-
propylidenes, and these complexes should be considered as
cobalta[n]triangulanes containing cobaltacyclopropane moi-
eties. To confirm this, suitable crystals of compounds 9,[16b]


14, and 16 were subjected to X-ray structural analyses
(Figure 1).


According to the results, the carbocyclic three-membered
rings in the 7-cobaltadispiro ACHTUNGTRENNUNG[2.0.2.1]heptane moiety in all
three cases have undergone remarkable out-of-plane bend-
ing by 40 (9), 42 (14), and 408 (16) at both termini of the
former double bond, whereas in carbocyclic[3]triangulane
this angle is only 308. This fact, and also the lengthening of
the coordinated former double bonds, which were found to
be 1.401(5) (9), 1.420(2) (14), and 1.435(4) S (16), indicates
a large back-bonding effect increasing in parallel with ligand
strain. In the free-ligand bicyclopropylidenes 4
(1.304(2) S,[15b,21]), 13 (1.309(1) S[22]), and 15 (1.305(4) S[23]),
the double-bond lengths are shorter by 7.4, 8.5, and 10.0%,
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Scheme 1. Preparation of linear cobaltatriangulanes 6, 8 and 9, 11 as well
as branched cobaltatriangulanes 14, 16. Reagents and conditions: a) Na/
Hg, THF, �50 to 20 8C; b) 5, Na/Hg, THF, �50 to 20 8C; c) 12, THF,
�50 8C, 3–6 h.
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respectively. For comparison, an analogous complexation of
ethene as in 12 (1.330 S) expanded its double-bond length
by 5% only (from 1.330 to 1.396 S).[18b] The change in hy-
bridization upon coordination of the double-bond carbon
atoms in the bicyclopropylidenes leads to a dramatic de-
crease in strain energy due to a decrease in the endocyclic
interorbital angles. This, along with the electron-withdraw-
ing properties of a cobaltacyclopropane ring,[24] leads to the
observed shortening of the distal bonds (with respect to the
metallacycle) in the cyclopropane rings (1.499(12) vs
1.539(2) S for 9 and 1.529(1) vs 1.538(1) S for 14), and
lengthening of the proximal bonds (1.482(5) vs 1.467(2) S
for 9 and 1.498(5) vs 1.465(1) S for 14) in contrast to the un-
complexed bicyclopropylidenes 4 and 13.


Similar to the carbocyclic [n]triangulanes, the newly pre-
pared cobalta[n]triangulanes 6, 8, 9, 11 and 14, 16 all dem-
onstrate remarkable thermal stabilities. A differential ther-
mal analysis-thermogravimetry (DTA-TG) analysis revealed
that compounds 6, 8, and 9 can be heated up to 109, 145,
and 160 8C, respectively, without decomposition. At 109,
145, and 168 8C a strongly exothermic reaction takes place,
for which DH=�34.3, �41.0, and �52.1 kcalmol�1, respec-
tively, with a relative loss of mass of 4.6 (6) and 11.5% (9).
The TG curve of 8 was not resolved sufficiently clearly to
allow the data for this compound to be determined. The de-
crease in mass corresponds to a loss of 16 (6) and 40 gmol�1


(9), resembling the loss of methylene from 6 and cyclopro-
pylidene from 9. This suggests that at elevated temperatures,
both the cobalta[2]triangulane 6 with a terminal cobaltacy-
clopropane and the cobalta[3]triangulane 9 with an internal


cobaltacyclopropane moiety undergo fragmentation in terms
of a [2+1] cycloreversion, leaving behind 1’-cobaltamethyl-
ACHTUNGTRENNUNGenecyclopropanes, that is, cyclopropylidenecobalt complexes.
After DTA-TG analysis of 9, the residual material was also
analyzed by FAB-MS. The results indicate a molecular ion
peak at m/z=1304 and fragment peaks corresponding to the
loss of CoCp# (m/z=296) and cyclopropylidene (m/z=40)
units. This hints towards the formation of a (CoCp#)4 cluster
involving three cyclopropylidene rings upon thermal decom-
position of 9. However, all attempts to isolate this product
in pure form for subsequent characterization failed. In con-
trast to the tetraspirocyclopropanated bicyclopropylidene
15, octamethylbicyclopropylidene could not be transformed
at all into an analogous cobalt complex. This is probably
due to the steric encumbrance of the double bond in the
latter, as well as the fact that ring strain is released in 15
upon progression to complex 16. Furthermore, the steric
strain would even increase upon progression from octame-
thylbicyclopropylidene to its complex.


With regard to the remarkable stability of the complexes
prepared, one might ask whether this is a consequence of
the chelate nature of the CoCp# system, which, in addition,
causes conformational rigidity, or rather of the steric shield-
ing by the di-tert-butylphosphanyl group, which makes the
coordinated methylenecyclopropane and bicyclopropylidene
ligands less accessible. To gain further insight, similar com-
plexes with less sterically demanding substituents attached
to the phosphorus tether ought to be prepared.


In conclusion, cyclopentadienylcobalt chelate complexes
of highly strained methylenecyclopropane and
bicyclopropylACHTUNGTRENNUNGidene, as well as their sterically congested spi-
rocyclopropanated derivatives, were prepared and structur-
ally characterized. The complexes are remarkably stable, no
metal insertions into the highly strained cyclopropane bonds
were observed. This behavior is in contrast to that of related
cyclopropene-derived complexes.[25] In the current com-
plexes, the coordinated double bonds undergo a significant
out-of-plane bending, thus, these complexes are more suit-
ACHTUNGTRENNUNGably described as cobalta jn]triangulanes rather than as
alkene complexes.


Experimental Section


General : Methylenecyclopropane (3),[26] methylenespiropentane (7),[27]


and bicyclopropylidenes 4,[28] 10,[29] 13,[29] and 15[5b] were prepared accord-
ing to previously published procedures. All operations in anhydrous sol-
vents were performed under argon in flame-dried glassware. Diethyl
ether and THF were dried by distillation from sodium benzophenone
ketyl under an atmosphere of argon, pentane was distilled from sodium.
All other chemicals were used as commercially available. NMR spectra
were recorded by using Bruker AC 200 (200 MHz for 1H and 81 MHz for
31P NMR), AVS 200 (200.1 MHz for 1H and 50.3 MHz for 13C NMR), and
AVS 400 (400.1 MHz for 1H, 100.6 MHz for 13C NMR, and 161.9 MHz
for 31P NMR) instruments in C6D6. Multiplicities were determined by
DEPT (distortionless enhancement by polarization transfer) measure-
ments, if not otherwise specified. Chemical shifts are refer to dTMS=


0.00 ppm according to the chemical shifts of residual C6D5H signals. IR
spectra were recorded by using a Bruker ISS 25, a Perkin–Elmer FT 580,


Figure 1. Molecular structures of {h5 :h1
ACHTUNGTRENNUNG[2-di(tert-butylphosphanyl-P)eth-


yl]cyclopentadienyl}(h2-bicyclopropylidene)cobalt(i) (9), {h5:h1[2-(di-tert-
butylphosphanyl-P)ethyl]cyclopentadienyl}(h2–7-cyclopropylidenedispiro-
ACHTUNGTRENNUNG[2.0.2.1]heptane)cobalt(i) (14), and {h5 :h1[2-(di-tert-butylphosphanyl-
P)ethyl]cyclopentadienyl}{h2–7,7’-bi ACHTUNGTRENNUNG(dispiro ACHTUNGTRENNUNG[2.0.2.1]heptylidene)}cobalt(i)
(16) in the crystal.[20] Selected bond lengths [S] shown represent mean
values; thermal ellipsoids are shown at the 50% probability level.
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and a FT 1710 with KBr pellets, capillary film, as a chloroform solution,
or as ATR spectra. Mass spectra were measured by using Finnigan AM
400 (EI and HREI, at 70 eV, preselected ion-peak-matching at R@10000
to be within �2 ppm of the exact masses) and Fisons VG Autospec (CI,
at 70 eV) spectrometers.


Crystal-structure determinations : Suitable crystals of the compounds
were obtained by recrystallization from diethyl ether (9), pentane at
�28 8C (14) and �25 8C (16). The data were collected by using a Stoe
IPDS (imaging plate) diffractometer (graphite monochromator, MoKa ra-
diation, w-scan). The structures were solved by direct methods and re-
fined by full-matrix least-squares on F2. All non-hydrogen atoms were re-
fined anisotropically. The treatment of hydrogen atoms varied for the dif-
ferent structures, but in most cases the hydrogen atoms were located in
the difference Fourier map and were refined isotropically. The parame-
ters of crystal data collections and structure refinements are presented in
Table 1.[20]


Preparation of compounds 6, 8, 9, and 11: General procedure (GP) 1


The respective alkene was added dropwise at �50 8C to a stirred solution
of {h5 :h1[2-(di-tert-butylphosphanyl-P)ethyl]cyclopentadienyl}cobalt(i)
chloride (5) in anhydrous THF under an atmosphere of argon, and the
resulting solution was stirred at this temperature for 5 min. After this,
sodium amalgam (1% Na) was added dropwise, the reaction mixture was
allowed to warm up slowly to �45 8C (melting point of sodium amalgam),
and was then stirred vigorously at this temperature for an additional
10 min. The reaction mixture was allowed to warm up slowly to 25 8C
and was stirred at this temperature for an additional 1 h. The solvent was
condensed off under reduced pressure into a cold trap. The residue was
taken up with anhydrous diethyl ether, filtered through a pad of Celite
under an atmosphere of argon, and the Celite was washed with Et2O
until the filtrate was completely colorless. The solvent from the combined
ethereal filtrates was condensed off under reduced pressure to a cold
trap, and the residue was purified by recrystallization.


ACHTUNGTRENNUNG{h5 :h1 ACHTUNGTRENNUNG[2-Di(tert-butylphosphanyl-P)ethyl]cyclopentadienyl}(h2-methyl-
ACHTUNGTRENNUNGenecyclopropane)cobalt(i) (6): From 5 (110 mg, 0.33 mmol), methylenecy-
clopropane (3) (72 mg, 1.33 mmol), and Na/Hg (7.3 g) in anhydrous THF
(30 mL), compound 6 (84 mg, 72%) was obtained according to GP 1
after recrystallization from diethyl ether as a deep-red-brown microcrys-
talline powder. M.p.: exothermal decomposition at 109 8C with 4.6% loss
of the mass, as determined by DTA-TG; 1H NMR (400 MHz, C6D6): d=
3.88 (br s, 3H; Cp-H), 3.65 (br s, 1H; Cp-H), 2.45 (d, 3JP,H=2.0 Hz, 1H; =
CH2), 1.95–1.75 (m, 4H; 2CH2), 1.74 (d, 3JP,H=8 Hz, 1H; =CH2), 1.17 (d,
3JP,H=12.0 Hz, 9H; 3CH3), 1.05 (d, 3JP,H=12.0 Hz, 9H; 3CH3), 1.05–
0.85 ppm (m, 4H; cPr-H); 13C NMR (50 MHz, C6D6, APT): d=110.4 (d,
3JC,P=6.9 Hz, C), 86.7 (d, 2JC,P=5.5 Hz, CH), 80.9 (CH), 80.7 (d, 2JC,P=
6.2 Hz, CH), 80.3 (CH), 38.4 (d, 1JC,P=19.4 Hz, CH2), 35.0 (d, 1JC,P=
8.4 Hz, C), 33.7 (d, 1JC,P=6.5 Hz, C), 31.7 (brd, 2JC,P=6.8 Hz, C), 31.2 (d,
2JC,P=3.7 Hz, 3CH3), 30.2 (d, 2JC,P=5.2 Hz, 3CH3), 25.0 (d, 2JC,P=6.4 Hz,
CH2), 15.7 (d, 2JC,P=6.3 Hz, CH2), 13.7 (CH2), 13.4 ppm (d, 3JC,P=1.5 Hz,
CH2);


31P NMR (81 MHz, C6D6): d=97.2 ppm; IR (KBr): ñ=3092 (w),
3036 (m), 2964 (s, �CH2�, CH3), 2896 (s, �CH2�, CH3), 1560 (w), 1472
(s), 1416 (m), 1388 (s, tBu), 1364 (s, tBu), 1264 (w), 1232 (w), 1116 (m),
1092 (s), 1016 (m), 880 (m), 796 (s), 736 (w), 664 (w), 620 (m), 572 (m),
480 (s), 436 cm�1 (m); MS (EI, 70 eV, 50 8C): m/z (%): 350 (19) [M+],
295 (100) [M+�C4H7], 240 (34) [M+�2C4H7], 184 (87) [M+


�2C4H7�C4H8], 137 (40), 91 (37), 74 (20); HRMS: m/z calcd for
C19H32CoP: 350.1576; found: 350.1575.


ACHTUNGTRENNUNG{h5 :h1 ACHTUNGTRENNUNG[2-Di(tert-butylphosphanyl-P)ethyl]cyclopentadienyl}(h2-methyl-
ACHTUNGTRENNUNGenespiroACHTUNGTRENNUNG[2.2]pentane)cobalt(i) (8): From 5 (534 mg, 1.62 mmol), methyl-
enespiropentane (7) (130 mg, 1.62 mmol), and Na/Hg (30.0 g) in anhy-
drous THF (50 mL), compound 8 (505 mg, 84%) was obtained according
to GP 1 after recrystallization from Et2O as brown crystals. M.p.: exo-
thermal decomposition at 144.9 8C, as determined by DTA-TG; 1H NMR
(400 MHz, C6D6): d=5.31 (br s, 2H; Cp-H), 4.29 (br s, 1H; Cp-H), 3.74
(br s, 1H; Cp-H), 2.29 (d, 3JP,H=2.0 Hz, 1H; =CH2), 2.50–1.65 (m, 6H;
3CH2), 1.24 (d, 3JP,H=11.4 Hz, 9H; 3CH3), 1.20 (d, 3JP,H=11.8 Hz, 9H;
3CH3), 0.98 (d, 3JP,H=7.0 Hz, 1H; =CH2), 0.79 ppm (m, 4H; cPr-H);
13C NMR (100 MHz, C6D6): d=111.0 (C), 80.9 (2CH), 79.9 (d, 2JC,P=
6.0 Hz, CH), 78.5 (d, 2JC,P=5.2 Hz, CH), 38.2 (d, 1JC,P=22.7 Hz, CH2),
34.9 (d, 1JC,P=8.4 Hz, C), 33.7 (d, 1JC,P=6.8 Hz, C), 31.7 (brd, 2JC,P=
6.8 Hz, C), 30.8 (d, 2JC,P=4.0 Hz, 3CH3), 30.6 (d, 2JC,P=5.2 Hz, 3CH3),
24.9 (d, 2JC,P=6.4 Hz, CH2), 21.9 (CH2), 21.5 (C), 13.4 (d, 2JC,P=6.8 Hz,
CH2), 9.9 (CH2), 6.6 ppm (CH2); IR (KBr): ñ=3112 (w), 3052 (m), 3024
(w), 2952 (s, �CH2�, CH3), 2900 (s, �CH2�, CH3), 2868 (s, ACHTUNGTRENNUNG�CH2�, CH3),
1684 (w), 1628 (w), 1560 (w), 1472 (s), 1392 (m, tBu), 1368 (w, tBu), 1260
(w), 1140 (s, alkene compl.), 1052 (w, Cp-R), 1020 (m, Cp-R), 976 (w),
936 (w), 816 (s, Cp), 796 (m), 660 (w), 576 (w), 572 (w), 492 (w),
464 cm�1 (w); HRMS: m/z calcd for C21H34CoP: 376.1730; found:
376.1743; elemental analysis calcd (%) for C21H34CoP (376.41): C 67.01,
H 9.10; found: C 66.13, H 8.68.


ACHTUNGTRENNUNG{h5 :h1 ACHTUNGTRENNUNG[2-Di(tert-butylphosphanyl-P)ethyl]cyclopentadienyl}(h2-bicyclo-
propylidene)cobalt(i) (9): From 5 (1.02 g, 3.08 mmol), bicyclopropylidene
(4) (246 mg, 3.1 mmol), and Na/Hg (40.0 g) in anhydrous THF (50 mL),
compound 9 (961 mg, 83%) was obtained according to GP 1 after recrys-
tallization from Et2O as brown crystals. M.p.: exothermal decomposition
at 168 8C with 11.5% loss of the mass, as determined by DTA-TG;
1H NMR (200 MHz, C6D6): d=5.09–4.00 (m, AA’BB’, �J=4.0 Hz, 4H;
Cp-H), 2.10–1.75 (m, 4H; 2CH2), 1.20 (d, 3JP,H=11.5 Hz, 18H; 6CH3),
1.00 (brd, J=9.0 Hz, 4H; cPr-H), 0.55 ppm (br s, 4H; cPr-H); 13C NMR
(50 MHz, C6D6, APT): d=112.2 (d, 3JC,P=6.9 Hz, C), 86.9 (d, 2JC,P=
6.9 Hz, 2CH), 80.6 (2CH), 38.6 (d, 1JC,P=19.3 Hz, CH2), 33.8 (d, 1JC,P=
8.2 Hz, 2C), 30.6 (d, 2JC,P=4.8 Hz, 6CH3), 24.9 (d, 2JC,P=6.3 Hz, CH2),
23.8 (brd, 2JC,P=11.0 Hz, 2C), 12.0 (2CH2), 11.4 ppm (d, 3JC,P=2.4 Hz,
2CH2); IR (KBr): ñ=3073 (w, Cp-H), 2950 (s, �CH2�, CH3), 2903 (s,
�CH2�, CH3), 2870 (s, �CH2�, CH3), 1634 (w), 1473 (s), 1393 (w), 1369
(w, tBu), 1261 (w), 1180 (w, alkene compl.), 1142 (br s), 1020 (w, Cp-R),
936 (w), 817 (s, Cp), 727 (w), 634 (w), 494 (w), 436 cm�1 (w); MS (EI,
70 eV, 50 8C): m/z (%): 376 (27) [M+], 295 (100) [M+�C6H9], 254 (15),
240 (46) [M+�C4H8�C6H8], 184 (74) [M+�C6H8�2C4H8], 137 (35), 106
(22), 91 (21), 79 (77) [C6H7]


+ ; HRMS: m/z calcd for C21H34CoP:
376.17300; found: 376.17280; elemental analysis calcd (%) for C21H34CoP
(376.41): C 67.01, H 9.10; found: C 66.85, H 8.82.


Table 1. Crystal and data-collection parameters for compounds 9, 14, and
16.


Compound 9 14 16


formula C21H34CoP C25H38CoP C29H42CoP
Mr 376.38 428.48 480.53
crystal system triclinic monoclinic triclinic
space group P1̄ P21/a P1̄
crystal size [mm] 0.70V0.60V0.60 0.30V0.06V0.15 0.41V0.37V0.28
a [S] 9.658(1) 17.166(2) 8.696(2)
b [S] 14.731(2) 15.676(2) 10.200(2)
c [S] 21.282(4) 18.850(3) 15.613(4)
a [8] 84.21(2) 90 73.55(3)
b [8] 80.64(1) 113.79(2) 79.24(3)
g [8] 88.46(1) 90 77.93(3)
V [S3] 2972.1(8) 4641.4(13) 1286.8(5)
Z 3 8 2
F ACHTUNGTRENNUNG(000) 1212 1840 516
1 [g cm�3] 1.262 1.226 1.240
m [mm�1] 0.945 0.082 0.743
T [K] 153(2) 300(2) 300(2)
qmax [8] 25.06 24.35 26.13
reflns collected 17372 38099 18405
reflns independent 10.506 7350 4706
Rint 0.0248 0.0316 0.0364
R1 [I=2s(I)] 0.0544 0.0334 0.0462
wR2 (all data) 0.1208 0.0938 0.1160
no. of parameters
refined


401 487 245


GoF 1.030 0.45 1.111
largest diff. peak,
hole [eS�3]


1.304,
�1.304


0.17,
�0.31


0.711,
�0.565
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ACHTUNGTRENNUNG{h5 :h1- ACHTUNGTRENNUNG[2-Di(tert-butylphosphanyl-P)ethyl]cyclopentadienyl} ACHTUNGTRENNUNG[(h2-(cyclo-
propylidenespiropentane)]cobalt(i) (11): From 5 (170 mg, 0.51 mmol), cy-
clopropylidenespiropentane (10) (54 mg, 0.51 mmol), and Na/Hg (10.0 g)
in anhydrous THF (30 mL), compound 11 (177 mg, 86%) was obtained
according to GP 1 after recrystallization from Et2O as deep-red crystals;
1H NMR (400 MHz, C6D6): d=5.21 (br s, 1H; Cp-H), 4.93 (br s, 1H; Cp-
H), 3.95 (br s, 1H; Cp-H), 3.89 (br s, 1H; Cp-H), 2.01–1.67 (m, 4H;
2CH2), 1.18 (d, 3JP,H=11.8 Hz, 9H; 3CH3), 1.09 (d, 3JP,H=11.8 Hz, 9H;
3CH3), 0.88–0.76 (m, 6H; cPr-H), 0.69 (d, 4JP,H=2.9 Hz, 2H; cPr-H),
0.57–0.52 ppm (m, 2H; cPr-H); 13C NMR (100 MHz, C6D6): d=112.4 (C),
90.0 (d, 2JC,P=5.1 Hz, CH), 82.0 (CH), 81.7 (CH), 76.8 (d, 2JC,P=6.4 Hz,
CH), 39.0 (d, 1JC,P=19.7 Hz, CH2), 34.9 (d, 1JC,P=8.3 Hz, C), 34.8 (d,
1JC,P=8.3 Hz, C), 34.0 (brd, 2JC,P=7.6 Hz, C), 31.9 (d, 2JC,P=5.1 Hz,
3CH3), 30.8 (d, 2JC,P=5.1 Hz, 3CH3), 27.9 (brd, 2JC,P=8.9 Hz, C), 25.6 (d,
2JC,P=5.7 Hz, CH2), 21.3 (CH2), 18.9 (d, 3JC,P=3.2 Hz, CH2), 11.6 (CH2),
11.1 (d, 3JC,P=2.5 Hz, C), 7.9 (CH2), 5.2 ppm (CH2);


31P NMR (162 MHz,
C6D6): d=96.5 ppm; IR (KBr): ñ=3084 (w, Cp-H), 3052 (w, Cp-H), 2960
(s, sp3-C-H), 2900 (s, sp3-C-H), 2864 (s, sp3-C-H), 1472 (m), 1416 (m),
1384 (m, tBu), 1364 (m, tBu), 1304 (w), 1260 (m), 1176 (m), 1120 (m),
1072 (s), 1012 (s), 932 (w), 892 (m), 796 (s), 664 (m), 620 (w), 600 (w),
572 (w), 496 (w), 468 (m), 432 cm�1 (w); MS (EI, 70 eV, 100 8C): m/z
(%): 402 (8) [M+], 345 (5) [M+�C4H9], 296 (100) [M+�C8H10], 254 (17),
240 (57) [M+�C8H10�C4H8], 184 (88) [M+�C8H10�2C4H8], 137 (32)
[Co(Cp)CH2


+], 106 (5) [C8H10
+], 105 (11) [C8H9


+], 91 (40) [C7H7
+], 79


(14), 57 (29) [C4H9
+]; HRMS: m/z calcd for C23H36CoP: 402.1887; found:


402.1885.


Preparation of compounds 14, 16: General procedure (GP) 2 : The re-
spective alkene was added dropwise at �50 8C to a vigorously stirred so-
ACHTUNGTRENNUNGlution of {h5 :h1[2-(di-tert-butylphosphanyl-P)ethyl]cyclopentadienyl}(h2-
ethene)cobalt(i) (12)[18b] in anhydrous THF under an atmosphere of
argon, and the resulting solution was stirred at this temperature for the
indicated time. The solvent was condensed off under reduced pressure
into a cold trap. The residue was taken up with anhydrous pentane, fil-
tered through a pad of Celite under an atmosphere of argon, and the
Celite was washed with the same solvent until the filtrate was completely
colorless. The solvent from the combined filtrates was condensed off
under reduced pressure to a cold trap, and the residue was purified by
triturating with pentane at low temperature followed by filtration.


ACHTUNGTRENNUNG{h5 :h1[2-(Di-tert-butylphosphanyl-P)ethyl]cyclopentadienyl}(h2–7-
cyclopropylidenedispiro ACHTUNGTRENNUNG[2.0.2.1]heptane)cobalt(i) (14): From 12 (500 mg,
1.54 mmol) and 7-cyclopropylidenedispiro ACHTUNGTRENNUNG[2.0.2.1]heptane (13) (205 mg,
1.55 mmol) in anhydrous THF (50 mL), compound 14 (521 mg, 79%)
was obtained according to GP 2 (3 h of stirring) as a red-brown air-sensi-
tive solid. M.p. 106 8C (decomp.); 1H NMR (400 MHz, C6D6): d=4.71 (s,
1H; Cp-H), 4.15 (s, 1H; Cp-H), 3.91 (s, 1H; Cp-H), 3.56 (br s, 1H; Cp-
H), 2.38 (m, 2H; CH2), 1.81 (m, 2H; CH2), 1.23 (d, 3JP,H=8.2 Hz, 4H;
cPr-H), 1.06 (d, 3JP,H=11.4 Hz, 9H; 3CH3), 1.00 (d, 3JP,H=12.0 Hz, 9H;
3CH3), 0.92–0.41 ppm (m, 8H; cPr-H); 13C NMR (100.6 MHz, C6D6): d=
110.6 (d, 3JP,C=12.6 Hz, C), 87.5 (d, 2JC,P=5.6 Hz, CH), 82.6 (d, 2JP,C=
14.8 Hz, CH), 80.8 (d, 2JP,C=6.0 Hz, CH), 78.5 (d, 2JC,P=5.6 Hz, CH), 39.2
(d, 3JC,P=20.5 Hz, C), 38.9 (d, 3JC,P=19.7 Hz, C), 35.5 (d, 4JC,P=6.8 Hz,
2CH2), 34.6 (d, 1JC,P=10.0 Hz, CH2), 33.8 (d, 4JC,P=6.4 Hz, 2CH2), 33.0
(d, 1JC,P=4.0 Hz, C), 32.9 (d, 1JC,P=4.0 Hz, C), 31.8 (d, 2JC,P=4.8 Hz,
3CH3), 31.1 (d, 2JC,P=4.4 Hz, 3CH3), 27.4 (d, 2JC,P=10.8 Hz, C), 25.7 (d,
2JC,P=6.8 Hz, CH2), 22.9 (d, 2JC,P=10.6 Hz, C), 9.7 (d, 3JC,P=3.6 Hz,
CH2), 4.0 ppm (d, 3JC,P=4.0 Hz, CH2);


31P NMR (162 MHz, C6D6): d=
94.5 ppm; IR (KBr): ñ=2964 (s, �CH2�, CH3), 2872 (m, �CH2�, CH3),
1600 (m), 1472 (m), 1392 (m), 1368 (m), 1136 (m, alkene compl.),
1016 cm�1 (w); MS (EI, 70 eV, 180 8C): m/z (%): 428 (5) [M+], 401 (6)
[M+�C2H3], 387 (13) [M+�C2H3�CH2], 312 (52), 297 (100), 240 (59),
184 (100), 137 (46), 115 (20), 91 (44), 77 (21); elemental analysis calcd
(%) for C25H38CoP (428.48): C 70.08, H 8.94; found: C 69.17, H 8.68.


ACHTUNGTRENNUNG{h5 :h1[2-(Di-tert-butylphosphanyl-P)ethyl]cyclopentadienyl}{h2–7,7’-bi-
ACHTUNGTRENNUNG(dispiroACHTUNGTRENNUNG[2.0.2.1]heptylidene)}cobalt(i) (16):


a) From 5 (360 mg, 1.09 mmol), 7,7’-bi ACHTUNGTRENNUNG(dispiro ACHTUNGTRENNUNG[2.0.2.1]heptylidene) (15)
(200 mg, 1.09 mmol), and Na/Hg (20.5 g) in anhydrous THF (50 mL),
compound 16 (285 mg, 54%) was obtained according to GP 1 after re-
crystallization from Et2O as a red-brown air-sensitive solid.


b) From 12 (359 mg, 1.11 mmol) and 7,7’-bi ACHTUNGTRENNUNG(dispiro ACHTUNGTRENNUNG[2.0.2.1]heptylidene)
(15) (204 mg, 1.11 mmol) in anhydrous THF (50 mL), compound 16
(279 mg, 52%) was obtained according to GP 2 (6 h stirring) as a red-
brown air-sensitive solid.


16 : M.p. 113 8C (decomp.); 1H NMR (400 MHz, C6D6): d=5.20 (s, 2H;
Cp-H), 4.22 (s, 2H; Cp-H), 2.05 (m, 2H; CH2), 1.82 (m, 2H; CH2), 1.25
(mc, 8H; cPr-H), 1.03 (d, 3JP,H=12.4 Hz, 18H; 6CH3), 0.69 ppm (mc, 8H;
cPr-H); 13C NMR (100.6 MHz, C6D6, APT): d=111.7 (d, 3JP,C=6.9 Hz,
C), 82.5 (2CH), 79.1 (d, 2JP,C=5.3 Hz, 2CH), 38.3 (d, 2JC,P=19.9 Hz, 4C),
33.2 (d, 1JC,P=7.7 Hz, 2C), 30.5 (d, 2JC,P=5.0 Hz, 6CH3), 25.7 (CH2), 24.8
(brd, 2JC,P=8.6 Hz, 2C), 23.0 (CH2), 7.5 (d, 3JC,P=3.0 Hz, 4CH2), 7.2 ppm
(d, 3JC,P=4.2 Hz, 4CH2);


31P NMR (162 MHz, C6D6): d=93.8 ppm; IR
(KBr): ñ=3067 (m), 2986 (s, �CH2�, �CH3), 1736 (w), 1560 (w), 1475
(m), 1450 (m), 1365 (w), 1130 (w, alkene compl.), 1098 (m), 1039 (s),
1020 (s, Cp-R), 933 (m), 888 (m), 803 (m), 686 (w), 494 cm�1 (w); MS
(EI, 70 eV, 120 8C): m/z (%): 482/481/480 (1/6/15) [M+], 423 (3) [M+


�C4H9
+], 333 (3), 296 (100) [M+�C14H16], 240 (34), 184 (44), 153 (15),


128 (21), 91 (20), 71 (4); HRMS: m/z calcd for C29H42CoP: 480.235613;
found: 480.235443.
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… nanometric knotane platform
can be compared with a metal ion
capable of coordinating three
ligands. In their Full Paper on
page 5685 ff., V. Balzani, F. Vçgtle,
O. Lukin et al. describe this con-
cept with respect to an amideknot-
ane substituted with fluorescent
dansyl and/or pyrenesulfonyl moi-
eties. UV/Vis absorption spectra,
emission spectra, and the emission
lifetimes of the fluorescent knot-
anes were investigated.


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


Cyclotrimerization
In their Full Paper on page 5677 ff. , D. PeÇa, D. P,rez et al.
describe the synthesis of ortho(trimethylsilyl)triphenylenyl
triflates. Fluoride-induced decomposition of these triflates
generates 2,3-didehydrotriphenylenes, which undergo palla-
dium-catalyzed cyclotrimerization and chemoselective
formal [2+2+2]cocycloaddition with alkynes and with other
arynes to afford extended triphenylenes.


Calcite Mesocrystals
In their Full Paper on page 5722 ff., H. Cçlfen et al. describe
their investigations on the inner architecture principles of
bent lens-like calcite mesocrystals prepared by a gas diffu-
sion technique in the presence of polystyrenesulfonate. The
formation of all mesostructures is discussed within the
framework of a polymer-mediated structure-formation pro-
cess, in which the polymer acts in four different ways.


Supported Catalysts
Recent examples of application of enantioselective hydroge-
nation catalysts supported onto ion-exchange resins are
described in the Concept article by P. Barbaro on
page 5666 ff. It is shown that an appropriate choice of both
resin and molecular precursor provides several advantages
for this immobilization technique, including the use of inex-
pensive and commercially available supports, catalyst effi-
ciency comparable to that observed in the homogeneous
phase, and simple and quantitative catalyst recovery.
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Recycling Asymmetric Hydrogenation Catalysts by Their Immobilization
onto Ion-Exchange Resins


Pierluigi Barbaro*[a]


Introduction


Catalyst recycling is currently one of the most important
issues in sustainable, large-scale fine chemicals production,
especially for those processes, like enantioselective synthesis,
in which the cost of sophisticated ligands often exceed that
of the noble metal employed.[1–4] To easily recover and recy-
cle asymmetric catalysts, various techniques and materials
have been developed over the last twenty years involving
the immobilisation of a chiral catalyst precursor, either onto
a support material or into an appropriate phase system, so
that the catalyst can be quantitatively separated from both
product(s) and unreacted reagents by filtration or phase sep-
aration and, eventually, recycled.[5–15] Three principal ap-
proaches were adopted in order to prepare immobilised
enantioselective catalysts:[16,17]


* Modification of a heterogeneous catalyst with a chiral
auxiliary (e.g., modified metallic surfaces).


* Creation of the “heterogeneous counterparts” of a solu-
ble chiral catalyst.


* Other techniques (e.g., gel entrapment, occlusion into
membranes, immobilisation in fluorous or ionic liquid
phases).


The above methodologies generally lead to fundamentally
different catalyst types. Particularly, single-site catalysts can
be obtained by anchoring a complex formed by a metal ion
and a chiral ligand to a solid support.[18–24]


In general, immobilised single-site catalysts may be classi-
fied according to the nature of either the support material
or the linkage between the support and the ligand. Alterna-
tively, one can distinguish between preformed molecular
complexes anchored to the support (either organic or inor-
ganic) or complexes immobilised by reaction of a metal pre-
cursor with a preformed ligand matrix (usually a polymeric
material with covalently bonded functionalised ligands or
dendrimers). In the latter case one can talk of polymer-sup-
ported catalysts,[25] whereas in the former the synthetic strat-
egy is usually referred as “heterogenisation of a homogene-
ous catalyst”. This strategy offers some remarkable advan-
tages:[26–28]


* The catalysts are easily prepared.
* The immobilised catalysts combine the high activity and


selectivity of the homogeneous catalysts with a facile
product separation, minimisation of waste production
and use of environmentally friendly experimental condi-
tions.


* The expenses and difficulties arising from complicated
polymer ligand synthesis or chiral ligand functionalisation
are avoided.


* The catalysts: active sites are easily characterised.
* Catalyst loadings can be chosen and optimised.
* Problems arising from metal-loading processes are mini-


mised.
* A systematic design of new catalysts is enabled.


Abstract: Ion-exchange resins can be used as supports
for the preparation of single-site, heterogenised asym-
metric hydrogenation catalysts. The immobilised cata-
lysts obtained can be efficiently and conveniently recov-
ered and recycled. This article reviews the significant
contributions in the field including the main concepts
behind the design and the applications of this type of
catalyst.
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Successful examples in asymmetric hydrogenations in-
clude the immobilisation of transition metal complexes
through anchoring to insoluble supports such as carbon,[29]


silica (SHB),[30–32] clays,[33–36] zeolites,[37–39] heteropoly
acids[40–42] or ion-exchange resins.[43–51] In all the above cases,
a preformed optically active complex is anchored to the sup-
port through ion-pair formation or adsorption interactions.


Asymmetric hydrogenation of prochiral olefins is by far
the most studied enantioselective organic transforma-
tion.[52–54] Several soluble molecular catalysts with excellent
selectivity and productivity have been described, and a
number of industrial processes based on this technology are
currently operational for pharmaceuticals and agrochemicals
production.[55–58] Transfer of this methodology to heterogene-
ous catalysis with the aim at catalyst reuse is highly desira-
ble for its clear benefits both from an economical and envi-
ronmental point of view.[59,60]


This paper summarises the
general concepts behind the use
of ion-exchange resins as an in-
soluble support for heteroge-
nised, single-site enantioselec-
tive hydrogenation catalysts, as
well as examples of application
and recent developments in the
field.


Supported Catalysts Design and Characterisation


Many authors indicate that preformed, solid, insoluble sup-
ports for single-site heterogenisation of homogeneous cata-
lysts should fulfil certain requirements:


* Be readily available in a number of varieties.
* Be inexpensive.
* Need the minimum amount of chemical manipulation


before use.
* Be compatible with the solvent employed.
* Be thermally and mechanically stabile.
* Be chemically resistant.
* Be easily filterable or decantable.
* Be of reliable quality.
* Be easily custom tailored.
* Have a defined amount of single anchoring sites.


Heterogenised catalysts for enantioselective hydrogena-
tion reactions should:


* Not require synthetic modifications before attachment to
the support.


* Be easily prepared and handled.
* Operate under smooth reaction conditions.
* Show turnover frequencies (TOF) and enantiomeric ex-


cesses (ee) comparable to those of the parent homogene-
ous catalyst.


* Be quantitatively and easily recoverable.
* Be recyclable (as many time as possible).
* Feature negligible catalyst leaching.


Resin types : In principle, ion-exchange resins meet all re-
quirements defined for the catalysts supports. Nowadays,
they are widely available from numerous commercial suppli-
ers or simply synthesisable. They consist mainly of styrene–
divinylbenzene cross-linked copolymers bearing a charged
ion-exchanging group, that is, either strong or weak cationic
(e.g., containing sulfonate or carboxylate groups) or strong
and weak anionic (e.g., containing ammonium groups)
(Scheme 1).[61–63] Other ion-exchanging materials suitable as
support include the perfluorinated polymer NafionG resins
containing sulfonic acid head groups.[64,65]


The amount of cross-linking agent, typically ranging from
2 to 16%, controls the porosity of the resin particles (either
with no discrete pores, referred to as gel resins or micropo-
rous resins, or with a porous, multichannelled structure, that
is, macroporous or macroreticular resins) which, in turn, af-
fects some of the bulk properties of the resin (e.g., swelling,
capacity, equilibration rate, physical stability, selectivity,
etc.). Usually, the lower the cross-linking percentage, the
higher the moisture content, the equilibration rate, the ca-
pacity (ranging from 1.5 to 10 mequivg�1 on a dry volume
basis), the fragility and the ability to accommodate larger
ions. Additional characteristics relevant to catalytic purposes
are the particle size (beads diameter 16–400 mesh, 1180–
38 mm) and the ionic form (i.e., the counterion, usually H+ ,
Na+ , Cl�, OH�).


Ion-exchange resins used as support in enantioselective
catalytic hydrogenations include the strong sulfonated
cation-exchange resins listed in Table 1 as well as the
Nafion-NR-50 polymer (pellets, H+ form, capacity
0.8 mequivg�1).[49,51]


Limited use of weak carboxylate cation-exchange resins,
namely SERDOLIT CW-18 (8% cross-linking, gel matrix,
H+ form) and SERVACEL CM-32 (based on a cellulose
matrix derivatised with carboxymethylchloride, capacity
1.0 mequivg�1), has also been reported.[47] Most resins are
commercially available (e.g., from Dow Chemical Company,
DuPont, Bayer) and reasonably priced. The choice of resin
type is fundamental in determining the efficiency of the im-
mobilised catalysts (see later). To a first approximation,


Scheme 1.
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swelling of the resin in the adopted solvent is crucial for
both catalyst anchoring and efficiency. For this reason,
slightly cross-linked, gel-type resins are preferred over mac-
roporous ones, owing to enhanced mass transport inside the
polymer beads, hence giving a good active-site accessibility,
as a consequence of swelling of the resin into methanol,
which is commonly used as solvent. Swelling volumes have
been carefully investigated by Selke using 0.5–4% cross-
linked polymers and was found to increase up to 800%
upon decreasing the cross-linking percentage.[44] Because of
the high solvation of lithium, swelling is also highest for Li+


-derivatised resins (Scheme 2).[44,48] Mechanical instability
and difficulty of preparation prevented the use of very low
cross-linked resins.


Beads size seems to play a secondary role, even if a resid-
ual acidity using large pellets of resins in the protonated
form, due to incomplete exchange during the immobilisation
process, may result in competitive esterification reactions
when alcohols are used as solvent for hydrogenation.[49]


Immobilised transition-metal complexes bearing underiva-
tised chiral ligands : The immobilisation of transition-metal
complexes onto ion-exchange resins is well documented and
leads to both racemic[66] and chiral[67] efficient catalysts. Use
of cation-exchange resins as insoluble supports for asymmet-
ric hydrogenation catalysts is motivated by the fact that


four-coordinate, cationic, rho-
dium(i) complexes are among
the most used homogeneous
catalysts for enantioselective
alkene reduction.[53,68–70] The
preformed, molecular com-
plexes of the formula [Rh(PP)-
ACHTUNGTRENNUNG(diolefin)]X were used for this
purpose: PP is the bis-chelate
chiral phosphine ligand Ph-b-
glup,[43–46] propraphos,[43–46] nor-
phos,[47] DIOP[47,48] or
TMBTP[48] depicted here; diole-
fin is NBD=bicyclo-
ACHTUNGTRENNUNG[2.2.1]hepta-2,5-diene or
COD=1,5 cyclooctadiene; and
X is PF6 or BF4.


Anchoring of monocationic
RhI complexes onto ion-ex-


change resins is an equilibrium process that is usually at-
tained after only few hours in methanol by using batch oper-
ations (i.e., stirring a solution of the complex in the presence
of the support at room temperature, followed by filtration,
washing and drying; Scheme 3).


Rhodium immobilisation proved to be effective under
these conditions, even when a molecular complex/exchange
capacity ratio of 0.5–5% (mmolmequiv�1) is employed, due
to the cost of the chiral precursors.[46–48]


Indeed, catalyst loadings in the range 0.3–1.4% (Rh, w/w)
were estimated by using various techniques, corresponding
to a 17–99.9% of the total amount of complex used in the
immobilisation process. Selected examples are reported in
Table 2. As previously stated, catalyst loadings are highest
for lower cross-linking percentages (Table 2, entries 1–4, see
also Table 1) and for lithiated resins (Table 2, entries 5–8).
The typical appearance of immobilised catalysts is shown in
Figure 1, in which the colour of the resin is due to the pres-
ence of the attached rhodium(i) complex.[71]


Recently, EDS analysis (energy dispersive X-ray spec-
trometery) coupled to ESEM microscopy (environmental


Table 1. Sulfonated ion-exchange resins used as support for heterogeneous asymmetric hydrogenations.


Resin
name


Cross-
link [%]


Matrix Ionic form Capacity
[mequivg�1]


Ref.


G-4-H+ 4 H+ 4.8 [44]
G-2-H+ 2 H+ 4.1 [44]
G-1-H+ 1 H+ 5.3 [44]
F-1-H+ 1 H+ 3.7 [44]
G-0.5-H+ 0.5 H+ 4.9 [44]
F-0.5-H+ 0.5 H+ 4.3 [44]
F-1-Li+ 1 Li+ [44]
G-1-Li+ 1 Li+ [44]
F-0.5-Li+ 0.5 Li+ [44]
G-0.5-Li+ 0.5 Li+ [44]
G-0.5-Na+ 0.5 Na+ [44]
G-0.5 K+ 0.5 K+ [44]
G-0.5-NH4


+ 0.5 NH4
+ [44]


G-0.5-NMe4
+ 0.5 NMe4


+ [44]
G-0.5-NBu4


+ 0.5 NBu4
+ [44]


Wofatit KP2 2 H+ [46]
DOWEX MSC-1 macroporous Na+ 4.5 [47]
DOWEX HCR-S 8 gel H+ 4.8 [47]
DOWEX 50WX2 2 gel Li+ 4.8 [48]


Scheme 2.
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scanning electron microscopy) was used to characterise
asymmetric hydrogenation catalysts immobilised onto ion-
exchage resins.[48] Examples of typical ESEM images and
EDS spectra are reported in Figures 2 and 3, respective-


ly.[48,72] Use of the above tech-
ACHTUNGTRENNUNGniques proved to be particularly
suited to investigate this kind of
system, owing to the possibility
to combine detailed analytical
and morphological data at a
nanometric level, without
sample metallation and high-
vacuum conditions.[73] Metal
loading estimates obtained by
EDS analysis were comparable
to those obtained through
atomic emission spectrosco-
py.[48]


In addition, EDS maps col-
lected on sections of resin
beads showed the metal to be
evenly distributed within the
solid support, thus proving that
resin swelling in methanol
allows solvent diffusion through
all exchange sites during
the immobilisation process
(Figure 4).[48]


Scheme 3.


Table 2. Immobilisation of RhI chiral catalysts onto strong cation-exchange resins.


Anchored complex Resin[c] Rh loading
ACHTUNGTRENNUNG(w/w) [%]


Rh immo-
bilised [%]


Analysis
method[d]


Ref.


1 [Rh(Ph-b-glup) ACHTUNGTRENNUNG(cod)]+ [a] G-4-H+(H) 0.73 46 SP [44]
2 G-2-H+(H) 1.41 99 SP [44]
3 G-1-H+(H) 1.43 99.9 SP [44]
4 G-0.5-H+(H) 1.43 99.9 SP [44]
5 [Rh(propraphos) ACHTUNGTRENNUNG(cod)]+ [a] G-0.5-Li+(Li) 1.39 92 SP [44]
6 G-0.5-Na+(Na) 0.44 28 SP [44]
7 G-0.5 K+(K) 0.27 17 SP [44]
8 G-0.5-NH4


+
ACHTUNGTRENNUNG(NH4) 1.18 84 SP [44]


9 [Rh ACHTUNGTRENNUNG(diop) ACHTUNGTRENNUNG(nbd)]+ [b] DOWEX 50WX2 (Li) 1.04 68.7 ICP-AES [48]
10 [Rh ACHTUNGTRENNUNG(tmbtp)ACHTUNGTRENNUNG(nbd)]+ [b] DOWEX 50WX2 (Li) 0.93 68.2 ICP-AES [48]


[a] BF4
� salt. [b] PF6


� salt. [c] Ionic form in brackets. [d] SP= spectrophotometry, ICP-AES= inductively cou-
pled plasma atomic emission spectroscopy.


Figure 1. Conventional optical microscope images of DOWEX 50WX2
resin beads (200 magnifications). From the left: commercial resin, lithiat-
ed resin, resin with supported [Rh ACHTUNGTRENNUNG(diop)ACHTUNGTRENNUNG(nbd)]+ complex, and resin with
supported [Rh ACHTUNGTRENNUNG(tmbtp)ACHTUNGTRENNUNG(nbd)]+ complex.[71]


Figure 2. Typical ESEM images of [RhACHTUNGTRENNUNG(mbtp) ACHTUNGTRENNUNG(nbd)]+ catalyst immobi-
lised on DOWEX 50WX2 beads (backscattered electrons, 1200 magnifi-
cations, 20 KeV, 1 torr).[72]


Figure 3. Typical EDS surface area spectrum of DOWEX 50WX2 beads
containing the immobilised [Rh ACHTUNGTRENNUNG(tmbtp)ACHTUNGTRENNUNG(nbd)]+ complex. (1 torr, 20 KeV,
1600 magnifications). (See reference [48], supplementary material.)


Figure 4. ESEM images of an equatorial section of DOWEX 50XWX2/
[Rh ACHTUNGTRENNUNG(tmbtp) ACHTUNGTRENNUNG(nbd)]+ supported catalyst beads (1 torr, 20 KeV, 890 magnifi-
cations). Left: secondary electrons; centre: sulfur X-ray EDS map (SKa1);
right: rhodium EDS map (RhLa1). (See reference [48], supplementary
material.)
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Immobilised transition-metal complexes bearing derivatised
chiral ligands : Immobilisation of rhodium(i) complexes con-
taining derivatised chiral ligands was achieved as a conse-
quence of simple acid-base exchange equilibria. Thus, pro-
ACHTUNGTRENNUNGtonation of the amino groups bounded to bis-P chelates, by
using Nafion resins and the ligands (S,S)BDPP-(p-NMe2)4
and (S,S)-chiraphos-(p-NMe2)4 depicted here, led to the
quantitative removal of rhodium complexes dissolved in
methanol under batch conditions (Scheme 4).[49,51]


Catalysts immobilisation was possible thanks to the selec-
tive protonation of the amine nitrogen by the strong sulfonic
acid groups on the resin.[50] Typical loadings consumed 50%
of the exchange capacity of Nafion (NR-50-H, 0.8
meqg�1),[74] corresponding to ca. 0.8% (w/w) metal content
(Rh analysis by atomic absorption spectroscopy). The need
to synthesise derivatised chiral ligands limits the applica-
tions of this methodology.[75]


Catalyst Performance


The chiral rhodium(i) complexes described above and im-
mobilised onto strong cation-exchange resins were tested as
catalysts for the asymmetric hydrogenation of prochiral ole-
fins. Probe substrates are depicted here.


Standard experimental conditions adopted in the homoge-
neous phase were usually applied (methanol, room tempera-
ture, 1–5 bar hydrogen). Selected results are reported in
Table 3. Results obtained in the homogeneous reactions are
provided in the same table for comparison.


Yields and enantiomeric excesses (ee:s) are comparable to
those obtained in the homogeneous phase in most cases.
Particularly, appropriate selection of the support enables
quantitative conversions and high ee:s under very mild reac-
tion conditions, for example, Table 3 entries 4–6, 10 and 11.
Reduced cross-linking percentages allow better resin swel-
ling in methanol, which results in enhanced rates as a conse-
quence of the kinetic reaction control through substrate dif-
fusion to the active sites inside the polymer beads (Table 3,
entries 1–4, see also Table 1).[44] A drawback, with respect to
the homogeneous reactions, is that lower reaction rates are
usually observed. Complete conversion and stereoselectivity
were recently obtained in the hydrogenation of MAA by
using the TMBTP ligand and 2% cross-linked resins
(Scheme 5).[48]


Scheme 4.


Table 3. Examples of asymmetric hydrogenation reactions with catalysts immobilised onto ion-exchange resins.[a]


Complex Heterogeneous Homogeneous Ref.
Substrate Resin t [min] Yield [%] ee [%] t [min] Yield [%] ee [%]


1 [Rh(Ph-b-glup) ACHTUNGTRENNUNG(cod)]+ MAC G-4-H+ 500[b] 94.1 6[b] 91.1 [44]
2 G-2-H+ 135[b] 94.9 [44]
3 G-1-H+ 60[b] 95.5 [44]
4 G-0.5-H+ 38[b] 95.3 [44]
5 MAA Wofatit KP2 15[b] 94.3 0.9[b] 90.9 [46]
6 [Rh(propraphos)ACHTUNGTRENNUNG(cod)]+ MAC G-0.5-Li+ 10[b] 84.6 35[b] 85.5 [44]
7 [Rh ACHTUNGTRENNUNG(norphos) ACHTUNGTRENNUNG(cod)]+ [c,d] ACA DOWEX HCR-S 2460 100 67 [47]
8 DOWEX MSC-1 1200 100 87 [47]
9 [Rh ACHTUNGTRENNUNG{bdpp ACHTUNGTRENNUNG(pNMe2)4} ACHTUNGTRENNUNG(nbd)]


+ PAC Nafion-NR-50 15 100 50 5 100 57 [49]
10 [Rh ACHTUNGTRENNUNG(diop) ACHTUNGTRENNUNG(nbd)]+ MAA DOWEX 50WX2 150 99.9 54.6 150 99.9 57.3 [48]
11 [Rh ACHTUNGTRENNUNG(tmbtp)ACHTUNGTRENNUNG(nbd)]+ MAA DOWEX 50WX2 120 99.9 99.9 120 99.9 99.9 [48]


[a] In methanol, room temperature, H2 pressure 1–5 bar. Substrate/catalyst ratio was 100:1 in all cases, except for ACA for which it was 90:1. [b] Half-life
time t/2. [c] 50 8C. [d] H2 pressure 20 bar.


Chem. Eur. J. 2006, 12, 5666 – 5675 � 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5671


CONCEPTSAsymmetric Catalysis



www.chemeurj.org





Evidence for truly heterogeneous reactions that use cata-
lysts immobilised onto ion-exchange resins were given by
the absence of any catalytic activity of the reaction solutions
recovered after consumption of the substrate.[48,51]


Conversely, the insoluble, anchored catalysts proved to be
easily recovered and recycled in the vast majority of cases.
Selected examples of catalyst reuse are reported in Table 4.


Recycling data analysis shows that asymmetric hydrogena-
tion catalysts immobilised onto ion-exchange resins are fea-
tured by some common trends:


* Catalysts can be conveniently reused up to 5–15 times
simply after decantation and washing with methanol.


* Enantiomeric excesses (ee:s) are almost constant in each
hydrogenation cycle.


* Leaching of rhodium into solution is usually quite low in
each cycle (0.1–6%).


* A significant decrease of the reaction rates in the second
and following cycles is commonly observed.


Leaching of the metal can be quantified by means of spec-
trophotometric,[44,46] atomic absorption[49,51] or, more accu-
rately, GF-AAS (graphite-furnace atomic absorption spectros-


copy) analysis[48] of the methanol after each catalytic cycle.
Rhodium loss is usually only slightly dependent on the cycle
number and was ascribed to a chemical degradation of the
catalytically active complex and, particularly, to phosphine
oxidation on the basis of in situ NMR experiments.[44, 48]


Negligible rhodium leaching was confirmed by EDS micro-
analysis, which showed that the rhodium content in the im-
mobilised catalyst beads is essentially the same before and
after catalysis and evenly distributed within the solid sup-
port.[48]


A loss of catalytic activity after the first recycle is invaria-
bly displayed by the supported catalysts regardless from the
resin type or the ligand nature. A typical kinetic behaviour
is reported in Figure 5 for the reuse of [Rh(Ph-b-glup)-
ACHTUNGTRENNUNG(cod)]BF4 on F-0.5-H+ resin in the enantioselective hydro-
genation of MAC.[44]


A possible explanation for this effect based on the degra-
dation of the catalyst due to oxidation or solvolysis of the
ligand is not completely convincing.[44–46] To shed some light
on the catalyst deactivation, a 31P high-pressure NMR study
under catalytic conditions was recently carried out on the
[Rh{(+)-diop} ACHTUNGTRENNUNG(nbd)]+/DOWEX 50WX2 system
(Figure 6).[48,71]


Actually, the only resonances detected at �40 8C in the
hydrogenation of MAA in methanol were consistent with
the formation of the catalyst–substrate adduct [Rh{(+)-
diop} ACHTUNGTRENNUNG(maa)]+ together with a minor amount (2%) of phos-
phine oxide.[76–78] A decrease in the reaction rate due to a
stronger binding interaction between the sulfonate groups


from the resin and the rhodium
centres, after NBD has been re-
duced and replaced by weaker
ligands in the first hydrogena-
tion step, was hypothesised on
these basis. However, the ab-
sence of any other resonance
prevented an unambiguous ex-
planation for the decreased cat-
alytic activity.


Taking into account the small
loss of metal due to oxidation,
the anchored catalysts can be
usually quantitatively recovered
after each recycling. Indeed,
ESEM images of the catalyst
beads, before and after cataly-
sis, showed that the support ma-
terial is not affected by break-
age or cracking during the cata-
lytic runs (Figure 7).[48]


Conclusion


Recent examples of application
of enantioselective hydrogena-
tion catalysts supported onto


Scheme 5.


Table 4. Recycling of asymmetric hydrogenation catalysts immobilised onto ion-exchange resins.[a]


Complex Substrate Resin Cycle t
ACHTUNGTRENNUNG[min]


Yield
[%]


ee
[%]


Rh leach-
ing [%]


Ref.


[Rh(Ph-b-glup)ACHTUNGTRENNUNG(cod)]+ MAA Wofatit KP2 1 14.9[b] 94.0 0.3 [46]
2 17.2[b] 94.3 0.3
3 15.9[b] 94.1 0.3
4 17.1[b] 94.3 0.3
5 17.0[b] 94.2 1.6
6 15.6[b] 94.7 1.6
7 12.0[b] 94.8 1.6
8 10.9[b] 94.6 1.6
9 14.1[b] 94.0 5.2
10 15.0[b] 94.0 5.2


[Rh(propraphos) ACHTUNGTRENNUNG(cod)]+ MAC G-0.5-Li+ 1 10[b] 84.6 1.7 [44]
2 12[b] 84.3 1.7
3 16[b] 83.0 1.7
4 30[b] 81.2 1.3
5 33[b] 78.5 1.3
6 50[b] 71.3 1.3


[Rh ACHTUNGTRENNUNG(norphos)ACHTUNGTRENNUNG(cod)]+ [c,d] ACA DOWEX HCR-S 1 2460 100 67 [47]
2 2760 93 64
3 3480 88 66
4 2880 75 60


[Rh ACHTUNGTRENNUNG{bdpp ACHTUNGTRENNUNG(pNMe2)4} ACHTUNGTRENNUNG(nbd)]
+ PAC Nafion-NR-50 1 15 100 50 1.2 [49]


2 40 100 41 0.5
3 40 100 40 –
4 60 100 43 0.25


[Rh ACHTUNGTRENNUNG(tmbtp) ACHTUNGTRENNUNG(nbd)]+ MAA DOWEX 50WX2 1 120 99.9 99.9 2.0 [48]
2 600 99.9 99.9 2.0
3 720 99.9 99.9 1.8


[a] In methanol, room temperature, H2 pressure 1–5 bar. [b] Half-life time t/2. [c] 50 8C. [d] H2 pressure 20 bar.
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ion-exchange resins show that an appropriate choice of both
resin and molecular precursor provide several advantages
for this immobilisation technique, in particular allowing for:


1) The use of inexpensive and commercially available sup-
ports.


2) No need for chiral ligand derivatisation.
3) Easy preparation and handling of the immobilised cata-


lyst.


4) Catalyst efficiency comparable to that observed in homo-
geneous phase.


5) Very mild hydrogenation conditions.
6) Simple and quantitative catalyst recovery.
7) Negligible catalyst leaching.


All of the above features show that ion-exchange resins
can be an ideal support for the development of single-site,
heterogenised asymmetric catalysts suitable for easy and
convenient recycling, with clear economical and environ-
mental benefits. This is, of course, not a trivial matter and
progress in the field is eagerly awaited.[79] Improved ion-ex-
change supported systems aimed at minimising metal leach-
ing and stabilising catalyst activity upon recycling are ex-
pected in the near future. Issues regarding the deactivation
process have not been clarified to date and deserve further,
in-depth studies.
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Figure 5. Plot of the catalytic activity versus the number of recycling of
[Rh(Ph-b-glup)ACHTUNGTRENNUNG(cod)]BF4 immobilised onto F-0.5-H+ resin in the enan-
tioselective hydrogenation of MAC. (Data from reference [44].)


Figure 6. 31P{1H} H NMR spectra of the [Rh ACHTUNGTRENNUNG(diop) ACHTUNGTRENNUNG(nbd)]+/DOWEX
50WX2/methanol system in the presence of MAA. a) molecular catalyst
(15 mg) and MAA (80 mg) under nitrogen at 294 K; b) molecular cata-
lyst and MAA under 5 bar of hydrogen after 5 h at 294 K, spectrum re-
corded at 233 K; c) immobilised catalyst (120 mg, 1% Rh w/w) and
MAA (80 mg) under nitrogen at 294 K; d) immobilised catalyst and
MAA under 5 bar of hydrogen after 6 h at 294 K, spectrum recorded at
233 K.[71]


Figure 7. ESEM images of DOWEX 50XWX2/[Rh ACHTUNGTRENNUNG(diop) ACHTUNGTRENNUNG(nbd)]+ support-
ed catalyst beads before (top) and after (bottom) use in the catalytic
cycles (backscattered electrons, 600 magnifications, 20 KeV, 1 torr).[48] .
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Introduction


Polycyclic aromatic hydrocarbons (PAHs) constitute a broad
family of organic compounds which have been extensively
studied in the fields of materials science, environmental
chemistry, and medicinal chemistry.[1] In recent years, graph-
ite-like[1c,2] and sterically congested[3] PAHs have attracted
special attention because of their unique structures and
properties. Interest in triphenylenes has in fact been contin-
uous since certain triphenylene derivatives were found to
form discotic liquid crystals.[4] Thirty years of research on
these compounds has shown that the formation of discotic
mesophases is usually linked to the existence of a flat aro-
matic core surrounded by medium-sized aliphatic chains,
and that the corresponding columnar mesophases can exhib-
it high-charge mobility in the direction of the columnar axis.
Triphenylenes thus have great potential as the basis of opti-
cal and electronic devices. Although they can be prepared in
many ways,[4c] the efficient, mild synthesis of asymmetric
and extended derivatives is still challenging.
In recent years we have developed methods for the prepa-


ration of polycyclic arenes based on the palladium-catalyzed
cyclotrimerization of arynes.[5,6] Initially we found that gen-


erating benzyne (2) in the presence of catalytic amounts of
a palladium complex afforded triphenylene (3) in good yield
(Scheme 1).[5] The extension of this formal [2+2+2] cycload-


dition to substituted and polycyclic arynes has enabled us to
synthesize substituted triphenylenes, sterically congested
PAHs, such as helicenes,[7a–c] and compounds related to the
[N] phenylenes.[7d] We have since shown that the same meth-
ods can be applied to the cocyclization of arynes and al-
kynes with high chemoselectivity. When benzyne was cocycl-
ized with dimethylacetylenedicarboxylate (DMAD) in the
presence of catalytic amounts of [Pd ACHTUNGTRENNUNG(PPh3)4], phenanthrene-
dicarboxylate 4 was obtained as the major product in 84%
yield. However, if [Pd2ACHTUNGTRENNUNG(dba)3] was used as the catalyst, naph-
thalenetetracarboxylate 5 was isolated in 83% yield.[8a] Re-
markably, the scope of this methodology was soon found to
extend to metal-catalyzed cocyclization reactions of arynes
with alkynes,[8b–g] allyl derivatives,[9a] CO,[9b] allenes,[9c] and
strained bicyclic alkenes.[9d] We now report our efforts to
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Scheme 1. Palladium-catalyzed [2+2+2] cycloaddition of benzyne.
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synthesize extended tripheny-
lenes by palladium-catalyzed
formal [2+2+2] cycloadditions
of didehydrotriphenylenes 6
(Scheme 2).
The success of metal-cata-


lyzed reactions involving


arynes does not only depend on the choice of a suitable
metal complex as catalyst, but also on the generation of the
aryne in a controlled fashion under mild reaction conditions.
For this purpose, fluoride-induced decomposition of an
ortho-(trimethylsilyl)aryl triflate, such as 1, is an excellent
method,[10] as the rate of aryne generation can be modulated
by modifying the solubility of the fluoride source, and the
required neutral, room temperature conditions are compati-
ble with transition-metal-catalyzed reactions.[11,12] We ac-
cordingly chose triflates 7 as our triphenylyne precursors
(Scheme 2). Specifically, we prepared triflates generating
both unsubstituted triphenylyne 6a, which was used for ex-
ploration of triphenylyne reactions, and the alkoxy-substitut-
ed derivative 6b, which we envisaged would afford more
soluble products able to form columnar mesophases.


Results and Discussion


Synthesis of aryne precursors : The precursor of 2,3-didehy-
drotriphenylene (6a) was prepared from 1,1’:2’,1’’-terphenyl-
4’-ol (3,4-diphenylphenol, 8).[13] ortho-Bromination of com-
pound 8, catalyzed by tBuNH2 in toluene, followed by
metal-mediated oxidative cyclodehydrogenation in CS2 af-
forded triphenylenol 9 in 69% yield (Scheme 3). Triflate 7a
was obtained from ortho-bromohydroxyarene 9 by means of


the one-pot methodology developed by our group for the
synthesis of ortho-(trimethylsilyl)aryl triflates:[10b] treatment
of compound 9 with hexamethyldisilazane (HMDS) in re-
fluxing THF gave a quantitative yield of the corresponding
trimethylsilyl ether, which was transformed into triflate 7a
in 64% yield by successive treatment with nBuLi and Tf2O
at �100 8C.
The alkoxy-substituted triflate 7b was synthesized from


commercially available resorcinol monoacetate (10) and 1,2-
bis ACHTUNGTRENNUNG(hexyloxy)benzene (12, Scheme 4). Acetate 10 was ortho-


brominated by reaction with N-bromosuccinimide (NBS) in
the presence of catalytic amounts of iPr2NH in CH2Cl2, and
subsequent reaction with Tf2O and iPr2NEt in CH2Cl2 at
0 8C afforded triflate 11 in 49% overall yield from 10. Com-
pound 12 was used to obtain boronic acid 13 in 73% yield
by a modified version of a previously reported procedure.[14]


Palladium-catalyzed double Suzuki coupling of triflate 11
with boronic acid 13 in THF at 85 8C, followed by hydrolysis
of the resulting acetate by addition of an aqueous solution
of NaHCO3 afforded terphenylol 14 in 85% yield
(Scheme 5). ortho-Bromination of compound 14 by NBS in
the presence of silica gel in CH2Cl2, followed by oxidative
cyclodehydrogenation promoted by FeCl3 in CH2Cl2 afford-
ed triphenylenol 15 in 61% overall yield from 14.
To our surprise, the one-pot procedure used for 7a failed


to afford compound 7b in good yield from ortho-bromohy-
droxyarene 15. However, 7b was successfully prepared by
conversion of 15 to ortho-(trimethylsilyl)hydroxyarene 16 in
81% yield, which required the use of tetramethylethylenedi-
amine (TMEDA) to ensure complete halogen-metal ex-
change by nBuLi. This step was followed by quantitative re-
action of 16 with Tf2O in the presence of pyridine.


Cycloaddition reactions of arynes : The ability of triflates 7
to form arynes 6 through fluoride-induced decomposition
was confirmed when treatment of 7 with tetrabutylammoni-


Abstract in Spanish: Se describe la s ntesis de los triflatos de
orto-(trimetilsilil)trifenilenilo 7. La descomposici&n inducida
por i&n fluoruro de estos triflatos da lugar a la generaci&n de
los dideshidrotrifenilenos (trifenilinos) 6. Estos arinos
pueden participar en cicloadiciones [4+2] con dienos para
obtener los correspondientes aductos de Diels-Alder o en ci-
cloadiciones formales [2+2+2] catalizadas por paladio para
dar lugar a trifenilenos extendidos.


Scheme 2. Triphenylynes 6 and their corresponding precursors 7.


Scheme 3. Synthesis of triflate 7a.


Scheme 4. Synthesis of triflate 11 and boronic acid 13.
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um fluoride (TBAF) in the presence of 1,3-diphenylisoben-
zofuran (17) afforded the polycyclic compounds 18 in good
yields by means of [4+2] cycloaddition (Scheme 6).


According to our previous experience with respect to Pd-
catalyzed cyclotrimerizations of arynes,[5–7] we treated tri-
flate 7a with TBAF (1.5 equiv) and [Pd ACHTUNGTRENNUNG(PPh3)4] (0.1 equiv)
in THF at room temperature.[15] The greyish solid filtered
from the reaction mixture was highly insoluble in all
common organic solvents, as is typical for unsubstituted
graphite-like PAHs. Although this extreme insolubility pre-
cluded full characterization of this compound, the results of
mass spectrometry (FAB) and 1H NMR spectroscopy
(750 MHz) were consistent with the expected tris(triphenyl-
enylene) 19a (Scheme 7). Analogous treatment of hexyloxy-
substituted aryne precursor 7b with CsF (3 equiv) and [Pd-
ACHTUNGTRENNUNG(PPh3)4] (0.1 equiv) in CH3CN/CH2Cl2 3:1[16] gave a 28%
yield of a more soluble polycyclic arene amenable to full
spectroscopic characterization, tris(triphenylenylene) 19b.
Presumably this is the result of palladium-catalyzed formal


[2+2+2] cycloaddition of
aryne 6b. Compound 19b is a
supertriphenylene, which has
previously been isolated by
MMllen and co-workers, who
studied its interesting meso-
morphic properties.[17]


When arynes are generated
in the presence of Pd0 catalysts
and electron-deficient alkynes,
[2+2+2] cocycloaddition prod-
ucts can be obtained chemose-
lectively.[8a,d] Arynes 6 are no
exception. Treatment of tri-


flates 7a,b with CsF in the presence of DMAD and
10 mol% of [Pd ACHTUNGTRENNUNG(PPh3)4] led to the cocycloaddition of two
molecules of the aryne and one of the alkyne (Scheme 8), as
shown by the isolation of extended triphenylenes 20a and b
in 56 and 65% yields, respectively.[18] In this reaction, poly-
cyclic arenes 21a and b, resulting from the reaction of one
aryne and two alkynes, were obtained as minor products in
16 and 18% yields, respectively. By contrast, when 5 mol%
of the [Pd2ACHTUNGTRENNUNG(dba)3] catalyst and an excess of DMAD were
used, the major products were 21a (55%) and b (62%),
compounds 20a,b being obtained in <10% yield.


Scheme 5. Synthesis of alkoxy-substituted triflate 7b.


Scheme 6. ACHTUNGTRENNUNG[4+2] Cycloaddition of arynes 6.
Scheme 7. Cyclotrimerization of arynes 6 to afford tris(triphenylenylene)s
19. Reaction conditions for 7a : [PdACHTUNGTRENNUNG(PPh3)4] (0.1 equiv), Bu4NF
(1.5 equiv), THF, 1 h. For 7b : [Pd ACHTUNGTRENNUNG(PPh3)4] (0.1 equiv), CsF (3 equiv),
CH3CN/CH2Cl2 3:1, 14 h.


Scheme 8. Cocycloaddition of arynes 6 with DMAD.
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Significantly, the 1H NMR chemical shifts of the polycyclic
arene 20b showed strong concentration dependence. The
flat shape of this large polycyclic aromatic hydrocarbon and
the presence of donor and acceptor substituents in different
regions of the molecule suggest that aromatic p-stacking in-
teractions could be responsible for this effect.[19] Most likely,
these interactions might provide columnar mesomorphic
properties for this polycyclic arene. Studies on the behavior
of 20b as a liquid crystal are in progress.
Another approach to large PAHs by this methodology is


the cocyclotrimerization of different arynes. In view of the
large number of arynes that have been reported in recent
years,[6] this combinatorial approach could lead to a great
variety of structurally diverse polycyclic arenes. In this
work, generation of triphenylynes 6 and benzyne (2) in the
same reaction vessel in the presence of catalytic amounts of
the Pd(0) catalyst afforded mixtures of the four possible cy-
clotrimerization products, homotrimers 3 and 19 and hetero-
trimers 22 and 23 (Scheme 9). In the case of 6a, treatment
of triflate 7a under the standard cyclotrimerization condi-


tions in the presence of an excess of benzyne precursor 1
(ratio 1:4) led to the isolation of a highly insoluble solid,
mainly composed of polycyclic arene 22a, resulting from the
[2+2+2] cocycloaddition of one molecule of triphenylyne
6a with two molecules of benzyne.[20] Similarly, simultaneous
generation of arynes 6b and 2 (ratio 1:4) in the presence of
10 mol% of [Pd ACHTUNGTRENNUNG(PPh3)4] afforded a 42% yield of alkoxy-
substituted polyarene 22b together with triphenylene (3)
and small amounts of polyarene 23b (9%) and tris(triphe-
nylenylene) 19b (2%).[21]


Conclusion


Fluoride-induced generation of 2,3-didehydrotriphenylenes
6 from 3-(trimethylsilyl)triphenylenyl 2-triflates 7, enables
their palladium-catalyzed cyclotrimerization and chemose-
lective formal [2+2+2] cocycloaddition with alkynes and
with other arynes to afford extended triphenylenes. Some of
these large polycyclic arenes can probably behave as liquid
crystals. Studies on the mesomorphic properties of these
compounds are in progress and the results will be reported
in due course.


Experimental Section


General methods : All reactions were carried out under argon by using
oven-dried glassware. Solvents were dried by distillation from a drying
agent: THF from Na/benzophenone; toluene and benzene from Na;
CH3CN and CH2Cl2 from CaH2. TMSCl, iPr2NEt, iPr2NH, TMEDA and
tBuNH2 were distilled from CaH2 prior to use. 2-Trimethylsilylphenyl tri-
flate (1),[10b] 1,1’:2’,1’’-terphenyl-4’-ol (3,4-diphenylphenol, 8),[13] and Pd-
ACHTUNGTRENNUNG(PPh3)4


[22] were prepared by following published procedures. Commercial
reagents were purchased from ABCR, Aldrich, or Strem Chemicals, and
were used without further purification, except resorcinol monoacetate
(10), which was purified by column chromatography before use. nBuLi
and Bu4NF (TBAF) were used as solutions in hexane (2.40m) and THF
(1m), respectively. TLC was performed on Merck silica gel 60 F254; chro-
matograms were visualized with UV light (254 and 360 nm). Flash-
column chromatography was performed on Merck silica gel 60 (ASTM
230–400 mesh). 1H and 13C NMR spectra were recorded at 250 and
63 MHz (Bruker DPX-250 instrument) or 300 and 75 MHz (Varian Mer-
cury-300 instrument), respectively. High- or low-temperature NMR spec-
tra were recorded on either a Bruker AMX-500 or a Varian Inova-750 in-
strument. Low-resolution electron impact mass spectra (EI-LRMS) were
determined at 70 eV on a HP-5988 A instrument. High-resolution mass
spectra (HRMS) and FAB (positive FAB in 3-nitrobenzyl alcohol) were
obtained on a Micromass Autospec spectrometer. MALDI-TOF spectra


were determined on a Bruker Auto-
flex instrument. IR spectra were re-
corded on a Mattson Cygnus 100
spectrophotometer. Melting points
were measured on a Gallenkamp in-
strument. UV/Vis spectra were ob-
tained on a Varian Cary 100 Bio or a
Jasco V-530 spectrophotometer.


For the synthesis of aryne precursors
7a–b see the Supporting Information.


Cycloaddition reactions of arynes de-
rived from triflates 7a,b


10,15-Epoxy-10,15-diphenyl-10,15-
dihydrodibenzo ACHTUNGTRENNUNG[a,c]naphthacene
(18a): Bu4NF (80 mL, 1m,
0.080 mmol) was added dropwise to a
solution of 7a (25 mg, 0.056 mmol)


and 1,3-diphenylisobenzofuran (17, 23 mg, 0.084 mmol) in THF (1 mL) at
0 8C, and the mixture was stirred at room temperature for 1 h. After this
time, H2O (2 mL) and Et2O (2 mL) were added, the phases were separat-
ed and the aqueous layer was extracted with Et2O. The combined organic
layers were dried over anhydrous Na2SO4, filtered, and concentrated
under reduced pressure. The residue was purified by column chromatog-
raphy (silica gel; CH2Cl2/hexane 1:3), affording 18a (18 mg, 65%) as a
white solid. M.p. 245 8C (dec); 1H NMR (300 MHz, CDCl3): d=8.59 (m,
2H), 8.57 (s, 2H), 8.50 (m, 2H), 8.13 (d, J=7.5 Hz, 4H), 7.71 (dd, J=
7.7 Hz, 4H), 7.63–7.56 (m, 6H), 7.47 (m, 2H), 7.09 ppm (m, 2H);
13C NMR (75 MHz, CDCl3): d=149.9 (2C), 148.7 (2C), 134.9 (2C), 129.8
(2C), 129.7 (2C), 129.0 (4CH), 128.5 (2CH), 127.9 (2C), 127.1 (4CH),
127.02 (2CH), 126.99 (2CH), 126.1 (2CH), 123.3 (2CH), 123.2 (2CH),
120.6 (2CH), 115.1 (2CH), 90.7 ppm (2C); EI-MS: m/z (%): 496 (75);
EI-HRMS: m/z : calcd for C38H23O: 496.1827; found: 496.1831; UV/Vis
(CH2Cl2): lmax (e)=352 (4000), 314 (sh, 10000), 301 (sh, 14000), 270
(68300), 263 nm (sh, 54800 mol�1 dm3cm�1).


10,15-Epoxy-2,3,6,7-tetrakis ACHTUNGTRENNUNG(hexyloxy)-10,15-diphenyl-10,15-
dihydrodibenzo ACHTUNGTRENNUNG[a,c]naphthacene (18b): Bu4NF (140 mL, 1m, 0.140 mmol)
was added dropwise to a solution of 7b (93 mg, 0.11 mmol) and 1,3-di-
phenylisobenzofuran (17, 45 mg, 0.165 mmol) in THF (2 mL) at 0 8C, and
the mixture was stirred at room temperature for 1 h. After this time,
H2O (2 mL) and Et2O (2 mL) were added, the phases were separated
and the aqueous layer was extracted with Et2O. The combined organic
layers were dried over anhydrous Na2SO4, filtered and concentrated
under reduced pressure. The residue was purified by column chromatog-
raphy (silica gel; hexane, then Et2O/hexane 1:9 to 1:3), affording 18b


Scheme 9. Cocycloaddition of arynes 6 with benzyne (2).
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(53 mg, 54%) as a white solid. M.p. 114–116 8C; 1H NMR (300 MHz,
CDCl3): d=8.38 (s, 2H), 8.12 (d, J=7.1 Hz, 4H), 7.88 (s, 2H), 7.79 (s,
2H), 7.68 (dd, J=7.4 Hz, 4H), 7.58 (m, 2H), 7.46 (m, 2H), 7.07 (m, 2H),
4.24–4.16 (m, 8H), 1.98–1.86 (m, 8H), 1.59–1.52 (m, 8H), 1.42–1.37 (m,
16H), 0.97–0.90 ppm (m, 12H); 13C NMR (75 MHz, CDCl3): d=150.1
(2C), 149.6 (2C), 148.9 (2C), 147.3 (2C), 135.1 (2C), 128.9 (4CH), 128.5
(2CH), 127.3 (4CH), 126.8 (2C), 126.0 (2CH), 124.5 (2C), 123.8 (2C),
120.6 (2CH), 114.8 (2CH), 107.8 (2CH), 106.7 (2CH), 90.8 (2C), 69.7
(2CH2), 69.5 (2CH2), 31.7 (4CH2), 29.35 (2CH2), 29.31 (2CH2), 25.8
(4CH2), 22.7 (4CH2), 14.0 ppm (4CH3); MS (FAB+): m/z (%): 898 (100),
897 (83); MALDI-TOF HRMS: m/z : calcd for C62H7305: 897.5453; found:
897.5488; UV/Vis (CHCl3): lmax (e)=352 (7800), 326 (sh, 13100), 311
(22900), 286 (96700), 276 (sh, 76100), 265 (59700), 252 nm (50600 mol�1


dm3cm�1).


Hexabenzo[a,c,k,m,u,w]trinaphthylene (19a): Bu4NF (150 mL, 1m,
0.15 mmol) was added dropwise to a solution of 7a (45 mg, 0.10 mmol)
and [Pd ACHTUNGTRENNUNG(PPh3)4] (11.6 mg, 0.010 mmol) in THF (0.5 mL), and the mixture
was stirred at room temperature for 1 h. The resulting suspension was fil-
tered to give a residue, which was subsequently washed with hexane
(3 mL), EtOH (3 mL), and CH2Cl2 (2Q3 mL) to afford 19a (4.0 mg,
18%) as a highly insoluble greyish solid. M.p. >275 8C; 1H NMR
(750 MHz, 363 K, C2D2Cl4); d=10.08 (s, 6H), 9.07 (d, J=7.6 Hz, 6H),
8.76 (d, J=8.0 Hz, 6H), 7.91 (dd, J=8.5 Hz, 6H), 7.83 ppm (dd, J=
8.5 Hz, 6H); MS (FAB+): m/z (%): 678 (45), 339 (22); HRMS (FAB+):
m/z calcd for C54H30: 678.2348; found: 678.2343; UV/Vis (CH2Cl2): lmax


(e)=352 (12500), 334 (19400), 320 (20800), 286 (20200), 264 (19900),
234 nm (16300 mol�1 dm3cm�1).


2,3,6,7,12,13,16,17,22,23,26,27-Dodecakis ACHTUNGTRENNUNG(hexyloxy)hexabenzo-
ACHTUNGTRENNUNG[a,c,k,m,u,w]-trinaphthylene (19b):[17] Finely powdered anhydrous CsF
(27 mg, 0.18 mmol) was added to a solution of 7b (50 mg, 0.059 mmol)
and [Pd ACHTUNGTRENNUNG(PPh3)4] (6.9 mg, 6 mmol) in CH3CN/CH2Cl2 3:1 (6 mL), and the
mixture was stirred vigorously at room temperature for 14 h. After this
time, the solvent was removed under reduced pressure and the resulting
residue was purified by column chromatography (silica gel; CH2Cl2/
hexane 1:2 to 3:1), affording 19b (10.5 mg, 28%) as a yellow solid. M.p.
104–177 8C;[23] 1H NMR (300 MHz, 298 K, CDCl3, 4.3 mm): d=9.63 (s,
6H), 8.27 (s, 6H), 7.81 (s, 6H), 4.37 (t, J=5.9 Hz, 12H), 4.25 (t, J=
6.5 Hz, 12H), 2.02–1.95 (m, 24H), 1.67–1.60 (m, 24H), 1.48–1.36 (m,
48H), 1.00–0.88 ppm (m, 36H); 13C NMR (75 MHz, CDCl3): d=149.9
(6C), 149.0 (6C), 128.1 (6C), 128.0 (6C), 124.6 (6C), 123.7 (6C), 116.8
(6CH), 107.8 (6CH), 107.0 (6CH), 69.5 (6CH2), 69.4 (6CH2), 32.0
(6CH2), 31.8 (6CH2), 29.7 (12CH2), 26.2 (6CH2), 26.0 (6CH2), 22.8
(12CH2), 14.11 (6CH3), 14.08 ppm (6CH3); MALDI-TOF MS: m/z :
1880.6 (100); UV/Vis (CH2Cl2): lmax (e)=378 (49900), 357 (71400), 325
(68200), 315 (65800), 286 (65200), 279 (66300), 271 nm (sh, 64500 mol�1


dm3cm�1).


Dimethyl tetrabenzo ACHTUNGTRENNUNG[a,c,m,o]pentaphene-10,11-dicarboxylate (20a):
Finely powdered anhydrous CsF (140 mg, 0.92 mmol) was added to a sol-
ution of 7a (103 mg, 0.23 mmol), DMAD (40 mL, 0.32 mmol), and [Pd-
ACHTUNGTRENNUNG(PPh3)4] (27 mg, 0.023 mmol) in CH3CN/CH2Cl2 3:1 (6.5 mL), and the
mixture was stirred at room temperature for 14 h. After this time, the sol-
vent was removed under reduced pressure, CH2Cl2 was added to the resi-
due, and the resulting suspension was filtered. The resulting residue was
washed with MeOH/H2O 1:4 (5Q2 mL) affording 20a (77 mg, 56%) as a
yellow solid. M.p. 220 8C (dec); 1H NMR (500 MHz, C2D2Cl4): d=9.87 (s,
2H), 9.32 (s, 2H), 8.91 (d, J=7.9 Hz, 2H), 8.60 (d, J=7.7 Hz, 4H), 8.54
(d, J=7.1 Hz, 2H), 7.86 (dd, J=7.4 Hz, 2H), 7.77 (dd, J=7.3 Hz, 2H),
7.72–7.66 (m, 4H), 4.23 ppm (s, 6H); 13C NMR (125 MHz, 373 K,
C2D2Cl4): d=168.1 (2C), 130.7 (2C), 130.4 (2C), 130.2 (2C), 129.9 (2C),
129.5 (4C), 129.4 (2C), 129.3 (2C), 128.2 (2CH), 127.9 (2CH), 127.6
(4CH), 126.0 (2C), 123.7 (2CH), 123.6 (4CH), 123.3 (2CH), 121.8
(2CH), 117.0 (2CH), 52.7 ppm (2CH3); MS (FAB+): m/z (%): 594 (25);
HRMS (FAB+): m/z : calcd for C42H26O4: 594.1831; found: 594.1820; IR
(KBr): ñ=1730 cm�1; UV/Vis (CH2Cl2): lmax (e)=379 (10600), 353
(20100), 335 (26200), 320 (19300), 274 nm (27600 mol�1


dm3cm�1).Column chromatography of the organic phase (silica gel;
ether/CH2Cl2/hexane 2:1:1) afforded 21a (19 mg, 16%).


Tetramethyl benzo[b]triphenylene-10,11,12,13-tetracarboxylate (21a):
Finely powdered anhydrous CsF (134 mg, 0.88 mmol) was added to a sol-
ution of 7a (99 mg, 0.22 mmol), DMAD (130 mL, 1.1 mmol), and [Pd2-
ACHTUNGTRENNUNG(dba)3]·CHCl3 (11.4 mg, 0.011 mmol) in CH3CN/CH2Cl2 3:1 (4.4 mL), and
the mixture was stirred at room temperature for 14 h. After this time, the
solvent was removed under reduced pressure and the residue was puri-
fied by column chromatography (silica gel; ether/CH2Cl2/hexane 2:1:1),
affording 21a (62 mg, 55%) as a yellow solid. M.p. 271–274 8C; 1H NMR
(250 MHz, CDCl3): d=9.30 (s, 2H), 8.64–8.55 (m, 4H), 7.73–7.63 (m,
4H), 4.15 (s, 6H), 3.97 ppm (s, 6H); 13C NMR (62.8 MHz, CDCl3): 167.4
(2C), 166.9 (2C), 133.7 (2C), 131.4 (2C), 130.6 (2C), 129.0 (2CH), 128.7
(2C), 128.0 (2C), 127.8 (2CH), 127.4 (2C), 124.1 (2CH), 123.5 (2CH),
120.6 (2CH), 53.3 (2CH3), 53.2 ppm (2CH3); EI-MS: m/z (%): 510
(100); EI-HRMS: m/z : calcd for C30H22O8: 510.1315; found: 510.1317; IR
(KBr): ñ=1732, 1721 cm�1; UV/Vis (CH2Cl2): lmax (e)=394 (6000), 371
(8600), 308 (73700), 296 (sh, 58500), 269 (sh, 37900), 257 nm
(49000 mol�1 dm3cm�1).


Dimethyl 2,3,6,7,14,15,18,19-octakis ACHTUNGTRENNUNG(hexyloxy)tetrabenzo ACHTUNGTRENNUNG[a,c,m,o]penta-
phene-10,11-dicarboxylate (20b): Finely powdered anhydrous CsF
(36 mg, 0.24 mmol) was added to a solution of 7b (67 mg, 0.079 mmol),
DMAD (14 mL, 0.11 mmol), and [Pd ACHTUNGTRENNUNG(PPh3)4] (9.1 mg, 7.9 mmol) in
CH3CN/THF 5:1 (2 mL), and the mixture was stirred at room tempera-
ture for 14 h and then poured on H2O/CH2Cl2 1:2 (15 mL). The phases
were separated and the aqueous layer was extracted with CH2Cl2. The
combined organic layers were dried over anhydrous Na2SO4, filtered, and
concentrated under reduced pressure. The residue was purified by
column chromatography (silica gel; CH2Cl2/hexane 2:1, then CH2Cl2/
ether/hexane 2:1:17 to 6:1:13), affording 20b (36 mg, 65%) and 21b
(13 mg, 18%) as yellow solids. Data for 20b : m.p. 103–260 8C;[23]
1H NMR (500 MHz, 293 K, CDCl3, 3.7 mM): d=9.78 (s, 2H), 9.10 (s,
2H), 8.40 (s, 2H), 7.94 (s, 2H), 7.83 (s, 2H), 7.77 (s, 2H), 4.46 (t, J=
5.9 Hz, 4H), 4.28 (t, J=6.5 Hz, 4H), 4.25–4.20 (m, 8H), 4.12 (s, 6H),
2.05–1.94 (m, 16H), 1.64–1.57 (m, 16H), 1.46–1.39 (m, 32H), 0.98–
0.92 ppm (m, 24H); 13C NMR (75 MHz, CDCl3): d=168.7 (2C), 150.1
(2C), 149.1 (2C), 148.7 (2C), 148.5 (2C), 129.5 (2C), 128.4 (2C), 128.0
(2C), 127.4 (2C), 125.0 (2C), 124.4 (2C), 123.6 (2C), 123.2 (2C), 123.0
(2C), 120.7 (2CH), 115.8 (2CH), 108.3 (2CH), 106.2 (4CH), 106.0
(2CH), 69.4 (2CH2), 69.2 (2CH2), 69.1 (2CH2), 68.4 (2CH2), 52.2
(2CH3), 32.0 (2CH2), 31.8 (6CH2), 29.7 (4CH2), 29.5 (4CH2), 26.4
(2CH2), 26.0 (2CH2), 25.9 (4CH2), 22.8 (4CH2), 22.7 (4CH2), 14.1 ppm
(8CH3); MS (FAB+): m/z (%): 1395 (100); MALDI-TOF HRMS: m/z :
calcd for C90H122O12: 1394.8931; found: 1394.8862; IR (CsI): ñ=2925,
2856, 1717, 1264 cm�1; UV/Vis (CHCl3): lmax (e)=415 (18000), 380
(53000), 362 (67500), 300 (85500), 279 (sh, 57100), 265 nm (57500 mol�1


dm3cm�1).


Tetramethyl 2,3,6,7-tetrakis ACHTUNGTRENNUNG(hexyloxy)benzo[b]triphenylene-10,11,12,13-
tetracarboxylate (21b): Finely powdered anhydrous CsF (59 mg,
0.39 mmol) was added to a solution of 7b (70 mg, 0.083 mmol), DMAD
(60 mL, 0.49 mmol), and [Pd2 ACHTUNGTRENNUNG(dba)3]·CHCl3 (4.3 mg, 4.2 mmol) in CH3CN/
THF 5:1 (2.4 mL), and the mixture was stirred at room temperature for
14 h and then poured on H2O/CH2Cl2 (15 mL) 1:2. The phases were sepa-
rated and the aqueous layer was extracted with CH2Cl2. The combined
organic layers were dried over anhydrous Na2SO4, filtered, and concen-
trated under reduced pressure. The residue was purified by column chro-
matography (silica gel; CH2Cl2/hexane 2:1, then CH2Cl2/ether/hexane
2:1:17 to 6:1:13), affording 21b (47 mg, 62%) as a yellow solid. M.p. 137–
140 8C; 1H NMR (300 MHz, CDCl3): d=9.11 (s, 2H), 8.02 (s, 2H), 7.75
(s, 2H), 4.26–4.22 (m, 8H), 4.12 (s, 6H), 3.96 (s, 6H), 2.03–1.90 (m, 8H),
1.62–1.59 (m, 8H), 1.42–1.38 (m, 16H), 0.97–0.92 ppm (m, 12H);
13C NMR (75 MHz, CDCl3): d=167.6 (2C), 167.0 (2C), 150.9 (2C), 149.2
(2C), 133.6 (2C), 130.9 (2C), 127.3 (2C), 126.8 (2C), 125.3 (2C), 122.4
(2C), 119.8 (2CH), 108.2 (2CH), 107.2 (2CH), 69.6 (2CH2), 69.5 (2CH2),
53.1 (2CH3), 53.0 (2CH3), 31.6 (4CH2), 29.3 (4CH2), 25.83 (2CH2), 25.81
(2CH2), 22.65 (2CH2), 22.64 (2CH2), 14.0 ppm (4CH3); MS (FAB+): m/z
(%): 910 (100); HRMS (FAB+): m/z : calcd for C54H70O12: 910.4867;
found: 910.4862; IR (KBr): ñ=2951, 2928, 2857, 1733, 1724 cm�1; UV/Vis
(CH2Cl2): lmax (e)=412 (6900), 345 (38600), 306 (38200), 298 (46800),
275 (75100), 268 nm (72200 mol�1 dm3cm�1).
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Phenanthro ACHTUNGTRENNUNG[9,10-b]triphenylene (22a):[24] Finely powdered anhydrous
CsF (159 mg, 1.05 mmol) was added to a solution of 7a (31 mg,
0.070 mmol), 1 (83 mg, 0.28 mmol), and [PdACHTUNGTRENNUNG(PPh3)4] (40 mg, 0.035 mmol)
in CH3CN/THF 4:1 (1.4 mL), and the mixture was stirred at room tem-
perature for 14 h. After this time, the resulting suspension was treated
with CH2Cl2 (2 mL) and centrifuged. The pellet was washed with H2O
(2 mL) and CH2Cl2 (2Q2 mL) and dried under vacuum. The resulting
highly insoluble white solid (16 mg) was mainly composed of polycyclic
arene 22a.[20] 1H NMR (750 MHz, 353 K, C2D2Cl4): d=9.92 (s, 2H), 8.98
(d, J=8.0 Hz, 4H), 8.72 (d, J=8.0 Hz, 4H), 7.81 (dd, J=7.4 Hz, 4H),
7.76 ppm (dd, J=7.4 Hz, 4H); MALDI-TOF MS: m/z (%): 678 (3, 40),
528 (23a, 100), 378 (22a, 48); UV/Vis (CH2Cl2): lmax (e)=332 (6000), 294
(12100), 259 nm (9100 mol�1 dm3cm�1).


2,3,6,7-Tetrakis ACHTUNGTRENNUNG(hexyloxy)phenanthroACHTUNGTRENNUNG[9,10-b]triphenylene (22b): Finely
powdered anhydrous CsF (159 mg, 1.05 mmol) was added to a solution of
7b (59 mg, 0.070 mmol), 1 (83 mg, 0.28 mmol), and [Pd ACHTUNGTRENNUNG(PPh3)4] (40 mg,
0.035 mmol) in CH3CN/CH2Cl2 3:1 (1.4 mL), and the mixture was stirred
at room temperature for 14 h. After this time, the solvent was removed
under reduced pressure and the resulting residue was purified by column
chromatography (silica gel; hexane, then CH2Cl2/hexane 1:3 to 1:1), af-
fording 22b (23 mg, 42%) as a white solid, 2,3,6,7,16,17,20,21-octakis-
ACHTUNGTRENNUNG(hexyloxy)pentabenzo[a,c,h,m,o]pentaphene (23b, 4 mg, 9%) and 19b
(0.6 mg, 2%). Data for 22b : M.p. 190–193 8C; 1H NMR (300 MHz,
CDCl3): d=9.63 (s, 2H), 8.87 (dd, J=8.1, 1.1 Hz, 2H), 8.66 (dd, J=8.1,
1.1 Hz, 2H), 8.26 (s, 2H), 7.85 (s, 2H), 7.77–7.66 (m, 4H), 4.36 (t, J=
6.5 Hz, 4H), 4.27 (t, J=6.6 Hz, 4H), 2.07–1.92 (m, 8H), 1.71–1.59 (m,
8H), 1.49–1.38 (m, 16H), 1.00–0.93 ppm (m, 12H); 13C NMR (75 MHz,
CDCl3): d=150.0 (2C), 149.2 (2C), 130.1 (2C), 130.0 (2C), 128.2 (2C),
127.8 (2C), 127.35 (2CH), 127.29 (2CH), 124.7 (2C), 123.7 (2C), 123.5
(2CH), 123.3 (2CH), 117.0 (2CH), 107.9 (2CH), 107.4 (2CH), 69.8
(2CH2), 69.7 (2CH2), 31.8 (2CH2), 31.7 (2CH2), 29.5 (2CH2), 29.4
(2CH2), 25.94 (2CH2), 25.88 (2CH2), 22.71 (2CH2), 22.68 (2CH2),
14.07 ppm (2CH3); MS (FAB+): m/z (%): 778 (100); HRMS (FAB+):
m/z : calcd for C54H66O4 778.4961; found: 778.4967; UV/Vis (CH2Cl2): lmax


(e)=336 (sh, 39900), 319 (52300), 301 (75700), 275 (sh, 50100), 266 nm
(52900 mol�1 dm3cm�1). Data for 23b : m.p. 95–217 8C;[23] 1H NMR
(300 MHz, 298 K, CDCl3, 5.0 mM): d=9.51 (s, 2H), 9.38 (s, 2H), 8.73 (m,
2H), 8.22 (s, 2H), 8.07 (s, 2H), 7.81 (s, 2H), 7.76 (s, 2H), 7.73 (m, 2H),
4.38 (t, J=6.1 Hz, 4H), 4.31 (t, J=6.6 Hz, 4H), 4.26 (t, J=6.7 Hz, 4H),
4.22 (t, J=6.3 Hz, 4H), 2.04–1.95 (m, 16H), 1.70–1.59 (m, 16H), 1.47–
1.39 (m, 32H), 1.01–0.91 ppm (m, 24H); 13C NMR (75 MHz, 298 K,
CDCl3, 15.1 mm): d=150.1 (2C), 149.95 (2C), 149.88 (2C), 149.5 (2C),
148.9 (2C), 148.8 (2C), 130.2 (2C), 127.8 (2C), 127.6 (2C), 127.4 (2C),
127.0 (2CH), 124.7 (2C), 124.1 (2C), 123.5 (2C), 123.3 (2CH), 116.6
(2CH), 116.3 (2CH), 108.1 (2CH), 107.1 (2CH), 107.0 (2CH), 106.8
(2CH), 69.6 (2CH2), 69.4 (4CH2), 69.3 (2CH2), 31.95 (2CH2), 31.85
(2CH2), 31.80 (4CH2), 29.9 (2CH2), 29.6 (2CH2), 29.54 (2CH2), 29.48
(2CH2), 29.2 (2CH2), 26.03 (2CH2), 25.98 (2CH2), 25.90 (2CH2), 22.75
(4CH2), 22.71 (4CH2), 14.11 (4CH3), 14.08 ppm (4CH3); MS (FAB+):
m/z (%): 1329 (62); MALDI-TOF HRMS: m/z : calcd for C90H120O8:
1328.8978; found: 1328.8975; UV/Vis (CHCl3): lmax (e)=380 (sh, 34600),
350 (68900), 324 (sh, 73300), 310 (93900), 284 (87600), 257 nm (sh,
68500 mol�1 dm3cm�1).
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Amide-Based Molecular Knots as Platforms for Fluorescent Switches
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Introduction


Molecular knots[1] (knotanes) are unique representatives of
intertwined molecules. Their synthesis had been a challeng-
ing task until recent templation methods led to noticeable


advances enabling, for example, the preparation of the
amide-knotane KN on multigram scale.[2,3]


Knotane KN is a three-nanometer scaffold with restricted
conformational flexibility.[1e,2d] The knotane can be selective-
ly functionalized with different groups at three predeter-
mined sites of the molecule periphery.[2] Thus, a selectively
functionalized covalent knotane is formally comparable with
a metal ion capable of coordinating three ligands resulting
in homo- or heteroleptic metal complexes. Inspired by this
constitutional analogy, we have prepared homo- and hetero-
leptic knotanes and we have investigated the ground and ex-
cited state electronic interaction among the various compo-
nents.


Starting from KN(Ao)3, a variety of substituents can be
appended to the KN scaffold. We have investigated the fluo-
rescent properties of the KN(Ao)2(Da), KN(Ao)(Da)2,
KN(Da)3, KN(Ao)2(Py), and KN(Da)2(Py) knots, that carry
dansyl and/or pyrenesulfonyl fluorescent units. For the sake
of comparison, the fluorescence properties of reference
compounds for the dansyl and pyrenesulfonyl moieties, Da
and Py, have also been examined.


Abstract: A series of amide-based mo-
lecular knots equipped selectively with
fluorescent dansyl and/or pyrenesulfon-
yl moieties were synthesized from the
readily available tris ACHTUNGTRENNUNG(allyloxy)knotane.
UV/Vis absorption spectra, emission
spectra, and the emission lifetimes of
the fluorescent knotanes were investi-
gated in chloroform at 298 K. The ab-
sorption spectra of the knotanes corre-
spond to those of mixtures of their
UV-active constituents. The fluores-
cence quantum yields and lifetimes of
the dansyl and pyrenesulfonyl moieties
are partly quenched by the knotane
platform. In the KN(Da)2(Py) species,
the fluorescent excited state of the
dansyl units (lmax=510 nm) lies at


lower energy than the fluorescent ex-
cited state of the pyrenesulfonyl unit
(lmax=385 nm), the emission of which
is accordingly quenched with sensitiza-
tion of the dansyl fluorescence. In the
KN(Ao)2(Da), KN(Ao)(Da)2, and
KN(Da)3 species, the addition of acids
causes the protonation of their dansyl
units with a consequent decrease in the
intensity of the dansyl band at 510 nm
and appearance of the emission band
of the protonated dansyl unit (lmax=


340 nm). Each dansyl unit of


KN(Ao)(Da)2 and KN(Da)3 undergoes
the independent protonation. In these
incompletely protonated knot ACHTUNGTRENNUNGanes the
fluorescence of the protonated dansyl
units is partly quenched by nonproto-
nated ones. These processes can be
quantitatively reversed upon addition
of a base. In KN(Da)2(Py), an increase
of the fluorescence of its py-
ACHTUNGTRENNUNGrenesulfonyl group is observed when
the dansyl groups are protonated. The
results obtained show that the readily
available and easily functionalizable
amide-knotanes can be used as an in-
teresting scaffold to obtain fluorescent
switches.


Keywords: energy transfer · fluo-
rescence · molecular knots · proto-
nation · supramolecular chemistry
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Results and Discussion


Absorption and emission spectra : Tris ACHTUNGTRENNUNG(allyloxy)knotane
KN(Ao)3 does not exhibit any significant absorption above
350 nm and shows no emission. Figure 1 shows the absorp-
tion spectra of KN(Ao)2(Da), KN(Ao)2(Py) and the refer-
ence dansyl (Da) and pyrensulfonyl (Py) compounds. As
seen, in both cases the absorption spectra of the knotanes
are slightly red-shifted relative to those of the reference
compounds. Their fluorescence spectra (Figure 2) are also
slightly red-shifted and partly quenched. Notably, the emis-
sion spectrum of KN(Ao)2(Py) is considerably less struc-
tured and more intense above 425 nm than that of the refer-


ence compound Py, with a
weak and broad band in the
400–500 nm region that over-
laps the structured emission of
the Py moiety (Figure 2).


In the case of KN(Ao)2(Da),
the emission quantum yield de-
creases from 0.40 for the Da
reference compound to 0.005,
and the lifetime drops from
15.3 ns to less than 1 ns
(Table 1). Since the knotane
does not show any energy level
lower than the fluorescent ex-
cited state of dansyl, the most
likely quenching mechanism ap-
pears to be electron transfer
from pyridine to the dansyl ex-
cited state. The excitation spec-
trum (emission at 500 nm)
showed that the light absorbed
by the intense band of the knot-
ACHTUNGTRENNUNGane below 350 nm does not con-
tribute to the fluorescence in-
tensity of the Da moiety.


In line with our expectations,
the absorption spectra of
KN(Ao)(Da)2 and KN(Da)3


contain proportionally increas-
ing intensity of the dansyl band
relative to KN(Ao)2(Da). The
fluorescence spectra and the
emission quantum yields of the
bis- and trisdansyloxy knotanes
are the same as those of the
monodansylated derivative
KN(Ao)2(Da) (Table 1).


In the case of KN(Ao)2(Py),
the emission quantum yield de-
creases from 0.30 for the Py
reference compound to 0.20;
the light absorbed by the knot-
ACHTUNGTRENNUNGane scaffold (excitation
<350 nm) does not contribute


to the fluorescence band of the knot. The pyrenesulfonyl
reference compound Py exhibits a single exponential decay
(7.2 ns), whereas KN(Ao)2(Py) shows a double exponential
decay (4.3 and 1.4 ns). This result, together with the shape
of the band (Figure 2), indicates that emission of
KN(Ao)2(Py) originates from two distinct excited states,
namely the fluorescent excited state of the pyrensulfonyl
moiety and a lower-energy excited state that can be assigned
to an exciplex formed by interaction of the pyrenesulfonyl
excited state with a pyridine unit of the knotane. The longer
lifetime has to be related to the exciplex emission, since its
contribution increases on moving towards the tail of the
emission band.
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Figure 3 shows the absorption and emission spectra of the
compound that contains two dansyl and one pyrenesulfonyl
substituents, KN(Da)2(Py), and, for comparison purposes,
those of KN(Ao)2(Py). The absorption spectrum of
KN(Da)2(Py) in the 320–450 nm region is dominated by the
intense bands of the pyrenesulfonyl unit, but there is also a
clear contribution around 350 nm by the two dansyl units.


As far as the emission spectrum is concerned (excitation at
354 nm), the pyrene band is clearly present and in its tail a
weak dansyl band can also be detected (Figure 3, inset).
Quantitative comparison, after correction for the fraction of
absorbed light by the various moieties, shows that the emis-
sion intensities of the pyrenesulfonyl unit decreases from
0.20 to 0.10 in going from KN(Ao)2(Py) to KN(Da)2(Py),
and that the intensity of the dansyl band in KN(Da)2(Py) is
at least 1.5 times more intense than that observed for
KN(Ao)2(Da). This result indicates that a relatively efficient
(ca. 50%) energy transfer from the excited pyrenesulfonyl
moiety to the dansyl units takes place. For KN(Da)2(Py),
the fluorescence intensity shows a multiexponential decay,
with a predominant contribution of a 0.9 ns component at
420 nm.


Protonation of the dansyl moieties : It is known[4] that the
amino group of the dansyl chromophoric unit can be quanti-
tatively protonated by trifluoromethylsulfonic (triflic) acid
in organic solvents, with strong changes in the absorption
and emission spectra. We have found that both reference
compound Da and the dansyl moieties of KN(Ao)2(Da),
KN(Ao)(Da)2, and KN(Da)3 exhibit such spectral changes.[5]


Upon protonation, the characteristic absorption band of the
dansyl chromophoric group at 350 nm disappears and a
shoulder arises around 295 nm; at the same time, the dansyl
emission band at 500 nm progressively disappears, being re-
placed by the naphthalene-like emission of the DaH+


moiety with maximum at about 340 nm (see, e.g.,
Figure 4).[6] The process is quantitatively reversed upon ad-
dition of a base. Since the normalized ([H+] per dansyl unit)
changes in the absorption intensities of the titration plots
practically coincide with those observed for the reference
compound Da, each dansyl unit of KN(Ao)(Da)2 and
KN(Da)3 undergoes independent protonation. It should also
be noted that the titration plots obtained from the decrease
in the absorption and emission bands of the Da moiety coin-


Figure 1. Absorption spectra of KN(Ao)2(Da) (solid line), KN(Ao)2(Py)
(dotted line) and the reference dansyl (Da, dashed line) and pyrenesul-
fonyl (Py, dashed dotted line) compounds in chloroform at 298 K.


Figure 2. Emission spectra of KN(Ao)2(Da) (solid line), KN(Ao)2(Py)
(dotted line) and the reference dansyl (Da, dashed line) and pyrenesul-
fonyl (Py, dashed dotted line) compounds in chloroform at 298 K. Excita-
tion at 350 nm of isoabsorbing solutions.


Table 1. Luminescence quantum yields and lifetimes in chloroform solu-
tion at 298 K.


Fem t [ns] Fem t [ns]


Da 0.40 15.3 Py 0.30 7.2
KN(Ao)2(Da) 0.005 <0.5 KN(Ao)2(Py) 0.20 1.4, 4.3[a]


KN(Ao)(Da)2 0.005 <0.5 KN(Da)2(Py) 0.10 0.9[b]


KN (Da)3 0.005 <0.5


[a] Above 500 nm. [b] Predominant component at 420 nm of a multiexpo-
nential decay.


Figure 3. Absorption and emission spectra of KN(Da)2(Py) (solid line)
and KN(Ao)2(Py) (dotted line) in chloroform at 298 K. Excitation wave-
length: 354 nm. Inset shows the dansyl emission band, obtained by sub-
traction of normalized emission spectra of KN(Da)2(Py) and
KN(Ao)2(Py).
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cide, while those obtained from the increase in the DaH+


emission band is less steep than the corresponding increase
in the DaH+ absorption band (see, e.g., Figure 4 inset). This
result shows that, when both Da and DaH+ are present in
the same knot, the fluorescence of DaH+ is partly
quenched, whereas that of the Da moiety is unaffected. By
contrast, mutual quenching of the two types of excited moi-
eties had been previously observed in the acid titration of
polydansyl dendrimers in which the two chromophoric
groups are much closer.


We have also verified that the absorption and fluores-
cence spectra of the pyrenesulfonyl derivative KN(Ao)2(Py)
are not affected by addition of acid.


In the case of KN(Da)2(Py), the addition of triflic acid
causes changes in the absorption spectrum consistent with
protonation of the dansyl moieties. The changes in the emis-
sion spectrum (Figure 5) indicate that, as expected, the band
of the dansyl unit around 500 nm disappears and the band
of the protonated dansyl at 340 nm arises; these changes are
accompanied by a noticeable increase in intensity of the
pyrene band at around 400 nm. It should be noted that,
while the decrease of dansyl fluorescence intensity is accom-
panied by a parallel decrease of the dansyl absorption band,
the increase in intensity of the protonated dansyl emission
at 340 nm is less steep than expected from the fraction of
protonated dansyl units, as estimated from the increase of
the DaH+ absorption at 294 nm (Figure 5, inset). The in-
crease of the protonated dansyl emission is accompanied by
an increase of pyrene fluorescence intensity: this result is
not only to the disappearance of the Da moieties that
quench the excited Py unit (vide supra), but also to sensiti-
zation of the pyrene emission by the excited DaH+ moieties.
Indeed, protonation causes a switching in the energy level
of the dansyl unit, as schematically shown by the energy
level diagram of Figure 6. The overlap of the absorption


bands of the three chromophoric groups does not allow us
to draw quantitative conclusions, although the apparent lack
of quenching of the weak DaH+ emission (Figure 5) sug-
gests that energy transfer from the excited DaH+ moieties
to the Py unit does not occur, perhaps because of the very
short lifetime of the donor.


Conclusion


We have investigated the photophysical properties of the
KN(Ao)2(Da), KN(Ao)(Da)2, KN(Da)3, KN(Ao)2(Py), and
KN(Da)2(Py) compounds obtained by selective peripheral
functionalization of amide-knotane (KN) with dansyl (Da),
and pyrenesulfonyl (Py) units. In a formal way, the selective-
ly functionalized nanometric knotane platform can be com-
pared with a metal ion capable of coordinating three ligands.
Indeed, it is possible to prepare homo- and heteroleptic


Figure 4. Changes in the emission spectrum of KN(Ao)(Da)2 in chloro-
form upon addition of triflic acid. Excitation at 278 nm (isosbestic point).
The band at 680 nm is an artifact, due to the second harmonic of the
band at 340 nm. Inset shows the normalized absorption (294 nm * and
360 nm &) and emission (340 nm ~ and 530 nm *) titration profile.


Figure 5. Changes in the emission spectrum of KN(Da)2(Py) in chloro-
form upon addition of triflic acid. Excitation at 278 nm (isosbestic point).
Inset shows the normalized absorption (294 nm * and 360 nm &) and
emission (340 nm ~ and 530 nm *) titration profile.


Figure 6. Schematic diagram of the relevant energy levels involved in the
described absorption and emission bands of KN(Da)2(Py) and KN-
ACHTUNGTRENNUNG(DaH+)2(Py). For the sake of clarity, radiationless decay has been omit-
ted.
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knotane derivatives in a similar way as homo- and hetero-
leptic metal complexes.[7] The analogy can be further pur-
sued: 1) there is an interaction between the appended chro-
mophoric groups and the knotane platform, as in the case of
ligands with metal;[8] 2) in heteroleptic knotane derivatives
there can be electronic interaction between two different
chromophoric units, as may happen between two different
ligands in heteroleptic metal complexes.[9]


The KN(Ao)2(Da), KN(Ao)(Da)2, KN(Da)3,


KN(Ao)2(Py), and KN(Da)2(Py) knotanes show interesting
fluorescent properties. Knotanes KN(Ao)2(Da),
KN(Ao)(Da)2, KN(Da)3 exhibit the characteristic dansyl
fluo ACHTUNGTRENNUNGrescence, strongly quenched by the scaffold. Upon addi-
tion of acid, the dansyl moieties undergo protonation with
replacement of the Da fluorescence (lmax=510 nm) with the
higher energy DaH+ emission (lmax=340 nm). In
KN(Ao)2(Py), the fluorescent band of the pyrenesulfonyl
unit is unaffected by acid addition, but partly quenched be-
cause of exciplex formation. In the case of KN(Da)2(Py), an
energy-transfer process from the pyrenesulfonyl to the
dansyl units occurs, but, upon protonation of the dansyl moi-
eties, switching of the energy levels takes place (the energy
of the pyrenesulfonyl excited state lies above that of dansyl
and below that of protonated dansyl, Figure 6). As a conse-
quence, the intensity of the pyrene band increases.


When the energy of the fluorescent level of a unit can be
displaced by an external input, switching in the direction of
energy transfer processes can be obtained.[10] Even more in-
teresting, of course, would be fully heteroleptic nano-sized
species made of three, suitably designed appended units.


Experimental Section


Synthesis : Tris ACHTUNGTRENNUNG(allyloxy)knotane KN(Ao)3 was synthesized by our previ-
ously reported procedure.[2a] The preparation of the new fluorescent
knot ACHTUNGTRENNUNGanes KN(Ao)2(Da), KN(Ao)(Da)2, KN(Da)3, KN(Ao)2(Py), and
KN(Da)2(Py), in turn, follows the selective deprotection–sulfonylation
strategy.[2c]


The methods for preparation of tris ACHTUNGTRENNUNG(allyloxy)knotane (KN(Ao)3) and
bis(dansyloxy)allyloxyknotane (KN(Ao)(Da)2) were previously reported
by us.[2a,b] Model compound, 5-(dimethylamino)-1-naphthalenesulfonic
acid methyl ester (Da) was synthesized according to the literature proce-
dure.[11]


DansyloxybisACHTUNGTRENNUNG(allyloxy)knotane (KN(Ao)2(Da)): Dansyl chloride (14 mg,
0.051 mmol) dissolved in dry dichloromethane (2 mL) was added to a
stirred suspension containing bisACHTUNGTRENNUNG(allyloxy)monohydroxyknotane[2a]


(60 mg, 0.021 mmol) and triethylamine (0.1 mL, 0.7 mmol) in dry di-
chloromethane (10 mL). The reaction mixture was stirred at reflux for
two hours and the solvent was then removed under reduced pressure.
The crude product was purified by a column chromatography on silica
gel with CH2Cl2/ethylacetate (10:1) eluent. Yield: 60 mg (93%); m.p.
266 8C; 1H NMR (400 MHz, [D6]DMSO): d=0.05 (s, 3H; CH3), 0.85 (s,
3H; CH3), 0.96 (s, 6H; CH3), {1.24, 1.36, 1.47, 1.48, 1.57, 1.60, 1.82 (br),
1.99, 2.18, 2.25 2.26, 2.28, 2.32} (144H; CH2, CH3), 2.86 (s, 6H; NCH3),
4.88 (m, 4H; OCH2), 4.99 (t, J=7 Hz, 1H; ArH), 5.32–5.48 (m, 4H;
CH2=CH), 5.84 (d, J=7 Hz, 1H; ArH), 6.07 (m, 2H; CH=CH2), {6.41,
6.44, 6.51, 6.64, 6.80, 6.89, 6.96, 7.16, 7.20, 7.33, 7.36, 7.38, 7.44, 7.51, 7.55,
7.57, 7.68, 7.76, 7.77, 7.79, 7.80, 7.81, 7.82, 7.86, 7.87, 7.88, 7.90, 7.92, 8.28,
8.29, 8.30, 8.67 (d, J ACHTUNGTRENNUNG(H,H)=8 Hz, 1H)} (ArH), {8.27, 8.58, 9.05, 9.13,
9.32, 9.36, 9.41, 9.56, 9.77, 10.19, 10.21, 10.48, 10.51, 10.99, 11.00, 11.03,


11.06 ppm} (NH); FAB MS: m/z : 3079.40 [M+H]+ ; calcd monoisotopic
peak (12C195


1H209
14N16


16O17
32S): 3078.56.


Tris(dansyloxy)knotane KN(Da)3 : Dansyl chloride (40 mg, 0.15 mmol)
dissolved in dry acetonitrile (5 mL) was added to a stirred solution of tri-
hydroxy-knotane 7 (40 mg, 0.015 mmol) and triethylamine (0.2 g,
2 mmol) in dry acetonitrile (10 mL). The reaction mixture was stirred at
room temperature for two hours and the solvent was then evaporated
under reduced pressure. The crude product was purified by a column
chromatography on silica gel with CH2Cl2/ethylacetate (20:3). Yield:
44 mg (72%); m.p. 232 8C; 1H NMR (400 MHz, [D6]DMSO): d=0.02 (s,
3H; CH3), 0.83 (s, 3H; CH3), 0.89 (s, 3H; CH3), 0.92 (s, 3H; CH3), {1.24,
1.31, 1.33, 1.44, 1.52, 1.59 (br), 1.79 (br), 1.93, 2.13, 2.16, 2.21, 2.26, 2,29}
(144H; CH2, CH3), 2.86 (s, 18H; NCH3), 4.94 (t, J=7 Hz, 1H; ArH),
5.27 (s, 1H; ArH), 5.79 (d, J=7 Hz, 1H; ArH), {6.41, 6.42, 6.48, 6.60,
6.62, 6.79 (br), 6.88, 6.94, 6.96, 7.15, 7.32, 7.36, 7.38, 7.42, 7.49, 7.51, 7.52,
7.56, 7.64–7.69, 7.75–7.89, 8.26, 8.27, 8.28, 8.30, 8.67 (d, J ACHTUNGTRENNUNG(H,H)=8 Hz,
3H)} (ArH), {8.24, 8.56, 9.05, 9.12, 9.33, 9.39, 9.77, 10.12, 10.49, 10.53,
10.97, 11.00 ppm} (12H; NH); FAB MS: m/z : 3466.70 [M+H]+ ; calcd
monoisotopic peak (12C213


1H223
14N18


16O21
32S3): 3464.60.


Pyrenesulfonyloxybis ACHTUNGTRENNUNG(allyloxy)knotane KN(Ao)2(Py): Pyrenesulfonyl
chloride (22 mg, 0.073 mmol) dissolved in dry dichloromethane (2 mL)
was added to a stirred solution of bisACHTUNGTRENNUNG(allyloxy)monohydroxyknotane[2a]


(60 mg, 0.021 mmol) and triethylamine (0.1 mL, 0.7 mmol) in dry acetoni-
trile (10 mL). The reaction mixture was stirred at room temperature for
two hours and the solvent was then removed under reduced pressure.
The crude product was purified by a column chromatography on silica
gel with CH2Cl2/ethylacetate (10:1) eluent. Yield: 63 mg (89%); m.p.
279 8C; 1H NMR (400 MHz, [D6]DMSO): d=0.05 (s, 3H; CH3), 0.85 (s,
3H; CH3), 0.95 (s, 6H; CH3), {1.24, 1.35, 1.44, 1.56, 1.82 (br), 1.88, 1.99,
2.08, 2.18, 2.25 2.26, 2.28, 2.31} (144H; CH2 and CH3), 4.87 (m, 4H;
OCH2), 4.98 (t, 3J ACHTUNGTRENNUNG(H,H)=7 Hz, 1H; ArH), 5.31–5.47 (m, 4H; CH2=H),
5.81 (d, 3J ACHTUNGTRENNUNG(H,H)=7 Hz, 1H; ArH), 6.08 (m, 2H; CH=H2), {6.41, 6.44,
6.51, 6.64, 6.80, 6.89, 6.96, 7.16, 7.20, 7.33, 7.36, 7.38, 7.44, 7.51, 7.55, 7.57,
7.68, 7.76, 7.77, 7.79, 7.80, 7.81, 7.82, 7.86, 7.87, 7.88, 7.90, 7.92, 8.28–8.67,
8.70 (d, 3J ACHTUNGTRENNUNG(H,H)=8 Hz, 1H; ArH), 8.96 (d, 3J ACHTUNGTRENNUNG(H,H)=9.2 Hz, 1H; ArH)}
(ArH), {8.26, 8.57, 9.05, 9.12, 9.31, 9.35, 9.41, 9.56, 9.78, 10.20, 10.42,
10.48, 10.52, 10.92, 10.96, 10.99, 11.00 ppm} (NH); FAB MS: m/z : 3109.50
[M+H]+ ; calcd monoisotopic peak (12C199


1H206
14N15


16O17
32S): 3109.56.


Pyrenesulfonyloxybis(dansyloxy)knotane KN(Da)2(Py): Pyrenesulfonyl
chloride (11 mg, 0.036 mmol) dissolved in dry acetonitrile (5 mL) was
added to a stirred solution of hydroxylbis(dansyloxy)knotane[2a] (40 mg,
0.012 mmol) and triethylamine (0.2 g, 2 mmol) in dry acetonitrile
(10 mL). The reaction mixture was stirred at room temperature for two
hours and the solvent was then evaporated under reduced pressure. The
crude product was purified by a column chromatography on silica gel
with CH2Cl2/ethylacetate (20:3). Yield: 34 mg (82%); m.p. 190 8C;
1H NMR (400 MHz, [D6]DMSO): d=0.05 (s, 3H; CH3), 0.85 (s, 3H;
CH3), 0.96 (s, 6H; CH3), {1.24, 1.36, 1.47, 1.48, 1.57, 1.60, 1.82 (br), 1.99,
2.18, 2.25 2.26, 2.28, 2.32} (144H; CH2 and CH3), 2.86 (s, 12H; NCH3),
{4.98 (t, J=7 Hz, 1H), 5.25 (s, 1H) 5.78 (d, J=7 Hz, 1H), 6.41, 6.44, 6.51,
6.64, 6.80, 6.89, 6.96, 7.16, 7.20, 7.33, 7.36, 7.38, 7.44, 7.51, 7.55, 7.57, 7.68,
7.76, 7.77, 7.79, 7.80, 7.81, 7.82, 7.86, 7.87, 7.88, 7.90, 7.92, 8.28, 8.29, 8.30,
8.67 (d, J ACHTUNGTRENNUNG(H,H)=8 Hz, 1H), 8.70 (d, 3J ACHTUNGTRENNUNG(H,H)=8 Hz, 1H; ArH), 8.96 (d,
3J ACHTUNGTRENNUNG(H,H)=9.2 Hz, 1H; ArH)} (ArH), {8.23, 8.57, 9.03, 9.11, 9.29, 9.36,
9.39, 9.74, 10.08, 10.11, 10.41, 10.45, 10.49, 10.91, 10.94, 10.96, 11.00 ppm}
(NH); MALDI-TOF MS: m/z : 3495.88 [M+H]+ ; calcd monoisotopic
peak (12C217


1H220
14N17


16O21
32S3): 3495.58.


Pyrenesulfonic acid n-propyl ester (Py): Pyrenesulfonyl chloride (50 mg,
0.17 mmol) dissolved in dry n-propanol (3 mL) was injected into a stirred
10% solution of sodium propanolate in n-propanol (30 mL). (The solu-
tion of sodium propanolate was freshly prepared by dissolving sodium in
dry n-propanol.) The reaction mixture was then heated at 50 8C for 3 h.
The mixture was reduced in volume to 10 mL, poured into water
(100 mL) and extracted with dichloromethane (2U70 mL). The solvent
was dried over Mg2SO4 and evaporated in vacuum. The crude product
was purified on silica gel with dichloromethane/ethylacetate (20:1) eluant
resulting in a colorless solid. Yield: 51 mg (79%); m.p. 149 8C; 1H NMR
(400 MHz, CDCl3): d=0.82 (t, 3J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 3H; CH3), 1.62 (m, 2H;
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CH2), 4.00 (t, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 3H; CH3), 8.12–8.16 (m, 2H; ArH), 8.24
(d, 3J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 1H; ArH), 8.26 (d, 3J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 1H; ArH),
8.33–8.37 (m, 3H; ArH), 8.70 (d, 3J ACHTUNGTRENNUNG(H,H)=8 Hz, 1H; ArH), 8.94 ppm
(d, 3J ACHTUNGTRENNUNG(H,H)=9.2 Hz, 1H; ArH); 1H NMR (125 MHz, CDCl3): d=10.01,
22.32, 72.53, 123.65, 123.75, 123.88, 125.17, 127.01, 127.02, 127.20, 127.21,
127.69, 127.77, 128.86, 130.27, 130.39, 130.74, 130.94, 135.52 ppm; elemen-
tal analysis calcd (%) for C19H16O3S (324.39): C 70.35, H 4.97, S 9.88;
found: C 70.32, H 4.70, S 9.95.


Photophysical experiments : All the experiments were carried out in
chloroform at room temperature (298 K). Equipment used for recording
absorption, emission, and excitation spectra and for measuring emission
lifetime have been previously described.[12] Fluorescence quantum yields
were measured following the methods of Demas and Crosby[13] (standard
used: anthracene in ethanol, F=0.27[14]). When necessary, correction for
the fraction of absorbed light was performed.


Acid titrations were monitored by changes in absorption and emission
spectra. In the latter case, excitation was performed in an isosbestic point
of the Da and DaH+ units (278 nm).
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Visual Artificial Tongue for Quantitative Metal-Cation Analysis by an
Off-the-Shelf Dye Array


Jae Wook Lee,[a] Jun-Seok Lee,[a] Mira Kang,[a] Andrew I. Su,[b] and Young-Tae Chang*[a]


Introduction


Organic dyes that change color in response to analyte(s)
have been used as optical/visual sensors for more than one
hundred years.[1] This colorimetric test is attractive because
the color change can be detected with the naked eye, thus,
no instrumentation is required, and some degree of quanti-
tative analysis is often possible. Photometric measurements
of color intensity at defined wavelength(s) enable the sys-
tematic quantitative analysis of the analytes by comparison
with calibration curves. These conventional approaches to
chemical sensors exploit usually a one-analyte-versus-one-
sensor methodology, hopefully without interference by other
elements in the sample. Thus, in most cases, the main issue


is the selectivity of the sensor toward only the target ana-
lyte, which is highly challenging.


Our taste and smell sensory organs (tongue and nose)
possess between dozens and hundreds of receptors[2] and
can differentiate and identify tens of thousands of different
tastes and smells by analyzing the unique patterns of re-
sponse generated by each receptor. Notably, in this pattern
analysis, each individual receptor does not need to be specif-
ic or selective to a given analyte for identification to be suc-
cessful. Inspired by this combinatorial sensing approach of
Mother Nature, many artificial sensory systems using multi-
ple probes or sensor arrays based on electronic or optical
measurements have been developed.[3,4] Although most
studies required a careful rational design and synthesis of re-
ceptor/probe molecules, commercially available off-the-shelf
dyes were also used successfully in the discrimination of
multiple analytes. For example, Sessler et al. reported a col-
orimetric anion probe composed of commercial dye solu-
tions combined with qualitative naked-eye detection.[5] Sus-
lick et al. used organic indicator dyes spotted on a hydro-
phobic surface for various analytes,[6,7] and the color change
was monitored in terms of RGB (red, green, blue) color
values for systematic quantitative analysis. In contrast to the
solid-surface-assisted dye arrays, more-conventional solu-
tion-phase analysis has its own unique advantages, especially
if the analyte is in liquid form, that is, in tongue format.


Abstract: A chemical-probe array com-
posed of 47 off-the-shelf dyes was pre-
pared in solution format (New York
Tongue 1: NYT-1) and was tested in
the identification and quantitation of
47 cation analytes, including 44 metal
ions, in addition to H+ , NH4


+ , and tet-
rabutylammonium (TBA). The cation
solutions were tested in a series of con-
centrations and the fold-change in ef-
fective absorbance was analyzed by
principal-component analysis (PCA),
hierarchical-cluster analysis (HCA),


and nearest-neighbor decision to deter-
mine both identity and quantity of the
analytes. Apart from alkali-metal ions
(Na+ , K+ , Li+ , Cs+ , and Rb+), which
behave very similarly to each other due
mainly to their low response, most of
the cations were clearly distinguishable


at 10 mm concentration. The practical
detection limit of each analyte was also
determined by a sequential dilution
and the nearest-neighbor decision
method. In the finalized working ana-
lyte concentration range (approxi-
mately 10 mm down to 0.33 mm), by
considering alkali metals as one analyte
group, most of the analytes were cor-
rectly identified (99.4 %). Furthermore,
the success rate at which the concentra-
tion of each analyte was correctly de-
termined was also high (96.8 %).
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dyes/pigments · hierarchical-cluster
analysis · principal-component anal-
ysis
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These include the non-requirement of probe immobilization,
homogeneous interaction of analyte with probes, fast kinet-
ics of analyte delivery to probes, and the availability of
quantitative spectrophotometric measurement by using
standard 96- or 384-well (or even higher density) microtiter-
plate readers. Although these advantages are known, the
systematic acquisition and processing of large amounts of
data for a solution-dye-probe array, especially against large
numbers of analytes, has not yet been fully exploited. For
example, Wolfbeis et al. used eight fluorescence indicators
to analyze five metal cations,[8] and Mueller-Ackermann
et al. used seven fluorescence chelators for the determina-
tion of mixtures with four heavy-metal cations.[9] Niessner
et al. used four fluorescence dyes to analyze quantitatively
seven metal cations,[10] and Suzuki et al. used three metallo-
chromic dyes on three metal cations for qualitative and
quantitative analysis by neural network inversion.[11] Herein,
we report the construction of a universal probe array by
using off-the-shelf commercial dyes and we demonstrate its
systematic application to the extensive analysis of metal cat-
ions covering most of the commercially available metal cat-
ACHTUNGTRENNUNGions.


Results and Discussion


To select desirable probe-array components, 140 commercial
dyes, including triphenyl, azo, naphthyl, acridine, and hydro-
quinones, some of which are known indicators for various
organic and inorganic analytes, were collected and tested for
their sensing performance against a broad range of metal
cations. For reproducible spectrophotometric data acquisi-
tion, the test solution must be homogeneous over the mea-
ACHTUNGTRENNUNGsurement period and the color change should be fast and
sustained. By using these criteria, the 47 most-sensitive and
stable dyes were selected (the details of the selection proce-
dure are given in the Experimental Section, see also Fig-
ure S1). Following the convention of naming a dye with a
color and the area of its production, we dubbed our dye
array “New York Tongue 1 (NYT-1).”


Metal cations are accompanied by counteranions, and it is
possible that the probe response is due not only to cations,
but also to anions. We tested a series of sodium and tetrabu-
tylammonium (TBA) salt solutions with various anions, such
as halide, acetate, nitrate, perchlorate, sulfate, and phos-
phate in NYT-1. Interestingly, halides (except fluoride) and
nitrate showed minimal responses to NYT-1 in both Na+


and TBA salts, whereas other anions showed high responses.
Considering the solubility and stability of the salts in water,
we selected nitrate as the anion counterpart and collected
44 commercially available metal nitrates in addition to nitric
acid (H+), ammonium nitrate (NH4


+), and TBA-nitrate for
comparison (Figure S2). For the demonstration of distin-
guishing cation identity, we used 42 cations that were fully
soluble at 10 mm concentration. The absorbance spectra
were measured in 384-well-plate format, and the fold-
change of absorbance for each dye at its lmax was calculated


for quantitative analysis (see details in Experimental Sec-
tion). The log value of fold-change, “logF” was used for
principal-component analysis (PCA) and hierarchical-cluster
analysis (HCA).


PCA is a mathematical transformation that reduces the
dimensionality of the data sets by transforming to a new set
of variables.[12] The PCA results of all 42 cations along with
their pH profiles is presented by the first two principal com-
ponents in Figure 1A. Four independent data sets of individ-
ual cations were plotted close to or overlapping with each
other, which demonstrated the low error range and the high
reproducibility of the experiment.


First of all, it was apparent that alkali-metal ions (Na+ ,
K+ , Li+ , Cs+ , and Rb+) were clustered very closely to each
other and were practically indistinguishable (zoomed picture
in Figure 1B). It seems this is due mainly to the intrinsic low
response of alkali-metal ions to the probe dyes and, thus, all
the spots in PCA are positioned close to the control spot
(water). NH4


+ (Amm) also showed a low response, howev-
er, it was clearly distinguishable from the alkali metals in
PCA.


Another interesting group of analytes in the PCA plot
were the lanthanide metal ions (La3+ , Ce3+ , Sm3+ , Eu3+ ,
Gd3+ , Tb3+ , Dy3+ , Ho3+ , Er3+ , Lu3+), which may reflect
their similar chemical properties, at least in terms of their
interaction with the probe dyes (Figure 1C).


Notably, the pH-profile spots are separated completely
from the cation spots and are fully distinguishable from any
of the metal cations (Figure 1A). Although it was apparent
that the pH effect was reflected in our PCA data (most of
the known metal indicators respond to pH), this full separa-
tion of each analyte demonstrates clearly that the interac-
tion of cations with NYT-1 also generates unique pH-inde-
pendent patterns. One alternative possibility may be the use
of buffer solution to suppress the pH effect. However, we
decided to use simple water, for the following reasons. First-
ly, the pH difference itself provides important information
for each analyte and we actively accommodate the proper-
ties into the analysis as a parameter. Secondly, the range of
buffers is too large and depends on their composition (cat-
ACHTUNGTRENNUNGions and anions) and pH, which can potentially interfere
with the measurements. Thirdly, different buffers permit dif-
ferent solubilities for each metal nitrate, which limits the
universality of the analyte type and concentration. Lastly, if
real-world sample application is concerned, a minimum
change in the analyte sample is desirable without additional
sample preparation, that is, buffering.


In parallel with PCA, the logF data were also analyzed by
HCA, another popular clustering analysis method that is
widely used for microarray data analysis.[13] Results of ag-
glomerative hierarchical-clustering, along with heat-map
analysis results in four replicating data sets are summarized
in Figure 2. The lengths of the horizontal lines represent
their relative differences in terms of Euclidian distance.
Most of the metal cations are clearly separated, except the
alkali-metal ions, which are all overlapped and are not dis-
tinguishable. NH4


+ groups were embedded in the middle of
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alkali-metal clusters, but a separate cluster for NH4
+ was


still identified. Considering both the PCA and HCA results,
the five alkali-metal ions were bundled together as one ana-
lyte group, marked as “alkali.” With the exception of the
alkali-metal ions, only Gd3+ was partially co-clustered with
Eu3+ .


Although both PCA and HCA are useful visualization
tools, they cannot present the full comparison in the two-di-
mensional figures shown. For a simple quantitative analysis,
we decided to use the “nearest-neighbor decision”


method[14] by using Euclidian distances between data sets.
For each data set (test set), the Euclidian distances were cal-
culated from 167 other data sets (42 cations L four experi-
ments�the one test set itself). If two data sets are identical
(in case the fold-change is the same for every dye), the Eu-
clidian distance is zero. The data set with the lowest Euclidi-
an distance was selected as the best candidate for the test
set, and these two identities were compared to make a
“true” or “false” judgment. Permitting five alkali metals as
one group (labeled as “alkali”), from the 168 test sets, only


Figure 1. Principal-component analysis. A) PCA results with 42 analytes at 10 mm (data of four repeated experiments). First principal component has
41.2 % variance, second principal component has 25.9 % variance. First two components cover 67.1 % variance. B) Enlargement from (A) for alkali
metals that are grouped in narrow region. (C) Enlargement from (A) for lanthanide metals.
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one “false” was found in one set of Gd (misidentified as
Eu), and three other Gd sets made “true”.


Encouraged by the high accuracy of the identification of
42 cations at 10 mm concentration, our next challenge was
the quantitation of the analytes. The above 42 cations were
tested at a series of concentrations obtained by sequential
dilutions of approximately three-fold, that is, 10, 3.3, 1.0,
0.33, 0.1, 0.033, etc. mM, until the dye response was ap-
proaching zero. In addition, five more cations (Bi3+ , Hg+ ,
Hg2+ , Pd2+ , Tl3+) that were not included previously due to
their lower solubility were now added to the test; the high-
est concentration for Hg2+ was 3.3 mm, and for the other
four cations it was 0.33 mm. Most of the dyes were tested
down to 1 mm or even lower for several sensitive cations.


Initially, we tried to analyze all of the data by PCA and
HCA for each individual ion at different concentrations.
Clear concentration-dependent patterns were observed for
all of the analytes, and three examples (Ag+ , Cr3+ , Pb2+)
plotted by PCA are shown in Figure 3. As the concentration
decreases, the PCA spot approaches the control (water). Al-
though plotting all the data in one graph makes a visual
analysis difficult, the PCA plot for each analyte will serve as
a multidimensional standard curve for concentration deter-
mination.


To simplify the quantitative analysis, we applied the
“nearest-neighbor decision” to both the identification and
quantitation. At low concentrations, many of the data sets
generated “false” scores, due mainly to the low response to


the dyes. To determine the practical range of the analyte de-
tection, we trimmed off the “wrong” scored data sets start-
ing from the lowest concentration by applying the following
criteria; each analyte at a given concentration was tested
four times, and if three or four data sets give “true” scores,
then the whole group was scored as “true”, if not, “false”.
This tolerance accommodated an experimental error, such
as a pipetting error, that occurred in only one individual
well. This procedure was repeated until all the “wrong” low-
concentration data sets were removed. The final practical
detection ranges (10 down to 0.33 mm) of each analyte are
summarized in Figure S5.


From a total of 1320 surviving data sets (330 data groups
with four repeats), 1286 (97.4 %) gave the correct identity of
the analytes, and 1260 (95.5 %) gave correct answers for
both identity and concentration. Most of the 26 cases with
correct identity, but wrong concentration, were found at the
low-concentration range, and the degree of error lay within
one concentration step higher or lower. By considering 330
groups and by using the same criteria of three or four
“true” out of four, 308 (99.4 %) gave the correct identity,
and 300 (96.8%) gave correct answers for both identifica-
tion and concentration.


Conclusion and Perspectives


By carefully testing a total of 140 off-the-shelf dyes in terms
of response time, precipitation, and color change upon ana-
lyte treatment, 47 dyes were selected for artificial tongue
(NYT-1), and these were tested for 47 cation analytes, in-
cluding 44 metal ions. Following optimization of the analysis
method, we determined the practical concentration range of
detection for each individual cation with a high success rate
of identification and quantitation. By using this standard


Figure 3. Concentration profile obtained by PCA with three cation ana-
ACHTUNGTRENNUNGlytes. The red-brown point is the control point, which represents, theoret-
ically, no response to any dye.


Figure 2. Heat map (left) and agglomerative hierarchical-clustering analy-
sis (right) of cations at 10 mm. Heat map shows the pattern of responses
of the 47 dyes (horizontal axis) to the 42 cations, including five alkali
metals (vertical axis) for quadruple experiments. Green represents posi-
tive values of logF, red represent negative values.
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data set, any concentration (within this range) of nitrate
cation can, in principle, be analyzed for both identity and
concentration. If comparison of one data point (zero dimen-
sion) is insufficient for certainty, the data set from a sequen-
tial dilution of the unknown sample will allow comparison
of the concentration-dependent curve (one dimension) for
more-accurate analysis.


Although the first demonstration of NYT-1 was conduct-
ed for cation analytes, this artificial tongue and its analysis
method can, in principle, be extended easily to any other or-
ganic/inorganic analytes, and also to multicomponent mix-
ture samples. Although we have selected “nitrate” as an
anion partner for our current cation study due to its excep-
tionally low response to NYT-1, the real-world samples may
contain various kinds of anions that may affect significantly
the response of our tongue, thereby making their analysis
more complicated. By using the established procedure re-
ported here, we will study systematically the anion effects as
the next step in the general application of our tongue. Based
on the selectivity of the probes toward different classes of
analytes, either numerical analysis or further selection of
dye sets will hopefully provide a universal and practical
tongue for the qualitative and quantitative application to
real samples.


Experimental Section


Materials and general methods : The spectroscopy grade of dimethyl sulf-
oxide (DMSO, 99.9 % purity) was purchased from Acros. Deionized
water was prepared by using the Picosystem (filtering system) from
Hydro service and the supplied company. Unless otherwise mentioned,
all metal nitrates were purchased from Aldrich. AgNO3 and Bi ACHTUNGTRENNUNG(NO3)3


were purchased from Acros, and CdACHTUNGTRENNUNG(NO3)2 was purchased from Spectrum
Chemical. All dyes were purchased from Chem Service, Sigma, Fluka,
Acros, Fisher, Janssen, Allied Chemical, and Aldrich. Polystyrene 384-
well plates (clear, flat bottom) were purchased from Corning.


Instruments and computer software : All graphic data were recorded by
using a CCD camera (Cannon; Power Shot G5) equipped with a Spectro-
line model CC-88 analysis cabinet. All UV/Vis spectra were recorded
from 350–750 nm by using a plate reader (Molecular Device; Spectra
Max Plus 384). All image analyses were performed by using Adobe Pho-
toshop version 7.0. Principal-component analyses were performed by
using MatLab version 6.5, and the hierarchical-cluster analyses were per-
formed by using S-Plus version 6.2 Student Edition.


Probe-dye selection and optimization : A total of 140 commercial dyes,
including triphenyl, azo, naphthyl, acridine, and hydroquinones, some of
which are already known indicators for various organic and inorganic an-
alytes, were collected and dissolved in dimethyl sulfoxide (DMSO, 10–
100 mm) and then diluted in water. Because the relative amount of
DMSO varied according to the solubility and absorbance intensity of
each dye, to maintain the main aqueous environment, the DMSO ratio
was maintained in all cases below 5% in water. Dyes that are not fully
soluble in 5 % DMSO solution were excluded at this stage.


Dye solutions (30 mL each) were loaded into the wells of a 384-well mi-
crotitre plate and equivalent volumes of various metal salt solutions were
added to each well. Distilled water was used as control and the color
changes were monitored over 1 h by using a CCD camera and absorb-
ance plate reader. The absorbance of the dye solution was measured
within the wavelength range 350–750 nm at 10 nm intervals. By consider-
ing the absorbance change in response to analytes, the dye concentrations


were readjusted to ensure the absorbance did not exceed 1.3 at lmax to
avoid saturation.


We set up the criteria for selection of dyes as follows; the desirable
probe dyes 1) should not form precipitates upon analyte treatment
during the measurement time, 2) should change their color significantly
either in wavelength or intensity, and 3) should reach the end point of
color change within a reasonably short period.


The first test was precipitation. Although precipitation is a useful indica-
tion for qualitative analysis in specific analyte detection, it would disturb
the absorption spectra and homogeneity of the test solution, and, thus,
would generate poor reproducibility in quantitative measurement. From
this aspect, the highest concentrations of metal-ion stock solutions were
set as 20 mm (10 mm in final 1:1 mixtures with dyes) to avoid massive pre-
cipitation, which occurred in many combinations with higher ion concen-
trations. Even at 10 mm, some dyes underwent significant precipitation
within an hour (e.g., mordant black 11, Figure S1 a), so these dyes were
removed.


The second test was color change of dyes upon analyte addition. Some
dyes did not show a significant color or spectral change upon metal-ion
addition (e.g., benzene-azo-1-naphthylamine, Figure S1 b), so these dyes
were removed from the probe list.


The third test was kinetics of color change. In view of the spectrophoto-
metric measurement time of 20 min for one 384-well plate, the color
change should be fast (5 min is our criteria), and the new color should be
sustained over the next hour. Dyes that exhibit a slow development in
color (e.g., pararosaniline, Figure S1 c) were also removed from our can-
didate list.


From the dyes that satisfied the above three criteria, we selected a fur-
ther final 47 dyes based on their diverse response to various analytes
(e.g., mordant blue 29, Figure S1 d). In addition to these 47 dyes, water
was included in the array to check the intrinsic color of analytes, which
may also provide useful information. The concentration, % DMSO, and
absorbance wavelength for each dye in NYT-1 are summarized in
Table S1.


Array preparation and measurement : Dye test solutions (30 mL) were
placed into 384-well assay plates and then metal nitrate solutions (30 mL)
were added. After shaking for 10 s in the plate reader, the plate was left
for a further five minutes for full color development. The plate picture
was taken with the CCD camera and the UV/Vis spectrum was measured
by using the plate reader from 350–750 nm at 10 nm intervals.


Data acquisition and basic analysis method : The optimized dye solutions
of NYT-1 were placed in 384-well plates (30 mL each) in the order shown
in Figures S3 A,B. In this format, each dye occupies 2L 4 blocks. Next,
cation solutions prepared at three different concentrations (30 mL each)
were added to the upper three rows, and water was added to the last row
as control. The identical two columns provided duplicate experimental
data. After 5 min of mixing, the visual image of the plate was recorded
with the CCD camera and absorbance spectra were recorded by using
the plate reader (350–750 nm at 10 nm intervals). To confirm the repro-
ducibility of the generated data, the same experiment was repeated by
using another independent plate on a different day. Thus, a total of four
sets of data points were collected and analyzed.


First of all, the visual images before (Figure S3 A) and after (Figure S3 C)
addition of analyte were subtracted by using Photoshop software for
quick qualitative visual inspection (Figure S3 D). For quantitative analy-
sis, the absorbance values for 41 wavelengths (350–750 nm, every 10 nm)
were extracted from the spectral data. The data for analyte treatment
were compared to those of control in the forth row from the same
column to avoid plate-to-plate deviation. Although simple fold-changes
of absorbance from any wavelength(s) could be used for further analysis,
data from an arbitrarily chosen single wavelength has poor sensitivity/
high noise, and multiple wavelength measurements generate larger data
points, which make the analysis process more difficult and complicated.
We extracted the absorbance values from lmax to achieve maximum sensi-
tivity, and minimize the data size and noise level. The dye probes were
divided into two classes, depending on their responses to analytes. Some
dyes changed their absorbance intensity without significant lmax change.
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Other dyes showed changes in both absorbance intensity and maximum
wavelength. For the first class of dyes (class I), we used the absorbance
values at lmax (l0) for fold-change calculation (Figure S4 A). If the intensi-
ty of the analyte test is I 00 and that of the control is I0, the fold-change F
can be expressed as follows [Eq. (1)]:


F ¼ I 00
I0


ð1Þ


For the second class of dyes (class II), there are two lmax: one for control
(l1) and a new peak that appeared in the test solution (l2) (Figure S4 B).
The effective fold-change can be calculated as follows [Eq. (2)]:


F ¼
�
I1


I2


��
I 02
I 01


�
ð2Þ


I1 and I 01 refer to the absorbance values at l1, and I2 and I 02 refer to the
absorbance values at l2, for which I’ values are for the test solution and I
values are for the control. In Equation (2), the term I1


I2
is a normalization


factor, with which a nonresponding dye will give F=1 (no change).


Although this approach is much more sensitive than the use of values
from randomly chosen wavelength(s), if each lmax should be decided for
each test separately (maybe manually), the data manipulation is too labo-
rious, especially for massive data treatment. To minimize the work load
to a manageable level, we assumed that the wavelengths for each dye (l0


for class I dyes and l1, l2 for class II dyes) can be preset, although the
change in wavelength of each dye may depend on the analytes and their
concentrations generating various new maximum wavelengths. To test
the reliability of this hypothesis, the maximum wavelength change from
three concentrations (10, 3.3, 1 mm) of 41 cations (total of 23124 spectra)
were analyzed and we found that in 97 % of cases (22 386), the experi-
mental lmax values match the preset l0 or l1 or l2 values within an error
range of 20 nm. Actually, this is a much greater percentage than we ex-
pected and means that most of the dyes respond to different analytes in a
similar manner in terms of wavelength change, although the quantitative
changes in intensity vary. Thus, we can use the change in absorbance
near lmax for the majority of the data, and this method will contribute sig-
nificantly to the high sensitivity of the fold-change while minimizing the
data size. The l0, l1, and l2 preset values are summarized in Table S1.


Based on the preset wavelengths, the corresponding absorbance data
were extracted by using the macro function of the Excel program, and
the fold-changes were calculated according to Equations (1) and (2). The
log value of fold-change, “logF” was used for further analysis. For visual
presentation, the logF data were converted to a heat map (Figure S3 E,G:
green indicates the increase and red indicates the decrease of fold-
change) and bar graph (Figure S3 F). These two methods present the


same data in different formats, from which a clear trend of concentra-
tion-dependent pattern changes can be visualized.
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Abstract: (P)-(+)-Hexaspiro[2.0.0.0.
0.0.2.1.1.1.1.1]pentadecane [(P)-17] as
well as (M)-(�)- and (P)-(+)-octaspiro-
[2.0.0.0.0.0.0.0.2.1.1.1.1.1.1.1]nonade-
canes [(M)- and (P)-25]—enantiomeri-
cally pure unbranched [7]- and [9]trian-
gulanes—have been prepared starting
from racemic THP-protected (methy-
lenecyclopropyl)methanol 6. The rela-
tive configurations of all important in-
termediates as well as the absolute con-
figurations of the key intermediates
were established by X-ray crystal struc-
ture analyses. This new convergent ap-
proach to enantiomerically pure linear
[n]triangulanes for n=7, 9 was also
tested in two variants towards [15]tri-
angulane. Some of the most prominent
and unexpected features of the newly
prepared compounds are the remarka-
ble modes of self-assembly of the diols
(P)-14, (E)-(3S,3’S,4S,4’S,5R,5’R)-21,
(P)-(+)-22, and (E)-31 in the solid
state through frameworks of intermo-
lecular hydrogen bonds leading to, de-
pending on the respective structure,


nanotube- [(P)-14, (P)-(+)-22, and (E)-
31], honeycomb-like structures [(E)-
(3S,3’S,4S,4’S,5R,5’R)-21] or a supramo-
lecular double helix [(P)-(+)- and (M)-
(�)-22]. Liquid crystalline properties
of the esters and ethers of the diols
(P)-14, (P)-, and (M)-22 have also
been tested. Although all of these
[n]triangulanes have no chromophore
which would lead to significant absorp-
tions above 200 nm, they exhibit sur-
prisingly high specific rotations even at
589 nm with [a]20D =++672.9 (c=0.814 in
CHCl3) for (P)-(+)-17, +909.9 (c=
0.96 in CHCl3) for (P)-(+)-25, �890.5
(c=1.01 in CHCl3) for (M)-(�)-25, and
�1302.5 (c=0.36 in CHCl3) for (M)-
(�)-39, and the specific rotations in-
crease drastically on going to shorter
wavelengths. This outstanding rotatory
power is in line with their rather rigid


helical arrangement of s bonds, and ac-
cordingly these helically shaped un-
branched [n]triangulanes may be
termed “s-[n]helicenes”, as they repre-
sent the s-bond analogues of the aro-
matic p-[n]helicenes. Density function-
al theory (DFT) computations at the
B3LYP/6-31+GACHTUNGTRENNUNG(d,p) level of theory
for the geometry optimization and
time-dependent DFT for determining
optical rotations with a triplet-z basis
set (B3LYP/TZVP) reproduce the op-
tical rotatory dispersions (ORD) very
well for the lower members (n=4, 5)
of the s-[n]helicenes. For the higher
ones (n=7, 9, 15) the computed specif-
ic rotations turn out increasingly larger
than the experimental values. The re-
markable increase of the specific rota-
tion with an increasing number of
three-membered rings is proportional
neither to the molecular weight nor to
the number of cyclopropane rings in
these s-[n]helicenes.


Keywords: chirality · helical struc-
tures · optical rotations · self-assem-
bly · small ring systems
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Introduction


Although the so-called [n]triangulanes 1,[1] hydrocarbons
which consist of spiroannelated cyclopropane rings only,
have no chromophore that would lead to any significant ab-
sorption above 200 nm, the [4]- (2) and [5]triangulanes (3)
in enantiomerically pure form have been found to exhibit
remarkably high specific rotations even at 589 nm with
[a]20D =�192.7 [(M)-2, c=1.18, CHCl3)] or +373.0 [(P)-3, c=
1.18, CHCl3)].


[2] This outstanding rotatory power is in line
with their completely rigid helical arrangement of sigma
bonds, as the C2-symmetric molecules of (M)- and (P)-2–4
are sections of a helix, and therefore the stereochemical de-
scriptors for helicenes[3] should best be applied to 2 as well
as higher unbranched [n]triangulanes 1.[4]


As predicted by DFT calculations at a reasonably high
level of theory,[2b] the rotatory strengths of the [5]triangu-
lanes (M)-3 and (P)-3 turned out to be about twice as large
as those of the [4]triangulanes (M)-2 and (P)-2. However, it
remained an open question whether this good agreement
would also hold for the higher (M)- and (P)-s-[n]helicenes.
Thus, for the unbranched [6]triangulanes (M)-4 and (P)-4
the computed specific rotations at 589 nm ([a]20D =509.7) are
only 29% larger than those for (M)-3 and (P)-3. Whether or
not this may be attributed to the fact that the sum of all in-
terplanar angles between pairs of adjacent spiroannelated
cyclopropane rings reaches 3608 in the [5]triangulanes (M)-3
and (P)-3, while it is 4508 in [6]triangulanes (M)-4 and (P)-
4, may only be speculated about. In comparison to the
[n]triangulanes, the recently reported helical hydrocarbons
consisting of spiroannelated four-membered rings, which are
conformationally flexible, not only disclosed significantly
smaller specific rotations, but their values also decrease with
an increasing number of spirocyclobutanes in the helix.[5] To
systematically address the question, whether the specific ro-
tations of higher s-[n]helicenes keep increasing significantly
with increasing n, we set out to prepare several such higher
[n]triangulanes with n �7 in enantiomerically pure form.


Results and Discussion


Preparation of higher triangulanes and their derivatives in
enantiomerically pure form : Because of the rapidly growing


number of possible stereoisomers of higher [n]triangulanes
with increasing n,[6] and the fact that upon each addition of
a monosubstituted cyclopropanating reagent onto a methy-
lene[n]triangulane, two new stereogenic centers are created,
any linear synthesis such as the previously elaborated ap-
proaches to the enantiomerically pure [4]- and [5]triangu-
lanes,[2] would face severe problems of separation en route
to higher [n]triangulanes. Therefore new, more convergent
routes to (M)-(�)- and (P)-(+)-[n]triangulanes with n � 7
starting from the known a,w-difunctional chiral building
blocks (2-methylenecyclopropyl)methanol (5) and (4-meth-
ylenespiropentyl)methanol (10)[7] were taken into account.
The plan was to prepare from these the enantiomerically
pure (4,4-dibromospiropentyl)methanol [(1S,3R)-7] and (5,5-
dibromodispiro ACHTUNGTRENNUNG[2.0.2.1]heptyl)methanol [(1R,3S,4S)-19], re-
spectively, and apply the dehalogenative coupling of the 1-
bromo-1-lithiocyclopropanes generated from them in the
presence of cupric chloride according to the method of Neu-
enschwander et al.[8] by an improved protocol.[8f] The actual
starting material was the previously described 2-[(2-methy-
lenecyclopropyl)methoxy]tetrahydropyran (6),[7] to which di-
bromocarbene was added under phase-transfer catalysis
using KOH pellets according to a well-established protocol
(Scheme 1).[9] This cyclopropanation proceeded highly ste-
reoselectively and, after cleavage of the THP ether, afforded
dibromoalcohol rac-7 (54% overall yield) with an anti-ar-
rangement of its hydroxymethyl and dibromomethylene
groups, as confirmed by X-ray crystal structure analysis.[10]


Scheme 1. Preparation of enantiomerically pure starting materials
(1S,3R)-7, (1R,3S)-8, (1R,3S)-10, and (1S,3R)-11. a) CHBr3, KOH (pel-
lets), TEBACl, CH2Cl2, 20–25 8C, 3 h; b) MeOH, PPTS, 65 8C, 3 h; c)
Ac2O, Py, 0–20 8C, 6 h; d) lipase CES, CH2Cl2, phosphate buffer solution
(pH 7), 50 8C, 6 d; e) (S)-mandelic acid, pTsOH·H2O, benzene, molecular
sieves 4 U, 80 8C, 6 h; f) MeOH, H2SO4, 65 8C, 4 h; g) vinyl acetate, lipase
PS, Et2O, 0–20 8C, 6 h.
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The alcohol rac-7 was acetylated with acetic anhydride in
pyridine, and the acetate rac-8 was kinetically resolved by
means of enantioselective enzymatic deacylation with lipase
CES[11] to furnish (1S,3R)- and [(1R,3S)-4,4-dibromospiro-
pent-1-yl]methanol [(1S,3R)-7 and (1R,3S)-7] in 40 and 39%
yield, the latter after hydrolysis of the [(1R,3S)-4,4-dibromo-
spiropent-1-yl]methyl acetate [(1R,3S)-8], respectively. The
absolute configuration of the former was assigned on the
basis of the relative configuration of its ester with (S)-(+)-
mandelic acid (1’S,3’R,2S)-9 as determined by X-ray diffrac-
tion[10] (Scheme 1).


On the other hand, the methylenecyclopropane derivative
6 was converted in three steps into (4-methylenespiropent-1-
yl)methanol rac-10 according to the published procedure,[7a]


and rac-10 was kinetically resolved in �100 g quantities by
means of an enantioselective enzymatic acylation catalyzed
by lipase PS (Pseudomonas sp.), applying the previously
published protocol[2b,12] to afford the alcohol (1R,3S)-10 and
the acetate (1S,3R)-11.


Applying an improved protocol of the original one by
Neuenschwander et al.[8f] for the reductive dimerization of a
dibromocyclopropane via a copper carbenoid generated by
treatment of the dibromocyclopropane with n-butyllithium
in the presence of copper(ii) chloride, to the tetrahydropyra-
nyl ether (1S,3R)-12, prepared from the corresponding alco-
hol (1S,3R)-7 with an anti-arrangement of its hydroxymethyl
and dibromomethylene groups, yielded a mixture of the dia-
stereomeric bicyclopropylidene[13] derivatives (E)-13 and
(Z)-13 as diols after cleavage of the THP ethers (Scheme 2).
After chromatographic separation, (E)-(3R,3’R,4S,4’S)-13
and (Z)-(3R,3’R,4S,4’S)-13 with appropriate configurations
of the former towards the target continuously helical [7]tri-
angulane were obtained in 38% yield each. The assigned E
configuration of (E)-(3R,3’R,4S,4’S)-13 was confirmed by an
X-ray crystal structure analysis.[10]


Among several attempted cyclopropanations of the diol
(E)-(3R,3’R,4S,4’S)-13 (e. g. with CH2N2/PdACHTUNGTRENNUNG(OAc)2


[14] or with
CH2I2/AlMe3


[15]) only the old and nowadays rarely applied
MDllerVs modification[16c] of the MDller–Gaspar–Roth cyclo-
propanation protocol (with CH2N2/CuCl),


[16] albeit with a
tremendous excess of diazomethane and cuprous chloride,
gave the target [5]triangulane-1,7-dimethanol (1S,3R,4R,5R,
6R,7S)-14 [(P)-(+)-14] (assigned on the basis of its relative
configuration as disclosed by X-ray crystal structure analy-
sis[10]) in 22–38% isolated yield on a 7 mmol scale,[17] along
with the corresponding diastereomer (1S,3R,4S,5S,6R,7S)-14
in about 8% yield. The enantiomerically pure diol (P)-(+)-
14 was transformed to the enantiomerically pure (P)-[7]tri-
angulane [(P)-(+)-17] in three routine steps as established
for the preparation of triangulanes.[2] First, it was converted
to the bis(bromomethyl)[5]triangulane (P)-15 by treatment
with the triphenylphosphane/bromine reagent, subsequent
dehydrobromination of (P)-15 with potassium tert-butoxide
gave 1,7-dimethylene[5]triangulane (P)-16, and cyclopropa-
nation of the latter with diazomethane under PdACHTUNGTRENNUNG(OAc)2 cat-
alysis[14] furnished the enantiomerically pure (P)-[7]trian-
gulane [(P)-(+)-17] with enantiomeric excesses of �99% in


36% overall yield after chromatographic purification in the
last step (Scheme 2).


The preparation of enantiomerically pure [9]triangulanes
applying this same strategy started with dibromocarbene ad-
dition onto the double bond in the tetrahydropyranyl ether
(1R,3S)-18 from the alcohol (1R,3S)-10 or in the acetate
(1S,3R)-11, adopting the protocol mentioned above; subse-
quent deprotection and chromatographic separation furnish-
ed (5,5-dibromodispiro ACHTUNGTRENNUNG[2.0.2.1]heptyl)methanols (1R,3S,4S)-,
(1R,3S,4R)-, (1S,3R,4S)-, and (1S,3R,4R)-19 in 19, 17, 32,
and 28% yield, respectively (Scheme 3). The absolute con-
figuration of all four diastereomers was assigned on the
basis of the X-ray crystal structure analysis[10] of an arbitrari-
ly selected dibromocyclopropane derivative of type 19, pre-
pared from (1R,3S)-11, the known absolute configuration of
the starting materials,[12] and comparison of the NMR spec-
tra.


Reductive dimerization of the tetrahydropyranyl ethers
(1R,3S,4S)-20 and (1S,3R,4R)-20 prepared from the corre-
sponding alcohols (1R,3S,4S)-19 and (1S,3R,4R)-19 with an


Scheme 2. Preparation of enantiomerically pure (3R,3’R,4S,4’S)-{4’-hy-
droxymethyl-[1,1’-bi(spiropentylidene)]-4-yl}methanols (Z)-(3R,3’R,4S,
4’S)-13 and (E)-(3R,3’R,4S,4’S)-13, cyclopropanation of the latter and
synthesis of enantiomerically pure (P)-[7]triangulane [(P)-(+)-17.
a) DHP, PPTS, CH2Cl2, 20 8C, 3.5 h; b) nBuLi, CuCl2, THF/Et2O 10:1,
�105 to �95 8C, 1 h, then �78 ! 20 8C, 2 h; c) MeOH, PPTS, 65 8C, 6 h;
d) CH2N2 (26.3 equiv), CuCl (23.4 equiv) (22% yield) or CH2N2


(21 equiv), CuCl (19.4 equiv), Cu ACHTUNGTRENNUNG(OTf)2 (0.14 equiv), 20 8C, 3 h (38%
yield); e) Ph3P·Br2, Py, CH2Cl2, �30 ! 20 8C, 5.5 h; f) tBuOK, DMSO,
20 8C, 25 min; g) CH2N2, Pd ACHTUNGTRENNUNG(OAc)2, Et2O, �5 8C.
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anti-arrangement of their hydroxymethyl and dibromo-
methylene groups, yielded mixtures of the diastereomeric bi-
cyclopropylidene derivatives (E)-21 and (Z)-21 after cleav-
age of the THP ethers (Scheme 3). After chromatographic
separation, diols (E)-(3R,3’R,4R,4’R,5S,5’S)-21 and (E)-
(3S,3’S,4S,4’S,5R,5’R)-21 with appropriate configurations to-
wards the target continuously helical [9]triangulanes were
obtained in 33 and 23% yield, respectively. The assigned E
configuration of the latter was confirmed by an X-ray crystal
structure analysis.[10]


As was mentioned above for the attempted cyclopropana-
tions of bis(spiropentylidene)dimethanol (E)-13 with
CH2N2/Pd ACHTUNGTRENNUNG(OAc)2 or CH2I2/AlMe3 reagents, those of the
analogous 21 proceeded with very low conversions. Surpris-
ingly, the modified Simmons–Smith type cyclopropanation[18]


according to Shi et al. (with CH2I2/ZnEt2/TFA)[19] applied to
(E)-(3R,3’R,4R,4’R,5S,5’S)-21 gave a moderate yield (27%)
of a [7]triangulanedimethanol which, disappointingly, turned
out to be the inappropriately configured (1S,3R,4R,5S,6S,7R,
8R,9S)-22 [d-(+)-22] with a horseshoe shape (Scheme 4).
Apparently, the cyclopropanation of (E)-21 under these con-


ditions occurs on the sterically less congested face of the bi-
cyclopropylidene moiety.


Like (P)-14 from (E)-13, the target diols
(1S,3R,4R,5R,6R,7R,8R,9S)-22 [(P)-(+)-22] and (1R,3S,4S,
5S,6S,7S,8S,9R)-22 [(M)-(�)-22] (assigned on the basis of
their relative configurations as disclosed by X-ray crystal
structure analyses[10]) were eventually prepared in 26 and
30% isolated yield, respectively, on a 4-mmol scale applying
the MDller–Gaspar–Roth cyclopropanation protocol again
(Scheme 4). It is conceived that the bicyclopropylidenediols
(E)-13 and (E)-21 under these conditions with excesses of
copper(i) salts present, initially form alkenecopper(i) com-
plexes in which the copper sits on the exo-face,[20] and these
copper(i) complexes then undergo cyclopropanation with
attack of the carbenoid on the originally more congested
endo-face.


The enantiomerically pure diols d-(+)-22, (P)-(+)-22, and
(M)-(�)-22 were transformed to the enantiomerically pure
d- [d-(+)-25], (M)- [(M)-(�)-25] and (P)-[9]triangulanes
[(P)-(+)-25], respectively, as described above for (P)-14, by
initial conversion to the corresponding bis(bromomethyl)[7]-
triangulanes 23, subsequent twofold dehydrobromination of
23 with potassium tert-butoxide to 1,9-dimethylene[7]trian-
gulanes 24, and final twofold cyclopropanation of the latter
with diazomethane under Pd ACHTUNGTRENNUNG(OAc)2 catalysis. The enantio-


Scheme 3. Preparation of enantiomerically pure 5,5’-bis ACHTUNGTRENNUNG(dispiro-
ACHTUNGTRENNUNG[2.0.2.1]heptylidene-methanols) (E)-(3S,3’S,4S,4’S,5R,5’R)-, (E)-
(3R,3’R,4R,4’R,5S,5’S)-, and (Z)-(3R,3’R,4R,4’R,5S,5’S)-21. a) DHP,
PPTS, CH2Cl2, 20 8C, 1.5–5 h; b) CHBr3, KOH (pellets), TEBACl,
CH2Cl2, 20–25 8C, 1–3 h; c) MeOH, H2SO4, 65 8C, 4 h; d) MeOH, PPTS,
50–65 8C, 2–18 h; e) nBuLi, CuCl2, THF/Et2O 10:1, �105 to �95 8C, 1 h,
then �78 ! 20 8C, 2 h; 2 h.


Scheme 4. Cyclopropanation of enantiomerically pure 1,1’-bis ACHTUNGTRENNUNG(dispiro-
ACHTUNGTRENNUNG[2.0.2.1]heptylidene-methanols) (E)-(3R,3’R,4R,4’R,5S,5’S)- and (E)-
(3S,3’S,4S,4’S,5R,5’R)-21 under two different conditions. a) ZnEt2, CH2I2,
TFA, CH2Cl2, 0 ! 20 8C, 5.5 h; b) CH2N2 (120–160 equiv), CuCl (43–
50 equiv), 20 8C, 3 h.
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merically pure d- [d-(+)-25], (M)- [(M)-(�)-25], and (P)-
[9]triangulanes [(P)-(+)-25] were obtained from 22 in 23,
30, and 15% overall yield, respectively, with enantiomeric
excesses of �99%, after chromatographic separation in the
last step (Scheme 5). The relative configurations of (M)-(�)-


24 and (M)-(�)-25 were confirmed by X-ray crystal struc-
ture analyses.[10]


This new approach to enantiomerically pure linear trian-
gulanes with an odd number of three-membered rings was
also tested in two variants towards [15]triangulane
(Scheme 6). According to the first variant, the enantiomeri-
cally pure diol (P)-14 was selectively protected as a THP
ether on one hydroxy group applying wet Dowex 50WX2-
100 resin as a catalyst (cf. ref. [21]), the free hydroxymethyl
moiety was converted to a bromomethyl group according to
a published protocol,[22] and then the monobromide was de-
hydrobrominated to give THP-protected methylene[5]trian-
gulanylmethanol (P)-28 in 47% overall yield. Dibromocy-
clopropanation of the latter followed by deprotection fur-
nished a 3:2 mixture of two diastereomeric dibromo[6]trian-
gulanylmethanols 29 in virtually quantitative yield; however,
upon HPLC separation the yield dropped to 31 and 17%,
respectively. The absolute configuration of the major dia-
stereomer was assigned on the basis of the relative configu-
ration of its ester 32 with (S)-(+)-mandelic acid (Scheme 6)
according to an X-ray crystal structure determination[10] and
appeared to be (1S,3R,4R,5R,6R,7R), thus appropriate for


the reductive dimerization towards the target molecule.
Therefore, (1S,3R,4R,5R,6R,7R)-29 was converted in three
routine steps into a mixture of bicyclopropylidene deriva-
tives (E)- and (Z)-31, from which the diol (E)-
(3R,3’R,4R,4’R,5R,5’R,6R,6’R,7R,7’R,8S,8’S)-31 with appro-


priate configuration towards
[15]triangulane, as established
by X-ray crystal structure anal-
ysis,[10] was isolated in 31%
yield. The corresponding dia-
stereomer (Z)-31 was obtained
in 35% yield.[23]


However, cyclopropanation
of (E)-(3R,3’R,4R,4’R,5R,5’R,
6R,6’R,7R,7’R,8S,8’S)-31 turned
out to be the road-block in this
synthetic sequence, as none of
the cyclopropanation methods
discussed above was successful
in this particular case. Even the
reaction with diazomethane
under CuCl/Cu ACHTUNGTRENNUNG(OTf)2 catalysis
gave only traces of the cyclo-
propanation products without
any stereoselectivity; a number
of unidentified by-products was
also formed. This peculiar be-
havior is not at all understood
in view of the above described
results for the successful cyclo-
propanation of (E)-13 or (E)-
21.


The second possible ap-
proach to an enantiomerically
pure [15]triangulane was con-


ceived to apply the reductive dimerization of an enantiomer-
ically pure dibromo[7]triangulane 37 as a key step, followed
by final cyclopropanation of the central bicyclopropylidene
double bond. The preparation of the appropriate building
block (3S,4S,5S,6S,7S)-37 started with the enantiomerically
pure [(1R,3S)-4,4-dibromospiropentyl]methanol [(1R,3S)-7]
(see Scheme 7).


Applying the new standard set of transformations, the di-
bromoalcohol (1R,3S)-7 was converted in four steps with
12% overall yield into [5]triangulane-1,7-dimethanol (M)-
(�)-14, and this was then transformed to the methylene[5]-
triangulane derivative (M)-28 in three further steps (52%
overall yield). The terminal double bond in the latter was
cyclopropanated, and transformation of the second cyclo-
propylmethanol terminus in the resulting (M)-33 into a
methylenecyclopropane moiety in three successive steps
with 57% overall yield afforded the methylene[6]triangu-
lane (M)-36 (Scheme 7). Dibromocyclopropanation of the
latter furnished a 1:1 mixture of diastereomeric dibromo[7]-
triangulanes (3R,4S,5S,6S,7S)-37 and (3S,4S,5S,6S,7S)-37 in
quantitative yield. The pure dibromides (3R,4S,5S,6S,7S)-
and (3S,4S,5S,6S,7S)-37 were isolated by HPLC separation,


Scheme 5. Preparation of enantiomerically pure d- [d-(+)-25], (M)- [(M)-(�)-25] and (P)-[9]triangulanes [(P)-
(+)-25]. a) Ph3P·Br2, Py, CH2Cl2, �30 ! 20 8C, 5 h; b) tBuOK, DMSO, 55 8C, 20 min; c) CH2N2, Pd ACHTUNGTRENNUNG(OAc)2,
Et2O, �5 8C.
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however, with significant loss of material, so that the final
yields were only 16 and 20%, respectively. Their absolute
configurations were assigned on the basis of an X-ray crystal
structure analysis[10] of the arbitrarily selected dibromo[7]-
triangulane (3R,4S,5S,6S,7S)-37, and the known absolute
configuration of the starting material. While an attempted
reductive dimerization of the dibromide (3R,4S,5S,6S,7S)-37
furnished only trace amounts of bicyclopropylidene deriva-
tives along with a number of unidentified products, reduc-
tive dimerization of its diastereomer (3S,4S,5S,6S,7S)-37
gave a 1:2 mixture of diastereomeric bicyclopropylidenes
(Z)- and (E)-(3S,3’S,4S,4’S,5S,5’S,6S,6’S,7S,7’S)-38 in 71%
yield (Scheme 8). After HPLC separation these compounds
were isolated in 20 and 33% yield, respectively, and exhibit-
ed specific rotations [a]20D =�1110.1 (c=0.525 in CHCl3) and
�1446.1 (c=0.525 in CHCl3), respectively.


Both the (Z)- and (E)-38 were almost resistant towards
cyclopropanation; however, applying a tremendous excess
of diazomethane and cuprous chloride and repeating the cy-


clopropanation protocol four times, a single diastereomer of
[15]triangulane with [a]20D =�868.5 (c=0.931 in CHCl3) was
obtained from (Z)-38 in 42% yield, X-ray crystal structure
analysis of which indeed disclosed the expected
(4S,5S,6S,7S,8S,9R,10S,11S,12S,13S,14S,15S) configuration.[10]


Under the same conditions, bicyclopropylidene (E)-38 gave
a 1:1.3 mixture of two diastereomers in 81% yield. After
HPLC separation these compounds were isolated in 19 and
23% yield, respectively; the X-ray crystal structure analyses
revealed the horseshoe-shaped (4S,5S,6S,7S,8S,9R,10R,11S,
12S,13S,14S,15S)-39 and the continuously helical (M)-39
configuration, respectively, with specific rotations [a]20D =


�721.8 (c=0.257 in CHCl3) and �1302.5 (c=0.362 in
CHCl3), respectively (Scheme 8).


These newly prepared two bent and one straight rod-like
[15]triangulanes (4S,5S,6S,7S,8S,9R,10S11S,12S,13S,14S,15S)-
39, (4S,5S,6S,7S,8S,9R,10R,11S,12S,13S,14S,15S)-39 and the
continuously helical (M)-39, essentially set the new record
for unbranched [n]triangulanes. By the sheer number of spi-
roannelated three-membered rings, this record had previous-
ly only been achieved for a highly branched [15]triangulane
(cf. ref. [8f]). The widths between the outermost hydrogen
atoms in (4S,5S,6S,7S,8S,9R,10S,11S,12S,13S,14S,15S)-39,
(4S,5S,6S,7S,8S,9R,10R,11S,12S,13S,14S,15S)-39, and (M)-39
were found to be 17.3, 13.5, and 21.1 U, respectively, and


Scheme 6. Attempted preparation of enantiomerically pure (P)-(+)-
[15]triangulane. a) DHP, Dowex 50WX2-100, toluene, DMF, 25 8C, 11–
41 h; b) CBr4, Ph3P, Im-H, CH2Cl2, 0–20 8C, 1.5 h; c) tBuOK, DMSO,
20 8C, 20 min; d) CHBr3, KOH (pellets), TEBACl, CH2Cl2, 0–25 8C, 3 h;
e) MeOH, PPTS, 65 8C, 3–10 h; f) DHP, PPTS, CH2Cl2, 20 8C, 4 h; g) (S)-
mandelic acid, p-TsOH·H2O, benzene, molecular sieves 4 U, 80 8C, 2.5 h;
h) nBuLi, CuCl2, THF/Et2O 25:1, �105 to �95 8C, 1 h, then �78 !
20 8C, 2 h.


Scheme 7. Preparation of enantiomerically pure building blocks
(3S,4S,5S,6S,7S)-37 and (3R,4S,5S,6S,7S)-37. a) DHP, PPTS, CH2Cl2,
20 8C, 26 h; b) nBuLi, CuCl2, THF/Et2O 14:1, �105 to �95 8C, 1 h, then
�78 ! 20 8C, 2 h; c) MeOH, PPTS, 65 8C, 2 h; d) CH2N2 (21 equiv),
CuCl (19.4 equiv), Cu ACHTUNGTRENNUNG(OTf)2 (0.14 equiv), 20 8C, 3 h; e) DHP, Dowex
50WX2-100, toluene, DMF, 25 8C, 16 h; f) CBr4, Ph3P, Im-H, CH2Cl2, 0–
20 8C, 1.5 h; g) tAmOK, DMSO, 20 8C, 40 min; h) CH2N2, Pd ACHTUNGTRENNUNG(OAc)2,
Et2O, �5 8C; i) Ph3P·Br2, Py, CH2Cl2, �30 ! 20 8C, 5 h; j) CHBr3, KOH
(powder), TEBACl, CH2Cl2, 0–25 8C, 14 h.
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the widths between the outermost carbon atoms are 16.4,
11.6, and 19.5 U, respectively (see Figure 1).


Rotatory powers of higher
[n]triangulanes and methylene-
triangulanes : As expected,
enantiomerically pure [n]trian-
gulanes do not display any ab-
sorption in the ordinarily acces-
sible Vis/UV spectral range
(800–200 nm, Figure 2). Their
CD curves are very intense
below 200 nm and differ in in-
tensity and shape (thus, a
shoulder is observed around
192 nm in the case of (P)-3 and
(P)-4). Their intensities grow
with a growing number of cy-
clopropane units in the mole-
cules (Figure 2).


However, the newly prepared
s-[7]helicene (P)-(+)-17 as well
as both the s-[9]helicenes (P)-
(+)-25 and (M)-(�)-25 and
[15]helicene (M)-(�)-39 have
remarkably high specific rota-
tions even at 589 nm with
[a]20D =++672.9 (c=0.814 in
CHCl3) [(P)-(+)-17], +909.9
(c=0.96 in CHCl3) [(P)-(+)-
25], �890.5 (c=1.01 in CHCl3)
[(M)-(�)-25], and �1302.5 (c=
0.362 in CHCl3) [(M)-(�)-39].
The specific rotations increase


drastically on going to shorter wavelengths with [a]20436=
+1404.5 and [a]20365=++2290.8 [(P)-(+)-17], [a]20436=++1907.0
and [a]20365=++3119.4 [(P)-(+)-25], [a]20436=�1866.2 and
[a]20365=�3051.1 [(M)-(�)-25] and [a]20436=�2738.7 and
[a]20365=�4493.4 [(M)-(�)-39] indicating that these com-
pounds must have Cotton effects with extremely large am-
plitudes in the ORD below 200 nm.


Density functional theory (DFT) computations at the
level B3LYP/6-31+GACHTUNGTRENNUNG(d,p)[25–30] for the geometry optimiza-
tion and time-dependent DFT for determining optical rota-
tions with a triplet-z basis set (B3LYP/TZVP)[31] in the gas
phase predicted specific rotations which are in remarkably
good agreement with the experimental values over the
whole range of wavelengths (Table 1) for the [4]- (2), [5]-
(3), and [7]triangulanes (17). This confirms strong positive
or negative Cotton effects in the ORDs going along with
large ellipticities in the circular dichroisms below 200 nm.
This good agreement between experiment and theory not
only provides confidence in the general applicability of this
computational approach to the simulation of ORD and CD
spectra,[32] but also confirms that the rotatory powers of 2, 3,
and 17 are an outflow of their helical arrangements of sigma
bonds. In contrast, the enantiomerically pure, but not con-
tinuously helical, horse-shoe shaped d-[9]triangulane d-(+)-
25, showed specific rotations of [a]20D = ++244.9 (c=1.13 in
CHCl3), [a]


20
436 = ++511.2, and [a]20365 = ++832.0 only. Starting


Scheme 8. Preparation of enantiomerically pure (�)-[15]triangulanes. a) nBuLi, CuCl2, THF/Et2O 10:1, �105
to �95 8C, 1 h, then �78 ! 20 8C, 2 h; b) CH2N2 (290–350 equiv), CuCl (313–400 equiv), CuACHTUNGTRENNUNG(OTf)2 (2.2–
3.6 equiv), 20 8C, 3 h, and this procedure was repeated three more times.


Figure 1. Space-filling models of enantiomerically pure bent [15]trian-
gulanes (4S,5S,6S,7S,8S,9R,10S,11S,12S,13S,14S,15S)-39 (A),
(4S,5S,6S,7S,8S,9R,10R,11S,12S,13S,14S,15S)-39 (B) and the continuously
helical s-[15]helicene (M)-(�)-39 (C) according to their X-ray crystal
structures.
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with the [7]triangulane, the computed specific rotations for
the higher [n]triangulanes with n=9 and 15 (as well as for
the higher p-[n]helicenes) increasingly exceed the experi-
mentally determined ones (Figure 3 and Tables 1 and 2).
Most probably, this is due to an increasing flexibility with in-
creasing length of the [n]triangulanes,[33] which is not taken
into account by the computations. This interpretation is par-
ticularly feasible in view of the fact that recently prepared
helical [n]tetrangulanes do not exhibit increasing specific ro-
tations at all with an increasing number of four-membered
rings.[5] It is also supported by the observation that the spe-
cific rotations of for example (M)-39 increase with decreas-
ing temperature to a significantly larger extent than would
correspond to the increasing density.[34]


Obviously, the inherent helicity of the [n]triangulanes also
is an essential contributor to the overall rotatory power of
the methylene ACHTUNGTRENNUNG[n�1]triangulanes and dimethylene-
ACHTUNGTRENNUNG[n�2]triangulanes, which are the synthetic precursors of the
[n]triangulanes. However, when comparing the specific rota-
tions of methylene[6]triangulane [(M)-(�)-36], dimethy-
lene[5]triangulane [(P)-(+)-16], [7]triangulane [(P)-(+)-17],
dimethylene[7]triangulane [(P)-(+)-24] and [9]triangulane
[(P)-(+)-25] (912.4, 926.2, 672.9, 1302.1, and 909.98, respec-
tively), it is noted that, in contrast to [4]- and [5]triangu-
lanes, for which the specific rotations of their synthetic pre-


decessors were lower ([a]20D dimethylenespiropentane/[a]
20
D [4]triangulane=


0.65) or similar,[2b] the rotatory strengths of the dienes 16, 24
turned out to be 1.37 and 1.43 times as large as those of the
triangulanes 17, 25, respectively.


Comparison of the values of [a]20D for the now known five
enantiomerically pure s-[n]helicenes (M)-(�)-2
(�192.7),[2a,b] (P)-(+)-3 (+373.0),[2b] (P)-(+)-17 (+672.9),
(P)-(+)-25 (+909.9), and (M)-(�)-39 (�1302.5) indicates a
drastic and continuous increase of the specific rotation with
an increasing number of three-membered rings (cf. ref. [5]).


Figure 2. UV (top) and CD (bottom) spectra of enantiomerically pure
[n]triangulanes (P)-3, (P)-4, (P)-17, and (M)-25 in cyclohexane, path
length 0.01 cm. For (M)-25, the CD spectrum was multiplied by �1 for
comparison.[24]


Table 1. Comparison of the measured (in CHCl3) and DFT/SCI-comput-
ed specific rotations of enantiomerically pure methylenetriangulanes and
triangulanes.


Compound l [nm] [a]20D
Measured Computed[a]


(M)-(�)-2[b] 589 �192.7 �217.9
546 �229.7 �264.0
436 �400.2 �407.8
365 �648.2 �576.7


(P)-(+)-3[b] 589 +373.0 +394.9
546 +445.2 +508.1
436 +777.4 +791.9
365 +1264.0 +1080.3


(M)-(�)-3[b] 589 �334.2 �394.9
546 �398.7 �508.1
436 �696.3 �791.9
365 �1033.1 �1080.3


(M)-(�)-36 589 �912.4 �1138.5


(P)-(+)-16 589 +926.2 +1068.3
546 +1118.3 +1266.1
436 +2060.2 +2134.3
365 +3612.6 +3340.6


(P)-(+)-17 589 +672.9 +879.5
546 +802.8 +1054.4
436 +1404.5 +1873.1
365 +2290.8 +3165.2


(M)-(�)-24 589 �1285.4 �1623.9
546 �1556.4 �1946.7
436 �2863.4 �3397.8
365 �4971.5 �5623.5


(P)-(+)-24 589 +1302.1 +1623.9
546 +1570.2 +1946.7
436 +2872.5 +3397.8
365 +4989.7 +5623.5


(M)-(�)-25 589 �890.5 �1006.5
546 �1058.0 �1192.8
436 �1866.2 �2010.7
365 �3051.1 �3145.5


(P)-(+)-25 589 +909.9 +1006.5
546 +1087.1 +1192.8
436 +1907.0 +2010.7
365 +3119.4 +3145.5


(M)-(�)-39 589 �1302.5 �2419.9
546 �1556.6 �2875.5
436 �2738.7 �4904.8
365 �4493.4 �7804.1


[a] All computed values were adjusted by subtracting a constant value to
account for effects of solvent–solute interactions, which currently cannot
be taken into account computationally (see Computational Methods).
[b] From ref. [2b].
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This increase goes beyond that to be expected with increas-
ing molecular weights (Figure 3). Interestingly, the values of
[a]20D normalized with respect to the number of spiroannelat-
ed cyclopropanes exceeding n=3 for the achiral [3]trian-
gulane (n�3) decrease steadily with an increasing number n.


The decreasing incremental value [a]20D / ACHTUNGTRENNUNG(n�3) (D[a]) for
each added spirocyclopropane ring starting from the achiral
[3]triangulane (dispiro ACHTUNGTRENNUNG[2.0.2.1]heptane) exhibits virtually a
linear dependence on the number of the rings with a regres-
sion line D[a]=223.32–7.72Yn and a correlation coefficient
r=0.999. The extrapolation of this line intersects the base
line at n=29, which means that the specific rotation, nor-
malized with respect to the number (n�3) of three-mem-
bered rings added to the achiral [3]triangulane, for higher
enantiomerically pure helical [n]triangulanes (n � 29)
would not increase any more. Although it has never been in-
terpreted in this way, the same phenomenon can be ob-
served for the p-[n]helicenes, for which the intersection with
the base line already occurs around n=15 (Figure 3).


It will also be quite interesting to investigate the Raman
optical activities (ROA) of the whole series of enantiomeri-
cally pure methylene ACHTUNGTRENNUNG[n�2]triangulanes and [n]triangulanes,
since the ROA of (M)-(�)-[4]triangulane (M)-(�)-3 has
been shown to disclose spectacular effects with D values
close to 0.5% in the 900 cm�1 region.[37]


Crystal engineering and molecular architectures of newly
prepared compounds: formation of unique supramolecular
aggregates : On top of the extraordinarily high specific rota-
tions, several of the newly prepared helical [n]triangulane
derivatives exhibit additional remarkable features in that
the diols (E)-(3R,3’R,4S,4’S)-13, (P)-14, (E)-


(3S,3’S,4S,4’S,5R,5’R)-21, (P)-
(+)-22, (1S,3R,4S,5S,6S,7S,8R,
9S)-22 (see below), and (E)-31
self-assemble in very specific
ways in the solid state. The re-
markably variable packing
modes of diols in general and,
therefore, their potential use as
assembly units in crystal engi-
neering, attracted significant at-
tention in several recent publi-
cations.[38] The most common
intermolecular interactions in
these compounds are, not sur-
prisingly, hydrogen bonds, and
they frequently form linear
chains of the type O-H···O-
H···O-H···; however, hydrogen
bridging between diol mole-
cules can also lead to various
types of supramolecular aggre-
gates such as different ladders,
sheets, rings. Diols also eagerly
form inclusion compounds with
a large variety of the guest mol-


Figure 3. Dependence of specific rotations [a]20D of enantiomerically pure
helical [n]triangulanes (“s-[n]helicenes”) normalized with respect to mo-
lecular weights (&: experimentally determined values, ^: computed
values) and to the number of spiroannelated cyclopropanes (*: experi-
mentally determined values, !: computed values) on the number of spi-
roannelated cyclopropane rings (top) in comparison with analogous ex-
perimentally determined values for p-[n]helicenes (bottom).[35]


Table 2. Experimentally determined and computed specific and normalized rotations for [n]triangulanes (s-
[n]helicenes) and p-[n]helicenes.


s-[n]helicenes
Experimentally found[a] Computed


n M [a]20D ([a]20D/m)Y100 [a]20D/ ACHTUNGTRENNUNG(n�3) [a]20D ([a]20D/m)Y100 [a]20D / ACHTUNGTRENNUNG(n�3)


4 120.2 192.7 160.3 192.7 217.9 181.3 217.9
5 146.2 373.0 255.1 186.5 394.9 270.1 197.5
7 198.3 672.9 339.4 168.2 879.5 443.5 219.9
9 250.4 909.9 363.4 151.6 1006.5 402.0 167.8
15 406.6 1302.5 320.4 108.6 2419.9 595.2 201.7


p-[n]helicenes
Experimentally found[b,c] Computed[d]


n M [a]20D ([a]20D /m)Y100 [a]20D/ ACHTUNGTRENNUNG(n�4) [a]20D ([a]20D/m)Y100 [a]20D / ACHTUNGTRENNUNG(n�4)


5 278.4 2160[35a] 776.0 2160.0 2116.1 760.1 2116.1
6 328.4 3709[35b] 1129.4 1854.5 3695.1 1125.2 1847.6
7 378.5 5900[35c] 1558.9 1966.7 9577.0 2530.3 3192.3
8 428.5 6690[35d] 1561.2 1672.5 –[e] – –
9 478.6 7500[35d] 1567.1 1500.0 – – –
10 528.7 8300[35d] 1570.0 1383.3 – – –
11 578.7 8460[35d] 1461.8 1208.6 – – –
13 678.8 8840[35d] 1302.2 982.2 – – –


[a] Correlations for experimentally determined values: [a]20D/ ACHTUNGTRENNUNG(n�3)=223.32–7.72Yn (r=0.999). [b] Correlations
for experimentally determined values: [a]20D / ACHTUNGTRENNUNG(n�4)=2854.62–146.51Yn (r=0.982). [c] The experimentally de-
termined values of specific rotations for p-[n]helicenes were taken from ref. [35]. [d] For other computations
of specific rotations for p-[n]helicenes see ref. [36]. [e] Attempted computations for the higher (n > 7) p-
[n]helicenes were not successful.
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ecules. Yet, the crystal packings
of the newly prepared triangu-
lanedimethanols show some pe-
culiar arrangements of the mol-
ecules as a result of their
unique geometries. Since the
linear triangulanes virtually are
relatively long rigid rods, the
spatial arrangement of these
“rods”, resulting from hydrogen
bonds bridging only at their
ends, can lead to the formation
of polymorphs and pseudo-
polymorphs. The conformation-
al mobility of the terminal hy-
droxymethyl groups can also
lead to conformational isomor-
phism, that is, the co-existence
of several conformers in the
same crystal.


In all cases except one [diol
(P)-22, see below], the OH
groups of the studied diols are
linked to each other with the
most common motif: an O-
H···O-H···O-H··· chain; howev-
er, the arrangement of the mol-
ecules is different. Thus, a crys-
tal of the diol (E)-
(3R,3’R,4S,4’S)-13 contains
three crystallographically inde-
pendent molecules, with differ-
ent orientations of the hydroxy-
methyl groups (conformational
isomorphism). The molecules
form layers, and there are
zigzag chains of hydrogen
bonds between the layers. The
OH groups in these chains al-
ternatingly belong to the mole-
cules in adjacent layers. The
chains are shifted relative to
each other and interlinked by
the molecular “rods”, which create an elaborate 3-D frame-
work (Figure 4A). One might describe the resulting pattern
as a “rope-ladder” aggregate.


The replacement of the double bond in (E)-
(3R,3’R,4S,4’S)-13 with a three-membered ring as in (P)-14
changes the general shape of the molecule, and subsequently
leads to a dramatic change in the packing. The molecules
are still linked by chains of hydrogen bonds, but these
chains form spirals around a threefold axis. As a result, the
molecules form wide channels with a peculiar three-bladed
propeller shape (Figure 4B). Interestingly enough, the shape
of the channels is close to the one found for the packing of
one of the “helical tubuland” diols,[39] which is also confor-
mationally rigid and possesses a vaguely similar molecular


shape. The walls of each tube or channel are built from a
“double tread” of molecules, and each full step of the spiral
consists of six molecules. The channels are filled with disor-
dered guest molecules of dichloromethane.


Chains of O-H···O-H··· hydrogen bonds also link mole-
cules in the packing of (E)-(3S,3’S,4S,4’S,5R,5’R)-21. Topo-
logically this pattern can be described as a simple “ladder”;
however, the unique horseshoe shape of the molecules
transforms this ladder into a channel or sort of a nanotube,
which contains disordered guest molecules of diethyl ether
(Figure 4C).


The two structure determinations of diols 22 demonstrate
the variability of packing modes in crystals of different tri-
angulanedimethanols. Thus, in crystals of (P)-(+)-22, ob-


Figure 4. Sections from the crystal packing of the molecules of diols (E)-(3R,3’R,4S,4’S)-13 (A), (P)-14 (B),
(E)-(3S,3’S,4S,4’S,5R,5’R)-21 (C), (P)-(+)-22 (D), (1S,3R,4S,5S,6S,7S,8R,9S)-22 (E) and (E)-31 (F). For (E)-
(3R,3’R,4S,4’S)-13 (A), two layers of the O-H···O-H···O-H··· chains of hydrogen bonds are shown, while the
molecules which link these chains with each other are shown as long sticks; only the OH groups of other par-
ticipating molecules are presented around the edges. For (1S,3R,4S,5S,6S,7S,8R,9S)-22 (E): view along the a
axis. Hydrogen atoms of methylene groups are omitted for clarity, hydrogen bonds are shown as dotted lines.


www.chemeurj.org Q 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 5697 – 57215706


A. de Meijere et al.



www.chemeurj.org





tained from EtOH or from hexane/Et2O, the molecules are
also linked by spiral chains (around a twofold screw axis,
parallel to the a direction) of usual O-H···O-H··· hydrogen
bonds. The resulting three-dimensional network of mole-
cules can be described as a set of elliptic channels or nano-
tubes (Figure 4D), linked in a honeycomb-like arrangement
which, however, does not contain any solvent (cf. ref. [40]).
Each tube consists of spirals of molecules with four mole-
cules per each turn of the spiral.


The molecules of (1S,3R,4S,5S,6S,7S,8R,9S)-22 are also
linked by helices of O-H···O-H···O-H hydrogen bonds. The
packing of the molecules in the crystal resembles the one of
(P)-(+)-22 : the molecules are also arranged in tubes (Fig-
ure 4E). Each tube is formed by a single spiral of molecules.
However, as each turn of the spiral consists of just two mol-
ecules, the tubes are connected in layers (perpendicular to
the c axis), rather than in a three-dimensional network as it
was found in the crystal of (P)-(+)-22. The channels in the
packing of (1S,3R,4S,5S,6S,7S,8R,9S)-22 are very narrow and
do not contain any guest molecules, which is not unexpect-
ed, taking into account the essentially linear shape of the
molecules. Recrystallization of (P)-(+)-22 from THF/hep-
tane or of (M)-(�)-22 from hexane/Et2O in the presence of
THF led to the formation of two types of crystals, the first
of which was identical with the previously discussed one and
did not contain any solvent. In the second type of crystals,
however, the packing contained disordered solvent mole-
cules, and they were the only crystals of triangulanedimetha-
nols, in which a cyclic (OH)4···H bond system (common for
other diols according to ref. [38b]) was found. These cyclic
arrangements create channels in the aggregate, in which sol-
vent molecules are located. The channel walls consist of
pairs of molecules, which embrace each other (Figure 5), re-
sulting in a supramolecular helical arrangement, and two
such helices each form a supramolecular double helix
(Figure 5).


In spite of being severely disordered in their respective lo-
cations, these solvent molecules apparently play an impor-
tant role in gluing the two helices together: upon exposing
the crystals to the open air, they rapidly disintegrate into
powder, most probably because the Et2O evaporates from
the channels.[41] Single, double and even triple helical struc-
tures do play very important roles in biology and in polymer
chemistry;[42] however, for relatively small non-biological ob-
jects this is not a common phenomenon[43] in that they
rarely form single helices,[44] even less frequently double and
triple ones.[45] The hydroxymethyl end groups in (P)- and
(M)-22 apparently are also essential for the supramolecular
double helix formation, as the hydrocarbons (P)-17, (M)-24,
and (M)-25 do not pack in such arrangements in their crys-
tals. On the other hand, in the crystal of [7]triangulanedicar-
boxylic acid (M)-(�)-40 (see below) the molecules are
linked in infinitive chains by a pair of hydrogen bonds typi-
cal for carboxylic acids[46] at each end of the molecule (Fig-
ure 5C). These chains are packed in layers, which are per-
pendicular to the b axis, and short intermolecular CH···O in-
teractions connect the molecules of adjacent layers.


In order to test, whether there is chiral recognition of the
enantiomers of 22, crystals of rac-22 were grown from a so-
lution of a 1:1 mixture of (P)-(+)-22 and (M)-(�)-22 in
chloroform and subjected to X-ray crystal structure analysis.
These crystals turned out to be of a single type, in which se-
verely corrugated layers of molecules, connected by usual
O-H···O-H chains of hydrogen bonds, were observed. In the
centrosymmetrical unit cell, there are two crystallographical-
ly independent molecules, which differ by the orientations
of their OH bonds. Somewhat similar corrugated layers
were also found in the crystals of the so far largest triangula-
nedimethanol (E)-31 (Figure 4F). The unit cell contains
three crystallographically independent molecules. The slight-
ly bent overall shape of the molecules creates the cavities in
the aggregate, in which the guest solvent molecules are en-
closed.


Liquid crystalline physical properties of enantiomerically
pure triangulanes and their derivatives : Starting from the
first observations of the phenomenon of liquid crystallinity
by Reinitzer in 1888[47a] and by Lehmann in 1889,[47b] the
design and preparation of molecules possessing liquid crys-
talline properties has been of interest to physical-organic
chemists for a long time, and it is difficult to name any


Figure 5. Sections from the crystal packings of (M)-(�)-22 (crystals from
Et2O/hexane) with a supramolecular double-helical arrangement of hy-
drogen-bridged molecules as ball-and-stick (A) and space-filling models
(B) and of [7]triangulanedicarboxylic acid (M)-(�)-40 (C).
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other branch of synthetic organic chemistry which develops
as rapidly.[48] Among the liquid crystalline compounds, cyclo-
propane derivatives, especially 1,2-disubstituted cyclopro-
panes, provide more rigid conformations than those with
similar alkyl groups that are widely used as fragments in
liquid crystalline compounds. The first example of a liquid
crystalline compound with a cyclopropane ring appeared as
early as 1971[49] and, according to the database LiqCryst
4.4,[50] more than 85000 such compounds have been synthe-
sized up to now. However, liquid crystalline properties only
of functionally substituted [2]- and [3]triangulanes[12,51] are
listed among them. To fill this gap, some of the newly pre-
pared triangulane derivatives were tested for possible liquid
crystalline properties.


To begin with, [7]triangulanedimethanol (M)-22 was oxi-
dized under Jones conditions applying a published proce-
dure[52] to give the diacid (M)-40, the relative configuration
of which was determined by X-ray crystal structure analysis
(Figure 5C and Scheme 9). Unfortunately, neither (M)-22
nor (M)-40 were sufficiently soluble in the base nematic
mixture. Therefore, (M)-22 was converted into its di-n-


propyl ether (M)-41 according to a published protocol,[53]


and a number of esters was prepared from its enantiomer
(P)-(+)-22 as well as from its non-helical diastereomer
(1S,3R,4S,5S,6S,7S,8R,9S)-22 [prepared from the dibromide
(1S,3R,4S)-19 according to the elaborated procedure, see
Supporting Information] and from [5]triangulanedimethanol
(P)-(+)-14 (Scheme 9).


Unfortunately, none of the synthesized compounds exhib-
ited any mesophase, but only showed melting points, in spite
of their having extended longitudinal structures. Most prob-
ably, the strong intermolecular interactions going along with
the particular packing, decreases the mesogenic potential
and increases the crystallinity.


Helical twisting powers (HTPs, Table 3) of the synthesized
compounds were measured applying CanoVs wedged cell


method.[54] Each compound was dissolved in the base nemat-
ic mixture ZLI-1132 comprising benzonitrile derivatives
(clearing point=71.7 8C) available from Merck KGaA in
Darmstadt (Germany). The HTPs of the compounds range
from 0.82 to 17.7 mm�1. A significant number of the synthe-
sized compounds showed a two to three times larger HTP
value than (S)-4-cyano-4’-(2-methybutyl)-1,1’-biphenyl (CB-
15), which is commonly used in the flat panel display indus-
try (HTP=6.6 mm�1).


It is noteworthy that the three series of the diesters 43, 44
and 45 displayed different dependences of their HTPs on
the temperature, the first one being positive, the second
slightly negative and the third negative, respectively.
Figure 6 shows the temperature dependence of the HTPs
for the three representative compounds 43c, 44c, and 45c.


Scheme 9. Preparation of enantiomerically pure difunctionalized [5]- and
[7]triangulanes for testing their liquid crystalline properties. a) Jones re-
agent, acetone, 0 8C, 2 h, then 20 8C, 15 min, then iPrOH; b) NaH
(10 equiv), DMF, 20 8C, 0.5 h, then nPrI (20 equiv), 20 8C, 14 h; c)
RCO2H, DMAP, DCC, 0–20 8C, 12 h.


Table 3. Phase transition temperatures and helical twisting powers
(HTP) of the newly synthesized triangulane derivatives (P)-(+)-25, (M)-
22, (M)-(�)-41, 43a–f, 44a–f and 45a–f in comparison with CB-15 (X1).


Entry Compound Phase transition temperatures [8C] HTP [mm�1]


1 (P)-(+)-25 91.1 5.7
2 (M)-22 123.9 13.0
3 (M)-(�)-41 oil 17.7
4 43a 49.0 3.1
5 43b 77.3 6.2
6 43c 72.7 5.2
7 43d 90.0 7.9
8 43e 86.3 3.5
9 43 f oil 12.2
10 44a 68.3 12.6
11 44b 63.1 4.5
12 44c 73.7 5.0
13 44d 79.3 2.8
14 44e 69.1 9.8
15 44 f oil 0.8
16 45a 71.3 10.2
17 45b 65.3 5.3
18 45c 72.1 10.6
19 45d 101.4 5.5
20 45e 81.9 10.7
21 45 f oil 11.1
22 X1 oil 6.6
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The HTP values at 25 8C were all adjusted as being 1 on the
vertical axis, thus, only relative values are compared.


Attempts were made to obtain spontaneous polarization
(Ps) values for 43a, 44a, and 45a by extrapolation from the
Ps values of SmC* mixtures containing 5% by weight of
each compound 43a, 44a, and 45a in an SmC base mixture
exhibiting the phase sequence Cr 4 SmC 65 SmA 79 N 90 I,
and comprising pyrimidines. The magnitude of Ps for these
mixtures was measured according to the established meth-
od,[55a] and the sign of Ps was determined according to the
convention of Lagerwall[55b] in the filed reversal method by
optical observation of the director motion. Unfortunately,
the Ps values for the compounds 43a, 44a, and 45a were so
small that they could not even be detected in any of the
three SmC* mixtures containing them.


Experimental Section


General aspects : Racemic 1-methylene-2-tetrahydropyranyloxymethylcy-
clopropane (6),[7a] (4-methylenespiropent-1-yl)methanol (rac-10),[7a] enan-
tiomerically pure (4-methylenespiropent-1-yl)methanol [(1R,3S)-10], and
(4-methylenespiropent-1-yl)methyl acetate [(1S,3R)-11][12] were prepared
according to the previously published procedures. All operations in anhy-
drous solvents were performed under argon in flame-dried glassware. Di-
ethyl ether, THF, benzene and 1,2-dimethoxyethane were dried by distil-
lation from sodium/benzophenone, pyridine, DMF and DMSO from cal-
cium hydride, pentane and CH2Cl2 from P2O5, MeOH from magnesium
methoxide. CuCl and CuCl2 were dried at 100 8C in vacuo 0.01 Torr over-
night. All other chemicals were used as commercially available; lipase PS
(Pseudomonas sp., from Amano Pharmaceutical Co., Ltd) as well as li-
pases CES, 300, AK and EC3.1.1.3 were kindly provided by Chisso Petro-
chemical Corporation. Organic extracts were dried over MgSO4. NMR
spectra were recorded on a Bruker AM 250 (250 MHz for 1H and
62.9 MHz for 13C NMR) and a Varian Inova 600 (599.8 MHz for 1H and
150 MHz for 13C NMR) instrument in CDCl3, if not otherwise specified.
Multiplicities were determined by DEPT (Distortionless Enhancement
by Polarization Transfer) measurements. Chemical shifts refer to dTMS=


0.00 according to the chemical shifts of residual CHCl3 signals. IR spectra
were recorded on a Bruker IFS 66 FT-IR as KBr pellets or oils between
NaCl plates. Mass spectra were measured with a Finnigan MAT 95 (EI
and HR-EI, at 70 eV, preselected ion peak matching at R @ 10000 to be
within �2 ppm of the exact masses) spectrometer. Enantiomeric excesses
were determined by HPLC using a Chiracel OD column, hexane/isopro-
panol 98:2 (0.9 mLmin�1). The HPLC analysis of (M)-39 and its diaster-


eomer (4S,5S,6S,7S,8S,9R,10R,11S,12S,13S,14S,15S)-39 formed from (E)-
38 was performed on a JASCO PU-986 chromatograph equipped with a
refractive index (JASCO RI-2031) and a polarimetric (JASCO OR-990)
detector using a 25Y0.46 cm column with Chiralcel OD, methanol/water
98:2, 0.5 mLmin�1, and their preparative separation was conducted on
the same HPLC system using a 25Y2 cm column with Chiralcel OD,
methanol/water 98:2, 6 mLmin�1, detector JASCO OR-990. Preparative
HPLC separations of compounds 37 and 38 were performed using a
column with Kromasil RP18 under conditions specified below. Optical
rotations were measured on a Perkin–Elmer 241 digital polarimeter in a
1 dm cell. Melting points were determined on a BDchi 510 capillary melt-
ing point apparatus, values are uncorrected. Transition temperatures
have been measured by a DSC Perkin–Elmer DSC 7 (10 8Cmin�1) and a
microscopic (Nikon Optiphot polarization microscope with Mettler FP82
hot stage) observation (3 8Cmin�1). TLC analyses were performed on
precoated sheets, 0.25 mm Sil G/UV254 (Macherey-Nagel). Silica gel
grade 60 (230–400 mesh) (Merck) was used for column chromatography.


Crystal structure determinations : Suitable crystals of the compounds
were grown by slowly concentrating their diluted solutions in hexane/
Et2O [rac-7, (1’S,3’R,2S)-9, (1R,3S,4R)-19, (1S,3R,4R,5R,6R,7R,8R,9S)-22,
(1S,3R,4S,5S,6S,7S,8R,9S)-22, (M)-(�)-22, (P)-(+)-23], in THF/octane
[(E)-(3R,3’R,4S,4’S)-13], in Et2O [(E)-(3S,3’S,4S,4’S,5R,5’R)-21, (M)-(�)-
40], in CH2Cl2 [(P)-14], in MeOH [(P)-15], in MeCN [(P)-17], in EtOH
[rac-22], in THF/heptane [(P)-(+)-22], in MeOH/Et2O [d-(+)-23, (M)-
(�)-24, (M)-(�)-25], in cyclohexane/dioxane [(E)-
(3R,3’R,4R,4’R,5R,5’R,6R,6’R,7R,7’R,8S,8’S)-31], in C6H12/Et2O [(E)-
(3R,3’R,4R,4’R,5R,5’R,6R,6’R,7R,7’R,8S,8’S)-31], in MeOH/H2O (32), in
acetone/acetonitrile [(4S,5S,6S,7S,8S,9R,10S,11S,12S,13S,14S,15S)-39,] , and
in toluene [(4S,5S,6S,7S,8S,9R,10R,11S,12S,13S,14S,15S)-39 and (M)-39].
The data were collected on a Bruker Apex Proteum-M [(E)-
(3R,3’R,4S,4’S)-13 and [(P)-14], a Stoe IPDS II [(1R,3S,4R)-19] and a
Bruker SMART CCD 6000 (other compounds) diffractometer (graphite
monochromator, MoKa radiation, w scan), equipped with Oxford Cryo-
stream low-temperature devices. The structures were solved by direct
methods and refined by full-matrix least squares on F2. All non-hydrogen
atoms were refined anisotropically. The treatment of H atoms varied for
the different structures, but in most cases the H atoms were located in
the difference Fourier map and refined isotropically. Absolute configura-
tions of the bromine-substituted molecules were determined on the basis
of X-ray data; absolute configurations of other molecules were assigned
on the basis of additional chemical information. The parameters of crys-
tal data collections and structure refinements are presented in Table 4.[10]


Preparation of gem-dibromo[n]triangulanylmethanols


General procedure GP 1: CHBr3 (379.12 g, 131.0 mL, 1.50 mol) and ben-
zyltriethylammonium chloride (TEBACl, 31.6 mmol) in anhydrous
CH2Cl2 (850 mL) were added in one portion KOH (pellets, 454.5 g,
8.10 mol) to a vigorously stirred pre-cooled (�10 8C) solution of the re-
spective protected (methylenetriangulanyl)methanol (500 mmol), and the
resulting mixture was stirred with TLC monitoring for the indicated time
maintaining the temperature at 20–25 8C by external cooling. Pentane
(2.5 L) was added and, after stirring for an additional 0.5 h, the mixture
was filtered through a pad of Celite (0.5 cm) and silica gel (1 cm), then
concentrated under reduced pressure. The excess bromoform was distil-
led off at 40 8C under reduced pressure 0.001 Torr. The residue was used
without further purification (GP 1a) or taken up with methanol
(400 mL) and stirred with pyridinium p-toluenesulfonate (PPTS,
6.5 mmol) at 50–65 8C for the indicated time (for THP-protected alcohols,
GP 1b). The reaction mixture was cooled to ambient temperature and,
after addition of 2% H2O v/v, concentrated under reduced pressure. The
products were isolated by column chromatography on silica gel followed
by recrystallization. In the case of acetylated alcohols (GP 1c), the crude
dibromocarbene adduct was stirred under reflux in MeOH in the pres-
ence of sulfuric acid (0.5 g, 0.27 mL) for the indicated time and, after
cooling to ambient temperature, neutralized with sodium methoxide
(1 g), concentrated under reduced pressure and purified by column chro-
matography on silica gel followed by recrystallization.


rac-(anti-4,4-Dibromospiropent-1-yl)methanol (rac-7): The residue ob-
tained from rac-1-methylene-2-tetrahydropyranyloxymethylcyclopropane


Figure 6. Temperature (T) dependence of the helical twisting powers
(HTPs) for the three representative compounds 43c (*), 44c (*), and
45c (^).
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Table 4. Crystal and data collection parameters for compounds rac-7, (1’S,3’R,2S)-9, (E)-(3R,3’R,4S,4’S)-13, (P)-14, (P)-15, (P)-17, (1R,3S,4R)-19, (E)-
(3S,3’S,4S,4’S,5R,5’R)-21, rac-22, (1R,3S,4S,5S,6S,7S,8S,9R)-22, (1S,3R,4R,5R,6R,7R,8R,9S)-22, (1S,3R,4S,5S,6S,7S,8R,9S)-22, d-(+)-23, (P)-(+)-23, (M)-(�)-24,
(M)-(�)-25, (E)-(3R,3’R,4R,4’R,5R,5’R,6R,6’R,7R,7’R,8S,8’S)-31, (4S,5S,6S,7S,8S,9R,10S,11S,12S,13S,14S,15S)-39, (4S,5S,6S,7S,8S,9R,10R,11S,12S,13S,14S,15S)-39,
(M)-39, and diacid (M)-(�)-40.


Compound rac-7 (1’S,3’R,2S)-9 (E)-(3R,3’R,
4S,4’S)-13


(P)-14 (P)-15 (P)-17 ACHTUNGTRENNUNG(1R,3S,4R)-19 (E)-21


formula C6H8Br2O C14H14Br2O3 C12H16O2 C13H18O2


Y0.25CH2Cl2


C13H16Br2 C15H18 C8H10Br2O C16H20O2


Y0.5C4H10O
molecular mass 255.94 390.07 192.25 227.51 332.08 198.29 281.98 281.38
crystals monoclinic orthorhombic orthorhombic hexagonal orthorhombic monoclinic monoclinic monoclinic
space group P21/c P212121 P212121 P32 P212121 P21 P21 P21
crystal size [mm] 0.56Y0.10Y0.08 0.58Y0.04Y0.02 0.38Y0.30Y0.04 0.52Y0.16Y0.14 0.46Y0.18Y0.12 0.24Y0.18Y0.08 0.25Y0.20Y0.15 1.30Y0.04Y0.03
a [U] 6.3458(1) 5.4644(2) 9.6596(5) 14.263(1) 5.3216(1) 7.3275(2) 11.811(2) 11.498(2)
b [U] 17.3413(4) 14.1592(4) 16.004(1) 14.263(1) 15.2548(3) 9.6053(2) 6.5023(13) 5.067(1)
c [U] 22.0989(4) 37.116(1) 20.295(2) 5.6131(5) 16.0135(3) 8.9956(2) 12.682(3) 13.351(3)
a [8] 90 90 90 90 90 90 90 90
b [8] 96.27(1) 90 90 90 90 109.82(1) 95.67(3) 110.99(6)
g [8] 90 90 90 120 90 90 90 90
V [U3] 2417.30(8) 2871.7(2) 3137.5(3) 988.9(1) 1299.97(4) 595.62(2) 969.1(3) 726.2(3)
Z 12 8 12 3 4 2 2 2
F ACHTUNGTRENNUNG(000) 1464 1536 1248 368 656 216 544 306
1 [gcm�3] 2.110 1.804 1.221 1.146 1.697 1.106 1.933 1.287
m [mm�1] 9.981 5.646 0.081 0.172 6.203 0.062 8.309 0.084
T [K] 120(2) 120(2) 120(2) 120(2) 120(2) 120(2) 133(2) 120(2)
Vmax [8] 29.50 27.50 29.50 26.99 29.00 29.00 24.73 25.99
refl. collected 26948 25788 32447 9033 16029 6505 4549 2424
refl. independent 6691 6586 8729 2823 3446 3118 2916 2201
Rint 0.0284 0.0773 0.1026 0.0261 0.0205 0.0366 0.0567 0.0231
R1 [I=2s(I)] 0.0241 0.0354 0.0468 0.0759 0.0143 0.0323 0.0494 0.0629
wR2 (all data) 0.0542 0.0649 0.0.866 0.2114 0.0365 0.0827 0.1320 0.1733
no. of parameters
refined


340 351 403 172 200 208 199 255


GOOF 1.024 0.969 0.915 1.117 1.067 0.0872 1.091 1.130
largest diff. peak
and hole [eU�3]


1.033, �0.647 0.719, �0.643 0.265, �0.201 0.559, �0.264 0.414, �0.345 0.185, �0.162 0.553, �0.813 0.446, �0.315


Compound (P)-(+)-22
(from EtOH)


(M)-(�)-22
(from hexane/
Et2O)


(P)-(+)-22
(from heptane/
THF)


rac-22 (1S,3R,4S,5S,
6S,7S,8R,9S)-22


(P)-(+)-23 d-(+)-23 (M)-(�)-24


formula C17H22O2 C17H22O2


Y0.5C4H10O
C17H22O2


Y0.5C4H8O
C17H22O2 C17H22O2 C17H20Br2 C17H20Br2 C17H18


molecular mass 258.35 295.42 294.4 258.35 258.35 384.15 384.15 222.31
crystals orthorhombic orthorhombic orthorhombic monoclinic orthorhombic orthorhombic monoclinic monoclinic
space group P212121 I222 I222 P21/c P212121 P212121 C2 P21
crystal size [mm] 0.44Y0.28Y0.24 0.31Y0.14Y0.11 0.60Y0.12Y0.04 0.32Y0.08Y0.02 0.31Y0.18Y0.04 0.32Y0.20Y0.14 0.22Y0.20Y0.10 0.32Y0.29Y0.03
a [U] 7.9640(1) 7.6776(4) 7.5264(5) 13.3211(8) 6.3064(3) 5.5575(1) 23.9536(5) 9.9639(2)
b [U] 9.6434(1) 12.5642(6) 12.6120(8) 19.416(1) 11.8894(6) 16.2902(3) 6.5749(1) 10.6100(2)
c [U] 19.8564(3) 18.6416(9) 17.784(1) 11.6168(7) 19.934 (1) 18.1928(3) 16.7246(4) 13.6195(3)
a [8] 90 90 90 90 90 90 90 90
b [8] 90 90 90 104.43(2) 90 90 110.67(1) 110.46(1)
g [8] 90 90 90 90 90 90 90 90
V [U3] 1524.97(3) 1798.22(15) 1688.1(2) 2909.8(3) 1494.65(13) 1647.04(5) 2464.45(9) 1348.94(5)
Z 4 4 4 8 4 4 6 4
F ACHTUNGTRENNUNG(000) 560 632 640 1120 560 768 1152 480
1 [gcm�3] 1.125 1.080 1.158 1.179 1.148 1.549 1.553 1.095
m [mm�1] 0.072 0.070 0.075 0.075 0.073 4.908 4.920 0.061
T [K] 120(2) 250(2) 120(2) 120(2) 120(2) 120(2) 150(2) 120(2)
Vmax [8] 29.50 25.99 29.00 26.00 28.49 30.00 29.00 29.00
refl. collected 17249 5790 7990 20640 12389 23084 8833 16685
refl. independent 4249 1773 2266 5721 2188 4795 6407 7160
Rint 0.0460 0.0177 0.0522 0.1148 0.0640 0.0198 0.0154 0.0278
R1 [I=2s(I)] 0.0309 0.0492 0.0550 0.0470 0.0455 0.0162 0.0323 0.0371
wR2 (all data) 0.0837 0.1603 0.1576 0.0695 0.1229 0.0425 0.0755 0.0806
no. of parameters
refined


260 103 135 519 260 252 378 451


GOOF 1.036 1.036 1.056 0.815 1.121 0.988 1.046 1.195
largest diff. peak
and hole [eU�3]


0.221, �0.173 0.182, �0.194 0.450, �0.440 0.183, �0.188 0.244, �0.171 0.355, �0.264 0.587, �0.811 0.185, �0.152
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(6) (88.0 g, 524 mmol), CHBr3 (388.2 g, 137.3 mL, 1.536 mol), KOH
(476.31 g, 8.49 mol) and TEBACl (7.54 g, 33.1 mmol) in CH2Cl2 (880 mL)
according to GP 1a (3 h of stirring), was treated with MeOH (1.4 L) and
PPTS (4.80 g, 19.1 mmol) according to GP 1b (65 8C, 3 h). Column chro-
matography of the residue (500 g silica gel, 7Y30 cm column, pentane/
Et2O 10:1 ! 2:1) followed by recrystallization from hexane/Et2O furnish-
ed rac-7 (72.9 g, 54%) as a colorless solid. M.p. 57–59 8C; 1H NMR
(250 MHz, CDCl3): d=3.59 (dd, J=6.5, 11.4 Hz, 1H; CH2O), 3.51 (dd,
J=6.8, 11.4 Hz, 1H; CH2O), 2.01 (d, J=6.7 Hz, 1H; cPr-H), 1.92 (d, J=
6.7 Hz, 1H; cPr-H), 1.83–1.72 (m, 1H; cPr-H), 1.61 (s, 1H; OH), 1.40
(dd, J=5.1, 8.6 Hz, 1H; cPr-H), 1.16 (dd, J=5.1, 5.3 Hz, 1H; cPr-H);
13C NMR (62.9 MHz, CDCl3): d=64.1 (CH2), 31.3 (C), 28.9 (C), 26.9
(CH2), 25.1 (CH), 15.7 (CH2). The structure of rac-7 was confirmed by
X-ray crystal structure analysis.[10]


ACHTUNGTRENNUNG{(1R,3S,4R)- and {(1R,3S,4S)-5,5-Dibromodispiro ACHTUNGTRENNUNG[2.0.2.1]hept-1-yl}me-
thanol [(1R,3S,4R)-19 and (1R,3S,4S)-19]: The crude 2-{(1R,3S)-4-
methylenespiro ACHTUNGTRENNUNG[2.2]pent-1-ylmethoxy}-tetrahydropyran [(1R,3S)-18],
which was prepared from [(1R,3S)-4-methylenespiropentyl]-methanol
[(1R,3S)-10] (7.76 g, 70.4 mmol), DHP (8.90 g, 106 mmol) and PPTS
(1.76 g, 7.0 mmol) in CH2Cl2 (150 mL) according to GP 2 (see below, 5 h
of stirring), was treated with CHBr3 (53.40 g, 211.3 mmol, 18.9 mL),
KOH (65.0 g, 1.158 mol) and TEBACl (1.10 g, 4.83 mmol) in CH2Cl2
(100 mL) according to GP 1a. The resulting mixture of crude
{[(1R,3S,4R)- and {[(1R,3S,4S)-5,5-dibromodispiroACHTUNGTRENNUNG[2.0.2.1]hept-1-yl]me-
thoxy}tetrahydropyrans was treated with methanol (400 mL) and PPTS
(1.70 g, 6.76 mmol) according to GP 1b (50 8C, 18 h). Column chromatog-
raphy of the residue (500 g silica gel, 7Y30 cm column, pentane/Et2O 4:1
! 1:2) followed by recrystallization from pentane/Et2O 4:1 furnished


(1R,3S,4R)-19 (3.45 g, 17% over three steps) and (1R,3S,4S)-19 (3.68 g,
19% over three steps) as colorless solids.


Compound (1R,3S,4R)-19 : Rf=0.43 (pentane/Et2O 1:2); m.p. 69–70 8C;
[a]20D =++41.4 (c=1.18 in CHCl3);


1H NMR (250 MHz, CDCl3): d=3.80
(dd, J=6.3, 11.3 Hz, 1H; CH2O), 3.59 (dd, J=7.3, 11.3 Hz, 1H; CH2O),
2.06–1.96 (m, 2H; cPr-H, OH), 1.89 (d, J=6.7 Hz, 2H; cPr-H), 1.57 (d,
J=4.6 Hz, 1H; cPr-H), 1.45 (d, J=4.6 Hz, 1H; cPr-H), 0.96 (dd, J=4.8,
8.1 Hz, 1H; cPr-H), 0.82 (t, J=4.8 Hz, 1H; cPr-H); 13C NMR (62.9 MHz,
CDCl3): d=65.4 (CH2), 30.5 (C), 29.3 (C), 28.6 (CH2), 24.7 (C), 16.6
(CH), 14.2 (CH2), 10.1 (CH2). Its relative configuration was confirmed by
X-ray crystal structure analysis.[10]


Compound (1R,3S,4S)-19 : Rf=0.30 (pentane/Et2O 1:2); m.p. 63–64 8C;
[a]20D =�165.4 (c=1.09 in CHCl3);


1H NMR (250 MHz, CDCl3): d=3.64
(dd, J=6.7, 6.7 Hz, 2H; CH2O), 2.07 (d, J=6.7 Hz, 1H; cPr-H), 1.89 (d,
J=6.7 Hz, 1H; cPr-H), 1.61–1.50 (m, 4H; cPr-H, OH), 1.47–1.35 (m, 1H;
cPr-H), 0.82 (t, J=4.9 Hz, 1H; cPr-H); 13C NMR (62.9 MHz, CDCl3): d=
65.4 (CH2), 30.4 (C), 29.2 (C), 28.7 (CH2), 24.9 (C), 19.1 (CH), 14.0
(CH2), 7.8 (CH2).


ACHTUNGTRENNUNG[(1S,3R,4S)- and [(1S,3R,4R)-5,5-Dibromodispiro ACHTUNGTRENNUNG[2.0.2.1]hept-1-yl]me-
thanol [(1S,3R,4S)-19 and (1S,3R,4R)-19]: The residue obtained from
(1S,3R)-4-methylenespiropentylmethyl acetate [(1S,3R)-11] (17.72 g,
116.4 mmol), CHBr3 (147.1 g, 52.0 mL, 582 mmol), KOH (26.54 g,
473 mmol) and TEBACl (1.70 g, 7.46 mmol) in CH2Cl2 (200 mL) accord-
ing to GP 1a (2 h of stirring), was treated with MeOH (600 mL) and
H2SO4 (0.5 g, 0.27 mL) according to GP 1c (65 8C, 4 h). Column chroma-
tography of the residue (1000 g silica gel, 9Y35 cm column, pentane/Et2O
4:1 ! 1:1) followed by recrystallization from hexane/Et2O afforded
(1S,3R,4S)-19 (10.41 g, 32%) and (1S,3R,4R)-19 (9.33 g, 28%) as color-


Compound (M)-(�)-25 (E)-31
(from C6H12/
Et2O)


(E)-31
(from dioxane/
C6H12)


(4S,5S,6S,7S,8S,9R,10S,
11S,12S,13S,14S,15S)-
39


(4S,5S,6S,7S,8S,9R,10R,
11S,12S,13S,14S,15S)-
39


(M)-39 (M)-(�)-40


formula C19H22 C28H32O2


Y1=6C6H12


C28H32O2


Y 1=3C6H12


C31H34 C31H34 C31H34 C17H18O4


molecular
mass


250.37 414.56 428.59 406.58 406.58 406.58 286.31


crystals trigonal monoclinic monoclinic orthorhombic monoclinic monoclinic orthorhombic
space group P3121 P21 P21 P212121 C2 P21 P212121
crystal size
[mm]


0.13Y0.12Y0.11 0.20Y0.10Y0.01 0.28Y0.19Y0.07 0.56Y0.20Y0.14 0.32Y0.28Y0.12 0.36Y0.12Y0.06 0.32Y0.12Y0.01


a [U] 9.183(1) 9.870(2) 9.9247(8) 7.4015(1) 27.2928(7) 10.2656(3) 5.6750(15)
b [U] 9.183(1) 40.010(8) 40.112(3) 16.3396(3) 10.6234(3) 6.0517(2) 10.029(3)
c [U] 46.985(9) 11.097(2) 11.0939(9) 20.8063(4) 14.0357(4) 20.0823(6) 26.637(7)
a [8] 90 90 90 90 90 90 90
b [8] 90 115.5(3) 115.832(4) 90 112.18(1) 94.55(1) 90
g [8] 120 90 90 90 90 90 90
V [U3] 3431.4(10) 3955.0(14) 3975.2(6) 2516.26(8) 3768.4(2) 1243.7(1) 1516.0(7)
Z 9 6 6 4 6 2 4
F ACHTUNGTRENNUNG(000) 1224 1344 1302 880 1320 440 608
1 [g cm�3] 1.090 1.044 1.074 1.073 1.075 1.086 1.254
m [mm�1] 0.061 0.064 0.065 0.060 0.060 0.061 0.089
T [K] 120(2) 120(2) 120(2) 120(2) 120(2) 120(2) 120(2)
Vmax [8] 25.49 22.50 25.00 29.00 28.99 29.50 25.35
refl. collected 29160 13430 29839 19912 20699 14198 9520
refl. inde-
pendent


4249 7505 7095 3775 5261 3785 2749


Rint 0.1146 0.2375 0.0892 0.0286 0.0691 0.0553 0.2355
R1 [I=2s(I)] 0.0470 0.0936 0.0825 0.0328 0.0372 0.0376 0.0658
wR2 (all data) 0.0595 0.2604 0.2238 0.0885 0.0913 0.0843 0.1316
no. of parame-
ters refined


262 845 877 416 624 416 196


GOOF 0.940 0.794 1.114 1.118 0.917 0.972 0.884
largest diff.
peak and hole
[eU�3]


0.127, �0.143 0.090, �0.067 0.312, �0.352 0.221, �0.125 0.239, �0.177 0.174, �0.193 0.246, �0.258
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less solids. Their 1H- and 13C NMR spectra were identical with those ob-
tained for the enantiomers (1R,3S,4R)-19 and (1R,3S,4S)-19, respectively
(see above).


Compound (1S,3R,4S)-19 : m.p. 69–70 8C; [a]20D =�41.3 (c=0.925 in
CHCl3).


Compound (1S,3R,4R)-19 : m.p. 63–64 8C; [a]20D =++164.8 (c=1.17 in
CHCl3).


(1S,3R,4R,5R,6R,7R)-(8,8-Dibromopentaspiro[2.0.0.0.0.2.1.1.1.1]tridec-1-
yl)methanol and (1S,3R,4R,5R,6R,7S)-(8,8-dibromopentaspiro[2.0.0.0.0.2.
1.1.1.1]tridec-1-yl)methanol [(1S,3R,4R,5R,6R,7R)-29 and (1S,3R,4R,
5R,6R,7S)-29]: The residue obtained from (1S,3R,4R,5R,6R)-2-{(7-meth-
ylenetetraspiro[2.0.0.0.2.1.1.1]undec-1-yl)methoxy}tetrahydro-2H-pyran
[(P)-28] (3.41 g, 12.52 mmol), CHBr3 (15.8 g, 5.6 mL, 62.7 mmol), KOH
(3.88 g, 69.15 mmol) and TEBACl (200 mg, 0.88 mmol) in CH2Cl2
(30 mL) according to GP 1a (3 h of stirring), was treated with MeOH
(100 mL) and PPTS (180 mg, 0.72 mmol) according to GP 1b (65 8C,
10 h). Column chromatography of the oily residue (6.0 g) (850 g silica
gel, 9Y35 cm column, pentane/Et2O 2:1) furnished a 3:2 mixture (4.55 g,
100%) of (1S,3R,4R,5R,6R,7R)-29 and (1S,3R,4R,5R,6R,7S)-29 (accord-
ing to HPLC analysis) which were separated by preparative HPLC (Kro-
masil RP18, MeCN/H2O 75:25, 12 mLmin�1) to give
(1S,3R,4R,5R,6R,7R)-29 (1.390 g, 31%) and (1S,3R,4R,5R,6R,7S)-29
(762 mg, 17%) as colorless semisolids.


Compound (1S,3R,4R,5R,6R,7R)-29 : 1H NMR (250 MHz, CDCl3): d=


3.78 (dd, J=6.7, 11.1 Hz, 1H; CH2O), 3.65 (dd, J=7.1, 11.1 Hz, 1H;
CH2O), 3.14 (s, 1H; OH), 2.05–1.99 (m, 2H; cPr-H), 1.71 (d, J=4.3 Hz,
1H; cPr-H), 1.55 (d, J=4.5 Hz, 1H; cPr-H), 1.47 (d, J=4.6 Hz; 1H, cPr-
H), 1.42–1.34 (m, 1H; cPr-H), 1.25–1.19 (m, 3H; cPr-H), 1.13 (d, J=
4.0 Hz, 1H; cPr-H), 1.07 (d, J=4.3 Hz, 1H; cPr-H), 1.08–1.03 (m, 1H,
cPr-H), 0.71 (t, J=4.5 Hz, 1H; cPr-H); 13C NMR (75 MHz, CDCl3): d=
66.1 (CH2), 30.5 (C), 29.0 (C), 27.7 (CH2), 24.3 (C), 18.5 (CH), 18.3 (C),
18.0 (C), 17.4 (C), 14.5 (CH2), 10.2 (CH2), 9.1 (CH2), 8.8 (CH2), 7.8
(CH2). Its absolute configuration was derived from the relative configura-
tion of its ester with (S)-(+)-mandelic acid 32, as determined by X-ray
crystal structure analysis.[10]


Compound (1S,3R,4R,5R,6R,7S)-29 : 1H NMR (250 MHz, CDCl3): d=


3.78 (dd, J=7.3, 11.1 Hz, 1H; CH2O), 3.63 (dd, J=6.5, 11.1 Hz, 1H;
CH2O), 2.52 (s, 1H; OH), 2.08 (d, J=6.6 Hz, 1H; cPr-H), 1.97 (d, J=
6.6 Hz, 1H; cPr-H), 1.70 (d, J=4.5 Hz, 1H; cPr-H), 1.55 (d, J=4.5 Hz,
1H; cPr-H), 1.41 (d, J=4.5 Hz, 1H; cPr-H), 1.29–1.21 (m, 4H; cPr-H),
1.17 (d, J=4.3 Hz, 1H; cPr-H), 1.11 (d, J=4.1 Hz, 1H; cPr-H), 1.03 (dd,
J=4.4, 7.7 Hz, 1H; cPr-H), 0.70 (t, J=4.4 Hz, 1H; cPr-H); 13C NMR
(75 MHz, CDCl3): d=66.3 (CH2), 31.7 (C), 29.7 (C), 25.5 (C), 18.3 (CH),
18.2 (C), 17.99 (C), 17.98 (C), 29.7 (CH2), 14.9 (CH2), 14.0 (CH2), 11.0
(CH2), 8.9 (CH2), 8.8 (CH2).


(3R,4S,5S,6S,7S)-1,1-Dibromohexaspiro[2.0.0.0.0.0.2.1.1.1.1.1]pentade-
cane and (3S,4S,5S,6S,7S)-1,1-dibromohexaspiro[2.0.0.0.0.0.2.1.1.1.1.1]-
pentadecane [(3R,4S,5S,6S,7S)-37 and (3S,4S,5S,6S,7S)-37]: Column chro-
matography (300 g silica gel, 4.4Y40 cm column, hexane, Rf=0.47) of the
residue obtained from the methylene[6]triangulane (3S,4S,5S,6S)-36
(1.05 g, 5.70 mmol), CHBr3 (5.761 g, 2.04 mL, 22.79 mmol), KOH
(15.986 g, 284.9 mmol, powder) and TEBACl (100 mg, 0.44 mmol) in
CH2Cl2 (50 mL) according to GP 1a (14 h of stirring) furnished a 1:1 mix-
ture (2.029 g, 100%) of (3R,4S,5S,6S,7S)-37 and (3S,4S,5S,6S,7S)-37 (ac-
cording to HPLC analysis). Attempted preparative HPLC separation
(Kromasil RP18, MeCN/H2O 75:25 + 0.5% CF3CO2H, 0.8 mLmin�1)
gave the same 1:1 mixture (1.154 g, 57%). Repeated separation of this
mixture (Kromasil RP18, MeCN/H2O 90:10 + 0.5% CF3CO2H,
1.5 mLmin�1) furnished two fractions (3R,4S,5S,6S,7S)-37 (397 mg, 20%)
and (3S,4S,5S,6S,7S)-37 (329 mg, 16%).


Compound (3R,4S,5S,6S,7S)-37: colorless solid; m.p. 60–61 8C; [a]20D =


�464.9 (c=1.401 in CHCl3);
1H NMR (250 MHz, CDCl3): d=2.08 (d, J=


6.7 Hz, 1H), 1.98 (d, J=6.7 Hz, 1H), 1.56 (d, J=4.3 Hz, 1H), 1.42 (d, J=
4.3 Hz, 1H), 1.35 (d, J=4.3 Hz, 1H), 1.29 (d, J=4.0 Hz, 1H), 1.22–1.17
(m, 3H), 1.14 (d, J=4.0 Hz, 1H), 1.09 (d, J=3.8 Hz, 1H), 1.00 (d, J=
4.0 Hz, 1H), 0.90–0.84 (m, 1H), 0.83–0.69 (m, 3H); 13C NMR (62.9 MHz,
CDCl3): d=31.8 (C), 29.8 (CH2), 25.6 (C), 23.5 (C), 18.6 (C), 18.0 (C),
17.4 (C), 15.2 (CH2), 13.5 (C), 11.2 (CH2), 10.4 (CH2), 10.3 (CH2), 8.9


(CH2), 4.8 (CH2), 4.3 (CH2). Its relative configuration was determined by
X-ray crystal structure analysis.[10]


Compound (3S,4S,5S,6S,7S)-37: colorless oil; [a]20D =�516.0 (c=1.446 in
CHCl3);


1H NMR (250 MHz, CDCl3): d=2.03 (d, J=6.5 Hz, 1H), 1.99
(d, J=6.5 Hz, 1H), 1.73 (d, J=4.3 Hz, 1H), 1.56 (d, J=4.5 Hz, 1H), 1.48
(d, J=4.5 Hz, 1H), 1.30 (d, J=4.3 Hz, 1H), 1.21–1.17 (m, 3H), 1.13 (d,
J=4.0 Hz, 1H), 1.05 (d, J=3.8 Hz, 1H), 1.00 (d, J=3.8 Hz, 1H), 0.90–
0.84 (m, 1H), 0.82–0.66 (m, 3H); 13C NMR (62.9 MHz, CDCl3): d=30.7
(C), 29.0 (C), 27.7 (CH2), 24.3 (C), 18.03 (C), 17.99 (C), 17.94 (C), 14.6
(CH2), 13.6 (C), 11.1 (CH2), 10.3 (CH2), 8.8 (CH2), 8.0 (CH2), 4.8 (CH2),
4.3 (CH2).


rac-(4,4-Dibromospiropent-1-yl)methyl acetate (rac-8): Acetic anhydride
(38.4 g, 35.5 mL, 376.1 mmol) was added in one portion at 0 8C to a stir-
red solution of rac-(4,4-dibromospiropent-1-yl)methanol (rac-7) (80.0 g,
312.6 mmol) in pyridine (67 mL). After additional stirring at this temper-
ature for 2 h and at ambient temperature for 4 h, the reaction mixture
was diluted with water (200 mL), then extracted with diethyl ether (2Y
100 mL) and pentane (2Y100 mL); the combined organic layers were
washed with water (4Y100 mL), dried, filtered through a 1 cm pad of
silica gel and a 0.5 cm pad of Celite and concentrated under reduced
pressure. The residue was distilled in vacuo to give acetate rac-8 (88.2 g,
95%). B.p. 92–94 8C (2 mbar); 1H NMR (250 MHz, CDCl3): d=4.20 (dd,
J=6.4, 11.5 Hz, 1H; CH2O), 3.88 (dd, J=7.7, 11.5 Hz, 1H; CH2O), 2.03
(d, J=6.6 Hz, 1H; cPr-H), 2.04 (s, 3H; CH3), 1.97 (d, J=6.6 Hz, 1H;
cPr-H), 1.92–1.84 (m, 1H; cPr-H), 1.49 (dd, J=5.5, 8.6 Hz, 1H; cPr-H),
1.23 (t, J=5.4, 1H; cPr-H); 13C NMR (62.9 MHz, CDCl3): d=170.7 (C),
65.6 (CH2), 31.9 (C), 28.2 (C), 27.1 (CH2), 21.9 (CH), 20.8 (CH3), 16.1
(CH2).


Deracemization of rac-(4,4-dibromospiropent-1-yl)methyl acetate (rac-8):
A mixture of rac-8 (88.0 g, 295.3 mmol), lipase CES (4.62 g), concentrat-
ed aq. buffer solution (400 mL, pH 7) [prepared from K2PO4 (29.1 g),
Na2HPO4·12H2O (76.6 g) and water to 1 L], and dichloromethane
(770 mL) was stirred with heating under reflux (bath temperature 50 8C)
for 6 d with GC monitoring. After cooling to ambient temperature, the
reaction mixture was filtered through a pad of Celite, the layers were
separated, the aqueous one was extracted with CH2Cl2 (3Y100 mL). The
combined organic layers were washed with water (50 mL), dried and con-
centrated under reduced pressure. Column chromatography of the resi-
due [300 g silica gel, 5Y35 cm column, pentane/Et2O 1:8 (3 L), then 1:4
(2 L), then Et2O (2 L)] gave [(1R,3S)-4,4-dibromospiropent-1-yl]methyl
acetate [(1R,3S)-8, first fraction] and [(1S,3R)-4,4-dibromospiropent-1-
yl]methanol [(1S,3R)-7, second fraction]. The former was treated with
MeOH (600 mL) and H2SO4 (0.5 g, 0.27 mL) according to GP 1c (65 8C,
4 h) and, after recrystallization of the residue from pentane, furnished
[(1R,3S)-4,4-dibromospiropent-1-yl]methanol [(1R,3S)-7] (29.3 g, 39%)
as a colorless solid. M.p. 44–45 8C; [a]20D =�72.4 (c=1.05 in CHCl3); ee �
95%. The second fraction was recrystallized from pentane to afford
[(1S,3R)-7] (30.02 g, 40%) as a colorless solid. M.p. 47 8C; [a]20D =++74.0
(c=1.11 in CHCl3); ee � 97%. Their NMR spectra were identical to
those of rac-7.


Preparation of THP-protected gem-dibromo[n]triangulanylmethanols


General procedure GP 2 : A solution of the respective gem-dibromotrian-
gulanylmethanol (10 mmol), 3,4-dihydro-2H-pyran (DHP, 17 mmol) and
pyridinium p-toluenesulfonate (PPTS, 0.8 mmol) in anhydrous dichloro-
methane (50 mL) was stirred at ambient temperature for the indicated
time and then concentrated under reduced pressure. The residue was
taken up with Et2O (100 mL), the solution washed with sat. aq. NaHCO3


solution (2Y50 mL), water (50 mL), dried and concentrated again. The
products were isolated by column chromatography on silica gel or used
without further purification.


2-{[(1S,3R)-4,4-Dibromospiropent-1-yl]methoxy}tetrahydro-2H-pyran
[(1S,3R)-12]: Column chromatography (500 g silica gel, 7Y30 cm column,
pentane/Et2O 10:1) of the residue obtained from [(1S,3R)-4,4-dibromo-
spiropent-1-yl]methanol [(1S,3R)-7] (19.5 g, 76.2 mmol), DHP (10.90 g,
11.77 mL, 129.6 mmol) and PPTS (1.40 g, 5.57 mmol) in CH2Cl2 (200 mL)
according to GP 2 (20 8C, 3.5 h) afforded (1S,3R)-12 (25.9 g, 100%) as a
colorless oil.


www.chemeurj.org Q 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 5697 – 57215712


A. de Meijere et al.



www.chemeurj.org





2-{[(1R,3S)-4,4-Dibromospiropent-1-yl]methoxy}tetrahydro-2H-pyran
[(1R,3S)-12]: This compound (161.1 g, 97%) was obtained from [(1R,3S)-
4,4-dibromospiropent-1-yl]methanol [(1R,3S)-7] (125.0 g, 488.4 mmol),
DHP (62.0 g, 66.95 mL, 737.0 mmol) and PPTS (5.0 g, 19.9 mmol) in
CH2Cl2 (500 mL) according to GP 2 (20 8C, 26 h) as a colorless oil and
used without further purification. Its IR and NMR spectra were identical
to those of the enantiomer (1S,3R)-12 (see above).


2-{[(1R,3S,4S)-5,5-DibromodispiroACHTUNGTRENNUNG[2.0.2.1]hept-1-yl]methoxy}tetrahydro-
2H-pyran [(1R,3S,4S)-20]: Column chromatography (100 g silica gel, 4Y
20 cm column, pentane/Et2O 5:1, Rf=0.38) of the crude product obtained
from (1R,3S,4S)-19 (3.14 g, 11.14 mmol), DHP (1.60 g, 1.73 mL,
19.0 mmol) and PPTS (209 mg, 0.83 mmol) in CH2Cl2 (60 mL) according
to GP 2 (20 8C, 3 h) afforded (1R,3S,4S)-20 (4.08 g, 100%) as a colorless
oil. 1H NMR (250 MHz, CDCl3): d=4.62 (t, J=3.0 Hz, 0.5H; OCHO),
4.57 (t, J=3.0 Hz, 0.5H; OCHO), 3.72–3.64 (m, 1H; CH2O), 3.84–3.79
(m, 1H; CH2O), 3.50–3.42 (m, 2H; CH2O), 2.08–2.03 (m, 1H), 1.91–1.37
(m, 11H), 0.83 (t, J=4.9 Hz, 1H; cPr-H); 13C NMR (62.9 MHz, CDCl3):
d=98.6 (CH), 98.5 (CH), 70.12 (CH2), 70.06 (CH2), 62.24 (CH2), 62.16
(CH2), 30.64 (C), 30.6 (CH2), 29.3 (C), 28.72 (CH), 28.68 (CH), 25.4
(CH2), 25.1 (C), 24.9 (C), 19.5 (CH2), 19.4 (CH2), 16.63 (CH2), 16.60
(CH2), 14.22 (CH), 14.16 (CH), 8.5 (CH2), 8.3 (CH2); IR (film): ñ =


3065, 2941, 2868, 1440, 1336, 1201, 1163, 1119, 1077, 1057, 1027, 903, 815,
683 cm�1; MS (CI): m/z (%): 752/750/748 (9/16/9) [2M ++NH4], 470/468/
466 (52/100/52), 386/384/382 (25/49/25) [M ++NH4].


2-{[(1S,3R,4R)-5,5-Dibromodispiro ACHTUNGTRENNUNG[2.0.2.1]hept-1-yl]methoxy}tetrahydro-
2H-pyran [(1S,3R,4R)-20]: Column chromatography (500 g silica gel, 7Y
30 cm column, pentane/Et2O 5:1, Rf=0.38) of the residue obtained from
[(1S,3R,4R)-5,5-dibromodispiro ACHTUNGTRENNUNG[2.0.2.1]hept-1-yl]methanol [(1S,3R,4R)-
19] (20.7 g, 73.4 mmol), DHP (11.0 g, 11.9 mL, 130.8 mmol) and PPTS
(1.40 g, 5.6 mmol) in CH2Cl2 (150 mL) according to GP 2 (20 8C, 1.5 h)
furnished crude (1S,3R,4R)-20 (26.5 g, 99%) as a colorless oil which was
used without further purification.


(1S,3R,4R,5R,6R,7R)-2-{(8,8-Dibromopentaspiro[2.0.0.0.0.2.1.1.1.1]tri-
dec-1-yl)methoxy}tetrahydro-2H-pyran [(1S,3R,4R,5R,6R,7R)-30]: The
crude compound (1S,3R,4R,5R,6R,7R)-30 (1.447 g, 84%) was obtained
from the dibromotriangulanemethanol (1S,3R,4R,5R,6R,7R)-29 (1.390 g,
3.86 mmol), DHP (741 mg, 0.8 mL, 8.81 mmol) and PPTS (100 mg,
0.40 mmol) in CH2Cl2 (10 mL) according to GP 2 (20 8C, 4 h) and used
without further purification.


Preparation of bis([n]triangulanylidenemethanols)


General procedure GP 3 : Anhydrous CuCl2 (2 mmol) was added in one
portion at �100 8C to a stirred solution of the respective THP-protected
gem-dibromotriangulanylmethanol (10 mmol) in an anhydrous THF/Et2O
mixture (30 mL), and the resulting slurry was stirred at this temperature
for an additional 0.5 h. nBuLi (10.8 mmol, a solution in hexane) was
added dropwise at �105 to �95 8C over a period of 1 h, the resulting mix-
ture was stirred at this temperature for an additional 1 h, allowed to
warm up to room temperature over 2 h, and then poured into an ice-cold
mixture of sat. aq. NH4Cl solution and diethyl ether (50 mL each). The
aqueous layer was extracted with Et2O (2Y30 mL), the combined organic
phases were dried and concentrated under reduced pressure. The oily res-
idue was taken up with methanol (300 mL) and stirred with pyridinium
p-toluenesulfonate (PPTS, 1.6 mmol) at 50–65 8C for the indicated time.
The reaction mixture was cooled to ambient temperature and, after addi-
tion of water (6 mL), concentrated under reduced pressure. The product
was isolated by column chromatography on silica gel followed by recrys-
tallization.


(E)-(3R,3’R,4S,4’S)-{4’-Hydroxymethyl-[1,1’]bi(spiropentylidene)-4-yl}-
methanol [(E)-(3R,3’R,4S,4’S)-13] and (Z)-(3R,3’R,4S,4’S)-{4’-hydroxy-
methyl-[1,1’]bi(spiropentylidene)-4-yl}methanol [(Z)-(3R,3’R,4S,4’S)-13]:
The oily residue obtained from {[(1S,3R)-4,4-dibromospiropent-1-yl]me-
thoxy}tetrahydropyran [(1S,3R)-12] (25.9 g, 76.2 mmol), nBuLi
(92.0 mmol, 38 mL of a 2.42m solution in hexane) and CuCl2 (2.05 g,
15.25 mmol) in THF/Et2O 10:1 (290 mL) was treated with MeOH
(1000 mL) and PPTS (1.50 g, 6.0 mmol) according to GP 3 (65 8C, 6 h).
Column chromatography of the residue (300 g silica gel, 5Y35 cm
column, hexane/Et2O 1:1, then Et2O, Rf=0.22 in Et2O) followed by re-
crystallization from hexane/Et2O furnished (E)-(3R,3’R,4S,4’S)-13 (2.83 g,


38% over two steps) as a colorless solid. Evaporation of the mother
liquor gave (Z)-(3R,3’R,4S,4’S)-13 (2.87 g, 38%) as a colorless solid
which, however, contained an impurity of the (E)-(3R,3’R,4S,4’S)-13
isomer (ca. 20%).


Compound (E)-(3R,3’R,4S,4’S)-13 : m.p. 129–130 8C; [a]20D =++302.2,
[a]20578=++315.7, [a]20546=++363.2, [a]20436=++665.9, [a]20365=++1165.5 (c=1.10
in CHCl3);


1H NMR (250 MHz, CDCl3): d=3.68 (d, J=6.8 Hz, 4H;
2CH2O), 1.72 (s, 2H; 2 OH), 1.77–1.67 (m, 2H; cPr-H), 1.47 (d, J=
5.9 Hz, 2H; cPr-H), 1.38 (d, J=5.9 Hz, 2H; cPr-H), 1.29 (dd, J=4.3,
7.8 Hz, 2H; cPr-H), 1.03 (t, J=4.6 Hz, 2H; cPr-H); 13C NMR (62.9 MHz,
CDCl3): d=111.1 (2C), 65.7 (2CH2), 22.3 (2CH), 15.4 (2C), 13.5
(2CH2), 7.8 (2CH2). Its relative configuration was established by X-ray
crystal structure analysis.[10]


Compound (Z)-(3R,3’R,4S,4’S)-13 : 1H NMR (250 MHz, CDCl3): d=3.71–
3.58 (m, 4H; 2CH2O), 2.10 (br s, 2H; 2YOH), 1.61–1.51 (m, 2H; cPr-H),
1.54 (d, J=6.0 Hz, 2H; cPr-H), 1.44 (d, J=6.0 Hz, 2H; cPr-H), 1.13 (dd,
J=4.3, 7.9 Hz, 2H; cPr-H), 1.02 (t, J=4.6 Hz, 2H; cPr-H); 13C NMR
(62.9 MHz, CDCl3): d=111.5 (2C), 65.6 (2CH2), 22.5 (2CH), 16.0 (2C),
13.8 (2CH2), 7.9 (2CH2).


(E)-(3S,3’S,4R,4’R)-{4’-Hydroxymethyl-[1,1’]bi(spiropentylidene)-4-yl}-
methanol [(E)-(3S,3’S,4R,4’R)-13] and (Z)-(3S,3’S,4R,4’R)-{4’-hydroxy-
methyl-[1,1’]bi(spiropentylidene)-4-yl}methanol [(Z)-(3S,3’S,4R,4’R)-13]:
{[(1R,3S)-4,4-Dibromospiropent-1-yl]methoxy}tetrahydropyran [(1R,3S)-
12] (40.0 g, 117.6 mmol) was treated with nBuLi (145.0 mmol, 54 mL of a
2.685m solution in hexane) and CuCl2 (3.17 g, 23.6 mmol) in THF/Et2O
14:1 mixture (250 mL) according to GP 3. The combined oily residues
collected from four such preparations were deprotected with MeOH
(3 L) and PPTS (8.0 g, 31.8 mmol) according to GP 3 (65 8C, 2 h).
Column chromatography (1000 g silica gel, 9Y35 cm column, hexane/
Et2O 1:1, then Et2O, Rf=0.22 in Et2O) followed by twice repeated recrys-
tallization from hexane/Et2O/THF furnished (E)-(3S,3’S,4R,4’R)-13
(18.57 g, 41%) as a colorless solid. Evaporation of the mother liquor
gave (Z)-(3S,3’S,4R,4’R)-13 (23.10 g, 51%) as a colorless solid which,
however, contained an impurity of the (E)-(3S,3’S,4R,4’SR)-13 isomer
(ca. 20%).


Compound (E)-(3S,3’S,4R,4’R)-13 : m.p. 129.0 8C; [a]20D =�302.3, [a]20578=
�317.0, [a]20546=�365.1, [a]20436=�670.1, [a]20365=�1174.3 (c=0.80). Its
NMR spectra were identical to those of the enantiomer (E)-
(3R,3’R,4S,4’S)-13 (see above).


(E)-(3S,3’S,4S,4’S,5R,5’R)-{5’-Hydroxymethyl-[1,1’]biACHTUNGTRENNUNG(dispiro ACHTUNGTRENNUNG[2.0.2.1]-
ACHTUNGTRENNUNGheptylidene)-5-yl}-methanol [(E)-(3S,3’S,4S,4’S,5R,5’R)-21]: The oily resi-
due obtained from (1R,3S,4S)-20 (4.08 g, 11.14 mmol), nBuLi (12.3 mmol,
7.7 mL of a 1.59m solution in hexane) and CuCl2 (300 mg, 2.23 mmol) in
THF/Et2O 10:1 mixture (33 mL) was treated with MeOH (500 mL) and
PPTS (460 mg, 1.83 mmol) according to GP 3 (50 8C, 2 h). Column chro-
matography of the residue (100 g silica gel, 3Y30 cm column, pentane/
Et2O 1:2, Rf=0.33 in Et2O) followed by recrystallization from hexane/
Et2O furnished (E)-(3S,3’S,4S,4’S,5R,5’R)-21 (308 mg, 23%) as a colorless
solid. M.p. 142–143 8C; [a]20D =�424.0 (c=0.90 in CHCl3);


1H NMR
(250 MHz, CDCl3): d=3.72 (dd, J=6.6, 11.1 Hz, 2H; CH2O), 3.61 (dd,
J=7.2, 11.1 Hz, 2H; CH2O), 1.60–1.52 (m, 6H; 4cPr-H, 2OH), 1.48–1.38
(m, 4H; cPr-H), 1.29 (d, J=5.9 Hz, 2H; cPr-H), 0.97 (dd, J=4.6, 7.8 Hz,
2H; cPr-H), 0.80 (t, J=4.6 Hz, 2H; cPr-H); 13C NMR (62.9 MHz,
CDCl3): d=112.3 (2C), 66.0 (2CH2), 21.9 (2C), 19.1 (2CH), 16.4 (2C),
13.7 (2CH2), 10.9 (2CH2), 10.0 (2CH2). Its relative configuration was
confirmed by X-ray crystal structure analysis.[10] The corresponding Z
isomer was also formed, but not isolated from the mother liquor.


(E)-(3R,3’R,4R,4’R,5S,5’S)-{5’-Hydroxymethyl-[1,1’]bi ACHTUNGTRENNUNG(dispiroACHTUNGTRENNUNG[2.0.2.1]-
ACHTUNGTRENNUNGheptylidene)-5-yl}methanol [(E)-(3R,3’R,4R,4’R,5S,5’S)-21] and (Z)-(3R,
3’R,4R,4’R,5S,5’S)-{5’-hydroxymethyl-[1,1’]bi ACHTUNGTRENNUNG(dispiro ACHTUNGTRENNUNG[2.0.2.1]hepty-
ACHTUNGTRENNUNGlidene)-5-yl}methanol [(Z)-(3R,3’R,4R,
4’R,5S,5’S)-21]: Compound (1S,3R,4R)-20 (26.5 g, 72.4 mmol) was treated
with nBuLi (86.88 mmol, 57.9 mL of a 1.50m solution in hexane) and
CuCl2 (1.930 g, 14.35 mmol) in THF/Et2O 10:1 (220 mL), and the oily
residue was worked up with MeOH (1100 mL) and PPTS (2.30 g,
9.15 mmol) according to GP 3 (65 8C, 12 h). Column chromatography of
the residue (500 g silica gel, 7Y30 cm column, pentane/Et2O 1:2, Rf=0.33
in Et2O) followed by recrystallization from hexane/Et2O furnished (E)-
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(3R,3’R,4R,4’R,5S,5’S)-21 (2.92 g, 33% over three steps) as a colorless
solid. M.p. 142–143 8C; [a]20D =++423.2 (c=0.98 in CHCl3). Its NMR spec-
tra were identical to those of the enantiomer (E)-(3S,3’S,4S,4’S,5R,5’R)-21
(see above). Evaporation of the mother liquor gave (Z)-
(3R,3’R,4R,4’R,5S,5’S)-21 (3.51 g, 40%) as a colorless solid which, how-
ever, contained an impurity of the (E)-(3S,3’S,4S,4’S,5R,5’R)-21 isomer
(ca. 20%).


Compound (Z)-(3S,3’S,4S,4’S,5R,5’R)-21: 1H NMR (250 MHz, CDCl3):
d=3.68 (dd, J=6.5, 11.1 Hz, 2H; CH2O), 3.65 (dd, J=7.1, 11.1 Hz, 2H;
CH2O), 2.01 (br s, 2H; 2OH), 1.60–1.19 (m, overlapping signals of Z- and
E isomers), 0.85 (dd, J=4.5, 7.9 Hz, 2H; cPr-H), 0.72 (t, J=4.5 Hz, 2H;
cPr-H); 13C NMR (62.9 MHz, CDCl3): d=112.5 (2C), 66.8 (2CH2), 22.1
(2C), 19.3 (2CH), 16.9 (2C), 14.4 (2CH2), 10.5 (2CH2), 9.9 (2CH2).


(E)-(3R,3’R,4R,4’R,5R,5’R,6R,6’R,7R,7’R,8S,8’S)-{8’-Hydroxymethyl-
[1,1’]bi(pentaspiro[2.0.0.0.0.2.1.1.1.1]tridecylidene)-8-yl}methanol [(E)-
(3R,3’R,4R,4’R,5R,5’R,6R,6’R,7R,7’R,8S,8’S)-31 [(E)-31] and (Z)-
(3R,3’R,4R,4’R,5R,5’R,6R,6’R,7R,7’R,8S,8’S)-{8’-hydroxymethyl-[1,1’]bi(-
pentaspiro[2.0.0.0.0.2.1.1.1.1]tridecylidene)-8-yl}methanol [(Z)-(3R,3’R,
4R,4’R,5R,5’R,6R,6’R,7R,7’R,8S,8’S)-31 [(Z)-31]: The crude dibromide
(1S,3R,4R,5R,6R,7R)-30 (1.447 g, 3.26 mmol) was treated with nBuLi
(4.04 mmol, 1.67 mL of a 2.42m solution in hexane) and CuCl2 (88 mg,
0.65 mmol) in THF/Et2O 25:1 (26 mL), and the oily residue was worked
up with MeOH (150 mL) and PPTS (100 mg, 0.40 mmol) according to
GP 3 (65 8C, 3 h). Column chromatography of the residue (20 g silica gel,
2Y15 cm column, CHCl3/THF 15:1) followed by recrystallization from
hexane/Et2O furnished (E)-31 (204 mg, 31%) as a colorless solid. M.p.
172–173 8C; [a]20D =++1084.2, [a]20578=++1135.2, [a]20546=++1305.2, [a]20436=++


2372.5, [a]20365=++4109.1 (c=0.386 in CHCl3);
1H NMR (600 MHz,


CDCl3): d=3.72 (dd, J=6.6, 11.1 Hz, 2H; CH2O), 3.60 (dd, J=7.2,
11.1 Hz, 2H; CH2O), 1.52 (d, J=3.6 Hz, 2H; cPr-H), 1.48–1.45 (m, 4H;
cPr-H), 1.44 (d, J=3.6 Hz, 2H; cPr-H), 1.38–1.34 (m, 2H; cPr-H), 1.26
(d, J=4.0 Hz, 2H; cPr-H), 1.21 (d, J=4.0 Hz, 2H; cPr-H), 1.18 (d, J=
3.9 Hz, 2H; cPr-H), 1.15 (d, J=3.9 Hz, 2H; cPr-H), 1.13 (d, J=4.0 Hz,
2H; cPr-H), 1.11 (d, J=4.0 Hz, 2H; cPr-H), 1.09 (d, J=4.0 Hz, 2H; cPr-
H), 1.00 (d, J=3.7 Hz, 2H; cPr-H), 0.67 (t, J=4.5 Hz, 2H; cPr-H);
13C NMR (75 MHz, CDCl3): d=112.0 (2C), 66.3 (2CH2), 21.2 (2C), 18.9
(2C), 18.6 (2CH), 18.3 (2C), 17.4 (2C), 16.3 (2C), 14.3 (2CH2), 10.8
(2CH2), 10.2 (2CH2), 9.1 (2CH2), 8.9 (2CH2), 8.8 (2CH2). Its relative
configuration was established by X-ray crystal structure analysis.[10]


Evaporation of the mother liquor gave (Z)-31 (230 mg, 35%) as a color-
less solid which, however, contained an impurity of the (E)-31 isomer
(ca. 10%); 13C NMR (75 MHz, CDCl3): d=112.2 (2C), 66.3 (2CH2), 21.4
(2C), 19.1 (2C), 18.6 (2CH), 18.3 (2C), 17.4 (2C), 16.9 (2C), 15.5
(2CH2), 10.5 (2CH2), 10.3 (2CH2), 9.0 (2CH2), 8.8 (2CH2), 8.6 (2CH2).


(E)-(3S,3’S,4S,4’S,5S,5’S,6S,6’S,7S,7’S)-(1,1’)bi(hexaspiro[2.0.0.0.0.0.2.1.1.
1.1.1]pentadecylidene) [(E)-(3S,3’S,4S,4’S,5S,5’S,6S,6’S,7S,7’S)-38] and
(Z)-(3S,3’S,4S,4’S,5S,5’S,6S,6’S,7S,7’S)-(1,1’)bi(hexaspiro[2.0.0.0.0.0.2.
1.1.1.1.1]pentadecylidene) [(Z)-(3S,3’S,4S,4’S,5S,5’S,6S,6’S,7S,7’S)-38]:
The dibromotriangulane [(3S,4S,5S,6S,7S)-37] (330 mg, 0.927 mmol) was
treated with nBuLi (1.15 mmol, 475 mL of a 2.42m solution in hexane)
and CuCl2 (25 mg, 0.186 mmol) in THF/Et2O 10:1 (11 mL) according to
GP 3. Column chromatography of the residue (40 g silica gel, 2.6Y20 cm
column, hexane, Rf=0.45) provided a 2:1 mixture of (E)-38 and (Z)-38
(130 mg, 71%) as a wax. Preparative HPLC separation of the latter
(Kromasil RP18, MeOH/H2O 90:10 + 0.5% CF3CO2H, 1.0 mLmin�1)
furnished (E)-38 (60 mg, 33%) and (Z)-38 (37 mg, 20%) as foams.


Compound (Z)-38 : [a]20D =�1110.1 (c=0.525 in CHCl3);
1H NMR


(250 MHz, CDCl3): d=1.59 (d, J=4.0 Hz, 2H), 1.58 (s, 4H), 1.29 (d, J=
3.5 Hz, 2H), 1.25 (d, J=3.5 Hz, 2H), 1.22 (d, J=3.8 Hz, 2H), 1.18 (d, J=
3.8 Hz, 2H), 1.15 (d, J=3.8 Hz, 2H), 1.13 (d, J=3.8 Hz, 2H), 1.08 (d, J=
4.0 Hz, 2H), 1.03 (d, J=4.5 Hz, 2H), 1.01 (d, J=4.5 Hz, 2H), 0.90–0.69
(m, 8H); 13C NMR (62.9 MHz, CDCl3): d=112.3 (2C), 21.4 (2C), 18.4
(2C), 18.1 (2C), 18.0 (2C), 16.9 (2C), 15.2 (2CH2), 13.6 (2C), 11.1
(2CH2), 10.8 (2CH2), 10.4 (2CH2), 9.0 (2CH2), 8.8 (2CH2), 4.8 (2CH2),
4.4 (2CH2).


Compound (E)-38 : [a]20D =�1446.1 (c=0.525 in CHCl3);
1H NMR


(250 MHz, CDCl3): d=1.55 (d, J=3.5 Hz, 2H), 1.49 (s, 4H), 1.48 (d, J=
4.5 Hz, 2H), 1.29 (d, J=4.0 Hz, 2H), 1.25 (d, J=3.5 Hz, 2H), 1.20 (d, J=


4.0 Hz, 2H), 1.17 (d, J=4.0 Hz, 2H), 1.15 (d, J=4.0 Hz, 2H), 1.14 (d, J=
3.8 Hz, 2H), 1.08 (d, J=3.8 Hz, 2H), 1.01 (d, J=4.5 Hz, 2H), 0.89–0.68
(m, 8H); 13C NMR (62.9 MHz, CDCl3): d=112.0 (2C), 21.2 (2C), 18.1
(4C), 18.0 (2C), 16.3 (2C), 14.4 (2CH2), 13.6 (2C), 11.2 (2CH2), 11.0
(2CH2), 10.3 (2CH2), 8.9 (2CH2), 8.8 (2CH2), 4.8 (2CH2), 4.4 (2CH2).


(1S,3R,4R,5S,6S,7R,8R,9S)-(9-Hydroxymethylhexaspiro[2.0.0.0.0.0.2.1.1.
1.1.1]pentadec-1-yl)methanol {d-(+)-[7]triangulane-1,9-dimethanol, d-
22}: Diethylzinc (17.35 mmol, 6.94 mL of a 2.5m solution in toluene) was
added to freshly distilled anhydrous dichloromethane (10 mL). The solu-
tion was cooled in an ice bath, and a solution of trifluoroacetic acid
(1.974 g, 1.33 mL, 17.3 mmol) in CH2Cl2 (8 mL) was added slowly drop-
wise. Under vigorous stirring, a solution of CH2I2 (3.09 g, 926 mL,
11.5 mmol) in CH2Cl2 (8 mL) was added dropwise over a period of
20 min. After stirring for an additional 20 min, a solution of (E)-
(3R,3’R,4R,4’R,5S,5’S)-21 (1.41 g, 5.77 mmol) in CH2Cl2 (100 mL) was
added, and the ice bath was removed. The mixture was stirred at ambient
temperature for 5 h, and the reaction quenched with sat. aq. NH4Cl solu-
tion (5 mL). The aqueous phase was extracted with Et2O (100 mL). The
combined organic phases were dried and concentrated under reduced
pressure. Column chromatography of the residue (250 g silica gel, 5Y
30 cm column, pentane/Et2O 1:1 ! 1:4, Rf=0.17 in Et2O) followed by re-
crystallization from hexane/Et2O afforded the diol d-22 (400 mg, 27%) as
a colorless solid. M.p. 114–115 8C; [a]20D =++16.8 (c=0.358 in CHCl3);
1H NMR (250 MHz, CDCl3): d=3.67 (dd, J=6.5, 11.1 Hz, 2H; CH2O),
3.54 (dd, J=7.2, 11.1 Hz, 2H; CH2O), 1.71 (br s, 2H; 2OH), 1.31–1.20
(m, 2H; cPr-H), 1.30 (d, J=4.0 Hz, 2H; cPr-H), 1.23 (d, J=3.9 Hz, 2H;
cPr-H), 1.16 (s, 2H; cPr-H), 1.08 (d, J=3.8 Hz, 2H; cPr-H), 0.83–0.73 (m,
6H; cPr-H); 13C NMR (62.9 MHz, CDCl3): d=66.2 (2CH2), 20.2 (2C),
19.5 (2C), 18.7 (2C), 18.6 (2CH), 13.2 (2CH2), 12.5 (CH2), 10.8 (2CH2),
10.3 (2CH2).


Cyclopropanation of enantiomerically pure bis([n]triangulanylideneme-
thanols)


General procedure GP 4 : A solution of CH2N2 in diethyl ether (20–
100 equiv) was added dropwise at ambient temperature to the vigorously
stirred suspension of the respective bis(triangulanylidenemethanol) (2–
7 mmol) and CuCl (18–40 equiv) [or CuCl/CuACHTUNGTRENNUNG(OTf)2 mixture] in Et2O
(150 mL) for a period of 3 h. The combined reaction mixtures obtained
from several cyclopropanations were filtered through a pad of Celite
(2 cm), concentrated under reduced pressure to about 100 mL and treat-
ed with CH2N2 and CuCl again with TLC monitoring (Et2O). After filtra-
tion through a pad of Celite (2 cm) and concentration of the reaction
mixture under reduced pressure, the product was isolated by column
chromatography on silica gel followed by recrystallization from CH2Cl2/
Et2O/hexane, if not otherwise specified.


(1S,3R,4R,5R,6R,7S)-(7-Hydroxymethyltetraspiro[2.0.0.0.2.1.1.1]undec-1-
yl)methanol {(P)-(+)-[5]triangulane-1,7-dimethanol, (P)-14}: Each of two
equal portions of the diol (E)-(3R,3’R,4S,4’S)-13 (1.287 g, 6.694 mmol)
was treated with CH2N2 [prepared from 15.6 g (151 mmol) N-methyl-N-
nitrosourea (NMU)] in the presence of CuCl (12.0 g, 121.2 mmol) accord-
ing to GP 4, and the combined reaction mixtures were treated with
CH2N2 [prepared from 5.20 g (50.44 mmol) NMU] in the presence of
CuCl (7.0 g, 70.71 mmol) according to GP 4 again. Column chromatogra-
phy of the residue (400 g silica gel, 7Y25 cm column, Et2O, Rf=0.33) fol-
lowed by recrystallization afforded (P)-14 (607 mg, 22%) as a colorless
solid. M.p. 127–128 8C; [a]20D =++432.3, [a]20578=++451.5, [a]20546=++515.0,
[a]20436=++893.4, [a]20365=++1439.6 (c=8.00 in CHCl3);


1H NMR (250 MHz,
CDCl3): d=3.70 (dd, J=6.5, 11.0 Hz, 2H; CH2O), 3.58 (dd, J=7.2,
11.0 Hz, 2H; CH2O), 1.66 (s, 2H; 2OH), 1.40–1.31 (m, 2H; cPr-H), 1.13
(d, J=3.8 Hz, 2H; cPr-H), 1.09 (s, 2H; cPr-H), 1.06 (d, J=3.8 Hz, 2H;
cPr-H), 0.98 (dd, J=4.3, 7.7 Hz, 2H; cPr-H), 0.64 (t, J=4.4 Hz, 2H, cPr-
H); 13C NMR (62.9 MHz, CDCl3): d=66.3 (2CH2), 18.5 (2CH), 18.2
(2C), 18.1 (2C), 11.6 (CH2), 9.0 (2CH2), 8.5 (2CH2). Its relative configu-
ration was determined by X-ray crystal structure analysis.[10] The corre-
sponding diastereomer (1S,3R,4S,5S,6R,7S)-14 was also isolated as a col-
orless oil in about 8% yield, but was not obtained in pure form and not
completely characterized. 1H NMR (250 MHz, CDCl3): d=3.94 (dd, J=
4.5, 11.0 Hz, 2H; CH2O), 3.43 (br s, 2H; 2OH), 3.14 (dd, J=9.6, 11.0 Hz,
2H; CH2O), 1.42–1.32 (m, 4H, cPr-H), 1.13 (s, 2H; cPr-H), 0.97 (d, J=
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3.6 Hz, 2H; cPr-H), 0.92 (dd, J=4.5, 8.0 Hz, 2H; cPr-H), 0.64 (dd, J=
4.5, 4.5 Hz, 2H; cPr-H); 13C NMR (62.9 MHz, CDCl3): d=66.0 (2CH2),
19.1 (2CH), 18.1 (2C), 17.5 (2C), 11.3 (CH2), 8.9 (2CH2), 7.8 (2CH2).


Under modified conditions in the presence of CuII triflate, the diol (E)-
(3R,3’R,4S,4’S)-13 (3.0 g, 15.6 mmol) was treated with CH2N2 [prepared
from 34.0 g (329.8 mmol) NMU] in the presence of CuCl (30.0 g,
303 mmol) and Cu ACHTUNGTRENNUNG(OTf)2 (800 mg, 2.21 mmol) in Et2O (550 mL) accord-
ing to GP 4. Column chromatography of the residue (400 g silica gel, 7Y
25 cm column, Et2O, Rf=0.33) followed by recrystallization from hexane/
Et2O afforded (P)-14 (1.22 g, 38%).


(1R,3S,4S,5S,6S,7R)-(7-Hydroxymethyltetraspiro[2.0.0.0.2.1.1.1]undec-1-
yl)methanol {(M)-(�)-[5]triangulane-1,7-dimethanol, (M)-14}: Each of
three equal portions of the diol (E)-(3S,3’S,4R,4’R)-13 (3.0 g, 15.6 mmol)
was treated with CH2N2 [prepared from 34.0 g (329.8 mmol) NMU] in
the presence of CuCl (30.0 g, 303 mmol) and Cu ACHTUNGTRENNUNG(OTf)2 (800 mg,
2.21 mmol) according to GP 4. Column chromatography (600 g silica gel,
7Y35 cm column, Et2O, Rf=0.33) of the combined residues followed by
recrystallization from benzene afforded (M)-14 (2.996 g, 31%) as a color-
less solid. M.p. 126–128 8C; [a]20D =�417.1, [a]20578=�435.5, [a]20546=�497.0,
[a]20436=�862.5, [a]20365=�1391.4 (c=0.938 in CHCl3).


(1S,3R,4R,5R,6R,7R,8R,9S)-(9-Hydroxymethylhexaspiro[2.0.0.0.0.0.2.1.1.
1.1.1]pentadec-1-yl)methanol {(P)-(+)-[7]triangulane-1,9-dimethanol,
(P)-22} and (1S,3R,4R,5S,6S,7R,8R,9S)-(9-hydroxymethylhexaspir-
o[2.0.0.0.0.0.2.1.1.1.1.1]pentadec-1-yl)methanol {d-(+)-[7]triangulane-1,9-
dimethanol, d-22}: Each of five equal portions of the diol (E)-
(3R,3’R,4R,4’R,5S,5’S)-21 (538 mg, 2.202 mmol) was treated with CH2N2


[prepared from 20.8 g (202 mmol) NMU] in the presence of CuCl (7.0 g,
70.7 mmol), and the combined reaction mixtures were treated with
CH2N2 [prepared from 20.82 g (202 mmol) NMU] in the presence of
CuCl (12.0 g, 121.2 mmol) again according to GP 4. Column chromatog-
raphy of the residue (400 g silica gel, 7Y25 cm column, Et2O) followed
by recrystallization afforded (P)-22 (747 mg, 26%, Rf=0.25) and d-22
(105 mg, 4%, Rf=0.17).


Compound (P)-22 : colorless solid; m.p. 130–131 8C; [a]20D =++691.2,
[a]20578=++721.9, [a]20546=++824.1, [a]20436=++1436.1, [a]20365=++2330.1 (c=
0.835 in CHCl3);


1H NMR (250 MHz, CDCl3): d=3.71 (dd, J=6.5,
11.0 Hz, 2H; CH2O), 3.58 (dd, J=7.1, 11.0 Hz, 2H; CH2O), 1.70 (br s,
2H; 2 OH), 1.32–1.42 (m, 4H; cPr-H), 1.21 (d, J=3.9 Hz, 2H; cPr-H),
1.16 (dd, J=3.9, 11.0 Hz, 4H; cPr-H), 1.04 (s, 2H; cPr-H), 1.00 (d, J=
3.9 Hz, 2H; cPr-H), 0.67 (dd, J=4.4 Hz, 2H; cPr-H); 13C NMR
(62.9 MHz, CDCl3): d=66.3 (2CH2), 18.5 (2CH), 18.2 (2C), 18.0 (2C),
17.4 (2C), 10.4 (2CH2), 9.0 (2CH2), 8.8 (CH2), 8.7 (2CH2). Its relative
configuration was determined by X-ray crystal structure analysis.[10]


(1R,3S,4S,5S,6S,7S,8S,9R)-(9-Hydroxymethylhexaspiro[2.0.0.0.0.0.2.1.1.1.
1.1]pentadec-1-yl)methanol {(M)-(�)-[7]triangulane-1,9-dimethanol,
(M)-22} and (1R,3S,4S,5R,6R,7S,8S,9R)-(9-hydroxymethylhexaspiro-
[2.0.0.0.0.0.2.1.1.1.1.1]pentadec-1-yl)methanol {l-(+)-[7]triangulane-1,9-
dimethanol, l-22}: Each of three equal portions of the diol (E)-
(3S,3’S,4S,4’S,5R,5’R)-21 (977 mg, 4.0 mmol) was treated with CH2N2


[prepared from 41.2 g (400 mmol) NMU] in the presence of CuCl (15.0 g,
151.5 mmol), and the combined reaction mixtures were treated with
CH2N2 [prepared from 75.0 g (728 mmol) NMU] in the presence of CuCl
(15.0 g, 151.5 mmol) again according to GP 4. Column chromatography
of the residue (400 g silica gel, 7Y25 cm column, benzene/THF 2:1) fol-
lowed by recrystallization afforded (M)-22 (930 mg, 30%, Rf=0.38) and
l-22 (124 mg, 4%, Rf=0.22).


Compound (M)-22 : colorless solid; m.p. 129–131 8C; [a]20D =�660.0 (c=
1.04 in CHCl3). Its NMR spectra were identical to those of its enantiomer
(P)-22, and the relative configuration was determined by X-ray crystal
structure analysis.[10]


Compound l-22 : colorless solid; m.p. 113–114 8C (hexane/Et2O); [a]20D =


�19.80 (c=0.555 in CHCl3). Its NMR spectra were identical to those of
its enantiomer d-22.


(4S,5S,6S,7S,8S,9R,10S,11S,12S,13S,14S,15S)-Tetradecaspiro[2.0.0.0.0.0.0.
0.0.0.0.0.0.0.2.1.1.1.1.1.1.1.1.1.1.1.1.1]untriacontane [(4S,5S,6S,7S,8S,9R,
10S,11S,12S,13S,14S,15S)-39]: The bicyclopropylidene derivative (Z)-
(3S,3’S,4S,4’S,5S,5’S,6S,6’S,7S,7’S)-38 (30 mg, 0.076 mmol) was treated with


CH2N2 [prepared from 2.28 g (22.1 mmol) NMU] in the presence of CuCl
(3.0 g, 30.3 mmol) and Cu ACHTUNGTRENNUNG(OTf)2 (100 mg, 0.276 mmol) in Et2O (10 mL)
according to GP 4. After concentration of the reaction mixture under re-
duced pressure, the residue was treated with the same quantities of re-
agents three more times. Column chromatography of the final residue
(50 g silica gel, 2.6Y20 cm column, hexane, Rf=0.56) afforded the title
product as a foam (13 mg, 42%) which, was recrystallized from acetone/
acetonitrile. M.p. 126–127 8C; [a]20D =�868.5 (c=0.931 in CHCl3);
1H NMR (250 MHz, CDCl3): d=1.25–1.09 (m, 23H), 1.06 (d, J=4.0 Hz,
2H), 0.98 (d, J=3.5 Hz, 1H), 0.87–0.65 (m, 8H); 13C NMR (62.9 MHz,
CDCl3): d=20.3 (2C), 18.7 (C), 18.5 (2C), 18.2 (2C), 18.1 (C), 18.0 (2C),
17.9 (C), 17.4 (C), 13.54 (C), 13.52 (C), 11.3 (2CH2), 11.1 (2CH2), 11.0
(2CH2), 10.6 (2CH2), 10.2 (CH2), 10.1 (CH2), 9.2 (CH2), 9.0 (CH2), 8.9
(CH2), 4.7 (2CH2), 4.3 (2CH2). Its relative configuration was determined
by X-ray crystal structure analysis.[10] Some of the starting material was
also isolated (14 mg, 47%).


(4S,5S,6S,7S,8S,9R,10R,11S,12S,13S,14S,15S)-Tetradecaspiro[2.0.0.0.0.0.0.
0.0.0.0.0.0.0.2.1.1.1.1.1.1.1.1.1.1.1.1.1]untriacontane [(4S,5S,6S,7S,8S,
9R,10R,11S,12S,13S,14S,15S)-39] and (4S,5S,6S,7S,8S,9S,10S,11S,12S,
13S,14S,15S)-tetradecaspiro[2.0.0.0.0.0.0.0.0.0.0.0.0.0.2.1.1.1.1.1.1.1.1.1.1.
1.1.1]untriacontane [(4S,5S,6S,7S,8S,9S,10S,11S,12S,13S,14S,15S)-39 [(M)-
(�)-39]: The bicyclopropylidene derivative (E)-(3S,3’S,4S,4’S,5S,5’S,6S,
6’S,7S,7’S)-38 (50 mg, 0.127 mmol) was treated with CH2N2 [prepared
from 4.55 g (44.2 mmol) NMU] in the presence of CuCl (3.942 g,
39.82 mmol) and Cu ACHTUNGTRENNUNG(OTf)2 (100 mg, 0.276 mmol) in Et2O (10 mL) ac-
cording to GP 4. After concentration of the reaction mixture under re-
duced pressure, the residue was treated with the same quantities of re-
agents three more times. Column chromatography of the final residue
(50 g silica gel, 2.6Y20 cm column, hexane, Rf=0.56) afforded the mix-
ture of the title products (42 mg, 81%).


HPLC analysis on a Chiralcel OD column proved it to be a 1:1.3 mixture
of (4S,5S,6S,7S,8S,9R,10R,11S,12S,13S,14S,15S)-39 and (M)-(�)-39 diaster-
eomers with tR=9.0 and 10.42 min, respectively, and they were separated
by preparative HPLC on a Chiralcel OD column to give
(4S,5S,6S,7S,8S,9R,10R,11S,12S,13S,14S,15S)-39 (10 mg, 19%) and (M)-
(�)-39 (12 mg, 23%). Their relative configurations were determined by
X-ray crystal structure analysis.[10] The analytical samples were obtained
by recrystallization from MeOH.


Compound (4S,5S,6S,7S,8S,9R,10R,11S,12S,13S,14S,15S)-39 : slowly sub-
limed above 136 8C; m.p. 146 8C; [a]20D =�721.8, [a]20578=�753.7, [a]20546=
�859.5, [a]20436=�1509.7, and [a]20365=�2464.9 (c=0.257 in CHCl3);
1H NMR (250 MHz, CDCl3): d=1.29 (d, J=3.5 Hz, 2H), 1.28 (s, 2H),
1.26 (d, J=3.5 Hz, 2H), 1.24 (d, J=3.5 Hz, 2H), 1.21 (d, J=3.8 Hz, 2H),
1.17 (d, J=3.8 Hz, 4H), 1.14 (d, J=3.8 Hz, 2H), 1.06 (d, J=3.8 Hz, 2H),
1.02 (d, J=3.8 Hz, 2H), 0.97 (d, J=3.8 Hz, 4H), 0.92 (d, J=3.8 Hz, 2H),
0.88–0.83 (m, 2H), 0.81–0.66 (m, 6H); 13C NMR (62.9 MHz, CDCl3): d=
19.7 (2C), 19.5 (2C), 17.9 (4C), 17.8 (2C), 17.6 (2C), 13.6 (2C), 12.7
(CH2), 12.3 (2CH2), 12.2 (2CH2), 11.2 (2CH2), 10.9 (2CH2), 10.2 (2CH2),
8.5 (2CH2), 4.8 (2CH2), 4.3 (2CH2).


Compound (M)-(�)-39 : slowly sublimed above 136 8C; m.p. 149 8C;
[a]20D =�1302.5, [a]20578=�1360.8, [a]20546=�1556.6, [a]20436=�2738.7, and
[a]20365=�4493.4 (c=0.362 in CHCl3);


1H NMR (250 MHz, CDCl3): d=


1.25 (s, 2H), 1.23 (d, J=4.0 Hz, 2H), 1.20 (d, J=3.5 Hz, 2H), 1.19–1.12
(m, 14H), 1.10 (d, J=3.5 Hz, 2H), 1.08 (d, J=3.5 Hz, 2H), 1.00 (d, J=
3.8 Hz, 2H), 0.88–0.77 (m, 6H), 0.75–0.63 (m, 2H); 13C NMR (62.9 MHz,
CDCl3): d=18.05 (2C), 17.99 (2C), 17.4 (8C), 13.6 (2C), 12.1 (CH2), 11.2
(2CH2), 10.3 (2CH2), 9.3 (6CH2), 9.1 (2CH2), 4.8 (2CH2), 4.4 (2CH2).
Some of the starting material was also isolated (5 mg, 10%).


Conversion of enantiomerically pure [n]triangulanemethanols and 1,n-
[n]triangulanedimethanols to the corresponding bromides and dibro-
mides


General procedures GP 5


GP 5a : Bromine (2.10 equiv) was added as a solution in CH2Cl2 at �30
to �15 8C over a period of 10 min to a stirred solution of triphenylphos-
phane (2.10 equiv) in anhydrous dichloromethane (30 mL). After an ad-
ditional 15 min of stirring, a mixture of the respective alcohol (1–3 mmol)
and anhydrous pyridine (2 equiv) in CH2Cl2 (3 mL) was added dropwise
at �30 8C. The mixture was stirred at �10 8C for 1.5 h, and then at ambi-
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ent temperature for the indicated time. After evaporation of the solvent
under reduced pressure, pentane (100 mL) was added, the mixture was
stirred for 3 h at ambient temperature and then filtered. The precipitate
was thoroughly washed with pentane (3Y50 mL), and the combined pen-
tane extracts were filtered through a 0.5 cm pad of silica gel. After con-
centration of the filtrate under reduced pressure, the product was puri-
fied as indicated below.


GP 5b : Tetrabromomethane was added in three portions to a stirred sol-
ution of the respective THP-monoprotected diol 26, imidazole (Im-H)
and triphenylphosphane in anhydrous methylene chloride (250 mL)
maintaining the temperature around 0 8C with external cooling. After
stirring for an additional 5 min, the reaction mixture was allowed to
warm up to ambient temperature, stirred at this temperature for an addi-
tional 1.5 h, and the reaction was quenched by adding 10% aq. Na2SO3


solution (100 mL). The organic phase was separated, dried and concen-
trated under reduced pressure. The product was purified by column chro-
matography on silica gel.


(1S,3R,4R,5R,6R,7S)-1,7-Bis(bromomethyl)tetraspiro[2.0.0.0.2.1.1.1]un-
decane {1,7-bis(bromomethyl)-(P)-(+)-[5]triangulane, (P)-15}: From the
diol (P)-14 (495 mg, 2.40 mmol) and pyridine (380 mg, 388 mL,
4.80 mmol) in CH2Cl2 (3 mL), Ph3P (1.340 g, 5.11 mmol) and Br2 (816 mg,
262 mL, 5.1 mmol) in CH2Cl2 (1 mL), essentially pure dibromide (P)-15
(673 mg, 84%) was obtained as a slightly yellow solid according to GP 5a
(5.5 h of stirring at ambient temperature) after evaporation of the filtered
pentane extract. An analytical sample was prepared by recrystallization
from MeOH. M.p. 88 8C; [a]20D =++351.7, [a]20578=++368.1, [a]20546=++421.8,
[a]20436=++742.0, [a]20365=++1222.2 (c=1.20 in CHCl3);


1H NMR (250 MHz,
CDCl3): d=3.50 (s, 2H; CH2Br), 3.47 (s, 2H; CH2Br), 1.61–1.50 (m, 2H;
cPr-H), 1.28 (d, J=3.9 Hz, 2H; cPr-H), 1.18 (dd, J=4.6, 7.9 Hz, 2H; cPr-
H), 1.14 (s, 2H; cPr-H), 1.05 (d, J=3.8 Hz, 2H; cPr-H), 0.74 (t, J=
4.5 Hz, 2H; cPr-H); 13C NMR (62.9 MHz, CDCl3, additional DEPT): d=
38.3 (2CH2), 22.5 (2C), 19.1 (2CH), 18.8 (2C), 13.3 (2CH2), 11.5 (CH2),
7.8 (2CH2). Its relative configuration was determined by X-ray crystal
structure analysis.[10]


(1S,3R,4R,5R,6R,7R,8R,9S)-1,9-Bis(bromomethyl)hexaspiro[2.0.0.0.0.0.2.
1.1.1.1.1]pentadecane {1,9-bis(bromomethyl)-(P)-(+)-[7]triangulane, (P)-
23}: From the diol (P)-22 (597 mg, 2.31 mmol) and pyridine (353 mg,
361 mL, 4.46 mmol) in CH2Cl2 (3 mL), Ph3P (1.272 g, 4.85 mmol) and Br2
(775 mg, 249 mL, 4.85 mmol) in CH2Cl2 (1 mL), essentially pure dibro-
mide (P)-23 (877 mg, 100%) was obtained as a slightly yellow solid ac-
cording to GP 5a (5 h of stirring at ambient temperature) after evapora-
tion of the filtered pentane extract. An analytical sample was prepared
by recrystallization from MeOH. M.p. 88–89 8C; [a]20D =++527.7, [a]20578=
+552.2, [a]20546=++631.9, [a]20436=++1113.8, [a]20365=++1833.7 (c=1.245 in
CHCl3);


1H NMR (250 MHz, CDCl3): d=3.50 (s, 2H; CH2Br), 3.47 (s,
2H; CH2Br), 1.60–1.51 (m, 2H; cPr-H), 1.31 (d, J=3.9 Hz, 2H; cPr-H),
1.25 (d, J=4.0 Hz, 2H; cPr-H), 1.18 (dd, J=4.7, 7.7 Hz, 2H; cPr-H), 1.12
(d, J=3.8 Hz, 2H; cPr-H), 1.03 (s, 2H; cPr-H), 1.01 (d, J=4.1 Hz, 2H;
cPr-H), 0.75 (t, J=4.5 Hz, 2H; cPr-H); 13C NMR (62.9 MHz, CDCl3): d=
38.3 (2CH2), 22.5 (2C), 19.1 (2CH), 18.2 (2C), 18.1 (2C), 13.3 (2CH2),
10.4 (2CH2), 9.0 (CH2), 8.1 (2CH2). Its relative configuration was deter-
mined by X-ray crystal structure analysis.[10]


(1R,3S,4S,5S,6S,7S,8S,9R)-1,9-Bis(bromomethyl)hexaspiro[2.0.0.0.0.0.2.1.
1.1.1.1]pentadecane {1,9-bis(bromomethyl)-(M)-(�)-[7]triangulane, (M)-
23}: From the diol (M)-22 (415 mg, 1.606 mmol) and pyridine (254 mg,
260 mL, 3.21 mmol) in CH2Cl2 (3 mL), Ph3P (876 mg, 3.34 mmol) and Br2
(534 mg, 172 mL, 3.34 mmol) in CH2Cl2 (1 mL), almost pure dibromide
(M)-23 (617 mg, 100%) was obtained as a slightly yellow solid according
to GP 5a (5 h of stirring at ambient temperature). M.p. 87–88 8C
(MeOH); [a]20D =�519.1 (c=0.71 in CHCl3). Its NMR spectra were iden-
tical to those of its enantiomer (P)-23.


(1S,3R,4R,5S,6S,7R,8R,9S)-1,9-Bis(bromomethyl)hexaspiro[2.0.0.0.0.0.2.
1.1.1.1.1]pentadecane {1,9-bis(bromomethyl)-d-(+)-[7]triangulane, d-23}:
The residue obtained from the diol d-22 (387 mg, 1.498 mmol) and pyri-
dine (237 mg, 242 mL, 3.0 mmol) in CH2Cl2 (3 mL), Ph3P (825 mg,
3.145 mmol) and Br2 (503 mg, 161 mL, 3.145 mmol) in CH2Cl2 (1 mL) ac-
cording to GP 5a (5 h of stirring at ambient temperature), was recrystal-
lized from MeOH/Et2O to give the dibromide d-23 (350 mg, 61%) as a


slightly yellow solid. M.p. 73–74 8C; 1H NMR (250 MHz, CDCl3): d=3.46
(d, J=7.6 Hz, 4H; 2CH2Br), 1.46 (dq, J=4.6, 7.6, Hz, 2H; cPr-H), 1.38
(d, J=3.9 Hz, 2H; cPr-H), 1.34 (d, J=4.1 Hz, 2H; cPr-H), 1.19 (s, 2H;
cPr-H), 1.09 (d, J=3.9 Hz, 2H; cPr-H), 0.96 (dd, J=4.8, 7.6 Hz, 2H; cPr-
H), 0.87 (d, J=4.7 Hz, 2H; cPr-H), 0.83 (d, J=4.1 Hz, 2H; cPr-H);
13C NMR (62.9 MHz, CDCl3): d=38.2 (2CH2), 23.0 (2C), 20.3 (2C), 20.2
(2C), 19.2 (2CH), 15.9 (2CH2), 13.2 (2CH2), 12.5 (CH2), 9.7 (2CH2).


(1S,3R,4R,5R,6R,7S)-2-{[7-(Bromomethyl)tetraspiro[2.0.0.0.2.1.1.1]un-
dec-1-yl]methoxy}tetrahydro-2H-pyran [(P)-27]: Column chromatogra-
phy (450 g silica gel, 7Y30 cm column, hexane/THF 20:1) of the residue
obtained from (P)-26 (5.560 g, 19.15 mmol), Im-H (2.518 g, 37.0 mmol),
Ph3P (10.365 g, 39.52 mmol) and CBr4 (12.32 g, 37.13 mmol) in CH2Cl2
(250 mL) according to GP 5b furnished the bromide (P)-27 (5.14 g, 76%)
as a colorless wax. Rf=0.23 (hexane/THF 20:1); 13C NMR (62.9 MHz,
CDC3): d=98.40/98.36 (CH), 70.9 (CH2), 62.2/62.1 (CH2), 38.2 (CH2),
30.68/30.62 (CH2), 25.4 (CH2), 22.5 (C), 19.6/19.5 (CH2), 19.0 (CH), 18.7
(C), 18.28/18.23 (C), 18.2/17.9 (C), 15.7 (CH), 13.2 (CH2), 11.4 (CH2), 9.9/
9.6 (CH2), 8.7/8.6 (CH2), 7.9 (CH2).


(1R,3S,4S,5S,6S,7R)-2-{[7-(Bromomethyl)tetraspiro[2.0.0.0.2.1.1.1]undec-
1-yl]methoxy}tetrahydro-2H-pyran [(M)-27]: Column chromatography
(500 g silica gel, 7Y30 cm column, hexane/THF 20:1) of the residue ob-
tained from (M)-26 (7.017 g, 24.17 mmol), Im-H (2.889 g, 42.42 mmol),
Ph3P (11.893 g, 45.34 mmol) and CBr4 (14.076 g, 42.44 mmol) in CH2Cl2
(250 mL) according to GP 5b furnished the bromide (M)-27 (6.23 g,
73%) as a colorless wax. Its 13C NMR spectrum was identical to that of
its enantiomer (P)-27.


(1R,3S,4S,5S,6S)-1-(Bromomethyl)pentaspiro[2.0.0.0.0.2.1.1.1.1]tridecane
[(M)-35]: From the alcohol (M)-34 (1.788 g, 8.839 mmol) and pyridine
(734 mg, 751 mL, 9.281 mmol) in CH2Cl2 (3 mL), Ph3P (2.434 g,
9.281 mmol) and Br2 (1.483 g, 476 mL, 9.281 mmol) in CH2Cl2 (10 mL),
almost pure dibromide (M)-35 (2.344 g, 100%) was obtained as a slightly
yellow oil according to GP 5a (5 h of stirring at ambient temperature)
and used without further purification. Rf=0.33 (hexane, decomp.);
1H NMR (250 MHz, CDCl3): d=3.50 (dd, J=1.3, 7.5 Hz, 2H; CH2Br),
1.60–1.49 (m, 1H; cPr-H), 1.29 (d, J=3.9 Hz, 1H; cPr-H), 1.21 (d, J=
3.3 Hz, 1H; cPr-H), 1.19 (d, J=4.0 Hz, 1H; cPr-H), 1.16 (d, J=4.8 Hz,
1H; cPr-H), 1.15–1.11 (m, 3H; cPr-H), 0.96 (t, J=3.9 Hz, 2H; cPr-H),
0.90–0.66 (m, 4H; cPr-H), 0.76 (d, J=4.8 Hz, 1H; cPr-H).


Dehydrobromination of enantiomerically pure 1,n-bis(bromomethyl)[n]-
triangulanes


General procedure GP 6 : A solution of potassium tert-butoxide or tert-
amyloxide (tBuOK or tAmOK) (7.5 mmol) in anhydrous DMSO (25 mL)
was added over a period of 5 min to a solution of the respective dibro-
mide (2.5 mmol) in anhydrous DMSO (10 mL) maintaining the tempera-
ture around 20 8C with external water cooling. The reaction mixture was
stirred at 20 8C for an additional 15–20 min, poured into ice-cold water
(50 mL), the mixture was extracted with pentane (2Y30 mL) and diethyl
ether (2Y30 mL). The combined organic extracts were washed with
water (3Y30 mL), brine (30 mL), dried and carefully concentrated under
ambient pressure. The product was purified by column chromatography
on silica gel, if not otherwise specified.


(3R,4R,5R,6R)-1,7-Dimethylenetetraspiro[2.0.0.0.2.1.1.1]undecane {1,7-
dimethylene-(P)-(+)-[5]triangulane, (P)-16}: The pentane solution ob-
tained from the dibromide (P)-15 (540 mg, 1.626 mmol) in DMSO
(7 mL) and tBuOK (540 mg, 4.81 mmol) in DMSO (4 mL) according to
GP 6 was filtered through a 1 cm pad of silica gel and concentrated
under reduced pressure to give (P)-16 (170 mg, 61%) as a colorless oil.
[a]20D =++926.2, [a]20578=++970.5, [a]20546=++1118.3, [a]20436=++2060.2, [a]20365=
+3612.6 (c=0.87 in CHCl3);


1H NMR (250 MHz, CDCl3): d=5.34 (s,
2H; 2 =CH), 5.25 (t, J=2.2 Hz, 2H; 2 =CH), 1.60 (d, J=3.8 Hz, 2H;
cPr-H), 1.43–1.40 (m, 6H; cPr-H), 1.18 (s, 2H; cPr-H); 13C NMR
(62.9 MHz, CDCl3): d=135.4 (2C), 99.4 (2CH2), 22.5 (2C), 15.6 (2C),
14.5 (2CH2), 11.9 (CH2), 8.6 (2CH2).


(3S,4S,5S,6S,7S,8S)-1,9-Dimethylenehexaspiro[2.0.0.0.0.0.2.1.1.1.1.1]pen-
tadecane {1,9-dimethylene-(M)-(�)-[7]triangulane, (M)-24}: Column
chromatography (20 g silica gel, 2.6Y12 cm column, hexane, Rf=0.47) of
the residue obtained from the dibromide (M)-23 (631 mg, 1.642 mmol) in
DMSO (7 mL) and tBuOK (540 mg, 4.81 mmol) in DMSO (4 mL) ac-


www.chemeurj.org Q 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 5697 – 57215716


A. de Meijere et al.



www.chemeurj.org





cording to GP 6 afforded (M)-24 (109 mg, 30%) as a colorless oil, which
crystallized upon standing at 0 8C overnight. An analytical sample was
prepared by recrystallization from MeOH. M.p. 59–61 8C; [a]20D =�1285.4,
[a]20578=�1348.5, [a]20546=�1556.4, [a]20436=�2863.4, [a]20365=�4971.5 (c=
0.60 in CHCl3);


1H NMR (600 MHz, CDCl3): d=5.31 (s, 2H;=CH2), 5.23
(t, J=1.9 Hz, 2H; =CH2), 1.56 (d, J=3.7 Hz, 2H; cPr-H), 1.43 (d, J=
3.7 Hz, 2H; cPr-H), 1.39 (d, J=7.7 Hz, 2H; cPr-H), 1.37 (dt, J=1.9,
7.7 Hz, 2H; cPr-H), 1.25 (d, J=4.0 Hz, 2H; cPr-H), 1.15 (s, 2H; cPr-H),
1.08 (d, J=4.0 Hz, 2H; cPr-H); 13C NMR (150.8 MHz, CDCl3): d=135.7
(2C), 99.3 (2CH2), 21.9 (2C), 18.1 (2C), 15.9 (2C), 15.0 (2CH2), 10.7
(2CH2), 8.6 (3 CH2). Its relative configuration was determined by X-ray
crystal structure analysis.[10]


(3R,4R,5R,6R,7R,8R)-1,9-Dimethylenehexaspiro[2.0.0.0.0.0.2.1.1.1.1.1]-
pentadecane {1,9-dimethylene-(P)-(+)-[7]triangulane, (P)-24}: Column
chromatography (20 g silica gel, 2.6Y12 cm column, hexane, Rf=0.47) of
the residue obtained from the dibromide (P)-23 (0.877 g, 2.28 mmol) in
DMSO (10 mL) and tBuOK (760 mg, 6.77 mmol) in DMSO (4 mL) ac-
cording to GP 6 afforded (P)-24 (80 mg, 16%) as a colorless oil, which
crystallized upon standing at 0 8C overnight. An analytical sample was
prepared by recrystallization from MeOH. M.p. 62 8C; [a]20D =++1302.1,
[a]20578=++1364.4, [a]20546=++1570.2, [a]20436=++2872.5, [a]20365=++4989.7 (c=
1.165 in CHCl3). Its NMR spectra were identical to those of its enantiom-
er (M)-24.


(3R,4R,5S,6S,7R,8R)-1,9-Dimethylenehexaspiro[2.0.0.0.0.0.2.1.1.1.1.1]-
pentadecane {1,9-dimethylene-d-(+)-[7]triangulane, d-24}: The pentane
solution obtained from the dibromide d-23 (300 mg, 0.78 mmol) in
DMSO (2 mL) and tBuOK (260 mg, 2.32 mmol) in DMSO (2 mL) ac-
cording to GP 6 was filtered through a 0.5 cm pad of silica gel and con-
centrated under reduced pressure to give d-24 (125 mg, 72%) as a color-
less oil. 13C NMR (62.9 MHz, CDCl3): d=135.9 (2C), 99.2 (2CH2), 24.2
(2C), 20.7 (2C), 16.4 (2C), 16.5 (2CH2), 13.9 (2CH2), 12.5 (CH2), 11.2
(2CH2).


(1S,3R,4R,5R,6R)-2-{(7-Methylenetetraspiro[2.0.0.0.2.1.1.1]undec-1-yl)-
methoxy}tetrahydro-2H-pyran [(P)-28]: Column chromatography (300 g
silica gel, 5Y35 cm column, pentane/Et2O 20:1, then 10:1) of the residue
obtained from (P)-27 (6.23 g, 17.6 mmol) in DMSO (50 mL) and tBuOK
(2.930 g, 26.11 mmol) in DMSO (15 mL) according to GP 6 afforded (P)-
28 (3.38 g, 70%) as a colorless wax. Rf=0.33 (hexane/THF 15:1);
13C NMR (62.9 MHz, CDCl3): d=125.4 (C), 99.1 (CH2), 98.29/98.25
(CH), 70.8/70.7 (CH2), 62.1/61.9 (CH2), 30.61/30.55 (CH2), 25.4 (CH2),
22.25/22.22 (C), 19.5/19.4 (CH2), 18.24 (C), 18.18 (C), 18.1 (C), 17.7 (C),
15.7 (CH), 14.6 (CH2), 11.6 (CH2), 9.9 (CH2), 9.6 (CH2), 8.43/8.36 (CH2).
The product of nucleophilic substitution, (1S,3R,4R,5R,6R,7S)-2-{[7-[(1,1-
dimethylethoxy)methyl]tetraspiro[2.0.0.0.2.1.1.1]undec-1-yl]methoxy}te-
trahydro-2H-pyran (1.240 g, 20%) was also isolated as a colorless wax.
13C NMR (62.9 MHz, CDCl3): d=98.42/98.36 (CH), 72.4 (C), 71.0 (CH2),
65.3 (CH2), 62.3/62.1 (CH2), 30.71/30.64 (CH2), 27.6 (3CH3), 25.4 (CH2),
19.6/19.5 (CH2), 18.3 (C), 18.12 (C), 18.06 (C), 17.9 (C), 16.4 (CH), 15.7
(CH), 11.5 (CH2), 9.9 (CH2), 9.6 (CH2), 8.6/8.5 (CH2), 8.3 (CH2).


(1R,3S,4S,5S,6S)-2-{(7-Methylenetetraspiro[2.0.0.0.2.1.1.1]undec-1-yl)me-
thoxy}tetrahydro-2H-pyran [(M)-28]: Column chromatography (350 g
silica gel, 7Y25 cm column, hexane/THF 15:1, Rf=0.33) of the residue
obtained from (M)-27 (5.248 g, 14.86 mmol) in DMSO (80 mL) and
tAmOK (2.439 g, 19.32 mmol) in DMSO (15 mL) according to GP 6 af-
forded (M)-28 (3.21 g, 79%) as a colorless wax. Its 13C NMR spectrum
was identical to that of its enantiomer (P)-28.


(3S,4S,5S,6S)-1-Methylenepentaspiro[2.0.0.0.0.2.1.1.1.1]tridecane
[(3S,4S,5S,6S)-36, (M)-36]: Column chromatography (120 g silica gel,
3.6Y25 cm column, hexane, Rf=0.49) of the residue obtained from (M)-
35 (2.344 g, 8.84 mmol) in DMSO (30 mL) and tAmOK (1.523 g,
12.06 mmol) in DMSO (10 mL) according to GP 6 afforded (M)-36
(1.059 g, 65%) as a colorless oil. [a]20D =�912.4 (c=1.184 in CHCl3);
1H NMR (250 MHz, CDCl3): d=5.31 (m, 1H; =CH), 5.23 (td, J=0.8,
2.0 Hz, 1H; =CH), 1.57 (d, J=3.8 Hz, 1H, cPr-H), 1.43 (d, J=3.3 Hz,
1H, cPr-H), 1.43–1.34 (m, 2H; cPr-H), 1.24 (d, J=4.0 Hz, 1H, cPr-H),
1.20–1.16 (m, 3H, cPr-H), 1.02 (d, J=4.0 Hz, 1H, cPr-H), 0.98 (d, J=
4.0 Hz, 1H, cPr-H), 0.90–0.65 (m, 4H; cPr-H); 13C NMR (62.9 MHz,
CDCl3): d=135.8 (C), 99.1 (CH2), 21.9 (C), 18.8 (C), 17.9 (C), 15.9 (C),


15.3 (CH2), 13.6 (C), 11.2 (CH2), 10.4 (CH2), 9.9 (CH2), 8.5 (CH2), 4.8
(CH2), 4.3 (CH2).


Cyclopropanation of enantiomerically pure 1,n-dimethylene[n]triangu-
lanes


General procedure GP 7: A solution of diazomethane [prepared from
3.00 g (29.1 mmol) of N-methyl-N-nitrosourea (NMU)] in diethyl ether
(30 mL) was added dropwise at �5 8C to a solution of the respective di-
methylenetriangulane (0.3–1 mmol) and palladium acetate (35 mg) in di-
ethyl ether (10 mL). The reaction mixture was filtered through a 3 cm
pad of Celite and carefully concentrated at ambient pressure. The prod-
uct was isolated by column chromatography on silica gel and then puri-
fied as indicated individually below.


(4R,5R,6R,7R)-Hexaspiro[2.0.0.0.0.0.2.1.1.1.1.1]pentadecane {(P)-(+)-
[7]triangulane, (P)-17}: Column chromatography (20 g silica gel, 2.6Y
12 cm column, hexane, Rf=0.60) of the residue obtained from the diene
(P)-16 (168 mg, 0.987 mmol), diazomethane [prepared from 3.0 g
(29.1 mmol) NMU] and Pd ACHTUNGTRENNUNG(OAc)2 (35 mg, 156 mmol, 15.8 mol%) accord-
ing to GP 7 afforded (P)-17 (137 mg, 70%) as a colorless oil which crys-
tallized upon standing at 0 8C overnight and had m.p. 50–51 8C. An ana-
lytical sample was prepared by recrystallization from MeCN. M.p. 52–
53 8C; [a]20D =++672.9, [a]20578=++703.1, [a]20546=++802.8, [a]20436=++1404.5,
[a]20365=++2290.8 (c=0.814 in CHCl3); UV (cyclohexane): no absorbtion l


> 200 nm; 1H NMR (250 MHz, CDCl3): d=1.21 (d, J=3.8 Hz, 2H), 1.18
(d, J=3.9 Hz, 2H), 1.15 (d, J=4.0 Hz, 2H), 1.02 (s, 2H), 0.97 (d, J=
3.9 Hz, 2H), 0.89–0.65 (m, 8H); 13C NMR (62.9 MHz, CDCl3): d=18.1
(2C), 18.0 (2C), 13.6 (2C), 11.2 (2CH2), 10.2 (2CH2), 8.8 (CH2), 4.8
(2CH2), 4.3 (2CH2). Its relative configuration was determined by X-ray
crystal structure analysis.[10]


(3S,4S,5S,6S,7S,8S)-Octaspiro[2.0.0.0.0.0.0.0.2.1.1.1.1.1.1.1]nonadecane
{(M)-(�)-[9]triangulane, (M)-25}: Column chromatography (20 g silica
gel, 2.6Y12 cm column, hexane, Rf=0.58) of the residue obtained from
the diene (M)-24 (90 mg, 0.405 mmol), diazomethane [prepared from
3.0 g (29.1 mmol) NMU] and Pd ACHTUNGTRENNUNG(OAc)2 (20 mg, 89 mmol, 22 mol%) ac-
cording to GP 7 afforded (M)-25 (101 mg, 100%) as a colorless solid. An
analytical sample was prepared by sublimation at 110 8C (0.1 Torr) fol-
lowed by recrystallization from EtOH. M.p. 85–87 8C; [a]20D =�890.5,
[a]20578=�930.6, [a]20546=�1058.0, [a]20436=�1866.2, [a]20365=�3051.1 (c=1.01
in CHCl3); UV (pentane and cyclohexane): no absorption l > 200 nm;
1H NMR (600 MHz, CDCl3): d=1.20 (d, J=3.8 Hz, 2H), 1.17 (d, J=
3.8 Hz, 2H), 1.13 (d, J=3.8 Hz, 2H), 1.11 (s, 2H), 1.08 (d, J=3.7 Hz,
2H), 1.06 (d, J=3.7 Hz, 2H), 0.97 (d, J=3.8, 2H), 0.86–0.83 (m, 2H),
0.79–0.74 (m, 4H), 0.70–0.67 (m, 2H); 13C NMR (150.8 MHz, CDCl3):
d=18.1 (2C), 18.0 (2C), 17.4 (2C), 13.6 (2C), 11.2 (2CH2), 10.3 (2CH2),
9.2 (CH2), 9.1 (2CH2), 4.8 (2CH2), 4.6 (2CH2). Its relative configuration
was determined by X-ray crystal structure analysis.[10]


(3R,4R,5R,6R,7R,8R)-Octaspiro[2.0.0.0.0.0.0.0.2.1.1.1.1.1.1.1]nonadecane
{(P)-(+)-[9]triangulane, (P)-25}: Column chromatography (20 g silica gel,
2.6Y12 cm column, hexane, Rf=0.58) of the residue obtained from the
diene (P)-24 (70 mg, 0.315 mmol), diazomethane [prepared from 3.0 g
(29.1 mmol) NMU] and Pd ACHTUNGTRENNUNG(OAc)2 (20 mg, 89 mmol, 28.3 mol%) accord-
ing to GP 7 afforded (P)-25 (73 mg, 93%) as a colorless solid. An analyt-
ical sample was prepared by sublimation at 110 8C (0.1 Torr) followed by
recrystallization from EtOH. M.p. 85–86 8C; [a]20D =++909.9, [a]20578=
+951.2, [a]20546=++1087.1, [a]20436=++1907.0, [a]20365=++3119.4 (c=0.96 in
CHCl3). Its NMR spectra were identical to those of its enantiomer (M)-
25.


(3R,4R,5S,6S,7R,8R)-Octaspiro[2.0.0.0.0.0.0.0.2.1.1.1.1.1.1.1]nonadecane
{d-(+)-[9]triangulane, d-25}: Column chromatography (20 g silica gel,
2.6Y12 cm column, hexane) of the residue obtained from the diene d-24
(125 mg, 0.562 mmol), diazomethane [prepared from 1.50 g (14.55 mmol)
NMU] and Pd ACHTUNGTRENNUNG(OAc)2 (20 mg, 89 mmol, 16 mol%) according to GP 7 af-
forded d-25 (73 mg, 52%) as a colorless oil. [a]20D =++244.9, [a]20578=
+255.3, [a]20546=++292.3, [a]20436=++511.2, [a]20365=++832.0 (c=1.13 in
CHCl3);


1H NMR (250 MHz, CDCl3): d=1.30 (d, J=3.7 Hz, 2H), 1.28 (s,
2H), 1.23 (d, J=3.9 Hz, 2H), 1.17 (d, J=3.7 Hz, 2H), 1.13 (d, J=4.3 Hz,
2H), 1.09 (d, J=3.9 Hz, 2H), 1.02 (d, J=3.8 Hz, 2H), 0.99 (d, J=3.7,
2H), 0.95 (d, J=3.7 Hz, 2H), 0.90–0.83 (m, 4H); 13C NMR (62.9 MHz,
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CDCl3): d=20.1 (2C), 19.6 (2C), 18.4 (2C), 13.8 (2C), 14.2 (2CH2), 12.7
(CH2), 11.9 (4CH2), 4.7 (2CH2), 3.8 (2CH2).


(1R,3S,4S,5S,6S)-2-{(Pentaspiro[2.0.0.0.0.2.1.1.1.1]tridec-1-yl)methoxy}te-
trahydro-2H-pyran [(M)-33] and (pentaspiro[2.0.0.0.0.2.1.1.1.1]tridec-1-
yl)methanol [(M)-34]: Column chromatography (350 g silica gel, 7Y
25 cm column, hexane/THF 15:1, Rf=0.33) of the residue obtained from
the methylene[5]triangulane (M)-28 (3.210 g, 11.79 mmol), diazomethane
[prepared from 18.22 g (176.8 mmol) NMU] and Pd ACHTUNGTRENNUNG(OAc)2 (132 mg,
588 mmol, 5 mol%) according to GP 7 afforded (M)-33 (2.913 g, 86%) as
a colorless oil. The latter was taken up with MeOH (50 mL) and depro-
tected by treatment of the solution with PPTS (100 mg, 0.4 mmol) ac-
cording to GP 1b (65 8C, 1 h). Column chromatography (150 g silica gel,
3.6Y35 cm column, hexane/THF 5:2, Rf=0.32) furnished (M)-34 (1.788 g,
87%) as a colorless oil. [a]20D =�501.8 (c=0.80 in CHCl3);


1H NMR
(250 MHz, CDCl3): d=3.73 (dd, J=6.5, 11.0 Hz, 1H; CH2O), 3.60 (dd,
J=7.3, 11.0 Hz, 1H; CH2O), 1.44 (s, 1H; OH), 1.42–1.31 (m, 1H; cPr-H),
1.20–1.09 (m, 4H; cPr-H), 1.27 (d, J=4.3 Hz, 1H; cPr-H), 1.00 (d, J=
4.3 Hz, 1H; cPr-H), 0.95 (d, J=3.0 Hz, 1H; cPr-H), 0.92 (d, J=3.0 Hz,
1H; cPr-H), 0.88–0.65 (m, 6H; cPr-H); 13C NMR (62.9 MHz, CDCl3): d=
66.2 (CH2), 18.6 (C), 18.4 (CH), 18.2 (C), 17.9 (C), 17.4 (C), 13.5 (C),
11.0 (CH2), 10.1 (CH2), 9.9 (CH2), 9.0 (CH2), 8.6 (CH2), 4.7 (CH2), 4.3
(CH2).


Selective THP-monoprotection of enantiomerically pure [5]triangulane-
1,7-dimethanols (P)-(+)-14 and (M)-(�)-14


General procedure GP 8 : The respective diol 14 and DHP were stirred
in a 20:1 toluene/DMF mixture in the presence of wet Dowex 50WX2-
100 resin at ambient temperature for the indicated time. The resin was fil-
tered off, and the solvent was removed under reduced pressure. The product
was isolated by column chromatography on silica gel deactivated with
triethylamine, a drop of which was also added to each collected fraction.
Several crumbs of imidazole were added to the combined fractions of
each product before evaporation. The product was used immediately with-
out further purification, as it was found to disproportionate slowly giving
a mixture of the starting material 14 and bisprotected diol even at +4 8C.


(1S,3R,4R,5R,6R,7S)-7-{[(Tetrahydro-2H-pyran-2-yl)oxymethyl]tetraACHTUNGTRENNUNGspiro-
[2.0.0.0.2.1.1.1]undec-1-yl}methanol [(P)-26]: Column chromatography
(180 g silica gel, 5Y25 cm column, pentane/Et2O 1:1, then Et2O) of the
residue obtained from (P)-14 (290 mg, 1.406 mmol), DHP (463 mg,
0.5 mL, 5.50 mmol) and Dowex 50WX2-100 resin (210 mg) in toluene/
DMF (6 mL + 0.3 mL) according to GP 8 (41 h) gave (P)-26 (362 mg,
89%) as a colorless wax. Rf=0.40 (Et2O); 13C NMR (62.9 MHz, CDCl3):
d=98.42/98.37 (CH), 71.0 (CH2), 66.2 (CH2), 62.3/62.1 (CH2), 30.7/30.6
(CH2), 25.4 (CH2), 19.6/19.5 (CH2), 18.4 (CH), 18.3 (C), 18.2 (C), 18.12/
18.05 (C), 17.97/17.90 (C), 15.7 (CH), 11.5 (CH2), 9.9/9.6 (CH2), 9.0
(CH2), 8.6 (CH2), 8.4 (CH2); MS (CI): m/z (%): 308 (100) [M ++NH4].


THP-bisprotected (1S,3R,4R,5R,6R,7S)-2-{7-[(tetrahydro-2H-pyran-2-
yl)oxymethyl]tetraspiro[2.0.0.0.2.1.1.1]undec-1-yl]methoxy}tetrahydro-
2H-pyran (60 mg, 11%) was also isolated as a colorless wax. Rf=0.65
(Et2O); 13C NMR (62.9 MHz, CDCl3): d=98.29/98.26 (2CH), 70.9
(2CH2), 62.1/61.9 (2CH2), 30.63/30.56 (2CH2), 25.4 (2CH2), 19.5/19.4
(2CH2), 18.21/18.05 (2C), 17.96/17.85 (2C), 15.6 (2CH), 11.4 (CH2), 9.8/
9.5 (2CH2), 8.6/8.4 (2CH2); MS (CI): m/z (%): 392 (100) [M ++NH4].


In a repeated preparation, from (P)-14 (5.0 g, 24.24 mmol), DHP
(13.16 g, 8.62 mL, 156.4 mmol) and Dowex 50WX2-100 resin (3.621 g) in
toluene/DMF (100 mL + 5 mL), (P)-26 (5.555 g, 79%) and starting ma-
terial (P)-14 (1.050 g, 21%) were obtained according to GP 8 (11 h).


(1R,3S,4S,5S,6S,7R)-7-{[(Tetrahydro-2H-pyran-2-yl)oxymethyl]tetraspiro-
[2.0.0.0.2.1.1.1]undec-1-yl}methanol [(M)-26]: Column chromatography
(500 g silica gel, 7Y30 cm column, hexane/THF 2:1) of the residue ob-
tained from (M)-14 (5.44 g, 26.4 mmol), DHP (8.704 g, 9.40 mL,
103.5 mmol) and Dowex 50WX2-100 resin (3.942 g) in toluene/DMF
(250 mL + 11 mL) according to GP 8 (16 h) gave (M)-26 (6.987 g, 91%)
as a colorless wax, Rf=0.30 (hexane/THF 2:1). Its 13C NMR spectrum
was identical to that of its enantiomer (P)-26.


Esterification of triangulanylmethanols with (S)-(+)-mandelic acid


General procedure GP 9 : A solution of the respective triangulanylmetha-
nol, (S)-mandelic acid and p-TsOH·H2O in anhydrous benzene was stir-


red with heating under reflux attached to a Dean–Stark apparatus filled
with molecular sieves 4 U for the indicated time. After cooling, the reac-
tion mixture was diluted with Et2O (20 mL), washed with sat. aq.
NaHCO3 solution and brine (15 mL each), dried and concentrated under
reduced pressure. The product was purified by column chromatography.


ACHTUNGTRENNUNG(1S,3R)-(4,4-Dibromospiro ACHTUNGTRENNUNG[2.2]pent-1-yl)methyl (S)-2-hydroxy-2-phenyl-
acetate [(1’S,3’R,2S)-(+)-9]: Column chromatography (20 g silica gel,
2.6Y12 cm column, hexane/Et2O 3:2) of the residue obtained from (4,4-
dibromospiropent-1-yl)methanol [(1S,3R)-7] (256 mg, 1.0 mmol), (S)-
mandelic acid (304 mg, 2.0 mmol) and p-TsOH·H2O (40 mg) in C6H6


(10 mL) according to GP 9 (6 h of heating) afforded (1’S,3’R,2S)-(+)-9
(375 mg, 96%) as a colorless solid. M.p. 61–63 8C (hexane/Et2O);
1H NMR (250 MHz, CDCl3): d=7.42–7.32 (m, 5H; Ph-H), 5.17 (d, J=
5.6 Hz, 1H; HCO), 4.37 (dd, J=5.8, 11.5 Hz, 1H; CH2O), 3.93 (dd, J=
8.0, 11.5 Hz, 1H; CH2O), 3.40 (d, J=5.6 Hz, 1H; OH), 1.89–1.78 (m,
3H; cPr-H), 1.42 (dd, J=5.4, 8.8 Hz, 1H; cPr-H), 1.17 (t, J=5.4, 1H;
cPr-H); 13C NMR (62.9 MHz, CDCl3): d=173.4 (C), 156.4 (C), 137.9
(CH), 128.4 (2CH), 126.5 (2CH), 72.7 (CH), 67.0 (CH2), 31.6 (C), 27.7
(C), 26.8 (CH2), 21.5 (CH), 15.7 (CH2). Its relative configuration was con-
firmed by X-ray crystal structure analysis.[10]


(1S,3R,4R,5R,6R,7R)-(8,8-Dibromopentaspiro[2.0.0.0.0.2.1.1.1.1]tridec-1-
yl)methyl (S)-2-hydroxy-2-phenylacetate (32): Column chromatography
(25 g silica gel, 2.6Y12 cm column, hexane/Et2O 2:1, Rf=0.32) of the res-
idue obtained from (1S,3R,4R,5R,6R,7R)-29 (140 mg, 0.39 mmol), (S)-
mandelic acid (118 mg, 0.78 mmol) and p-TsOH·H2O (10 mg) in C6H6


(10 mL) according to GP 9 (2.5 h of heating) afforded 32 (94 mg, 49%)
as a colorless solid. M.p. 51–53 8C (hexane/Et2O); 1H NMR (250 MHz,
CDCl3): d=7.44–7.25 (m, 5H; Ph-H), 5.18 (s 1H; HCO), 4.29 (dd, J=
7.0, 11.3 Hz, 1H; CH2O), 4.12 (dd, J=7.5, 11.3 Hz, 1H; CH2O), 3.08 (s,
1H; OH), 2.03 (d, J=6.5 Hz, 1H; cPr-H), 1.98 (d, J=6.5 Hz, 1H; cPr-
H), 1.68 (d, J=4.3 Hz, 1H; cPr-H), 1.52 (d, J=4.8 Hz, 1H; cPr-H), 1.44
(d, J=4.8 Hz, 1H; cPr-H), 1.42–1.39 (m, 1H; cPr-H), 1.25–1.17 (m, 2H;
cPr-H), 1.10 (d, J=4.3 Hz, 1H; cPr-H), 1.06 (d, J=4.8 Hz, 1H; cPr-H),
1.03 (d, J=4.8 Hz, 1H; cPr-H), 0.95 (d, J=4.3 Hz, 1H; cPr-H), 0.69 (t,
J=3.4, 1H; cPr-H); 13C NMR (62.9 MHz, CDCl3): d=173.7 (C), 138.4
(C), 128.5 (2CH), 128.3 (CH), 126.4 (2CH), 72.8 (CH), 69.6 (CH2), 30.4
(C), 28.9 (C), 27.6 (CH2), 24.2 (C), 18.5 (C), 18.4 (C), 17.4 (C), 14.7
(CH), 14.5 (CH2), 10.1 (CH2), 9.5 (CH2), 8.7 (CH2), 7.8 (CH2). Its relative
configuration was confirmed by X-ray crystal structure analysis.[10]


(1R,3S,4S,5S,6S,7S,8S,9R)-Hexaspiro[2.0.0.0.0.0.2.1.1.1.1.1]pentadecane-
1,9-dicarboxylic acid {(M)-(�)-[7]triangulane-1,9-dicarboxylic acid, (M)-
40}: This dicarboxylic acid was prepared adopting a published Jones oxi-
dation protocol.[52] An 8m solution of chromium trioxide in 5m aq. sulfu-
ric acid (1.0 mL) was added dropwise at 0 8C to a solution of [7]triangula-
nedimethanol (M)-22 (168 mg, 0.65 mmol) in acetone (30 mL). The reac-
tion mixture was stirred at this temperature for 2 h and at ambient tem-
perature for 15 min, the reaction was quenched with isopropanol
(1.0 mL), and the mixture poured into a 1:1 THF/brine mixture (50 mL).
The aqueous layer was extracted with THF (3Y20 mL), and, after evapo-
ration of the combined organic extracts under reduced pressure, the resi-
due was taken up with 1n aq. NaOH solution (10 mL) and washed with
THF (2Y10 mL). The aqueous solution was acidified by addition of 1n
aq. HCl solution (13 mL) and extracted with THF (3Y20 mL). The com-
bined organic extracts were dried and evaporated under reduced pres-
sure. Recrystallization of the residue from hexane/THF afforded (M)-40
(137 mg, 74%) as a colorless solid. M.p. 257–259 8C (decomp.); [a]20D =


�743.7 (c=0.941 in THF); 1H NMR (600 MHz, [D8]THF): d=9.28 (br s,
2H; 2OH), 1.80 (dd, J=4.0, 7.5 Hz, 2H; 2CH), 1.39 (t, J=4.0 Hz, 2H),
1.31 (d, J=4.5 Hz, 2H), 1.29–1.27 (m, 4H), 1.22 (d, J=4.5 Hz, 2H), 1.09
(s, 2H), 1.07 (d, J=4.0 Hz, 2H); 13C NMR (150.8 MHz, [D8]THF): d=
174.3 (2C), 23.6 (2CH), 19.5 (2C), 19.4 (2C), 19.2 (2C), 13.3 (4CH2),
10.9 (2CH2), 9.6 (CH2). Its relative configuration was determined by X-
ray crystal structure analysis.[10]


(1R,3S,4S,5S,6S,7S,8S,9R)-1,9-Bis(n-propyloxymethyl)hexaspiro[2.0.0.0.
0.0.2.1.1.1.1.1]pentadecane {(M)-(�)-bis(n-propyloxymethyl)[7]triangu-
lane, (M)-41} and (1R,3S,4S,5S,6S,7S,8S,9R)-9-(n-propyloxymethyl)hexa-
spiro[2.0.0.0.0.0.2.1.1.1.1.1]pentadecane-1-methanol {(M)-(�)-9-(n-propyl-
oxymethyl)[7]triangulane-1-methanol, (M)-42}: The compounds were
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prepared adopting a published protocol.[53] Sodium hydride
(46.3 mg.1.93 mmol, 10 equiv, prepared from a 60% suspension in miner-
al oil by washing with anhydrous pentane) was added to the stirred solu-
tion of [7]triangulanedimethanol (M)-22 (50 mg, 0.193 mmol) in anhy-
drous DMF (10 mL). After stirring at ambient temperature for an addi-
tional 30 min, n-propyl iodide (656 mg, 376 mL, 3.86 mmol, 20 equiv) was
added, and the resulting suspension was stirred at the same temperature
overnight. The resulting clear solution was poured into ice-cold water
(30 mL) and extracted with Et2O (3Y20 mL). The combined organic ex-
tracts were washed with H2O (4Y10 mL), brine (15 mL), dried and
evaporated under reduced pressure. Column chromatography of the resi-
due (20 g silica gel, 2Y15 cm column) furnished diether (M)-41 (45 mg,
68%, Rf=0.68) and monoether (M)-42 (9 mg, 15.5%) as colorless oils.


Compound (M)-41: 1H NMR (250 MHz, CDCl3): d=3.49 (dd, J=6.3,
10.3 Hz, 2H; CH2O), 3.41–3.34 (m, 6H; 3CH2O), 1.59 (sext, J=7.3 Hz,
4H; 2CH2), 1.39–1.29 (m, 2H; cPr-H), 1.20 (d, J=3.9 Hz, 2H; cPr-H),
1.13 (d, J=3.6 Hz, 2H; cPr-H), 1.07 (d, J=3.6 Hz, 2H; cPr-H), 1.06–1.02
(m, 2H; cPr-H), 1.01 (s, 2H; cPr-H), 0.97 (d, J=3.9 Hz, 2H; cPr-H), 0.91
(t, J=7.3 Hz, 6H; 2CH3), 0.64 (t, J=4.4 Hz, 2H, cPr-H); 13C NMR
(62.9 MHz, CDCl3): d=74.1 (2CH2), 72.3 (2CH2), 22.9 (2CH2), 18.2
(2C), 18.0 (2C), 17.5 (2C), 15.8 (2CH), 10.6 (2CH3), 10.3 (2CH2), 9.7
(2CH2), 8.9 (CH2), 8.8 (2CH2).


Compound (M)-42 : 1H NMR (250 MHz, CDCl3): d=3.72 (dd, J=6.3,
10.9 Hz, 1H; CH2O), 3.59 (dd, J=6.9, 10.9 Hz, 1H; CH2O), 3.51 (dd, J=
6.5, 10.3 Hz, 1H; CH2O), 3.40 (t, J=6.7 Hz, 2H; CH2O), 3.38 (dd, J=
6.8, 10.3 Hz, 1H; CH2O), 1.58 (sext, J=6.7 Hz, 4H; 2CH2), 1.42–1.31 (m,
2H; cPr-H), 1.25 (br s, 1H; OH), 1.21 (d, J=3.8 Hz, 1H; cPr-H), 1.18 (d,
J=3.9 Hz, 1H; cPr-H), 1.13 (d, J=4.6 Hz, 1H; cPr-H), 1.09 (d, J=
3.6 Hz, 1H; cPr-H), 1.05–0.97 (m, 2H; cPr-H), 1.03 (s, 2H; cPr-H), 0.92
(t, J=6.7 Hz, 3H; CH3), 0.91–0.84 (m, 1H; cPr-H), 0.67 (t, J=3.6 Hz,
1H, cPr-H), 0.65 (t, J=3.7 Hz, 2H, cPr-H); 13C NMR (62.9 MHz,
CDCl3): d=74.1 (CH2), 72.3 (CH2), 66.4 (CH2), 23.0 (CH2), 18.5 (CH),
18.21 (C), 18.17 (C), 18.1 (C), 18.0 (C), 17.6 (C), 17.4 (C), 15.8 (CH), 10.6
(CH3), 10.4 (2CH2), 9.7 (CH2), 9.1 (CH2), 8.85 (CH2), 8.81 (CH2),8.7
(CH2).


Computational studies : Geometries were optimized by density functional
theory (DFT) computations employing BeckeVs three-parameter func-
tional with the Lee–Yang–Parr correlation functional (B3LYP)[27–30] utiliz-
ing the 6-31+G(d) basis set[30,55] as implemented in Gaussian 98.[26] All
optimized structures were characterized as minima by computing analyti-
cal second energy derivatives.[57] The optical rotations ORs were comput-
ed by the sum-over-states method from the circular dichroism data:


b ¼ c
3ph


Im
X


n 6¼0


h0jmjnihnjmj0i
w 2


n0
�w2


where m and m are the electric dipole and magnetic dipole operators, re-
spectively; the summation runs over all excitations, and b is the trace of
the frequency-dependent electric-dipole magnetic-dipole polarizability
tensor.[58]


Only the single excitations of the valence electrons were computed at the
time-dependent (TD) DFT level of theory using the B3LYP functional at
the respective optimized geometries with the 6-31+G ACHTUNGTRENNUNG(d,p) basis set[30,56]


as implemented in Gaussian03. The thus obtained ORs apply to the gas
phase while the experimental ORs are measured in solution. In general,
computations of the gas phase overshoot the values for solvated mole-
cules[59] due to interactions with the solvent, sometimes considerably so.
Currently the solvent cannot be taken into account explicitly, but for
non-interacting or weakly interacting solvents (i.e., van derWaals and
small dipole interactions only) the gas phase computations are a decent
approximation.
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Calcite Mesocrystals: “Morphing” Crystals by a Polyelectrolyte
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Introduction


The control of crystallization processes is one of the most
important techniques in the preparation, purification, and
application of solid substances. Control of crystal size and
shape ensures desired dissolution rates (e.g. of pharmaceuti-
cals), and control of crystal shape and texture defines flow
properties, space filling by the powder, and mechanical
properties. High reproducibility of the chosen procedures
ensures the quality of industrial products and is of utmost
importance, as easily elucidated in the case of calcium car-
bonate abrasives and filler particles. As nucleation and
growth are very sensitive processes, crystallization is usually
controlled by addition of nucleation agents, stabilizers or
ternary components in general. The choice of solvents,[1] low
molecular additives, surfactants and functional polymers is
regularly reported (for recent reviews, see references [2–5]).


In addition to nucleation and growth control, it was re-
cently revealed that there is also a nonclassical pathway of
crystallization via colloidal intermediates and mesoscale
transformation.[6–8] The evidence for this process was also re-


cently reviewed.[3,9] On this pathway, crystalline structures
are constructed by assembly and/or transformation from
larger units (instead of by addition of single ions). For exam-
ple, both Addadi and Weiner[10] , and Cçlfen and Mann[3] in-
dependently reviewed the role of amorphous nanoparticles
in bio- and biomimetic mineralization. The role of similar
intermediates in CaCO3 scale formation, as well as their ex-
perimental identification, is also a question of larger indus-
trial relevance.[11,12] Taden et al. analyzed a model system
constituted of dye nanodroplets, which formed highly or-
dered dye crystals of unexpected size by mesoscale transfor-
mation.[8] Mesoscale assembly and transformation also ap-
pears to take place for inorganic crystalline solids such as
iron oxides,[13] cerium oxide,[14] copper oxalate,[6] and copper
oxide.[15]


The addition of an interacting polymer to the crystalliza-
tion solution can modify the ongoing processes in various
different ways (Figure 1):


* first, by complexing the ions, the polymer can block or
retard the growth path of single ions, making assembly
effects (b, c) more significant then the classical crystalli-
zation route (a)


* it can act as a nucleation agent by lowering the interface
energy of subcritical and critical nuclei, increasing the
number of primary nanoparticles (e)


* it can colloidally stabilize metastable intermediates, such
as amorphous precursor structures (c)
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* it can alter the shape of the primary nanoparticles by se-
lective adsorption and/or enrichment onto specific crystal
faces (d), which leads to growth inhibition of these crys-
tal faces.[16]


Additionally, the polymers can induce aggregation
through a change in colloidal stability (for instance, by de-
pletion[17,18]) or modified interaction potentials, where crystal
alignment can occur in a directed fashion.


Usually, the added polymers adopt more than one, if not
all roles mentioned in the list, which makes a prediction of
crystal morphology impossible. This is in contrast to the ide-
alized thermodynamic description, which has been proposed
early last century by Wulff.[19]


If the polymer is tightly bound to the particles, the pri-
mary hybrid particles are organized into a mesoscopic super-
structure by the anisotropy of their shape, specific steric,
electrostatic, van-der-Waals and hydrophilic–hydrophobic
interactions.


Organization of nanocrystals in crystallographic registers
to defined microstructures with more or less defined exter-
nal faces takes place.[9,20] Such “mesocrystals” have already
been described for calcium carbonate systems,[21,22]


BaSO4,
[23] copper oxalate,[6] CdS,[24] CoPt3,


[25] and d,l- ala-
nine,[20,26] and many others, as reviewed in reference [9]. The
reasons for the almost perfect alignment of the mesoscopic
building units with respect to each other are currently ex-
plored, and long-range interactions are certainly involved.


CaCO3 is a scientifically and industrially important miner-
al system, and its crystallization control has attracted exten-
sive attention for decades, as reviewed recently.[27,28] Until
now, a whole variety of additives or templates such as bio-
macromolecules,[29–34] synthetic polymers,[5,28, 35–37] low molec-
ular weight compounds,[38–40] solid matrices[41,42] as well as


Langmuir monolayers,[43–45] or self-assembled films,[46,47] were
effectively used to control CaCO3 morphologies and poly-
morphs.


In a recent communication, we presented a very simple
model system composed of calcite and PSS.[48] A remarkable
change from the typical single crystal calcite rhombohedra
with {104} faces to mesocrystals presenting the unusual {001}
faces was found. It is the task of the present paper to extend
these primary observations on the calcite/PSS mesocrystal
system, where, by appropriate adjustment of concentrations,
the mesomorphology will be varied over a broad range in a
systematic fashion. Thus, we hope to answer the question of
how the polymer interferes with the crystallization and ag-
gregation process in more detail.


Experimental Section


The following chemicals were purchased and used without further purifi-
cation: CaCl2·2H2O (Fluka, �99%), poly(sodium 4-styrenesulfonate)
(PSS, Mw�70000 gmol�1) (Aldrich). Double-distilled water was used for
the preparation of the crystallization solutions.


Crystallization of CaCO3 : The mineralization was performed by a slow
CO2 gas diffusion technique described by Addadi et al.[33] To compare
the effect of polymer and calcium, crystallizations in the presence of dif-
ferent concentrations of PSS and CaCl2 were carried out in glass bottles
with glass slides, which were kept in a closed desiccator at room tempera-
ture. All glassware was cleaned as follows: firstly sonicated in ethanol,
then rinsed with distilled water, further immersed in a H2O–HNO3-
ACHTUNGTRENNUNG(65%)–H2O2 (1:1:1, v/v/v) solution, then rinsed with double-distilled
H2O, and finally dried at room temperature.


A stock solution of CaCl2 (10 mm) was freshly prepared in boiled double-
distilled water through which N2 was bubbled overnight. From this stock
solution, 5-mL solutions with different concentrations of polystyrenesul-
fonate (1, 0.5, 0.1 gL�1) and CaCl2 (5, 2.5, 1.25 mmolL�1) were prepared
under vigorous stirring. The solutions were distributed into different glass
bottles with a glass slide on the bottom (1 mL solution in each bottle) for
further crystallization experiments. The bottles were covered with Para-
film, three needle holes were punched into the film, and the bottles were
placed in a larger desiccator. Two small glass bottles (10 mL) with crush-
ed ammonium carbonate were also covered with Parafilm, three needle
holes were punched into the film, and the bottles were placed at the
bottom of the desiccator as the source of CO2. At different times, the
bottles with the crystals were removed from the desiccator, the glass
slides carrying the crystals were separated from the solution, rinsed short-
ly with distilled water and directly examined by optical microscopy. Scan-
ning electron microscopy (SEM) and other techniques were performed
on the crystals after they had been dried at room temperature.


Analytical methods : Optical microscopy and SEM were applied to all
samples. The use of light microscopy as technique is necessary to show
that the SEM images are free of drying artefacts that may result from the
sample preparation. In addition, polarized light microscopy allows the
identification of the calcite c axis, which is the only direction free of bire-
fringence. The SEM measurements were performed on a LEO 1550 -
GEMINI. Transmission electron microscopy (TEM) as well as electron
diffraction were performed on a Zeiss EM 912 Omega microscope at
120 kV with a 580-mm camera. Light microscopy images of samples in
solution were taken with an Olympus BX50 or BX41 microscope con-
nected to a MONACOR TVCCD-460 color camera. Powder X-ray dif-
fraction (XRD) patterns were recorded on a PDS 120 diffractometer
(Nonius GmbH, Solingen) with CuKa radiation. Thermogravimetric anal-
yses were performed on a Netzsch TG 209, and the samples were exam-
ined under an oxygen atmosphere at a scanning rate of 20 Kmin�1 from
room temperature to 800 8C. The surface cleavage of the crystal faces, the


Figure 1. Crystallization by addition of ions (slow, a) or mesoscale aggre-
gation and alignment (fast, b), partially adapted from reference [3]. Crys-
tallization control by particle stabilization (c), crystal shape changes by
selective polymer adsorption (d) or changes of primary nanoparticles (e)
is also shown.
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unit cell structure, and the modeling of morphologies were performed
with the Cerius2 software (Accelrys).


Dynamic light scattering (DLS) measurements were carried out using a
standard, laboratory-built scattering spectrometer operating at 633 nm
(argon-ion laser, Coherent, Model Innova 300) (power: 30–600 mW) at
scattering angles of 90o. The radius distribution of the particles in solution
was calculated from the experimental correlation functions using the pro-
gram FASTORT.exe.[49] Samples for DLS were freshly prepared in 5 mL
aqueous solution. BET sorption measurements were carried out on 1 mg
of sample at 77 K using an Autosorb-1 from Quantachrome Instruments.
Desorption curves are not used due to hysteresis effects.


Results and Discussion


Calcium carbonate crystallizes within the presented crystalli-
zation setup and procedure in the absence of additives in
one day into calcite rhombohedra (data not shown). The ad-
dition of minor amounts (0.1 gL�1) of polystyrenesulfonate
(PSS) led to two effects. On the one hand, all the crystalline
species became very homogeneous in morphology and size.
This is easily explained by a better control of nucleation by
PSS. The improved nucleation is also reflected by the in-
creasing number and decreasing size of CaCO3 particles
with increasing PSS concentration (data not shown). Time-
resolved microscopic studies showed an increasing number
of crystals within the first 10 h, without obvious size and
shape changes. This indicates a continuous nucleation of
CaCO3 crystals in the early crystallization stages.[50]


On the other hand, with PSS addition, the surface struc-
ture of the formed crystalline superstructures increased in
roughness, and selected corners/edges became rounded. All
of the described crystal morphologies are very stable, once
formed. A typical result of high-resolution scanning electron
microscopy (HRSEM) of the obtained particles is shown in
Figure 2.


The formation of porous crystals, rough surfaces, and
rounded corners are very strong indications for the altera-
tion of the crystallization mechanism from ionic growth to
mesoscale assembly.[23] PSS, as a polyelectrolyte, strongly
binds free Ca2+ ions,[51] decreases the free Ca2+ ion concen-


tration by intermediary binding, and thus slows down the re-
lated speed of growth by addition of single ions. We propose
that this PSS–Ca complex is the primary species. With in-
creasing carbonate concentration, the better-binding carbo-
nate ions compete with the sulfate ions for the highly local-
ized and enriched Ca2+ ions close to the PSS backbone, pre-
sumably initially forming a mixed nanoparticle composed of
hydrated, amorphous CaCO3 and PSS.


The existence of such colloidal PSS–Ca complexes and
amorphous intermediates can be proven with analytical so-
lution techniques. Time-dependent dynamic light scattering
(DLS) on the whole investigated range of samples reveals
the existence of nanoparticles in solution already well ahead
of crystallization, and TEM, in conjunction with electron
diffraction, shows that the early nanoparticles are amor-
phous.[48] This was independently confirmed by the so-called
density variation method in analytical ultracentrifugation.[52]


It was revealed that the density of all investigated precursor
particles is between 1.44 and 1.58 gmL�1, in agreement with
the amorphous CaCO3 density of 1.49 gmL�1 determined by
small-angle X-ray scattering by Ballauff et al.[53]


The CaCO3 nanocrystals are presumably nucleated from
these mixed amorphous species, with the PSS then immedi-
ately associated nearby. This mechanism provides the large
number of fine, metastable crystals needed for mesoscale as-
sembly.


Nitrogen sorption measurements evaluated according to
Brunauer–Emmett–Teller (BET, Supporting Information
Figure S1) on the final dried structures show that the
formed calcite mesocrystals are highly porous, with specific
surface areas for three different species always larger than
260 m2g�1. The size distribution curves calculated from the
adsorption branch of nitrogen isotherms show that the pores
are in the mesopore range, with maximum pore diameters
of approximately 3–10 nm, depending on the system. This
goes well with a primary crystal size of approximately 30 nm
and an interstitial channel system between the primary crys-
tallites. Pore volumes of the samples were calculated to be
in the range of 0.26–0.51 mLg�1, using the Brunauer, Joyner
& Halenda theory under the simplifying assumption of cy-
lindrical pores.


Approximately 50-nm-sized tectonic elements were de-
tected on the mesocrystal surface by AFM (data not
shown). These results also clearly exclude crystal growth by
Ostwald ripening, which would lead to a fused single crystal
without any pores. AFM also shows that the mesocrystal
generation is accompanied by numerous defect structures on
the nanoscale, despite the external facetted morphology
being well-defined.


The concentration of PSS has a very strong influence on
the morphology of the crystalline superstructures in the oth-
erwise standardized crystallization process. This is depicted
in Figure 3, in which both the Ca2+ as well as the PSS con-
centration was varied in a systematic fashion.


The case presumably closest to classical crystallization is
the one with the lowest Ca2+ concentration of 1.25 mmolL�1


combined with the lowest polyelectrolyte concentration of


Figure 2. High-resolution SEM image of a crystal obtained from 1 mL of
1.25 mmolL�1 Ca2+ solution with 0.1 gL�1 (PSS). Samples were obtained
on a glass slip by a gas diffusion experiment after one day. Note the for-
mation of rounded corners.
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0.1 gL�1 (Figure 3a). Low concentrations are also coupled to
lower supersaturation and slower growth. At this concentra-
tion couple, rhombohedral calcite structures are still found,
however obviously composed of smaller calcite subcrystals.
The mesocrystal still exposes the six {104} faces, showing
that the influence of the polymer on the mutual alignment is
still weak. Note, however, that these species already possess
two rounded corners in the (001) direction (see also
Figure 2). Interestingly and indicating generality, similar
structures with rounded corners and rough surfaces were de-
scribed before.[54,55] Single-crystal analysis could be used to
index their outer faces.[22, 55]


If the PSS concentration is increased to 0.5 gL�1 at a fixed
low Ca2+ concentration of 1.25 mmolL�1 (Figure 3b), a finer
texture of the primary nanoparticulate building blocks is
found. This underlines our view that the primary units are
nucleated in the proximity of the polyelectrolyte, as more
polyelectrolyte can then nucleate a larger number of parti-
cles. The two “rounded” corners along the (001) direction
(where 1 is at the back of the crystals in Figure 3b) are more
pronounced. This suggests that the efficiency of aggregation
of the primary particles is lowered in direction of the c axis.
As this is the only nonbirefringent orientation of calcite, the
orientation can be easily assigned by polarized light micros-
copy (Figure S2e, f in the Supporting Information). Further-


more, six out of the eight edges
are rounded. It is worth men-
tioning that this morphology,
with minor modifications, reoc-
curs for two other concentra-
tion pairs, also at higher calci-
um concentrations in the mor-
phology map, see Figure 3d and
Figure 3e. It seems to be a ge-
neric structure, and the finer
the surface textures at higher
Ca2+ (or higher polymer) con-
centrations are, the more pro-
nounced the rounding of the
two corners in the c direction is.
The discrimination of the c axis
allows a more detailed under-
standing of the mesoscale as-
sembly process. The c axis of
calcite has hexagonal symmetry
and is usually not exposed, as it
is constituted by either pure
cationic or anionic sites. The
corresponding Cerius2 represen-
tation of this face is shown in
Figure 4.


It is easy to understand why
this surface is specifically stabi-
lized by the PSS: the multiple
cationic sites can bind the nega-


tive polyelectrolyte, and by this binding a low-energy sur-
face is obtained. We assume that this surface structure origi-
nates from a PSS–Ca complex precursor, that is, the inher-
ent Ca2+-rich character of the crystal face and the PSS
charge counterbalance is predefined in the precursor. The
involved multiple binding of a polyelectrolyte onto the (001)
surface also explains the very high binding efficiency and
stability of the nanoparticle assembly at comparably low
concentrations.


Increasing the polyelectrolyte concentration to 1 gL�1


(the maximum applied concentration) at a still low Ca2+


concentration of 1.25 mmolL�1 leads to a new, but related


Figure 3. Typical SEM images of calcite mesocrystals obtained on a glass slip by the gas diffusion reaction
after 1 day in 1 mL of solution with different concentrations of Ca2+ and polystyrenesulfonate: a) [Ca2+]=
1.25 mmolL�1, [PSS]=0.1 gL�1; b) [Ca2+]=1.25 mmolL�1, [PSS]=0.5 gL�1; c) [Ca2+]=1.25 mmolL�1, [PSS]=
1.0 gL�1; d) [Ca2+]=2.5 mmolL�1, [PSS]=0.1 gL�1; e) [Ca2+]=2.5 mmolL�1, [PSS]=0.5 gL�1; f) [Ca2+]=
2.5 mmolL�1, [PSS]=1.0 gL�1; g) [Ca2+]=5 mmolL�1, [PSS]=0.1 gL�1; h) [Ca2+]=5 mmolL�1, [PSS]=
0.5 gL�1; i) [Ca2+]=5 mmolL�1, [PSS]=1.0 gL�1.


Figure 4. Cerius2 presentation of the calcite (001) surface, which is indi-
cated by the yellow dashed line. Ca2+ blue, C gray, O red. Left: Side
view, Right: Top view of a 3S3S2 unit-cell arrangement; the hexagonal
symmetry of this face is clearly visible.
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morphology, presented in Figure 3c and—in more detail—
in Figure 5.


The suppression of nanoparticle assembly along the six
edges and two corners has progressed so far that the whole
structure has no similarity to the primary rhombohedron
anymore. The missing edges overlap to an extent that the
whole structure is partly rounded, leaving six elliptical side
faces. The architectural program to set up this complicated
superstructure of flat and curved planes is nevertheless
quite precisely kept throughout the sample, as seen by the
comparison of three different, randomly chosen particles
from different viewing angles (Figure 5). From the finer de-
tails of these HRSEM pictures, it becomes obvious that the
whole structure is composed of hexagonal/truncated trigonal
plates of calcite, which again expose the unusual (001) face.
The six removed edge directions are clearly not planar or
even faces in a classical sense, and thus cannot be explained
by the classical picture of polyelectrolyte adsorption to sta-
bilize faces of a single crystal. Although crystalline with re-
spect to the primary nanoparticle building units, the meso-
crystals are strongly curved. Active shaping in these direc-
tions is driven by lowered efficiency of assembly and stack-
ing.


As these mesocrystals are unusually rough, higher resolu-
tion SEM pictures (Figure 6) reveal additional information
on the assembly process. Within the disordered pore struc-
ture one can identify primary, roughly globular nanoparti-
cles, approximately 30 nm in size, which assemble in a first
integration step towards 100–300 nm thick plates. These
plates are, however, astonishingly disordered on the meso-
scale. The single plates are obviously not connected, or just
weakly intergrown, which indicates incorporation of the poly-
electrolyte into the structure. This is also supported by the
thermogravimetric analysis (TGA) of these structures,
which hints at a relative polymer content of approximately
3 wt%. However, the vectorial alignment between the single
plates seems to be close to perfect, which results in excellent
order on the micrometer range which is much higher than
the order on the mesoscale.


When keeping the polymer concentration high (1.0 gL�1)
and increasing the Ca2+ concentration (2.5 mmolL�1), the
next, related morphology develops (Figure 3f). The expo-
sure of the (001) and (00�1) faces has increased in a way
that the whole sample now adopts a truncated trigonal mor-
phology (Figure 7).


The two dominant (001)
faces are now connected with
the remainders of the six (104)
faces, which is the minimal sur-
face-area construction to con-
nect the two (001) faces. It was
already mentioned that the
(001) direction, due to its sym-
metry, is the only axis in calcite
which is not birefringent. Con-
sequently, those crystals are


black in the polarization microscope when looking upon the
(001) faces, whereas all other faces are bright (see Figure S2
in the Supporting Information). Interestingly, there is an
analogous case of morphology control in biomineraliza-
tion:[56] the eye lens of five-hundred-million-year old trilo-
bites is also made of hexagonal calcite oriented towards the
unusual [001] direction in a very similar fashion, as this is
the only direction where clear sight (without double vision)
can be obtained.


Figure 5. Typical SEM images of calcite mesocrystals (the same sample as Figure 3c) obtained on a glass slip
by the gas diffusion reaction after 1 day in 1 mL of solution with 1.25 mmolL�1 of Ca2+ and 1.0 gL�1 of PSS.


Figure 6. High-resolution SEM images of calcite mesocrystals (the same
sample as Figure 3c) obtained on a glass slip by the gas diffusion reaction
after 1 day in 1 mL of solution at 1.25 mmolL�1 of Ca2+ and 1.0 gL�1 of
PSS.


Figure 7. Left: Cerius2 color model of truncated trigonal calcite structure
view of the 001 face (yellow) and the 104 face (red). Right: The corre-
sponding assembly motif, according to Figure 3f.
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The most complicated structure series is obtained at high-
est Ca2+ concentrations of 5 mmolL�1; see Figure 3g–i. Sem-
iconvex–concave crystalline assemblies are formed, which
are only weakly dependent on polymer concentration. The
formation does not depend on the relative concentration of
Ca2+ to PSS, as similar ratios for other Ca2+ concentrations
resulted in other structures (Figure 3). Indeed, it is the high
Ca2+ supersaturation which leads to the exotic morphology.
The assemblies, as shown in higher resolution in Figure 8,


are roughly circular in the [001] direction (as seen by the
typical truncated-trigonal in-plane texturation), but show a
convex/concave discrimination of the two perpendicular
sides.


A time-dependent SEM study revealed that there is a
morphology change throughout particle growth (see Fig-
ure S3 in the Supporting Information): at the early stage
after 3 h, biconvex particles approximately 600 nm in size
are formed, which develop the convex–concave morphology
upon further growth. This is indicative of continued nano-
particle attachment to an existing, initially symmetric parti-
cle, which however has different surface properties on the
two opposite sides.


The lower the polymer concentration, the more pro-
nounced the asymmetry and the more bent the structures
are, until a central hole on one side is finally formed. This
morphology is contradictive to all classical pictures of crys-
tallization, for which such a hole should immediately vanish
by Ostwald ripening, and where symmetry is encoded in the
primary unit cells and thermodynamics, as described by the
Wulff-law of crystal growth.[19]


Such a hole (=no effective mass transport) with a pile (=
increased effective mass transport) on the opposite side
strongly indicates dipolar long-range interactions controlling
the growth and mesoscale assembly of such structures.
WulffUs law only considers short-range interface energies
(i.e. energies in the plane) as the driving force, but inclusion
of long-range energy contributions might indeed explain the
different mesocrystal morphologies. A model case of such
long-range interactions is the presence of a dipolar field, as


already proposed by Kniep et al. for the rod–dumbbell–
sphere transition described for fluoroapatite crystallization
in gelatin gels.[57,58]


Owing to the simplicity of the present system and the pos-
sibility to experimentally assign the (001) face, a model for
the generation of a dipole moment in the otherwise nondi-
polar calcite structure can be given (Figure 9).


The very high Ca2+ supersaturation results in fast nuclea-
tion of very small, thin platelets. The highly positive, pure
Ca- exposing (001) face is ideal for the adsorption of PSS,
making this face energetically very favorable and exposed.
Once the crystal has nucleated in this direction from the
precursor, the polymer will effectively block this face from
further growth. The counterface, at least for nanosized pla-
telet crystals, now has to be a CO3


2� ion-terminated (001)
face, as two positive planes in such proximity (smaller than
ca. 40 nm) would repel each other throughout the crystal.
As a result, no further carbonate or PSS layer can adsorb on
this counterface, as this is charge-forbidden.


As the primary platelet (Figure 9, red) carries the poly-
electrolyte on one side (Figure 9, yellow), but is negatively
charged on the counterface as well, such a structure is col-


Figure 8. Typical convex–concave structure of calcite at high Ca2+ con-
centration (5 mmolL�1). The sample was obtained on a glass slip by the
gas diffusion reaction after 1 day in 1 mL of solution with 0.5 gL�1 of
PSS.


Figure 9. Mechanism of the final morphology change in calcite crystals
due to selective adsorption of PSS to one (001) face and the resulting
build up of an inner dipole moment within the crystal along the c direc-
tion. The primary crystals are asymmetric as they bind the polymer only
on one side. These primary blocks assemble to give flat, pseudo-symmet-
ric mesocrystal structures. When a certain size is exceeded, not only pri-
mary platelets, but also amorphous intermediates are attracted. By re-
crystallization of those species, bent crystalline structures without transla-
tional order can develop.
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loidally stable with respect to direct charge interactions and
carries the typical electrostatic double layer (Figure 9, blue).
However, such an asymmetric stacked structure always
comes with a strong dipole moment, brought in by the two
oppositely charged crystal splitting planes. Note that the
dipole moment is dependent on the thickness of the crystal,
that is, the double layer (2-nm thick; under the applied con-
ditions) cannot compensate for the charge separation over
the platelet (ca. 40 nm thick; see Figure S4 in the Support-
ing Information).


This simple argument reveals a new possible source of di-
polar fields associated with highly symmetric ionic nanocrys-
tals, which are otherwise nonpolar on the basis of their crys-
tal symmetry. Previous reports in the literature have focused
on the specific binding of a polymer to a distinct crystal sur-
face[5] or surface dipole fields ranging into the solution,[57,58]


which however are known to be weak and screened by the
ionic strength of the solution. Our view is based on the natu-
ral dissymmetry of a nanocrystal with highly charged planes,
with the surface-charge-generated electric field being strong
and long-ranged throughout the crystal. It is important to
repeat that ionic crystals possess a rather low dielectric con-
stant (usually e �5), and that the nonscreened Coulomb law
holds within the structure (instead of the screened Coulomb
law in solution). Therefore, electric fields are much stronger
and more long-ranged throughout a nanocrystal than
through the aqueous environment.


In essence, a calcite nanocrystal with the cationic (001)
face stabilized by an anionic polyelectrolyte will generate an
anionic counter side. This counter side cannot grow by addi-
tion of single ions, as anions are repelled by charge repul-
sion from the surface, and cations cannot add to the crystal
because of the inner field effects (Figure 9). The whole
structure can then only grow by assembly of other neutral
species, either by addition of ion pairs (rare) or by aggrega-
tion with another completed, dipolar crystalline slab (the
actual case).


For high Ca2+ supersaturations, a rough estimate of the
single platelet thickness on the basis of the HRSEM data
(see Figure S4 in the Supporting Information) gives approxi-
mately 40 nm. A simple calculation based on CoulombUs law
shows that the field strength on the other side of the crystal
is of the order of some hundred kT (thermal energy). The
resulting nanoplatelets possess a dipole moment perpendicu-
lar to the plane, based on the different surface structures.
Such dipolar platelets will align in three dimensions to mini-
mize their mutual interaction energy, and in that way pro-
moting the build-up of an even larger dipole moment in the
growing stack.


Above a critical size, due to the linear dependence of the
dipole moment on thickness, a new effect sets in. The inner
dipole moment is getting so large that not only the dipolar
nanoplatelets (as for the first set of morphologies), but also
polymer-stabilized amorphous intermediates are attracted.
As these small particles have, owing to the polyelectrolyte
component, a homogeneous surface charge of one type (pre-
sumably negative), the potential of the attracting amorphous


intermediates defines the moment where the mesostructures
develop curvature and dissymmetry: the one, similarly
charged pole in the middle of one mesocrystal (001) face
repels all intermediates from further crystal growth (and a
hole is formed), whereas the other oppositely charged pole
attracts the particles. As there is a continuous change from
attractive to repulsive interaction from pole to pole, the con-
tinuous variation of aggregation probability leads to the fi-
nally observed, nicely curved concave/convex particle mor-
phology. The existence of strong dipole fields in the final
mesostructure is also proven by their non-statistical overall
orientation on the substrate: We were not able to find a
single mesostructure (out of several thousands) of this type
which was positioned with the hole or cavity towards the
(usually negatively charged) substrate.


A question that remains unresolved by this model is why
the single platelets put themselves into crystallographic reg-
ister, that is, why do they also vectorially align in the two
other, in-plane directions. We can only speculate that the
single platelets in close proximity are able to detect their ep-
itactic, complementary hexagonal charge patterns through-
out the layer of polystyrenesulfonate.


Additional experimental evidence for the organization
scheme of the convex–concave assembly structure was ob-
tained by polarization light microscopy (see Figure S2a, b in
the Supporting Information), where the images show a dark
spot in the center of the structures, indicative of the calcite
(001) orientation. Time-dependent experiments (see Fig-
ure S5 in the Supporting Information) show that the princi-
pal (001) orientation of the growing mesostructures is kept
throughout the whole process of crystallization, although
the structure develops the bent rims without register into
the c axis at the end of the crystallization process.


In a recent investigation the truncated calcite morphology,
as shown in Figure 3 f and Figure 7, was also reported.[59]


These crystals were, interestingly enough, obtained by ad-
sorption of methylene blue containing a sulfonate group,
similar to the PSS molecules used in this study. A final
proof of the dipolar character of the convex–concave meso-
crystals therefore can be obtained by staining experiments
with charged dyes. If a positively charged dye (fast dark
blue) is added to the final convex- concave crystals, only the
top is stained (see Figure S6 in the Supporting Material),
whereas the addition of a negatively charged dye (Congo
red) selectively stains the sides of the mesocrystals.


We think that the observations of the present, comparably
simple system can be generalized and explain a vast variety
of unusual observations described in the crystallization liter-
ature. Asymmetry of face and counterface is presumably an
inherent feature of most crystallization processes controlled
by charged additives, as long as the building blocks are on
the nanoscale, and the dipolar growth patterns found by
Kniep et al. ,[57,58] or the piezoelectricity of bone[60] made
from otherwise nondipolar, mirror-symmetric hydroxy/fluo-
roapatite can—alternatively to the current explanation—
also be promoted by the formation of dipolar poled meso-
crystal aggregates at the beginning of structure formation.
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Similar effects are found in the polymer-controlled crystalli-
zation of CaCO3


[61] or BaCO3 and other heavy-metal carbo-
nates.[62]


The attraction/repulsion of the two opposite faces through
the crystal in addition explains the existence of the univer-
sally observed characteristic length of the order of some
tens of nanometers in additive-controlled nanocrystal
growth, as for instance the constant thickness of nanofib-
ers[63–65] or nanoplates.[66] A certain thickness of 10–100 nm is
indeed needed, depending on the crystal/additive pair, until
the two opposite sides can be indeed equal with respect to
their surface charge, also allowing additive adsorption on
both sides. Below this thickness, the electrostatic forces
within the growing crystal restrict addition of materials up
to a critical crystal thickness.


Conclusion


The slow crystallization of calcite by the gas diffusion tech-
nique results in the presence of the negatively charged, Ca-
binding PSS yields, depending on the relative Ca2+ and
PSS� concentration in a family of well-defined crystalline
mesostructures or mesocrystals, that is, regular scaffolds
composed of separated, but almost perfectly three-dimen-
sionally aligned calcite nanocrystals. Using HRSEM and fol-
lowing the development of the structures as a function of
the reactant concentrations, it was possible to reveal the
inner architecture principles of these mesocrystals. The ob-
served systematic behavior can only be explained by the
polymer interacting with the crystallization process in a vari-
ety of modes: First, it strongly binds free calcium ions and
shifts the mechanism from ionic growth in the default ex-
periment without additive to mesoscale assembly of pre-
formed nanoblocks in presence of the polymer.


In addition, the polymer acts as a nucleation agent, as re-
vealed by polymer concentration variation. Over wide re-
gions of the morphology map, increase of polymer concen-
tration and increase of Ca2+ supersaturation seem to have a
similar influence, indicating that the nanoparticles nucleate
from a carbonized PSS–Ca complex. The primary building
units of the mesocrystals are amorphous nanoparticles,
which crystallize to calcite as revealed by WAXS and DLS.
In addition, PSS seems to bind quite selectively to the other-
wise nonexposed (001) face of calcite, favoring mesostruc-
tures composed of truncated triangular units instead of
rhombohedra.


For high supersaturations and correspondingly small pri-
mary particles, a new effect appears as the system obviously
changes and looses long-range translational symmetry in
favor of a dipolar arrangement of primary nanoparticles. It
was reasoned that spontaneous asymmetry might be charac-
teristic for very small particles stabilized by charged poly-
mers, as inner-field effects within the crystal cannot be ne-
glected on smaller scales. This model also explains the spon-
taneous occurrence of dipole effects in materials with nondi-
polar unit cells, such as dumbbell-like growth patterns of


crystals or piezoelectricity in the growth direction. Obvious-
ly, such mesocrystals grown from polymer-protected nano-
crystals can exhibit dipolarity based on the asymmetry of
splitting planes with opposite surface charge, whereas single
crystals of the same material cannot. Future work will ad-
dress the importance of electric fields on structure formation
by performing similar processes in external electric fields
and in the presence of salts. In addition, other mechanisms
to control crystal self-assembly will also be investigated to
fully reveal the design principles of these fascinating crystal-
line superstructures.
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Introduction


Dendronized polymers present an unparalleled level of ar-
chitectural complexity in synthetic macromolecules by deco-
rating each repeat unit of a linear polymer chain with a den-
dron.[1] Covalent connection of the dendron and backbone
relies upon divergent,[2] attach-to,[3] or macromonomer syn-


thetic strategies.[3b, 4–8] The last provides the highest degree of
structural perfection, particularly when combined with living
polymerization techniques.[4a,5d,e,7b–d,8] The synthetic demands
of the macromonomer strategy limit its utility. Consequently,
supramolecular strategies have emerged.[9,10] Using electron
donor–acceptor interactions, dendrons can bind to a linear
polymer backbone.[9] Alternately, non-covalent association
of apex functionalities in self-assembling dendrons generates
dendronized supramolecular polymers.[10] The supramolecu-
lar strategies offer novel functionality, such as self-healing,
ultra-high density arrays of helical wires, or arrays of helical
porous protein mimics.[9,10]


While dendronized polymers exhibit a well-defined cylin-
drical shape in solution,[6c,11] it is difficult to utilize that
structure as a building block for bottom-up self-assembly.
We have demonstrated that polymers jacketed with self-as-
sembling dendrons generate bulk order whose periodicity is
dictated by the diameter of individual dendronized poly-
mers.[5d, 6,7d] The ability of these dendronized polymers to
generate periodic order (i.e., self-organize) provides details
about the internal order of dendronized polymers. Such in-
ternal order can be further harnessed to improve functional-


Abstract: A library of eleven high cis-
content cis-transoidal polyphenylacety-
lenes (PPAs) dendronized with self-as-
sembling dendrons was prepared from
a library of fifteen convergently synthe-
sized macromonomers. Using [RhACHTUNGTRENNUNG(C�
CPh) ACHTUNGTRENNUNG(nbd)ACHTUNGTRENNUNG(PPh3)2] (nbd=2,5-norbor-
nadiene) in the presence of 10 equiv of
N,N-dimethylaminopyridine, predictive
control over molecular weight and
narrow molecular weight distribution
are obtained. The PPA backbone


serves as a helical scaffold for the self-
assembling dendrons. The dendron pri-
mary structure dictates the diameter of
the cylindrical PPAs in bulk, both in
the self-organized hexagonal columnar
(Fh) lattice determined by X-ray dif-
fraction (XRD) and in monolayers on


highly ordered pyrolytic graphite
(HOPG) and mica visualized by atomic
force microscopy (AFM). Thermal and
bulk phase characteristics of the cylin-
drical PPAs reinforces the generality
that flexible polymer backbones adopt
a helical conformation within the cylin-
drical macromolecules generated by
polymers jacketed with self-assembling
dendrons.
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ity. For example, X-ray diffraction (XRD) from oriented
fiber samples and solid-state NMR spectroscopy demon-
strated the helical internal order of electroactive dendron-
ized polymers.[9a] Control over the helical handedness may
enhance hole or electron mobility.


Polymers jacketed with covalently attached dendrons pro-
vide a model for understanding how to dictate the internal
order of cylindrical dendronized polymers. Models con-
structed from XRD studies and AFM visualization for poly-
styrenes (PSs),[6] poly(methacrylate)s,[6,7a] poly(7-oxanorbor-
nene)s[7b,c] and poly(maleimide)s[7b] dendronized with self-as-
sembling dendrons suggest that the polymer backbone
adopts short range helical order within the cylindrical struc-
ture. Polyarylacetylenes adopt a helical conformation[12,13]


whose sense can be biased by incorporating chiral, non-race-
mic side chains.[14] Circular dichroism (CD) spectroscopy
provides direct information about the helical bias of the
conjugated polyarylacetylene backbone. Aoki and co-work-
ers prepared dendronized PPAs that self-organized into a
hexagonal lattice, but did not attempt to control helix
sense.[5a,b] Meijer and co-workers prepared a dendronized
PPA with a predominantly single-handed helix sense, but ex-
hibits a smectic liquid crystalline phase.[5c] Sergeant-and-sol-
diers experiments using poly(N-substituted-2-ethynylcarba-
zole)s and poly(N-substituted-3-ethynylcarbazole)s demon-
strated that the helical sense of the latter is more easily bia-
sed.[5d] The NC phase displayed by these polymers precluded
bulk observation of intracolumnar helical order by XRD.[5d]


The design and synthesis of dendronized PPAs that self-
organize into a Fh phase and whose helix sense can be pre-
dictably controlled has been accomplished by surveying a li-
brary of such structures. We recently reported[5e] a particular
dendron substitution pattern whose size matches the helical
pitch of the backbone. A detailed model for the bulk struc-
ture was arrived at based on XRD studies of oriented fiber
samples and molecular modeling studies. CD Spectroscopy
of a dendronized PPA incorporating chiral, non-racemic
tails in a solvent selective for the periphery confirmed selec-
tion of a particular helix sense. Herein we report the synthe-
sis and structural analysis of the complete library of
dendronized PPAs. Visualization of helical cylindrical PPAs
confirmed that ordering on highly ordered pyrolytic graphite
(HOPG) and mica surfaces is dictated by individual
dendronized PPAs. Thermal and structural analysis of this li-
brary underscores the generality of the helical model arrived
at for the aforementioned dendronized PPA to other flexi-
ble polymers jacketed with self-assembling dendrons.


Results and Discussion


Synthesis and structural analysis in solution : Following the
convergent synthetic strategy outlined by our laboratory, we
have prepared a library of self-assembling dendritic carbox-
ylic acids.[6c,15] The polymerizable apex group, 4-ethynylben-
zyl alcohol, was synthesized following a combination of liter-
ature reports.[16] Utilizing the esterification protocol of


Moore and Stupp,[17] the dendritic carboxylic acids and 4-
ethynylbenzyl alcohol were coupled using dicyclohexylcar-
bodiimide (DCC) and N,N-dimethylaminopyridinium tosy-
late (DPTS) in CH2Cl2. Typically, catalytic amounts of
DPTS are needed to suppress formation of the undesired N-
acyl urea byproduct. Nonetheless, trace amounts of the side
product were observed during chromatography of reaction
mixtures involving dendritic carboxylic acids in excess of
1 kDa. We found that substoichiometric or stoichiometric
quantities of DPTS were necessary to eliminate this compli-
cation. A similar procedure has been employed for benzoyl
ester dendron syntheses.[18]


The dendritic macromonomers were polymerized using
[Rh ACHTUNGTRENNUNG(C�CPh) ACHTUNGTRENNUNG(nbd) ACHTUNGTRENNUNG(PPh3)2] (nbd=2,5-norbornadiene) in the
presence of 10 equiv of N,N-dimethylaminopyridine
(DMAP) in THF.[19] The catalyst was chosen because it in-
duces polymerization of arylacetylenes with living character:
predictive control over molecular weight (Mn), narrow mo-
lecular weight distribution (Mw/Mn), and presence of active
chain ends.[19] RhI-based catalysts effect the stereoselective
polymerization of arylacetylenes containing a variety of
functionalities.[19,20] Table 1 reports reaction conditions and
structural characteristics of dendronized PPA obtained by
polymerization of dendritic macromonomers. It is worth
noting that polyACHTUNGTRENNUNG[(3,4)12G1-4EBn] was also obtained using
[Rh ACHTUNGTRENNUNG(nbd)Cl]2/NEt3 in THF, while polymerizations of benzyl
ether-containing macromonomers proceeded to modest con-
version providing intractable materials.


Gel permeation chromatography (GPC) typically under-
estimates Mn of dendronized polymers.[3b,6,8,11] Furthermore,
light scattering on PSs and polymethacrylates jacketed with
self-assembling dendrons confirmed this underestimation
and showed that anomalous elution behavior occurs for ex-
tremely high molecular weight fractions.[6c] Comparison of
the molecular weights reported therein to the results in
Table 1 indicates that such behavior should not complicate
the present results. In addition to Mn and Mw/Mn, Table 1 re-
ports cis-content[12] determined by 1H NMR spectroscopy of
the polymers in CDCl3. Figure 1 illustrates a representative
spectrum and outlines the determination of cis-content ac-
cording to the method outlined for PPA.[12] The estimate
overlooks the presence of cyclohexadiene repeat units that
result from electrocyclization of cis-1,3,5-hexatriene sequen-
ces in the polyene backbone (Scheme 1).[21–23] The vinylic
proton resonances from the cyclohexadiene ring overlap the
cis-polyene resonance. Due to the dendron structure, the cy-
clohexadiene content cannot be reliably determined, so this
approximation is the best estimate of the backbone stereo-
structure.


Three different reaction protocols were employed. In
most cases, solutions of monomer and catalyst (i.e., [RhACHTUNGTRENNUNG(C�
CPh) ACHTUNGTRENNUNG(nbd)ACHTUNGTRENNUNG(PPh3)2]/DMAP) were prepared independently
and the monomer solution was added to the catalyst. Alter-
nately, in some cases the catalyst solution was added to the
monomer solution. Because the heat of reaction can alter
the stereostructure of PPAs,[12] the monomer and catalyst
solutions were maintained between 20 and 23 8C. Addition
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of catalyst to the monomer introduced large variations in
the molecular weight of the polymer obtained. For example,
entries 3 and 4 in Table 1 for the polymerization of
ACHTUNGTRENNUNG(3,4)12G1-4EBn and the anomalously high Mn obtained
from polymerization of (4-3,4-3,5)12G2-4EBn (Table 1
entry 22). These discrepancies are, most likely, due to loss of
some catalyst solution volume during transfer. Due to the
small amount of solvent employed in these polymerizations,
dissolution of a solid mixture of monomer and catalyst was
found to be convenient, even without controlling for reac-
tion temperature. Comparison of results in Table 1 show
that this method provides results comparable to the method
of adding the monomer solution to the catalyst.


Variation of [M]0/[Rh]0 allowed for predictive control of
molecular weight. Figure 2 shows a plot of Mn determined
by GPC versus [M]0/[Rh]0 for polymerizations of ACHTUNGTRENNUNG(3,4)12G1-
4EBn, ACHTUNGTRENNUNG(3,4,5)12G1-4EBn, and ACHTUNGTRENNUNG(3,4-3,5)12G2-4EBn. The
linear dependence of molecular weight on [M]0/[Rh]0 sug-
gests that the polymerizations possess living character. All
of the polymerizations reported in Table 1 proceed to 80 %
conversion or higher. The low concentrations employed
were chosen to ensure that the monomer is dissolved and
that the reaction mixture remains fluid at high conversion.
Unfortunately, the low concentrations lead to long reaction
times for some monomers. Entries 16 and 18 of Table 1 for
the polymerization of ACHTUNGTRENNUNG(3,4-3,5)12G2-4EBn show that longer
reaction times lead to broadened polydispersity and lower


cis-content. The latter likely re-
sults from cyclization or isomer-
ization of the polyene backbone
during polymerization. Compar-
ison to polymerizations of
(3,4,5-3,4)12G2-4EBn
(entry 20) and (3,4,5-3,5)12G2-
4EBn (entry 21), which are ki-
netically sluggish reactions, in-
dicate that long reaction times
are not inherently deleterious.
In the absence of monomer, the
RhI-based propagating species
or byproduct formed during
generation of the active cata-
lyst[19b, 20] may promote cycliza-
tion or isomerization. We have
recently shown that cyclization
in cis-transoidal PPA is acceler-
ated in acidic media.[22]


Kinetic experiments for the
polymerization of ACHTUNGTRENNUNG(3,4-
3,5)12G2-4EBn were undertak-
en to elucidate the living char-
acter noted above. Figure 3 il-
lustrates the results. The reac-
tion proceeds to high conver-
sion with time, but the semi-
logarithmic plot shows devia-
tion from linearity at high con-


version (Figure 3a). The reaction loses first-order character,
which may be indicative of side reactions. The shape of the
plot of Mn,GPC versus the conversion corrected theoretical
molecular weight (Mn,th, Figure 3b) is complicated by com-
peting behavior. The [Rh ACHTUNGTRENNUNG(C�CPh) ACHTUNGTRENNUNG(nbd) ACHTUNGTRENNUNG(PPh3)2]/DMAP
system is noted for its low initiator efficiency,[19b] which
leads to an upward deviation in the plot. Coincident with
this behavior is the underestimation of Mn by GPC noted
above. The plot of Mw/Mn versus the conversion corrected
theoretical molecular weight (Figure 3b) clearly shows be-
havior uncharacteristic for a living polymerization. The mo-
lecular weight distribution increases with conversion, which
is indicative of termination reactions. Close inspection of re-
sults for the polymerization of phenylacetylene using [Rh-
ACHTUNGTRENNUNG(C�CPh) ACHTUNGTRENNUNG(nbd) ACHTUNGTRENNUNG(PPh3)2]/DMAP in Et2O reveals similar be-
havior.[19b]


Termination of propagating species during arylacetylene
polymerization appears to be most significant at high con-
version. The side reactions become kinetically competent
when the velocity of the propagation reaction becomes
small due to low monomer concentration. As noted above,
the steric demand and molecular weight of the dendritic
macromonomers results in sluggish polymerization reactions.
A decrease in rate constant of propagation with increasing
dendron size is noted for polymerization of bisdendritic 7-
oxanorbornene macromonomers appended with self-assem-
bling dendrons.[7b,c] For large dendrons, the termination reac-


Table 1. Polymerization of dendritic 4-ethynylbenzyl esters with [Rh ACHTUNGTRENNUNG(C�CPh) ACHTUNGTRENNUNG(nbd) ACHTUNGTRENNUNG(PPh3)2]/DMAP 1:10 in
THF.


Monomer DPth
[a] [M]0 [m] t [h] Yield [%][b] Mn K 10�3[c] Mw/Mn


[c] cis Content [%][d]


ACHTUNGTRENNUNG(3,4)12G1-4EBn 57[e] 0.072 6 71 51.8 1.12 87
65[e] 0.072 4 64 59.6 1.16 97
66[e] 0.15 4 71 61.7 1.08 86
63[f] 0.144 7.5 77 192.6 1.16 90


ACHTUNGTRENNUNG(3,4)12F8G1-4EBn 24[e] 0.060 120 62 –[g] –[g] –[g]


ACHTUNGTRENNUNG(3,4,5)12G1-4EBn 26[h] 0.034 7 57 33.9 1.16 79
50[h] 0.046 8 74 50.9 1.22 89
56[h] 0.048 12 76 65.8 1.20 72
84[h] 0.063 7 92 82.4 1.38 88


ACHTUNGTRENNUNG(4-3,4)12G1-4EBn 44[e] 0.052 2.5 62 65.3 1.22 87
ACHTUNGTRENNUNG(4-3,4,5)AmylG1-4EBn 49[e] 0.050 6 68 61.0 1.14 82
ACHTUNGTRENNUNG(4-3,4,5)12G1-4EBn 50[h] 0.048 2.4 79 71.0 1.20 80


113[h] 0.060 14 68 202.8 1.60 86
ACHTUNGTRENNUNG(3,4-3,4)12G2-4EBn 47[e] 0.051 5.5 72 64.4 1.10 85
ACHTUNGTRENNUNG(3,4-3,5)12G2-4EBn 27[h] 0.032 2.5 50 34.2 1.10 73


44[e] 0.049 10 77 68.1 1.22 68
51[h] 0.050 2.5 67 72.2 1.15 88
51[e] 0.049 32 67 77.3 1.29 54


103[h] 0.064 5 65 139.4 1.20 95
(3,4,5-3,4)12G2-4EBn 47[e] 0.050 21.5 75 54.2 1.21 80
(3,4,5-3,5)12G2-4EBn 23[h] 0.292 21 83 38.5 1.57 76
(4-3,4-3,5)12G2-4EBn 54[f] 0.106 8 56 109.3 1.10 100


[a] Theoretical degree of polymerization= [4EBn]0/[Rh]0. [b] Yields are corrected for conversion. [c] Deter-
mined by GPC (THF, 1 mL min�1) calibrated with polystyrene standards. [d] Determined as prescribed in ref.
[12] . [e] A solution of monomer was added to a solution of catalyst and the reaction vessel immersed in a water
bath at 20–23 8C. [f] A solution of catalyst was added to a solution of monomer and the reaction vessel im-
mersed in a water bath at 22–23 8C. [g] Insoluble in THF, benzene, CHCl3, CH2Cl2, and a,a,a-trifluorotoluene.
[h] Solvent was added to a solid mixture of monomer and catalyst and the reaction stirred without control
over temperature.
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tion(s) can be significant at modest conversions. We have
observed that some macromonomers cannot be effectively
polymerized using the [RhACHTUNGTRENNUNG(C�CPh) ACHTUNGTRENNUNG(nbd) ACHTUNGTRENNUNG(PPh3)2]/DMAP
catalyst. Despite this limitation, we have prepared the larg-
est library of dendron structures appended to a single poly-
mer backbone. Scheme 2 illustrates the complete library of
dendronized PPAs.


As a result of conjugation along the polyene backbone,
the dendronized polymers are obtained as yellow powders
after freeze drying from benzene. In a given solvent (e.g.,
THF or hexanes), comparison of UV/Vis spectra of several
dendronized PPAs shows no observable difference
(Figure 4). Therefore, the influence of dendron structure on
the backbone conformation seems to be negligible in solu-
tion. By contrast, the choice of solvent does influence the
long wavelength absorption associated with the polymer
backbone. In hexanes, a solvent selective for the periphery


of the dendron, the absorption maximum is red-shifted by
15–20 nm compared with THF. This suggests that solvopho-
bic collapse of the benzyl ether region of the dendrons in
hexanes results in stretching of the polymer backbone,
which is manifested as the red shift of the UV/Vis spectra.


Structural analysis in bulk : Thermal phase behavior of the
dendronized PPAs was determined by differential scanning
calorimetry (DSC) and thermal optical polarized microscopy
(TOPM). None of the textures observed by TOPM were dis-
tinctive. Poly ACHTUNGTRENNUNG[(3,4)12G1-4EBn] showed large homeotropi-
cally aligned domains. Also notable, this dendronized PPA
is the only sample where isotropization occurs before de-
composition. For the range of Mn reported in Table 1, the
isotropization temperature during second heating only
ranged between 76 and 78 8C. All other polymers decom-
pose before isotropization. Nonetheless, reversible heating
and cooling cycles can be obtained if the maximum temper-
ature is kept 20 8C below the observed decomposition tem-
perature. Table 2 summarizes the phase behavior deter-
mined by DSC. Representative second heating and cooling
DSC cycles are shown in Figure 5.


The lattice symmetry of the self-organized phases was as-
signed based on XRD experiments. Two types of behavior
were generally observed. Figure 6 illustrates representative
diffraction patterns and plots of integrated diffraction inten-
sity. Patterns characterized primarily by a broad, intense re-
flection indexed as d10 and a higher-order broad, diffuse re-
flection is indexed as overlapping d11 and d20 reflections of a
hexagonal lattice (Figure 6a,b). In the case of poly-
ACHTUNGTRENNUNG[(3,4)12G1-4EBn] , which undergoes isotropization before
decomposition, no improvement of ordering is observed on
cooling and subsequent heating cycles. Similar behavior is
observed in polyACHTUNGTRENNUNG[(4-3,4)12G1-4EBn] and poly ACHTUNGTRENNUNG[(3,4-
3,4)12G2-4EBn] . Except for poly[(3,4,5-3,4)12G2-4EBn] ,
the other dendronized PPAs exhibit diffraction patterns sim-
ilar to that illustrated in Figure 6c,d. Three reflections that
can be indexed as d10, d11, and d20 of a hexagonal lattice are
observed.


Some higher order reflections were observed in oriented
fiber samples of poly ACHTUNGTRENNUNG[(3,4,5)12G1-4EBn] , poly ACHTUNGTRENNUNG[(4-
3,4,5)12G1-4EBn] , and polyACHTUNGTRENNUNG[(3,4-3,5)12G2-4EBn] . Figure 7
shows representative wide angle XRD patterns and plots
from poly ACHTUNGTRENNUNG[(3,4,5)12G1-4EBn] at 23 and 73 8C. We have re-
cently discussed the structural significance of the observed
Fio


h -to-Fh transition in poly ACHTUNGTRENNUNG[(3,4-3,5)12G2-4EBn] .[5e] A ther-
moreversible process of stretching along the column axis ex-
plains the structural changes observed by XRD: discontinu-
ous column diameter contraction (expansion) and loss (ap-
pearance) of helical features on heating (on cooling). To ac-
commodate these changes the polymer backbone undergoes
conformational isomerization for cis-cisoidal to cis-transoi-
dal upon heating in bulk. This inhibits the cyclization event
typically associated with thermally-induced transformations
of PPAs.[12,21–23]


Table 3 enumerates the lattice symmetry, observed d spac-
ings, lattice parameter (a), experimental density measured


Figure 1. 1H NMR spectra of ACHTUNGTRENNUNG(4-3,4,5)12G1-4EBn (top) and poly ACHTUNGTRENNUNG[(4-
3,4,5)12G1-4EBn] (bottom).
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at 20 8C (120), and number of dendrons per column stratum.
Drawing on these assignments we identify dendrons with
3,4-branching elements adjacent to the polymer backbone as
the source of poor hexagonal ordering. Additionally,
poly[(3,4,5-3,4)12G2-4EBn] is self-organized in a simple rec-
tangular columnar (Fr-s) lattice. Unlike with flexible poly-
mer backbones, the dendron is limited to how it can contort
the PPA backbone. Semifluorination of the peripheral alkyl
tails provides a strong driving force for microphase segrega-
tion within the cylindrical macromolecule. The semifluori-
nated alkyl tails fill a larger and more extended volume of
space than their hydrocarbon analogues. For example, for
poly ACHTUNGTRENNUNG[(3,4)12G1-4EBn] a=39.5 L while for poly-
ACHTUNGTRENNUNG[(3,4)12F8G1-4EBn] a=52.2 L. Space filling can also be
compensated by 3,5- and 3,4,5-branching adjacent to the
polymer backbone. The diameter of the cylindrical object is
largely dictated by the length of the peripheral alkyl tail and
the number of benzyl ether layers, regardless of substitution
pattern. By this latter strategy we have prepared cylindrical
PPAs with diameters of ~40 L (e.g., poly ACHTUNGTRENNUNG[(3,4,5)12G1-


4EBn]), ~50 L (e.g., poly ACHTUNGTRENNUNG[(4-3,4,5)12G1-4EBn]), and ~60 L
(e.g., poly[(4-3,4-3,5)12G2-4EBn]).


Unique to polymers dendronized with self-assembling
dendrons, bulk characterization provides direct measure-
ment of the diameter of a single macromolecule in the self-
organized lattice. We have previously shown that for poly-
mers jacketed with self-assembling dendrons, the size of the
cylindrical macromolecule defines the fundamental element
for periodic order at interfaces.[5d, 6,7d] Cylindrical PPAs can
serve as structural building blocks for bottom-up self-assem-


Scheme 1. 6p Electrocyclization of cis-1,3,5-hexatriene sequences in PPA and chain cleavage due to rearomatization of the resulting 1,3-cyclohexadiene
repeat units.


Figure 2. Plot of molecular weight determined by GPC (Mn,GPC) relative
to polystyrene standards as a function of theoretical degree of polymeri-
zation (DPth= [M]0/[Rh]0) for polyACHTUNGTRENNUNG[(3,4)12G1-4EBn] (~), poly-
ACHTUNGTRENNUNG[(3,4,5)12G1-4EBn] (&), and poly ACHTUNGTRENNUNG[(3,4-3,5)12G2-4EBn] (*).


Figure 3. Polymerization of ACHTUNGTRENNUNG(3,4-3,5)12G2-4EBn with RhACHTUNGTRENNUNG(C�CPh) ACHTUNGTRENNUNG(nbd)-
ACHTUNGTRENNUNG(PPh3)2/DMAP in THF at 23 8C; [EBn]0/[Rh]0/ ACHTUNGTRENNUNG[DMAP]0 = 50:1:10,
[M]0=0.052m. a) Plot of conversion (^) and first-order logarithm
(ln([M]0/[M]), ^) versus time for the same reaction. b) Plot of experimen-
tal Mn,GPC (GPC vs PS standards) (&) and Mw/Mn (&) versus Mth.
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bly. The helical conformation of the polymer backbone is of
further interest to understand chirality at interfaces. Visuali-
zation of cylindrical PPAs using AFM confirms that periodic
structures are formed on HOPG (Figure 8). Averaging over
several cylindrical elements in the images we can estimate
the length-scale of the periodic order. Table 4 reports the
measured diameter by AFM visualization. We note good
agreement between the results in Table 4 with a from
Table 3, which underscores that individual cylindrical macro-
molecules define the observed self-organization on HOPG
and mica.


Figure 8 illustrates monolayers of poly ACHTUNGTRENNUNG[(3,4-3,5)12G2-
4EBn] on HOPG and mica. On both surfaces, domains of
rod-like objects oriented parallel to each other can be iden-
tified. On HOPG, boundaries form between domains orient-
ed ~1208 to each other. This orientation reflects the under-
lying six-fold symmetry of the graphite surface and is driven
by epitaxial adsorption of the peripheral alkyl chains.[6f]


Mica is hydrophilic, so there is no preferential adsorption of
the cylindrical PPA. The result of epitaxial adsorption is
that the cylindrical PPA is deformed into a more oblate


shape. This is reflected in the modest overestimation of mac-
romolecular diameter determined by AFM on HOPG com-
pared to XRD measurements in bulk (Figure 8 c). In con-
trast, the cylindrical diameter measured by AFM on mica is
remarkably close to that determined by XRD (Figure 8d).


Effect of stiffening the polymer backbone : Both PPA and
PS offer relatively flexible scaffolds for dendronized poly-
mers. Unmitigated by dendrons, PS adopts a random coil
conformation, while PPA adopts a helical conformation due
to fewer degrees of conformational freedom. The conse-
quences of this restricted conformational flexibility are ap-
parent in the observation of poorly ordered Fh lattices in
specific samples. Since the dendron cannot force the back-
bone into a conformation that matches its preferred pack-
ing, nor can some dendrons appropriately fill space, the cy-
lindrical macromolecules cannot pack well into a two-di-
mensional lattice.


Dendronized PPAs decompose at lower temperatures
than the corresponding dendronized PSs.[6c] This can have
origins in the mobility of the dendronized polymer due to


Scheme 2. Library of dendronized polyphenylacetylenes.
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molecular weight or macromolecular flexibility. With regard
to the dendron architectures herein, PSs dendronized with
self-assembling dendrons typically undergo isotropization at
temperatures similar to the decomposition temperatures ob-
served with dendronized PPAs. Dendronized polymers with
Mn in excess of 100 000 decompose (~290 8C) before isotrop-
ization. Given the relatively low Mn of the dendronized
PPAs, the low decomposition temperatures need considera-
tion.


Intramolecular 6p electrocyclization of cis-1,3,5-hexa-
triene sequences in the polyene backbone to form cyclohex-


adiene repeat units accounts for
the thermal transformations of
PPA in bulk and solution.[12,21–23]


Rearomatization of cyclohexa-
diene repeat units results in ex-
trusion of 1,3,5-triphenylben-
zene and concomitant chain
cleavage.[12,21–23] In bulk, these
processes are detectable by
DSC as endothermic events.[12]


The decomposition of dendron-
ized PPAs in bulk is exother-
mic, and not likely caused by
cyclization and rearomatization.
We further note, that the ex-
truded 1,3,5-triarylbenzenes are
expected to be discotic liquid
crystalline dendrimers. Finally,
we have observed that in bulk,


Figure 4. UV/Vis Spectra of poly ACHTUNGTRENNUNG[(3,4)12G1-4EBn] (1), poly ACHTUNGTRENNUNG[(3,4,5)12G1-
4EBn] (2), poly ACHTUNGTRENNUNG[(4-3,4,5)AmylG1-4EBn] (3), poly ACHTUNGTRENNUNG[(4-3,4,5)12G1-4EBn]
(4), poly ACHTUNGTRENNUNG[(3,4-3,4)12G2-4EBn] (5), poly ACHTUNGTRENNUNG[(3,4-3,5)12G2-4EBn] (6), and
poly[(4-3,4-3,5)12G2-4EBn] (7) a) in hexanes (0.6–1.8 K 10�5


m) and b) in
THF (0.4–1.6K 10�5


m). The inset highlights the long wavelength absorp-
tion associated with main chain conjugation.


Table 2. Thermal characterization of cylindrical PPA macromolecules.


Polymer Mn K 10�3[a] Thermal transitions [8C] and
corresponding enthalpy changes [kcal mol�1][b]


Heating Cooling


poly ACHTUNGTRENNUNG[(3,4)12G1-4EBn] 61.7 k �4 (2.19) Fh
[c] 78 (0.41) i i 73 (0.44) Fh 6 (1.53) k


poly ACHTUNGTRENNUNG[(3,4)12F8G1-4EBn] – Fh 125 dec[d]


poly ACHTUNGTRENNUNG[(3,4,5)12G1-4EBn] 50.9 Fio
h


[e] 110 dec
poly ACHTUNGTRENNUNG[(4-3,4)12G1-4EBn] 65.3 Fh 183 dec
poly ACHTUNGTRENNUNG[(4-3,4,5)AmylG1-4EBn] 61.0 Fh 90 dec
poly ACHTUNGTRENNUNG[(4-3,4,5)12G1-4EBn] 71.0 Fio


h 106 (0.29) Fh 115 dec
poly ACHTUNGTRENNUNG[(3,4-3,4)12G2-4EBn] 64.4 Fh 130 dec
poly ACHTUNGTRENNUNG[(3,4-3,5)12G2-4EBn] 68.1 Fh, g


[f] 0 (3.63) Fio
h 88 (1.11) Fh 140 dec


poly[(3,4,5-3,4)12G2-4EBn] 54.2 Fr-s
[g] 130 dec


poly[(3,4,5-3,5)12G2-4EBn] 38.5 Fh 160 dec
poly[(4-3,4-3,5)12G2-4EBn] 109.3 Fh 120 dec


[a] Determined by GPC (THF, 1 mL min�1) calibrated with polystyrene standards. [b] Data from second heat-
ing and cooling DSC scans at 10 8C min�1. [c] Fh, p6mm hexagonal columnar lattice. [d] dec, onset of decompo-
sition as indicated by the lack of reversible heating/cooling cycles above this temperature. [e] Fio


h , p6mm hex-
agonal columnar lattice with intracolumnar order. [f] Fh, g , glassy state of the p6mm hexagonal columnar lat-
tice. [g] Fr-s , p2mm simple rectangular columnar lattice.


Figure 5. Representative second heating (top) and second cooling
(bottom) DSC traces for poly ACHTUNGTRENNUNG[(3,4)12G1-4EBn] , poly ACHTUNGTRENNUNG[(3,4,5)12G1-
4EBn] , and poly ACHTUNGTRENNUNG[(3,4-3,5)12G2-4EBn] .
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poly ACHTUNGTRENNUNG[(3,4-3,5)12G2-4EBn] is thermally stable due to cisoid-
to-transoid conformational isomerization of the polyene
backbone during the Fh-to-Fio


h phase transition.[5e]


Short-range helical order of the backbone has been pro-
posed for flexible polymers dendronized with self-assem-
bling dendrons.[6,7] This model is arrived at based on model-
ing of a backbone confined to the core of the cylindrical
macromolecule, XRD experiments, and from conformation-
al analysis of individual macromolecules visualized using
AFM. Using XRD and CD spectroscopy, we have substanti-
ated such a model for a series of poly ACHTUNGTRENNUNG[(3,4-3,5)mG2-4EBn]s
with various peripheral alkyl chains (m).[5e] The structural
characteristics of polyACHTUNGTRENNUNG[(4-3,4,5)12G1-4EBn] and poly ACHTUNGTRENNUNG[(3,4-
3,5)12G2-4EBn] (Table 3) in the Fio


h phase and their PS
counterparts poly ACHTUNGTRENNUNG[(4-3,4,5)12G1-4VBn] (a=49.3 L,[5c] m=


6.8 assuming t=4.75 L) and poly ACHTUNGTRENNUNG[(3,4-3,5)12G2-4VBn] (a=
48.8 L,[5c] m=4.9 assuming t=4.75 L) are strikingly similar.
Therefore, little difference is expected in the internal helical
order of both structures. Given the predisposition of the
PPA backbone to adopt a helical conformation and the
quantitative correspondence between each of the dendron-
ized PPAs and their PS analogue, it is consistent that poly-
mers confined to the core of the cylinder exhibit short-range
helical order that can be directed by chirality in the den-
dron.


Conclusion


High cis-content cylindrical cis-transoidal PPAs are prepared
from self-assembling dendrons functionalized with polymer-
izable 4-ethynylbenzyl esters at their apex using [RhACHTUNGTRENNUNG(C�
CPh) ACHTUNGTRENNUNG(nbd)ACHTUNGTRENNUNG(PPh3)2]/DMAP (1:10) as catalyst. The catalyst
system allows for predictive control over Mn and narrow
Mw/Mn. Kinetic experiments reveal that the polymerization
is limited by termination reactions, which become kinetically
significant at low [M] or low kp. The steric size of the den-
dron results in reduced kp and, for some dendritic macromo-
nomers, the catalyst is not competent. Nonetheless a library
of dendronized PPAs comprised of eleven different dendron
branching structures has been prepared.


Structural analysis in bulk and solution lead to a general
picture of how the polymer backbone is accommodated in a
helical arrangement in the core of the cylindrical object.
Self-assembling dendrons are capable of forcing the polymer
backbone into a conformation that matches the preferred
packing of the dendrons. In solution, UV/Vis spectroscopy
indicated that the dendron structure does not significantly
alter the degree of conjugation along the polyene backbone.
From XRD in the self-organized phase, we find that the less
flexible PPA backbone impedes the ideal packing of the
dendrons. Design principles related to how the dendron fills
space are elucidated for distinguishing dendronized PPAs
that self-organize into well-ordered Fh lattices. By correla-
tion between a library of dendronized PSs and the present
library of dendronized PPAs, we generalized the short-range


Figure 6. Representative XRD patterns (a and c) and plots of XRD in-
tensity (b and d) from the hexagonal columnar (Fh) lattices exhibited by
(a and b) polyACHTUNGTRENNUNG[(4-3,4)12G1-4EBn] and c) and d) polyACHTUNGTRENNUNG[(3,4,5)12G1-
4EBn] .


Figure 7. Wide angle X-ray diffraction patterns from poly ACHTUNGTRENNUNG[(3,4,5)12G1-
4EBn] collected at a) 23 and b) 73 8C, and c) the corresponding stack
meridional plots. Legend: i-short range helical feature; t�54 � 98 den-
dron tilt angle; m1 and m2-meridional helical features; h1-long range heli-
cal feature; (10), (11) and (20)-(hk0) reflections of the columnar hexago-
nal phase.
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helical order model for flexible polymers confined to the
cylinder core.


Experimental Section


Materials : N,N’-Dicyclohexylcarbodi-
imide (DCC, 99%), and a,a,a-trifluor-
otoluene (99 %) were used as received
from Acros. 4-(N,N-Dimethylamino)-
pyridine (DMAP, Acros, 99%) was re-
crystallized from toluene before use.
Dichloromethane (CH2Cl2, Fisher,
A.C.S. reagent) was freshly distilled
from CaH2 (Sigma-Aldrich, coarse
granules, ~20 mm, 95%) under argon.
Tetrahydrofuran (THF, Fisher, A.C.S.
reagent) was freshly distilled from
sodium/benzophenone under argon.
Benzene (Acros) dried by passing
through a column of activated alumina
under N2 pressure. Hexanes, acetone,
ethyl acetate (EtOAc, A.C.S. reagent),
methanol (MeOH), NaOH, MgSO4,
anhydrous Na2SO4, and NaHCO3 (all
A.C.S. Certified or A.C.S. Certified
PLUS) were used as received from
Fisher. 4-(N,N-Dimethylamino)pyridi-
nium tosylate (DPTS) was prepared
according to a literature procedure.[17]


[Rh ACHTUNGTRENNUNG(C�CPh) ACHTUNGTRENNUNG(nbd) ACHTUNGTRENNUNG(PPh3)2] was pre-
pared according to a literature pro-
cedure and used without recrystalli-
zation.[19] The synthesis of 4-ethynyl-
benzyl alcohol[16] and polyACHTUNGTRENNUNG[(3,4-
3,5)12G2-4EBn] have been described
previously.[5g] 3,4-Didodecyloxybenzoic
acid ( ACHTUNGTRENNUNG(3,4)12G1-CO2H), 3,4-


di(5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-heptadecafluorododecan-1-yloxy)-
benzoic acid ( ACHTUNGTRENNUNG(3,4)12F8G1-CO2H), 3,4,5-tridodecyloxybenzoic acid
( ACHTUNGTRENNUNG(3,4,5)12G2-CO2H), 3,4-bis[(4’-dodecan-1-yloxy)benzyloxy]benzoic acid
( ACHTUNGTRENNUNG(4-3,4)12G1-4EBn), 3,4,5-tris[4-((S)-3-methylbutan)-1-yloxy)benzyloxy]-
benzoic acid ( ACHTUNGTRENNUNG(4-3,4,5)AmylG1-CO2H), 3,4,5-tris[(4’-dodecan-1-yloxy)-
benzyloxy]benzoic acid ( ACHTUNGTRENNUNG(4-3,4,5)12G1-CO2H), 3,4-bis(3’,4’-bis(dodecan-
1-yloxy)benzyloxy)benzoic acid ( ACHTUNGTRENNUNG(3,4-3,4)12G2-CO2H), 3,4,5-tris(3’,4’-
bis(dodecan-1-yloxy)benzyloxy)benzoic acid ((3,4-3,4,5)12G2-CO2H),
3,4-bis(3’,4’,5’-tris(dodecan-1-yloxy)benzyloxy)benzoic acid ((3,4,5-
3,4)12G2-CO2H), 3,5-bis(3’,4’,5’-tris(dodecan-1-yloxy)benzyloxy)benzoic
acid ((3,4,5-3,5)12G2-CO2H), 3,4,5-tris(3’,4’,5’-tris(dodecan-1-yloxy)ben-
zyloxy)benzoic acid ((3,4,5-3,4,5)12G2-CO2H), 3,5-bis{3’,4’-bis[(4’’-dodec-
an-1-yloxy)benzyloxy]benzyloxy}benzoic acid ((4-3,4-3,5)12G1-CO2H),
3,5-bis{3’,5’-bis[3’’,4’’-bis(dodecan-1-yloxy)benzyloxy]benzyloxy}benzoic
acid ((3,4-3,5-3,5)12G3-CO2H), and 3,5-bis(3’,5’-bis{3’’,4’’-bis[(4’’’-dodec-
an-1-yloxy)benzyloxy]benzyloxy}benzyloxy)benzoic acid ((4-3,4-3,5-
3,5)12G3-CO2H) were prepared a described previously.[6c,15, 24]


Techniques : NMR Spectra (1H, 500 MHz, 13C, 125 MHz, and 19F,
470 MHz) were recorded on Bruker DRX 500 and Bruker AMX 500
spectrometers in CDCl3 (with 5 v/v% tetramethylsilane (TMS) internal
standard) at 27 8C unless otherwise noted. Chemical shifts are reported


Table 3. Measured d spacings and structural analysis of the columnar lattices generated from cylindrical PPAs.


Polymer T Lattice d Spacings [L] a (a,b)[a] 120
[b] m[c]


[8C] d100
[d]


d100
[e]


d110
[d]


d010
[e]


d200
[d]


d120
[e]


d210
[e] [L] ACHTUNGTRENNUNG[g cm�3]


poly ACHTUNGTRENNUNG[(3,4)12G1-4EBn] 25 p6mm 39.8 20.0 45.9
poly ACHTUNGTRENNUNG[(3,4)12F8G1-4EBn] 25 p6mm 45.0 26.4 22.4 52.2
poly ACHTUNGTRENNUNG[(3,4,5)12G1-4EBn] 25 p6mm 34.3 19.8 17.2 39.8 0.98 4.7
poly ACHTUNGTRENNUNG[(4-3,4)12G1-4EBn] 25 p6mm 46.8 26.0 23.4 53.4


85 p6mm 48.3 25.8 23.8 54.1
poly ACHTUNGTRENNUNG[(4-3,4,5)AmylG1-
4EBn]


120 p6mm 31.8 18.6 32.0


poly ACHTUNGTRENNUNG[(4-3,4,5)12G1-4EBn] 25 p6mm 40.2 23.1 20.0 46.3 1.03 5.4
85 p6mm 40.7 23.4 20.3 46.9
90 p6mm 41.0 23.1 20.8 47.2
115 p6mm 40.0 23.0 20.1 46.2


poly ACHTUNGTRENNUNG[(3,4-3,4)12G2-4EBn] 30 p6mm 46.5 26.2 24.0 53.8
100 p6mm 45.5 25.3 22.8 51.9


poly ACHTUNGTRENNUNG[(3,4-3,5)12G2-4EBn] 30 p6mm 43.7 25.2 22.0 50.6 1.01 5.25
70 p6mm 43.2 24.9 21.7 49.6
105 p6mm 38.9 22.4 19.5 44.9


poly[(3,4,5-3,4)12G2-
4EBn]


70 p2mm 46.1 36.8 23.3 18.0 a=46.5[f]


b=36.1[f]


poly[(3,4,5-3,5)12G2-
4EBn]


25 p6mm 39.8 23.0 20.0 46.0


60 p6mm 39.3 22.8 19.8 45.3
poly[(4-3,4-3,5)12G2-
4EBn]


30 p6mm 49.4 27.3 25.3 56.6


75 p6mm 53.2 31.1 27.6 62.5


[a] Lattice parameter for the p6mm columnar hexagonal lattice a=2hd100i3�0.5, where hd100i=0.25(d100 +


30.5d110 + 2d200 + 70.5d210) and is equal to the diameter of a column (Dcol). [b] 120, Experimental density meas-
ured at 20 8C. [c] Number of dendrons in a column stratum= (30.5NAat120) ACHTUNGTRENNUNG(2m)�1, where AvogadroPs number
NA=6.0220455K 1023, layer thickness t=4.75 L, and M is the molecular weight of the monomer. [d] d Spacings
for the p6mm hexagonal columnar lattice. [e] d Spacings for the p2mm simple rectangular columnar lattice.
[f] Lattice parameters a=hd and b=kd the p2mm simple rectangular columnar lattice.


Figure 8. AFM Visualization of polyACHTUNGTRENNUNG[(3,4-3,5)12G2-4EBn] on a) HOPG
and b) mica. Illustration of cylindrical PPAs on c) HOPG and d) mica.
The oblate shape on HOPG is due to epitaxial adsorption of the alkyl
tails to the graphite underlayer.


Table 4. Average column diameter measured from images visualized by
AFM.


Polymer wAFM [L]
HOPG Mica


poly ACHTUNGTRENNUNG[(3,4)12G1-4EBn] 58 –
poly ACHTUNGTRENNUNG[(4-3,4,5)12G1-4EBn] 70 –
poly ACHTUNGTRENNUNG[(3,4-3,5)12G2-4EBn] 66 48
poly[(4-3,4-3,5)12G2-4EBn] 86 –
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as d, ppm. Circular dichroism (CD) and corresponding UV/Vis spectra
were recorded on a Jacsco J-720 spectropolarimeter equipped with a
Thermo NesLab RTE-111 variable temperature circulating bath. Specific
optical rotations [a]D were determined using a Jasco P-1010 polarimeter.
UV/Vis Spectra were recorded using a Shimadzu UV-1601 spectropho-
tometer.


Thin layer chromatography (TLC) was performed on silica gel plates
(Sigma-Aldrich) with UV indicator and the reported eluent. High-pres-
sure liquid chromatography (HPLC) in THF (1 mL min�1) using a Shi-
madzu LC-10 AT liquid chromatograph using equipped with a Perkin-
Elmer LC-100 column oven at 40 8C, Shimadzu SPD-10 A UV/Vis
(254 nm) and RID-10 A refractive index detectors, Nelson Analytical 900
Series integrator data station and two American Polymer Standards AM
GPC gel columns of 500 L (5 mm) and 10000 L (5 mm). Gel permeation
chromatography (GPC) in THF (1 mL min�1) using a Shimadzu LC-
10 AT liquid chromatograph equipped with a SIL-10 AD auto injector,
CTO-10 A column oven at 40 8C, detection and data collection as for
HPLC and two American Polymer Standards AM GPC gel columns of
500 L (10 mm), 10 000 L (10 mm) and 100 000 L (10 mm). Relative molec-
ular weights were determined according to a calibration with narrow pol-
ystyrene standards (American Polymer Standards). MALDI-TOF Mass
spectrometry was performed on a PerSeptive Biosystems Voyager-DE in
linear mode. Unless otherwise noted, all measurements were made using
2,5-dihydroxybenzoic acid as matrix. High-resolution electrospray ioniza-
tion (HRMS-ESI) and chemical ionization (HRMS-CI) mass spectra
measured at the Mass Spectrometry Facility of the Department of Chem-
istry at the University of Pennsylvania.


Melting point determinations using a uni-melt capillary melting point ap-
paratus (Arthur H. Thomas Company, Philadelphia, PA, USA) are re-
ported as uncorrected values. Thermal transitions were measured on a
Thermal Analysis (TA) Instruments 2920 modulated differential scanning
calorimeter or DSC Q100 differential scanning calorimeter (DSC) with
refrigerated cooling system under nitrogen. In all cases, the heating and
cooling rates were 10 8C min�1 unless otherwise noted. First-order transi-
tion temperatures are reported as the maximum and minimum of their
endothermic and exothermic peak, respectively. Glass transition tempera-
tures (Tg) are reported as the middle of the change in heat capacity.
Indium was the calibration standard. An Olympus BX51 optical polar-
ized microscope (10 K /50 K magnification) equipped with a Mettler
Toledo FP82HT hot stage and Mettler Toledo FP90 central processor
was used to verify thermal transitions and characterize anisotropic tex-
tures.


X-Ray diffraction measurements were performed with CuKa1 radiation
from a Bruker-Nonius FR-591 rotating anode X-ray source with a 0.2K
2.0 mm2 filament operated at 3.4 kW. The beam was collimated and fo-
cused by a single bent mirror and sagitally focusing Ge ACHTUNGTRENNUNG(111) monochro-
mator, resulting in a 0.2K 0.2 mm2 spot on a Bruker-AXS Hi-Star multi-
wire area detector. To minimize attenuation and background scattering,
an integral vacuum was maintained along the length of the flight tube
and the sample chamber. Samples were kept inside a Linkham hot stage
and controlled within �0.1 8C. Oriented fibers were obtained fro the
liquid crystalline phase. Both bulk and fiber samples were held in Linde-
man-type capillaries during X-ray experiments. Electron density profiles
were computed using programs developed by our laboratories with Sili-
con graphics (SGI) computers. Molecular models were constructed using
Materials Studio (Accelrys Inc., San Diego, CA, USA) software suite.


Synthesis


4-Ethynylbenzyl 3,4-bis(dodecan-1-yloxy)benzoate [(3,4)12G1-4EBn]: A
solution of ACHTUNGTRENNUNG(3,4)12G1-CO2H (1.48 g, 3.0 mmol), 4-ethynylbenzyl alcohol
(492.4 mg, 3.2 mmol), DPTS (178.9 mg, 0.6 mmol) and DCC (751.2 mg,
3.6 mmol) in dry CH2Cl2 (30 mL) was stirred for 15 h. A colorless precip-
itate was removed by filtration of the crude reaction mixture. The filtrate
was evaporated to dryness under reduced pressure. The crude monomer
was subjected to chromatography on silica gel using CH2Cl2. Precipitated
the monomer from CH2Cl2 into MeOH and collected it by filtration.
Freeze drying from benzene provided ACHTUNGTRENNUNG(3,4)12G1-4EBn (1.52 g, 83%).
TLC (silica gel, hexanes/CH2Cl2 1:1): Rf=0.47; HPLC (THF): 99+ %
pure; 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d=7.67 (dd, 3J ACHTUNGTRENNUNG(H,H)=


8.4, 4J ACHTUNGTRENNUNG(H,H)=1.9 Hz, 1H; aromatic C(6)H), 7.57 (d, J ACHTUNGTRENNUNG(H,H)=1.9 Hz,
1H; aromatic C(2)H), 7.50 (d, J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2H; 4EBn aromatic
C(3)H and C(5)H), 7.39 (d, J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 2 H; 4EBn aromatic C(2)H
and C(6)H), 7.31 (d, J ACHTUNGTRENNUNG(H,H)=2.2 Hz, 2 H; aromatic C(2)H and C(6)H),
6.86 (d, J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 2H; aromatic C(5)H), 5.33 (s, 2H; 4EBn
ArCH2O), 4.04 (t, J ACHTUNGTRENNUNG(H,H)=6.7 Hz, 2H; ArOCH2), 4.03 (t, J ACHTUNGTRENNUNG(H,H)=
6.8 Hz, 2H; ArOCH2), 3.08 (s, 1H; alkyne CH), 1.83 (m, 4H; Ar-
OCH2CH2), 1.48 (m, 4H; ArO ACHTUNGTRENNUNG(CH2)2CH2), 1.36 (m, overlapped), 1.27
(overlapping s, 32H; ArO ACHTUNGTRENNUNG(CH2)3 ACHTUNGTRENNUNG(CH2)8), 0.89 (t, J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 6 H;
ArO ACHTUNGTRENNUNG(CH2)11CH3); 13C NMR (125 MHz, CDCl3, 25 8C, TMS): d=166.54
(CO2CH2), 153.87 (aromatic C(3)), 149.00 (aromatic C(4)), 137.48 (4EBn
aromatic C(1)), 132.66 (4EBn aromatic C(3) and C(5)), 128.20 (4EBn ar-
omatic C(2) and C(6)), 122.51 (aromatic C(1)), 122.28 (4EBn aromatic
C(4)), 114.91 (aromatic C(2)), 112.38 (aromatic C(5)), 83.65 (alkyne
ArC), 77.86 (alkyne CH), 69.73 (ArOCH2), 69.41 (ArOCH2), 66.19
(4EBn ArCH2O), 32.27 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 30.04 (ArOCH2 ACHTUNGTRENNUNG(CH2)10),
30.03 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 30.00 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.70 (ArOCH2-
ACHTUNGTRENNUNG(CH2)10), 29.95 (ArOCH2ACHTUNGTRENNUNG(CH2)10), 29.76 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.72
(ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.70 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.55 (ArOCH2 ACHTUNGTRENNUNG(CH2)10),
29.43 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 26.36 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 26.32 (ArOCH2-
ACHTUNGTRENNUNG(CH2)10), 23.03 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 14.44 (ArO ACHTUNGTRENNUNG(CH2)11CH3); HRMS-ESI:
m/z : calcd for C40H60O4Na: 627.4389; found: 627.4398 [M+Na]+ .


4-Ethynylbenzyl 3,4-bis(5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-heptadeca-
fluorododecan-1-yloxy)benzoate [(3,4)12F8G1-4EBn]: A solution of
ACHTUNGTRENNUNG(3,4)12F8G1-CO2H (520 mg, 0.47 mmol), 4-ethynylbenzyl alcohol
(74.8 mg, 0.56 mmol), DPTS (36.1 mg, 0.12 mmol) and DCC (125.4 mg,
0.61 mmol) in a,a,a-trifluorotoluene (5 mL) was stirred at 55 8C for 16 h.
A colorless precipitate was removed by filtration of the crude reaction
mixture. The filtrate was evaporated to dryness under reduced pressure.
The crude monomer was subjected to chromatography on silica gel using
CH2Cl2. Freeze drying from benzene provided ACHTUNGTRENNUNG(3,4)12F8G1-4EBn
(450 mg, 78%). TLC (silica gel, CH2Cl2): Rf=0.20; HPLC (THF): 99+
% pure; 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d=7.70 (dd,
3J ACHTUNGTRENNUNG(H,H)=8.5, 4J ACHTUNGTRENNUNG(H,H)=2.0 Hz, 1 H; aromatic C(6)H), 7.56 (d, J ACHTUNGTRENNUNG(H,H)=
2.0 Hz, 1 H; aromatic C(2)H), 7.51 (d, J ACHTUNGTRENNUNG(H,H)=8.3 Hz, 2 H; 4EBn aro-
matic C(3)H and C(5)H), 7.39 (d, J ACHTUNGTRENNUNG(H,H)=8.3 Hz, 2H; 4EBn aromatic
C(2)H and C(6)H), 6.87 (d, J ACHTUNGTRENNUNG(H,H)=8.5 Hz, 1 H; aromatic C(5)H), 5.33
(s, 2 H; 4EBn ArCH2O), 4.08 (t, J ACHTUNGTRENNUNG(H,H)=5.7 Hz, 2 H; ArOCH2), 4.07 (t,
J ACHTUNGTRENNUNG(H,H)=5.7 Hz, 2 H; ArOCH2), 3.09 (s, 1 H; alkyne CH), 2.17 (m, 4 H;
ArOCH2CH2), 1.91 (m, 4H; ArO ACHTUNGTRENNUNG(CH2)2CH2), 1.83 (m, 4 H; ArO-
ACHTUNGTRENNUNG(CH2)3CH2); 13C NMR (125 MHz, CDCl3, 25 8C, TMS): d=166.41
(CO2CH2), 153.33 (aromatic C(3)), 148.61 (aromatic C(4)), 137.33 (4EBn
aromatic C(1)), 132.69 (4EBn aromatic C(3) and C(5)), 128.28 (4EBn ar-
omatic C(2) and C(6)), 124.33, 122.87 (aromatic C(1)), 122.34 (4EBn aro-
matic C(4)), 114.47 (aromatic C(2)), 111.13 (aromatic C(5)), 83.59
(alkyne ArC), 77.94 (alkyne CH), 68.79 (ArOCH2), 68.56 (ArOCH2),
66.34 (4EBn ArCH2O), 30.96 (ArOCH2 ACHTUNGTRENNUNG(CH2)3), 28.95 (ArOCH2 ACHTUNGTRENNUNG(CH2)3),
17.68 (ArOCH2 ACHTUNGTRENNUNG(CH2)3); 19F NMR (470 MHz, CDCl3, 25 8C, CFCl3 exter-
nal standard): d=�81.44 (t, J ACHTUNGTRENNUNG(F,F)=9.4 Hz; ArO ACHTUNGTRENNUNG(CH2)4 ACHTUNGTRENNUNG(CF2)7CF3),
�115.17 (t, J ACHTUNGTRENNUNG(F,F)=14.1 Hz; ArO ACHTUNGTRENNUNG(CH2)4CF2), �122.40 (s; ArO-
ACHTUNGTRENNUNG(CH2)4CF2 ACHTUNGTRENNUNG(CF2)6), �122.60 (s; ArO ACHTUNGTRENNUNG(CH2)4CF2 ACHTUNGTRENNUNG(CF2)6), �123.38 (s; ArO-
ACHTUNGTRENNUNG(CH2)4CF2 ACHTUNGTRENNUNG(CF2)6), �124.04 (s; ArO ACHTUNGTRENNUNG(CH2)4CF2 ACHTUNGTRENNUNG(CF2)6), �126.78 (s; ArO-
ACHTUNGTRENNUNG(CH2)4CF2 ACHTUNGTRENNUNG(CF2)6).


4-Ethynylbenzyl 3,4,5-tris(dodecan-1-yloxy)benzoate [(3,4,5)12G1-
4EBn]: A solution of ACHTUNGTRENNUNG(3,4,5)12G1-CO2H (1.52 g, 2.2 mmol), 4-ethynyl-
benzyl alcohol (355.4 mg, 2.7 mmol), DPTS (159.8 mg, 0.5 mmol) and
DCC (605.0 mg, 2.9 mmol) in dry CH2Cl2 (10 mL) was stirred for 24 h. A
colorless precipitate was removed by filtration of the crude reaction mix-
ture. The filtrate was evaporated to dryness under reduced pressure. The
crude monomer was subjected to chromatography on silica gel using hex-
anes/CH2Cl2 1:1. Precipitated the monomer from CH2Cl2 into MeOH and
collected it by filtration. Freeze drying from benzene provided
ACHTUNGTRENNUNG(3,4,5)12G1-4EBn (1.60 g, 90 %). TLC (silica gel, hexanes/CH2Cl2 1:2):
Rf=0.72; HPLC (THF): 99+ % pure; 1H NMR (500 MHz, CDCl3, 25 8C,
TMS): d=7.51 (d, J ACHTUNGTRENNUNG(H,H)=8.3 Hz, 2H; 4EBn aromatic C(3)H and
C(5)H), 7.38 (d, J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 2H; 4EBn aromatic C(2)H and
C(6)H), 7.28 (s, 2H; aromatic C(2)H and C(6)H), 5.34 (s, 2H; 4EBn
ArCH2O), 4.02 (t, J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 2H; ArOCH2), 4.00 (t, J ACHTUNGTRENNUNG(H,H)=
6.5 Hz, 4H; ArOCH2), 3.09 (s, 1H; alkyne CH), 1.81 (m, 4H; Ar-
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OCH2CH2), 1.74 (m, 2H; ArOCH2CH2), 1.47 (m, 6 H; ArO ACHTUNGTRENNUNG(CH2)2CH2),
1.34 (m, overlapped), 1.27 (overlapping s, 48 H; ArO ACHTUNGTRENNUNG(CH2)3 ACHTUNGTRENNUNG(CH2)8), 0.89
(t, J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 9H; ArO ACHTUNGTRENNUNG(CH2)11CH3); 13C NMR (125 MHz, CDCl3,
25 8C, TMS): d=166.54 (CO2CH2), 153.01 (aromatic C(3) and C(5)),
143.16 (aromatic C(4)), 137.22 (4EBn aromatic C(1)), 132.69 (4EBn aro-
matic C(3) and C(5)), 128.23 (4EBn aromatic C(2) and C(6)), 125.03 (ar-
omatic C(1)), 122.39 (4EBn aromatic C(4)), 109.86 (aromatic C(2) and
C(6)), 83.62 (alkyne ArC), 77.97 (alkyne CH), 73.31 (ArOCH2), 73.26
(ArOCH2), 66.45 (4EBn ArCH2O), 32.26 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 30.01
(ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.98 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.96 (ArOCH2 ACHTUNGTRENNUNG(CH2)10),
29.94 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.79 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.77 (ArOCH2-
ACHTUNGTRENNUNG(CH2)10), 29.69 (ArOCH2ACHTUNGTRENNUNG(CH2)10), 29.65 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 26.41
(ArOCH2 ACHTUNGTRENNUNG(CH2)10), 23.02 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 14.44 (ArO ACHTUNGTRENNUNG(CH2)11CH3);
UV/VIS (hexanes): lmax (e)=203 (68 000), 220 (53 000), 241 (32 000), 251
(31 000), 266 nm (19 000m�1 cm�1); HRMS-ESI: m/z : calcd for
C52H84O5Na: 811.6216; found: 811.6221 [M+Na]+ .


4-Ethynylbenzyl 3,4-bis[(4’-dodecan-1-yloxy)benzyloxy]benzoate [(4-
3,4)12G1-4EBn]: A 100 mL flask equipped with a magnetic stir bar was
used to prepare a solution of ACHTUNGTRENNUNG(4-3,4)12G1-CO2H (1.64 g, 2.3 mmol), 4-
ethynylbenzyl alcohol (357.4 mg, 2.7 mmol), DPTS (155.0 mg, 0.5 mmol)
and DCC (622.2 mg, 3.01 mmol) in dry CH2Cl2 (20 mL). The reaction
was sealed with a rubber septum and left stirring for 16 h. The reaction
mixture was filtered to remove the insoluble urea product, and the fil-
trate was evaporated to dryness under reduced pressure. The resulting
solid was subjected to chromatography on silica gel using hexanes/
CH2Cl2 3:1. After removal of solvent form the collected product, the iso-
lated solid was dissolved in CH2Cl2 (10 mL) and precipitated into cold
methanol. Freeze drying from benzene provided the monomer as a white
solid (1.82 g, 95 %). TLC (silica gel, hexanes/CH2Cl2 3:1): Rf=0.12;
HPLC (THF): 99+ % pure; 1H NMR (500 MHz, CDCl3, 25 8C, TMS):
d=7.65 (overlapped d, J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 1H; aromatic C(2)H), 7.65
(overlapped dd, 3J ACHTUNGTRENNUNG(H,H)=8.8, 4J ACHTUNGTRENNUNG(H,H)=2.0 Hz, 1H; aromatic C(6)H),
7.50 (d, J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 2 H; 4EBn aromatic C(3)H and C(5)H), 7.36 (d,
J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 2H; 4EBn aromatic C(2)H and C(6)H), 7.33 (d,
J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 2H; aromatic C(2’)H and C(6’)H), 7.32 (d, J ACHTUNGTRENNUNG(H,H)=
8.0 Hz, 2 H; aromatic C(2’)H and C(6’)H), 6.93 (d, J ACHTUNGTRENNUNG(H,H)=8.9 Hz, 1 H;
aromatic C(5)H), 6.88 (d, J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 2H; aromatic C(3’)H and
C(5’)H), 6.86 (d, J ACHTUNGTRENNUNG(H,H)=8.3 Hz, 2H; aromatic C(3’)H and C(5’)H), 5.30
(s, 2 H; 4EBn ArCH2O), 5.13 (s, 2H; ArCH2O), 5.09 (s, 2H; ArCH2O,),
3.95 (t, J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 4 H; ArOCH2), 3.08 (s, 1H; alkyne CH), 1.78
(m, 4H; ArOCH2CH2), 1.45 (m, 4 H; ArO ACHTUNGTRENNUNG(CH2)2CH2), 1.32 (overlapped
m), 1.27 (overlapping s, 32H; ArO ACHTUNGTRENNUNG(CH2)3ACHTUNGTRENNUNG(CH2)8), 0.89 (t, J ACHTUNGTRENNUNG(H,H)=
6.4 Hz, 6H; ArO ACHTUNGTRENNUNG(CH2)11CH3); 13C NMR (125 MHz, CDCl3, 25 8C, TMS):
d=166.33 (CO2CH2), 159.42 (aromatic C(4’)), 159.37 (aromatic C(4’)),
153.69 (aromatic C(3)), 148.83 (aromatic C(4)), 137.39 (4EBn aromatic
C(1)), 132.66 (4EBn aromatic C(3) and C(5)), 129.46 (aromatic C(2’) and
C(6’)), 129.22 (aromatic C(2’) and C(6’)), 129.03 (aromatic C(1’)), 128.68
(aromatic C(1’)), 128.17 (4EBn aromatic C(1)), 124.47 (aromatic C(6)),
123.03 (aromatic C(6)), 122.30 (4EBn aromatic C(4)), 116.42 (aromatic
C(2)), 114.93 (aromatic C(3’) and C(5’)), 114.87 (aromatic C(3’) and
C(5’)), 113.90 (aromatic C(5)), 83.66 (alkyne ArC), 77.87 (alkyne CH),
71.58 (ArCH2O), 71.16 (ArCH2O), 68.44 (ArOCH2), 68.42 (ArOCH2),
66.22 (4EBn ArCH2O), 32.27 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 30.01 (ArOCH2-
ACHTUNGTRENNUNG(CH2)10), 29.98 (ArOCH2ACHTUNGTRENNUNG(CH2)10), 29.95 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.94
(ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.77 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.69 (ArOCH2 ACHTUNGTRENNUNG(CH2)10),
29.66 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.64 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 26.42 (ArOCH2-
ACHTUNGTRENNUNG(CH2)10), 23.03 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 14.44 (ArO ACHTUNGTRENNUNG(CH2)11CH3); UV/VIS
(hexanes): lmax (e)=203 (77 000), 222 (47 000), 241 (38 000), 252 (40 000),
292 nm (11 000m�1 cm�1); HRMS-ESI: m/z : calcd for C54H72O6Na:
839.5227; found: 839.5222 [M+Na]+ .


4-Ethynylbenzyl 3,4,5-tris[4-((S)-3-methylbutan)-1-yloxy)benzyloxy]ben-
zoate [(4-3,4,5)AmylG1-4EBn]: A 50 mL flask equipped with a magnetic
stir bar was used to prepare a solution of ACHTUNGTRENNUNG(4-3,4,5)AmylG1-CO2H (1.97 g,
2.8 mmol), 4-ethynylbenzyl alcohol (477.7 mg, 3.3 mmol), DPTS (1.01 g,
3.4 mmol) and DCC (724.8 mg, 3.5 mmol) in dry CH2Cl2 (10 mL). The re-
action was sealed with a rubber septum and left stirring for 19 h. The re-
action mixture was filtered to remove the insoluble urea product, and the
filtrate was evaporated to dryness under reduced pressure. The resulting
solid was subjected to chromatography on silica gel using hexanes/


CH2Cl2 1:3!1:9. After removal of solvent from the collected product,
the isolated solid was dissolved in CH2Cl2 (20 mL) and precipitated into
cold methanol. Freeze drying from benzene provided the monomer as a
white solid (2.08 g, 91%). [a]21


D = ++7.68 (c=1.16 in THF); TLC (silica
gel, hexanes/CH2Cl2 1:6): Rf=0.33; HPLC (THF): 99+ % pure; 1H NMR
(500 MHz, CDCl3, 25 8C, TMS): d=7.52 (d, J ACHTUNGTRENNUNG(H,H)=8.3 Hz, 2 H; 4EBn
aromatic C(3)H and C(5)H), 7.37 (s, 2 H; aromatic C(2)H and C(6)H),
7.36 (d, J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 2 H; 4EBn aromatic C(2)H and C(6)H), 7.31 (d,
J ACHTUNGTRENNUNG(H,H)=8.6 Hz, 4H; aromatic C(2’)H and C(6’)H), 7.26 (d, J ACHTUNGTRENNUNG(H,H)=
8.4 Hz, 2H; 4EBn aromatic C(2’)H and C(6’)H), 6.89 (d, J ACHTUNGTRENNUNG(H,H)=
8.7 Hz, 4 H; aromatic C(3’)H and C(5’)H), 6.89 (d, J ACHTUNGTRENNUNG(H,H)=8.6 Hz, 2 H;
aromatic C(3’)H and C(5’)H), 5.32 (s, 2 H; 4EBn ArCH2O), 5.04 (s, 4H;
ArCH2O), 5.03 (s, 2H; ArCH2O,), 3.84 (dd, 3J ACHTUNGTRENNUNG(H,H)=6.0, 2J ACHTUNGTRENNUNG(H,H)=
9.0 Hz, 2 H; ArOCH2), 3.80 (dd, 3J ACHTUNGTRENNUNG(H,H)=6.0, 2J ACHTUNGTRENNUNG(H,H)=9.0 Hz, 1 H;
ArOCH2), 3.75 (dd, 3J ACHTUNGTRENNUNG(H,H)=6.6, 2J ACHTUNGTRENNUNG(H,H)=9.0 Hz, 2 H; ArOCH2), 3.71
(dd, 3J ACHTUNGTRENNUNG(H,H)=6.6, 2J ACHTUNGTRENNUNG(H,H)=9.0 Hz, 1 H; ArOCH2), 3.10 (s, 1H; alkyne
CH), 1.88 (m, 3 H; ArOCH2CH), 1.59 (m, 2 H; ArOCH2CHACHTUNGTRENNUNG(CH3)CH2),
1.58 (m, 1 H; ArOCH2CH ACHTUNGTRENNUNG(CH3)CH2), 1.29 (m, 2 H; ArOCH2CH-
ACHTUNGTRENNUNG(CH3)CH2), 1.27 (m, 1 H; ArOCH2CH ACHTUNGTRENNUNG(CH3)CH2), 1.03 (d, J ACHTUNGTRENNUNG(H,H)=
6.8 Hz, 6 H; ArOCH2CH ACHTUNGTRENNUNG(CH3)), 1.02 (d, J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 3H;
ArOCH2CH ACHTUNGTRENNUNG(CH3)), 0.97 (t, J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 6 H; ArOCH2CH-
ACHTUNGTRENNUNG(CH3)CH2CH3), 0.97 (t, J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 3 H; ArOCH2CH-
ACHTUNGTRENNUNG(CH3)CH2CH3); 13C NMR (125 MHz, CDCl3, 25 8C, TMS): d=166.27
(CO2CH2), 159.60 (4EBn aromatic C(4’)), 153.01 (aromatic C(3) and
C(5)), 143.16 (aromatic C(4)), 137.22 (4EBn aromatic C(1)), 132.69
(4EBn aromatic C(3) and C(5)), 130.60 (aromatic C(2’) and C(6’)),
129.77 (aromatic C(1’)), 129.45 (aromatic C(2’) and C(6’)), 128.89 (aro-
matic C(1’)), 128.23 (4EBn aromatic C(2) and C(6)), 125.03 (aromatic
C(1)), 122.39 (4EBn aromatic C(4)), 114.89 (aromatic C(3’) and C(5’)),
114.54 (aromatic C(3’) and C(5’)), 109.86 (aromatic C(2) and C(6)), 83.62
(alkyne ArC), 77.97 (alkyne CH), 75.06 (ArCH2O), 73.31 (ArOCH2),
73.26 (ArOCH2), 71.52 (ArCH2O), 66.45 (4EBn ArCH2O), 35.10 (Ar-
OCH2CH), 26.52 (ArOCH2CH ACHTUNGTRENNUNG(CH3)CH2), 16.89 ArOCH2CH ACHTUNGTRENNUNG(CH3)),
16.88 ArOCH2CHACHTUNGTRENNUNG(CH3)), 11.66 (ArOCH2CH ACHTUNGTRENNUNG(CH3)CH2CH3); UV/VIS
(hexanes): lmax (e)=230 (68 000), 251 (24 000), 270 nm (18 000m�1 cm�1);
MALDI-TOF: m/z : calcd for C52H60O8Na: 835.42; found: 836.44
[M+Na]+ .


4-Ethynylbenzyl 3,4,5-tris[(4’-dodecan-1-yloxy)benzyloxy]benzoate [(4-
3,4,5)12G1-4EBn]: A 50 mL flask equipped with a magnetic stir bar was
used to prepare a solution of ACHTUNGTRENNUNG(4-3,4,5)12G1-CO2H (1.75 g, 1.8 mmol), 4-
ethynylbenzyl alcohol (287.9 mg, 2.2 mmol), DPTS (519.7 mg 1.8 mmol)
and DCC (441.7 mg, 2.1 mmol) in dry CH2Cl2 (10 mL). The reaction was
sealed with a rubber septum and left stirring for 13 h. The reaction mix-
ture was filtered to remove the insoluble urea product, and the filtrate
was evaporated to dryness under reduced pressure. The resulting solid
was subjected to chromatography on silica gel using hexanes/CH2Cl2 1:2.
After removal of solvent from the collected product, the isolated solid
was dissolved in CH2Cl2 (10 mL) and precipitated into cold methanol.
Freeze drying from benzene provided the monomer as a white solid
(1.55 g, 79%). TLC (silica gel, hexanes/CH2Cl2 1:2): Rf=0.29; HPLC
(THF): 99+ % pure; 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d=7.51
(d, J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2H; 4EBn aromatic C(3)H and C(5)H), 7.36 (s, 2H;
aromatic C(2)H and C(6)H), 7.33 (d, J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2 H; 4EBn aromat-
ic C(2)H and C(6)H,), 7.30 (d, J ACHTUNGTRENNUNG(H,H)=8.6 Hz, 4H; aromatic C(2’)H
and C(6’)H), 7.25 (d, J ACHTUNGTRENNUNG(H,H)=9.0 Hz, 2H; aromatic C(2’)H and C(6’)H),
6.87 (d, J ACHTUNGTRENNUNG(H,H)=8.6 Hz, 4H; aromatic C(3’)H and C(5’)H), 6.75 (d, J-
ACHTUNGTRENNUNG(H,H)=8.6 Hz, 2 H; aromatic C(3’)H and C(5’)H), 5.30 (s, 2H; 4EBn
ArCH2O), 5.03 (s, 4H; ArCH2O), 5.02 (s, 2H; ArCH2O), 3.95 (t,
J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 4 H; ArOCH2), 3.91 (t, J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 2 H; ArOCH2),
3.08 (s, 1H; alkyne CH), 1.77 (m, 6H; ArOCH2CH2), 1.45 (m, 6H; ArO-
ACHTUNGTRENNUNG(CH2)2CH2), 1.31 (m overlapped), 1.27 (s overlapping, 48 H; ArO ACHTUNGTRENNUNG(CH2)2-
ACHTUNGTRENNUNG(CH2)8), 0.88 (t, J ACHTUNGTRENNUNG(H,H)=6.7 Hz, 9H; ArO ACHTUNGTRENNUNG(CH2)11CH3); 13C NMR
(125 MHz, CDCl3, 25 8C, TMS): d=166.23 (CO2CH2), 159.38 (4EBn aro-
matic C(4’)), 159.35 (4EBn aromatic C(4’)), 152.98 (aromatic C(3) and
C(5)), 143.08 (aromatic C(4)), 137.17 (4EBn aromatic C(1)), 132.66
(4EBn aromatic C(3) and C(5)), 130.58 (aromatic C(2’) and C(6’)),
129.75 (aromatic C(1’)), 129.54 (aromatic C(2’) and C(6’)), 128.87 (aro-
matic C(1’)), 128.21 (4EBn aromatic C(2) and C(6)), 125.00 (aromatic
C(1)), 122.36 (4EBn aromatic C(4)), 114.81 (aromatic C(3’) and C(5’)),
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114.45 (aromatic C(3’) and C(5’)), 109.77 (aromatic C(2) and C(6)), 83.59
(alkyne ArC), 77.96 (alkyne CH), 75.03 (ArCH2O), 71.47 (ArCH2O),
68.39 (ArOCH2), 68.31 (ArOCH2), 66.43 (4EBn ArCH2O), 32.26
(ArOCH2 ACHTUNGTRENNUNG(CH2)10), 30.01 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.98 (ArOCH2 ACHTUNGTRENNUNG(CH2)10),
29.96 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.94 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.79 (ArOCH2-
ACHTUNGTRENNUNG(CH2)10), 29.77 (ArOCH2ACHTUNGTRENNUNG(CH2)10), 29.69 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.65
(ArOCH2 ACHTUNGTRENNUNG(CH2)10), 26.41 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 23.02 (ArOCH2 ACHTUNGTRENNUNG(CH2)10),
14.44 (ArO ACHTUNGTRENNUNG(CH2)11CH3); HRMS-ESI: m/z : calcd for C73H102O8Na:
1129.7472; found: 1127.7371 [M+Na]+ .


4-Ethynylbenzyl 3,4-bis(3’,4’-bis(dodecan-1-yloxy)benzyloxy)benzoate
[(3,4-3,4)12G2-4EBn]: A solution of ACHTUNGTRENNUNG(3,4-3,4)12G2-CO2H (1.51 g,
1.4 mmol), 4-ethynylbenzyl alcohol (230.1 mg, 1.7 mmol), DPTS
(419.8 mg, 1.4 mmol) and DCC (349.1 mg, 1.7 mmol) in CH2Cl2 (20 mL)
was stirred for 21 h. A colorless precipitate was removed by filtration of
the crude reaction mixture. The filtrate was evaporated to dryness under
reduced pressure. The crude monomer was subjected to chromatography
on silica gel using hexanes/CH2Cl2 1:4. Precipitated the monomer from
CH2Cl2 into MeOH and collected it by filtration. Freeze drying from ben-
zene provided ACHTUNGTRENNUNG(3,4-3,4)12G2-4EBn (1.53 g, 92%). TLC (silica gel, hex-
anes/CH2Cl2 1:2): Rf=0.16; HPLC (THF): 99+ % pure; 1H NMR
(500 MHz, CDCl3, 25 8C, TMS): d=7.65 (d, J ACHTUNGTRENNUNG(H,H)=1.9 Hz, 1 H; aro-
matic C(2)H), 7.65 (dd, 3J ACHTUNGTRENNUNG(H,H)=8.8, 4J ACHTUNGTRENNUNG(H,H)=1.9 Hz, 1 H; aromatic
C(6)H), 7.50 (d, J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2H; 4EBn aromatic C(3)H and
C(5)H), 7.36 (d, J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 2H; 4EBn aromatic C(2)H and
C(6)H), 6.98 (d, J ACHTUNGTRENNUNG(H,H)=1.9 Hz, 1H; aromatic C(2’)H), 6.96 (d,
J ACHTUNGTRENNUNG(H,H)=1.9 Hz, 1H; aromatic C(2’)H), 6.93 (d, J ACHTUNGTRENNUNG(H,H)=9.0 Hz, 1H; ar-
omatic C(5)H), 6.92 (dd, 3J ACHTUNGTRENNUNG(H,H)=6.0, 4J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 1H; aromatic
C(6’)H), 6.91 (dd, 3J ACHTUNGTRENNUNG(H,H)=9.4, 4J ACHTUNGTRENNUNG(H,H)=1.9 Hz, 1 H; aromatic C(6’)H),
6.83 (d, J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 1 H; aromatic C(5’)H), 6.82 (d, J ACHTUNGTRENNUNG(H,H)=8.1 Hz,
1H; aromatic C(5’)H), 5.30 (s, 2H; 4EBn ArCH2O), 5.11 (s, 2 H;
ArCH2O), 5.08 (s, 2H; ArCH2O), 3.97 (t, J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 4H;
ArOCH2), 3.93 (t, J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 2H; ArOCH2), 3.92 (t, J ACHTUNGTRENNUNG(H,H)=
6.6 Hz, 2H; ArOCH2), 3.08 (s, 1H; alkyne CH), 1.78 (m, 8H; Ar-
OCH2CH2), 1.44 (m, 8H; ArO ACHTUNGTRENNUNG(CH2)2CH2), 1.30 (overlapped m), 1.26
(overlapping s, 64 H; ArOACHTUNGTRENNUNG(CH2)3ACHTUNGTRENNUNG(CH2)8), 0.88 (t, J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 12 H;
ArO ACHTUNGTRENNUNG(CH2)11CH3); 13C NMR (125 MHz, CDCl3, 25 8C, TMS): d=166.28
(CO2CH2), 153.67 (aromatic C(3)), 149.76 (aromatic C(3’) or C(4’)),
149.71 (aromatic C(3’) or C(4’)), 149.48 (aromatic C(3’) or C(4’)), 149.40
(aromatic C(3’) or C(4’)), 148.83 (aromatic C(4)), 137.37 (4EBn aromatic
C(1)), 132.66 (4EBn aromatic C(3) and C(5)), 129.80 (aromatic C(1’)),
129.46 (aromatic C(1’)), 128.14 (4EBn aromatic C(2) and C(6)), 124.50
(aromatic C(2)), 123.11 (aromatic C(1)), 122.32 (4EBn aromatic C(4)),
120.57 (aromatic C(6’)), 120.35 (aromatic C(6’)), 116.34 (aromatic C(6)),
114.20 (aromatic C(5’)), 114.17 (aromatic C(5’)), 113.86 (aromatic C(2’)
and C(5)), 113.66 (aromatic C(2’)), 83.63 (alkyne ArC), 77.87 (alkyne
CH), 71.73 (ArCH2O), 71.35 (ArCH2O), 69.75 (ArOCH2), 69.66
(ArOCH2), 69.60 (ArOCH2), 66.22 (4EBn ArCH2O), 32.27 (ArOCH2-
ACHTUNGTRENNUNG(CH2)10), 30.07 (ArOCH2ACHTUNGTRENNUNG(CH2)10), 30.01 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 30.00
(ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.82 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.71 (ArOCH2 ACHTUNGTRENNUNG(CH2)10),
26.44 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 26.42 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 23.02 (ArOCH2-
ACHTUNGTRENNUNG(CH2)10), 14.42 (ArO ACHTUNGTRENNUNG(CH2)11CH3); UV/VIS (hexanes): lmax (e)=204
(129 000), 222 (52 000), 240 (44 000), 252 (34 000), 283 nm
(14 000m�1 cm�1); MALDI-TOF: m/z : calcd for C78H120O8Na: 1207.89;
found: 1208.78 [M+Na]+ .


4-Ethynylbenzyl 3,4,5-tris(3’,4’-bis(dodecan-1-yloxy)benzyloxy)benzoate
[(3,4-3,4,5)12G2-4EBn]: A solution of (3,4-3,4,5)12G2-CO2H (1.51 g,
0.98 mmol), 4-ethynylbenzyl alcohol (168.0 mg, 1.3 mmol), DPTS
(276.8 mg, 0.94 mmol) and DCC (255.1 mg, 1.2 mmol) in CH2Cl2 (12 mL)
was stirred for 13 h. A colorless precipitate was removed by filtration of
the crude reaction mixture. The filtrate was evaporated to dryness under
reduced pressure. The crude monomer was subjected to chromatography
on silica gel using hexanes/CH2Cl2 2:3!1:4. Precipitated the monomer
from CH2Cl2 into MeOH and collected it by filtration. Freeze drying
from benzene provided (3,4-3,4,5)12G2-4EBn (1.03 g, 63 %). TLC (silica
gel, hexanes/CH2Cl2 1:2): Rf=0.28; HPLC (THF): 99+ % pure; 1H NMR
(500 MHz, CDCl3, 25 8C, TMS): d=7.52 (d, J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 2 H; 4EBn
aromatic C(3)H and C(5)H), 7.38 (s, 2 H; aromatic C(2)H and C(6)H),
7.36 (d, J ACHTUNGTRENNUNG(H,H)=8.7 Hz, 2 H; 4EBn aromatic C(2)H and C(6)H), 6.98 (d,
J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 2H; aromatic C(2’)H), 6.95 (d, J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 1H; ar-


omatic C(2’)H), 6.90 (dd, 3J ACHTUNGTRENNUNG(H,H)=8.2, 4J ACHTUNGTRENNUNG(H,H)=1.6 Hz, 2H; aromatic
C(6’)H), 6.84 (dd, 3J ACHTUNGTRENNUNG(H,H)=8.0, 4J ACHTUNGTRENNUNG(H,H)=1.7 Hz, 1 H; aromatic C(6’)H),
6.82 (d, J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2H; aromatic C(5’)H), 6.72 (d, J ACHTUNGTRENNUNG(H,H);=
8.1 Hz, 1H; aromatic C(5’)H), 5.31 (s, 2H; 4EBn ArCH2O), 5.03 (s, 2 H;
ArCH2O), 5.03 (s, 1H; ArCH2O), 3.98 (t, J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 4H;
ArOCH2), 3.94 (t, J ACHTUNGTRENNUNG(H,H)=6.7 Hz, 2H; ArOCH2), 3.91 (t, J ACHTUNGTRENNUNG(H,H)=
6.5 Hz, 4H; ArOCH2), 3.76 (t, J ACHTUNGTRENNUNG(H,H)=6.5 Hz, 2H ArOCH2), 1.80 (m,
10H; ArOCH2CH2), 1.70 (m, 2H; ArOCH2CH2), 1.43 (m, 10 H; ArO-
ACHTUNGTRENNUNG(CH2)2CH2), 1.35 (m, overlapped), 1.26 (overlapping s, 98 H; ArO-
ACHTUNGTRENNUNG(CH2)2CH2 and ArO ACHTUNGTRENNUNG(CH2)3 ACHTUNGTRENNUNG(CH2)8), 0.88 (t, J ACHTUNGTRENNUNG(H,H)=6.7 Hz, 18H; ArO-
ACHTUNGTRENNUNG(CH2)11CH3); 13C NMR (125 MHz, CDCl3, 25 8C, TMS): d=166.2
(CO2CH2), 152.9 (aromatic C(4)), 149.6 (aromatic C(3’) or C(4’)), 149.4
(aromatic C(3’) or C(4’)), 149.3 (aromatic C(3’) or C(4’)), 149.29 (aro-
matic C(3’) or C(4’)), 143.0 (aromatic C(3) andC(5)), 137.7 (4EBn aro-
matic C(1)), 130.4 (4EBn aromatic C(2) and C(6)), 129.6 (aromatic
C(1’)), 128.2 (4EBn aromatic C(3) and C(5)), 125.1 (aromatic C(1)),
122.4 (4EBn aromatic C(4)), 121.4 (aromatic C(6’)), 120.6 (aromatic
C(6’)), 114.4 (aromatic C(5’)), 113.9 (aromatic C(5’)), 113.6 (aromatic
C(2’)), 109.9 (aromatic C(2)), 83.6 (alkyne ArC), 78.0 (alkyne CH), 75.3
(ArCH2O), 71.7 (ArCH2O), 69.6 (ArOCH2), 69.5 (ArOCH2), 69.2
(ArOCH2), 66.4 (4EBn ArCH2O), 32.3 (ArOCH2ACHTUNGTRENNUNG(CH2)10), 30.1
(ArOCH2 ACHTUNGTRENNUNG(CH2)10), 30.07 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 30.02 (ArOCH2 ACHTUNGTRENNUNG(CH2)10),
29.9 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.8 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.7 (ArOCH2ACHTUNGTRENNUNG(CH2)10),
29.68 (ArOCH2ACHTUNGTRENNUNG(CH2)10), 26.5 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 26.4 (ArOCH2ACHTUNGTRENNUNG(CH2)10),
23.0 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 14.4 (ArO ACHTUNGTRENNUNG(CH2)11CH3); UV/VIS (hexanes): lmax


(e)=204 (176 000), 276 nm (25 000m�1 cm�1); MALDI-TOF: m/z : calcd
for C109H174O11Na: 1682.30; found: 1683.55 [M+Na]+.


4-Ethynylbenzyl 3,4-bis(3’,4’,5’-tris(dodecan-1-yloxy)benzyloxy)benzoate
[(3,4,5-3,4)12G2-4EBn]: A solution of (3,4,5-3,4)12G2-CO2H (1.06 g,
0.93 mmol), 4-ethynylbenzyl alcohol (122.7 mg, 0.93 mmol), DPTS
(100.9 mg, 0.34 mmol) and DCC (192.9 mg, 0.93 mmol) in CH2Cl2


(10 mL) was stirred for 17 h. A colorless precipitate was removed by fil-
tration of the crude reaction mixture. The filtrate was evaporated to dry-
ness under reduced pressure. The crude monomer was subjected to chro-
matography on silica gel using hexanes/CH2Cl2 2:1!1:2. Precipitated the
monomer from CH2Cl2 into MeOH and collected it by filtration. Freeze
drying from benzene provided (3,4,5-3,4)12G2-4EBn (0.99 g, 86 %). TLC
(silica gel, hexanes/ethyl acetate 1:1): Rf=0.34; HPLC (THF): 99+ %
pure; 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d=7.68 (dd, 3J ACHTUNGTRENNUNG(H,H)=
8.8, 4J ACHTUNGTRENNUNG(H,H)=2.0 Hz, 1H; aromatic C(6)H), 7.68 (d, J ACHTUNGTRENNUNG(H,H)=1.9 Hz,
1H; aromatic C(2)H), 7.51 (d, J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2H; 4EBn aromatic
C(3)H and C(5)H), 7.36 (d, J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2 H; 4EBn aromatic C(2)H
and C(6)H), 6.94 (d, J ACHTUNGTRENNUNG(H,H)=9.0 Hz, 1H; aromatic C(5)H), 6.65 (s, 2 H;
aromatic C(2’)H and C(6’)H), 6.62 (s, 2H; aromatic C(2’)H and C(6’)H),
5.32 (s, 2H; 4EBn ArCH2O), 5.10 (s, 2H; ArCH2O), 5.08 (s, 2H;
ArCH2O), 3.94 (t, J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 4H; ArOCH2), 3.91 (t, J ACHTUNGTRENNUNG(H,H)=
6.4 Hz, 8H; ArOCH2), 3.08 (s, 1H; alkyne CH), 1.76 (m, 12H; Ar-
OCH2CH2), 1.44 (m, 12H; ArOACHTUNGTRENNUNG(CH2)2CH2), 1.27 (overlapped m and
overlapping s, 96H; ArO ACHTUNGTRENNUNG(CH2)3ACHTUNGTRENNUNG(CH2)8), 0.88 (t, J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 18H;
ArO ACHTUNGTRENNUNG(CH2)11CH3); 13C NMR (125 MHz, CDCl3, 25 8C, TMS): d=166.24
(CO2CH2), 153.70 (aromatic C(3)), 153.61 (aromatic C(3’) and C(5’)),
148.79 (aromatic C(4)), 138.43 (aromatic C(4’)), 138.37 (aromatic C(4’)),
137.30 (4EBn aromatic C(1), 132.67 (4EBn aromatic C(2) and C(6)),
132.05 (aromatic C(1’)), 131.78 (aromatic C(1’)), 128.12 (4EBn aromatic
C(3) and C(5)), 124.62 (aromatic C(2)), 123.24 (aromatic C(1)), 122.34
(4EBn aromatic C(4)), 116.34 (aromatic C(6)), 113.88 (aromatic C(5)),
106.32 (aromatic C(2’) and C(6’)), 106.07 (aromatic C(2’) and C(6’)),
83.60 (alkyne ArC), 77.89 (alkyne CH), 73.74 (ArOCH2), 72.03
(ArCH2O), 71.65 (ArCH2O), 69.53 (ArOCH2), 69.48 (ArOCH2), 66.26
(4EBn ArCH2O), 32.82 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 30.74 (ArOCH2 ACHTUNGTRENNUNG(CH2)10),
30.11 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 30.08 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 30.02 (ArOCH2-
ACHTUNGTRENNUNG(CH2)10), 29.82 (ArOCH2ACHTUNGTRENNUNG(CH2)10), 29.80 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.72
(ArOCH2 ACHTUNGTRENNUNG(CH2)10), 26.51 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 26.50 (ArOCH2 ACHTUNGTRENNUNG(CH2)10),
23.03 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 14.43 (ArO ACHTUNGTRENNUNG(CH2)11CH3). UV/VIS (hexanes):
lmax (e)=208 (126 000), 240 (43 000), 251 (36 000), 290 nm (8000m�1 cm�1);
MALDI-TOF: m/z : calcd for C102H168O10Na: 1576.25; found: 1576.67
[M+Na]+ .


4-Ethynylbenzyl 3,5-bis(3’,4’,5’-tris(dodecan-1-yloxy)benzyloxy)benzoate
[(3,4,5-3,5)12G2-4EBn]: A solution of (3,4,5-3,5)12G2-CO2H (1.38 g,
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0.96 mmol), 4-ethynylbenzyl alcohol (160.3 mg, 1.2 mmol), DPTS
(159.8 mg, 0.54 mmol) and DCC (263.1 mg, 1.3 mmol) in CH2Cl2 (10 mL)
was stirred for 20 h. A colorless precipitate was removed by filtration of
the crude reaction mixture. The filtrate was evaporated to dryness under
reduced pressure. The crude monomer was subjected to chromatography
on silica gel using hexanes/CH2Cl2 2:1!1:2. Precipitated the monomer
from CH2Cl2 into MeOH and collected it by filtration. Freeze drying
from benzene provided (3,4,5-3,5)12G2-4EBn (1.25 g, 84 %). TLC (silica
gel, hexanes/CH2Cl2 1:2): Rf=0.48; HPLC (THF): 99+ % pure; 1H NMR
(500 MHz, CDCl3, 25 8C, TMS): d=7.51 (d, J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 2 H; 4EBn
aromatic C(3)H and C(5)H), 7.38 (d, J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 2 H; 4EBn aromat-
ic C(2)H and C(6)H), 7.32 (d, J ACHTUNGTRENNUNG(H,H)=2.3 Hz, 2H; aromatic C(2,)H and
C(6)H), 6.82 (t, J ACHTUNGTRENNUNG(H,H)=2.2 Hz, 1H; aromatic C(5)H), 6.61 (s, 4H; aro-
matic C(2’)H and C(6’)H), 5.34 (s, 2H; 4EBn ArCH2O), 4.95 (s, 4H;
ArCH2O), 3.97 (t, J ACHTUNGTRENNUNG(H,H)=6.4 Hz, 8H; ArOCH2), 3.95 (t, J ACHTUNGTRENNUNG(H,H)=
6.6 Hz, 4H; ArOCH2), 3.08 (s, 1H; alkyne CH), 1.79 (m, 8H; Ar-
OCH2CH2), 1.75 (m, 4 H; ArOCH2CH2), 1.47 (m, 12 H; ArO ACHTUNGTRENNUNG(CH2)2CH2),
1.32 (overlapped m), 1.27 (overlapping s, 96H; ArO ACHTUNGTRENNUNG(CH2)3 ACHTUNGTRENNUNG(CH2)8), 0.89
(t, J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 6 H; ArOACHTUNGTRENNUNG(CH2)11CH3), 0.88 (t, J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 12 H;
ArO ACHTUNGTRENNUNG(CH2)11CH3); 13C NMR (125 MHz, CDCl3, 25 8C, TMS): d=166.34
(CO2CH2), 160.22 (aromatic C(3) and C(5)), 153.73 (aromatic C(3’) and
C(5’)), 138.60 (aromatic C(4’)), 137.00 (4EBn aromatic C(1)), 132.72
(4EBn aromatic C(3) and C(5)), 132.17 (aromatic C(1)), 131.56 (aromatic
C(1’)), 128.22 (4EBn aromatic C(2) and C(6)), 122.42 (4EBn aromatic
C(4)), 108.93 (aromatic C(2) and C(6)), 107.67 (aromatic C(5)), 106.74
(aromatic C(2’) and C(6’)), 83.57 (alkyne ArC), 77.98 (alkyne CH), 73.80
(ArOCH2), 71.15 (ArCH2O), 69.57 (ArOCH2), 66.63 (4EBn ArCH2O),
32.30 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 32.28 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 30.72 (ArOCH2-
ACHTUNGTRENNUNG(CH2)10), 30.11 (ArOCH2ACHTUNGTRENNUNG(CH2)10), 30.10 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 30.06
(ArOCH2 ACHTUNGTRENNUNG(CH2)10), 30.00 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.79 (ArOCH2 ACHTUNGTRENNUNG(CH2)10),
29.74 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.71 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 26.50 (ArOCH2-
ACHTUNGTRENNUNG(CH2)10), 26.48 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 23.04 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 14.44 (ArO-
ACHTUNGTRENNUNG(CH2)11CH3); UV/VIS (hexanes): lmax (e)=209 (127 000), 240 (41 000),
252 (31 000), 306 nm (4000m�1 cm�1); MALDI-TOF: m/z : calcd for
C102H168O10Na: 1576.25; found: 1576.50 [M+Na]+ .


4-Ethynylbenzyl 3,4,5-tris(3’,4’,5’-tris(dodecan-1-yloxy)benzyloxy)ben-
zoate [(3,4,5-3,4,5)12G2-4EBn]: A solution of (3,4,5-3,4,5)12G2-CO2H
(1.99 g, 0.95 mmol), 4-ethynylbenzyl alcohol (147.2 mg, 1.1 mmol), DPTS
(254.8 mg, 0.86 mmol) and DCC (243.1 mg, 1.2 mmol) in CH2Cl2 (20 mL)
was stirred for 16 h. A colorless precipitate was removed by filtration of
the crude reaction mixture. The filtrate was evaporated to dryness under
reduced pressure. The crude monomer was subjected to chromatography
on silica gel using hexanes/CH2Cl2 1:1!1:2. Precipitated the monomer
from CH2Cl2 into MeOH and collected it by filtration. Freeze drying
from benzene provided (3,4,5-3,4,5)12G2-4EBn (1.41 g, 67 %). TLC
(silica gel, hexanes/CH2Cl2 1:2): Rf=0.38; HPLC (THF): 99+ % pure;
1H NMR (500 MHz, CDCl3, 25 8C, TMS): d=7.52 (d, J ACHTUNGTRENNUNG(H,H)=8.1 Hz,
2H; 4EBn aromatic C(3)H and C(5)H), 7.40 (s, 2H; aromatic C(2)H and
C(6)H), 7.35 (d, J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 2H; 4EBn aromatic C(2)H and
C(6)H), 6.62 (s, 4H; aromatic C(2’)H and C(6’)H), 6.61 (s, 2H; aromatic
C(2’)H and C(6’)H), 5.32 (s, 2 H; 4EBn ArCH2O), 5.05 (s, 2 H;
ArCH2O), 5.03 (s, 4H; ArCH2O), 3.94 (t, J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 4H;
ArOCH2), 3.91 (t, J ACHTUNGTRENNUNG(H,H)=6.4 Hz, 6H; ArOCH2), 3.88 (t, J ACHTUNGTRENNUNG(H,H)=
6.4 Hz, 6H; ArOCH2), 3.77 (t, J ACHTUNGTRENNUNG(H,H)=6.4 Hz, 4 H; ArOCH2), 3.08 (s,
1H; alkyne CH), 1.75 (m, 18 H; ArOCH2CH2), 1.42 (m, 18H; ArO-
ACHTUNGTRENNUNG(CH2)2CH2), 1.32 (overlapped m), 1.27 (overlapping s, 144 H; ArO-
ACHTUNGTRENNUNG(CH2)3 ACHTUNGTRENNUNG(CH2)8), 0.89 (t, J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 27 H; ArO ACHTUNGTRENNUNG(CH2)11CH3);
13C NMR (125 MHz, CDCl3, 25 8C, TMS): d=166.11 (CO2CH2), 153.70
(aromatic C(4’)), 153.43 (aromatic C(4’)), 152.99 ((aromatic C(4)), 143.31
(aromatic C(3) and C(5)), 138.43 (aromatic C(1’)), 138.38 (aromatic
C(1’)), 137.13 (4EBn aromatic C(1)), 132.74 (4EBn aromatic C(3) and
C(5)), 132.70 (aromatic C(3’) and C(5’)), 131.99 (aromatic C(3’) and
C(5’)), 128.11 (4EBn aromatic C(2) and C(6)), 125.34 (aromatic C(1)),
122.47 (4EBn aromatic C(4)), 110.32 (aromatic C(2) and C(6)), 106.82
(aromatic C(2’) and C(6’)), 106.21 (aromatic C(2’) and C(6’)), 83.57
(alkyne ArC), 77.97 (alkyne CH), 75.57 (ArCH2O), 73.76 (ArOCH2),
73.68 (ArOCH2), 72.14 (ArCH2O), 69.53 (ArOCH2), 69.35 (ArOCH2),
66.51 (4EBn ArCH2O), 32.94 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 30.78 (ArOCH2-
ACHTUNGTRENNUNG(CH2)10), 30.13 (ArOCH2ACHTUNGTRENNUNG(CH2)10), 30.09 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 30.06


(ArOCH2 ACHTUNGTRENNUNG(CH2)10), 30.04 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.93 (ArOCH2 ACHTUNGTRENNUNG(CH2)10),
29.88 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.86 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.75 (ArOCH2-
ACHTUNGTRENNUNG(CH2)10), 29.74 (ArOCH2ACHTUNGTRENNUNG(CH2)10), 26.58 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 26.55
(ArOCH2 ACHTUNGTRENNUNG(CH2)10), 26.53 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 23.04 (ArOCH2 ACHTUNGTRENNUNG(CH2)10),
14.43 (ArO ACHTUNGTRENNUNG(CH2)11CH3); UV/VIS (hexanes): lmax (e)=210 (154 000),
266 nm (17 000m�1 cm�1); MALDI-TOF: m/z : calcd for C145H246O14Na:
2234.84; found: 2235.05 [M+Na]+ .


4-Ethynylbenzyl 3,5-bis{3’,4’-bis[(4’’-dodecan-1-yloxy)benzyloxy]benzyl-
oxy}benzoate [(4-3,4-3,5)12G2-4EBn]: A solution of (4-3,4-3,5)12G1-
CO2H (1.03 g, 0.69 mmol), 4-ethynylbenzyl alcohol (106.8 mg,
0.80 mmol), DPTS (252.1 mg, 0.86 mmol) and DCC (190.9 mg,
0.92 mmol) in CH2Cl2 (10 mL) was stirred for 43 h. A colorless precipi-
tate was removed by filtration of the crude reaction mixture. The filtrate
was evaporated to dryness under reduced pressure. The crude monomer
was subjected to chromatography on silica gel using hexanes/CH2Cl2


1:1!0:1. Precipitated the monomer from CH2Cl2 into MeOH and col-
lected it by filtration. Freeze drying from benzene provided (4-3,4-
3,5)12G2-4EBn (0.99 g, 86%). TLC (silica gel, hexanes/CH2Cl2 4:1): Rf=


0.38; HPLC (THF): 99+ % pure; 1H NMR (500 MHz, CDCl3, 25 8C,
TMS): d=7.51 (d, J ACHTUNGTRENNUNG(H,H)=8.3 Hz, 2H; 4EBn aromatic C(3)H and
C(5)H), 7.37 (d, J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 2H; 4EBn aromatic C(2)H and
C(6)H), 7.32 (d, J ACHTUNGTRENNUNG(H,H)=8.5 Hz, 8H; aromatic C ACHTUNGTRENNUNG(2’’)H and C ACHTUNGTRENNUNG(6’’)H),
7.29 (d, J ACHTUNGTRENNUNG(H,H)=2.3 Hz, 2H; aromatic C(2)H and C(6)H), 7.03 (d,
J ACHTUNGTRENNUNG(H,H)=1.2 Hz, 2 H; aromatic C(5’)H), 6.94 (s, 2H; aromatic C(2’)H),
6.93 (d, J ACHTUNGTRENNUNG(H,H)=2.1 Hz, 2 H; aromatic C(6’)H), 6.87 (d, J ACHTUNGTRENNUNG(H,H)=8.7 Hz,
4H; aromatic C ACHTUNGTRENNUNG(3’’)H and CACHTUNGTRENNUNG(5’’)H), 6.86 (d, J ACHTUNGTRENNUNG(H,H)=8.7 Hz, 4H; aro-
matic C ACHTUNGTRENNUNG(3’’)H and C ACHTUNGTRENNUNG(5’’)H), 6.76 (t, J=2.3 Hz, 1H; aromatic C(4)H), 5.34
(s, 2 H; 4EBn ArCH2O), 5.06 (s, 4H; ArCH2O), 5.05 (s, 4H; ArCH2O),
4.94 (s, 4 H; ArCH2O), 3.95 (t, J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 4H; ArOCH2), 3.94 (t,
J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 4H; ArOCH2), 1.78 (m, 8H; ArOCH2CH2), 1.45 (m,
8H; ArO ACHTUNGTRENNUNG(CH2)2CH2), 1.31 (overlapped m), 1.27 (overlapping s, 64H;
ArO ACHTUNGTRENNUNG(CH2)3 ACHTUNGTRENNUNG(CH2)8), 0.89 (t, J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 12 H; ArO ACHTUNGTRENNUNG(CH2)3-
ACHTUNGTRENNUNG(CH2)8CH3); 13C NMR (125 MHz, CDCl3, 25 8C, TMS): d=166.35
(CO2CH2), 160.18 (aromatic C(3) and C(5)), 159.30 (aromatic CACHTUNGTRENNUNG(4’’)),
159.28 (aromatic C ACHTUNGTRENNUNG(4’’)), 149.74 (aromatic C(4’)), 149.50 (aromatic C(3’)),
137.04 (4EBn aromatic C(1)), 132.71 (4EBn aromatic C(3) and C(5)),
132.11 (aromatic C(1)), 129.97 (aromatic CACHTUNGTRENNUNG(2’’) and C ACHTUNGTRENNUNG(6’’)), 129.46 (aro-
matic C ACHTUNGTRENNUNG(1’’)), 129.34 (aromatic C ACHTUNGTRENNUNG(2’’) and C ACHTUNGTRENNUNG(6’’)), 128.26 (4EBn aromatic
C(2) and C(6)), 122.44 (4EBn aromatic C(4)), 121.35 (aromatic C(6’)),
115.80 (aromatic C(2’)), 115.39 (aromatic C(5’)), 114.83 (aromatic C ACHTUNGTRENNUNG(3’’)
and C ACHTUNGTRENNUNG(5’’)), 108.95 (aromatic C(2) and C(6)), 107.70 (aromatic C(4)),
83.62 (alkyne ArC), 77.98 (alkyne CH), 71.68 (ArCH2O), 70.63
(ArCH2O), 68.42 (ArOCH2), 66.61 (4EBn ArCH2O), 32.27 (ArOCH2-
ACHTUNGTRENNUNG(CH2)10), 30.02 (ArOCH2ACHTUNGTRENNUNG(CH2)10), 29.99 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.96
(ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.94 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.79 (ArOCH2 ACHTUNGTRENNUNG(CH2)10),
29.70 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.67 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 26.43 (ArOCH2-
ACHTUNGTRENNUNG(CH2)10), 23.03 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 14.45 (ArO ACHTUNGTRENNUNG(CH2)11CH3); UV/VIS
(hexanes): lmax (e)=229 (92 000), 276 (18 000), 304 nm (8000m�1 cm�1).


4-Ethynylbenzyl 3,5-bis{3’,5’-bis[3’’,4’’-bis(dodecan-1-yloxy)benzyloxy]-
benzyloxy}benzoate [(3,4-3,5-3,5)12G3-4EBn]: A solution of (3,4-3,5-
3,5)12G3-CO2H (665.4 mg, 0.30 mmol), 4-ethynylbenzyl alcohol (57.8 mg,
0.45 mmol), DPTS (127.5 mg, 0.43 mmol) and DCC (85.6 mg, 0.41 mmol)
in CH2Cl2 (5 mL) was stirred for 24 h. A colorless precipitate was re-
moved by filtration of the crude reaction mixture. The filtrate was evapo-
rated to dryness under reduced pressure. The crude monomer was sub-
jected to chromatography on silica gel using hexanes/CH2Cl2 6:4!0:1.
Precipitated the monomer from CH2Cl2 into MeOH and collected it by
filtration. Freeze drying from benzene provided (3,4-3,5-3,5)12G3-4EBn
(130.8 mg, 19%). TLC (silica gel, hexanes/CH2Cl2 1:2): Rf=0.56; HPLC
(THF): 99+ % pure; 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d=7.49
(d, J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2 H; 4EBn aromatic C(3)H and C(5)H), 7.36 (d,
J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 2 H; 4EBn C(2)H and C(6)H), 7.30 (d, J ACHTUNGTRENNUNG(H,H)=2.3 Hz,
2H; aromatic C(2)H and C(6)H), 6.95 (d, J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 4H; aromatic
C ACHTUNGTRENNUNG(2’’)H), 6.91 (dd, 3J ACHTUNGTRENNUNG(H,H)=8.2, 4J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 2 H; aromatic C-
ACHTUNGTRENNUNG(6’’)H), 6.86 (d, J ACHTUNGTRENNUNG(H,H)=8.2 Hz, 4H; aromatic C ACHTUNGTRENNUNG(5’’)H), 6.80 (t,
J ACHTUNGTRENNUNG(H,H)=2.3 Hz, 1 H; aromatic C(4)H), 6.67 (d, J ACHTUNGTRENNUNG(H,H)=2.2 Hz, 4 H; ar-
omatic C(2’)H and C(6’)H), 6.57 (t, J ACHTUNGTRENNUNG(H,H)=2.1 Hz, 4H; aromatic
C(4’)H), 5.33 (s, 2 H; 4EBn ArCH2O), 5.00 (s, 4 H; ArCH2O), 4.92 (s,
8H; ArCH2O), 3.99 (t, J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 8 H; ArOCH2), 3.98 (t, J ACHTUNGTRENNUNG(H,H)=
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6.6 Hz, 8H; ArOCH2), 3.07 (s, 1H; alkyne CH), 1.80 (m, 16H; Ar-
OCH2CH2), 1.46 (m, 16H; ArO ACHTUNGTRENNUNG(CH2)2CH2), 1.33 (overlapped m), 1.26
(overlapping s, 128 H; ArO ACHTUNGTRENNUNG(CH2)3 ACHTUNGTRENNUNG(CH2)8), 0.88 (t, J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 12 H;
ArO ACHTUNGTRENNUNG(CH2)3 ACHTUNGTRENNUNG(CH2)8CH3), 0.87 (t, J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 12 H; ArO ACHTUNGTRENNUNG(CH2)3-
ACHTUNGTRENNUNG(CH2)8CH3); 13C NMR (125 MHz, CDCl3, 25 8C, TMS): d=166.31
(CO2CH2), 160.64 (aromatic C(3’) and C(5’)), 160.14 (aromatic C(3) and
C(5)), 149.72 (aromatic C ACHTUNGTRENNUNG(3’’) or CACHTUNGTRENNUNG(4’’)), 149.51 (aromatic C ACHTUNGTRENNUNG(3’’) or C-
ACHTUNGTRENNUNG(4’’)), 139.04 (aromatic C(1’)), 136.99 (4EBn aromatic C(1)), 132.72
(4EBn aromatic C(3) and C(5)), 132.19 (aromatic C(1)), 129.58 (aromatic
C ACHTUNGTRENNUNG(1’’)), 128.22 (4EBn aromatic C(2) and C(6)), 122.42 (4EBn aromatic
C(4)), 120.93 (aromatic C ACHTUNGTRENNUNG(6’’)), 114.20 (aromatic C ACHTUNGTRENNUNG(5’’)), 114.08 (aromatic
C ACHTUNGTRENNUNG(2’’)), 108.95 (aromatic C(2) and C(6)), 107.59 (aromatic C(4)), 106.72
(aromatic C(2’) and C(6’)), 102.03 (aromatic C(4’)), 83.60 (alkyne ArC),
77.96 (alkyne CH), 70.64 (ArCH2O), 69.75 (ArOCH2), 69.67 (ArOCH2),
66.63 (4EBn ArCH2O), 32.28 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 30.06 (ArOCH2-
ACHTUNGTRENNUNG(CH2)10), 30.00 (ArOCH2ACHTUNGTRENNUNG(CH2)10), 29.82 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.81
(ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.72 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.70 (ArOCH2 ACHTUNGTRENNUNG(CH2)10),
29.68 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 26.43 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 26.41 (ArOCH2-
ACHTUNGTRENNUNG(CH2)10), 23.04 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 14.46 (ArO ACHTUNGTRENNUNG(CH2)11CH3); MALDI-
TOF: m/z : calcd for C154H240O16Na: 2368.79; found: 2369.85 [M+Na]+ .


4-Ethynylbenzyl 3,5-bis(3’,5’-bis{3’’,4’’-bis[(4’’’-dodecan-1-yloxy)benzyloxy]-
benzyloxy}benzyloxy)benzoate [(4-3,4-3,5-3,5)12G2-4EBn]: A solution of
(4-3,4-3,5-3,5)12G3-CO2H (435.0 mg; 0.14 mmol), 4-ethynylbenzyl alco-
hol (23.1 mg, 0.17 mmol), DPTS (69.2 mg, 0.23 mmol) and DCC
(43.3 mg, 0.21 mmol) in CH2Cl2 (5 mL) was stirred for 26 h. A colorless
precipitate was removed by filtration of the crude reaction mixture. The
filtrate was evaporated to dryness under reduced pressure. The crude
monomer was subjected to chromatography on silica gel using hexanes/
CH2Cl2 3:7!0:1. Precipitated the monomer from CH2Cl2 into MeOH
and collected it by filtration. Freeze drying from benzene provided (4-
3,4-3,5-3,5)12G3-4EBn (194.0 mg, 43%). TLC (silica gel, hexanes/CH2Cl2


1:9): Rf=0.63; HPLC (THF): 99+ % pure; 1H NMR (500 MHz, CDCl3,
25 8C, TMS): d=7.47 (d, J ACHTUNGTRENNUNG(H,H)=8.3 Hz, 2H; 4EBn aromatic C(3)H and
C(5)H), 7.34 (d, J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 2H; 4EBn aromatic C(2)H and
C(6)H), 7.31 (d, J ACHTUNGTRENNUNG(H,H)=8.6 Hz, 8 H; aromatic C ACHTUNGTRENNUNG(2’’’)H and C ACHTUNGTRENNUNG(6’’’)H),
7.30 (d, J ACHTUNGTRENNUNG(H,H)=8.3 Hz, 8H; aromatic C ACHTUNGTRENNUNG(2’’’)H and C ACHTUNGTRENNUNG(6’’’)H), 7.30 (over-
lapped d, 2H; aromatic C(2)H and C(6)H), 7.03 (s, 4 H; aromatic C-
ACHTUNGTRENNUNG(2’’)H), 6.90 (s, 8 H; aromatic C ACHTUNGTRENNUNG(5’’)H and C ACHTUNGTRENNUNG(6’’)H), 6.85 (d, J ACHTUNGTRENNUNG(H,H)=
8.7 Hz, 8H; aromatic C ACHTUNGTRENNUNG(3’’’)H and CACHTUNGTRENNUNG(5’’’)H), 6.84 (d, J ACHTUNGTRENNUNG(H,H)=8.7 Hz,
8H; aromatic C ACHTUNGTRENNUNG(3’’’)H and CACHTUNGTRENNUNG(5’’’)H), 6.70 (t, J ACHTUNGTRENNUNG(H,H)=2.3 Hz, 1 H; aro-
matic C(4)H), 6.64 (d, J ACHTUNGTRENNUNG(H,H)=2.0 Hz, 4H; aromatic C(2’)H and
C(6’)H), 6.53 (t, J ACHTUNGTRENNUNG(H,H)=2.0 Hz, 2H; aromatic C(4’)H), 5.31 (s, 2H;
4EBn ArCH2O), 5.03 (s, 16 H; ArCH2O), 4.99 (s, 4H; ArCH2O), 4.89 (s,
8H; ArCH2O), 3.93 (t, J ACHTUNGTRENNUNG(H,H)=6.7 Hz, 8 H; ArOCH2), 3.92 (t, J ACHTUNGTRENNUNG(H,H)=
6.8 Hz, 8H; ArOCH2), 3.05 (s, 1H; alkyne CH), 1.76 (m, 16H; Ar-
OCH2CH2), 1.43 (m, 16H; ArO ACHTUNGTRENNUNG(CH2)2CH2), 1.31 (overlapped m), 1.26
(overlapping s, 128 H; ArO ACHTUNGTRENNUNG(CH2)3 ACHTUNGTRENNUNG(CH2)8), 0.88 (t, J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 12 H;
ArO ACHTUNGTRENNUNG(CH2)3 ACHTUNGTRENNUNG(CH2)8CH3), 0.87 (t, J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 12 H; ArO ACHTUNGTRENNUNG(CH2)3-
ACHTUNGTRENNUNG(CH2)8CH3); 13C NMR (125 MHz, CDCl3, 25 8C, TMS): d=166.33
(CO2CH2), 160.56 (aromatic C(3’) and C(5’)), 160.16 (aromatic C(3) and
C(5)), 160.10 (aromatic CACHTUNGTRENNUNG(4’’’)), 159.24 (aromatic CACHTUNGTRENNUNG(4’’’)), 149.72 (aro-
matic C ACHTUNGTRENNUNG(3’’) or CACHTUNGTRENNUNG(4’’)), 149.51 (aromatic C ACHTUNGTRENNUNG(3’’) or C ACHTUNGTRENNUNG(4’’)), 139.04 (aromatic
C(1’)), 137.02 (4EBn aromatic C(1)), 132.72 (4EBn aromatic C(3) and
C(5)), 132.15 (aromatic C(1)), 129.58 (aromatic C ACHTUNGTRENNUNG(1’’)), 129.48 (aromatic
C ACHTUNGTRENNUNG(2’’’) and C ACHTUNGTRENNUNG(6’’’)), 129.38 (aromatic C ACHTUNGTRENNUNG(1’’’)), 129.35 (aromatic CACHTUNGTRENNUNG(2’’’) and
C ACHTUNGTRENNUNG(6’’’)), 128.20 (4EBn aromatic C(2) and C(6)), 122.43 (4EBn aromatic
C(4)), 121.34 (aromatic C ACHTUNGTRENNUNG(6’’)), 114.78 (aromatic C ACHTUNGTRENNUNG(3’’’) and C ACHTUNGTRENNUNG(5’’’)),
115.72 (aromatic CACHTUNGTRENNUNG(5’’)), 115.28 (aromatic C ACHTUNGTRENNUNG(2’’)), 108.95 (aromatic C(2)
and C(6)), 107.65 (aromatic C(4)), 106.72 (aromatic C(2’) and C(6’)),
102.03 (aromatic C(4’)), 83.61 (alkyne ArC), 77.97 (alkyne CH), 71.66
(ArCH2O), 71.60 (ArCH2O), 70.47 (ArCH2O), 70.43 (ArCH2O), 68.40
(ArOCH2), 66.62 (4EBn ArCH2O), 32.28 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 30.03
(ArOCH2 ACHTUNGTRENNUNG(CH2)10), 30.00 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.97 (ArOCH2 ACHTUNGTRENNUNG(CH2)10),
29.95 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.79 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 29.70 (ArOCH2-
ACHTUNGTRENNUNG(CH2)10), 29.66 (ArOCH2ACHTUNGTRENNUNG(CH2)10), 26.43 (ArOCH2 ACHTUNGTRENNUNG(CH2)10), 23.04
(ArOCH2 ACHTUNGTRENNUNG(CH2)10), 14.47 (ArO ACHTUNGTRENNUNG(CH2)11CH3).


General procedure for the polymerization of dendritic phenylacetylene
macromonomers by addition of a monomer solution to a solution of cata-
lyst.


Poly{4- ACHTUNGTRENNUNG[3,4-bis(dodecan-1-yloxy)benzoyloxymethyl]phenylacetylene}
{poly ACHTUNGTRENNUNG[(3,4)12G1-4EBn]}: A flame dried, argon filled Schlenk tube equip-
ped with a Teflon-coated magnetic stir bar was charged with [Rh ACHTUNGTRENNUNG(C�
CPh) ACHTUNGTRENNUNG(nbd) ACHTUNGTRENNUNG(PPh3)2] (6.21 mg, 0.008 mmol) and DMAP (11.17 mg,
0.091 mmol). Another flame dried, argon filled Schlenk tube was charged
with ACHTUNGTRENNUNG(3,4)12G1-4EBn (298.4 mg, 0.493 mmol). The solids were degassed
by three cycles of evacuation followed by backfilling with argon. Via
glass syringe, dry THF (1.5 mL) was added to the monomer and was
added to the catalyst (1.6 mL). The monomer solution was transferred to
the catalyst solution at 22 8C under argon using a glass syringe. The reac-
tion was stirred under argon for 4 h. The reaction mixture was precipitat-
ed into cold MeOH (90 mL) and the polymer was collected by filtration.
Excess monomer was removed by filtration through a plug of basic Al2O3


using hexanes/CH2Cl2 10:1. Freeze-drying from benzene provided the
polymer (191.7 mg 71 % based on conversion). 1H NMR (500 MHz,
CDCl3, 25 8C, TMS): d=7.40 (br s, 1H; aromatic C(5)H), 7.38 (br s, 1H;
aromatic C(2)H), 6.90 (br s, 2H; PPA C(2)H and C(6)H), 6.59 (br s, 3 H;
PPA aromatic C(3)H and C(5)H and aromatic C(6)H), 5.75 (br s, 1 H;
PPA cis-alkene), 4.94 (br s, 2H; PPA ArCH2O), 3.81 (br s, 4H; ArOCH2),
1.68 (br s, 4 H; ArOCH2CH2), 1.36 (br s, 4H; ArO ACHTUNGTRENNUNG(CH2)CH2), 1.23 (br s,
32H; ArO ACHTUNGTRENNUNG(CH2)3 ACHTUNGTRENNUNG(CH2)8), 0.86 (t, J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 3H; ArO ACHTUNGTRENNUNG(CH2)11CH3),
0.85 (t, J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 6H; ArO ACHTUNGTRENNUNG(CH2)11CH3); Mn=61700, Mw/Mn=


1.08.


General procedure for the polymerization of dendritic phenylacetylene
macromonomers by addition of a catalyst solution to a solution of mono-
mer


ACHTUNGTRENNUNG{poly ACHTUNGTRENNUNG[(3,4)12G1-4EBn]}: A flame dried, argon filled Schlenk tube equip-
ped with a Teflon-coated magnetic stir bar was charged with [Rh ACHTUNGTRENNUNG(C�
CPh) ACHTUNGTRENNUNG(nbd) ACHTUNGTRENNUNG(PPh3)2] (6.82 mg, 0.008 mmol) and DMAP (14.51 mg,
0.119 mmol). Another flame dried, argon filled Schlenk tube was charged
with ACHTUNGTRENNUNG(3,4)12G1-4EBn (315.2 mg, 0.521 mmol). The solids were degassed
by three cycles of evacuation followed by backfilling with argon. Via
glass syringe, dry THF (2.8 mL) was added to the monomer and to the
catalyst (0.5 mL). The catalyst solution was transferred to the monomer
solution at 22 8C under argon using a glass syringe. The reaction was stir-
red under argon for 7.5 h. The reaction mixture was precipitated into
cold MeOH (90 mL). The polymer was collected by filtration and freeze-
dried from benzene to yield the polymer (216.7 mg, 77 % based on con-
version). Mn=192 600, Mw/Mn=1.16.


General procedure for the polymerization of dendritic phenylacetylene
macromonomers by addition solvent to a solid mixture of monomer and
catalyst


Poly{4-[3,4,5-tris(dodecan-1-yloxy)benzoyloxymethyl]phenylacetylene}
{poly ACHTUNGTRENNUNG[(3,4,5)12G1-4EBn]}: A flame dried, argon filled Schlenk tube
equipped with a Teflon-coated magnetic stir bar was charged with
ACHTUNGTRENNUNG(3,4,5)12G1-4EBn (287.9 mg, 0.365 mmol), [Rh ACHTUNGTRENNUNG(C�CPh) ACHTUNGTRENNUNG(nbd) ACHTUNGTRENNUNG(PPh3)2]
(5.94 mg, 0.007 mmol), and DMAP (10.23 mg, 0.084 mmol). The solids
were degassed by three cycles of evacuation followed by backfilling with
argon. Via glass syringe, dry THF (7.6 mL) was added to the solid mix-
ture. The reaction was stirred at ambient temperature (i.e., ~23 8C) under
argon for 8 h. The reaction mixture was precipitated into cold MeOH
(125 mL) and collected by filtration. Excess monomer was removed by
filtering the polymer through a plug of silica gel using hexanes. Freeze-
drying from benzene provided the polymer (216.7 mg, 74% based on
conversion). 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d=7.10 (s, 2H; ar-
omatic C(2)H and C(6)H), 6.93 (br s, 2H; PPA C(2)H and C(6)H), 6.59
(br s, 2H; PPA aromatic C(3)H and C(5)H), 5.64 (br s, 1H; PPA cis-
alkene), 4.93 (brs, 2H; PPA ArCH2O), 3.87 (br s, 2 H; ArOCH2), 3.82
(br s, 2 H; ArOCH2), 1.66 (br s, 6H; ArOCH2CH2), 1.38 (br s, 6 H; ArO-
ACHTUNGTRENNUNG(CH2)CH2), 1.22 (br s 48H;, ArO ACHTUNGTRENNUNG(CH2)3 ACHTUNGTRENNUNG(CH2)8), 0.86 (t, J ACHTUNGTRENNUNG(H,H)=6.5 Hz,
9H; ArO ACHTUNGTRENNUNG(CH2)11CH3); Mn=50900, Mw/Mn=1.22.


Poly(4- ACHTUNGTRENNUNG{3,4-bis[(4’-dodecan-1-yloxy)benzyloxy]benzoyloxymethyl}phenyl-
acetylene) {poly ACHTUNGTRENNUNG[(4-3,4)12G1-4EBn]}: 1H NMR (500 MHz, CDCl3, 25 8C,
TMS): d=7.47 (br s, 1H; aromatic C(5)H), 7.40 (br s, 1H; aromatic
C(2)H), 7.04 (d, J=5.0 Hz, 4H; aromatic C(2’)H and C(6’)H), 6.93 (br s,
2H; PPA C(2)H and C(6)H), 6.65 (br s, 3 H; PPA aromatic C(3)H and
C(5)H and aromatic C(6)H), 6.60 (d, J ACHTUNGTRENNUNG(H,H)=5.0 Hz, 4 H; aromatic
C(3’)H and C(5’)H), 5.84 (br s, 1 H; PPA cis-alkene), 4.96 (br s, 2H; PPA
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ArCH2O), 4.63 (br s, 4H; ArCH2O), 3.68 (br s, 4 H; ArOCH2), 1.63 (br s,
4H; ArOCH2CH2), 1.33 (br s, 4H; ArO ACHTUNGTRENNUNG(CH2)CH2), 1.24 (br s, 32H; ArO-
ACHTUNGTRENNUNG(CH2)3 ACHTUNGTRENNUNG(CH2)8), 0.86 (t, J ACHTUNGTRENNUNG(H,H)=6.7 Hz, 6H; ArO ACHTUNGTRENNUNG(CH2)11CH3).


Poly(4-{3,4,5-tris[4-((S)-3-methylbutan)-1-yloxy)benzyloxy]benzoyloxy-
methyl}phenylacetylene} {poly ACHTUNGTRENNUNG[(4-3,4,5)AmylG1-4EBn]}: 1H NMR
(500 MHz, CDCl3, 25 8C, TMS): d=7.11 (s, 2H; aromatic C(2)H and
C(6)H), 7.01 (d, J ACHTUNGTRENNUNG(H,H)=7.7 Hz, 6H; aromatic C(2’)H and C(6’)H), 6.92
(d, J ACHTUNGTRENNUNG(H,H)=7.6 Hz, 2H; PPA C(2)H and C(6)H), 6.61 (d, J ACHTUNGTRENNUNG(H,H)=
7.7 Hz, 6 H; aromatic C(3’)H and C(5’)H), 6.48 (d, J ACHTUNGTRENNUNG(H,H)=7.6 Hz, 2 H;
PPA C(3)H and C(5)H), 5.62 (br s, 1H; PPA cis-alkene), 4.97 (br s, 2 H;
PPA ArCH2O), 4.62 (br s, 3 H; ArCH2O), 4.56 (br s, 3 H; ArCH2O), 3.57
(br s, 3 H; ArOCH2), 3.49 (br s, 3H; ArOCH2), 1.69 (m, 3H; Ar-
OCH2CH), 1.43 (m, 3 H; ArOCH2CHACHTUNGTRENNUNG(CH3)CH2), 1.13 (m, 3 H;
ArOCH2CH ACHTUNGTRENNUNG(CH3)CH2), 0.89 (overlapping d and t, 18 H; ArOCH2CH-
ACHTUNGTRENNUNG(CH3) and ArOCH2CH ACHTUNGTRENNUNG(CH3)CH2CH3).


Poly(4-{3,4,5-trisACHTUNGTRENNUNG[4’-(dodecan-1-yloxy)benzyloxy]benzoyloxymethyl}phe-
nylacetylene {poly ACHTUNGTRENNUNG[(4-3,4,5)12G1-4EBn]}: 1H NMR (500 MHz, CDCl3,
25 8C, TMS): d=7.08 (br s, 2 H; aromatic C(2)H and C(6)H,), 6.99 (br s,
6H; aromatic C(2’)H and C(6’)H), 6.88 (br s, 2 H; PPA C(2)H and
C(6)H), 6.57 (br s, 6H; aromatic C(3’)H and C(5’)H), 6.43 (br s, 2 H; PPA
C(3)H and C(5)H), 5.66 (br s, 1H; PPA cis-alkene), 4.97 (br s, 2H; PPA
ArCH2O), 4.60 (br s, 6H; ArCH2O), 3.65 (br s, 6 H; ArOCH2), 1.60 (br s,
6H; ArOCH2CH2), 1.23 (br s, 60H; ArO ACHTUNGTRENNUNG(CH2)2ACHTUNGTRENNUNG(CH2)10), 0.87 (t, J-
ACHTUNGTRENNUNG(H,H)=9.2 Hz, 3 H; ArO ACHTUNGTRENNUNG(CH2)11CH3), 0.86 (t, J ACHTUNGTRENNUNG(H,H)=9.1 Hz, 6H;
ArO ACHTUNGTRENNUNG(CH2)11CH3).


Poly(4- ACHTUNGTRENNUNG{3,4-bis[3’,4’-bis(dodecan-1-yloxy)benzyloxy]benzoyloxymethyl}-
phenylacetylene) {poly ACHTUNGTRENNUNG[(3,4-3,4)12G2-4EBn]}: 1H NMR (500 MHz,
CDCl3, 25 8C, TMS): d=7.10 (br s, 2H; aromatic C(2)H and C(6)H), 7.05
(br s, 1H; aromatic C(5)H), 6.91 (br s, 2H; PPA C(2)H and C(6)H), 6.72
(s, 4 H; aromatic C(2’)H and C(5’)H), 6.67 (br s, 2 H; aromatic C(6’)H),
6.62 (br s, 2 H; PPA C(3)H and C(5)H), 5.61 (br s, 1 H; PPA cis-alkene),
5.01 (br s, 2 H; PPA ArCH2O), 4.61 (br s, 4 H; ArCH2O), 3.73 (br s, 8 H;
ArOCH2), 1.64 (br s, 8H; ArOCH2CH2), 1.30 (br s, 8 H; ArO ACHTUNGTRENNUNG(CH2)2CH2),
1.23 (br s, 64H; ArO ACHTUNGTRENNUNG(CH2)3ACHTUNGTRENNUNG(CH2)8), 0.83 (t, J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 6 H; ArO-
ACHTUNGTRENNUNG(CH2)11CH3), 0.80 (t, J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 6H; ArOACHTUNGTRENNUNG(CH2)11CH3).


Poly(4- ACHTUNGTRENNUNG{3,4-bis[3’,4’,5’-tris(dodecan-1-yloxy)benzyloxy]benzoyloxyme-
thyl}phenylacetylene) {poly[(3,4,5-3,4)12G2-4EBn]}: 1H NMR (500 MHz,
CDCl3, 25 8C, TMS): d=7.12 (br s, 2H; aromatic C(2)H and C(6)H), 7.09
(br s, 1H; aromatic C(5)H), 6.96 (br s, 2H; PPA C(2)H and C(6)H), 6.72
(s, 4 H; aromatic C(2’)H and C(6’)H), 6.62 (br s, 2H; PPA C(3)H and
C(5)H), 5.75 (br s, 1 H; PPA cis-alkene), 4.98 (br s, 2H; PPA ArCH2O),
4.59 (br s, 4 H; ArCH2O), 3.75 (br s, 12H; ArOCH2), 1.59 (br s, 12H; Ar-
OCH2CH2), 1.28 (br s, 12 H; ArO ACHTUNGTRENNUNG(CH2)2CH2), 1.20 (br s, 108 H; ArO-
ACHTUNGTRENNUNG(CH2)2 ACHTUNGTRENNUNG(CH2)9), 0.83 (br s, 18H; ArO ACHTUNGTRENNUNG(CH2)11CH3).


Poly(4- ACHTUNGTRENNUNG{3,5-bis[3’,4’,5’-tris(dodecan-1-yloxy)benzyloxy]benzoyloxyme-
thyl}phenylacetylene {poly[(3,4,5-3,5)12G2-4EBn]}: 1H NMR (500 MHz,
CDCl3, 25 8C, TMS): d=7.04 (br s, 2H; aromatic C(2)H and C(6)H), 6.97
(br s, 2 H; PPA C(2)H and C(6)H), 6.81 (s, 4H; aromatic C(2’)H and
C(6’)H), 6.64 (br s, 2 H; PPA C(3)H and C(5)H), 6.40 (br s, 1H; aromatic
C(4)H), 5.67 (br s, 1 H; PPA cis-alkene), 4.99 (br s, 2H; PPA ArCH2O),
4.57 (br s, 4 H; ArCH2O), 3.72 (br s, 12H; ArOCH2), 1.62 (br s, 12H; Ar-
OCH2CH2), 1.25 (br s, 108 H; ArOACHTUNGTRENNUNG(CH2)2ACHTUNGTRENNUNG(CH2)9), 0.86 (br s, 18 H; ArO-
ACHTUNGTRENNUNG(CH2)9CH3).


Poly[4- ACHTUNGTRENNUNG(3,5-bis{3’,4’-bis[(4’’-dodecan-1-yloxy)benzyloxy]benzyloxy}ben-
zoyloxymethyl)phenylacetylene] {poly[(4-3,4-3,5)12G2-4EBn]}: 1H NMR
(500 MHz, CDCl3, 25 8C, TMS): d=7.21 (br s, 2H; aromatic C(2)H and
C(6)H), 6.94 (br s, 8H; aromatic C ACHTUNGTRENNUNG(2’’)H and CACHTUNGTRENNUNG(6’’)H), 6.75 (br s, 4 H; aro-
matic C(2’)H or C(5’)H), 6.67 (br s, 4H; aromatic C(2’)H or C(5’)H), 6.52
(br s, 11H; aromatic C ACHTUNGTRENNUNG(3’’)H, C ACHTUNGTRENNUNG(5’’)H, C(6’)H, and C(5)H), 5.72 (br s, 1 H;
PPA cis-alkene), 4.53 (br s, 14 H; ArCH2O), 3.61 (br s, 8H; ArOCH2),
1.58 (br s, 8H; ArOCH2CH2), 1.24 (br s, 72H; ArO ACHTUNGTRENNUNG(CH2)2 ACHTUNGTRENNUNG(CH2)9), 0.86
(br s, 12 H; ArO ACHTUNGTRENNUNG(CH2)11CH3).
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Aromaticity of Giant Polycyclic Aromatic Hydrocarbons with Hollow Sites:
Super Ring Currents in Super-Rings


Bal)zs Hajgat,,[a] Michael S. Deleuze,[b] and Koichi Ohno*[a]


Introduction


Polycyclic aromatic hydrocarbons (PAHs) consist of two or
more condensed aromatic rings of carbon atoms, to which
are attached peripheral hydrogen atoms. PAHs have long
been the focus of both theoretical and experimental re-
search owing to their importance in several fields of science.
They occur in nature mostly in traces embedded in different
materials and their origin can be natural or may be connect-
ed to human activities. Numerous different PAHs are pres-
ent in petroleum samples and they are also produced in the
burning of mineral oil derivatives.[1] Nowadays the main fuel
for internal combustion engines is mineral oil derivatives,
hence PAHs form an important group of extremely hazard-
ous environmental pollutants and some of them are also


highly cancerous.[2] PAHs have also been identified in vari-
ous extraterrestrial environments. Nowadays they are com-
monly accepted as being ubiquitous in the interstellar
medium[3] and are regarded as being responsible for some of
the diffuse interstellar bands and unidentified emission
bands in the mid-IR range.[4–6] Large PAHs are frequently
used for modelling graphite sheets and glassy carbon materi-
als.[7] Last but not least, a few PAHs are known to be very
suitable for the making of conducting organic materials that
can be used to produce cheap but efficient electronic devi-
ces such as organic thin-film transistors.[8]


A number of PAHs, mainly of small and moderate size,
have been synthesized. Gigantic PAHs containing 114[9] and
222[10] carbon atoms have recently be produced.[11] The ex-
tremely limited solubility of large PAHs is clearly a serious
obstacle to the synthesis and structural characterization of
new and exotic PAHs. Indeed, the solubility of large PAHs
drastically decreases with size and the recently synthesized
large PAHs have been reported to be completely insolu-
ble.[9,10] Experimental progress in this field is slow, but has
been significant enough to motivate a wealth of theoretical
studies on the electronic structure and spectra of PAHs as
well as on their radical cations and anions. These studies
range from semiempirical[12–15] to ab initio[16–20] methods and
include DFT levels of theory.[15,19–22]


A key but highly controversial concept used in discussions
on the structure and physicochemical properties of these


Abstract: We present a systematic the-
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Hartree–Fock (HF), and density func-
tional theory (DFT) models of a series
of polycyclic aromatic hydrocarbons
(PAHs) that exhibit hollow sites. In
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magnetic criteria of aromaticity,
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NICS indices indicate that an external
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compounds as well as their reactions is that of aromaticity.
Almost every chemist agrees that PAHs are aromatic but
that the degree of aromaticity may differ strongly from one
system to another. The notion of aromaticity originates
from the fact that benzene, the very prototype of all aromat-
ic molecules, as well as many of its derivatives, are known to
have strong fragrance.[23] Aromaticity is not a directly meas-
urable quantity and it has as yet no commonly accepted
quantitative definition but on the contrary is described ac-
cording to many variant concepts or criteria (for example,
spherical aromaticity,[24] homoaromaticity,[25] magnetic aro-
maticity and ring currents,[26, 27] structural aromaticity,[28]


chemical hardness[29] and reactivity,[30] Dewar resonance
energy,[31] p distortivity,[32] and chemical graph theories,[33,34]).
Note that the extent of “aromaticity” in PAH compounds
may strongly vary from one system to another, and describ-
ing them as polycyclic benzenoid hydrocarbons has there-
fore often been advocated.
Organic chemists most often define aromaticity from re-


activity rules. According to these aromaticity denotes great
stability and a much greater propensity to undergo electro-
philic substitutions rather than additions to the aromatic
core. Following the classification by Katritzky and co-work-
ers,[35] the quantitative criteria of aromaticity are nowadays
most commonly divided into three classes: energetic, mag-
netic, and geometric. According to the definition based on
energetic criteria aromatic compounds are characterized by
large and positive aromatic stabilization energies (ASE).[36]


The magnetic interpretation of aromaticity relates to the
fact that an external magnetic field induces diatropic p ring
currents resulting in a local shielding of the field.[37] The
simple connection between ring currents and aromaticity
was first suggested by Elvidge and Jackman in the early
1960s.[38,39] This relationship was extensively studied in the
seventies and eighties.[40–44] Interested readers are referred
to references [45–47] for general reviews on the ring-current
effect. In their pioneering work, Wilcox and co-workers cor-
related aromaticity and ring currents to geometric parame-
ters.[48–50] From a structural viewpoint, the main characteris-
tic of aromatic systems is their tendency to exhibit bond-
length equalization.[51] Some earlier work on rather limited
sets of PAHs led to the conclusion that the latter three
(physicochemical) definitions of aromaticity correlate well
with each other.[52,53] Studies on larger sets of PAHs have
more recently shown that the phenomenon of aromaticity
should rather be regarded as being statistically multidimen-
sional.[54] At last it is also possible to characterize aromatici-
ty on purely topological grounds using, for instance, the
mathematical discipline of chemical graph theory.[33,34,55–61]


In addition to the previously mentioned and most commonly
used methods there are other ways to describe aromatici-
ty.[62,63]


In our previous paper[15] we described a new series of
giant PAHs with hollow sites with some of these having spe-
cial properties reflecting various degrees of aromaticity. The
special properties to which we refer are in some cases ex-
ceptionally low singlet-ground-state lowest-singlet-excited-


state (S0–S1) transition energies, which, rather than varying
monotonically, exhibit strong and rather unexpected fluctua-
tions with increasing system size. The main purpose of this
work was to investigate in more detail the interplay between
the molecular and electronic structures of these compounds
by resorting to the most commonly accepted magnetic,
structural, and energetic criteria of aromaticity. It is worth
recalling at this stage that magnetic indices of aromaticity
such as NMR chemical shifts or p ring currents are molecu-
lar responses[64–66] to an external perturbation (in this case a
homogeneous magnetic field) and that as such they are inti-
mately related to the propensity of the molecule to undergo
electronic excitations. Another example of a (linear) re-
sponse to an external perturbation is that of the dipole elec-


tric polarizability tensor (a!
!
), which is a measure of the


first-order variation of the molecular dipole moment ( m!0) in


a homogeneous external electric field ( m!= m!0+ a!
!
F
!


+…)
and as such has been extensively used to design conjugated
materials suited for applications in optoelectronics.[67] A
second purpose of this work therefore was to show that,
since they relate to low electronic HOMO–LUMO gaps,
high magnetic indices of aromaticity also correlate with low
electronic excitation energies, higher electric polarizabilities,
as well as with a stronger propensity to undergo symmetry-
lowering in theoretical calculations in order to release near-
energy degeneracies, in particular at lower levels that do not
cope with electron correlation. In simple words, we aimed to
prove that for large hollow PAHs, high magnetic indices of
aromaticity may also simply denote a rather pronounced
metallic character because large molecular responses to an
external perturbation, be it an electric or magnetic field, are
basic characteristics of metallic materials.


Computational Methods


All calculations were carried out using the Gaussian 03 program pack-
age.[68] All geometries were optimized first at the RHF/6-31G and/or
RB3LYP/6-31G levels of theory, to start with under the constraint of D6h


symmetry point groups. The stability of the identified stationary points
was systematically checked by computing the harmonic vibrational spec-
trum at the same theoretical levels. At the B3LYP/6-31G level of theory,
D6h structures characterized by imaginary vibrational frequencies were
systematically reoptimized under the constraints of lower point groups
until true energy minima were obtained. The symmetry of these minima
was retained for further geometry optimizations and frequency calcula-
tions at the HF/6-31G level of theory, without this time modifying the
symmetry to a lower point group if the latter calculations revealed a
saddle-point. Infra-red intensities were computed at the same levels of
theory from squared derivatives of the total energy over Cartesian coor-
dinates and over an external homogeneous electric field, according to the
double harmonic approximation.[64] In practice the latter implies calcula-


tions of the dipole electric polarizability tensor a!
!
using coupled pertur-


bed Hartree–Fock (CPHF) theory[69] or its DFT-B3LYP version. At this
stage, it is worth recalling that B3LYP geometries and vibrational fre-
quencies are known to be of a quality comparable to that achieved with
many-body ab initio treatments at the confines of nonrelativistic quan-
tum mechanics, such as CCSD(T).[70,71]


1H NMR chemical shifts and NICS indices[72–74] were calculated using the
gauge-independent atomic orbital (GIAO) approach[75] in conjunction
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with the B3LYP/6-31G level of theory. We also performed these calcula-
tions at the HF/6-31G level of theory using CNDO (D6h) geometries to
make comparison with the results of our previous paper[15] and thereby
compare the quality of the HF and DFT calculations. NICS(0) values
(calculated in the ring centers) do not depend purely on ring currents
within the p system but also on other contributions to magnetic shielding
due to local circulations of electrons in bonds, lone pairs, and even atom
cores. The interference from these
local currents is reduced above the
ring centers so NICS(1) values (cal-
culated 1 M above the ring centers)
were used because they more specifi-
cally describe p resonance ef-
fects.[72,73] Aromatic and antiaromatic
systems are characterized by large
negative and positive NICS(1) values,
respectively, whereas NICS(1) values
around zero are typically found for
nonaromatic systems (�10.4 for ben-
zene, +16.1 for cyclobutadiene, and
+0.9 for p-benzoquinone at the
B3LYP/6-31G level of theory). The
1H NMR chemical shifts were calcu-
lated relative to CH4. In these calcu-
lations we assumed that the calculat-
ed gas-phase absolute isotropic mag-
netic shielding of hydrogen atoms in
CH4 is equal to the solvent-phase ex-
perimental 1H NMR chemical shift of
CH4.


[76]


The lowest excitation energies were
calculated from CNDO geometries
using the CIS-ZINDO-S method.
Compared with experiment and with
more robust but in this case com-
pletely intractable theoretical treat-
ments of electronic excitation proc-
esses such as TD-DFT and CASSCF,
this rather simple CIS-ZINDO-S approach is known[77] to provide quanti-
tatively fairly reliable results (0.2 eV accuracy) for low-lying singly excit-
ed states. Very clearly, when applied to extremely large PAHs, the accu-
racy of the CIS-ZINDO-S excitation energies strongly depends on the
configuration interaction (CI) space employed.[15] In this work, 200 elec-
trons were allowed to excite over a CI active space of 200 orbitals (or
less if the target systems have fewer than 200 electrons). From applica-
tions to similarly sized PAHs,[15] this CI space appears to be sufficient for
ensuring the convergence of the computed excitation energies within ac-
curacies of 0.02 eV with regard to extensions to larger manifolds.


We have to mention that, in this work, we did not investigate the effects
of basis-set extensions but we have used the largest workable basis sets
(and the highest level of theory) on our hardware set up. On the other
hand, according to our previous results[15] the 3-21G and 6-31G results
are quite similar while the STO-3G results seem to be less reliable. It is
worth recalling that so far none of the currently implemented exchange-
correlation functionals is suited for quantitative studies of electronic exci-
tation processes and responses in very large conjugated systems because
these potentials decay too fast at large distances.[78,79] In line with greatly
underestimated ionization and electron attachment energies, these func-
tionals are indeed known to produce too low electronic excitation ener-
gies in large conjugated systems[80] and lead therefore to much too large
polarizabilities. Note that, compared with an ab initio treatment of elec-
tron correlation, such as second-order Møller–Plesset (MP2) theory,
CPHF is also known to overestimate, systematically and rather signifi-
cantly (by up to 35%), the longitudinal polarizability of extended conju-
gated chains.[81] At this stage, we would simply like to recall that the
main purpose of our work was to identify trends in the aromatic versus
the metallic characters of hollow and gigantic PAHs using methods that
are qualitatively robust enough to evaluate their magnetic shielding con-
stants and electric polarizabilities.


Results and Discussion


Structures : The compounds studied in this work are dis-
played in Figure 1. To easily distinguish the hollow hexago-
nal structures, we resort to a combination of two numbers
(XY). The first one (X) describes the number of benzenoid


rings per edge at the external periphery and the second one
(Y) refers to the number of concentric hexagonal layers of
benzenoid rings. If the second number is replaced by F, the
PAH of interest is full, that is, it has no central hole (and
the central benzenoid ring counts for one hexagonal layer).
For example 52 is a hexagonal PAH with six edges exhibit-
ing five benzenoid rings, of which two are corner rings, and
is a double-layered doughnut.
Most of the molecules investigated have the expected D6h


symmetry. Compound 42 has D3h symmetry at the RHF/6-
31G level of theory. It has to be mentioned that, with both
structures of D3h and D6h symmetry, the RHF wavefunction
of compound 42 is not an electronically stable one. Under
the constraint of D6h symmetry the most stable UHF/6-31G
wavefunction lies 232 kcalmol�1 below the RHF/6-31G
wavefunction. However, with a <S2> value of 12.45, the
UHF/6-31G wavefunction has extremely high spin contami-
nation. These observations for compound 42 quantitatively
call into question the quality of both RHF and UHF calcula-
tions in this particular case because the RHF results relate
to an excited state and the UHF calculations are physically
meaningless. These methodological problems clearly reflect
already strong multireference effects in the ground-state
wavefunction of compound 42, and thus the extreme pro-
pensity of this compound to undergo electronic excitation
and/or symmetry-lowering, which are rather typical features


Figure 1. Hexagon structures of the PAHs investigated. Rings are colored in accord with B3LYP/6-31G
NICS(1) values.
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of large metallic systems. In contrast, the closed-shell wave-
function of 42 is electronically stable at the B3LYP/6-31G
level of theory as a CIS-type stability calculation based
upon this wavefunction shows.
The 62, 63, and 64 D6h species are saddle-points on both


the HF/6-31G and B3LYP/6-31G potential energy surfaces.
Upon symmetry-lowering they relax into bowl-shaped C6v
structures at both levels (these C6v structures are referred to
as 62b, 63b, and 64b, respectively). In addition to this, it
was found that the planar D6h form of 64 has two imaginary
frequencies at the HF/6-31G level of theory. The less nega-
tive one leads to the C6v 64b structure and the larger nega-
tive one represents a distortion from D6h to D3h symmetry,
similarly to the HF/6-31G results obtained for 42. The C6v
form of 64 is also a saddle-point at the HF/6-31G level.


The energy differences between the planar and bowl-
shaped compounds are marginal (0.11, 0.32, and 0.08 kcal
mol�1 at the HF/6-31G level of theory for 62, 63, and 64, re-
spectively, and even less at the B3LYP/6-31G level), so in
practice these compounds can be regarded as planar.


Magnetic properties : The NICS values at the HF/6-31G//
CNDO and B3LYP/6-31G levels of theory are collected in
Table 1 and Table 2, respectively (also see Figure 1). The
corresponding ring numbers are given in Figure 2. For com-
parison purposes, NICS(1) values computed for [18]–[66]an-
nulenes at these levels are given in Table 3. The B3LYP and
HF results are qualitatively the same except for the annu-
lene rings of D3h symmetry. For these rings, while at the
B3LYP level aromaticity smoothly fades away with increas-


Table 1. NICS(1)[a] values for benzene (BZ) and compounds 31–6F calculated at the GIAO-HF/6-31G//CNDO level of theory.


1 2 3 4 5 6 7 8 9 10 11 12


BZ �12.1
31 3.6 �7.1 �12.8
3F �17.5 �7.7 �8.3 �17.5
41 1.9 �4.2 �12.3
42 �15.6 �19.5 �13.1 �3.3 �20.7
4F �5.6 �15.4 �14.1 �5.0 �2.9 �16.0
51 1.1 �2.7 �11.0 �14.0
52 �16.6 �30.9 �17.7 3.3 �18.9 �23.4
53 6.5 �4.5 �13.8 �16.4 �4.9 �0.5 �10.2 �16.4
5F �19.7 �9.4 �9.8 �19.5 �18.7 �7.8 1.3 �11.0 �19.0
61 0.7 �1.9 �9.7 �13.9
62 �16.2 �41.1 �22.8 �17.7 9.4 �13.8 �27.0
63 4.0 1.3 �12.3 �16.6 �8.9 �3.6 0.3 �6.2 �14.6
64 �16.4 �21.8 �18.1 �11.6 �22.5 �22.7 �17.0 �9.4 6.5 �5.6 �20.1
6F �7.0 �17.0 �16.3 �6.7 �6.1 �17.1 �19.1 �13.4 �5.3 2.0 �5.3 �17.1


[a] NICS values were calculated 1 M above the plane of the molecule. The NICS(1) values are large negative values for aromatic systems, large positive
values for antiaromatic systems, and around zero for nonaromatic systems. The corresponding ring numbers are given in Figure 2.


Table 2. NICS(1)[a] values for benzene (BZ) and compounds 31–6F calculated at the GIAO-B3LYP/6-31G level of theory.


1 2 3 4 5 6 7 8 9 10 11 12


BZ �10.4
31 2.7 �6.8 �11.4
3F �14.7 �7.6 �8.3 �16.1
41 1.6 �4.3 �11.1
42 �11.6 �16.4 �11.0 �4.1 �18.6
4F �6.2 �13.2 �13.0 �6.0 �3.7 �15.2
51 1.0 �2.9 �10.1 �12.2
52 �11.9 �24.5 �13.8 1.3 �16.6 �22.4
53 4.4 �4.9 �12.4 �14.8 �5.5 �1.1 �10.0 �14.7
5F �15.6 �9.0 �9.4 �15.9 �16.8 �8.4 0.2 �11.2 �17.7
61 0.7 �2.1 �9.3 �12.3
62 �11.1 �31.3 �17.3 �13.2 6.0 �12.0 �22.2
62b[b] �11.1 �30.4 �16.6 �12.6 6.6 �11.2 �21.4
62b[c] �11.2 �32.1 �18.0 �13.8 5.2 �12.8 �22.9
63 3.1 0.4 �11.1 �14.7 �8.3 �4.5 �0.3 �6.4 �12.8
63b[b] 3.2 0.7 �10.9 �14.4 �8.1 �4.4 �0.2 �6.3 �12.6
63b[c] 2.9 0.2 �11.3 �14.9 �8.5 �4.7 �0.4 �6.7 �13.0
64 �10.1 �15.2 �13.2 �10.3 �16.5 �19.3 �14.9 �9.4 4.1 �6.7 �18.2
64b[b] �9.8 �14.8 �12.8 �9.2 �16.1 �19.0 �14.6 �9.1 4.3 �6.5 �17.9
64b[c] �10.4 �15.7 �13.6 �10.6 �16.9 �19.7 �15.3 �9.7 3.8 �7.1 �18.5
6F �7.4 �13.6 �13.4 �7.3 �7.2 �14.2 �17.2 �12.8 �7.0 1.0 �6.3 �16.0


[a] NICS values were calculated 1 M above the plane of the molecule. The NICS(1) values are large negative values for aromatic systems, large positive
values for antiaromatic systems, and around zero for nonaromatic systems. The corresponding ring numbers are given in Figure 2. [b] NICS(1) values
from the convex side. [c] NICS(1) values from the concave side.
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ing ring size, nonaromaticity is found at the HF/6-31G level.
The origin of this feature lies in the differences in the geo-
metries at the B3LYP and HF/CNDO levels. At the B3LYP
level the single–double bond equalization is much more pro-
nounced than at the HF and CNDO levels of theory. It is
indeed well-known that theo-
retical approaches that lack
electron correlation tend to
systematically overestimate the
extent of bond-length alterna-
tions in extended p-conjugated
chains[71,82–85] to prevent a clo-
sure of the HOMO–LUMO
gap and near-energy degenera-
cies therefore.


1H NMR chemical shifts (d)
for the PAHs shown in
Figure 1 are collected in
Table 4, along with those found
for [18]–[66]annulenes. In
hollow PAHs, the hydrogen
atoms are numbered from the
“corner” Z configuration
double bonds (d1, d2 …) and
the hydrogen atoms in the
cavity have a “C” in the index
(dC1, dC2 …) (see Figure 3). Ac-
cording to a linear regression
of data for 80 organic mole-
cules, the RMS and largest de-
viations from experimental 1H


NMR chemical shifts at the B3LYP/6-311++G**//B3LYP/
6-31+G* level of theory are found to be 0.15 and 0.4 ppm,
respectively.[86] Another study on a smaller range of organic
compounds, namely on 10 small PAHs (substituted and un-
substituted), shows that the RMS and largest deviations be-
tween experimental and B3LYP/6-31G**//B3LYP/6-31G*-
calculated chemical shifts are equal to 0.065 and 0.171 ppm,
respectively.[87] Our 1H NMR shifts, being obtained at a
slightly lower level of theory (B3LYP/6-31G) and without
any parametric corrections, are certainly a little less accu-
rate. Except for kekulene (31) and [18]annulene, there are
no available experimental results to compare with. The ex-
perimental d1, d2, and dC1 chemical shifts reported for keku-
lene are 7.94, 8.37, and 10.45 ppm, respectively,[88] which is
in very reasonable agreement with our B3LYP/6-31G results
(7.9, 8.2, and 10.0 ppm, respectively, that is, ~0.5 ppm accu-
racy). The experimental 1H NMR spectra of [18]annulene[89]


is a little more complicated because it was found to be
strongly dependent upon temperature. At high temperatures
(over 314 K) [18]annulene has magnetically equivalent hy-
drogen atoms because the molecule turns inside out and can


Figure 2. Ring numbering for NICS and Bird index calculations.


Table 3. NICS(1)[a] values for benzene (BZ) and [18]–[66]annulenes calculated at the GIAO-HF/6-31G//CNDO, GIAO-HF/6-31G, and GIAO-B3LYP/6-
31G levels of theory.


BZ [18] [30] [30] [42] [42] [54] [54] [66] [66]


symmetry D6h D6h D3h D6h D3h D6h D3h D6h D3h D6h


HF/6-31G//CNDO �12.1 �13.3 0.1 �15.7 0.3 �16.5 0.2 �16.9 0.1 �17.1
HF/6-31G �12.0 �12.9 0.4 �15.3 0.3 �16.2 0.2 �16.6 0.1 �16.8
B3LYP/6-31G �10.4 �11.9 �11.2 �13.9 �5.3 �14.6 �2.5 �15.0 �1.1 �15.2


[a] NICS values were calculated 1 M above the plane of the molecule. The NICS(1) values are large negative values for aromatic systems, large positive
values for antiaromatic systems, and around zero for nonaromatic systems.


Table 4. 1H NMR shifts (d)[a] for compounds 31–6F and [18]–[66]annulenes calculated at the B3LYP/6-31G
level of theory.


Symmetry d1 d2 d3 dC1 dC2 dC3


31 D6h 7.9 8.2 10.0
3F D6h 9.9 10.5
41 D6h 7.5 8.1 9.3
42 D6h 12.2 14.1 �7.4
4F D6h 10.7 12.1
51 D6h 7.3 7.9 8.3 9.2 8.7
52 D6h 13.7 16.5 17.7 �9.4
53 D6h 9.7 10.9 11.5 12.5
5F D6h 11.3 13.1 14.1
61 D6h 7.2 7.8 8.4 9.1 8.7
62/62b D6h/C6v 14.6 17.9 20.0 �10.2 �9.9
63/63b D6h/C6v 9.1 10.1 11.0 12.3
64/64b D6h/C6v 12.6 15.2 17.1 �4.9
6F D6h 11.6 13.7 15.3
[18] D6h 10.3 �9.3
[30] D3h 13.0 13.9 �12.5
[30] D6h 14.5 15.6 �16.8
[42] D3h 10.8 11.7 �4.8 �4.6
[42] D6h 19.1 20.9 �24.2 �22.8
[54] D3h 9.1 9.7 9.8 �0.1 0.0
[54] D6h 23.8 26.4 26.7 �31.7 �29.3
[66] D3h 7.8 8.2 8.4 2.9 2.7 2.7
[66] D6h 28.5 31.8 32.5 �39.2 �35.9 �35.4


[a] Chemical shifts are given in ppm. We assumed that the calculated gas-phase absolute isotropic magnetic
shielding of hydrogen atoms in CH4 is equal to the solvent-phase experimental


1H NMR chemical shift of
CH4. The corresponding atom numbers are given in Figure 3.


Chem. Eur. J. 2006, 12, 5757 – 5769 F 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5761


FULL PAPERAromaticity of Giant Polycyclic Aromatic Hydrocarbons



www.chemeurj.org





take up three isodynamic conformations. Below the coales-
cence temperature of 314 K, [18]annulene no longer turns
inside out and, accordingly, the 1H NMR spectrum of
[18]annulene splits into two peaks, the separation of which
increases linearly with decreasing temperature. In refer-
ence [89], the temperature dependence below 314 K was ex-
plained in terms of vibrational distortions, which tend to
reduce the ring current at higher temperatures. The d1 and
dC1 chemical shifts of [18]annulene extrapolated to 0 K from
the experimental data are 10.28 and �5.38 ppm, compared
with theoretical (B3LYP/6-31G) values of 10.3 and
�9.3 ppm, respectively. With regard to the excellent agree-
ment described above between the B3LYP/6-31G and exper-
imental 1H NMR chemical shifts of a rigid system like keku-
lene, the much larger difference (4 ppm) between the calcu-
lated and measured dC1 chemical shifts could be tentatively
ascribed to the consequences of residual vibrations at 0 K,
which were discarded from our calculations of chemical
shifts for fixed molecular geometries that correspond to
global energy minima. Indeed, the much stronger tempera-
ture dependence that has been observed experimentally for
the dC1 chemical shifts make us believe that, in a conforma-
tionally highly flexible system like [18]annulene, zero-point
vibrations should have a larger extent and thus a larger
impact on the chemical shifts of hydrogen atoms inside the
cavity (in plots of the experimentally measured chemical
shifts versus temperature, slopes of �0.70 and �0.29 were
reported for the dC1 and d1 shifts, respectively).
The NICS values of almost all hexagon rings in the PAHs


investigated are large negative numbers, which indicate lo-
cally high aromaticity. The only exceptions are the “corner”
hexagon rings with small negative or positive NICS values
indicating weakly aromatic or nonaromatic benzenoid rings.
The NICS values of the central hole of the 31, 41, 51, and 61
singly layered and 53, 63, and 63b triply layered PAH
doughnuts are small and positive, which implies that for
these compounds an external magnetic field will result in an
overall marginally small and paratropic circular current
around the central hole. It has been shown in detailed com-
putations of p ring currents that, for coronene[90] and keku-
lene,[91] such a small current is the global result of two circu-


lar currents, one diatropic, the other paratropic, that rotate
therefore in opposite directions around the concentric annu-
lene ring located around the central hole.[92,93] Most certainly
the same compensation of partial currents applies here for
odd-layered doughnut species which contain an even (two
or four) number of concentric “annulenoid” rings. Inversely,
it is then logical to assume that, in even-layered doughnut
species with, thus, an odd number of concentric “annule-
noid” rings, the partial paratropic ring currents will not fully
compensate the diatropic ones. For these systems, a large di-
atropic current around the central hole is thus globally ex-
pected.[44,94]


Indeed, large negative NICS values characterize the cen-
tral hole of even-layered doughnuts such as compounds 42,
52, 62, 62b, 64, and 64b and foretell the induction of an
overall extremely strong and diatropic circular current
around the central hole in the presence of an external mag-
netic field. The extreme shielding of the external magnetic
field inside the cavity is in this case also supported by the
large negative chemical shifts of the hydrogen atoms in the
cavity. In a broader sense it is reasonable to state that even-
layered “doughnut” PAHs have strongly aromatic central
holes whereas odd-layered “doughnuts” have nonaromatic
central holes. By the same logic, compounds 3F and 5F can
also be regarded as even-layered PAHs with, at their center,
an exceptionally strongly aromatic central hole, which is sur-
rounded by lesser aromatic benzenoid rings. Similarly, and
in line with the above classification, compounds 4F and 6F
can be described as odd-layered PAHs with, at their center,
a benzenoid hole characterized by NICS(1) indices (�6.2
and �7.4) that are indicative of reduced aromaticity com-
pared with benzene (�10.4) at the same (B3LYP/6-31G)
level of theory. Based on NICS(1) values the aromaticity in
the outer layer hexagon rings always increases from the
“corner” ring to the rings at the centers of the “polyacene”
edges. Inversely, in the next layer towards the central hole
aromaticity locally decreases from the corner rings to the
centers of the edges. When we pass to the next layer to-
wards the central hole, this tendency reverses again, and so
on in the following layers. The changes in the chemical
shifts of outer hydrogen atoms within a molecule are in
good accord with the NICS(1) values [a larger d1 chemical
shift is observed if the corresponding hydrogen atom is con-
nected to a ring with a larger NICS(1) value]. This is not
true, however, for the hydrogen atoms in the central hole.
The differences between the NICS(1) values for the concave
and convex sides of the bowl-shaped compounds (62b, 63b,
and 64b) relative to the planar form 64, systematically indi-
cates an increase in the p-electron density on the concave
side and quite naturally, therefore, a lowering of the p-elec-
tron density inside the bowl.
The differences observed in the local aromaticity of the


central holes of even- and odd-layered PAH doughnuts can
be rationalized according to KekulR structures. The structure
of PAH doughnuts can be discussed in terms of three basic
types of KekulR bonding patterns, namely the pure benze-
noid (Figure 4f and 4g), pure annulenoid (Figure 4a–c), and


Figure 3. Hydrogen atom numbering for chemical shift calculations.


www.chemeurj.org F 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 5757 – 57695762


K. Ohno et al.



www.chemeurj.org





mixed benzenoid–annulenoid (Figure 4d and 4e) types. We
calculated the energies of the KekulR structures shown in
Figure 4 by using the NBO[95] localization technique and the
B3LYP/6-31G geometries. During the NBO localization the
NBO orbitals of the desired molecule were first calculated
assuming a nonlocalized structure. In the next step all elec-
trons from the non-Lewis (Rydberg and antibonding) orbi-
tals were deleted (using the NOSTAR keyword) from the
NBO basis set in order to obtain a bonding structure with
only pure single and double bonds that are characterized by
occupation numbers equal to 2.0 and 4.0, respectively (local-
ized structure). In the final step we used these electron den-
sities to evaluate the energy of the localized system. The
energy difference between the localized and nonlocalized
structures defines the NBO localization energy. The most
stable structures are the pure benzenoid structures while the
least stable ones are purely annulenoid. The energies of the
mixed structures lie between those of the purely annulenoid
and benzenoid structures. The compounds sketched in
Figure 4 clearly possess numerous other KekulR structures
but the energy differences between the benzenoid and annu-
lenoid structures are sufficiently enlightening that we did
not deem it necessary to consider too many varieties. Specif-
ically, the energy differences between the annulenoid and


benzenoid structures shown in Figure 4a and 4 f and be-
tween 4c and 4g are around 180 and 130 kcalmol�1, respec-
tively. The resonance (nonlocalized) bonding pattern is a
linear combination of KekulR structures in which the most
stable KekulR structures dominate and it is rather clear that
the bonding pattern for the odd-layered doughnuts will be
the benzenoid one (thus 4 f and 4g for compounds 41 and
4F displayed in Figure 4). However, in the case of even-lay-
ered PAHs (compounds 42, 52, 62, 62b, 64, and 64b), it is
clear that no pure benzenoid structure can exist (see, for ex-
ample, Figure 4b and 4d). In Figure 4d, the internal layer of
compound 42 remains in the annulenoid form, which clearly
should be more stable than any alternative radical KekulR
structure.
We also investigated the S0–S1 excitation energies of the


PAHs studied and compared them with those of annulenes
(Table 5).[96] We used the CIS-ZINDO-S//CNDO level of
theory as described in our previous study and the results for
compounds 31–53 are also taken from this previous work.[15]


The S0–S1 excitation energies normally progressively de-
crease with increasing system size but here the even-layered
PAH doughnuts with strongly aromatic central holes (42, 52,
62, and 64) have much lower HF and B3LYP HOMO–
LUMO gaps, and correspondingly also much lower CIS-
ZINDO-S//CNDO excitation energies, than other PAHs.
Note that the HOMO–LUMO gap has often been used as
an important criteria for characterizing PAH compounds
and unravelling their ring current (diamagnetic/paramagnet-
ic) properties.[27,40–44,46,97–99] We also found in a previous
study that the correlation between reactivity indices and
HOMO–LUMO gaps, along with S0–S1 excitation energies,
is quite good in this class of compounds.[100] In addition, the
S0–S1 excitation energies of PAH doughnuts with strongly
aromatic central holes (42, 52, 62, and 64) are similar to the
S0–S1 excitation energies of the aromatic (D6h) annulene
compounds with a central hole of equal size. Conversely, the
S0–S1 excitation energies of PAH doughnuts having no aro-
matic central holes (41, 51, 61, and 63) are comparable to
the S0–S1 excitation energies of nonaromatic (D3h) annulene
compounds with a central hole of equal size. We would like
to emphasize the fact that even-layered hollow PAHs with
magnetically aromatic central holes have lower S0–S1 excita-
tion energies than the odd-layered PAHs with magnetically
nonaromatic or weakly aromatic central holes. This evident-


Figure 4. Some KekulR structures of selected PAHs.


Table 5. S0–S1
[a] transitions and HOMO–LUMO band gaps for compounds 31–6F and [18]–[66]annulenes.


Compound [18] [30] [30] [42] [42] [54] [54] [66] [66]


symmetry D6h D6h D3h D6h D3h D6h D3h D6h D3h


S0–S1 trans. 1.46 0.72 2.16 0.39 2.17 0.20 2.19 0.08 2.28
HF band gap[b] 6.24 4.26 7.50 3.26 7.22 2.66 7.08 2.25 7.01
B3 band gap[c] 2.76 1.80 1.88 1.34 1.65 1.07 1.51 0.89 1.42


Compound 31 41 42 51 52 53 61 62 63 64


S0–S1 trans. 3.02 2.87 1.02 2.75 0.57 2.00 2.61 0.34 1.87 0.83
HF band gap[b] 8.54 7.97 4.16 7.29 3.04 5.64 6.68 2.40 5.29 3.10
B3 band gap[c] 3.60 3.10 1.64 2.59 1.14 1.92 2.16 0.84 1.64 1.06


[a] S0–S1 transitions given in eV calculated at the CIS-ZINDO-S//CNDO level of theory. [b] The HF band gap measured in eV is the HOMO–LUMO
gap calculated at the HF/6-31G level. [c] The B3 band gap measured in eV is the HOMO–LUMO gap calculated at the B3LYP/6-31G level.
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ly reflects a very natural correlation between the strength of
the response to an external magnetic field in terms of ring
currents and the propensity of electrons to undergo excita-
tions into low-lying unoccupied levels.


Geometry : The XYZ coordinates of the structures can be
found in the Supporting information. Here we discuss only
the results of the B3LYP/6-31G calculations. All the calcu-
lated C�C bond lengths in compounds 31–6F are between
1.36 and 1.48 M. The difference in C�C bond length be-
tween planar and the corresponding bowl-shaped com-
pounds (62, 62b, 63, 63b, 64, and 64b) is typically almost
negligible, being around 0.001 M. The longest C�C bonds in
a given molecule are the inner “corner” bonds and the
shortest ones are the outer “corner” bonds. The majority of
C�C bond lengths are around 1.42–1.43 M and closer to this
value if the bond is farther from the edge of the molecule.
We compared the bond lengths in the PAHs investigated
with similar systems. The C�C bond length in benzene
(1.401 M) is slightly shorter than the majority of C�C bonds
in the PAHs investigated. We also calculated the C�C bond
lengths in infinite-sized alternating-double-bond all-(E)-al-
kenes. In these structures two different C�C bond lengths
exist, a shorter one of 1.374 M and a longer one of 1.427 M.
These values were obtained by extrapolating from the bond
lengths around the middle of the C12n+6H12n+8 (n=0, 1, 2, 3,
4, and 5) series of alternating-double-bond all-(E)-alkenes
(see Scheme 1). We also investigated the C�C bond lengths


in [18]-, [30]-, [42]-, [54]-, and [66]annulenes but analysis is a
little more complicated because the large annulenes have
D3h geometry while [18]annulene has D6h symmetry. We cal-
culated both D3h and D6h geometries for the larger annu-
lenes. In the case of D6h structures the bond lengths are sim-
ilar to those in benzene. The shortest bond length in [66]an-
nulene is 1.399 M and the longest one is 1.406 M and with in-
creasing size of species the bond lengths get closer to these
values. The longest bonds are the “corner” bonds (Z config-
uration). In the case of the D3h annulenes the longest and
shortest bond lengths seem to converge to 1.436 and
1.374 M. These values are similar to the extrapolated bond
lengths in the infinite-sized alternating-double-bond all-(E)-
alkenes (Scheme 1), showing clearly the nonaromatic nature
of the D3h annulenes. The majority of C�C bond lengths in
compounds 31–6F are relatively long compared with other
highly aromatic systems, but are rather equalized. The
extent of alternation of C�C bond lengths rapidly decreases
with increasing distance from the “corner” bonds. Note that
the inner shape of the central hole in molecules 31–64 is
much more similar to D6h annulenes than the outer shape
(long and short “corner” bonds). It is clear that the presence


of large aromatic circuits has no confirmable effect on ge-
ometry.
We also calculated the Bird indices[51] of the individual


rings in compounds 31–6F based on GordySs bond orders.[101]


GordySs bond order is calculated by using a simple inverse
square relation of the form N=aR�2+b, where N is the
GordySs bond order and R is the bond length. Values of a
and b were calculated from the bond lengths of ethane and
ethene for which we assumed that GordySs bond orders are
N=1 and N=2, respectively. Bird indices are normalized on
a scale of 0–100 and measure the standard deviations of
bond lengths or bond orders in a given ring. The two ex-
trema of Bird indices relate to two reference situations,
namely a ring with fully equalized bond lengths or bond
orders (Bird index=100) or a ring exhibiting a fully local-
ized p-bonding pattern, that is, a perfect alternation of
single C�C and double C=C bonds (Bird index=0). The ref-
erence single and double bonds were the B3LYP/6-31G-cal-
culated C�C bonds in ethane and ethene, respectively. In
addition to this we also calculated the Bird indices for larger
concentric ring circuits with 18, 30, 42, 54, and 66 carbon
atoms within the molecules (annulene indices A18–A66) be-
cause some PAHs were expected to show a more pro-
nounced annulenoid nature. The results are collected in
Table 6 and the corresponding ring numbers are given in
Figure 2. For comparison we also calculated the Bird indices
for annulenes. The D6h annulenes have high Bird indices
(93, 96, 97, 98, and 98 for [18]-, [30]-, [42]-, [54]-, and [66]an-
nulenes, respectively) while D3h annulenes have lower Bird
indices (85, 76, 74, and 74 for [30]-, [42]-, [54]-, and [66]an-
nulenes, respectively). The infinite-sized annulene would
have a Bird index of 74, in view of the extrapolated C�C
bond lengths in the infinite-sized alternating-double-bond
all-(E)-alkenes (Scheme 1). The rationale for this extrapola-
tion is that the bond lengths in a suitable large nonaromatic
(D3h symmetry) annulene far away from the Z configuration
“corner” bonds are similar to the bond lengths in the infin-
ite-sized alternating-double-bond all-(E)-alkenes. Based on
the latter findings all rings having a Bird index of around 70
or less might not be aromatic despite high bond equaliza-
tion. In addition to this the Bird index of a nonaromatic ring
surrounded by condensed aromatic rings may be higher than
expected and, furthermore, the Bird index cannot differenti-
ate benzene from more aromatic systems. By analyzing the
Bird and annulene indices we can conclude that the PAHs
investigated are overall aromatic and the rings farther from
the edges and “corners” are more aromatic. The “corner”
rings and the central holes may not be aromatic. It is not
easy to compare the overall aromaticity of PAH systems of
different size using the Bird (and other similar geometry-
based) indices but it is rather clear that the larger the extent
of the central hole, the lower the global aromaticity of the
studied system from a geometric view point since a larger
central hole involves more edge and fewer aromatic rings.
In the case of compounds 31–6F the Bird indices do not cor-
relate well with the local magnetic criteria of aromaticity
such as the NICS(1) indices, except for the outer-layer rings


Scheme 1. Alternating-double-bond all-(E)-alkenes used for CH unit
energy and C�C bond length extrapolations (n=0–5).
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(see Table 2 and Table 6, especially the “inner corner” rings
and their surroundings).


Aromatic stabilization energies : There are different ways to
calculate aromatic stabilization energies (ASEs). The sim-
plest way to estimate ASEs is through the classical isodes-
mic bond separation energies (IBSEs).[36] Isodesmic reac-
tions are transformations in which the number of bonds of
the same type are preserved. In our case the IBSEs were
calculated as the reaction energy (using the calculated total
energies) for the hypothetical transformation shown in
Equation (1).


CaHb þ ð2a�bÞCH4


! ða�b=2ÞH3C�CH3 þ ða=2ÞH2C¼CH2


ð1Þ


However, IBSEs do not deal with the fact that different
hybrid-state carbon atoms have different bonding energies.
To cope with this we also calculated the homodesmotic sta-
bilization energies (HSEs).[36] In addition to the require-
ments associated with isodesmic bond separation reactions,
homodesmotic reactions contain on both sides of the reac-
tion the same number of atoms in the same hybrid states. In
our case the HSEs were calculated as the reaction energy
(using calculated total energies) for the hypothetical trans-
formation shown in Equation (2).


CaHb þ ða=2ÞH2C¼CH2 þ ð2a�2bÞCH3�CH¼CH2


! ða�bÞH2C¼CðCH3Þ2 þ ða�b=2ÞH2C¼CH�CH¼CH2


ð2Þ


However, HSEs still partly account for contributions to
the energy other than aromaticity, such as the p and s deloc-
alization energies, the cyclization energy, and ring strains. To
further reduce the effect of delocalization in the evaluation
of the aromatic stabilization energies we also calculated
these from a special homodesmotic reaction in which the


product/reactants contain extended delocalized parts. These
homodesmotic reactions are often referred to as “super”ho-
modesmotic reactions. In our case, superhomodesmotic sta-
bilization energies (SSEs) were calculated by resorting to a
hypothetical fragmentation of PAHs into CH units and
carbon atoms, which are assumed to be taken from large,
nonaromatic, but highly conjugated systems so that the ener-
gies of these fragments explicitly account for the delocaliza-
tion, p and s bonding, and other related energies in nonaro-
matic but highly conjugated systems. In short, such transfor-
mations are of the form given in Equation (3).


CaHb ! ða�bÞCþ bCH ð3Þ


Specifically, in this work, the energies of the CH frag-
ments were estimated from a hypothetical all-(E)-polyacene
chain of infinite dimension, that is, by extrapolating to in-
finite size the B3LYP/6-31G energies obtained for the
C12n+6H12n+8, (n=0, 1, 2, 3, 4, and 5) series of alternating-
double-bond all-(E)-alkenes (see Scheme 1). To evaluate the
energy of a carbon atom linked to three carbon atoms in a
large, conjugated, but essentially nonaromatic (quinoidal)
molecule, we considered the infinitely large dimethylene-di-
hydro-polyacene with the two methylenes being located at
the b and b’ positions within two different terminating rings
(overall C2h symmetry). The energy of an individual carbon
atom in an infinite-conjugated and nonaromatic system was
extrapolated from the results of B3LYP/6-31G calculations
performed on the C8n+12H4n+12 (n=0–9) series (Scheme 2)
and by using the previously calculated energy of the CH
fragment. In practice, the SSEs are the reaction energies
(using calculated total energies) of the transformations de-


Table 6. Bird[a] and annulene[b] indices for compounds 31–6F.


1 2 3 4 5 6 7 8 9 10 11 12 A18 A30 A42 A54 A66


31 70 67 85 70 70
3F 100 96 73 87 97 72
41 71 62 78 71 70
42 73 90 84 70 85 73 99 74
4F 100 98 96 98 68 84 97 99 72
51 72 59 65 78 72 72
52 74 87 83 67 83 86 74 97 74
53 71 88 86 97 95 66 80 88 71 95 96 72
5F 100 98 98 99 96 97 66 81 87 99 97 98 72
61 73 58 69 75 73 73
62 74 84 80 84 66 80 84 74 98 75
62b 74 84 80 84 66 81 84 74 97 76
63 77 88 84 94 94 95 64 78 86 77 96 94 73
63b 72 87 84 94 94 95 64 77 85 72 96 94 73
64 73 90 86 98 97 94 97 96 65 79 86 73 99 98 96 74
64b 72 89 85 98 98 94 97 96 65 79 86 72 99 98 96 74
6F 100 99 99 100 98 98 94 96 96 65 78 85 99 100 97 96 73


[a] Bird indices were calculated using B3LYP/6-31G geometries. The corresponding ring numbers are given in Figure 2. [b] The A18–A66 annulene indices
were calculated using B3LYP/6-31G geometries.


Scheme 2. b,b’-Dimethylene-dihydro-polyacenes used for carbon atom
energy extrapolation (n=0–9).
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scribed in Scheme 3. The IBSE, HSE, and SSE values of the
PAHs and annulenes investigated at the B3LYP/6-31G level
of theory are collected in Table 7. The energy difference be-
tween the bowl-shaped and the corresponding planar struc-
tures is marginal hence the calculated ASEs are practically
the same. The trends within the IBSE, HSE, and SSE are
exactly the same, but the absolute values differ. In the case
of hollow PAHs the aromaticity progressively decreases
with increasing size for series of compounds containing the
same number of layers (31–41–51–61, 42–52–62, and 53–63).
In contrast to the magnetic indices of aromaticity, the aro-
matic stabilization energies of fully condensed PAHs (3F–
4F–5F–6F) regularly increase with increasing system size. As
for the structural criteria, aromaticity from a stability view-
point also monotonically increases in systems of comparable
size but containing an increasing number of layers (31–3F,
41–42–4F, 51–52–53–5F, and 61–62–63–64–6F). In other
words, the larger the central hole in the PAH doughnuts the


less stable the system. So this
work confirms the statistically
multidimensional nature of ar-
omaticity and an inherent di-
chotomy between the magnetic
and energetic/structural indices
for it.
Holes in extended PAHs


appear to induce locally severe destabilizing effects (IBSE
and SSE differences between 64 and 6F are about 250 and
70 kcalmol�1, respectively), which makes us believe that
energy destabilization does not just result from an alteration
of aromaticity but may also be due to other effects pertain-
ing to the alteration of delocalization patterns of p elec-
trons. In line with this it was interesting to find that the dif-
ferences between IBSEs, HSEs, and SSEs are smaller for
benzene than for larger fused PAH systems with fewer hy-
drogen atoms relative to carbon atoms. This shows that the
energy gain due to p delocalization is higher in the case of
carbon atoms with only neighboring carbon atoms than in
the case of carbon atoms having one hydrogen neighbor.
This view is also supported by the fact that the HSE of a
CH fragment from an infinite-sized alternating-double-bond
all-(E)-alkene is 1.0 kcalmol�1 whereas the HSE per carbon
atom with only carbons as neighboring atoms in an infinite-
sized dimethylene-dihydro-polyacene is 1.7 kcalmol�1. The
result of ASE analysis of annulenes is in good accord with
the concept of conjugated circuits[102] because the ASE is
rather small in the case of large conjugated circuits. The fact
that annulenes with D3h symmetry are increasingly more
stable than those with D6h symmetry with increasing ring
size means that extra large conjugated circuits could have
an increasing destabilizing effect.[33, 55,62] The 42, 52, 62, 62b,
64, and 64b PAHs have mixed benzenoid-annulenoid struc-
tures and retain the C6 rotation axes, which is unfavorable
for large annulenoid structures because possible symmetry-
lowering to a point group with a C3 rotational axis would
cause more energy loss in the benzenoid region compared
with the energy gain in the annulenoid region. In addition
to this the annulenoid parts of the latter compounds are de-
veloped around their respective central holes (instead of
their outer regions) because in this arrangement the conju-
gated circuits are minimized, which reduces the overall loss
in aromatic stabilization originating from the annulenoid
part. The increasing IBSE, HSE, and SSE values within the
annulene series can be explained by the smaller ratio of Z/E
double-bond configurations. It is clear that large aromatic
circuits do not have any stabilizing effect, but we can still
observe the effect of ring currents in large circuits in an ex-
ternal magnetic field.


Polarizabilities : In Table 8 we display the principal compo-
nents of the polarizability tensor and the isotropic polariza-
bility {a= (1/3)tr[a!


!
]} obtained from these at the HF/6-31G


and B3LYP/6-31G levels for the related geometries. For the
sake of structural insight we also provide at these levels of
theory the lowest vibrational frequencies.


Scheme 3. Transformations used during the calculation of superhomodesmotic stabilization energies.


Table 7. Isodesmic bond (IBSE)[a,b] , homodesmotic (HSE)[a,c] , and super-
homodesmotic (SSE)[a,d] stabilization energies for benzene (BZ), com-
pounds 31–6F, and [18]–[66]annulene.


Symmetry C[e] H[e] IBSE HSE SSE


BZ D6h 6 6 67.9 22.5 16.3
31 D6h 48 24 84.8 17.5 9.4
3F D6h 54 18 98.4 23.8 15.0
41 D6h 72 36 83.7 16.4 8.3
42 D6h 90 30 94.4 19.8 11.1
4F D6h 96 24 102.4 24.1 15.1
51 D6h 96 48 82.4 15.1 7.0
52 D6h 126 42 93.6 19.0 10.2
53 D6h 144 36 100.4 22.2 13.1
5F D6h 150 30 104.9 24.5 15.2
61 D6h 120 60 81.3 14.0 5.9
62/62b D6h/C6v 162 54 92.7 18.1 9.4
63/63b D6h/C6v 192 48 99.8 21.5 12.5
64/64b D6h/C6v 210 42 103.5 23.1 13.8
6F D6h 216 36 106.7 24.8 15.4
[18] D6h 18 18 45.6 0.2 �6.0
[30] D3h 30 30 48.1 2.6 �3.5
[30] D6h 30 30 48.1 2.6 �3.5
[42] D3h 42 42 49.0 3.6 �2.5
[42] D6h 42 42 48.8 3.4 �2.8
[54] D3h 54 54 49.6 4.2 �2.0
[54] D6h 54 54 49.2 3.8 �2.4
[66] D3h 66 66 50.0 3.6 �1.6
[66] D6h 66 66 49.5 4.1 �2.1


[a] Results of calculations at the B3LYP/6-31G level of theory, given in
kcalmol�1. All energy values were normalized to six carbon units.
[b] IBSE is the heat of the reaction shown in Equation (1). [c] HSE is the
heat of the reaction shown in Equation (2). [d] SSE is the heat of the
CaHb!(a�b)C+bCH reaction. See text for details. [e] The numbers of
carbon and hydrogen atoms are given in columns C and H.
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Electric polarizabilities are intrinsically size-extensive
properties, that is, they tend to scale proportionally with
system size when the system becomes large enough (note
that polarizabilities have the dimension of volume). There-
fore, to meaningfully compare the polarizabilities of systems
of different size, we focused on average ring values. The
average polarizabilities per benzenoid ring reported in
Table 8 were obtained by multiplying by six the computed
electronic polarizabilities and by dividing the obtained
result by the number of carbon atoms in the molecule of in-
terest. From Table 8, it is clear that the linear regime is
rather quickly reached for the out-of-plane (azz) component
of the polarizability tensor, which is quite naturally much
smaller than the in-plane components (axx=ayy). The latter
components, and therefore the isotropic polarizabilities,
tend overall to increase rapidly with system size. However,
in straightforward analogy with the observations made pre-
viously for the lowest excitation energies, HOMO–LUMO
gaps, and magnetic indices of aromaticity, these in-plane and
isotropic polarizabilities exhibit systematic and very signifi-
cant fluctuations. Running through the 31–41–51–61, 3F–42–
52–62, 4F–53–63, 5F–64 series, we note that, in all cases, the
average isotropic ring polarizability increases monotonically
with system size. It is clear that compounds as large as the
6l (l=1–4,F) ones are still too small to observe the linear
scaling in size that is normally expected for size-extensive
properties. Much larger structures will be necessary to
ensure such a scaling. It is also very apparent from Table 8
that the double-layered PAH doughnuts, in particular the
larger ones (52, 62), tend to display abnormally large polar-
izabilities, an observation which is clearly very reminiscent
of those made for the 1H NMR chemical shifts of these sys-
tems. The same observation also holds for compound 64.
With regards to the tremendously spectacular enhancement
of the in-plane and isotropic polarizabilities with system size


in the 3F–42–52–62 series, the
compounds in the latter study
appear to be particularly prom-
ising for applications in opto-
electronics and in the design of
organic materials with ex-
tremely high electrical conduc-
tivities. For instance, the polar-
izabilities per benzenoid unit
in the 52 species clearly exceed
those of the graphite sheet 5F.
At this stage, it is thus worth
making a comparison with the
polarizabilities of molecules
like naphthacene (tetracene),
perylene, and pentacene, these
three PAH compounds being
used nowadays for preparing
semiconducting organic thin
films suited to the making of
electronic devices.[103] At the
B3LYP/6-31G (HF/6-31G)


level of theory the values of the isotropic polarizability per
benzenoid ring in these three molecules are only 63.7 (65.7),
66.1 (60.0), and 75.9 (71.4) bohr3 per benzenoid ring, respec-
tively.
Uncorrelated theoretical models such as the HF/6-31G


level are not able to handle properly near-energy degenera-
cies in low band gap (metallic) systems. More specifically,
HF calculations on low band gap systems often lead to arti-
ficially too strong geometrical distortions from the most
symmetric point groups in order to prevent near-energy de-
generacies through an opening or increase of the HOMO–
LUMO gap. A classic example is that of the Peierls distor-
tions in one-dimensional low band gap systems,[104–106] in
straightforward analogy with the more familiar Jahn–Teller
distortions observed for the radical cations of molecules
with non-abelian symmetry point groups. In view of their
more pronounced metallic nature, it is therefore not a sur-
prise at all that, at such a level, all studied even-layered
hollow PAH compounds display one imaginary vibrational
frequency in their D6h symmetry point group. Thus, although
these are artefacts resulting from the neglect of electron cor-
relation, these imaginary frequencies indicating symmetry-
breakings relate to a smaller HF HOMO–LUMO gap. They
reflect therefore the more pronounced metallic nature of
the 42, 52, 62, and 64 species, a finding which corroborates
the observations made previously with polarizabilities and
NICS indices. Note that at the B3LYP/6-31G level com-
pound 64 still has one imaginary frequency under the con-
straint of the D6h symmetry point group.


Conclusion


We have systematically investigated a series of polycyclic ar-
omatic hydrocarbons (PAHs) with hollow sites and found


Table 8. Average ring polarizability for compounds 31–6F.


B3LYP/6-31G HF/6-31G
p electrons axx


[a] azz
[a] ISO[b] LOW[c] axx


[a] azz
[a] ISO[b] LOW[c]


31 48 110.1 15.5 78.6 33 92.6 15.3 66.8 35
3F 54 113.0 14.6 80.2 41 96.1 14.4 68.9 45
41 72 136.6 15.6 96.2 18 108.2 15.3 77.3 20
42 90 161.3 14.5 112.3 14 142.3 14.3 99.6 2515i
4F 96 137.2 14.0 96.2 24 112.1 13.8 79.3 26
51 96 165.5 15.7 115.5 11 122.9 15.4 87.1 11
52 126 223.2 14.5 153.6 4 202.9 14.3 140.1 5i
53 144 156.9 13.9 109.2 5 122.7 13.7 86.4 1
5F 150 163.4 13.6 113.5 16 129.5 13.4 90.8 18
61 120 195.5 15.7 135.5 8 135.6 15.4 95.5 6
62 162 298.6 14.5 203.9 5i 278.5 14.3 190.4 8i
62b 162 298.3 14.7 203.8 7 277.7 14.8 190.1 11
63 192 185.0 13.9 127.9 7i 139.1 13.7 97.3 10i
63b 192 184.5 14.2 127.7 10 138.4 14.2 97.0 12
64 210 211.1 13.5 145.2 5i 177.6 13.3 122.8 1641i
64b 210 211.0 13.6 145.2 6 177.1 13.5 122.6 1641i
6F 216 191.6 13.3 132.2 12 148.9 13.2 103.6 12


[a] axx and azz are the XX and ZZ components of the average ring polarizability tensor, given in bohr3. Note
that axx=ayy. [b] ISO is the isotropic average ring polarizability, given in bohr


3. [c] LOW is the lowest harmon-
ic vibrational frequency, given in cm�1.
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that in even-layered PAH doughnuts the internal cavities
are strongly aromatic in the magnetic sense, that is, are sub-
ject to significant screening of an external magnetic field by
the induction of particularly strong ring currents, in particu-
lar in the layer directly adjacent to the central hole of the
double-layered compounds, whereas odd-layered systems
are magnetically only moderately aromatic.
Our work nonetheless confirms the statistically multidi-


mensional nature of aromaticity and points out an inherent
dichotomy between the magnetic indices of aromaticity, on
the one hand, and those based on structural and energetic
criteria on the other hand. Indeed, rather than strictly re-
flecting aromaticity from a geometrical or stability point of
view, the abnormally large NMR chemical shifts we have
found for even-layered systems should rather be regarded in
this particular case as a consequence of the propensity of
these systems to undergo electronic excitations and thus as
markers of electronic conductivity in the metallic sense. In
line with this revision, even-layered doughnuts, in particular
the largest ones, were found to exhibit abnormally large po-
larizabilities. Also in line with a more pronounced metallic
nature and the fact therefore that the electron density in
such systems is naturally more prone to undergo symmetry-
breaking, the geometrical structure of these species system-
atically deviate from the D6h point group at the HF level.
Magnetically aromatic central holes in the PAHs investigat-
ed were shown by computations of aromatic stabilization en-
ergies to have no extra stabilization effect. On the contrary,
either aromatic or nonaromatic holes should by themselves
rather be regarded as local destabilizing defects in finite-
sized graphite sheets.
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A QM/MM Study of Cisplatin–DNA Oligonucleotides: From Simple Models
to Realistic Systems


Arturo Robertazzi and James A. Platts*[a]


Introduction


cis-Diamminodichloroplatinum(ii) (cis-[PtCl2 ACHTUNGTRENNUNG(NH3)2], cispla-
tin, or cis-DDP) is one of the most widely used anticancer
drugs and is particularly active in treating several different
tumours.[1,2] Despite its high activity, cisplatin has some criti-
cal drawbacks such as severe toxic side effects, inherent and
acquired resistance, and limited solubility in aqueous solu-
tion.[3] Research into new platinum drugs is therefore in-
tense, with improved efficiency and reduced toxicity the
main aims. Many platinum(ii) complexes have been synthe-
sized and tested as potential drugs, including numerous
direct analogues of the general form cis-[PtX2A2] as well as
platinum(iv) compounds,[4] and other “rule breakers”.[3]


However, only three more platinum drugs have been regis-
tered for clinical use, namely, oxaliplatin,[5] carboplatin,[6,7]


and nedaplatin.[8] The mechanism of anticancer action is
well-studied,[3,9–22] and DNA was identified as the main
target: after activation via hydrolysis,[23, 24] cisplatin forms bi-
functional inter- and intrastrand cross-link complexes, trig-
gering structural changes and preventing DNA transcription
activity and/or inducing recognition by damage-repair pro-
teins,[25] ultimately resulting in cell death through apoptosis,
necrosis or both.[26]


In recent years, theoretical approaches have increasingly
added insight into cisplatin:s chemistry, including its elec-
tronic structure,[27,28] hydrolysis,[27,29–31] structural properties
of DNA base–cisplatin complexes[27,32,33] and effect on DNA
base pairing.[34–36] For instance, Eriksson et al.[37] studied the
attack of activated cisplatin on DNA and showed that gua-
nine gives a lower barrier than adenine for both mono- and
bifunctional complexes. Leszczynski et al.[32] showed that the
expected G-Pt-G structure is indeed the most stable, along
with A-Pt-G. They also studied the effect of sugar-phosphate


Abstract: QM/MM calculations were
employed to investigate the role of hy-
drogen bonding and p stacking in sev-
eral single- and double-stranded cispla-
tin–DNA structures. Computed geo-
metrical parameters reproduce experi-
mental structures of cisplatin and its
complex with guanine–phosphate–gua-
nine. Following QM/MM optimisation,
single-point DFT calculations allowed
estimation of intermolecular forces
through atoms in molecules (AIM)
analysis. Binding energies of platinated
single-strand DNA qualitatively agree
with myriad experimental and theoreti-
cal studies showing that complexes of
guanine are stronger than those of ade-
nine. The topology of all studied com-
plexes confirms that platination strong-


ly affects the stability of both single-
and double-stranded DNAs: Pt�N�
H···X (X = N or O) interactions are
ubiquitous in these complexes and ac-
count for over 70% of all H-bonding
interactions. The p stacking is greatly
reduced by both mono- and bifunction-
al complexation: the former causes a
loss of about 3–4 kcalmol�1, whereas
the latter leads to more drastic disrup-
tion. The effect of platination on
Watson–Crick GC is similar to that
found in previous studies: major redis-


tribution of energy occurs, but the
overall stability is barely affected. The
BH&H/AMBER/AIM approach was
also used to study platination of a
double-stranded DNA octamer
d(CCTG*G*TCC)·d ACHTUNGTRENNUNG(GGACCAGG),
for which an experimental structure is
available. Comparison between theory
and experiment is satisfactory, and also
reproduces previous DFT-based studies
of analogous structures. The effect of
platination is similar to that seen in
model systems, although the effect on
GC pairing was more pronounced.
These calculations also reveal weaker,
secondary interactions of the form
Pt···O and Pt···N, detected in several
single- and double-stranded DNA.


Keywords: density functional
calculations · hydrogen bonds ·
oligonucleotides · platinum ·
stacking interactions
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conformation on cis-[PtACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG{1,2-d ACHTUNGTRENNUNG(BpB)}]
2+ (B = guanine


or adenine)[38] and found excellent agreement between
B3LYP and experimental structures. Carloni et al.[39] used
Car–Parrinello molecular dynamics (MD) to investigate
DNA–cisplatin interactions, and found close agreement be-
tween DFT and experiment, for example, in thermodynamic
aspects of cisplatin hydrolysis. Other studies suggest that al-
though severely distorted, the hydrogen-bond pattern in the
GC pair is essentially retained upon platination.[34–36]


Recently, we used DFT and atoms in molecules (AIM)
analysis to characterise the role of hydrogen bonding and
other intermolecular interactions in these processes.[40, 41]


Here we continue to develop this approach, studying both
single- and double-stranded di- and trinucleotides by hybrid
QM/MM calculations: the QM area was treated with the
BH&H[42] functional, which has been recently shown to re-
produce well the p-stacking geometries and energies of
more conventional post-HF methods. After establishing the
validity of this approach using small model systems, we go
on to examine platination of DNA duplexes, both in isola-
tion and within a model of octameric double helix, previous-
ly studied by NMR methods.[43]


Computational Details


All DFT calculations were performed with the Gaussian03 suite of pro-
grams.[44] Throughout this work, we made extensive use of Becke:s “half-
and-half” functional, BH&H,[42] as we have recently shown that this func-
tional, with polarised and diffuse basis sets, is able to reproduce results of
post-HF methods for several archetypal p-stacked complexes.[45] In this
work, the success of the BH&H functional is attributed to cancellation of
errors between Hartree–Fock (HF) and LDA exchange energies: none-
theless, it performed remarkably well in all cases tested. Comparison
against literature CCSD(T) binding energies for 10 complexes and MP2
values for 22 complexes, including stacked dimers of substituted benzenes
and pyridines and DNA bases, yielded average errors of less than
0.5 kcalmol�1 and a maximum error of less than 1 kcalmol�1. However,
despite this excellent performance for p stacking, it was found that
BH&H significantly overestimates the strength of the hydrogen bonds in
Watson–Crick GC and AT pairs, in common with many hybrid DFT
methods. For larger complexes, the ONIOM method[46–50] was used to
split the system into QM and MM regions, with nucleobases entirely
within the high-level layer, that is, BH&H/6-311++G ACHTUNGTRENNUNG(d,p) (for the Pt
atom the SDD[51] basis set and ECP was used), and sugar–phosphate
backbone treated using AMBER potentials.[52] To determine the wave-
function and carry out AIM analysis, subsequent single-point calculations
on the entire structure were performed using BH&H/6-311++G ACHTUNGTRENNUNG(d,p).


To quantify intermolecular interactions, as in our previous studies,[40,45]


topological analysis of computed electron densities 1 was performed
using the AIM2000 package.,[53,54, 55] This is based upon those critical
points (CPs) where the gradient of the density 51 vanishes. Such points
are classified by the curvature of the electron density, for example, bond
or (3,�1) CPs have one positive curvature (in the internuclear direction)
and two negative curvatures (perpendicular to the bond). Properties eval-
uated at such BCPs characterise the bonding interactions present,[56] and
have been widely used to study intermolecular interactions. Many studies
have demonstrated approximately linear relations between H-bond stabi-
lisation energy and both the increase in density at H···B BCP and the de-
crease at A�H for a wide range of A�H···B systems.[57,58] For instance, we
recently set out an AIM-based method for quantifying p-stacking interac-
tions,[45] in which the electron density collected between interacting mole-
cules �1p accurately describes the p-stacking energy. In all cases, the


energy from electron density properties corresponds to the BSSE-cor-
rected energy.[59] To check the effect of including the MM region in single
DFT calculations, we also performed single-point calculations on struc-
tures without the sugar-phosphate backbone, which was replaced by H
atoms: in all cases considered, identical topologies (i.e., number and type
of CPs) and almost identical electron densities (differences less than
0.0005 a.u.) were found.


Results and Discussion


Having established that the hybrid BH&H density function-
al can account for p-stacking interactions in model systems
of DNA,[45] it is important to test its performance for cispla-
tin and related structures before using it to analyse the ef-
fects of platination on p stacking. The optimised structure of
cisplatin obtained at the BH&H/6-311++G ACHTUNGTRENNUNG(d,p) ACHTUNGTRENNUNG(SDD) level
is reported in Table 1, along with experimental and various


theoretical values. In general, agreement is excellent with
both experimental values from solvent-free crystal[60] and
those from HF,[29] MP2,[29] and DFT,[61] with bond lengths
within about 0.05 S of experimental and similar bond angles
to all previous theoretical estimates.


In addition, comparison between optimised and X-ray[62]


data for cis-[Pt ACHTUNGTRENNUNG(NH3)2{dACHTUNGTRENNUNG(pGpG)}], where p indicates the
sugar-phosphate backbone of DNA, is excellent (see
Table 2). The reported crystal structure contains four inde-
pendent molecules in the unit cell, with estimated errors of
about 0.02 S and 0.58, and significant variation between
each molecule. Within these variations, calculated values are
close to experimental data: typically the discrepancy in Pt�


Table 1. Bond lengths and angles of cisplatin.


BH&H HF/6-31
G ACHTUNGTRENNUNG(d,p)[a]


MP2/6-31
G(d)[a]


BLYP[b] Exptl[c]


Pt�N [S] 2.058 2.139 2.090 2.065 2.01�0.04
Pt�Cl [S] 2.283 2.348 2.312 2.315 2.33�0.01
N-Pt�N [8] 97.9 95.0 96.5 98.0
N-Pt-Cl [8] 83.4 84.7 84.9 83.0
Cl-Pt-Cl [8] 95.2 95.6 93.8 95.5


[a] Hausheer et al.[29] [b] Carloni et al.[61] [c] In the solvent-free crystal.[60]


Table 2. Geometric features of cis-[Pt ACHTUNGTRENNUNG(NH3)2{d ACHTUNGTRENNUNG(pGpG)}].[a]


BH&H Exptl[b]


Pt�N1 [S] 2.030 2.050ACHTUNGTRENNUNG(0.036)
Pt�N2 [S] 2.032 2.055ACHTUNGTRENNUNG(0.045)
Pt�N7A [S] 2.032 1.968ACHTUNGTRENNUNG(0.055)
Pt�N7B [S] 2.031 2.015ACHTUNGTRENNUNG(0.063)
N7A-Pt-N1 [8] 88.5 89.6ACHTUNGTRENNUNG(1.3)
N7A-Pt-N2 [8] 177.0 176.8ACHTUNGTRENNUNG(2.5)
N7A-Pt-N7B [8] 91.0 88.3ACHTUNGTRENNUNG(2.2)
N1-Pt-N2 [8] 92.2 91.7ACHTUNGTRENNUNG(1.0)
N1-Pt-N7B [8] 176.7 175.9ACHTUNGTRENNUNG(2.5)
N2-Pt-N7B [8] 88.2 90.3ACHTUNGTRENNUNG(1.8)
Gua/Gua[c] [8] 78.0 81.2ACHTUNGTRENNUNG(4.3)


[a] See Figure 1a for labelling. [b] Average over four molecules reported
by Sherman et al.[62] sd in parentheses. [c] Dihedral angle between gua-
nine residues: see Orbell et al.[63] and Figure 1b.
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N bonds is around 0.02 S, and in bond and dihedral angles
about 1–28.


Table 3 reports binding energies for all studied mono- and
bifunctional complexes of cisplatin with single-stranded
DNA, along with bond lengths and electron densities of
platinum···base bonds (Pt�X, where X = N or O). As ex-
pected from many previous studies,[32, 64–66] guanine com-
plexes are more stable than adenine complexes. For in-
stance, cisGpGmono has the highest binding energy of all
monofunctional complexes, with cisplatin directly bound to
the nitrogen atom of one guanine residue. cisGpAmono, in
which the guanine molecule not directly bound to the metal
centre is substituted with adenine, has a binding energy


4 kcalmol�1 lower, as well as a slightly shorter, stronger Pt�
X bond (r=2.011 S, 1c=0.123 a.u.). Interestingly, AIM re-
veals a weak secondary interaction between Pt and N7 of
adenine, with 1c=0.009 a.u. (see below). The binding energy
for cisGpGpGmono (see Figure 2) is much larger than for the


dinucleotides, approximately 30 kcalmol�1 more than for
cisGpGmono. However, the Pt�NG bond is similar in distance
and density to those of platinated dinucleotides, and this
suggests that the extra binding energy may be mostly due to
electrostatic attraction between phosphate and platinum. As
above, AIM reveals a secondary interaction to N7 of G2,
with 1c=0.014 a.u. (see Figure 2b).


The binding energies of bifunctional adducts are more
than twice those of monofunctional complexes, due to the
+2 charge on these complexes. The trend observed for mon-
ofunctional complexes is preserved, with guanine complexes
more strongly bound than adenine complexes. In particular,
cisGpGbi is more than 25 kcalmol�1 more stable than cis-
ACHTUNGTRENNUNGGpAbi, a much larger difference than observed in the mono-
functional complexes above. The structure in which plati-
num is chelated by O and N of a single guanine residue has
similar stability to cisGpAbi, that is, considerably less than
the bifunctional adduct, in agreement with previous
work.[40,67,68] The trinucleotides show a similar trend, but
here the difference in binding energy between cisGpGpGbi


and cisGpApGbi is only 2 kcalmol�1. To rationalise these dif-
ferences, we turn to AIM analysis for decomposition into
covalent bonding, H-bonding and p-stacking effects.


Figure 1. a) Atom labelling in cis-[Pt ACHTUNGTRENNUNG(NH3)2{d ACHTUNGTRENNUNG(pGpG)}],[62] and b) dihe-
dral angles between guanine bases, in accord with Orbell:s convention.[63]


Table 3. Binding energies (BE) and bonding properties of platinated
ACHTUNGTRENNUNGadducts.


BE
[kcalmol�1]


r ACHTUNGTRENNUNG(Pt�X)
[S]


1cACHTUNGTRENNUNG(Pt�X)
ACHTUNGTRENNUNG[a.u.]


cisGpGmono 147.17 Pt�NG 2.022 0.119
cisGpAmono 143.45 Pt�NG 2.011 0.123


Pt···NA 3.421 0.009
cisApGmono 127.51 Pt�NA 2.100 0.113
cisGpGpGmono 174.40 Pt�NG 2.014 0.120


Pt···NG 3.149 0.014
cisGpGbi 312.43 Pt�NG 2.032 0.116


Pt�NG 2.032 0.117
cisGpAbi 285.22 Pt�NG 2.017 0.122


Pt�NA 2.012 0.124
cisGpGchel 284.57 Pt�NG 2.049 0.109


Pt-OG 2.111 0.084
cisGpGpGbi 397.96 Pt�NG 2.043 0.112


Pt�NG 2.009 0.123
cisGpApGbi 396.35 Pt�NG 2.029 0.117


Pt�NA 2.004 0.126


Figure 2. Optimised geometry of cisGpGpGmono showing a) distortion of
G···G interaction and b) electron densities at the P�-NG bond and Pt···N
secondary interaction.
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Table 4 compares H-bonding and p-stacking energies esti-
mated from AIM data between free and platinated di- and
trinucleotides. Clearly, H-bonding is prevalent in platinated
species, with strong interactions involving Pt�NH and Pt�Cl


groups as donors and acceptors. For instance, in cisGpGmono,
the energy due to these interactions is 21 kcalmol�1, and
only 2 kcalmol�1 comes from a single N�H···O H-bond be-
tween guanine and phosphate, that is, no interbase H-bonds
are detected here, unlike free oligonucleotides, for which
such interactions are significant. Similarly, for cisGpAmono


the H-bonding energy of Pt ligands is 15 kcalmol�1, less
than 5 kcalmol�1 of which comes from interbase H-bonding,
and for cisApGmono, 25 kcalmol�1 is due to cisplatin NH3 li-
gands. Thus, in these complexes most of the H-bond energy
(typically more than 70%) originates from the ammine li-
gands of cisplatin.


In contrast, platination reduces all p-stacking energies bar
one by 3–4 kcalmol�1, accompanied by substantial geometri-
cal distortion (Figures 2 and 3). It appears that strong Pt�
N�H···X (X=N, O) H-bonds cause the two purine residues
to point towards each other, and this leads to a loss of p-
stacking energy. Only in cisGpGmono is p stacking enhanced
by platination, from 2.42 to 5.25 kcalmol�1; however, this
may be due to the initial strong distortion of the structure of
free GpG and the low value of Ep in free GpG. In the trinu-
cleotide cisGpGpGmono (Figure 2) both G···G stacks are of
approximately equal energy, and sum to about 3 kcalmol�1


less than for the free complex.
When cisplatin binds to DNA, it is well known[9] that the


major products are 1,2-intrastrand G-Pt-G and A-Pt-G com-
plexes: Table 5 reports H-bonds and p-stacking energies of
these bifunctional adducts. cisGpGbi has two almost symmet-
ric Pt�N�H···O interactions with energies of 10 kcalmol�1


each (Figure 4a), whereas cisGpAbi (Figure 4b) has just one
such interaction with guanine, along with a much weaker
Pt�N�H···N contact with adenine. In the guanine chelate
complex cisGpGchel (Figure 4c), strong H-bonds between cis-
platin ammine ligands and O6/N7 of the uncoordinated gua-
nine residue lead to a high H-bond energy. Therefore, as for
monofunctional complexes, most H-bonding energy stems
from ammine ligands of cisplatin. In the trinucleotide com-
plexes, H-bonding energy is larger than in the free structure,
and again this comes mainly from cisplatin. For instance, in
cisGpGpGbi G3 interacts via Pt�N�H···O with cisplatin,
while Pt�N�H···O and N�H···N are found between cisplatin


and G1 (see Figure 4d). The importance of H-bonding in-
volving cisplatin over that between bases is also apparent in
the NH2 groups of guanine and adenine, which are signifi-
cantly less pyramidal than in optimisation of free DNA
(average sum of angles ca. 3508, cf. 3308 in free DNA).


It has been deduced from structural data, both experi-
mental and theoretical, that one of the main effects of plati-
nation is to disrupt p stacking between bases.[62, 69–74] The
topological data in Table 5 support this: in cisGpGbi,
cisGpGchel and cisGpGpGbi no BCPs corresponding to p


stacking are located between the platinated bases, and
hence Ep=0 in all these cases. In complexes involving ade-
nine, that is, cisGpAbi and cisGpApGbi, a solitary p-stacking
CP between G and A is located, corresponding to an energy


Table 4. H-bonding and p stacking of free and platinated oligonucleo-
ACHTUNGTRENNUNGtides [kcalmol�1].


Platinated Free
EHB


[a] Ep
[a] EHB


[a] Ep
[a]


cisGpGmono 23.22 5.25 20.00 2.42
cisGpAmono 20.83 3.00 9.75 5.90
cisApGmono 36.28 2.13 9.75 5.90
cisGpGpGmono 25.36 6.97


(3.18+3.79)[b]
20.70 9.70


[a] AIM estimated energy. [b] Contributions from G1···G2 and G2···G3 in
parentheses.


Figure 3. H-bonds in a) cisGpGmono and b) cisApGmono.


Table 5. H-bonding and p stacking of free and platinated oligonucleo-
ACHTUNGTRENNUNGtides [kcalmol�1].


Platinated Free
EHB


[a] Ep
[a] EHB


[a] Ep
[a]


cisGpGbi 21.16 0.00 20.00 2.42
cisGpAbi 12.92 1.25 9.75 5.90
cisGpGchel 23.88 0.00 20.00 2.42
cisGpGpGbi 28.81 5.04


(5.04+0.00)[b]
20.70 9.70


cisGpApGbi 26.18 5.94
(5.02+0.92)[b]


17.93 10.40


[a] AIM estimated energy. [b] Contributions from G1···G2 & G2···G3 for
cisGpGpGbi and G1···A2 & A2···G3 for cisGpApGbi in parentheses.
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contribution of just 1 kcalmol�1. In the two trinucleotides
considered, stacking between the unplatinated base and its
neighbour is hardly disrupted from that found in the free
structure, that is, 5 kcalmol�1 for G···G and 6 kcalmol�1 for
G···A. In this way, topological analysis by AIM is able to
quantify the disruption of intrastrand stacking, showing it to
be large in all cases and largest between guanine residues,
while interactions between the remaining bases are virtually
unchanged.


As well as affecting H-bonding and p stacking within
DNA strands, platination can also disrupt interactions be-


tween strands. To study this we
optimised mono- and bifunc-
tional and chelate GpG·CpC
complexes (see Figure 5), de-
noted cisGpG·CpCmono,
cisGpG·CpCbi and
cisGpG·CpCchel, respectively, as
well as one bifunctional plati-
nated GpA·CpT (denoted
cisGpA·CpTbi). Properties of
covalent Pt�N(O) bonds
follow the patterns outlined
above, though as in previous
work[40] the presence of cyto-
sine in the base pair leads to a
systematic strengthening of
these interactions. AIM analy-
sis reveals a number of secon-
dary interactions Pt···X (X=N,
O), detailed in Table 6. As in
single-stranded complexes,
these interactions are weak
with bond lengths longer than
3 S and 1c between 0.01 and
0.02 a.u., that is, around 1 S
longer and an order of magni-
tude weaker than the “direct”
interactions. Hydrogen bonds
within strands and involving
cisplatin are almost identical to
those in the single-stranded
complexes, and so no further
details are reported on these
interactions.


Stacking interactions in du-
plexes can be both intrastrand
(S) and interstrand (IS), in ad-
dition to the normal Watson–
Crick pairing of GC and AT.
In free GpG·CpC, these inter-
actions have been estimated
at GGS=7.06, CCS=3.79
and GCIS=2.28 kcalmol�1


(Table 6).[41] These values
change only slightly in
cisGpG·CpCmono, in which GGS


is reduced while CCS and GCIS are slightly enhanced. The
effect of platination is more pronounced for bifunctional
and chelating adducts: as expected, cisplatin heavily disrupts
p stacking between guanine residues, which is reduced by
about 70% from the original value. However, unlike in the
single-strand case, stacking energy in these complexes is
nonzero, and stacking CPs are found between guanine resi-
dues. This appears to be due to a “buffering” effect of the
three strong hydrogen bonds to cytosine, which together
with CCS interaction and the constraints of the second
strand backbone keep the guanine residues together more


Figure 4. Optimised geometries of a) cisGpGbi, b) cisApGbi, c) cisGpGchel, d) cisGpGpGbi and e) cisGpApGbi.
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than in the platinated single-strand complexes (cf. Table 5).
Similarly, the GAS intrastrand stacking energy in cisG-
pA·CpTbi (Figure 5d) is reduced by about 60%, from 5.22 to
2.15 kcalmol�1, while CTS is hardly changed. The effect of
platination on interstrand interactions is notable: distortion
of the duplex disrupts CAIS (ca. 2 kcalmol�1)[41] and induces
a new contact between T and G (TGIS=2.71 kcalmol�1).


As well as stacking interactions, platination is known to
affect Watson–Crick pairing between G & C and A & T.
Table 7 reports the electron density at the H-bond CP for
each interaction, which shows that platination weakens
H4···O6 but strengthens H1···N3 and H2···O2, such that the
overall electron density of the GC pair is hardly changed.
This pattern is almost symmetrical in the bifunctional com-
plex cisGpG·CpCbi, while in cisGpA·CpT, the H-bond in
which adenine acts as a proton donor (H6···O4) is considera-


bly stronger than in free AT, while where adenine is a
proton acceptor (H3···N1) the H-bond is weakened. In
cisGpG·CpCmono, interaction of the unplatinated guanine
residue with cytosine is barely affected by the presence of
cisplatin, but in cisGpG·CpCchel both GC pairs are affected,
to the extent that unplatinated GC is the weakest found in
this work.


To demonstrate what we believe to be the potential of the
BH&H/AMBER/AIM approach, and to provide a better
model of platination of DNA, we report some preliminary
calculations on larger scale complexes. Figure 6 shows the
QM/MM optimised geometry of a cisplatin adduct of the oc-
tamer duplex d(CCTG*G*TCC)·d ACHTUNGTRENNUNG(GGACCAGG),[43] (plati-
nated guanine residues indicated by *) solvated by about
400 H2O molecules. As shown in Figure 6, the QM region
includes four bases, that is, cisGpG·CpCbi and cisplatin,
while the remaining DNA bases, sugar-phosphate backbone
and water molecules were treated with AMBER. The exper-
imental NMR structure (PDB entry 1AU5)[43] was used as
the starting point for optimisation. The ability of AMBER


Figure 5. Optimised geometries of a) cisGpG·CpCmono, b) cisGpG·CpCbi,
c) cisGpG·CpCchel and d) cisGpA·CpTbi.


Table 7. Electron density [a.u.] of AT and GC pairs in platinated
duplexes.


H4···O6
ACHTUNGTRENNUNG(H3···N1)


H1···N3
ACHTUNGTRENNUNG(H6···O4)


H2···O2 �1CP


free GC 0.0520 0.0436 0.0365 0.132
free AT 0.0586 0.0285 0.087


cisGpG·CpCmono 0.0389[a] 0.0470 0.0506 0.137
0.0535 0.0418 0.0360 0.131


cisGpG·CpCbi 0.0377 0.0540 0.0407 0.132
0.0351 0.0457 0.0492 0.130


cisGpG·CpCchel 0.0260[a] 0.0607 0.0510 0.138
0.0380 0.0430 0.0457 0.128


cisGpA·CpTbi 0.0317 0.0478 0.0519 0.131
0.0504 0.0387 0.089


[a] For monofunctional and chelate complexes, the first row refers to
platinated GC pair.


Table 6. Interactions in platinated duplexes.


Pt�X EN�H···O


[kcalmol�1]
Ep


[kcalmol�1]
r [S] 1 [a.u.] GGS


ACHTUNGTRENNUNG(GAS)
[a]


CCS


ACHTUNGTRENNUNG(CTS)
[b]


GCIS


(CAIS, TGIS)
[c]


free GpG·CpC – – – 7.06 3.79 2.28
free GpA·CpT – – – 5.22 2.92 2.15


cisGpG·CpCmono 2.007 0.124 14.32 6.65 4.60 3.41
cisGpG·CpCbi 2.022 0.120 10.82 2.28 3.10 4.31


2.017 0.122
3.026[d] 0.017


cisGpG·CpCchel 2.060 0.107 13.80 2.08 4.97 3.02
2.080 0.093
3.028[d] 0.018


cisGpA·CpTbi
[e] 2.008 0.125 8.75 2.15 3.60 2.71


2.019 0.121


[a] GGS or GAS: purine intrastrand. [b] CCS or CTS: pyrimidine intrastrand. [c] GCIS


contacts in all GpG·CpC species, CAIS in free GpA·CpT, TGIS in cisGpA·CpTbi: inter-
strand. [d] Pt···O/N secondary interaction. [e] First row refers to Pt–G and second to
Pt–A.
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to reproduce DNA structures is well reported,[75] so our
focus here is on the QM region.


Table 8 and Figure 7 indicate general agreement between
optimised and NMR structures: bond lengths are slightly
overestimated in our calculations by between 0.02 and
0.06 S, while angles deviate by 2–88. The reproduction of
the dihedral angle between guanine residues and its change
from the model cisGpG complex (Table 2) supports our
choice of an ONIOM:BH&H/AMBER method. The RMS


deviation between calculated
and optimised Cartesian coor-
dinates is 2.12 S, which com-
pares reasonably well with the
values of 0.7–1.3 S quoted in
ref. [43] for differences be-
tween different refinements
against NMR data, albeit for
the entire octamer duplex
structure.


We then evaluated the topol-
ogy of electron density for
both the experimental (cisexptl)
and calculated (cisQM) geome-
tries of platinated GpG·CpC
within this octamer duplex. As
noted above, inclusion of the
MM region in these calcula-


tions makes essentially no difference in smaller duplexes, so
here the QM region was extracted from the overall struc-
ture, link atoms replaced with hydrogen and a single-point
DFT calculation carried out. Electron density at Pt�N
bonds is similar in both structures (0.118 and 0.123 a.u. in
calculated structure vs 0.127 and 0.133 a.u. from experimen-
tal structure). Moreover, both structures contain secondary
Pt···O interactions: two are present in the experimental
structure but just one in the optimised geometry. Despite
the similarity in geometries noted above, differences in the
electron density of intermolecular interactions are more ap-
parent: in the experimental geometry, just two CPs corre-
sponding to p stacking are found, along with the expected
three for each GC pair. In contrast, four stacking CPs are
found in the optimised geometry, as well as two Pt�N�H···O
H-bond CPs (Figure 8).


The energetic consequences of this topology, and of differ-
ences between experimental and theoretical structures, are
detailed in Table 9. Hydrogen bonds in the optimised struc-
ture contribute about 6–7 kcalmol�1 each to the stability of
the complex, a similar figure to that found in model com-
plexes. Stacking interactions between guanine residues is in
both cases limited to a single interaction, corresponding to
less than 2 kcalmol�1, whereas stacking between cytosine
residues is weaker than in smaller models, but slightly stron-
ger in the optimised structure. Interstrand interactions are
absent in the experimental structure and very weak in the
optimised one. Although the effect on GC pairing follows
the pattern established above, these effects are slightly more
pronounced here than in smaller oligonucleotides: for in-
stance H4···O6 bonds and H2···O2 are strongly perturbed by
between 30 and 50%, but the overall H-bond energy is re-
duced by only about 2 kcalmol�1 from its original value.


One can envisage two main reasons for the observed dif-
ferences between experimental and optimised geometries
and electron densities. Firstly, NMR structures are by defini-
tion averaged over many conformations, whereas the opti-
mised structure is a single static conformation that minimis-
es the potential energy of the overall structure. It is perhaps


Figure 6. Experimental a) and optimised b) geometries of cisplatin–DNA adduct.


Table 8. Geometric features of experimental and computed Pt coordina-
tion.[a]


BH&H Exptl[b]


Pt�N1 [S] 2.022 2.000
Pt�N2 [S] 2.030 1.987
Pt�N7A [S] 2.004 1.984
Pt�N7B [S] 2.026 1.963
N7A-Pt-N1 [8] 85.9 91.2
N7A-Pt-N2 [8] 172.8 177.6
N7A-Pt-N7B [8] 89.2 87.4
N1-Pt-N2 [8] 95.2 91.2
N1-Pt-N7B [8] 170.4 178.5
N2-Pt-N7B [8] 88.3 90.2
Gua/Gua[c] 60.3 58.0


[a] See Figure 1a for labelling. [b] NMR data from Reedijk et al.[43]


[c] See Orbell et al.[63] for convention of dihedral angles and Figure 1b.


Figure 7. Overlay of optimised (red) and experimental (blue) platinated
GpG·CpC.
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not surprising, therefore, that more intermolecular contacts
are seen in the optimised geometry, as they will certainly
lead to reduction in energy where they are compatible with
the demands of metal complexation and DNA backbone.
Secondly, however, it is known[45] that while BH&H per-
forms well for p-stacking interactions, it systematically over-
estimates the strength of hydrogen bonds. In the optimised
structure (Figure 8), ammine ligands have rotated relative to
guanine residues in order to maximise their hydrogen bond-
ing to guanine O6, which may be due to shortcomings in the
theoretical method or to differences between static and
averaged conformations. Nonetheless, we stress that the per-
formance of this approach is impressive given the difficulty


of simultaneous modelling of platination, hydrogen bonding
and p stacking.


Finally, throughout this work we have identified secon-
dary interactions such as Pt···O and Pt···N by AIM analysis.
Table 10 summarises all such interactions found and shows


that such contacts are always longer than 3 S and rather
weak, with 1c between 0.008 and 0.017 a.u., while no clear
difference between Pt···O and Pt···N interactions is appa-
rent. Thus, any contribution to the stability of complexes
will be small, but they might exert some influence on geom-
etry, since our data suggests that these interactions are di-
rected to the axial positions about platinum: such weak
axial interactions have been noted before.[31,76]


Conclusion


The combination of BH&H/6-311++G ACHTUNGTRENNUNG(d,p) and AIM analy-
sis has allowed us to investigate the role of covalent and in-
termolecular forces in cisplatin–DNA adducts. Comparison
with experimental geometries was found to be satisfactory
for both cisplatin itself and its complexes with guanine. The
interaction of cisplatin with single-strand DNA follows the
pattern established experimentally, that is, complexes to
guanine are more stable than those with adenine. Interac-
tions of cisplatin:s ammine and chloro ligands, which include
N�H···Cl, Pt�N�H···O and Pt�N�H···N, dominate H-bond
energies and contribute significantly to overall stabilisation.
Both mono- and bifunctional complexation induces strong
distortion: for instance, bifunctional cisplatin–DNA com-
plexes show major disruption of p stacking between the
bases bound to the metal. Complexes of cisplatin with DNA
duplexes were also studied in order to monitor the effect of
platination on both H-bonding and p stacking. Intramolecu-
lar H-bonds and covalent Pt�N bonds are close to those of
single-stranded complexes, and the effect on the GC
Watson–Crick pair is similar to that found in simple models
such as platinated GC pair: the pattern of stabilisation is al-
tered, but the overall stability of GC is virtually unchanged.


We have also presented data on a realistic model, namely,
the platinated octamer cis[d(CCTG*G*TCC)·
dACHTUNGTRENNUNG(GGACCAGG)], for which NMR structural data is availa-
ble. QM/MM calculations reproduced the experimental
structure at the platinated GpG·CpC core: the RMS devia-


Figure 8. Representation of intermolecular interactions found in a) exper-
imental and b) optimised geometry of platinated GpG·CpC from octamer
complex.


Table 9. Intermolecular topology and energy in experimental and theo-
retical octamer structures.


Exptl BH&H
CPs 1c E CPs 1c E


Pt–G – – – N�H···O 0.0309 7.65
N�H···O 0.0210 5.90


GGS O···O 0.0107 1.87 O···O 0.0061 1.08
CCS N···N 0.0074 1.30 N···N 0.0101 2.87


C···C 0.0064
GCIS – – – O···N 0.0071 1.23


Table 10. Secondary Pt···N(O) interactions in platinated oligonucleotides.


Pt···X
r [S] 1 [a.u.]


GpAmono Pt···N7 3.421 0.009
GpGpGbi Pt···O6 3.212 0.012
GpGpGmono Pt···N7 3.149 0.014
GpG·CpCbi Pt···O6 3.026 0.017
GpG·CpCchel Pt···N7 3.028 0.018
cisQM Pt···O6 3.042 0.017
cisexptl Pt···O6 3.311 0.010


Pt···O6 3.412 0.008
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tion between calculated and optimised Cartesian coordi-
nates is 2.12 S, with bond lengths and angles within 0.06 S
and 88 of experimental values, respectively. AIM analysis
shows that p-stacking interactions are seriously disrupted by
platination, being reduced by more than 80% compared to
unplatinated structures. The H-bonding pattern in the GC
pair is affected in a similar manner as in smaller oligonu-
cleotides, although the effect is more pronounced in the oc-
tamer structure. AIM reveals secondary Pt···O6 in both ex-
perimental and computed geometries; more studies are
needed to clarify any biological relevance of such interac-
tions.
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Synthesis of Size-Controlled Acid-Resistant Hybrid Calcium Carbonate
Microparticles as Templates for Fabricating “Micelles-Enhanced”
Polyelectrolyte Capsules by the LBL Technique
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Introduction


The deposition of polyelectrolyte multilayers has received
much attention since the layer-by-layer technique was intro-
duced by Decher in 1997.[1] Through application to the coat-
ing of colloidal particles and the subsequent dissolution of
the template, this procedure leads to the formation of
hollow microcapsules.[2] More attention has been paid to this
method due to its potential application in the fields of drug
delivery, biosensors, microreactors, and bioseparations.[3] A
wide variety of substrates with charged surfaces has been
used as templates for formation of multilayer capsules, such
as weakly cross-linked melamine formaldehyde (MF) latices,
organic and inorganic crystals, silica particles, polystyrene
latices, metal nanoparticles and nanorods, and biological


templates. Each of these has its own advantages and limita-
tions.[2a, 4]


It is commonly believed that perfect templates must fulfil
three requirements: stability in the layer-by-layer (LBL)
process, the condition of core disposal not affecting the
structure and stability of the multilayer, and no residue of
dissolved template.[5] In fact, the means of template decom-
position has an important effect on the properties of poly-
ACHTUNGTRENNUNGelectrolyte capsules. Organic templates of artificial poly-
mers, such as MF and polystyrene (PS), need harsh condi-
tions to remove the core, such as strong acids or organic sol-
vents. At the same time, it is difficult to completely dispose
of the core from the hollow capsules, due to interactions
with the capsule wall. Silica dioxide particles are a promis-
ing alternative as templates, as there is no swelling of the in-
tegrated capsules and no core residue within the capsules.
However, hydrofluoric acid is needed in the process of silica
dioxide particle dissolution. Recently, the use of inorganic
crystals, such as CdCO3, CaCO3, and MnCO3, has been re-
ported. These can be prepared with low distribution by
rather simple methods and serve as templates.[6] The core
can be disposed of under mild conditions and the products
can completely leave the capsule without problem. Hollow
capsules would be obtained. However, all of the available
templates served as a physical support only, and the struc-


Abstract: Size-controlled, low-dis-
persed calcium carbonate microparti-
cles were synthesized in the presence
of the amphiphilic block copolymer
polystyrene-b-poly(acrylic acid) (PS-b-
PAA) by modulating the concentration
of block copolymer in the reactive
system. This type of hybrid microparti-
cles have acid-resistant properties. By
investigating the aggregation behaviors
of PS-b-PAA micelles by transmission
electron microscopy (TEM), the mech-
anism of hybrid calcium carbonate for-


mation illustrated that the block co-
polymer served not only as “pseudonu-
clei” for the growth of calcium carbo-
nate nanocrystals, but also forms the
supramicelle congeries, a spherical
framework, as templates for calcium
carbonate nanocrystal growth into
hybrid CaCO3 particles. Moreover, this


pilot study shows that the hybrid mi-
croparticle is a novel candidate as a
template for fabricating multilayer
ACHTUNGTRENNUNGpolyelectrolyte capsules, in which the
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capsule interior after core removal
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ture of the resultant polyelectrolyte (PE) capsules wall is
loose and porous. In addition, the high permeability of the
polyelectrolyte shell, leading to the low encapsulation effi-
ciency and high speed of release,[7] made it difficult for these
hollow capsules to be used in practice. Efforts are being
made to find novel templates for desirable hollow cap-
ACHTUNGTRENNUNGsules.[5]


Many efforts have been made to synthesize hybrid organ-
ic–inorganic microparticles with controlled size distribution
and controlled morphology, due to their broad applications
in scientific and technological domains.[8] Some hybrid mi-
croparticles were synthesized in the presence of, for exam-
ple, linear amphiphilic polymeric additives or dendrimers.[9]


Properties, such as morphology, x-potential, and the crystal
type of the microparticles, are strongly affected by the or-
ganic additives. So far, more attention has been paid to
hybrid-complex preparation than to the potential applica-
tions of these hybrid complexes. Actually some of these mi-
croparticles, such as hybrid calcium carbonate, can serve as
templates for fabricating polyelectrolyte microcapsules by
the layer-by-layer technique. In contrast to conventional
templates, if these hybrid microparticles serve as templates
to fabricate polyelectrolyte capsules, the core cannot be
completely dissolved because of the large molecular weight
and/or charge properties of organic additives in the forma-
tion of the hybrid particles. If certain organic additives re-
tained inside the capsules interact with and reconstruct the
capsule wall, the structure of the conventional PE capsules
will be changed.


Here, we report a novel technique for the preparation of
size-controlled hybrid calcium carbonate microparticles in
the presence of polystyrene-b-poly(acrylic acid) (PS-b-
PAA), an amphiphilic block copolymer that can be used as
a template for fabricating polyelectrolyte capsules. PS-b-
PAA was selected to control the morphology and particle
size of the hybrid calcium carbonate complex. The negative-
ly charged microparticles with tunable diameters of 1–10 mm
were successfully prepared by simply modulating the con-
centration of PS-b-PAA in the reactive system. Interestingly,
this kind of hybrid microparticle exhibits acid-resistant prop-
erties, even in strong acid solution. We found that the mech-
anism of hybrid particle formation is responsible for the spe-
cial acid-resistant properties. In addition, we provide evi-
dence that these acid-resistant hybrid calcium carbonate mi-
croparticles can serve as templates to fabricate polyelectro-
lyte microcapsules by the LBL technique, and the templates
can be removed under soft conditions. A novel capsule en-
hanced by PS-b-PAA-based micelles was obtained.


Results and Discussion


Characterization of hybrid CaCO3 microparticles : Three
batches of microparticles were prepared (see Experimental
Section) and were named batches A, B, and C according to
the initial concentration of PS-b-PAA in the reaction
system; 0.24, 0.64, and 1.28 mm, respectively. The surface


morphology of these hybrid microparticles was examined by
scanning electron microscopy (SEM) (Figure 1a–c). These
hybrid particles have compact surfaces, in contrast to previ-


ous reports.[4a] The three batches examined (A, B, C) have
low size distribution, and whatever the size of the hybrid
particles, they have similar morphology. The coulter LS-230
laser particle-size analyzer was used to mea ACHTUNGTRENNUNGsure directly the
size and size distribution of the hybrid calcium carbonate
microparticles. The size measurements were consistent with
the SEM results. The size distribution of the three batches
A–C is low, the mean particle sizes are 8.29�0.51, 4.16�
0.39, and 1.78�0.37 mm, respectively, as shown in Figure 1d.


The thermogravimetric analysis (TGA) curve was used to
determine the content of block copolymer in the hybrid mi-
croparticles of batches A–C. These results indicate that
more than 10 % polymer (10, 12, and 15 % for A, B, and C,
respectively) was contained in the hybrid microparticles, as
shown in Figure 2a (the weight loss at temperatures lower
than 200 8C was thought to be due to the water content in
the hybrid microparticles). X-ray diffraction (XRD) was
used to determine the type of crystal-forming microparticles
before and after heating in a muffle furnace for 2 h (Fig-
ure 2b). It is clear that all the reflections can be readily in-
dexed to a pure calcite phase of CaCO3 conforming to a
space group of R3c (167) (JCPDS 851108). It is also appa-
rent that the type of CaCO3 nanocrystals forming micropar-
ticles before and after treatment is complete calcite.


By modulating the concentration in the initial reaction
system, hybrid calcium carbonate microparticles of different
sizes were formed by the procedure mentioned above. The
result of size measurement is shown in Figure 3. By consid-
ering the relationship between the particle size and the ini-


Figure 1. SEM images of hybrid calcium carbonate microparticles in the
presence of different initial concentrations of block copolymer PS-b-
PAA: a) 0.24 mm batch A (scale bar represents 10 mm), b) 0.64 mm batch
B (scale bar represents 5 mm), c) 1.28 mm batch C (scale bar represents
20 mm). d) Corresponding size distribution of the three batches.
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tial concentration of copolymer in the reaction system, it
could be concluded that as the PS-b-PAA concentration in-
creased, the size of hybrid calcium carbonate microparticles
obtained decreased. By altering the concentration of block
copolymer in the reaction system, the size of the hybrid cal-
cium carbonate microparticles ranging from 1–10 mm can be
modulated. Surprisingly, this kind of hybrid calcium carbo-
nate particles could not dissolve in an acidic aqueous solu-
tion, such as 0.1m hydrochloric or sulfuric acid, or even in
0.1m disodium-EDTA solution (pH�4.50, determined by
pH meter).


Acid-resistance analysis of hybrid microparticles : Three
samples (0.5 g each) of hybrid microparticles from batch A
(initial concentration of PS-b-PAA, 0.24 mm) were im-
mersed in 50 mL of 0.1m hydrochloric acid, sulfuric acid,
and disodium-EDTA solution, respectively, for one day.
Confocal laser scanning microscopy (CLSM) was used to
observe the morphology of the hybrid microparticles in the


different solutions. The images shown in Figure 4 suggest
that hybrid microparticles have acid-resistant properties.
Hybrid microparticles treated with hydrochloric acid and


disodium-EDTA solution have similar morphologies to un-
treated hybrid microparticles (Figure 4a, b, d). In contrast,
hybrid microparticles treated with sulfuric acid appeared dif-
ferent (Figure 4c). New needlelike substances appeared in
the sulfuric acid solution. In addition, the samples treated
with disodium-EDTA and sulfuric acid varied to some
extent, whereas samples treated with hydrochloric acid
changed little. X-ray diffraction (XRD) was used to analyze


Figure 2. a) TGA curves of calcium carbonate and hybrid calcium carbo-
nate microparticles in the presence of different initial PS-b-PAA concen-
trations: a) 0.24 mm batch A, b) 0.64 mm batch B, c) 1.28 mm batch C,
d) 0 mm. The PS-b-PAA content in batches A, B, and C is about 10, 12,
and 15 %, respectively. b) XRD patterns of batch A: lower trace, before
heating; upper trace, after heating for 2 h at 550 8C in a N2 atmosphere in
a muffle furnace.


Figure 3. Relationship between particle diameter and initial concentra-
tion of block copolymer PS-b-PAA in the reaction system.


Figure 4. CLSM images of hybrid microparticles of batch A (initial con-
centration of PS-b-PAA, 0.24 mm). a) untreated; b) treated with 0.1m
HCl; c) treated with 0.1m H2SO4; d) treated with 0.1m disodium-EDTA
solution. Treatment time was 24 h. Scale bars represent 5 mm.
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the crystal types (Figure S1). The crystal type of hybrid mi-
croparticles treated with hydrochloric acid and disodium-
EDTA was still calcite (Figure S1a, c), the same as that of
the untreated samples, whereas calcium sulfate crystals ap-
peared in the sample treated with sulfuric acid. FTIR spec-
tra showed that samples treated with hydrochloric acid and
disodium-EDTA have the same components (Figure S2a, b,
d), whereas calcium sulfate was detected in the sample treat-
ed with sulfuric acid (Figure S2c). The size and components
of the samples treated under different conditions remained
almost unchanged after one day (data not shown). Clearly,
hybrid microparticles have strongly acid-resistant properties
in contrast with pure calcium carbonate. By taking the
method of synthesis of hybrid particles into consideration,
the presence of block copolymer in the hybrid particles
should account for these special properties.


The mechanism of formation of hybrid CaCO3 particles : PS-
b-PAA is an amphiphilic copolymer that can form micelles
in aqueous solution if the concentration is above the critical
micelle concentration (CMC). In our initial reactive system,
the PS-b-PAA concentration is far above its CMC
(0.006 g L�1). In addition, the PAA segment of the block co-
polymer is in its ionized form in basic sodium carbonate so-
ACHTUNGTRENNUNGlution. This suggests that micelles with PS hydrophobic
cores and PAA hydrophilic shells assemble in these cases.
This type of micelle is dynamically stable in aqueous solu-
tion, due to the glass nature of the PS segment.[11] Further-
more, the individual micelle can form intermicellar aggre-
gates through the “bridge effect” of calcium ions, which has
been also reported by Eisenberg and co-workers.[11]


Transmission electron microscopy (TEM) was used to
study how the Ca2+ ions interact with the block-copolymer-
based micelles in basic aqueous solution, as shown in


Figure 5. These results indicate that Ca2+ ions can bridge
the micelle to form a copolymer/Ca2+ complex, a large, ir-
regular, networklike supramicelle congeries. Copolymer so-
ACHTUNGTRENNUNGlutions of 0.4, 0.6, 0.8, and 1 wt % were investigated by
TEM as well. The results are similar to that of 0.2 % copoly-
mer solution (data not shown).


Information about the influence of copolymer on the for-
mation of the hybrid calcium carbonate microparticles was
also provided by TEM. As shown in Figure 6, the morpholo-


gy of copolymer aggregates changed as the amount of co-
polymer introduced into the reaction system gradually in-
creased. The morphology of the sample without calcium
chloride (Figure 6a) differs from the morphology of the
sample with 5 mL calcium chloride (Figure 6b). Ca2+ ions
worked not only as precipitator to produce CaCO3 crystals,
but also as bridging agent to form micelle congeries, due to
the interaction of Ca2+ ions with carboxylic acid groups in
the PAA segments. As for the sample with 15 mL calcium
chloride, an interesting phenomenon was found, as shown in
Figure 6c. The copolymer formed a spherical-shaped net-
work. The inset image in Figure 6c clearly indicates that cal-


Figure 5. TEM images of the morphology of block copolymer aggregates
in 500 mL PS-b-PAA copolymer solution (block copolymer concentration
0.2% (w/w), copolymer was dissolved in 1 % (wt %) ammonia). a) In the
presence of 5 mL 1 mm CaCl2 solution. b) No CaCl2 solution.


Figure 6. TEM images of the morphology of block copolymer aggregates
in 500 mL block copolymer Na2CO3 solution (block copolymer concentra-
tion 0.8 mm, concentration of sodium carbonate 0.2 mm). a) No CaCl2 so-
ACHTUNGTRENNUNGlution. b) In the presence of 5 mL CaCl2 solution. c) In the presence of
15 mL CaCl2 solution, low-magnification image in inset. d) In the pres-
ence of 30 mL CaCl2 solution, low-magnification image in inset.
e) Sample (c) aged for two weeks. f) Sample (d) aged for two weeks.
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cium carbonate nanocrystals grow in the network (indicated
by the arrow). The case of the sample with 30 mL calcium
chloride is similar to that of the sample with 15 mL calcium
chloride, although the amount of calcium carbonate in the
network was more than that of the sample with 15 mL calci-
um chloride (Figure 6d). These results suggest that PS-b-
PAA formed supramicelle congeries, spherical-shaped net-
works in the presence of Ca2+ ions, in which calcium carbo-
nate nanocrystals grow. TEM images of specimens kept at
4 8C for two weeks indicate that the structure of the spheri-
cal-shaped network is fairly stable (Figure 6e, f). In consider-
ing 10–15 % copolymer content in the hybrid microparticles,
it is speculated that block-copolymer-based micelles work as
“pseudonuclei” for the formation of calcium carbonate
nanocrystals nuclei, and also that the supramicelle congeries
can form spherical frameworks for CaCO3 nanocrystals
growth. The nanocrystals linked with one another in this
kind of network eventually led to the formation of hybrid
microparticles. This process is similar to the synthesis of cal-
cium carbonate in hard tissues of organisms—the inorganic
crystals grow directionally in the organic templates, and the
organic content in the product is much lower than the inor-
ganic content.[12]


Microspheres from batch A (initial concentration of PS-b-
PAA, 0.24 mm) were calcined in a muffle furnace at 550 8C,
at which the weight of the organic composition was lost
completely, as shown in the TGA curve (Figure 2a). As the
temperature increased to 550 8C at 10 8C min�1 under the N2


atmosphere, the block copolymer was completely removed
from the hybrid particles. After 20 and 60 min, some of mi-
croparticles were removed for SEM investigation. As shown
in Figure 7, the morphology of the specimen heated for
20 min was different to that of the unheated sample (Fig-
ure 7a). After 60 min, the morphology of the specimen
changed further. The surface of the microparticles reveals
many holes (Figure 7b). Inside the microparticles, many
pieces of calcium carbonate nanocrystals were stacked into
a microsphere (Figure 7c). If heated for more than 4 h, the
microspheres lost its spherical shape and broke into several
pieces. Furthermore, the heated particles were soluble in
acidic solution. This result suggested that the PS-b-PAA
block copolymer acts as a framework in the formation of


hybrid calcium carbonate microparticles. Additionally, the
block copolymer in hybrid microparticles is responsible for
the acid-resistant properties of the hybrid microparticles.


The process of preparing hybrid microparticles is illustrat-
ed in Scheme 1. Firstly, the block copolymer is dissolved in


sodium carbonate solution to form micelles (1), then the mi-
celles interact with Ca2+ ions to form micelle/Ca2+ conger-
ies—the spherical-shaped network (2). These supramicelle
congeries are stable and can be isolated in aqueous solution,
unlike conventional micelles, due to two reasons: one is the
glassy state of the PS chains at the reaction temperature,[11]


the other is the bridging effect of the Ca2+ ions between dif-
ferent carboxylic groups of the PAA chains. The concentra-
tion of carboxylic groups inside the spherical-shaped micelle


Figure 7. a) SEM image of hybrid calcium carbonate microparticles heated at 10 8C per minute to 550 8C and calcined at 550 8C in N2 atmosphere for
20 min. b,c) SEM images of the surface and section, respectively, of hybrid calcium carbonate microparticles treated for 60 min. Scale bars represent
5 mm.


Scheme 1. Preparation of hybrid calcium carbonate microparticles in the
presence of PS-b-PAA block copolymer. 1) Formation of PS-b-PAA-
based micelles; 2) formation of supramicelle congeries; 3) PS-b-PAA-
based micelle congeries not only as “pseudonuclei” to produce calcium
carbonate nanocrystals, but also as templates to control calcium carbo-
nate nanocrystal growth inside the network; 4) formation of hybrid calci-
um carbonate.
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congeries is much higher than that in the bulk of the reac-
tion system. In addition, these micelle congeries have a huge
surface area.[13] According to molecular-reaction dynam-
ics,[14] the odds of interaction of Ca2+ ions with carboxylic
groups in PAA are much greater than those for the interac-
tion with carbonate in the bulk of system. As a result, the
concentration of Ca2+ inside the congeries is much higher
than that in the bulk solution. Thus, carbonate ions enter
the interior of the supramicelle congeries, replacing the car-
boxylic group combined with Ca2+ ions to produce calcium
carbonate. Nuclei of calcium carbonate are produced on the
surface of the micelles in a particular direction. Once calci-
um carbonate crystal nuclei are formed, the micelles around
the crystal in the spherical framework will interact with
them in other directions and limit anisotropic crystal
growth. As a result, many nanocrystal nuclei enwrapped by
micelles grow within the congeries (step 3, Scheme 1). Final-
ly, CaCO3 nanocrystals form a hybrid calcium carbonate mi-
crosphere through a micelle–Ca2+ linkage (step 4,
Scheme 1). The process is shown as the following reactive
equations:


CO3
2� þ H2O Ð HCO3


� þ OH� ð1Þ


�COOH þ OH� Ð �COO� þ H2O ð2Þ


Ca2þ þ �COO� (�+ �COOCaOOC� ð3Þ


�COOCaOOC� þ CO3
2� (�+ CaCO3 # þ �COO� ð4Þ


Clearly, PS-b-PAA-based micelle congeries serve not only
as “pseudonuclei” to produce calcium carbonate nanocrys-
tals, but also as templates to control calcium carbonate
nanocrystal growth inside the network. Furthermore, the z-
potential of the hybrid microparticles suggested highly nega-
tively charged surfaces (Figure 8), which is different from
that of pure calcium carbonate microparticles.[4d, 6a] The PS-
b-PAA-coated crystal surface is responsible for this result.


According to the formation mechanism, the micelle/Ca2+


complex should be responsible for acid-resistant properties.
The results of the acid-resistance studies mentioned above
confirm that the morphologies of hybrid particles treated
with different solutions retained
their spherical shape, although
some of the CaCO3 crystals of
the microparticles dissolved in
acidic solution. Presumably, the
CaCO3 nanocrystals within the
hybrid-microparticle surface
dissolved in acidic solution, and
subsequently an organic layer
was formed by the deposition
of PS-b-PAA micelle/Ca2+ com-
plexes on the hybrid micropar-
ticles provided a physical barri-
er to prevent further dissolution
of remaining CaCO3 crystals.


Further research of this acid-resistant mechanism is under-
way and will be reported in near future.


Fabrication multilayers on hybrid CaCO3 particles : The sur-
face potential of the hybrid particles is highly negatively
charged (Figure 8). The first deposition layer is positively
charged poly(allylamine hydrochloride) (PAH), and then
negatively charged poly(styrene sulfonate sodium salt)
(PSS) is deposited as a secondary layer. The z-potential
curve changes upon the deposition of each layer of PAH/
PSS pairs, indicating the successful layer-by-layer assembly
of polyelectrolyte multilayers onto hybrid microparticles
(Figure 8). After deposition of the desired number of (PAH/
PSS) layers, the cores were removed. As described above,
these hybrid cores cannot dissolve in acidic aqueous solu-
tions, such as hydrochloric acid or even disodium-EDTA
solution, due to their special formation mechanism. Howev-
er, trisodium-EDTA solution (pH 7.28) can be used to
remove the core, and polyelectrolyte capsules were obtained
accordingly.


These polyelectrolyte capsules (PAH labeled with fluores-
cein isothiocyanate (FITC)) of the three batches A–C were


Figure 8. z-potential as a function of layer number for hybrid particles
coated with alternately PAH (odd) and PSS (even) as the outer layer
(PAH and PSS solutions 2 mg mL�1, deposition time 10 min, 200 mL re-
moved for z-potential detection). The lines are to guide the eye and have
no physical meaning. -&- x-potential line of batch A; -*- x-potential line
of batch B; -~- x-potential line of batch C.


Figure 9. CLSM images of (PAH/PSS)6 capsules on different hybrid particles. a) batch A, b) batch B, c) batch
C. The images of batches A and B were collected by using a 40Q objective, and the image of batch C was col-
lected by using a 100 Q oil-immersion objective. PAH was labeled with FITC.
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viewed by confocal microscopy. As shown in Figure 9, all
three batches show low size distribution, efficiency of cap-
ACHTUNGTRENNUNGsule formation, and integrity of microcapsules with nano-


scale walls. SEM was employed to investigate the morpholo-
gy of the dried hollow capsules, as shown in Figure 10.
Images of the pure CaCO3 capsules of six bilayers of (PSS/
PAH)6 have been reported to show a very porous network.[4-


d,6a] This is in contrast to the images of the hybrid CaCO3


capsules of six (PAH/PSS)6 bilayers (Figure 10a, c). The
structure of the capsule wall is different from that of the
pure CaCO3 cap ACHTUNGTRENNUNGsule wall.


Structure of the novel PE capsules containing micelles: The
particular structure of the hybrid capsules derived from the
block copolymer PS-b-PAA was retained inside the capsules.
Field-emission scanning-electron microscopy (FESEM) with
elemental analysis using energy-dispersive X-ray spectrosco-
py (GENENIS4000, EDAX) was used to investigate the fine
structure of the hybrid polyelectrolyte capsules of batch A
(initial concentration of PS-b-PAA, 0.24 mm, Figure 11).
FESEM-EDX was used to detect the presence of calcium
after the dissolution of the cores (Figure 11, top). Clearly,
the presence of calcium is not detectable by EDX, as shown
in the inset of Figure 11 (top). This indicates successful re-
moval of the inorganic component in the hybrid templates
(the detection limit of calcium ions for EDAX is 0.1 wt %).
Figure 11 (bottom), also revealed that the wall of the hybrid
polyelectrolyte capsule was a compact and thick membrane,
in contrast to the porous network of polyelectrolyte capsules
based on pure CaCO3 particles reported previously. Addi-
tionally, there are many tiny protuberances on the surface of
the capsules. It seems that many nanoparticles with a size of
about 100 nm are inside the capsule.


As presented in Figure 12, the thickness of the hybrid
ACHTUNGTRENNUNGpolyelectrolyte capsule wall was 110�20 nm (Figure 12,
top). The thickness of each bilayer of the microcapsule has
been reported to be about 5 nm.[15] The wall of the hybrid
cap ACHTUNGTRENNUNGsules is much thicker than that of the conventional poly-
ACHTUNGTRENNUNGelectrolyte capsules with the same six deposition layers


ACHTUNGTRENNUNG(�30 nm). Clearly, the block copolymer PS-b-PAA was left
inside the capsule interior. By considering all of these results
together, it is presumed that the block copolymer PS-b-PAA


retained inside the capsule inte-
rior is in the form of micelles
and/or micelle/Ca2+ complexes.


Further study revealed that
the PS-b-PAA-based negatively
charged micelles can interact
with the PAH layer (Figure 13).
It is likely that some or all of
the PS-b-PAA-based micelles
were involved in the formation
of the capsule wall, leading to a
thick and compact “micelles-en-
hanced” hybrid capsule wall. In
addition, it has been verified
that PS-b-PAA micelles can be
stabilized and isolated in water


in the presence of Ca2+ ions, forming supramicelle aggre-
gates.[11] As a result, many negatively charged micelles re-
tained inside the capsule produced a excess negative surface
inside the polyelectrolyte capsule, which inevitably has a
great effect on the encapsulation behaviors and release be-
haviors of this kind of cap ACHTUNGTRENNUNGsule. The process of preparing mi-
celles-enhanced capsules is detailed in Scheme 2. PE cap-


Figure 10. SEM images of (PAH/PSS)6 capsules on different hybrid particles. Higher-magnification images are
shown in the insets. a) Batch A: scale bar in main picture represents 20 mm; in inset, 5 mm. b) Batch B: scale
bar in main picture represents 10 mm; in inset, 2 mm. c) Batch C: scale bar in main picture represents 5 mm; in
inset, 2 mm.


Figure 11. Top: FESEM-EDX analysis of collapsed hollow PE (PAH/
PSS)6 microcapsule samples on an alloy (Cu and Zn) platform. The inset
shows EDX analysis of calcium ions. Bottom: FESEM image of some in-
dividual capsules. A low-magnification images is shown in inset, samples
on mica. The templates for fabricating the capsules are from batch A.
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ACHTUNGTRENNUNGsules were fabricated on the hybrid templates (Scheme 2a),
templates were decomposed in trisodium-EDTA solution
(b), and micelles-enhanced capsules were obtained (c).


Conclusion


Low dispersed hybrid CaCO3 microparticles were synthe-
sized in the presence of block copolymer PS-b-PAA. By
modulating the concentration of block copolymer in the ini-
tial reaction system, the size of the hybrid microparticles
can be easily controlled. Study of the mechanism of hybrid-
particle formation revealed the acid-resistant properties of
the hybrid microparticles. In addition, by adopting hybrid
CaCO3 microparticles as functional templates to fabricate
PE capsules by the LBL technique, novel “micelles-en-
hanced” PE capsules were obtained. The permeability of
the hybrid capsule wall should change as the capsule wall is
reconstructed by negatively charged PS-b-PAA-based mi-
celles. In addition, the presence of many stable and isolated
micelles and/or micelle congeries leads to a huge negatively
charged surface inside the capsule. All these factors inevita-
bly have a great effect on the physicochemical properties of
PE capsules, such as stability, encapsulation, and release be-
haviors for guest molecules. In contrast to conventional tem-
plates, this kind of template not only served as a physical
support, but also afforded special properties to PE capsules.
Consequently, the structure and properties of PE capsules
can be tailored by designing different functional templates.
We are continuing our studies of the encapsulation and re-
lease behaviors of these novel hybrid capsules.


Experimental Section


Materials : Amphiphilic block copolymer polystyrene-b-poly(acrylic acid)
(PS-b-PAA) (Mw=12500, molar ratio of PS:PAA was approximately 2.0)
was obtained from Rohm and Hass. Poly(sodium styrenesulfonate) (PSS)
(Mw=70 kD) and poly(allylamine hydrochloride) (PAH) (Mw=70 kD)
were from Aldrich. FITC was purchased from Sigma. All other reagents
were commercially available and were used as received.


Microparticle preparation : Preparation of hybrid calcium carbonate mi-
croparticles in the presence of block copolymer PS-b-PAA was per-
formed according to the following method. Different amounts of PS-b-
PAA were dissolved in 0.2m sodium carbonate. CaCl2 solution (2.0m) was
introduced to form a supersaturated calcium carbonate solution. The
molar ratio of Na2CO3 to CaCl2 was about 1:1. The progress of the reac-
tion was inspected by optical microscopy. The reaction was ceased after
30 min at RT. The precipitate was rinsed thoroughly with deionized (DI)
water by using the membrane filtration technique (0.8 mm membrane),
then dried in a blowing oven at 50 8C, and eventually collected for test-
ing. According to the initial concentration of PS-b-PAA in the reaction
system (0.24, 0.64, 1.28 mm), the precipitate was called batch A, batch B,
and batch C.


Fabrication of PSS/PAA multilayers on hybrid CaCO3 templates : PAH
and PSS were absorbed onto hybrid CaCO3 microparticles from
2 mg mL�1 polyelectrolyte solutions in 0.5m NaCl, the first layer being
PAH. After 10 min of adsorption, the coating cores were centrifuged and
rinsed three times with DI water. The oppositely charged polyelectrolyte
was then added. Each adsorption step was followed by triple rinsing with
DI water. After the adsorption of 12 layers, the hybrid cores were dis-


Figure 12. Top: AFM image of (PAH/PSS)6 capsule from batch A.
Bottom: thickness of the capsule wall (DH=DZ/2 nm). The templates
for fabricating the capsules are from batch A.


Figure 13. UV/Vis absorption spectra of (PAH/PSS)1–5 multilayers and
{(PAH/PSS)5/PAH}/micelles formed by block copolymer on silica slides.
a) One bilayer, b) two bilayers, c) three bilayers, d) four bilayers, e) five
bilayers, f) {(PAH/PSS)5/PAH}/PS-b-PAA.


Scheme 2. Spontaneous-deposition mechanism based on the formation of
the supramicelle congeries network during the core-dissolution process:
a) polyelectrolyte-coated hybrid microparticles; b) core dissolution;
c) formation of “micelles-enhanced” polyelectrolyte capsules.
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solved in trisodium-EDTA (pH 7.28, determined by pH meter) for
30 min with agitation. The capsules were centrifuged, and the supernatant
was removed. The capsules were resuspended in fresh trisodium-EDTA.
This washing procedure with trisodium-EDTA was repeated eight times;
the resultant suspension of the formed microcapsules was washed four
times with DI water and stored in the centrifuge tubes. For CLSM obser-
vation, microcapsules with fluorescently labeled walls were fabricated by
using PAH—FITC, according to the same procedure.


Interaction between PS-b-PAA micelles and PAH layers : Hybrid CaCO3


templates were dissolved in 1% trisodium-EDTA solution to give a solu-
tion mixture. Up to 11 layers of {(PAH/PSS)5PAH} were autoassembled
onto the silica slides (pretreated with a mixture of H2SO4/H2O2 (7:3) for
2 h). The silica slides were then immersed into the solution mixture for
30 min, rinsed with DI water three times, and dried at RT. The six slides
of even numbers of layers were mounted in the UV/Vis spectrometer
sample holder and absorption spectra were registered, as shown in
Figure 13, by using an uncoated slide as a reference. Absorption of the
slide with the sixth bilayer is stronger than that of the slide with the fifth
bilayer. The results suggest that the block-copolymer micelles can inter-
act with PAH to form polyelectrolyte complexes.


Measurements : The critical micelle concentration (CMC) of PS-b-PAA
was determined by using a fluorescence technique with pyrene as the
probe.[10] Briefly, a known amount of pyrene in acetone was added to
each of a series of 10-mL vials and the acetone was evaporated. The final
concentration of pyrene was 6.0Q 10�7


m. A total of 10 mL of various con-
centrations of copolymer in 0.1m Na2CO3 were added to each vial and
then heated at 50 8C for 10 h to equilibrate the pyrene and the micelles,
and left to cool for 10 h at RT. Steady-state fluorescence spectra were
measured by using an F-4500 fluorescence spectrophotometer (Hitachi
High-Technologies Corp., Tokyo, Japan) with a slit width of 2.5 nm for
both excitation and emission. For the fluorescence measurements, 1 mL
of solution was placed in a 1.0-cm quartz cell. All spectra were run on
air-equilibrated solutions. For excitation spectra, the emission wavelength
was 390 nm. Spectra were accumulated with a scan speed of
240 nm min�1. All experiments were carried out at 25 8C. The CMC was
obtained from a plot of the concentration dependence of the I338/I333


ratios. It was identified as the polymer concentration that intersected
with a straight horizontal line drawn through the steepest part of the
curve. The CMC obtained was approximately 0.006 gL�1.


After the microparticles were dispersed in aqueous solution, particle size
and size distribution were determined by using a coulter LS-230 laser
particle-size analyzer (Miami, America). Dried microparticles samples
were mounted on metal stubs by using double-sided adhesive tape. SEM
was carried out by using a Stereoscan 260 (Cambridge, England) after a
gold–palladium layer was sputtered by an E-1020 ion sputter for 120 s.
TGA was conducted by using a TA Instrument SDT 2960. Samples were
heated at 10 8C min�1 from RT to 1000 8C in a dynamic nitrogen atmos-
phere (flow rate=70 mL min�1). X-ray diffraction measurements were
carried out by using a D/Max-2550 X-ray diffractometer, using Ni-filtered
CuKa radiation (40 KV, 300 mA). Powder samples were mounted on a
sample holder and were scanned in 0.028 steps from 5–908 (in 2q) with
0.5 s per step. Transmission electron microscopy (TEM) was performed
by using a JEM 1230 microscope operating at an acceleration voltage of
80 kV. Samples were deposited from aqueous solutions onto copper EM
grids precoated with a thin film of Formvar. Water was allowed to evapo-
rate from the grids at atmospheric pressure and RT. Confocal laser fluo-
rescence micrographs (CLSM) were collected by using a Zeiss laser scan-
ning system equipped with a 100 Q oil immersion and a 40 Q objective.
Scanning force microscopy (SFM) images were recorded in air at 20–
25 8C by using a Nanoscope III multimode scanning force microscope
(tapping mode, Digital Instruments, Santa Barbara, CA). The samples
were prepared by applying a drop of the capsule solution onto freshly
cleaved mica.
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Introduction


The base-catalyzed acylation of alcohols and amines through
reaction with anhydrides plays an important role in the pro-
tecting-group chemistry[1] and the kinetic resolution (KR) of
these substrates.[2] In both areas the use of sterically hin-
dered anhydrides enjoys widespread application, usually for
the sake of reduced reactivity (of the acylation product) or
enhanced selectivity (of the acylation process). This type of
acylation reaction can be catalyzed efficiently with basic cat-
alysts based on the pyridine[3–5] or imidazole[6–8] motif, but
tertiary alkyl amines[9] or phosphines[10] have also been used
successfully. In many cases the catalysts are derivatives of 4-


(N,N-dimethylamino)pyridine (1, DMAP), whose catalytic
potential is exploited widely in acyl- and other group-trans-
fer reactions.[11–22] In situ regeneration of these basic cata-
lysts is typically achieved through addition of a cheap auxili-
ary base, such as triethyl amine (2). The reaction works par-
ticularly well in apolar organic solvents[5a, g] and the overall
reaction can thus be described as shown in Scheme 1.


In a recent mechanistic study[23] of the DMAP-catalyzed
acetylation of cyclohexanol (R=cyclohexyl, R’=methyl) it
was shown that the catalyzed process depicted in Scheme 1


Abstract: The kinetics of the reaction
of several alcohols (benzyl alcohol,
ethanol, 1-phenylethanol, cyclohexanol,
and 1-methyl-1-phenylethanol) with a
selection of anhydrides (acetic anyhy-
dride, propionic anhydride, isobutyric
anhydride, isovaleric anhydride, and
pivalic anhydride) as catalyzed by 4-
(N,N-dimethylamino)pyridine
(DMAP)/triethyl amine have been
studied in CH2Cl2 at 20 8C. In all cases
the reaction kinetics can be described
by rate laws containing a DMAP-cata-
lyzed term and an uncatalyzed (back-
ground) term. The rate constants for
the background reaction respond sensi-


tively to changes in the steric demand
of the alcohol and the anhydride sub-
strates, making the reaction of cyclo-
hexanol with acetic anhydride 526
times faster than the reaction with piv-
alic anhydride. Steric effects are even
larger for the catalyzed reaction and
the reactivity difference between acetic
and pivalic anhydride exceeds a factor
of 8000 for the reaction of cyclohexa-


nol. There is, however, no linear corre-
lation between the steric effects on the
catalyzed and the uncatalyzed part. As
a consequence there are substrate com-
binations with dominating catalytic
terms (such as the reaction of benzyl
alcohol with isobutyric anhydride),
while other substrate combinations
(such as the reaction of cyclohexanol
with pivalic anhydride) are character-
ized through a dominating background
process. The implications of these find-
ings for the kinetic resolution of alco-
hols are discussed.


Keywords: acylation · density
functional calculations · DMAP ·
kinetics · nucleophilic catalysis ·
substituent effects
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is accompanied by a parallel, uncatalyzed pathway. This is
reflected in the rate Equation (1) through the presence of
two separate terms:


r ¼ k2½R�OH�½ðR0COÞ2O� þ k3½R�OH�½ðR0COÞ2O�½DMAP�
ð1Þ


The uncatalyzed (background) process is characterized
through rate constant k2 and the catalyzed term through
rate constant k3. At millimolar concentrations of the DMAP
catalyst the rate of the catalyzed process was found to pro-
ceed approximately ten times faster than the background
process. Little is known about the influence of the steric
bulk of substituents R and R’ on the rate constants k2 and k3


(and thus on the ratio of the uncatalyzed and the catalyzed
processes). This information is, however, highly relevant for
the rationalization of results obtained in the kinetic resolu-
tion (KR) of alcohols. A recent review of the nonenzymatic
KR of alcohols arrives at the conclusion that secondary al-
cohols can be resolved effectively with carboxylic acid anhy-
drides of intermediate steric demand with the aid of a varie-
ty of chiral nucleophilic catalysts.[2] Thus, while very good
selectivities have been obtained with isobutyric anhydride
(R’= iPr) for a variety of secondary benzyl alcohols and cat-
alysts, few examples exist for other classes of alcohols (pri-
mary or tertiary) or anhydrides (e.g. R’= tBu). This may at
least partially be due to a larger sensitivity of the catalyzed
process to steric effects as compared to the uncatalyzed
process. To explore this point in a quantitative fashion we
have studied here the DMAP-catalyzed acylation of alco-
hols of different steric demand with anhydrides of equally
variable character.


Results


In all cases studied here, the reaction has been performed
by using dichloromethane as the solvent and catalyzed by
the DMAP/NEt3 combination. Alcohols 3a–e and anhy-
drides 4a–e were selected as substrates.


The rate law described in Equation (1) has been assumed
to be valid for all the systems studied here. The linear de-
pendence of the rate of reaction, r, on the catalyst concen-
tration has been confirmed for all cases. To simplify the de-


termination of rate constants k2 and k3 we have performed
kinetic measurements under pseudo-first-order conditions
with the alcohol as the minor component. Under these con-
ditions the rate equation can be simplified to Equation (2)
with the pseudo-first-order rate constant k1Y defined by
Equation (3).


r ¼ k1Y ½R�OH� ð2Þ


k1Y ¼ k2½ðR0COÞ2O�0 þ k3½ðR0COÞ2O�0½DMAP�0 ð3Þ


The reactions have been followed through gas-chromato-
graphic determination of the alcohol concentration by using
n-nonane as internal standard.


The results for the acetylation of alcohols 3a–e with
acetic anhydride (4a) are given in Table 1. In line with the


expectation of increasing steric demand on going from pri-
mary to secondary and tertiary alcohols, a general decrease
in the rates of the uncatalyzed as well as the catalyzed proc-
ess can be observed. This is particularly easy to see for the
three benzyl alcohols 3a, c, and d, whose background rate
constants k2 differ by a factor of 200. The rate constants k3


describing the catalyzed process vary by a factor 1260 for
the same substrates, indicating that steric effects are signifi-


cantly larger in the catalyzed
process. With the rate constants
k2 and k3 in hand the ratio of
the catalyzed and the uncata-
lyzed (background) process can
be expressed quantitatively
through Equation (4).


rðcat:Þ=rðuncat:Þ ¼ k3½DMAP�0=k2


ð4Þ


ce ¼ k3 	 10�3=k2 ð5Þ


This ratio depends linearly on the catalyst concentration.
Choosing a millimolar concentration for DMAP typical for
catalytic transformations the catalytic efficiency (ce) can be


Table 1. Rate constants k2 [m�1 s�1] and k3 [m�2 s�1] in the acylation of al-
cohols 3a–e with anhydrides 4a–e in CH2Cl2 at 20 8C.


Alcohol Anhydride k2 [m�1 s�1][a] k3 [m�2 s�1][a]


3a 4a 1.77
0.06 K 10�3 4.06
0.03 K 10+1


3b 4a 7.93
0.45 K 10�4 1.35
0.01 K 10+1


3c 4a 6.07
0.28 K 10�4 2.80
0.04
3d 4a 1.43
0.20 K 10�4 1.30
0.02
3e 4a 8.74
0.41 K 10�6 3.22
0.06 K 10�2


3d 4b 2.80
0.67 K 10�5 7.36
0.09 K 10�1


3d 4c 1.08
0.20 K 10�5 4.62
0.03 K 10�1


3d 4d 1.27
0.18 K 10�5 1.56
0.02 K 10�1


3d 4e 2.72
0.02 K 10�7 1.62
0.03 K 10�4


3a 4e 2.04
0.03 K 10�6 6.02
0.04 K 10�3


3a 4c 1.51
0.41 K 10�5 1.99
0.01 K 10+1


[a] Determined according to Equations (2) and (3).
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expressed according to Equation (5). It should be kept in
mind, however, that the choice of this catalyst concentration
is still arbitrary and that different reaction conditions will
also result in different catalytic efficiencies.


The ce data for the acetylation of alcohols 3a–e compiled
in Table 2 indeed show that the higher sensitivity of the cat-


alyzed process to steric effects degrades the catalytic effi-
ciency with increasing steric bulk of the alcohol substrate.
This is somewhat unfortunate as the acetylation rate of terti-
ary alcohol 3e is rather small in absolute terms and thus
most deserving of catalytic enhancement. Preliminary ex-
periments with tert-butanol as a sterically even more de-
manding substrate indicate that the reaction rates will be
smaller by at least a factor of three relative to those for 3e.
These experiments have therefore not been continued.


Increasing the steric bulk of the anhydrides along the
series 4a–e also leads to a reduction of the rate constants
for the uncatalyzed and the DMAP-catalyzed process, here
determined for the acylation of cyclohexanol (3d). The
background rate constant k2 varies by a factor of 526 for
this substrate, while variations of rate constant k3 are again
larger with a range of 8025. This indicates that the catalyzed
process is again more sensitive to steric bulk than the unca-
talyzed process. However, the catalytic efficiency does not
decrease steadily in this series, but shows a maximum for
the anhydrides of intermediate size 4b and c (ce=42.7) and
eventually degrades completely for pivalic anhydride 4e
(Table 2). Anhydrides 4b and c thus provide the largest “ki-
netic distance” between the uncatalyzed and the catalyzed
process at a given catalyst concentration.


The additivity of steric effects in the alcohol and anhy-
dride substrates was explored through further measurements
including the reaction of benzyl alcohol 3a with anhydrides
4c and e. Based on the results obtained for the reaction of
alcohols 3a and d with acetic anhydride (4a), a ce value
>100 would be expected for the reaction of 3a with 4c. The
catalytic efficiency values calculated from the k2 and k3 rate
constants indeed show the effects to be more than additive,
predicting a ce value >1300 for the combination 3a/4c!
However, even for the rather reactive benzyl alcohol 3a the
ce values eventually degrade on enlarging the steric bulk of
the anhydride as was shown for reaction with 4e.


All kinetic rate constants determined here must be ex-
pected to depend on the reaction conditions and the choice
of solvent. One particularly important point concerns the
auxiliary base NEt3, for which the concentration was found
to have no influence on the reaction rate in earlier measure-
ments on the DMAP-catalyzed reaction of 3d with 4a.[23]


These measurements have now
been repeated for the reaction
of 3d with 4c at a variety of dif-
ferent DMAP concentrations.
At low DMAP concentrations
there is essentially no influence
of the NEt3 concentration on
the reaction rate, while at the
highest DMAP concentration
studied here (1.25 K
10�3 mol L�1) the reaction rate
is reduced by 10 % on increas-
ing the NEt3 concentration
from 0.06 to 0.12 mol L�1 (three


to six equivalents relative to alcohol 3d, Figure 1). This ob-
servation indicates that the uncatalyzed background reaction
is essentially insensitive to the NEt3 concentration, while the


catalyzed process responds to the NEt3 concentration in an
inverse fashion. This latter observation may most easily be
rationalized with a larger sensitivity of the catalyzed process
to solvent polarity, higher polarity being detrimental to the
overall reaction rate.[24]


To explore possible reasons for the largely variable acyla-
tion rates compiled in Table 1, we have determined the en-
thalpies of reaction for the transformations shown in
Scheme 2. In the absence of sufficiently detailed experimen-
tal data, the gas-phase reaction enthalpies at 298.15 K have
been calculated with two different theoretical methods
(Table 3). The G3 ACHTUNGTRENNUNG(MP2)B3 compound method used here
has been found to reproduce thermochemical values of neu-
tral organic molecules with an average absolute deviation of


Table 2. Catalytic efficiency (ce) of DMAP/NEt3 at [DMAP]0=1 K 10�3 mol L�1 in reactions of various alcohols
and anhydrides as defined by Equation (5).


�CH3 (4a) 22.9 17.0 4.6 9.1 3.7
�CH2CH3 (4b) 26.3
�CHACHTUNGTRENNUNG(CH3)2 (4c) 1318 42.7
�CH2CH ACHTUNGTRENNUNG(CH3)2 (4d) 12.3
�C ACHTUNGTRENNUNG(CH3)3 (4e) 2.9 0.6


Figure 1. Dependence of the pseudo-first-order rate constant k1Y on the
concentration of DMAP (1). The auxiliary base, NEt3 (2), is used in 3, 4,
or 6 equivalents relative to the minor reaction component cyclohexanol
(3d).
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2.2 kJ mol�1, while the B3LYP hybrid functional in combina-
tion with large basis sets reproduces the same thermochemi-
cal data with an average absolute deviation of
11.5 kJ mol�1.[25–27]


Both methods predict largely similar enthalpies of reac-
tion for the acylation reactions described in Table 3, making
the predictions quite reliable. Both methods also agree on
the fact that the enthalpies of reaction are more or less inde-
pendent of the choice of anhydride, the reaction enthalpy
for the most reactive anhydride (4a) being only 5 kJ mol�1


larger than that for the least reactive anhydride 4e (�63.1
versus �58.2 kJ mol�1). These theoretical estimates differ
from the corresponding reaction under experimental condi-
tions in that the neutral carboxylic acids are generated as
products. Deprotonation of the latter through reaction with
NEt3 will make the reaction more exothermic under our ex-
perimental conditions. As the acidities of the acids generat-
ed from the most reactive anhydride 4a and the least reac-
tive anhydride 4e are hardly different in water (4.75 versus


5.03), we can expect the reac-
tion exothermicity to be largely
similar under experimental con-
ditions. Under the assumption
that these reaction energies are
representative for the rate-lim-
iting step, the source of the
largely different reaction rates
must be found in the different
intrinsic reaction barriers.


Discussion


The large dependence of reac-
tion rates on the steric bulk of
anhydrides found here is by no
means the first quantitative as-
sessment of these effects.[28]


Previous examples include the
acylation of 3-nitrophenol in
CCl4 at 25 8C catalyzed by vari-
ous bases.[29] Relative rates for
the anhydrides 4a, b, c, and e
have been determined for 3-pi-


coline (krel=29.5:14.8:11.9:1.0) and for 4-picoline (krel=


12.9:8.1:5.2:1.0) as the catalysts. The spontaneous hydrolysis
of this series of anhydrides in dilute aqueous solution has
been studied previously and relative rates of reaction of
33.3:17.3:10.7:1 have been determined at 25 8C.[30] While the
rate variations in k2 and k3 found here for cyclohexanol
follow the same relative order, the absolute range of reactiv-
ities is significantly larger (Table 1). However, one point ob-
served in all studies is the large rate decrease on passing
from isobutyric anhydride 4c to pivalic anhydride 4e. For
cyclohexanol (3d) the rate decrease in k2 and k3 amounts to
a factor of 40 and 2852, respectively!


The fact that the background and the catalyzed reaction
respond differently to steric effects has some implications
for the kinetic resolution of alcohols, which can most easily
be discussed with respect to the general reaction scheme
shown in Scheme 3. Here a racemic mixture of alcohols
R(R)�OH and R(S)�OH react with the anhyride (R’CO)2O as


Scheme 2.


Table 3. Gas-phase reaction enthalpies at 298.15 K [kJ mol�1] for the re-
action of cyclohexanol (3d) with anhydrides 4a–4e as calculated at the
B3LYP/6-311+G ACHTUNGTRENNUNG(d,p)//B3LYP/6-31G(d) and G3 ACHTUNGTRENNUNG(MP2)B3 levels of
theory.


Reactants Products DHrxn (B3LYP)[a] DHrxn (G3 ACHTUNGTRENNUNG(MP2)B3)[b]


3d+4a 5a+6a �61.2 �63.1
3d+4b 5b+6b �59.0 �61.1
3d+4c 5c+6c �58.3 �59.2
3d+4d 5d+6d �59.0 �60.1
3d+4e 5e+6e �59.4 �58.2


[a] Calculated at the B3LYP/6-311+G ACHTUNGTRENNUNG(d,p)//B3LYP/6-31G(d) level of
theory. [b] Calculated at the G3 ACHTUNGTRENNUNG(MP2)B3 level of theory.


Scheme 3.
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the resolving reagent under the influence of a chiral catalyst,
cat.*. In favorable cases the rate constants k3(R) and k3(S)
for conversion of the alcohols are significantly different, re-
sulting in the preferred conversion of one of the alcohols.
The selectivity of the catalyst is defined by the ratio of the
two rate constants s=k3(R)/k3(S). Kagan et al. have shown
in very elegant studies that the s-factor can be determined
indirectly without the necessity of measuring individual rate
constants.[31] In practice, however, the catalyzed processes
are accompanied by uncatalyzed (and unselective) back-
ground processes characterized through the rate constant
kback.


For cases in which the kinetic resolution experiment can
be performed with high selectivity, the uncatalyzed back-
ground process is obviously of little significance. However,
there may be two rather different reasons for an unsuccess-
ful KR experiment: (1) The difference in k3(R) and k3(S) is
simply too small to provide a kinetic advantage of one proc-
ess over the other or (2) the background process is so fast
that it competes efficiently with the faster of the two cata-
lyzed processes. It is only in this latter case that the rate
constants reported in Table 1 provide a guideline for a rea-
sonable choice of reaction partners and reaction conditions.
Under the condition that the chiral nucleophilic catalysts
used in kinetic resolution experiments are not significantly
faster than DMAP (1),[32] the window of opportunity for the
kinetic resolution of a given set of reactants can be approxi-
mated by the ce values in Table 2. The best chances for suc-
cessful kinetic resolution experiments with secondary alco-
hols thus exist for the reaction with (iPrCO)2O. With respect
to the alcohol substrates it appears that primary alcohols
enjoy a particularly large window of opportunity, while the
very low absolute reactivity of tertiary alcohols in combina-
tion with the small ce values poses a severe challenge to suc-
cessful kinetic resolution processes. The definition of ce in
Equations (4) and (5) also shows that the window of oppor-
tunity depends on the catalyst concentration as one of the
key experimental variables. The variation of the absolute
catalyst concentration is thus of critical importance in reac-
tions with overly large background rates. How the window
of opportunity, defined through the catalyst concentration
and the ratio of the catalyzed and uncatalyzed rate con-
stants, is used depends, of course, ultimately on the ratio of
k3(R) and k3(S).


Experimental Section


General : Dichloromethane was vigorously stirred over concentrated
H2SO4 to remove traces of olefins (3 d) and further washed with concen-
trated H2SO4 until the acidic phase remained colorless. This mixture was
then washed with water, 5% aqueous K2CO3 solution, and again with
water. After drying over CaCl2 for two days it was distilled from CaH2


under a nitrogen atmosphere. 4-(N,N-Dimethylamino)pyridine (1,
DMAP) was purchased from Fluka Chemical Company and used without
further purification. Cyclohexanol and n-nonane (used as internal stand-
ards) were purchased from Acros Corporation and distilled from sodium
before use. Triethylamine (2, NEt3) was distilled from CaH2 under a ni-


trogen atmosphere; acetic anhydride (4a, Ac2O) was refluxed with
coarse Mg filings at 80–90 8C for five days and then distilled.


Kinetic measurements : Reaction solutions were prepared through mixing
stock solutions of DMAP with a calibrated solution containing cyclohex-
anol, anhydride, and triethylamine. Reactions have been performed
under a nitrogen atmosphere at 20 8C. All kinetic measurements have
been performed by using gas chromatography (FISONS 8130, column:
SE30) with n-nonane as the internal standard. Rate measurements have
been performed by following the disappearance of the minor reaction
component under pseudo-first-order conditions. In order to maintain
first-order conditions throughout all measurements, the conversion of the
minor component was limited to below 80% in all cases.


Theoretical calculations : All structures have been optimized at the Beck-
e3LYP/6-31G(d) level of theory. The conformational space of each
system has been explored with the MM3 force field as implemented in
the Tinker program suite.[33] The energetically most favorable structures
have then been reoptimized at the Becke3LYP/6-31G(d) level of theory.
The nature of all stationary points has been verified through calculation
of the vibrational frequency spectrum. Thermochemical corrections to
calculate enthalpies at 298.15 K have been obtained by using the rigid
rotor/harmonic oscillator model and the force constants calculated at
Becke3LYP/6-31G(d) level. Single point calculations have subsequently
been performed at the Becke3LYP/6-311+G ACHTUNGTRENNUNG(d,p) level of theory. Combi-
nation of the single point energies with thermochemical corrections cal-
culated at Becke3LYP/6-31G(d) level yields the “H298” values cited in the
text. Based on the Becke3LYP/6-31G(d) structures relative enthalpies at
298.15 K have also been determined by using the G3 ACHTUNGTRENNUNG(MP2)B3 compound
method.[20, 21] All calculations have been performed by using Gaussian 03,
Rev. B.03.[34]
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Introduction


Asymmetric amplification of small ee�s is an old problem
which still of current interest because of its relevance with
the origin and propagation of optical activity on earth.[1–4]


Many processes have been proposed to initiate an imbalance
between the distribution of two enantiomers, such as sponta-
neous resolution by crystallization, spontaneous resolution
combined with in situ racemization, kinetic resolution or
asymmetric synthesis by circularly polarized light, etc.[5–7]


The asymmetric amplification of ee�s has been envisaged by
a variety of processes. An early suggestion was the Frank
model, which involves an autocatalysis coupled with an in-
hibition reaction between enantiomers.[8] In 1995 Soai dis-
covered a superb and unique chemical system which is relat-
ed to the Frank model.[9] Positive nonlinear effects (asym-
metric amplification) are also a way to translate a small ee
(of the catalyst or reagent) into a larger ee (in the prod-
uct).[10,11] It can operate in the usual catalytic reactions[11,12]


and in autocatalytic reactions.[13] Many other methods exist
to amplify the ee of a compound, for example kinetic resolu-
tion[14,15] or the Horeau–Langenbeck duplication method.


The coupling (statistical or not) between enantiomers has
been used as a way to amplify their ee�s by removal of the
meso dimer before cleavage of the homochiral dimers.[16,17]


The catalytic process is especially valuable, as the product is
generated both in larger amounts and with larger ee�s than
in the starting material.


Here we wish to describe a simple way to amplify in ho-
mogeneous conditions a small ee (ee0) or enantiomeric ratio
(er0) of a compound, without the use of an enantioenriched
chiral auxiliary. Some examples of multiple asymmetric am-
plifications are subsequently described.


The usefulness of a racemic reagent : There are several
facets for reactions involving a racemic substrate or a race-
mic reagent or catalyst.[18,19] The kinetic resolution of a race-
mic or enantioenriched mixture involves a chiral reagent or
catalyst.[17] Usually the reagent or the catalyst are fully re-
solved. The use of enantio-impure reagents[18,19] or cata-
lysts[20–23] in kinetic resolution has been discussed. The key
factor for a high ee for the recovered starting material (eesm)
is the size of the stereoselectivity factors.[14] A high s=krel


will allow the recovery of quite a large amount of the initial
compound with excellent eesm. If s is small (<10) then the
conversion has to be increased to get a similar eesm. Mutual
kinetic resolution between an alcohol and an anhydride,
each one of small ee, led to substantial asymmetric amplifi-
cations.[24] In some special situations racemic catalysts have
been used in enantioselective reactions (in presence of
chiral additives)[25] or in kinetic resolution of nonracemic
mixtures.[26]


Keywords: asymmetric synthesis ·
chirality · kinetic resolution · non-
linear effects · racemic reagent


Abstract: The reaction of a racemic reagent on a mixture of enantiomers with
small ee (ee=enantiomeric excess) has been studied for amine acylation. A sub-
stantial asymmetric amplification could be realized, for example, from 67 to
>95.5 ee. The combination of asymmetric amplifications is subsequently discussed.
Two sequential asymmetric amplifications, one using a racemic reagent and anoth-
er using a positive nonlinear effect allowed us to start from 1.5% ee and end with
a large amount of a product of 97% ee.
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Let us now consider the partial transformation of a mix-
ture of enantiomers by a racemic reagent. Obviously the
racemic reagent, like an achiral reagent, will be unable to
resolve a racemic mixture, but, interestingly, it is able to
modify the initial ee (ee0) of a partially resolved mixture.
There will be an increase in the ee of the recovered starting
material (eesmACHTUNGTRENNUNG(final)>ee0ACHTUNGTRENNUNG(initial)) if each of the enantiomers
of the racemic reagent displays a high enantiodifferentiation
(large stereoselectivity factor s=krel). Ugi et al. have per-
formed calculations on bimolecular reactions between two
chiral reactants of various initial ee�s.[27] With the assumption
of a first-order reaction in each reactant, the kinetic treat-
ment on an equimolar mixture of reactants allowed the au-
thors to set tables of data for various krel and conversions.
The special case of a partially resolved compound versus a
racemic reagent has also been treated, clearly showing an in-
crease of eesm with conversion, with a correlation to the size
of s. The influence of the initial ee of a reagent on the kinet-
ic resolution of a racemic mixture was briefly revisited by us
in 1999.[20] Plotted in Figure 1 are some curves computed as
in reference [20] with s=30 (initial eesubstrate=10%) and two
substrate/reagent initial ratios. The general trends are seen
on these curves: the ee of the substrate is amplified by the
racemic reagent, simultaneously the racemic reagent is pro-
gressively resolved by the substrate. For example, in Figur-
e 1a for which the initial ratio [substrate]/[racemic re-
agent]=1:1 at 75.8% conversion of substrate, its initial
10% ee is now equal to 20.1%, while the reagent is weakly
resolved (eereagent=17.5%). In Figure 1b for which initially
[substrate]/ACHTUNGTRENNUNG[reagent]=1:0.5 and eesubstrate=10%, at 49.4%
substrate conversion and consequently 98.7% reagent con-
version, one finds eesubstrate=17.7% and eereagent=54.4%. To
our knowledge there are no reports in the literature on the
intriguing possibility of an increase in the imbalance be-
tween enantiomer distribution by a racemic reagent. Thus,
we investigated this (see below).


Use of a racemic reagent in acylation reactions : As a model
case we selected the convenient acylation of a racemic
amine 3 by the monoacetyl bistriflamide 2 (Scheme 1a)
which has been recently described by Mioskowski et al.[28]


For example racemic 3 and 2 (100% ee) in DMPU
(DMPU=N,N’-dimethyl-N,N’-propylene urea) gave 2 with
84% ee for 50% conversion. The authors calculated from
these data that s=krel=30. We easily reproduced this ex-
periment. Then we allowed amine 3 (R) with 67% ee0 (ini-
tial) to react with less than one equivalent of racemic re-
agent 2 (Scheme 1b, Table 1). When 1.0 equiv of amine 3
(R, 67% ee) was treated with 0.53 equiv of racemic reagent
2 and kept until the complete consumption of rac-2 (for ex-
ample, 53% conversion of 3), the isolated residual amine 3
(R) had an eesm of 95%, in agreement with calculations
made in reference [28] and the value of s=30; the N-acetyl-
amine 4 (product) was obtained in 37% ee (eeproduct, R). A
set of asymmetric amplifications of initial ee�s of amine 3
under various experimental conditions confirmed the good
correlation between eesm (initial and final) and the size of s


and conversion C (Table 1). Encouraged by these results
and in order to evaluate the generality of this amplification
strategy, we examined the alternate reaction of N-acetylbis-
triflamide 2 of small ee with racemic amine 3 (Scheme 1c,
Table 2). When 1.0 equiv of acylating agent (1S,2S)-2
(1.5% ee) was treated with 0.93 equiv of racemic amine 3
and kept until the complete consumption of rac-3 (for exam-
ple, 93% conversion of 2), the remaining unreacted acylat-
ing agent (1S,2S)-2 was isolated with 15.5% ee. The evalua-
tion of the asymmetric amplification was conveniently done
by isolation of 2 by flash chromatography and chiral HPLC
or by hydrolysis of 2 into 1, the ee of which was measured
by 19F NMR in presence of quinidine. The results of Tables 1
and 2 confirm that a racemic reagent can easily enhance
the ee of its partner if the stereoselectivity factor is not too
small.


Figure 1. Amplification of 10% ee substrate with initial molar ratio sub-
strate over reagent of 1.0:1.0 (a) and 1.0:0.5 (b). Computed plots accord-
ing to reference [20], for reactions that are first order with respect to sub-
strate and reagent.


www.chemeurj.org E 2006 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 5785 – 57895786



www.chemeurj.org





Multiple asymmetric amplifications : It may be interesting to
combine (one-pot when possible) various sequential process-
es of asymmetric amplification to get a final high ee from a


modest initial ee. This is illustrated in Figure 2. The enantio-
meric amplification index, a (>1), in the first step can be ex-
pressed by the ratio of er values a=er1/er0 or by the ratio of
ee�s a=ee1/ee0 (for the relative advantages of both defini-
tions see reference [12]). The overall amplification in the ith
step will be ai=er0 (or ee0)Ka1Ka2K ···Kai. The sequential eri
or eei are of increasing values. Here we do not discuss the
numerical values of this approach (some details are given in
the Supporting Information),[29] instead we have illustrated
these below with some experiments.


We undertook the project to couple a first asymmetric
amplification by a racemic reagent (rac-3) to a subsequent
enantioselective catalytic reaction in which there is a posi-
tive nonlinear effect with respect to a catalyst (1).


Bistriflamide 1 is a classical and useful asymmetric cata-
lyst for the addition of organozincs on aldehydes, when used
in presence of stoichiometric amounts of TiACHTUNGTRENNUNG(OiPr)4.


[30] The
original procedure for the catalyst preparation was devised
by Ohno and Kobayashi[31] and was subsequently modified
by Walsh.[32] In the Ohno and Kobayashi method, 1 and Ti-
ACHTUNGTRENNUNG(OiPr)4 were first heated in toluene at 40 8C for 20 min, then
diethylzinc was added at �78 8C, followed by benzaldehyde.


Scheme 1. a) Kinetic resolution of rac-3 by enantiopure-2. b) Enantiomeric amplification of nonrac-3 by rac-2. c) Enantiomeric amplification of nonrac-2
by rac-3.


Table 1. Amplification of the ee of 3 by the use of racemic reagent 2.[a,b]


Entry Amine 3
Initial ee [%]
(mol equiv)


Acylating
agent rac 2
[mol equiv]


Conversion
of 3 [%][c]


Recovered
amine 3[d]


ee ACHTUNGTRENNUNG(final)
[%]


Amide
4[e]


eeproduct


[%]


1 85.8 (1.0) 0.23 23.0 98.0 46.3
2 67.0 (1.0) 0.28 28.0 83.0 25.0
3 67.0 (1.0) 0.53 53.0 95.5 37.0
4 67.0 (1.0) 0.64 64.0 98.0 54.0
5 67.0 (1.0) 0.83 83.0 >99.5 60.8
6 4.2 (1.0) 0.50 50.0 8.2 0.15
7 4.2 (1.0) 0.90 90 22.6 1.8


[a] Reactions were performed at �20 8C for 20–48 h in DMPU until com-
plete consumption of racemic acyl transfer reagent 2. [b] Compounds 3
and 4 have an R configuration. [c] Conversion calculated from ee�s of 3
and 4 or measured by GC. [d] Measured by HPLC (OD-H) on the corre-
sponding amide obtained on acetylation. [e] Measured by HPLC (OD-H).


Table 2. Amplification of the ee of the acyl-transfer agent 2 by the use of
racemic amine 3.[a,b]


Entry Initial ee [%] of acyl-
transfer agent 2
(1 mol equiv)


Mol
equiv of
racemic
reagent
ACHTUNGTRENNUNG(amine)
3


Conversion
of 2 [%][c]


ee [%] of re-
covered 2[d]


1 20.0 0.65 55.0 28.0
2 5.0 0.80 80.0 31.0
3 1.5 0.93 93.0 15.5


[a] Reactions were performed at �20 8C for 20–48 h in DMPU until com-
plete consumption of racemic amine 3. [b] Compounds 1 and 2 have an
(1S,2S) configuration. [c] Complete conversion of 3 was assumed, except
in entry 1. [d] Measured after isolation and hydrolysis into 1, followed by
19F NMR with quinidine as the shift reagent; in entry 3 ee was also meas-
ured on recovered 2 by HPLC.


Figure 2. Sequential asymmetric amplifications. R1 and S1 refer to the
product isolated after the first asymmetric amplification, it could be
structurally identical to the starting material R0, S0, or of a different
structure (if R0, S0 is a reagent or catalyst giving the product R1, S1). eri>
eri-1 (or eei>eei-1).
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The alternate procedure of Walsh et al. was to combine 1
and Et2Zn at 23 8C in toluene, this was followed by the se-
quential addition at �50 8C of Ti ACHTUNGTRENNUNG(OiPr)4 and benzaldehyde.
In 2002 we found that the Ohno and Kobayashi protocol
gave a strong positive nonlinear effect in contrast with the
Walsh procedure where there was a strict linearity.[33] For ex-
ample, catalyst 1 with 10% ee provided 6a (Scheme 2) in
51% ee. We reinvestigated these experiments and combined
it with the asymmetric amplification of 2 by racemic amine
3.


Racemic 3 amplified the low ee, ee0, of a sample of N-
acetyl bistriflamide 2 until a value of ee1 (Table 2) had been
reached. 2 was easily recovered by flash chromatography
from the reaction mixture and quantitatively hydrolyzed
into bistriflamide 1 (ee1) which was taken as catalyst (20%
molequiv) in the addition of Et2Zn on benzaldehyde 5 ac-
cording to the Ohno–Kobayashi protocol or to a slightly
modified protocol, both affording an asymmetric amplifica-
tion. The results are collected in Table 3 and highlight the


efficiency of the combinations of asymmetric amplifications
(Scheme 2). By taking an initial compound 2 of 1.5% ee and
after an amplification by racemic amine 3, which generates


the catalyst 1 of 15% ee, this reagent was able to produce
large quantities of carbinol 6b in >97% ee (Table 3,
entry 6).


Conclusion


We established experimentally on several examples the pos-
sibility to amplify a small ee by using a racemic reagent. If
the stereoselectivity factor is large enough the process can
be quite efficient. The coupling of this type of asymmetric
amplification with a second amplification process in a cata-
lytic reaction has been realized. By this approach a small in-
itial ee (in the range of 1–5%) can give rise to a product in
large amounts with ee >95–97%. We are currently investi-
gating the scope and various aspects of the use of racemic
reagents in the kinetic resolution and strategy of sequential
asymmetric amplifications.


Experimental Section


Apparatus and solvents : All the apparatus used were flame-dried and
cooled under an argon atmosphere. Toluene was freshly distilled over
CaH2. DMPU was distilled and stored over molecular sieves (4 M).


Determination of enantiomeric excess :


For amide (4): The ee was determined by using HPLC on Chiralcel OD-
H (n-pentane/ethanol 98.7:1.3, flow=1.0 mLmin�1, retention times=
47 min (R), 55 min (S)).


For amine (3): The ee was determined on the corresponding amide (4)
obtained by acylation following similar analysis conditions to those de-
scribed above.


For acylating agent (2): A method was setup in which ee was determined
by HPLC on a (S,S)-ULMO column (n-hexane/iPrOH 95:5, flow=


0.5 mLmin�1, UV detection at both 254 and 215 nm, retention times=
10 min (1S,2S), 12 min (1R,2R)).


For bistriflamide (1): The ee was determined by 19F NMR employing qui-
nidine as chiral-shift reagent (bistriflamide (1)/quinidine 1:�2) and
CDCl3. Chemical shifts (CF3)=�77.34 ppm (1S,2S), �77.90 ppm (1R,2R).


GC conditions for determination of conversions for the kinetic resolution
of amine : Column: DB1701 (Phase: 14% cyanopropylphenyl 86% meth-
ylpolysiloxane, dimensions: 30 mK0.32 mmK0.25 mm). Conditions: 70 8C
isotherm for 10 min, 10 8Cmin�1 rate, 150 8C isotherm for 10 min,
10 8Cmin�1 rate, 250 8C isotherm for 15 min.


Kinetic resolution of amine (3)


Detailed experimental procedure for entry 5 (Table 1): (R)-1-Methylbenzyl
amine 3 (67% ee, 0.80 mmol, 0.097 g) was added to a racemic acylating
agent 2 (0.66 mmol, 0.277 g) dissolved in freshly distilled DMPU (2 mL)
at �20 8C. The reaction mixture was stirred at the same temperature with
regular monitoring by TLC and GC. After complete consumption of the
acylating agent 2 (in 2 d), the reaction mixture, as such, was loaded onto
a silica-gel-packed column and flashed with 30–100% EtOAc in pentane
to provide 101 mg (77.7%) of pure amide 4 (30% EtOAc in pentane)
and 9.1 mg (9.4%) of pure amine 3 (100% EtOAc).


Amide 4 : 60.8% ee (R) (determined by HPLC).


Recovered amine 3 : 99.5% ee (R) (converted to amide 4 by acylation
and the ee was then determined by HPLC).


Kinetic resolution of acylating agent (2)


Detailed experimental procedure for entry 3 (Table 2): rac-1-Methylbenzyl
amine 3 (0.93 mmol, 0.112 g) was added to (1S,2S)-acylating agent 2
(1.5% ee, 1.0 mmol, 0.42 g) dissolved in freshly distilled DMPU (2 mL)
at �20 8C. The reaction mixture was stirred at the same temperature for
40 h and then at 0 8C for another 8 h to ensure the complete consumption
of rac-3. After this time, the reaction mixture, as such, was loaded onto a
silica-gel-packed column and flashed with 3–15% EtOAc in pentane to
provide the isolated (1S,2S)-acylating agent 2 (3% EtOAc in pentane)
and bistriflamide 1 (15% EtOAc in pentane).


Table 3. Asymmetric amplification in the formation of 6.


Entry ee of catalyst 1 [%] Amount of catalyst
[mol equiv][a]


ee of (S)-6 [%][b]


1 10.0 0.02 51 6a
2 10.0 0.20 89 6a
3 10.0 0.40 87 6a
4 10.0 0.20 93 6b
5 15.0 0.20 88 6a
6 15.0 0.20 97 6b
7 31.0[c] 0.02 84 6a
8 100 0.02 98 6a
9 100 0.02 >99.5 6b


[a] The catalyst precursor (1R,2R)-1 was heated in toluene with Ti ACHTUNGTRENNUNG(OiPr)4


(1.2 mol equiv) at 55 8C for several hours. After cooling and addition of
5a or 5b the reactions were run for 3 h (entry 1) or 8 h (entries 2 and 3)
at �20 8C. See details in Experimental Section. [b] Measured by HPLC
(OD-H), All products are of S-configuration except entry 7. [c] Sample
(1S,2S)-1 obtained by hydrolysis of 2, itself isolated as in Table 2, entry 2.


Scheme 2. Catalyzed asymmetric addition of diethylzinc.
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Recovered 2 : 3.6% (0.015 g, isolated yield); 15.5% ee (1S,2S) (deter-
mined by HPLC).


Bistriflamide (1): 91% (0.344 g, isolated yield); ~0% ee (determined by
19F NMR).


Experimental procedure for asymmetric amplification in diethylzinc addi-
tion to aromatic aldehydes : Freshly dried toluene (1.0 mL) and Ti ACHTUNGTRENNUNG(OiPr)4


(1.5 mmol, 0.426 g) were added to bistriflamide 1 (15% ee (1R,2R),
0.25 mmol, 0.0945 g, 20 mol%) in a flame-dried Schlenk under an argon
atmosphere. This mixture was stirred at 55–57 8C for several hours and
then cooled to �78 8C. After the addition of Et2Zn (1.5 mmol, 1.5 mL of
a 1.0m solution in hexane) and aromatic aldehyde (1.25 mmol), the reac-
tion mixture was left to warm, while stirring, slowly to �20 8C. This mix-
ture was then stirred for 12–18 h. The reaction was quenched by adding
1n HCl and the product was extracted into diethyl ether. The solvent
was evaporated and crude product was purified by column chromatogra-
phy to provide the pure alcohol. Enantiomeric excess was determined by
HPLC analysis with a Chiralcel OD-H column (n-hexane/iPrOH 98:2,
flow=0.6 mLmin�1).
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The Reaction of o-Alkynylarene and Heteroarene Carboxaldehyde
Derivatives with Iodonium Ions and Nucleophiles: AVersatile and
Regioselective Synthesis of 1H-Isochromene, Naphthalene, Indole,
Benzofuran, and Benzothiophene Compounds
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Introduction


Electrophilic activation of alkynes toward intramolecular
addition reactions of heteronucleophiles has become a
useful method for the preparation of heterocyclic com-
pounds.[1] In particular, the cyclization reactions of easily ac-
cessible o-alkynyl-substituted aniline, benzenecarboxalde-
hyde, phenol, or benzenecarboxylic acid derivatives have
become a popular methodology for the synthesis of relevant
heterocycles, such as indoles,[2] isoquinolines,[3] benzofur-
ans,[4] and isocoumarins.[5] In those studies, the amino group


of aniline and the imine functionality, easy to elaborate
from the parent benzenecarboxaldehyde building block, are
among the nucleophiles being frequently employed as re-
sponsible for the ultimately observed heterocyclization pro-
ACHTUNGTRENNUNGcess. Nevertheless, the carbonyl group present in an aryl al-
dehyde or ketone has also been, albeit less commonly, con-
sidered as a suitable nucleophile to furnish related neutral
heterocyclic compounds.[6] In this synthetic scenario, differ-
ent domino processes involving electrophile-triggered cycli-
zation of o-alkynylbenzaldehyde derivatives with concomi-
tant incorporation of an additional nucleophile have recent-
ly emerged as a powerful tool for preparing benzoheterocy-
clic cores and polycyclic hydrocarbons. Various transition-
metal catalysts have been employed for this purpose. Two
major pathways have been postulated to rationalize the dif-
ferent types of compounds obtained, as concisely outlined in
Scheme 1.


Thus, Yamamoto and his group reported an elegant cycli-
zation of that class of acetylenic aldehydes that yielded
cyclic alkenyl ethers (path a, Scheme 1) by using Pd ACHTUNGTRENNUNG(OAc)2


Abstract: The reaction of o-alkynyl-
benzaldehydes 1 with different alco-
hols, silylated nucleophiles 5, electron-
rich arenes 10, and heteroarenes 12 in
the presence of the reagent IPy2BF4, at
room temperature, gave functionalized
4-iodo-1H-isochromenes 2, 6, 11, and
13 in a regioselective manner. When al-
kynes 16 and alkenes 19 and 20 were
used as nucleophiles, a regioselective
benzannulation reaction took place to
form 1-iodonaphthalenes 17 and 1-
naphthyl ketones 18, respectively.
Moreover, the latter process has been
adapted to accomplish the synthesis of


indole, benzofuran, and benzothio-
phene derivatives (23, 27, and 28, re-
spectively). The three patterns of reac-
tivity observed for the o-alkynylbenzal-
dehyde derivatives with IPy2BF4 stem
from a common iodinated isobenzo-
pyrylium ion intermediate, A, that
evolves in a different way depending
on the nucleophile present in the reac-


tion medium. A mechanism is pro-
posed and the different reaction path-
ways observed as a function of the type
of nucleophile are discussed. Further-
more, the reaction of the o-hexynyl-
benzaldehyde 1b with styrene was
monitored by NMR spectroscopy.
Compound III, a resting state for the
common intermediate in the absence
of acid, has been isolated. Its evolution
in acid media has been also tested,
thereby providing support to the pro-
posed mechanism.
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as a dual-role catalyst, which acts first as a Lewis acid to ac-
tivate the carbonyl group toward the addition of the alcohol
and then as a transition-metal catalyst to promote the attack
of the resulting hemiacetal onto the alkyne.[7] This process
was later improved through the combination of copper(i)
iodide and N,N-dimethylformamide (DMF).[8]


Basic carbocyclic skeletons were also prepared from this
class of precursors through related domino processes that
employed alkynes as efficient partners. Therefore, substitut-
ed naphthyl ketones were prepared by AuCl3-catalyzed
formal [4+2] benzannulation between o-alkynylbenzalde-
hyde derivatives and alkynes (path b, Scheme 1).[9] The po-
tential of this methodology has been rapidly recognized and
nicely exploited in the synthesis of natural products.[10]


When alkenes were used in this formal cycloaddition pro-
ACHTUNGTRENNUNGcess, functionalized 1,2-dihydronaphthalenes were obtained
through a [Cu ACHTUNGTRENNUNG(OTf)2]-catalyzed reaction (Tf= trifluorome-
thanesulfonyl).[11] Furthermore, electron-rich heteroaromatic
compounds[12] were also shown to be active components for
those reaction sequences, as was, remarkably, the enol form
in equilibrium with common carbonyl precursors.[13] More
recently, fully intramolecular versions of these transition-
metal-catalyzed [4+2] benzannulation reactions of alkynyl
and alkenyl enynones and enynals have been disclosed,
overall giving rise to a powerful and attractive entry for con-
structing polycyclic hydrocarbons.[14] Among all these stud-
ies, the initial formation of the ate isobenzopyrylium com-
plex[15] shown in Scheme 1 (path b) was invoked. This kind
of species was recognized as a key intermediate that leads
to the observed naphthalene derivatives upon [4+2] cyclo-
addition with the corresponding unsaturated partner and
further evolution.


It has been recently shown that iodonium ions can be suc-
cessfully used to trigger formally related cyclization reac-
tions of o-alkynylbenzenecarbaldehyde or ketone deriva-
tives to give a wide set of 4-iodo-1H-isochromenes.[16] In our
approach,[16a] while searching for new transformations, the
reagent bis ACHTUNGTRENNUNG(pyridine) iodonium tetrafluoroborate (IPy2BF4)
was routinely used as an iodine donor on the basis of its
proven versatility and selectivity to act as a convenient and,
in many cases, unique source of iodonium ions for a wide
range of synthetically valuable transformations.[17] The iodo-
nium approach represents an attractive and complementary


alternative to the powerful metal-catalyzed entry to the het-
erocyclic core that is referred to above and, furthermore,
this iodonium chemistry was found to be compatible with a
broad range of nucleophiles. Moreover, through the use of
both alkynes and alkenes as nucleophiles, it has permitted
the establishment of a regioselective synthesis of naphtha-
lenes and benzoheterocycles featuring different patterns of
substitution.[18] Herein, we report a detailed study of the
synthetic profile and mechanistic insights for this iodonium-
promoted reaction between o-alkynylbenzaldehyde deriva-
tives and different types of nucleophiles that resulted in a
suitable route to access iodinated isochromenes,[16a] naphtha-
lenes,[18a] and either benzo[b]pyrrole, furan, or thiophene de-
rivatives.[18b]


Results and Discussion


The description of the results has been arranged in different
sections that offer an appropriate context for their discus-
sion and, at the same time, that allows them to be placed in
a general context. As already stated in the introduction, the
momentum that the use of metal salts, particularly from pre-
cious metals, has created in this context is of great interest.
Thus, whenever relevant, a comparison of the outcome of
the iodonium approach with the metal-driven method has
been incorporated. Also, comments on alternative iodonium
donors are included. In Scheme 2, the different sections and
their contents are graphically summarized.


Cyclization of carbonyl groups onto alkynes promoted by
reaction with IPy2BF4 and different nucleophiles : The reac-
tion of o-alkynylbenzaldehyde derivatives 1 towards the ver-
satile iodinating reagent IPy2BF4.and alcohols was first ex-
amined. Isochromenes 2 were regioselectively formed upon
sequential treatment of a solution containing IPy2BF4 and
HBF4 with compounds 1 and then with different types of al-
cohols. The results, summarized in Table 1, show this iodo-
cyclization reaction as being compatible with different R1


groups in the alkyne moiety. The substitution pattern of the


Scheme 1. Transition-metal-catalyzed cyclization reactions of o-alkynyl-
benzaldehydes. L= ligand, M=metal.


Scheme 2. Outline of results discussion. FG= functional group, N-Ts=N-
toluene-4-sulfonyl, Nu=nucleophile.
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alcohol was also representatively modified. For the case
with tBuOH, the reaction must be carried out in the absence
of added HBF4 to avoid major decomposition of the alcohol.
The outcome of the process without adding HBF4 was
tested for other alcohols. The compounds depicted in
Table 1 were still formed but the process was sluggish. For
instance, the reaction of 1a and IPy2BF4 with CH3OH took
up to 7 h to afford 2a in a comparable yield to that indicat-
ed in Table 1 for the acid-assisted reaction. Although the
yields for compounds 2 were found to be dependent on the
reaction scale (Table 1, entries 1, 2, 5, and 6), essentially
quantitative conversion of 1 into 2 was observed for each
compound, as evidenced by NMR analysis of the crude reac-
tion mixtures. These crude mixtures do not provide evidence
for the occurrence of any significant side product. In each
case, 2 was formed as a single regioisomer.


The iodinated cycloalkenyl ethers 2a, 2d, and 2 f can be
accessed from 1 following an alternative procedure that
avoids explicit addition of methanol. The reaction of 1 with
a mixture of IPy2BF4 and B ACHTUNGTRENNUNG(OMe)3 led to the formation of
the target isochromene derivatives 2 (Scheme 3). In this


process, B ACHTUNGTRENNUNG(OMe)3 acts both as a Lewis acid and as the
source for the desired nucleophile (transferring a methoxy
group) to furnish compounds 2.


Related o-(alkynyl)arylketones also entered into this
process. In this case, a different cyclization mode was ob-
served. So, the reaction of o-(alkynyl)ketones 3a,b with
IPy2BF4 and CH3OH, at low temperature, under the influ-
ence of acid, gave products 4a,b, respectively. This selective
cyclization–functionalization sequence is depicted in
Scheme 4.[19] The cyclization followed the more commonly


observed 5-exo-dig cyclization mode,[20] thereby furnishing a
five-membered heterocycle, rather than the alternative six-
membered ring that was previously formed from aldehydes
1 as the result of a competitive 6-endo cyclization path.[21]


The low yield in which product 4a was obtained could be
reasonably associated with the instability in acid media of
both the enolizable ketone 3a and the labile acetal 4a. In
this regard, the yield for that cyclization product was im-
proved to 48% by a low-temperature reaction with the
system IPy2BF4/B ACHTUNGTRENNUNG(OMe)3, as depicted in Scheme 5.


A sharp and differentiating feature of this iodonium-
mediated cyclization approach is the possibility of conduct-
ing the process in a sequential manner. As a consequence of
the flexibility of the experimental protocol, not only alco-
hols but, interestingly, also a set of carbon-based nucleo-
philes 5 can be successfully employed as productive nucleo-
philic partners for this reaction sequence. In this sense, dif-
ferent types of silyl-masked C-nucleophiles have been
used,[22] thereby enabling a facile and straight access into
more elaborate and densely functionalized heterocycles 6
(Table 2).[23] These reactions represent the first examples of
formal Mukaiyama aldol[24] and Hosomi–Sakurai allyla-
tion[25] reactions formally triggered by a b-iodovinyl cation.
The initial interaction of the iodonium ion with the alkyne


Scheme 3. Iodocyclization of o-alkynylbenzaldehydes 1 with IPy2BF4/B-
ACHTUNGTRENNUNG(OMe)3.


Table 1. Iodocyclization of o-alkynylbenzaldehydes 1 with IPy2BF4 and
trapping with alcohols.


Entry 1 R1 R2OH 2 Yield [%][a]


1 1a Ph CH3OH 2a 63
2[b] 1a Ph CH3OH 2a 84
3 1a Ph ACHTUNGTRENNUNG(CH3)2CHOH 2b 61
4[c] 1a Ph HC�CCH2OH 2c 57
5 1b nBu CH3OH 2d 58
6[b] 1b nBu CH3OH 2d 87
7[d,e] 1b nBu ACHTUNGTRENNUNG(CH3)3COH 2e 68
8 1c 1-cyclohexenyl CH3OH 2 f 62


[a] Yield of isolated compound 2, with respect to 1 (1 mmol scale).
[b] 5 mmol of the appropriate starting material 1 were used. [c] Reaction
time after R2OH addition=4 h. [d] Reaction was carried out without ad-
dition of HBF4. [e] Reaction time after R2OH addition=6 h.


Scheme 4. Iodocyclization of o-(alkynyl)ketones 3a,b with methanol trap-
ping.


Scheme 5. Iodocyclization of 3a by employing the system IPy2BF4/B-
ACHTUNGTRENNUNG(OMe)3.
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might give rise to those reactive species that, eventually,
would facilitate the attack of the corresponding nucleophile
onto the carbonyl group.


When 2-(trimethylsilyloxy)furan (5 f) was employed, a
single isomer 6g was obtained in a diastereo- and regioselec-
tive process (Table 2). Its structure was established by
means of NMR spectroscopy, while the relative configura-
tion of the two formed stereogenic centers was unambigu-
ously ascertained by means of an X-ray diffraction analysis
(Figure 1). This vinylogous formal Mukaiyama aldol reac-


tion furnished syn-6g as the only reaction product, as the
result of a like approach of 2-(trimethylsilyloxy)furan (5 f)
to the iodinated isobenzopyrylium ion intermediate.[26]


Once it was proved that formal latent enolate aldol addi-
tions can be successfully accomplished by using this iodoni-
um technology, the possibility of using heteroarene carbox-
aldehyde derivatives as the starting materials was also ex-
plored. Interestingly, the cyclization–addition sequence of
such systems would offer a simple entry for the synthesis of
skeletons featuring fused heterocyclic cores. In this regard,
when 3-alkynylpyrrole-2-carboxaldehyde (7a) or the related
3-alkynylthiophene-2-carboxaldehyde (8b) were subjected
to the iodonium-mediated reaction with silylketene acetal
5c, the 1,7-dihydropyrano ACHTUNGTRENNUNG[3,4-b]pyrrole (9a) and the 7H-
thieno ACHTUNGTRENNUNG[2,3-c]pyran (9b), respectively, were accessed in a
straightforward manner (Scheme 6).


We also explored the possibility of conducting the kind of
transformation depicted in both Table 2 and Scheme 6 by


Figure 1. ORTEP drawing of 6g.[27]


Table 2. Iodocyclization of 1 and trapping with silyl-masked C-nucleo-
philes.


R1 t [h] Nu-SiMe3 5 6 Yield [%][a]


Ph 1 42


Ph 1 55


Ph 1 60


nBu 1 5c 63


Ph 2 63


Ph 1 55[b]


Ph 1 72[c]


Ar[d] 5 5c 53


[a] Yield of isolated compounds 6, with respect to 1 (1 mmol scale).
[b] 1:1 mixture of diastereoisomers indicated by 1H NMR spectroscopy of
the crude reaction mixture. [c] Compound 6g was obtained as a single di-
astereoisomer. [d] Ar=4-NO2C6H4.


Scheme 6. Synthesis of fused heterocyclic compounds by iodocyclization
with nucleophilic trapping.
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using iodine as the source for the required iodonium ions,
because soon after our initial discovery this was shown by
Larock and co-workers to be efficient in promoting the cyc-
lization of o-alkynylcarbonyl derivatives with primary alco-
hols as nucleophiles.[16] We tested the reaction of 7a with 5c
in the presence of I2 and K2CO3, with CH2Cl2 as the solvent,
at room temperature.[28] However, Mukaiyama aldol prod-
ucts were formed that arose from direct attack of the latent
enolate on the carbonyl functionality, without the participa-
tion of the alkyne component. Thus, for processes that re-
quire a sequential protocol, the nature of the iodonium
donor plays a key role in allowing the desired transforma-
tion to take place, as is the case for the given examples. In
this context, IPy2BF4 was proven to behave as the iodonium
donor of choice in terms of broad scope.


This iodonium-promoted entry to 1H-isochromene rings
allows electron-rich arenes to be used as the ultimately in-
corporated nucleophile (Scheme 7).


Overall, arylation of the carbonyl group with nucleophiles
lacking net charges was achieved.[16a] For arenes 10a,b, reac-
tion exclusively at the para-position was noted. In keeping
with this trend, adduct 11c, which arose from an O- rather
than a C-alkylation process, was
isolated as the only product
when 4-methylphenol (10c) was
employed. For the purpose of
incorporating 10b into the
target isochromene skeleton,
iodine was shown to be an al-
ternative reagent that allowed a
more efficient process to
occur.[16b] However, no report
on the related reaction of
phenol was disclosed.


As depicted in Scheme 8, the
same type of reaction can be
accomplished by using five-
membered heteroarene rings
(N-methylpyrrol (12a), furan
(12b), and thiophene (12c)), as
well as N-methylindole (12d).
These heteroaromatic com-
pounds reacted selectively
across the C2-position in the
case of the heteroarenes 12a–c, whereas the C3-position was
involved for indole 12d, to yield the corresponding isochro-
mene derivatives 13a–d, as expected from their reactions
with an electrophile. These examples contribute to enlarge
the previously noted scope of this process and its synthetic
impact.[16]


The iodonium-induced cyclization of enynal 14 in the
presence of the silylketene acetal 5c was investigated.
Under the standard reaction conditions, the formation of
the corresponding 2H-pyran derivative 15a along with an
open-chain product (15b) was realized (Scheme 9). The
cyclic product 15a was formed according to the 6-endo-dig
cyclization mode, as previously observed for the case of the


related benzene carboxaldehyde derivatives. The acyclic
product 15b could be the result of the evolution of 15a in
acid media, although a thermal electrocyclic ring-opening
reaction of 15a cannot be ruled out as a viable alternative


Scheme 7. Electron-rich arenes as nucleophiles in the iodocyclization re-
action.


Scheme 8. Reaction of o-alkynylbenzaldehyde 1a with heteroarenes.


Scheme 9. Cyclization of the 4-alkynyl-2-pentenal 14.
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at present.[29] These results proved the compatibility of this
methodology with substrates other than arene or heteroar-
ene carboxaldehyde derivatives.


As a conclusion of this initial section, the iodonium-in-
duced reaction of o-alkynylbenzaldehydes with alcohols rep-
resents a useful and complementary addition to the metal-
catalyzed approach to trigger related cyclizations. The elec-
tion of the iodonium donor has been shown to influence the
reaction outcome and, in some cases, it is crucial for accom-
plishing the desired transformation. For the case of primary
alcohols, for reactions up to the 1 mmol scale, higher yields
were accomplished by following the modification with I2 in-
troduced by Larock than our method with IPy2BF4; howev-
er, virtually comparable results were obtained when the re-
action with IPy2BF4 was conducted on a 5 mmol scale. Inter-
estingly, the initially reported IPy2BF4-triggered cyclization
offers a significant advantage in terms of the scope of the
nucleophile. Thus, not only can a larger set of alcohols,
arenes, and heteroarenes be used as nucleophiles, but, re-
markably, a wide collection of silylated nucleophiles can par-
ticipate as masked C-nucleophile partners in this process,
thereby offering smooth access to a variety of interesting de-
rivatives of the target isochromene skeleton.


Benzannulation reaction through iodonium-initiated [4+2]
cycloaddition of o-alkynylbenzaldehydes with both alkynes
and alkenes : A further step in the study of the reactivity of
o-alkynylbenzaldehydes 1 with iodonium ions was the use of
alkynes and alkenes as nucleophiles. The cyclization reaction
with these unsaturated substrates afforded regioselectively
substituted naphthalenes,[30] thereby giving rise to novel
benzannulation processes. Interestingly, the reaction with al-
kynes yielded 1-iodonaphthalene derivatives 17, while relat-
ed naphthyl ketone derivatives 18 were obtained when al-
kenes were used (Scheme 10). This unique and tunable
manifold has not been previously observed with alternative
reagents. These results, put together with those in the previ-
ous section, set up the basis for a rapid entry to the assem-
bly of carbo- and heterocyclic scaffolds by mixing an o-sub-
stituted benzaldehyde derivative that is accessible on a mul-
tigram basis with IPy2BF4 and a nucleophile. The latter can
be chosen from a wide diversity of commercially available,
or easy to prepare, compounds.


Reaction with alkynes for the synthesis of 1-iodonaphtha-
lenes : As reported previously,[18a] our initial studies ad-
dressed the effect that the amount of added HBF4, as well
as that of the R1 group attached to the triple bond in 1, has
over the reaction outcome and the product distribution. An


optimization stage showed that 1b (R=nBu) reacts with
phenylacetylene (16a), IPy2BF4, and HBF4 (2.2 equiv, for ac-
tivating the iodinating reagent) to yield regioselectively 1-
iodo-2-phenylnaphthalene (17a) as the major reaction prod-
uct (Scheme 11). Besides 17a, the naphthyl ketone 18a was
found to be present in the crude reaction mixture as a
minor byproduct of this new transformation.[31]


By using the reaction conditions described above for 17a,
the generality of the reaction was explored by modifying the
alkyne. The results are summarized in Table 3. These trans-
formations proceeded in a regioselective manner and both
aryl- and alkyl-substituted terminal alkynes 16 (Table 3, en-
tries 1–6) reacted productively with 1b to furnish 1-iodo-
naphthalenes 17 as the major reaction products in moderate
yield after isolation.[32] Internal alkynes react in a similar
way to afford 1,2,3-substituted naphthalene derivatives in a
selective manner. With the internal alkynes 16g,h (Table 3,
entries 7 and 8), the transformation is more selective toward
the formation of the 1-iodonaphthalene derivatives 17g,h
and no significant amounts of the related naphthyl ketones
were isolated after chromatographic purification of the
crude reaction mixture (see Table 3, footnote [b]).


Reaction with alkenes for the synthesis of naphthyl ketones :
The scope of this approach to access naphthalene deriva-
tives was significantly broadened by the proof that alkenes
are good partners in the cycloaddition reactions. The reac-
tive iodonium ion allows both unsaturated functionalities to
become involved in this multicomponent process. The reac-
tion between o-alkynylbenzaldehydes 1 and olefins 19, in
the presence of IPy2BF4 and HBF4 (1.1 equiv), resulted in a
general method for the regioselective preparation of naph-
thyl ketone derivatives 18 as the sole reaction products. The
reaction with alkenes complements the one previously ob-
served with alkynes, in terms of the reaction product. The
results obtained for this new cyclization reaction with olefins
are summarized in Tables 4 and 5.


This novel approach to the benzannulation reaction was
found to be independent of the
aliphatic or aromatic nature of
the R1 group in 1, as both types
of substituents gave satisfactory
results (Table 4, entries 1 and
2). Additionally, the reaction
took place with a high degree
of selectivity, with all of the as-Scheme 10. Iodonium-triggered reactions of o-alkynylbenzene carboxaldehyde with alkynes and alkenes.


Scheme 11. Synthesis of 1-iodo-2-phenylnaphthalene (17a).
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sayed olefins 19, that is, both
aliphatic- and aromatic-substi-
tuted terminal olefins, as well
as internal alkenes, being suita-
ble components for the cycliza-
tion process (Table 4, entries 3–
7).


As depicted in Table 5, cyclo-
alkenes 20 reacted nicely, there-
by opening up a reliable alter-
native for the rapid assembly of
2,3-disubstituted 1-naphthyl ke-
tones. Fused polycycles can be
synthesized by using this proc-
ess. This finding is of interest,
as the alternative gold-cata-
lyzed approach to access 1-
naphthyl ketones would recog-
nize a cycloalkyne as a precur-
sor and those being required to
prepare 18h–m turn out not to
be accessible. Electron-rich cy-
cloalkenes, such as the enol
ether 20c (Table 5, entry 3) and
the glucal derivative 20d
(Table 5, entry 4), were also
employed and cocyclized, there-
by giving access to the tricycle
18 j and the hybrid core present
in 18k, respectively.


The fact that, under the
standard reaction conditions,
conjugated dienes, such as 1,3-
cyclohexadiene (20 f), undergo


a benzannulation reaction at only one double bond is also
worth noting (Table 5, entry 6).


Table 3. Iodonium-promoted reaction of o-alkynylbenzaldehyde 1b with
alkynes 16.


Entry 16 R1 R2 t [h] 17 Yield [%][a,b]


1 16a Ph H 1 17a 68
2 16b nPr H 1 17b 60
3 16c p-Me-C6H4 H 1 17c 61
4 16d p-NO2-C6H4 H 3 17d 35
5 16e p-OMe-C6H4 H 0.5 17e 42
6 16 f 2-thienyl H 2 17 f 26
7 16g Ph Me 0.5 17g 65
8 16h Ph CO2Et 3 17h 44


[a] Yield of isolated compounds 17, with respect to 1b (1 mmol scale).
[b] In all cases the crude reaction mixture contained variable amounts of
the corresponding ketone 18 (see Scheme 9): Entry (GC ratio 17:18)
from crude reaction mixture: 1 (10:1), 2 (8:1), 3 (7.5:1), 4 (5:1), 5 (2.5:1),
6 (2:1), 7 (15:1), and 8 (17:1). These 1-naphthyl ketones are described in
the Supporting Information.


Table 4. The iodonium-promoted reaction of o-alkynylbenzaldehydes 1
with alkenes 19.


Entry 1 R1 R 19 R2 R3 t [h] 18 Yield [%][a]


1 1b nBu H 19a Ph H 2 18a 70
2 1a Ph H 19a Ph H 1 18b 78
3 1a Ph H 19b n-Bu H 2 18c 73
4 1a Ph H 19c Ph Me 1 18d 65
5 1a Ph H 19d Ph CO2Me 19 18e 74
6 1a Ph H 19e Et Me 2 18 f 61[b]


7 1d nBu OMe 19a Ph H 0.5 18g 52


[a] Yield of isolated compounds 18, with respect to 1 (1 mmol scale).
[b] 1.7:1 mixture of regioisomers indicated by GC analysis of the crude
reaction mixture. Major regioisomer: R2=Et and R3=Me.


Table 5. Benzannulation reaction of o-alkynylbenzaldehydes 1 with cyclic alkenes 20.[a]


Entry 1 R1 20 t [h] 18 Yield [%][b]


1 1a Ph 2 70


2 1a Ph 1.5 44


3 1a Ph 1 49


4 1a Ph 12 35


5 1b nBu 3 40


6 1a Ph 2 63


[a] The reaction was performed by using o-alkynylbenzaldehydes 1 (1 equiv) and alkenes 20 (1.2 equiv) in the
presence of IPy2BF4 (1 equiv) and HBF4 (1.1 equiv) in CH2Cl2 at room temperature. [b] Yield of isolated com-
pounds 18, with respect to 1 (1 mmol scale).
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When a nonaromatic aldehyde, such as enynal 14, was
employed the benzoannulation reaction also occurred. Thus,
the reaction of 14 with either styrene (19a) or cyclohexene
(20a) afforded the corresponding dienes 21 and 22, respec-
tively (Scheme 12). These examples illustrate that the origi-
nally developed benzannulation process could be adapted to
prepare polysubstituted carbocycles featuring a 1,3-diene
functionality.


Synthesis of indoles and other benzo-fused heterocycles by
related benzannulation processes : Although many efforts
have been devoted to the study of the reactivity of o-alky-
nylbenzaldehyde systems, no attempt to apply the new reac-
tivity found for these systems to target the synthesis of rele-
vant benzo-fused heterocycles has been disclosed, to the
best of our knowledge.


The indole skeleton is a “privileged” structure present in
many natural products and drugs; thus, the search for new
methodologies to obtain this scaffold with different substitu-
tion patterns has been the subject of much interest in the
last few decades.[33, 34] However, out of the many processes
developed for the synthesis of indoles, only a few alterna-
tives are well suited for obtaining highly substituted benzo-
functionalized derivatives that, at the same time, are com-
patible with access to the 2,3-unsubstituted motif in the
target ring.[35,36] Moreover, the synthetic sequence involving
the construction of a benzene ring onto a pyrrole to gener-
ate the corresponding indole has been rarely considered.[37]


The novel strategy presented above for the synthesis of
the naphthalene skeleton, based on the key role of iodoni-
um ions as efficient promoters of the cycloaddition reaction
between o-alkynylbenzaldehyde and alkenes, could provide
a suitable alternative for the synthesis of the indole struc-
ture if the appropriate starting material is chosen, in which
the aldehyde and alkyne functions would be connected
through a pyrrole ring (Scheme 13). We have successfully
developed the application of this iodonium-based methodol-
ogy for the synthesis of 2,3-unsubstituted indoles, by relying
on pyrrole-3-carboxaldehyde derivatives as valuable synthet-
ic precursors.[18b]


Initial studies were conducted on the study of the reaction
of N-tosyl-protected 3-alkynylpyrrol-2-carboxaldehydes 7a
(R=Ph) and 7b (R=nBu) with several alkenes. These stud-
ies quickly proved the feasibility of the proposed iodonium-


mediated entry to both 4,5-disubstituted and 4,5,6-trisubsti-
tuted indoles 23, depending on the degree of substitution of
the starting alkene. Thus, indoles 23 were regioselectively
obtained from 7a,b upon treatment with the system
IPy2BF4/HBF4 and further treatment with the corresponding
alkene. The results are summarized in Table 6.


Both simple alkyl- and aryl-substituted acyclic olefins are
compatible substrates for this process and give the desired
indoles in moderate to satisfactory yields after isolation. Cy-
cloalkenes also undergo this transformation and lead to tri-
and tetracyclic compounds. Among the alkenes used in the
reaction, 2,3-dihydropyran (20c), indene (20e), and 1,2-di-
hydronaphthalene (20h) furnished structurally complex
indole derivatives in a regioselective and relatively simple
process (Table 6, entries 3, 7, and 8). For simple cycloal-
kenes, it was found that cyclopentene (20g ; Table 6, entry 6)
could participate in the reaction under slightly modified
conditions (0.5 equiv HBF4, 60 8C, dichloroethane). Under
these modified reaction conditions other cyclic olefins, such
as cyclohexene, failed to react, with the starting material
being recovered unaltered after the reaction workup. These
modified reaction conditions were tested with a set of repre-
sentative alkenes and proved to be superior to those previ-
ously employed (1.1 equiv of HBF4, room temperature, di-
chloromethane) in that they gave an improvement in the re-
action yields. Thus, 23e was obtained in 61% yield under
the new reaction conditions; this represents an increased
yield over that obtained by using the standard reaction con-
ditions (Table 6, entry 5).


During the study of the scope of this new methodology
for the synthesis of the indole core, we tried to find alterna-
tives to overcome the lack of reactivity evidenced by simple
cycloalkenes, such as cyclohexene, and by terminal aliphatic
alkenes, such as 1-hexene, for producing the expected indole
derivatives. Interestingly, we found that enamines can be
used as good reaction partners for assembling indoles, there-
by offering an alternative to override these limitations. En-
amines derived from both aldehydes and ketones were rec-
ognized as active components for this reaction, although
they gave different compounds, as a function of their own
structural features. The reaction of the enamine 24a, derived
from pyrrolidine and cyclohexanone, offers a viable alterna-
tive for the assembly of indole 23 i and nicely covers the fail-
ure of cyclohexene to access this indole through the iodoni-
um-driven stepwise cycloaddition approach. Thus, in di-
chloromethane, at room temperature, the sequential reac-
tion of the 3-alkynylpyrrol-2-carboxaldehyde 7a with
IPy2BF4 followed by the addition of the enamine 24a af-


Scheme 12. Formation of cycloalkyldienes upon iodonium-mediated an-
nulation of enynals.


Scheme 13. Iodonium-mediated benzannulation approach for preparing
indoles.
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forded the indole 23 i (Scheme 14).[38] However, reaction of
7a with the enamine 24b, derived from hexanal, under the
same experimental conditions furnished the indole 23 j,
which retains the amine functionality from the enamine at-
tached to the indole skeleton (Scheme 14). This differentiat-


ed behavior could be anticipated as a function of the struc-
ture of the enamine according to our proposal to rationalize
the mechanism of these benzannulation reactions and will
be discussed in the next section.


In this context, we attempted to promote the same indoli-
zation process by using 7a, molecular iodine (1.2 equiv) as
the source of the required iodonium ion, and 24a as the en-
amine. The reaction was conducted in CH2Cl2 in the pres-
ence of a base (K2CO3, 1 equiv). Unfortunately, no cyloaddi-
tion was observed. This is in sharp contrast with the out-
come of the reaction of 7a with styrene (19a), which was
satisfactorily verified by using I2/K2CO3 and gave 23d in a
comparable 62% yield.[39]


The deprotection of the N-tosyl-masked compound to
afford the corresponding 1H-indole derivative was also
tested.[40] Thus, the free-NH indole 25 was easily obtained
from 23e upon reaction with NaOH in boiling ethanol.[41]


We have also expanded the scope of this approach to tackle
the synthesis of related heterocycles other than indole.
These results are depicted in Table 7, which illustrates the
feasibility of using this transformation to prepare both ben-
zofuran 27 and benzothiophenes 28a–c, simply by starting
from either the corresponding furan 26 or thiophene deriva-
tives 8a,b. Although the products were isolated only in mod-
erate yields, this method represents a valuable alternative
for the synthesis of these systems, the preparation methods
of which are scarce and more limited when compared to
those for the synthesis of indoles.[42]


Reaction mechanism : In this article, three different three-
component processes are reported from the reaction of o-al-
kynylbenzaldehyde derivatives with the reagent IPy2BF4,
with the observed pathway depending on the nature of the
added nucleophile. A plausible mechanism that accounts for
these transformations would assume the formation of a ben-
zo[c]pyrylium cation A as a common intermediate
(Scheme 15). Thus, as the initial step, we propose the attack
of the iodonium ion, liberated from the IPy2BF4 by treat-
ment with HBF4, onto the alkyne, assisted by the neighbor-


Scheme 14. Enamines as efficient partners in the iodonium-promoted
entry to indoles 23.


Table 6. Indoles 23 from reaction of pyrroles 7, alkenes and IPy2BF4.


Entry Alkene t [h] 23 Yield [%][a]


1 2 62


2 3 45


3 2 41


4 19a 1 72


5 19c 3 48 (61[b])


6 2 37[b]


7 1 36


8 4 42


[a] Yield of isolated compounds 23, with respect to 7 (1 mmol scale).
[b] The reaction was performed with HBF4 (0.5 equiv) in ClCH2CH2Cl at
60 8C in a sealed tube.
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ing carbonyl group, to furnish the reactive species A. This
intermediate A could be in equilibrium with species A’
which might reversibly incorporate some of the nucleophiles
already present in the reaction media (pyridine, fluoride;
Scheme 15). Subsequent incorporation of the externally
added nucleophile would give rise to the corresponding
products, as will be discussed in the following paragraphs.


A possible evolution of the species A/A’ that accounts for
the observed products is outlined in Scheme 16. For simple
nucleophiles such as alcohols, silyl-masked nucleophiles,
electron-rich arenes, and heteroarenes, the addition of the
nucleophile to species A would directly furnish the forma-
tion of the observed compounds 6.


When an alkyne is added to the reaction media, stepwise
reaction through an intermediate B, resulting from the nu-
cleophilic attack of the alkyne onto A, followed by intramo-
lecular trapping of the cationic species by the b-iodoenol
ether fragment would lead to the polycyclic intermediate C.


In this framework, the ability of
the alkyne substituents to stabi-
lize the developing positive
charge along the reaction path
would explain the high regiose-
lectivity observed for the over-
all process. From C, a formal
retro-[4+2] cycloaddition reac-
tion would explain the forma-
tion of the major reaction prod-
ucts, the 1-iodonaphthalenes 17.
This seems to be a high-energy
process because of the genera-
tion of a labile acylium ion; it
could be facilitated by previous
nucleophilic attack of fluoride
(liberated from BF4


�) on the
charged carbonyl moiety, fol-
lowed by the retro-[4+2] cyclo-
addition. Alternatively, the loss
of an iodonium ion from C
would afford the naphthyl ke-
tones 18, which are observed as
minor reaction products. To
provide evidence for this mech-
anistic proposal, the reaction
mixture obtained after the reac-
tion of 1b with the correspond-
ing alkyne was quenched with


1-octanol and, besides the desired naphthalene compound,
octylpentanoate was found to be present in the crude reac-
tion mixture. The formation of this ester provides additional
evidence for the participation of an intermediate of type C
during the process of formation of the iodonaphthalenes 17.


The formation of only naphthyl ketones when alkenes
were used as nucleophiles could be explained by a mecha-
nistic pathway based on the previous experience of the
parent-alkyne transformation. Thus, the participation of a
new reaction intermediate E formed by the nucleophilic
attack of the alkene onto A is proposed. Evolution of the in-
termediate E by loss of a proton would produce the polycy-
clic compound F. The loss of an HI molecule and concomi-
tant aromatization would yield the obtained naphthyl ke-
tones 18, the only reaction products observed for this trans-
formation.


This mechanism could also be invoked to account, in a
straightforward manner, for the synthesis of indoles and
other benzoheterocycles by the reaction of corresponding al-
dehyde–heterocycle derivative with alkenes. Interestingly,
when enamine 24a was used as a more reactive surrogate
for cyclohexene, the indole 23 i was formed with concomi-
tant loss of the amine fragment present in 24a. The forma-
tion of the product 23 i can also be rationalized by the mech-
anism proposed. In this case, the intermediate of type F
lacked the hydrogen atom in the b-position with respect to
iodine that was required for the b-elimination reaction,
eventually resulting in the aromatization proACHTUNGTRENNUNGcess; instead,


Table 7. Synthesis of benzofuran 27 and benzothiophene 28 following a common approach.


Entry Alkynyl aldehyde 26/8 Alkene 19/20 t [h] Benzoheterocycle 27/28 Yield [%][a]


1 26 : X=O, R1=Ph 6 36


2 8a : X=S, R1=nBu 3 44


3 8a : X=S, R1=nBu 8 39


4 8b : X=S, R1=Ph 24 31


[a] Yield of isolated compounds 27/28, with respect to 26/8 (1 mmol scale).


Scheme 15. Proposed common intermediate for the iodonium-induced
functionalization reactions of o-alkynylbenzene carbaldehydes.
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an alternative cleavage of the b-amino functionality present
in F drove the process and the indole 23 i was the observed
reaction product (Scheme 17).


By contrast, for the reaction of the enamine 24b, the re-
sulting intermediate F showed a hydrogen atom attached to
the same carbon atom as the pyrrolidine fragment (R2=pyr-
rolidine), thereby allowing the aromatization step to occur
through loss of HI and resulting in the formation of 23 j,
which still retained the amine incorporated in the indole
framework.


The reaction of the o-alkynylbenzaldehyde 1b with styr-
ene was monitored by NMR spectroscopy with the aim of
finding new evidence to support the mechanism proposed.
For this NMR study, the reaction was carried out in the ab-
sence of tetrafluoroboric acid; thus, 1b (1 equiv) was added
to a solution of IPy2BF4 (1 equiv) in CD2Cl2 and 1H and


13C NMR spectra were recorded
at 25 8C after different reaction
times (Figure 2).[43] After 6 h, a
complete transformation of 1b
(Figure 2, spectrum A) into the
corresponding adduct resulting
from the incorporation of pyri-
dine into the benzo[c]pyrilium
cation I (Figure 2, spectrum B)
was observed. The 1H NMR
chemical shift of the hydrogen
atom sited in the a-position to
the oxygen atom (d=7.90 ppm)
indicates the formation of the
proposed pyrilium salt deriva-
tive I. At this point, styrene
(1.2 equiv) was added to the
NMR tube and a progressive
transformation of the benzo[c]-
pyrilium cation I into a new
compound III was observed,
while the styrene signals de-
creased in intesnity (Figure 2,


spectrum C). The transformation of I into III was complete
in three days (Figure 2, spectrum D).[44] The disappearance
of compound I could be monitored through the slow disap-


pearance of the characteristic
singlet at d=7.90 ppm; the
transformation gave rise a new
set of 1H NMR signals, the fur-
ther analysis of which led to the
structural characterization of
compound III.[45]


This NMR experiment was
repeated in dichloromethane
for a 1 mmol scale reaction and
a compound was isolated as an
orange solid after simple evapo-
ration of the solvent. Surpris-
ingly, when this orange solid,
with the structure assigned to
compound III (Figure 3 shows
its 1H NMR spectrum), was dis-
solved in CDCl3,


1H NMR
monitoring revealed that the corresponding naphthyl ketone
18a was gradually formed in a process that was finished in
14 h. Most probably, the traces of acid present in the deuter-
ated solvent catalyzed the transformation of III into 18a. It
did not occur during the NMR studies of the reaction, prob-
ably due to the presence of pyridine molecules in the reac-
tion media, arising from the IPy2BF4 reagent; these mole-
cules would preclude this possibility by neutralizing the
traces of acid present in the deuterated solvent.


The proposed sequence for the formation and evolution
of the different intermediates observed during the NMR
studies is depicted in Scheme 18. The structure of III was
determined by one- and two-dimensional NMR spectrosco-


Scheme 16. Proposed pathways for transforming the benzo[c]pyrylium cation A. Py+ =pyridinium.


Scheme 17. Product diversity as a function of the enamine.
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py, as well as mass spectrometry experiments. As is shown,
the formation of III could be driven by the basic reaction
conditions, since pyridine could cause isomerization of the
double bond of intermediate II to an exocyclic position. Fi-
nally, when intermediate III is exposed to acid media, the
transformation to the observed naphthyl ketone 18a would
occur through rapid equilibration with its isomer II.


Conclusion


In summary, new metal-free protocols for the synthesis of
different types of substituted isochromenes, naphthalenes,
and benzoheterocycles have been developed. The combina-
tion of o-alkynylbenzaldehyde derivatives, iodonium ions,
and either alcohols, silylated nucleophiles, alkynes, or al-
kenes occurs in a predictable manner to produce the corre-
sponding family of compounds. The synthesis of benzo-fused
heterocycles with interesting di- and trisubstitution patterns
and featuring the 2,3-unsubstituted ring motif has been es-
tablished. Significant mechanistic insights have been gained
and are reported that should contribute to further expand
the opportunities raised by this synthetic strategy. In this
synthetic scenario, an iodonium ion acts as an electrophilic
promoter and allows the incorporation of a synthetically
useful iodine atom in some of the final products, thereby of-
fering a valuable complement to related transition-metal-
based cyclizations and opening many synthetic possibilities
for the use of the assembled iodinated rings as building
blocks in diversity-oriented synthesis, just by relying on
well-established metal-catalyzed cross-coupling reactions.


Figure 2. NMR study of the iodocyclization of the o-alkynylbenzaldehyde 1b with styrene.


Figure 3. 1H NMR spectrum of compound III.
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Experimental Section


General : All reactions were conducted by using oven-dried glassware
under an atmosphere of nitrogen. Dichloromethane and 1,2-dichloro-
ethane were distilled from CaH2 before use. Ethanol and the solvents
used in column chromatography, hexane and ethyl acetate, were obtained
from commercial suppliers and used without further distillation. TLC
was performed on aluminum-backed plates coated with silica gel 60 with
F254 indicator (Merck). Flash chromatography was carried out over
silica gel. NMR spectra were measured at room temperature on Bruker
AC-200 MHz, Bruker DPX-300 MHz, Bruker AV-300 MHz, and Bruker
AV-400 MHz spectrometers. 2D-NMR experiments were recorded on a
Bruker AV-400 MHz spectrometer. Chemical shifts are reported in ppm
with the solvent resonance used as the internal standard (deuterochloro-
form: d=7.26 ppm in 1H NMR spectra, d=77.00 ppm in 13C NMR spec-
tra). Carbon multiplicities were assigned by DEPT techniques. High-reso-
lution mass spectra were recorded on a Finnigan-Matt 95 mass spectrom-
eter by using EI at 70 eV. Infrared spectra were obtained on a Unicam
Mattson 3000 FTIR spectrometer; only the most significant IR absorp-
tions are given. Elemental analyses were carried out on Perkin–
Elmer 2400 and Carlo Erba 1108 microanalyzers. Melting points were
measured on a BQchi Totoli apparatus.


The crystallographic structure determination for 6g was performed on a
Bruker SMART 1000 diffractometer with MoKa radiation (l=0.71073 R),
at 120 K. Spectroscopic data for all of the compounds described may be
found in the Supporting Information.


General procedure for the synthesis of 4-iodo-1H-isochromenes 2, 6, 11,
and 13 by using IPy2BF4 and HBF4 : IPy2BF4 (0.37 g, 1 mmol, 1 equiv)
was dissolved in dry CH2Cl2 (10 mL). The solution was cooled at 0 8C
and tetrafluoroboric acid (54% solution in diethyl ether; 0.15 mL,
1.1 mmol, 1.1 equiv) was added. After 10 min, 2-alkynylbenzaldehyde 1
(1 mmol, 1 equiv) was added and the solution was stirred for 30 min at
room temperature. After this time, the appropriate nucleophile (alcohols,
silylated compounds 5, arenes 10, or heteroarenes 12 ; 1.2 mmol,
1.2 equiv) was added and the solution was stirred further until the benzal-
dehyde starting material disappeared (the reaction times are given in the
text). The reaction mixture was quenched with saturated aqueous
NaHCO3 and vigorously stirred. The organic layer was washed with a
5% aqueous solution of Na2S2O3 (50 mL) and water (50 mL), dried over
sodium sulfate, and concentrated. The crude residue was purified by flash
column chromatography (neutral aluminum oxide, hexane/EtOAc) to
afford pure compounds 2, 6, 11, and 13.


For the reaction of the pyrrole and thiophene derivatives 7a and 8b, the
same procedure was used to obtain the corresponding biheterocyclic
compounds 9a,b.


Reaction of o-alkynylbenzaldehyde 1b with IPy2BF4 and tert-butyl alco-
hol : o-(1-Hexynyl)benzaldehyde (1b ; 0.19 g, 1 mmol, 1 equiv) was added


to a solution of IPy2BF4 (0.37 g,
1 mmol, 1 equiv) in dry dichlorome-
thane (10 mL) and the resultant solu-
tion was stirred at room temperature
for 1h. After this time, tert-butyl alco-
hol (115 mL, 1.2 mmol, 1.2 equiv) was
added and the solution was stirred
until the benzaldehyde starting materi-
al had disappeared (6 h). The reaction
mixture was quenched with saturated
aqueous NaHCO3 and vigorously stir-
red. The organic layer was washed
with a 5% aqueous solution of
Na2S2O3 (50 mL) and water (50 mL),
dried over sodium sulfate, and concen-
trated. The crude residue was purified
by flash column chromatography (neu-
tral aluminum oxide, hexane/EtOAc)
to afford pure compound 2d (275 mg,
68%).


General procedure for the synthesis of
4-iodo-1-methoxy-1H-isochromenes 2a,d,f by using IPy2BF4 and trime-
thylborate : Trimethylborate (0.22 mL, 2 mmol, 2 equiv) was added to a
solution of IPy2BF4 (0.37 g, 1 mmol, 1 equiv) in CH2Cl2 (10 mL) at 0 8C.
After 10 min, the appropriate 2-alkynylbenzaldehyde 1a–c (1 mmol,
1 equiv) was added and the solution was stirred at room temperature
until the aldehyde starting material had disappeared. The reaction mix-
ture was quenched with saturated aqueous NaHCO3. The organic layer
was washed with a 5% aqueous solution of Na2S2O3 (50 mL) and water
(50 mL), dried over sodium sulfate, and concentrated. The crude residue
was purified by flash column chromatography (neutral aluminum oxide,
hexane/EtOAc) to afford pure compounds 2a,d,f.


Reaction of o-(alkynyl)ketones 3a,b with IPy2BF4 and alcohols


a) Reaction of 3a,b by using the system IPy2BF4/HBF4 : Tetrafluoroboric
acid (54% solution in diethyl ether; 0.15 mL, 1.1 mmol, 1.1 equiv) was
added to a stirred solution of IPy2BF4 (0.37 g, 1 mmol, 1 equiv) in CH2Cl2
(10 mL) at �60 8C. After 10 min, the appropriate o-(alkynyl)ketone 3a,b
(1 mmol, 1 equiv) was added. After the mixture was stirred for 30 min,
methanol (48 mL, 1.2 mmol, 1.2 equiv) was added and the resulting solu-
tion was stirred at �60 8C for 24 h. The reaction mixture was quenched
with saturated aqueous NaHCO3. The organic layer was washed with a
5% aqueous solution of Na2S2O3 (50 mL) and water (50 mL), dried over
sodium sulfate, and concentrated. The crude residue was purified by flash
column chromatography (neutral aluminum oxide, hexane/EtOAc) to
afford pure compounds 4a,b.


b) Reaction of 3a by using the system IPy2BF4/BACHTUNGTRENNUNG(OMe)3 : Trimethylborate
(0.22 mL, 2 mmol, 2 equiv) was added to a solution of IPy2BF4 (0.37 g,
1 mmol, 1 equiv) in CH2Cl2 (10 mL) at �60 8C. After 10 min, 2-(phenyl-
ACHTUNGTRENNUNGethynyl)acetophenone (3a, 0.22 g, 1 mmol, 1 equiv) was added and the
resultant solution was allowed to reach 0 8C for 24 h. The reaction mix-
ture was then quenched with saturated aqueous NaHCO3. The organic
layer was washed with a 5% aqueous solution of Na2S2O3 (50 mL) and
water (50 mL), dried over sodium sulfate, and concentrated. Flash
column chromatography (neutral aluminum oxide, hexane/EtOAc) of the
crude residue gave the pure compound 4a (182 mg, 48%).


Reaction of enynal 14 with IPy2BF4 and silylketene acetal 5c : IPy2BF4


(0.37 g, 1 mmol, 1 equiv) was dissolved in dry CH2Cl2 (10 mL). The solu-
tion was cooled at 0 8C and tetrafluoroboric acid (54% solution in diethyl
ether; 0.15 mL, 1.1 mmol, 1.1 equiv) was added. After 10 min, the enynal
14 (0.16 g, 1 mmol, 1 equiv) was added and the solution was stirred for
30 min at room temperature. After this time, the silylketene acetal 5c
(243 mL, 1.2 mmol, 1.2 equiv) was added and the solution was stirred fur-
ther until the aldehyde starting material had disappeared (1h). The reac-
tion mixture was quenched with saturated aqueous NaHCO3 and vigo-
rously stirred. The organic layer was washed with a 5% aqueous solution
of Na2S2O3 (50 mL) and water (50 mL), dried over sodium sulfate, and
concentrated. The crude residue was purified by flash column chromatog-


Scheme 18. Different reaction pathways in the presence and absence of added acid.
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raphy (neutral aluminum oxide, hexane/EtOAc) to afford pure com-
pounds 15a (23%, 90 mg) and 15b (31%, 120 mg).


General procedure for the reaction of o-(1-hexynyl)benzaldehyde (1b)
and alkynes 16 by using IPy2BF4 and HBF4 : IPy2BF4 (0.37 g, 1 mmol,
1 equiv) was dissolved in dry CH2Cl2 (10 mL). The solution was cooled to
0 8C and tetrafluoroboric acid (54% solution in diethyl ether; 0.30 mL,
2.2 mmol, 2.2 equiv) was added. After 10 min, 1b (0.19 g, 1 mmol,
1 equiv) was added and the solution was stirred for 30 min at room tem-
perature. After this time, the corresponding alkyne 16 (1.2 mmol,
1.2 equiv) was added and the solution was further stirred at room temper-
ature (reaction times are given in Table 3). The reaction mixture was
quenched with saturated aqueous NaHCO3 and vigorously stirred. The
organic layer was washed with a 5% aqueous solution of Na2S2O3


(50 mL) and water (50 mL), dried over sodium sulfate, and concentrated.
The crude residue was purified by flash column chromatography (silica
gel, hexane/EtOAc) to afford pure 1-iodonaphthalenes 17 with variable
amounts of the corresponding naphthyl ketones 18 as minor products.


General procedure for the reaction of o-alkynylbenzaldehyde 1 and al-
kenes 19 and 20 by using IPy2BF4 and HBF4 : Tetrafluoroboric acid (54%
solution in diethyl ether, 0.15 mL, 1.1 mmol, 1.1 equiv) was added to a
stirred solution of IPy2BF4 (0.37 g, 1 mmol, 1 equiv) in CH2Cl2 (10 mL) at
0 8C. After 10 min, the appropriate o-(alkynyl)benzaldehyde 1 (1 mmol,
1 equiv) was added. After the mixture was stirred for 30 min at room
temperature, the corresponding alkene 19 or 20 (1.2 mmol, 1.2 equiv) was
added and the resulting solution was stirred at room temperature until
the benzaldehyde starting material had disappeared (reactions times are
given in Tables 4 and 5). The reaction mixture was quenched with satu-
rated aqueous NaHCO3. The organic layer was washed with a 5% aque-
ous solution of Na2S2O3 (50 mL) and water (50 mL), dried over sodium
sulfate, and concentrated. The crude residue was purified by flash
column chromatography (silica gel, hexane/EtOAc) to afford pure com-
pounds 18.


Reaction of enynal 14 with alkenes by using IPy2BF4 and HBF4 : IPy2BF4


(0.37 g, 1 mmol, 1 equiv) was dissolved in dry CH2Cl2 (10 mL). The solu-
tion was cooled to 0 8C and tetrafluoroboric acid (54% solution in diethyl
ether; 0.15 mL, 1.1 mmol, 1.1 equiv) was added. After 10 min, the enynal
14 (0.16 g, 1 mmol, 1 equiv) was added and the solution was stirred for
30 min at room temperature. After this time, the corresponding alkene
19a or 20a (1.2 mmol, 1.2 equiv) was added and the solution was stirred
further until the aldehyde starting material had disappeared. The reaction
mixture was quenched with saturated aqueous NaHCO3 and vigorously
stirred. The organic layer was washed with a 5% aqueous solution of
Na2S2O3 (50 mL) and water (50 mL), dried over sodium sulfate, and con-
centrated. The crude residue was purified by flash column chromatogra-
phy (silica gel, hexane/EtOAc) to afford the corresponding diene 21 or
22.


General procedure for the synthesis of benzoheterocycles 23, 27, and 28
by using IPy2BF4 and HBF4 : IPy2BF4 (112 mg, 0.3 mmol, 1 equiv) was
dissolved in dry CH2Cl2 (5 mL). The solution was cooled to 0 8C and tet-
rafluoroboric acid (54% solution in diethyl ether; 45 mL, 0.33 mmol,
1.1 equiv) was added. After 10 min, the appropriate N-tosyl-protected 3-
alkynylpyrrole-2-carboxaldehyde 7a,b, 3-phenylethynyl-furan-2-carboxal-
dehyde (26), or 3-alkynylthiophene-2-carboxaldehyde 8a,b (0.3 mmol,
1 equiv) was added and the solution was stirred for 30 min at room tem-
perature. After this time, the alkene 19/20 was added and the solution
was further stirred until the starting material had disappeared as deter-
mined by TLC analysis (reaction times are given in Tables 6 and 7). The
reaction mixture was quenched with saturated aqueous NaHCO3 and vig-
orously stirred. The organic layer was washed with a 5% aqueous solu-
tion of Na2S2O3 (20 mL) and water (20 mL), dried over sodium sulfate,
and concentrated. The crude residue was purified by flash column chro-
matography (silica gel, hexane/EtOAc) to afford the pure compounds.


Procedure for the synthesis of the indole 23 f by using IPy2BF4 and
HBF4 : IPy2BF4 (115 mg, 0.31 mmol, 1 equiv) was dissolved in dry 1,2-di-
chloroethane (5 mL) in a sealed tube. The solution was cooled to 0 8C
and tetrafluoroboric acid (54% solution in diethyl ether; 21 mL,
0.15 mmol, 0.5 equiv) was added. After 10 min, 3-phenylethynyl-N-tosyl-
pyrrole-2-carboxaldehyde (7a ; 108 mg, 0.31 mmol, 1 equiv) was added


and the solution was stirred for 30 min at room temperature. After this
time, cyclopentene (20g ; 110 mL, 1.24 mmol, 4 equiv) was added and the
solution was further stirred at 60 8C for 2 h. The reaction mixture was al-
lowed to reach room temperature and was then quenched with saturated
aqueous NaHCO3 and vigorously stirred. The organic layer was washed
with a 5% aqueous solution of Na2S2O3 (25 mL) and water (25 mL),
dried over sodium sulfate, and concentrated. The crude residue was puri-
fied by flash column chromatography (silica gel, hexane/EtOAc) to
afford pure compound 23 f (47 mg, 37%).


General procedure for the synthesis of the indoles 23 i and 23 j by using
IPy2BF4 : IPy2BF4 (115 mg, 0.31 mmol, 1 equiv) was dissolved in dry
CH2Cl2 (5 mL) and 3-phenylethynyl-N-tosylpyrrole-2-carboxaldehyde
(7a ; 108 mg, 0.31 mmol, 1 equiv) was added at room temperature. After
the solution has been stirred for 30 min, the corresponding enamine [1-
pyrrolidino-1-cyclohexene (24a ; 199 mL, 1.24 mmol, 4 equiv) or 1-pyrroli-
dino-1-hexene (24b ; 224 mg, 1.24 mmol, 4 equiv)] was added and the sol-
ution was further stirred at room temperature for 12 h. The reaction mix-
ture was quenched with saturated aqueous NaHCO3 and vigorously stir-
red. The organic layer was washed with a 5% aqueous solution of
Na2S2O3 (25 mL) and water (25 mL), dried over sodium sulfate, and con-
centrated. The crude residue was purified by flash column chromatogra-
phy (silica gel, hexane/EtOAc) to afford pure compound 23 i (41 mg,
31%) or pure compound 23 j (70 mg, 43%).


Procedure for the synthesis of compound III : IPy2BF4 (0.37 g, 1 mmol,
1 equiv) was dissolved in dry CH2Cl2 (4 mL) and o-(1-hexynyl)benzalde-
hyde (1b ; 0.19 g, 1 mmol, 1 equiv) was added at room temperature. After
the solution had been stirred for 6 h, styrene (19a ; 114 mL, 1 mmol,
1 equiv) was added and the solution was stirred further at room tempera-
ture for 3 days. The solvent was removed under pressure to afford the
pure compound III as an orange solid in quantitative yield.
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[39] Thus, for reactions with labile nucleophiles, the election of the iodo-
nium donor is crucial. To search for new reactions, IPy2BF4 is a very
helpful synthetic tool that allows fine adjustments of the experimen-
tal protocol.


[40] When pyrrolecarboxaldehydes with free NH groups were employed
as precursors, the reaction did not take place and the starting mate-
rials were recovered.


[41] Method adapted from: L. W. Knight, J. W. Huffman, M. L. Isher-
wood, Synlett 2003, 1993–1996.


[42] a) For a recent review on the synthesis of benzo[b]furans, see: X.-L.
Hou, Z. Yang, H. N. C. Wong, Prog. Heterocycl. Chem. 2003, 15,
167–205; b) for recent examples on the synthesis of benzo[b]furans
by using iodonium chemistry, see: A. Arcadi, S. Cacchi, G. Fabrizi,
F. Marinelli, L. Moro, Synlett 1999, 1432–1434; c) for recent reports
on the use of electrophiles for the synthesis of benzo[b]thiophene,
see: B. L. Flynn, P. Verdier-Pinard, E. Hamel, Org. Lett. 2001, 3,
651–654; d) D. Yue, R. C. Larock, J. Org. Chem. 2002, 67, 1905–
1909.


[43] The reaction was conducted in an NMR tube and the spectra were
recorded at 25 8C on a Bruker AV-400 spectrometer operating at
400.13 MHz and 100.61 MHz for 1H and 13C acquisitions.


[44] Free pyridine signals were also observed at this point.
[45] A full assignment of the 1H and 13C NMR spectra of compounds I


and III is reported in the Supporting Information.
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Gold Catalysis: Phenol Synthesis in the Presence of Functional Groups
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Burkhard Miehlich,[a] Wolfgang Frey,[a, c] and Jan W. Bats[b, c]


Introduction


The gold-catalyzed[1] synthesis of phenols 2 from furans 1
(Scheme 1) has attracted considerable attention. It is a
highly selective and very robust reaction, neither water nor
oxygen need to be excluded, and due to the absence of para-
magnetic species it can conveniently be monitored by NMR
spectroscopy.[2]


After our initial publication[2] in which we also described
that the furans 1 could potentially be generated in situ from
allenyl ketones 3 or propargyl ketones 4, Echavarren and
co-workers[3] discovered that platinum(ii) can also catalyze
the reaction of 1 to 2. They were able to reveal significant


mechanistic details of this reaction by the observation of
side products and theoretical calculations; these mechanistic
insights subsequently led to spectacular developments in the
field of enyne cyclization reactions[4] (a 1,6-enyne is a sub-
structure of 1). Our group, at the same time as Echavarren0s
group, observed that platinum(ii) catalyzes these reactions;
in addition we found that other d8 complexes, such as palla-
dium(ii), iridium(i), and rhodium(i), are also active.[5] Never-


Abstract: The effect of different sub-
stituents, such as bromo, chloromethyl,
hydroxymethyl, formyl, acetyl, carboxy,
and acylated hydroxymethyl and am-
monium groups, on the furan ring of
substrates in gold-catalyzed phenol
synthesis has been investigated. The
furan ring was also replaced by differ-
ent heterocycles, such as pyrroles, thio-
phenes, oxazoles, and a 2,4-dimethoxy-
phenyl group; gold catalysis then deliv-
ered no phenols, but occasionally other


products were obtained. [Ru3(CO)12]
also catalyzed the conversion of 1 at a
low rate, [Os3(CO)12] failed as a cata-
lyst, and with [Co2(CO)8] the alkyne
complex 19 can be obtained, it does
not lead to any phenol but reacts with
norbornene to give the product of a


Pauson–Khand reaction. Efforts to pre-
pare vinylidene complexes of 1 provid-
ed the only evidence for these species;
in the presence of a phosphane ligand
with ruthenium an interesting deoxyge-
nation to 22 was observed. The phenol
2c was converted to the allyl ether, a
building block for para-Claisen rear-
rangements, and to the aryl triflate, a
building block for cross-coupling reac-
tions.
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Scheme 1. Gold-catalyzed phenol synthesis.
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theless, the gold catalysts are by far the most active and
with gold, unlike in the platinum-catalyzed reactions, no sig-
nificant amounts of side products were observed.[6] Recently,
we proved experimentally that arene oxides are intermedi-
ates of the reaction.[7] In addition we investigated reactions
involving gold complexes with N- and N,O-ligands which al-
lowed the amount of catalyst used to be reduced to
0.07 mol % (1180 turnovers) and which also made possible
an efficient synthesis of benzo-anellated six-membered het-
erocycles[6] (in all but one of the then known examples a
tether of three atoms had been used; for a satisfactory con-
version of substrates with a tether of four atoms about
6 mol %[2] of AuCl3 instead of the usual 2 mol % were
needed). After investigating the applications of the synthesis
of furfuryl-substituted arenes and biaryl compounds,[8] a fur-
ther study of the methodology revealed that in principle a
gold-catalyzed tandem hydroarylation/cycloisomerization
process leading to the formation of five new bonds is possi-
ble, while the reaction of 1 to 2 leads to only four new
bonds.[9] The only example in natural product synthesis so
far is the total synthesis of the sesquiterpene Jungianol in
six steps without using a single protecting group.[10]


In most of the known examples apart from an N-sulfonyl
group, an oxygen atom, or a propargylic carbonyl group in
the tether no functional groups other than the reacting
alkyne and furan subunits were present (Table 1, entries 1–
9). The only exception is with substrate 1 j (Table 1,
entry 10), for which the initially formed o-alkynylphenol iso-
merizes to the benzofuran 6 in a second gold-catalyzed
step.[5] The formation of the constitutional isomer 5 in addi-
tion to 2 i (Table 1, entry 9) on the other hand shows that
the absence of a substituent R1 is also problematic.


For further synthetic applications it was important to
study the tolerance of this catalytic reaction to the presence


of different functional groups at different positions. Herein
we present the results of our investigation.


Results and Discussion


Catalysis reactions : We started with the 2-bromofuran deriv-
ative 1k (Table 2) that is readily available from 5-bromofur-
fural. No conversion was observed. This is in accord with re-
lated results of Echavarren and co-workers[11] who also did
not observe a phenol with the analogous 5-bromofuryl prop-
argyl ether and PtCl2 as catalyst, but could optimize the re-
action conditions to obtain a side product.[12] Placing the
bromo substituent at a different position on the furan ring
(1 l, Table 2, entry 2) delivered 2 l, which immediately pre-
cipitated from the acetonitrile solution. Compound 2 l is
only soluble in DMSO; purification by precipitation from
DMSO with H2O led to heavy losses of the product but de-
livered analytically pure material. Substrate 1m has a dime-
thylammonium group in the tether; with bromide as the
counteranion no conversion was observed (Table 2, entry 3).
We assumed that 20 equivalents of Br� with respect to the
catalyst simply blocked the coordination sites for the sub-
strate by competitive coordination. Use of the hexafluoro-
phosphate 1n proved this hypothesis (Table 2, entry 4); a
48 % yield of the product 2n was obtained. Then 1o bearing
a chloromethyl substituent was tested. An 80 % yield of 2o
was observed by NMR spectroscopy, but we did not succeed
in isolating the neat product; a reaction of the benzylic
chloride with nucleophilic groups (for example, the phenolic
hydroxy group) during the work up is probably responsible
for this. Most unfortunately the corresponding alcohol (1p,
Table 2, entry 6), aldehyde (1q, Table 2, entry 7), ketone
(1r, Table 2, entry 8), and carboxylate (1s, Table 2, entry 9)
did not react. In the case of 1p and 1q a gold mirror was ob-
served after a short time.[13] The reason for performing these
experiments was the low selectivity observed with substrates
with R1=H (see 1 i, Table 1, entry 9). If the conversion of
1q or 1s had been successful, a subsequent decarbonyla-
tion[14] or retro-Kolbe–Schmitt reaction[15] would have deliv-
ered 2 i without 5 being produced as a side product. In the
case of a successful conversion of 1p, 2p could have been
oxidized to either 1q or 1s. Ketone 1r was tested in order
to see whether the reducing aldehyde group in 1q was re-
sponsible for the failure of the catalysis or whether the pres-
ence of an acceptor in general is a problem, which indeed
seems to be the case. Switching from the alcohol 1p to the
acetate 1 t gave a satisfactory conversion, but as with the
chloride 1o, isolation of the product was a significant prob-
lem. Finally, the pivaloyl-protected 1u allowed isolation of
2u in a satisfactory yield (Table 2, entry 11).


Next we discuss the effect of location of the carbonyl sub-
stituent on the furan ring and the variation of the heterocy-
cle in the starting material (Table 3). Instead of the furan
ring in 1 several other synthetically relevant heterocycles
were investigated.


Table 1. Different substrates already tested in the cycloisomerization of
w-alkynylfurans 1 (R2=H).


Entry Sub ACHTUNGTRENNUNGstrate R1 R3 R4 X Product
ACHTUNGTRENNUNG(Yield [%])


1 1a CH3 H H CH2 2a (65)
2 1b CH3 H H O 2b (69)
3 1c CH3 H H NTs 2c (97)
4 1d CH3 CH3 H NTs 2d (94)
5 1e CH3 H CH3 NTs 2e (93)
6 1 f CH3 H H NNs 2 f (96)
7 1g CH3 H H C ACHTUNGTRENNUNG(CO2Me)2 2g (88)
8 1h CH3 H H N(Ts)CH2 2h (81)[a]


9 1 i H H H NTs 2 i (31) + 5 (51)
10 1 j C=CPr H H NTs 2j (23) + 6 (48)


[a] 6.0 mol % AuCl3.
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The ester 7 as well as the pyr-
role 8 gave no conversion
(Table 3, entries 1 and 2).
Switching to the N-tosyl-pyrrole
9 gave instead of the desired
aniline the anellated pyrrole 10
in good yield (Table 3, entry 3).
With furans and PtII catalysts
Echavarren and co-workers ob-
served similar reactions.[16] The
thiophene 11 (Table 3, entry 4)
was completely inactive, which
again is in accord with the ob-
servations of Echavarren and
co-workers[11] with PtII catalysts.
The oxazoles 12, 13, and 15
(Table 3, entries 5–7) would
have provided a nice route to 3-
hydroxy- or 4-hydroxypyridines,
but either no conversion occur-
red or propargyl alcohol was
eliminated to give the vinyloxa-
zoles 14 and 16. The dimethox-
ybenzyl derivative 17 under-
went a 50 % conversion, but no
clean compound could be iso-
lated from the complex product
mixture. Compound 18 with the
side-chain attached to the 3-po-
sition of the furan ring did not
react at all.


We also studied the effect of
catalyst on the reaction. First,
we used [Ru3(CO)12] as another
d8 system. For the conversion of
1c to 2c a yield of up to 66 %
could be obtained (Table 4, en-
tries 1–4), but use of a noncoor-
dinating solvent such as chloro-
form or benzene was essential.
However, the reactions were
slower than with the gold cata-
lysts and the selectivity was also
lower. On the other hand,
[Os3(CO)12] did not provide 2c
in significant amounts under
any of the tested conditions
(Table 4, entries 5–9). Since the
creation of a free coordination
site in [Os3(CO)12] is much
more difficult than in
[Ru3(CO)12], either Me3NO had
to be added (Table 4, entries 5–
8)[17] or the reaction had to be
conducted at 120 8C (Table 4,
entry 9).[18]


Table 2. Different functionalized substrates 1 in gold-catalyzed phenol synthesis (R3=R4=H).


Entry Substrate R1 R2 X T [8C] t [h] Product Yield [%][a]


1 1k Br H NTs 50 24 – –
2 1 l CH3 Br NTs RT 24 2 l 93 (36)
3 1m CH3 H NMe2


+ Br� 50 24 – –
4 1n CH3 H NMe2


+ PF6
� 50 26 2n 48


5 1o CH2Cl H NTs RT 72 2o 80 (–)
6 1p CH2OH H NTs RT 24 – –
7 1q CHO H O RT 24 – –
8 1r Ac H NTs 60 24 – –
9 1s CO2H H O 80 24 – –
10 1 t CH2OAc H NTs RT 24 2t 90 (6)
11 1u CH2OPiv H NNs RT 72 2u 90 (62)


[a] Determined by NMR spectroscopy; yields of isolated products are given in parentheses.


Table 3. Gold-catalyzed reactions of other heterocycles with alkynyl groups in the side chain.


Entry Substrate Catalyst T [8C] t [h] Product Yield [%][a]


1 AuCl3 50 24 – –


2 AuCl3 RT 1 – –[b]


3 AuCl3
[c] RT 0.5 (77)


4 AuCl3 50 24 – –


5 AuCl3 50 15 – –


6 Na ACHTUNGTRENNUNG[AuCl4]·2 H2O 50 15 51


7 Na ACHTUNGTRENNUNG[AuCl4]·2 H2O 50 15 67


8 AuCl3 RT 24 – –


9 AuCl3 RT 168 – –


[a] Determined by NMR spectroscopy; yields of isolated products are given in parentheses. [b] Rapid catalyst
deactivation occurred. [c] 10 mol % AuCl3.


Table 4. Reaction of 1c in the presence of [Ru3(CO)12] and [Os3(CO)12] as catalysts under different conditions.


Entry Catalyst Mol % Solvent Additive T [8C] t [h] Yield of 2c [%]


1 ACHTUNGTRENNUNG[Ru3(CO)12] 6.1 CD3CN – 50 21 –
2 ACHTUNGTRENNUNG[Ru3(CO)12] 5.0 CDCl3 – 50 11 64
3 ACHTUNGTRENNUNG[Ru3(CO)12] 4.3 C6D6 – 50 11 66
4 ACHTUNGTRENNUNG[Ru3(CO)12] 2.7 [D6]acetone – 50 10 –
5 ACHTUNGTRENNUNG[Os3(CO)12] 4.4 CD3CN Me3NO 50 5 –
6 ACHTUNGTRENNUNG[Os3(CO)12] 4.9 CDCl3 Me3NO 50 10 –
7 ACHTUNGTRENNUNG[Os3(CO)12] 4.8 C6D6 Me3NO 50 10 –
8 ACHTUNGTRENNUNG[Os3(CO)12] 5.0 CD2Cl2 Me3NO/CD3CN 35 21 –
9 ACHTUNGTRENNUNG[Os3(CO)12] 5.0 [D6]DMSO – 120 5 traces
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We then switched to another carbonyl complex,
[Co2(CO)8]. In stoichiometric reactions with 1c the (alky-
ne)hexacarbonyldicobalt complex 19 was isolated, which
was characterized by crystal-structure analysis (Scheme 2,


Figure 1).[19] In the solid-state structure both the furan and
phenyl groups are approximately planar. Atom C11 deviates
0.100 O from the furan plane, while the sulfur atom deviates


0.086 O from the phenyl plane. The alkyne group is coordi-
nated to two Co(CO)3 groups. The C9�C10 bond has a
length of 1.333(2) O which corresponds to a C=C double
bond and therefore has been considerably lengthened by co-
ordination. This is also reflected in the 1H NMR spectrum;
the signal of the terminal alkyne position shifts from d=


2.06 ppm (t, J=2.4 Hz, 1 H) in 1c to d=5.96 ppm (s, 1 H) in
19. The C8-C9-C10 and C9-C10-H10 angles are 145.0(1) and
1428, respectively. Very similar dimensions have been found
in the crystal structures of other propynyl-bis(tricarbonylco-
balt) compounds listed in the Cambridge Structural Data-
base. The nitrogen atom shows only a small deviation from
planarity: the sum of the three valence angles about the ni-
trogen atom is 355.28. The shortest intramolecular contacts
are H2···O1 2.50 O, H8A···O2 2.37 O, and H11A···O1
2.46 O. The crystal packing shows four intermolecular C�
H···O interactions with H···O distances between 2.46 and
2.60 O.


While no intramolecular reaction with the furan ring
could be induced by the cobalt carbonyl fragment, p-coordi-
nation of the alkyne and a subsequent intermolecular
Pauson–Khand reaction with norbornene proceeded readily
to give 20. This example shows that the preparation of p


complexes of the alkyne unit in 1c is possible. On the other
hand, alkynyl or vinylidene complexes were not formed. In


efforts to obtain stoichiometric [Ph3PAuI-alkynyl] com-
plexes[20] of 1c or vinylidene complexes 21 the known com-
pound 2c was isolated (Scheme 3). However a small amount


of a material which could, according to 31P NMR and FAB
mass spectra, be 21 was also separated. This shows that not
only the d8 Ru0 system but also the d6 RuII are suitable pre-
catalysts.


When starting with [Ru(methylallyl)2ACHTUNGTRENNUNG(cod)] instead of
[CpRu ACHTUNGTRENNUNG(PPh3)2Cl], the 1H and 31P NMR spectra again pro-
vided evidence for a vinylidene species, in this case 23. A
small amount of a by-product was isolated and identified by
crystal-structure analysis as the deoxygenated arene 22
(Scheme 4, Figure 2).[19]


We assume that the oxygen atom ends up at the phos-
phane moiety, probably transferred from the intermediate
arene oxide.[6] Examples of the deoxygenation of arene
oxides by phosphanes exist in the literature.[21]


Finally, we looked at possible further derivatizations of 2.
After allylation to 24 (the crystal structure is shown in
Figure 3)[19] a thermal para-Claisen rearrangement to 25 was
possible (Scheme 5), providing a convenient route to further
substitution in the para-position of the pentasubstituted ben-
zene ring. The olefin group can be utilized in further steps.
The triflate 26 can also be formed (the solid-state structure


Scheme 2. Reaction of 1c with [Co2(CO)8] and subsequent Pauson–
Khand reaction with norbornene.


Figure 1. Solid-state structure of 19.


Scheme 3. Reaction of 1c with [CpRu ACHTUNGTRENNUNG(PPh3)2Cl].


Scheme 4. Reaction of 1c with [Ru(methylallyl)2 ACHTUNGTRENNUNG(cod)].


Figure 2. Solid-state structure of 22.
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is shown in Figure 4)[19] and is also a useful group for further
cross-coupling or reduction reactions.


Structural studies and implications for reactivity : Several of
the substrates 1 and products 2 crystallized and crystal struc-
tures could be obtained.[19]


In addition crystal structures could also be obtained of
the compounds formed during the synthesis of the substrates
1 (see the Supporting Information). Tosylation of propargyl-
amine 27 delivered the N-propargyltosylamide 28, tosylation
of the fururylamines 29a and 29b gave the synthetic inter-
mediates 30a and 30b, and from the benzylamine 29c the
tosylamide 30c was obtained (Scheme 6).[19]


The crystal structures of the substrates 1c, 1e, 1 f, 1 i, 1 j,
1k, 1 l, 1m, 1n, 1 t, 8, 9, 11, and 18 were analyzed with re-
spect to the relative orientation of the reactive subunits, the


alkyne and heterocycle. A comparison of these structures
shows that there are two major families of conformers in the
solid state; only 1k has a significantly different conforma-
tion in the crystal.


In the first family, 1c, 1e, 1 f, 1 i, 1 j, 1 l, 1 t, 8, 9, 11, and
18, the relative orientations differ only slightly (Figure 5).
This is remarkable, especially since the side chains of these
substrates are quite different, which strongly suggests that
this conformation is an absolute minimum for these sulfona-
mide-tethered w-alkynylfurans.


In the second family, 1m, 1n, and 1s, there are also pro-
nounced similarities, even though they again possess differ-
ent side chains (Figure 6). Once more this suggests that this
conformation is an absolute minimum for the w-alkynylfur-
ans with an ether or ether-like dimethylammonium tether.


Figure 3. Solid-state structure of 24.


Scheme 5. Further derivatization of 2c.


Figure 4. Solid-state structure of 26.


Scheme 6. Crystalline intermediates of the syntheses of substrates 1.


Figure 5. Superimposition of the amino moieties of compounds 1c, 1e,
1 f, 1 i, 1 j, 1 l, 1 t, 8, 9, 11, 18 ; two different views are shown.


Figure 6. Superimposition of 1m, 1n, and 1s.
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In 1k the alkynyl group and the furan ring are very close;
they occupy a conformation which is ready for cyclization.
That the conformation of this sulfonamide differs from the
conformations of all the other sulfonamides shown in
Figure 5 might be due to packing effects.


Since these conformations were observed in the crystal-
line state, we investigated whether high steric barriers for
the interconversion of different conformers exist. We started
with 1s, the simplest starting material with only an oxygen
atom in the tether which has only a few unknown parame-
ters and for which also a crystal structure was available
(Figure 7), as the first model system. We used the MM3


force field[22] and the TINKER program [23] and initially op-
timized the geometry of the crystal structure, which was re-
produced well. Then the dynamic behavior was investigated
in a molecular dynamics simulation (T=400 K; Dt=0.5 fs;
t=25 ps); this calculation showed that there are no torsional
barriers which cannot be passed under these conditions (an
mpg movie is included in the Supporting Information). We
then turned to 1k ; we were faced with the problem that no
force-field parameters have been published for the sulfona-
mide moiety, so these parameters were generated by com-
parison with similar groups. A test of these new parameters
nicely reproduced the geometry obtained in the crystal
structure analysis. The subsequent molecular dynamics simu-
lation performed under the same conditions as mentioned
above for 1s also provided no evidence for barriers that
cannot be passed (another mpg movie is included in the
Supporting Information). The conformational changes are
dominated by rotations around N�C and C�C single bonds
in combination with inversion vibrations at the nitrogen
atom of the sulfonamide (compare below). Thus the failure
of these substrates to react with the gold catalysts to give
phenols is clearly not due to steric effects of the substituents,
which would not allow the proper conformation to be occu-
pied for cyclization; the electronic effects of these substitu-
ents must be the cause of the lack of reactivity.


Hence the results can be interpreted as follows: The fail-
ure of 1p to react can be assigned to the reduction of the
catalyst by the furyl alcohol as discussed above; the failure
of all three acceptor-substituted derivatives 1q–1s shows
that the acceptor inhibits the reaction. If the gold-catalyzed


reaction follows the path suggested by Echavarren and co-
workers[3] on the basis of the side-products and calculations
for the platinum-catalyzed case, it can be assumed that the
initial cyclopropanation (see also species C in reference [7])
of the enol-ether substructure of the furan is not electroni-
cally compatible with an acceptor substituent on the furan
ring. The failure of 1k to react can be explained similarly
since the bromo substituent also deactivates the p system.


Regarding the catalysis products, superposition of 2b, 2c,
2 j, 22, 24, and 26 shows a high conformational similarity
(Figure 8). With the exception of 2c even the tosyl groups
have the same orientation with respect to the anellated
phenol.


In all the sulfonamides the nitrogen atom has a pyramidal
conformation, even in derivatives with only one carbon sub-
stituent and one hydrogen atom on the nitrogen. Typical de-
viations of the bond angles at the nitrogen atom from 3608
are 15.28 for 28, 17.28 for 30a, 15.28 for 30b, and 21.68 for
the benzyl derivative 30c. Looking along the N�S bond,
owing to this pyramidalization, a pseudostaggered confor-
mation is observed, the phenyl
ring attached to the sulfur atom
is always arranged between the
two substituents on the nitrogen
atom, as exemplified in Figure 9
for 28. As mentioned above, in-
versions at this nitrogen atom
are strongly involved in the
conformational changes of the
substrates.


Conclusion


The observation that certain
substituents are tolerated in
gold-catalyzed phenol synthesis
and others are not, that a
bromo substituent is tolerated
at a certain position and not at


Figure 7. Conformation of 1k in the crystal state.


Figure 8. Superimposition of the products 2b, 2c, 2 j, 22, 24, and 26.


Figure 9. The view along the
N�S bond of 28 shows a con-
formation typical of all the sul-
fonamides investigated.
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another, and that other five-membered heterocycles do not
undergo similar reactions, is one part of the mechanistic
puzzle for this reaction; the final mechanistic picture must
also explain these facts. For the substituted furans it has
been shown that substituents that deactivate the p system of
the furan are not tolerated; molecular modeling confirmed
that there are no steric factors preventing these substrates
from occupying a reactive conformation.


The catalytic activity of [Ru3(CO)12] shows how general
the cycloisomerization reaction is for a d8-configurated com-
plex. The deoxygenation in the presence of a phosphane
ligand and a ruthenium complex demands further investiga-
tion and the para-Claisen rearrangements of the allyl ether
2c and the triflate of 2c show how the products might serve
as building blocks and be further converted in subsequent
syntheses.


Experimental Section


General methods: Melting points were taken by using a Fischer–Johns
Melting Apparatus and are uncorrected. IR spectra were recorded on a
Bruker IFS 28 FT-IR spectrometer. 1H and 13C NMR spectra were re-
corded on a Bruker Bruker AC 250, Bruker ARX 300 or Bruker ARX
500. NMR spectra were recorded in CDCl3, except when otherwise
stated. Chemical shifts are given in ppm relative to CDCl3 (1H, d=


7.26 ppm; 13C, d=77.16 ppm). LRMS and HRMS were taken on a Finni-
gan MAT 95 or a Varian MAT 711 spectrometer. All commercially avail-
able compounds were used without further purification.


General procedure for gold-catalyzed reactions : The test substrate was
dissolved in acetonitrile and a solution of the gold catalyst in acetonitrile
(10 % w/w) was added. The reaction was monitored by either thin-layer
chromatography or by 1H NMR spectroscopy.


2 l : According to the general procedure, 1 l (700 mg, 1.83 mmol) and
AuCl3 (27.7 mg, 91 mmol, 5.0 mol %) in acetonitrile (15 mL) were used.
After 24 h, a colorless precipitate was filtered, washed with water, metha-
nol, and diethyl ether and dried in vacuo to yield 255 mg (36 %) of 2 l.
M.p. 235–245 8C; IR (KBr): ñ=3498, 1578, 1425, 1323, 1230, 1138, 1098,
1051, 809, 795, 763, 650 cm�1; 1H NMR (CDCl3, 300 MHz): d=2.13 (s,
3H), 2.41 (s, 3 H), 4.49 (s, 2H), 4.54 (s, 2 H), 5.54 (s, 1 H), 7.09 (s, 1H), (d,
J=8.3 Hz, 2 H), 7.76 (d, J=8.3 Hz, 2H) ppm; 13C NMR (CDCl3,
126 MHz): d=13.03 (q), 21.50 (q), 52.96 (t), 53.23 (t), 109.57 (s), 120.28
(s), 122.73 (d), 127.53 (d, 2C), 128.42 (s), 129.86 (d. 2C), 133.60 (s),
136.64 (s), 143.77 (s), 149.67 (s) ppm. MS (70 eV): m/z (%): 383 (16)
[81Br�M+], 381 (17) [79Br�M+], 269 (11), 267 (10), 228 (90), 226 (100),
157 (13), 155 (21), 91 (78); elemental analysis calcd (%) for
C16H16BrNO3S (382.28): C 50.27, H 4.22, N 3.66; found: C 50.25, H 4.33,
N 3.93.


2n : According to the general procedure, 1n (8.00 mg, 24.8 mmol) and
AuCl3 (380 mg, 1.2 mmol, 5.0 mol %) in acetonitrile (500 mL) were used.
After 26 h, the product 2n was characterized by 1H NMR spectroscopy.
1H NMR (CD3CN, 250 MHz): d=3.07 (s, 6 H), 3.27 (s, 3H), 4.72 (d, J=
5.4 Hz, 4 H), 6.85 (d, J=7.6 Hz, 1H), 7.21 (d, J=7.6 Hz, 1 H) ppm; 13C
NMR (CD3CN, 62.9 MHz): d=15.2 (q), 52.9 (q, 2C), 68.9 (t), 70.9 (t),
115.0 (d), 119.2 (s), 125.6 (s), 132.2 (s), 132.3 (d), 150.3 (s) ppm.


2o : According to the general procedure, 1o (20.7 mg, 61.3 mmol) and
AuCl3 (9.27 mg, 3.06 mmol, 5.0 mol %) in acetonitrile (500 mL) were used.
The reaction was monitored by 1H NMR spectroscopy. After 80 h, 80%
of the starting material had been converted, according to characteristic
signals of phenolic protons at d=6.77 (d, J=8.3 Hz, 1H) and 7.24 ppm
(d, J=8.3 Hz, 1 H).


2t : According to the general procedure, 1t (193 mg, 531 mmol) and
AuCl3 (8.05 mg, 26.5 mmol, 5.0 mol %) in acetonitrile (3.0 mL) were used.
The reaction was monitored by 1H NMR spectroscopy. After 24 h, the


crude product was purified by column chromatography on silica (petrol
ether (PE)/ethyl acetate (EA)/dichloromethane (DCM), 5:1:5) to yield
11.0 mg (6 %) of 2 t as a colorless solid. Rf (PE/EA/DCM, 5:1:5)=0.24.
M.p. 122–124 8C; IR (neat): 3395, 2951, 2859, 1744, 1731, 1625, 1598,
1495, 1453, 1379, 1361, 1315, 1260, 1216, 1149, 1107, 1079, 1045, 1017,
943, 917, 836, 812, 785, 712, 699, 666, 589, 568, 537 cm�1; 1H NMR
(CDCl3, 500 MHz): d=2.08 (s, 3H), 2.40 (s, 3H), 4.59 (s, 2H), 4.60 (s,
2H), 5.04 (s, 2 H), 6.70 (d, J=7.7 Hz, 1 H), 7.14 (d, J=7.7 Hz, 1 H), 7.30
(d, J=8.1 Hz, 2H), 7.77 (d, J=8.1 Hz, 2 H), 8.38 (s, 1 H) ppm; 13C NMR
(CDCl3, 126 MHz): d=20.86 (q), 21.48 (q), 51.81 (t), 54.12 (t), 62.67 (t),
114.32 (d), 120.53 (s), 125.20 (s), 127.61 (d, 2C), 129.78 (d, 2C), 132.66
(d), 133.63 (s), 139.82 (s), 143.61 (s), 151.08 (s), 174.33 (s) ppm. MS (FAB
positive-ion, matrix: p-nitrobenzyl alcohol): m/z (%): 723 (1) [2M+H+],
494 (3) [M+Cs+], 384 (5) [M+Na+], 362 (66) [M+], 302 (32), 206 (16),
155 (15), 146 (100), 133 (38) [Cs+], 91 (51), 55 (44), 43 (33). HRMS
(FAB positive-ion, matrix: p-nitrobenzyl alcohol): calcd for
12C18


1H20
14N1


16O5
32S1: 362.1062; found: 362.1070.


2u : According to the general procedure, 1u (55.0 mg, 127 mmol) and
AuCl3 (1.92 mg, 6.33 mmol, 5.0 mol %) in acetonitrile (500 mL) were used.
The reaction was monitored by 1H NMR spectroscopy. After three days,
the crude product was purified by column chromatography on silica
(petrol ether/ethyl acetate 4:1) to yield 34.0 mg (62 %) of 2u as a pale
yellow solid. M.p. 172–173 8C. Rf (PE:EA, 4:1)=0.20. IR (film): ñ=3256,
3108, 2975, 2875, 1697, 1625, 1597, 1527, 1471, 1340, 1285, 1157, 1042,
949, 854, 813, 736, 690 cm�1; 1H NMR (CDCl3, 300 MHz): d=1.16 (s,
9H), 4.64 (s, 2 H), 4.66 (s, 2H), 5.03 (s, 2 H), 6.71 (d, J=7.7 Hz, 1 H), 7.17
(d, J=7.7 Hz, 1 H), 8.07 (d, J=9.0 Hz, 2 H), 8.36 (d, J=9.0 Hz, 1 H), 8.64
(s, 1H) ppm; 13C NMR (CDCl3, 75.5 MHz): d=27.41 (q, 3 C), 39.03 (s),
52.12 (t), 54.37 (t), 63.04 (t), 114.35 (d), 121.07 (s), 124.57 (d, 2C), 124.60
(s), 128.72 (d, 2C), 133.11 (d), 139.01 (s), 143.00 (s), 150.25 (s), 151.40 (s),
182.05 (s) ppm; MS (DCI negative-ion, reactand gas: CH4): m/z (%): 434
(19) [M+], 332 (100), 258 (3), 186 (5). HRMS (DCI negative-ion, reac-
tand gas: CH4): calcd for C20H22N2O7S: 434.1148; found: 434.1157; ele-
mental analysis calcd (%) for C20H22N2O7S (434.46): C 55.29, H 5.10, N
6.45; found: C 53.11, H 4.81, N 5.48.


10 : According to the general procedure, 9 (420 mg, 949 mmol) and AuCl3


(28.8 mg, 94.9 mmol, 10 mol %) in acetonitrile (3.0 mL) were used. After
15 minutes, the reaction was stopped by cooling, the solvent removed in
vacuo, and the crude product purified by column chromatography on
silica (hexane/ethyl acetate, 1:1) to yield 341 mg (77 %) of 10 as a dark
yellow solid. Rf (H/EA, 1:1)=0.6. IR (film, NaCl): ñ=3482, 3288, 3146,
3065, 2957, 2924, 2874, 2588, 2257, 1919, 1686, 1647, 1597, 1494, 1451,
1374, 1344, 1162, 1121, 1090, 1038, 1018, 912, 814, 734, 703, 673 cm�1; 1H
NMR (CDCl3, 250 MHz): d=2.33 (s, 3H), 2.42 (s, 3 H), 3.96 (s, 2H), 4.59
(s, 2H), 4.86 (s, 1 H), 5.00 (s, 1H), 6.20 (d, J=3.8 Hz, 1 H), 7.06 (d, J=
3.3 Hz, 1H), 7.36 (d, J=8.2 Hz, 2 H), 7.42 (d, J=8.2 Hz, 2 H), 7.62 (d, J=
8.3 Hz, 2H), 7.75 (d, J=8.4 Hz, 2H) ppm; 13C NMR (CDCl3, 62.9 MHz):
d=21.5 (q), 21.7 (q), 43.8 (t), 49.1 (t), 107.7 (t), 107.8 (d), 121.9 (d), 122.8
(s), 125.3 (s), 127.1 (d, 2C), 127.5 (d, 2 C), 129.3 (d, 2C), 130.4 (d, 2C),
132.7 (s), 134.5 (s), 135.5 (s), 143.5 (s), 145.8 (s) ppm; MS (70 eV): m/z
(%): 442 (5) [M+], 286 (19), 199 (22), 155 (37), 91 (100), 65 (16), 44 (21),
18 (60).


14 : According to the general procedure, 13 (37.0 mg, 207 mmol) and Na-
ACHTUNGTRENNUNG[AuCl4]·2H2O (4.10 mg, 10.3 mmol, 5.0 mol %) in acetonitrile (500 mL)
were used. After 15 h at 50 8C, the product was characterized by 1H
NMR spectroscopy. 1H NMR (CD3CN, 300 MHz): d=2.01 (s, 3H), 2.29
(s, 3H), 5.06 (d, J=11.1 Hz, 1H), 5.42 (d, J=17.5 Hz, 1H), 6.48 (dd, J=
11.1, 17.5 Hz, 1H) ppm.


16 : According to general procedure, 15 (30.0 mg, 124 mmol) and Na-
ACHTUNGTRENNUNG[AuCl4]·2H2O (2.50 mg, 6.2 mmol, 5.0 mol %) in acetonitrile (500 mL)
were used. After 15 h at 50 8C, the crude product was purified by column
chromatography on silica (petrol ether/ethyl acetate, 5:1) to yield 9.7 mg
(30 %) of 16 as a colorless oil. Rf (PE:EA, 5:1)=0.38. IR (neat): ñ=


2922, 2360, 1682, 1646, 1573, 1546, 1486, 1449, 1421, 1125, 977, 950 cm�1;
1H NMR (CDCl3, 300 MHz): d=2.26 (s, 3 H), 5.26 (d, J=11.1 Hz, 1 H),
5.71 (d, J=17.5 Hz, 1H), 6.57 (dd, J=11.1, 17.5 Hz, 1H), 7.41–7.48 (m,
3H), 8.01–8.08 (m, 2H) ppm; 13C NMR (CDCl3, 75.5 MHz): d=11.9 (q),
113.1 (t), 121.3 (d), 126.3 (d), 127.4 (s), 128.7 (d), 130.3 (d), 135.1 (s),
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145.2 (s), 159.8 (s) ppm; MS (EI, 70 eV): m/z (%): 185 (100) [M+], 116
(28), 104 (19), 86 (20), 84 (30); HRMS (EI, 70 eV): calcd for C12H11NO:
185.0841; found 185.0840.


19 : A solution of octacarbonyldicobalt (260 mg, 760 mmol) in diethyl
ether (ca. 20 mL) was treated with a solution of 4-methyl-N-(5-methylfur-
an-2-ylmethyl)-N-prop-2-ynylbenzenesulfonamide (230 mg, 759 mmol) in
diethyl ether (ca. 5.0 mL) under argon. After stirring the reaction mix-
ture for 72 h, the crude product was purified by column chromatography
on silica (hexane(H)/ethyl acetate, 5:1) to give 330 mg (74 %) of 61 as
dark crystals. M.p.: 128 8C. Rf (H/EA, 5:1)=0.34. IR (neat): ñ=2370,
2344, 2094, 2057, 2019, 1654, 1560, 1432, 1347, 1327, 1220, 1156, 1092,
1068, 1021, 972, 915, 886, 814, 790, 762, 730 cm�1; 1H NMR (CDCl3,
250 MHz): d=2.11 (s, 3H), 2.44 (s, 3H), 4.48 (s, 2H), 4.52 (s, 2H), 5.84
(d, J=2.2 Hz, 1H), 5.96 (s, 1 H), 6.02 (d, J=3.0 Hz, 1 H), 7.29 (d, J=
8.2 Hz, 2H), 7.71 (d, J=8.2 Hz, 2H) ppm; 13C NMR (CDCl3, 62.9 MHz):
d=13.3 (q), 21.5 (q), 29.7 (t), 30.9 (t), 73.3 (d), 89.7 (s), 106.3 (d), 111.0
(d), 127.4 (d, 2C), 129.5 (d, 2C), 137.2 (s), 143.2 (s), 147.0 (s), 152.6 (s),
199.2 (CO) ppm; MS (70 eV): m/z (%): 561 (5), 533 (13), 505 (18), 477
(4), 449 (8), 421 (65), 28 (100); elemental analysis calcd (%) for
C22H17Co2NO9S (589.1): C 44.85, H 2.89, N 2.38; found: C 45.01, H 2.97,
N 2.54.


20 : N-Methylmorpholine N-oxide (310 mg, 2.65 mmol) was added to a
solution of 19 (260 mg, 441 mmol) and norbornene (49.9 mg, 530 mmol) in
dichloromethane (ca. 5 mL) and the reaction mixture was stirred for 16 h
at ambient temperature. After filtration and removal of the solvent in
vacuo, the crude product was purified by column chromatography on
silica (hexane/ethyl acetate, 1:1) to give 153 mg (81 %) of 20 as a yellow
oil. Rf (H/EA, 1:1)=0.54. IR (film): ñ=3278, 3032, 2957, 2874, 2254,
1918, 1694, 1630, 1598, 1560, 1522, 1494, 1449, 1340, 1221, 1160, 1093,
1020, 912, 815, 733 cm�1; 1H NMR (CDCl3, 250 MHz): d=0.87 (s, 2H)
1.21 (s, 1 H), 1.24 (s, 2 H), 1.27 (s, 1H), 1.57 (m, 3 H), 2.09 (s, 3H), 2.31
(br s, 1H), 2.40 (s, 3H), 2.52 (br s, 1 H), 3.86 (s, 2H), 4.28 (s, 2H), 5.75
(br s, 1H), 5.97 (d, J=3.1 Hz, 1 Hz), 7.25 (d, J=8.3 Hz, 2 H), 7.65 (d, J=
8.3 Hz, 2 H) ppm; 13C NMR (CDCl3, 62.9 MHz): d=13.4 (q), 21.4 (q),
28.3 (t), 29.0 (t), 31.1 (t), 37.9 (d), 38.9 (d), 42.7 (t), 45.0 (t), 48.4 (d), 54.4
(d), 106.3 (d), 110.9 (d), 127.5 (d, 2 C), 129.5 (d, 2 C), 136.0 (s), 137.4 (s),
143.7 (s), 143.9 (s), 152.3 (s), 161.7 (d), 209.7 (C=O) ppm; MS (70 eV):
m/z (%): 425 (1) [M+], 270 (78), 176 (61), 18 (100).


21: Compound 1c (75.1 mg, 248 mmol) was added to a solution of [CpRu-
ACHTUNGTRENNUNG(PPh3)2Cl] (60.0 mg, 82.6 mmol) and NH4PF6 (16.2 mg, 99.1 mmol) in
methanol (ca. 50 mL) and the reaction mixture was stirred for 4 h at am-
bient temperature. After removal of the solvent in vacuo, the residue was
redissolved in dichloromethane and the insoluble white precipitate fil-
tered off. The crude product was obtained by precipitation with diethyl
ether and then dried in vacuo. 31P{1H} NMR (CDCl3, 162 MHz): d=


�143.0 (sept., J=4.4 Hz, PF6
�), 40.8 (d, J=26.8 Hz), 41.3 (d, J=


26.8 Hz) ppm; FAB-MS (positive-ion): m/z (%): 994 (12) [cation], 719
(19), 429 (48), 352 (12), 279 (100), 183 (18), 133 (32), 107 (38), 91 (53), 69
(65), 55 (81).


23 : PiPr3 (201 mg, 1.3 mmol) was added to a solution of
[Ru(methylallyl)2ACHTUNGTRENNUNG(cod)] (200 mg, 627 mmol) in dichloromethane (ca.
25 mL) and acetone (16 mL) and the mixture was cooled to �20 8C.
After addition of HCl in methanol (1.25m, 1.3 mmol, 1.0 mL, Fluka) and
stirring for 30 min at �20 8C, 1c (950 mg, 3.1 mmol) was added and the
reaction mixture stirred for another 20 h at ambient temperature. 1H
NMR (CDCl3, 250 MHz): d=1.24 (dd, J=7.0, 13.9 Hz, 36 H), 2.14 (m,
6H), 2.21 (s, 3 H), 2.43 (s, 3H), 4.03 (d, J=2.5 Hz, 2H), 4.38 (s, 2 H), 4.58
(s, 1H), 5.87 (d, J=2.8 Hz, 1 H), 6.16 (d, J=2.8 Hz, 1 H), 7.30 (d, J=
8.2 Hz, 2 H), 7.74 (d, J=8.2 Hz, 2H) ppm; 31P{1H} NMR (162 MHz,
CDCl3): d=59.7 (s) ppm.


24 : Allylic bromide (500 mL, 6.0 mmol) was slowly added to a solution of
2c (240 mg, 792 mmol) and Cs2CO3 (535 mg, 1.64 mmol) in acetonitrile
(ca. 30 mL) and the reaction mixture was stirred for 20 h at ambient tem-
perature. After removal of the solvent in vacuo, the crude product was
purified by column chromatography on silica (hexane/ethyl acetate/di-
chloromethane, 8:1:1) to give 100 mg (37 %) of 24 as a colorless solid.
M.p. 91–96 8C. Rf (H/EA/DCM, 8:1:1)=0.22. IR (film, NaCl): ñ=2923,
2366, 2344, 1596, 1458, 1348, 1315, 1215, 1164, 1098, 1054, 998, 930, 813,


712, 665 cm�1; 1H NMR (CDCl3, 250 MHz): d=2.23 (s, 3H), 2.40 (s, 3 H),
4.36 (br d, J=5.5 Hz, 2H), 4.58 (s, 2 H), 4.65 (s, 2H), 5.26 (dd, J=1.2,
10.4 Hz, 1H), 5.37 (dd, J=1.5, 17.1 Hz, 1H), 6.03 (ddt, J=10.4, 17.1,
22.9 Hz, 1H), 6.80 (d, J=7.6 Hz, 1 H), 7.05 (d, J=7.6 Hz, 1H), 7.31 (d,
J=7.9 Hz, 2 H), 7.76 (d, J=8.2 Hz, 2H) ppm; 13C NMR (CDCl3,
62.9 MHz,): d=15.8 (q), 21.3 (q), 51.9 (t), 53.5 (t), 73.0 (t), 117.5 (d),
117.8 (t), 127.4 (d, 2 C), 128.1 (s), 129.7 (d, 2 C), 131.1 (d), 133.3 (d), 133.5
(s), 135.6 (s), 143.5 (s), 152.2 (s) ppm; one s not detected; MS (70 eV): m/
z (%): 342 (11) [M+], 313 (11), 302 (18), 301 (100), 187 (23), 158 (20),
155 (34), 146 (80), 118 (26), 91 (92), 41 (31); elemental analysis calcd
(%) for C19H21NO3S (343.2): C 66.48, H 6.12, N 4.08; found: C 66.45, H
5.85, N 4.18.


25 : A solution of 24 (60.0 mg, 175 mmol) in triethylbenzene (ca. 2.0 mL)
was heated for 3 h at 185 8C under argon. The crude product was purified
by column chromatography on silica (hexane/ethyl acetate/dichlorome-
thane, 6:1:2) to yield 30.8 mg (51 %) of 25 as a colorless solid. M.p. 169–
174 8C. Rf (H/EA/DCM, 6:1:2)=0.16; IR (film): ñ=3448, 2922, 2371,
2345, 1701, 1637, 1598, 1496, 1458, 1341, 1219, 1160, 1098, 1017, 916, 814,
720, 708, 665 cm�1; 1H NMR ([D6]acetone, 250 MHz): d=2.14 (s, 3H),
2.37 (s, 3 H), 3.17 (d, J=6.5 Hz, 2H), 4.53 (s, 4H), 4.93 (d, J=4.0 Hz,
1H), 4.96, (d, J=2.4 Hz, 1 H), 5.83 (ddt, J=2.4, 4.0, 6.5 Hz, 1H), 6.79 (s,
1H), 7.40 (d, J=8.0 Hz, 2 H), 7.77 (d, J=8.3 Hz, 2 H) ppm; 13C NMR
([D6]acetone, 62.9 MHz): d=15.8 (q), 21.3 (q), 37.2 (t), 52.7 (t), 53.6 (t),
115.6 (t), 123.4 (s), 124.7 (s), 126.0 (s), 128.4 (d, 2C), 130.6 (d, 2C), 131.8
(d), 134.7 (s), 137.4 (d), 144.7 (s), 149.1 (s) ppm; one s not detected; MS
(70 eV): m/z (%): 343 (39) [M+], 188 (100), 160 (13), 91 (26); elemental
analysis calcd (%) for C19H21NO3S (343.2): C 66.48, H 6.12, N 4.08;
found: C 66.24, H 5.94, N 4.19.


26 : According to the general procedure, 1c (800 mg, 2.64 mmol) was
treated with a solution of AuCl3 (400 mg, 132 mmol, 5 mol %) in CD3CN
(10 % w/w). After removal of the solvent in vacuo, the residue was redis-
solved in acetone and diisopropylethylamine (DIPEA) (900 mL,
5.28 mmol) and N,N-bis(trifluormethanesulfonyl)aniline (1.89 g,
5.28 mmol) were added. The reaction mixture was stirred for 18 h at am-
bient temperature, the solvent evaporated, and the residue redissolved in
dichloromethane and extracted with saturated NaHCO3 solution. The
crude product was purified by column chromatography on silica (hexane
(H)/acetone (A), 2:1) to give 642 mg (58 %) of 26 as a pale-yellow solid.
M.p. 110–111 8C. Rf (H/A, 2:1)=0.46. IR (film): ñ=2369, 2344, 1654,
1560, 1458, 1406, 1352, 1215, 1166, 1137, 1097, 1034, 970, 926, 840 cm�1;
1H NMR (CDCl3, 250 MHz): d=2.36 (s, 3H), 2.43 (s, 3 H), 4.63 (s, 2H),
4.73 (s, 2H), 7.08 (d, J=7.7 Hz, 1 H), 7.22 (d, J=7.7 Hz, 1 H), 7.35 (d, J=
8.4 Hz, 2H), 7.78 (d, J=8.3 Hz, 2H) ppm; 13C NMR (CDCl3, 62.9 MHz):
d=16.3 (q), 21.5 (q), 51.8 (t), 53.7 (t), 121.0 (s), 122.5 (d), 127.6 (d, 2C),
129.9 (d, 2C), 130.0 (s), 130.9 (s), 132.2 (d), 133.4 (s), 137.4 (s), 141.9 (s),
144.0 (s) ppm; 19F NMR (CDCl3, 235.3 MHz): d=�74.9 (s) ppm. MS
(70 eV): m/z (%): 435 (25) [M+], 281 (13), 280 (100), 147 (57), 91 (49);
elemental analysis calcd (%) for C17H16F3NO5S2 (435.3): C 46.91, H 3.68,
N 3.22; found: C 47.11, H 3.71, N 3.22.
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Introduction


Although the synthesis of OPI3 was already claimed in
1973[1] and is included in every inorganic chemistry text-
book, this compound is not well characterized. The original
report only gives a melting point (53 8C). In a CAS Online
search with SCIFINDER in summer 2005 only eight refer-
ences were found that contained information about OPI3.
The only reported IR/Raman frequency of OPI3 is the O�P
stretching frequency in the gas phase at 480 8C,[2] a tempera-
ture at which OPI3 should already have decomposed.[3] In


agreement with this notion, this assignment (and those of a
large number of related compounds) has been questioned
on the basis of quantum-chemical calculations of IR fre-
quencies.[4] Two of the articles on OPI3 only include estimat-
ed thermochemical and physical properties of several oxyha-
lides including OPI3.


[5,6] No 31P NMR data, conclusive vibra-
tional spectra, or a structural report on I3PO was given. This
also includes Lewis acid stabilized species. Only I3PO!NbI5
was briefly mentioned in a patent without any structural evi-
dence or other method of characterization.[7] Similarly, SPI3
was claimed in 1964[8] with only little characterization; later
it proved impossible to verify this finding by 31P NMR spec-
troscopy, and it was suggested that the highest possible
degree of iodination is SPBrI2 or SPClI2, while SPI3 appears
to decompose instantaneously with formation of lower phos-
phorus iodides, phosphorus sulfides, and elemental iodine.[9]


In agreement with the apparent instability of PV�I bonds, it
was shown that P4O6 reacts with Cl2 and Br2 to give OPX3


(X=Cl, Br) but with I2 to give P2I4. Oxidation of PI3 with
O2 never gave OPI3.


[10] Given all these doubts it appears
strange that OPI3 is included as a “compound in a bottle” in
inorganic textbooks.
Here we present the results of our attempts to repeat the


syntheses of free OPI3, which led to the conclusion that free
OPI3 may only be present as an intermediate, even when
mild conditions and low temperatures (�78 8C) are used


Abstract: While reinvestigating the
published synthesis of OPI3, it became
evident from the experiments that
phosphoryl triodide may only be
formed as an intermediate and that the
end products of the reaction of OPCl3
with LiI are PV oxides, PI3, I2, and LiCl.
This is also in agreement with MP2/
TZVPP calculations, which assign DrH8
(DrG8) [DrG8 in CHCl3] for the dispro-
portionation of OPI3 as �7 (�18)
[�17 kJmol�1] (assuming P4O10 as the
PV oxide). The first products of this re-
action visible in a low-temperature in


situ 31P NMR experiment are P2I4 and
PI3, as well as traces of a compound
that may be OPCl2I. By contrast, it was
possible to prepare and structurally
characterize Lewis acid [A] stabilized
[A] !OPX3 adducts, where [A] is Al-
ACHTUNGTRENNUNG(ORF)3 for X=Br and AlACHTUNGTRENNUNG(ORF)2ACHTUNGTRENNUNG(m-
F)Al ACHTUNGTRENNUNG(ORF)3 for X= I (RF=C ACHTUNGTRENNUNG(CF3)3).
These adducts are formed on decompo-


sition of PX4
+[Al ACHTUNGTRENNUNG(ORF)4]


� ; high yields
of Br3PO!Al ACHTUNGTRENNUNG(ORF)3 (dACHTUNGTRENNUNG(31P)=�65)
were obtained, while I3PO!AlACHTUNGTRENNUNG(ORF)3
(dACHTUNGTRENNUNG(31P)=�337) and I3PO!Al ACHTUNGTRENNUNG(ORF)2-
ACHTUNGTRENNUNG(m-F)Al ACHTUNGTRENNUNG(ORF)3 (d ACHTUNGTRENNUNG(


31P)=�332) are only
formed as by-products. The main prod-
uct of the room-temperature decompo-
sition of PI4


+[AlACHTUNGTRENNUNG(ORF)4]
� is PI4


+


ACHTUNGTRENNUNG[(RFO)3AlACHTUNGTRENNUNG(m-F)Al ACHTUNGTRENNUNG(ORF)3]
� , which was


also characterized by X-ray crystallog-
raphy and was independently prepared
from Ag+


ACHTUNGTRENNUNG[(RFO)3Al ACHTUNGTRENNUNG(m-F)Al ACHTUNGTRENNUNG(ORF)3]
� ,


PI3, and I2.
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throughout its preparation. The final products of the reac-
tion between OPCl3 and LiI were identified. Subsequently
we prepared and characterized Lewis acid stabilized OPX3


(X=Br, I) adducts with the very strong Lewis acids Al-
ACHTUNGTRENNUNG(ORF)3 and Al ACHTUNGTRENNUNG(ORF)2ACHTUNGTRENNUNG(m-F)Al ACHTUNGTRENNUNG(ORF)3 (R


F=C ACHTUNGTRENNUNG(CF3)3). This is
the first report of a molecule containing I3PO in the solid
state. Complexed I3PO is the last missing member in the
series of OPX3 compounds (X=F, Cl, Br, I).


Results and Discussion


Synthesis and NMR spectroscopy


Free OPI3 : OPI3 was claimed[1] to be prepared by the action
of LiI on OPCl3 or by treating PhOPI2 with I2, which yielded
OPI3 and PhI. However, a more recent report on the action
of LiI on SPBr3 showed that in this case full substitution
could not be achieved, and the highest iodine content ob-
served was that in SPBrI2 with an unusually low-frequency
31P NMR signal of d=�315 ppm.[9] The same authors ex-
trapolated the 31P NMR shift of SPI3 to occur at d��411�
5 ppm. A similarly unusual 31P NMR signal would be ex-
pected for free OPI3.
The cited melting point of OPI3 of 538C is close to that of


PI3 (618C), and the observed violet color may be due to a mix-
ture of PI3 (red) and iodine (dark violet, m.p. 1148C). More-
over PI3 yields the same products of hydrolysis as OPI3, which
gave HI, H3PO4, and H3PO3.


[1] Therefore, we suspected that
the obtained product was in fact a mixture. Free OPI3 should
not be stable under the conditions employed and would dis-
proportionate to give phosphorus iodides and oxides, as well
as elemental iodine, in analogy to the decomposition of SPI3.


[9]


To prove this hypothesis we repeated the reaction of OPCl3
with LiI in CDCl3 in a sealed NMR tube with ultrasonic en-
hancement for 12 h at about 308C. After 12 h the reaction
mixture had turned dark red over some colorless precipitate.
The 31P NMR spectrum of this sample only showed one line at
d=++173 ppm, close but not identical to the position of pure
PI3 in the same solvent (+175 ppm), but identical to that of a
1:1 mixture of PI3 and I2 in CDCl3.


[11] This shift of a PI3 and I2
mixture was also reported in CS2/C6D6.


[12]


We also prepared an equimolar mixture of I2 and PI3, and
this mixture has a sharp melting point of 50–52 8C. This is
close to the cited melting point of OPI3 at 53 8C. Repeating
the above NMR-scale reaction in CDCl3 in a low-tempera-
ture ultrasonic bath at �78 8C showed the first product de-
tectable in the low-temperature 31P NMR spectrum at 200 K
to be P2I4 (dACHTUNGTRENNUNG(31P)=106 ppm). Continuing the reaction at
0 8C, the next detected products were the PI3/I2 mixture at
d=173 ppm, as well as two weak and broad signals at d=
�68 and �167 ppm plus a weak but sharp signal at d=


�110 ppm (Supporting Information). The last signal may
well be due to OPCl2I (cf. SPCl2I: dACHTUNGTRENNUNG(


31P)=�111.5 ppm); the
origin of the broad signals is unclear.
We repeated the reaction of OPCl3 and LiI on a prepara-


tive scale and separated the colorless insoluble precipitate


from the CHCl3-soluble fraction. The weights of the soluble
and insoluble fractions are in agreement with Equa-
tion (2).[13] The 7Li and 31P NMR spectra of the insoluble
material in D2O showed the presence of solvated Li+aq. and
deuterated orthophosphoric acids (Supporting Information).
The IR spectrum of the colorless insoluble material showed
it to be PV oxide. The dark red soluble material was shown
by Raman spectroscopy to consist of PI3 and I2.


[14]


We therefore conclude that the formation of OPI3 in
these mixtures is not detectable by NMR spectroscopy.
Therefore, OPI3 may only be a short-lived intermediate
formed by the action of LiI on OPCl3. The OPI3 intermedi-
ate appears to disproportionate immediately with formation
of PV oxide, I2, and PI3 [Eqs. (1) and (2); the PV oxide is in-
cluded in Eq. (2) as P4O10].


3 LiIþOPCl3 ! ½OPI3�intermediate þ 3LiCl ð1Þ


½OPI3�intermediate ! 0:1P4O10 þ 0:6 I2 þ 0:6 PI3 ð2Þ


To back up this conclusion we fully optimized the geome-
tries of all species in Equation (2) at the (RI-)MP2/TZVPP
level and assessed the underlying thermochemistry. Equa-
tion (2) is exothermic (exergonic) in the gas phase by �7
(�18) kJmol�1 but also when solvation energies are included
(DrG




CHCl3=�17 kJmol�1; COSMO solvation model). By


contrast, the MP2/TZVPP calculations show that Equa-
tion (2) for the analogous disproportionation reaction of
OPBr3 is endothermic (endergonic) in the gas phase [DrH8
(DrG8)=47 (35) kJmol�1] and in solution (DrG




CHCl3=


35 kJmol�1). This is in good agreement with the known solu-
tion stability of OPBr3 but apparent instability of OPI3.
Thus, in our hands it was impossible to reproduce the syn-
thesis of OPI3.


Lewis acid stabilized OPX3 (X=Br, I): This led to the ques-
tion how an OPI3-containing species could be stabilized in
condensed phases. It appears that P�I bonds in a PV species
are more stable in the presence of a positive charge (e.g.,
PI4


+ , RPI3
+).[15–18] An equivalent to the positive charge


would be a strong Lewis acid that coordinates to the oxygen
atom and thus prevents disproportionation.
While investigating the chemistry of P2I4 and Ag[Al-


ACHTUNGTRENNUNG(ORF)4] (R
F=C ACHTUNGTRENNUNG(CF3)3) we realized that the 31P NMR spec-


tra always contained lines at d=�332 and �337 ppm, where
one would expect signals for an OPI3-containing molecule.
After one reaction [Eq. (3)] we found yellow transparent
crystals in a sealed NMR tube containing the reaction mix-
ture that had stood for months at room temperature. We
mounted the crystals on an X-ray diffractometer, and all
tested crystals (ca. 10) showed the same unit cell. A com-
plete data set of one of the single crystals was recorded and
showed them to be the Lewis acid stabilized I3PO adduct
I3PO!Al ACHTUNGTRENNUNG(ORF)2ACHTUNGTRENNUNG(m-F)Al ACHTUNGTRENNUNG(ORF)3 [1; Eq. (3)].


[19]


Ag½AlðORFÞ4� þ P2I4


!!! I3PO!AlðORFÞ2ðm-FÞAlðORFÞ3 þ . . . ?
ð3Þ
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However, we have previously shown by low-temperature
31P NMR spectroscopy of in situ reactions[16] that the initial
products of Equation (3) are P2I5


+ (80%) and P3I6
+ (20%).


In the course of this reaction, the [Al ACHTUNGTRENNUNG(ORF)4]
� ion decom-


posed and P2I5
+
ACHTUNGTRENNUNG[(RFO)3AlACHTUNGTRENNUNG(m-F)Al ACHTUNGTRENNUNG(ORF)3]


� formed in 70%
yield based on Al.[16] Thus, it appears likely that the long-
term formation of I3PO!AlACHTUNGTRENNUNG(ORF)2ACHTUNGTRENNUNG(m-F)Al ACHTUNGTRENNUNG(ORF)3 is con-
nected to the reaction of P2I5


+ (or a cation related thereto)
with the fluoride-bridged [(RFO)3Al ACHTUNGTRENNUNG(m-F)AlACHTUNGTRENNUNG(ORF)3]


� ion.
Since P2I5


+ disproportionates[16] over time into PI4
+ and


P3I6
+ [Eq. (4)], we suspected that PI4


+ is the cation respon-
sible for the final transformation as in Equation (3). There-
fore, we investigated the reaction of PX4


+ (X=Br, I) with
the [AlACHTUNGTRENNUNG(ORF)4]


� ion in more detail.


2 P2I5
þ ! PI4


þ þ P3I6
þ ð4Þ


Thus, if one treats Ag+[AlACHTUNGTRENNUNG(ORF)4]
� with PBr3 and Br2 at


�78 8C with further stirring at �30 8C, one isolates PBr4
+


[Al ACHTUNGTRENNUNG(ORF)4]
� in about 69% yield.[16] However, if one contin-


ues to stir the mixture overnight at room temperature, a
quantitative yield of the adduct Br3PO!Al ACHTUNGTRENNUNG(ORF)3 (2) is
formed. Similarly, dissolved PBr4


+[Al ACHTUNGTRENNUNG(ORF)4]
� at tempera-


tures above 0 8C is transformed into 2 [Eq. (5)].


Equation (5) is credible, since the phosphorus pentaha-
lides PX5 (X=Cl, Br) are known to convert alcohols to the
corresponding halides.[20] An in situ NMR investigation of
the decomposition of pure PBr4


+[Al ACHTUNGTRENNUNG(ORF)4]
� in CD2Cl2 ac-


cording to the second part of Equation (2) revealed that this
reaction is clean with no by-products other than those
shown (19F, 31P, 27Al, 13C NMR spectroscopy).
The reaction of PI4


+[Al ACHTUNGTRENNUNG(ORF)4]
� , however, furnished dif-


ferent results: after stirring a CH2Cl2 solution of PI4
+[Al-


ACHTUNGTRENNUNG(ORF)4]
� for four days at room temperature and subsequent


cooling to �25 8C, we isolated two fractions of crystals: ini-
tially dark I2 (unit-cell determination, Raman) and, after a
second filtration and further concentration, orange PI4


+


ACHTUNGTRENNUNG[(RFO)3AlACHTUNGTRENNUNG(m-F)Al ACHTUNGTRENNUNG(ORF)3]
� [3 ; 74% yield based on Al;


Eq. (6)]):[21]


Compound 3 was independently obtained from Ag+


ACHTUNGTRENNUNG[(RFO)3AlACHTUNGTRENNUNG(m-F)Al ACHTUNGTRENNUNG(ORF)3]
� , PI3, and I2. Several samples of


PI4
+[Al ACHTUNGTRENNUNG(ORF)4]


� were decomposed in situ in NMR-scale re-


actions with varying conditions from strictly at 0 8C, to room
temperature, with and without exposure to UV light, and/or
ultrasound exposure with increasing temperatures up to
50 8C. From the 31P NMR spectra of these in situ reactions
we noted the following:


1) PI4
+ was always detectable, but in the course of the reac-


tion the very sharp signal of pure PI4
+[Al ACHTUNGTRENNUNG(ORF)4]


� at d-
ACHTUNGTRENNUNG(31P)=�494 ppm became very broad and gradually shift-
ed to about d=�460 ppm at the end. This observation is
in agreement with the involvement of the PI4


+ ion in dy-
namic exchange (with PI3?).


[16]


2) When the sample was always left at temperatures not ex-
ceeding 0 8C, we noted only minor formation of one ad-
ditional sharp 31P NMR signal at d=�337 ppm. In all
other cases, a second signal at d=�332 ppm also formed
with about 1/3 of the intensity (Supporting Information).


We assign the two minor signals to I3PO!AlACHTUNGTRENNUNG(ORF)3 (d=
�337 ppm) and I3PO!AlACHTUNGTRENNUNG(ORF)2ACHTUNGTRENNUNG(m-F)Al ACHTUNGTRENNUNG(ORF)3 (d=
�332 ppm). Since AlACHTUNGTRENNUNG(ORF)3 should be a slightly weaker
Lewis acid than Al ACHTUNGTRENNUNG(ORF)2ACHTUNGTRENNUNG(m-F)Al ACHTUNGTRENNUNG(ORF)3 and the signal at
d=�337 ppm already appears at 0 8C, this assignment ap-
pears likely. Overall one can state that PI4


+[Al ACHTUNGTRENNUNG(ORF)4]
� de-


composes at room temperature mainly to give PI4
+


ACHTUNGTRENNUNG[(RFO)3AlACHTUNGTRENNUNG(m-F)Al ACHTUNGTRENNUNG(ORF)3]
� , but by a minor path I3PO!Al-


ACHTUNGTRENNUNG(ORF)3 and I3PO!Al ACHTUNGTRENNUNG(ORF)2ACHTUNGTRENNUNG(m-F)Al ACHTUNGTRENNUNG(ORF)3 are also formed.


Crystal structures


I3PO!Al ACHTUNGTRENNUNG(ORF)2-F-Al ACHTUNGTRENNUNG(ORF)3 (1) and Br3PO!Al ACHTUNGTRENNUNG(ORF)3 (2):
The overall geometry of I3PO!Al ACHTUNGTRENNUNG(ORF)2ACHTUNGTRENNUNG(m-F)AlACHTUNGTRENNUNG(ORF)3 (1)
in Figure 1 is reminiscent of that of the [(RFO)3Al ACHTUNGTRENNUNG(m-F)Al-
ACHTUNGTRENNUNG(ORF)3]


� ion in which one anionic ORF� ligand is replaced
by the neutral OPI3 molecule. The geometry around the
phosphorus atom is almost ideally tetrahedral as seen by the
small range of the O-P-I and I-P-I bond angles of 109.2(6)–


Figure 1. Asymmetric unit of the solid-state structure of 1. Selected bond
lengths [S] and angles [8]: P1�I1 2.335(3), P1�I2 2.381(3), P1�I3
2.332(3), P1�O1 1.496(7), Al2�O6 1.746(7), Al1�F 1.781(4), Al2�F
1.739(4), Al1�O1 1.687(7), Al1�O2 1.697(7), Al1�O3 1.694(6), Al2�O4
1.674(7), Al2�O5 1.667(6); O6-P1-I1 109.2(2), O6-P1-I2 109.4(2), O6-P1-
I3 109.8(2), I3-P1-I1 109.91(9), I3-P1-I2 109.11(9), I1-P1-I2 109.49(9),
Al1-F-Al2 179.0(2), C1-O1-Al1 147.3(3), C5-O2-Al1 144.1(5), C9-O3-Al1
155.5(5), C13-O4-Al2 145.6(6), C17-O5-Al2 157.8(5).
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109.91(9)8. The P�I bond lengths in 1 are very short and
range from 2.332(2) to 2.381(2) S (av 2.349 S) and may be
compared to those of PI4


+[Al(OR)4]
� (av 2.370 S).[16] The


P�O bond length of 1.496(7) S is about 0.05 S longer than
those of the free OPX3 (X=F, Cl, Br) molecules (1.436–
1.449 S). The structural parameters of the fluoride-bridged
alane unit are similar to those of the [(RFO)3Al ACHTUNGTRENNUNG(m-F)Al-
ACHTUNGTRENNUNG(ORF)3]


� ion.[16,22–24]


Br3PO!AlACHTUNGTRENNUNG(ORF)3 (2) contains tetrahedral OPBr3 moiet-
ies that are coordinated to the Al(OR)3 Lewis acid
(Figure 2). The P�Br distances are short (av 2.098(7) S)


and, similar to I3PO!Al ACHTUNGTRENNUNG(ORF)2ACHTUNGTRENNUNG(m-F)Al ACHTUNGTRENNUNG(ORF)3, even shorter
than those in PBr4


+[AlACHTUNGTRENNUNG(ORF)4]
� (av 2.111 S). The dative


Br3PO!Al bond in 2 is 0.042 S longer than that in 1, just
as AlACHTUNGTRENNUNG(ORF)2 ACHTUNGTRENNUNG(m-F)Al ACHTUNGTRENNUNG(ORF)3 is a stronger Lewis acid than Al-
ACHTUNGTRENNUNG(ORF)3. In agreement with this, the P�O distance in 2 is
0.031 S shorter than that in 1. The structural parameters of
the coordinated Al ACHTUNGTRENNUNG(ORF)3 moiety (dACHTUNGTRENNUNG(Al�O)av=1.667(11) S)
are normal and resemble those in [(RFO)3Al�AlACHTUNGTRENNUNG(ORF)3]


�


and THF!AlACHTUNGTRENNUNG(ORF)3.
[16,23,24]


PI4
+[Al ACHTUNGTRENNUNG(ORF) 4]


� (4) and PI4
+
ACHTUNGTRENNUNG[(RFO)3Al-F-Al ACHTUNGTRENNUNG(OR


F)3]
� (3):


The structure of 4 is of rather bad quality (R1=13%), since
the crystals grew within minutes on addition of CS2. We
mainly see the structure as evidence that PI4


+[Al ACHTUNGTRENNUNG(ORF)4]
�


may also crystallize in a less or-
dered monoclinic phase with
a=13.669, b=9.684, c=
13.959 S, b=91.678 at 130 K.
By contrast the structure of
PI4


+
ACHTUNGTRENNUNG[(RFO)3AlACHTUNGTRENNUNG(m-F)Al ACHTUNGTRENNUNG(ORF)3]


�


(3) is well behaved (Figure 3).
Compound 3 consists of well-
separated ions of tetrahedral
PI4


+ and [(RFO)3Al ACHTUNGTRENNUNG(m-F)Al-
ACHTUNGTRENNUNG(ORF)3]


� that adopt a distorted
CsCl structure (packing dia-


gram: Supporting Information). The structural parameters
of the [(RFO)3AlACHTUNGTRENNUNG(m-F)AlACHTUNGTRENNUNG(ORF)3]


� anion are normal and re-
semble those observed earlier.[16,23,24] The P�I bond lengths
of on average 2.357(3) S are slightly shorter than those in
PI4


+[Al ACHTUNGTRENNUNG(ORF)4]
� (2.3700(4) S)[16] or PI4


+
ACHTUNGTRENNUNG[AlCl4]


�


(2.368(4) S) but notably shorter than those in PI4
+
ACHTUNGTRENNUNG[AlI4]


�


(2.396(9) S)[25] with a much stronger coordinating counter-
ion.
The solid-state cation–anion contacts exclusively involve


F and I atoms; no P�F contact below 3.80 S was observed.
19 I�F contacts between 3.204 and 3.691 S, shorter than the
sum of the van der Waals radii of 3.70 S, were found (Sup-
porting Information).


Comparison of free and coordinated OPX3: implications for
bonding : The structural parameters of all known OPX3 spe-
cies (X=F, Cl, Br, I) and their Lewis acid stabilized counter-
parts are compared in Table 1.
The P�O bond length increases with decreasing electrone-


gativity of the halogen and is at its maximum in free OPI3


Figure 2. Asymmetric unit of the solid-state structure of 2. All atoms are
drawn as spheres of arbitrary radius. Selected bond lengths [S] and
angles [8]: Br1�P1 2.097(4), Br2�P1 2.097(5), Br3�P1 2.101(5), P1�O
1.465(11), Al1�O2 1.648(11), Al1�O3 1.666(11), Al1�O1 1.686(12), Al1�
O 1.788(10); O-P1-Br1 111.1(5), O-P1-Br2 108.2(6), Br1-P1-Br2 108.2(2),
O-P1-Br3 113.6(6), Br1-P1-Br3 107.7(2), Br2-P1-Br3 107.9(2), P1-O-Al1
158.7(8).


Figure 3. Section of the solid-state structure of 3. All atoms are drawn as
spheres of an arbitrary radius. For clarity, a second PI4


+ and two FAl-
ACHTUNGTRENNUNG(ORF)3 with the (Al)F on a special position are not shown (see Support-
ing Information). Selected bond lengths [S] and angles [8]: P1�I1
2.354(3), P1�I3 2.354(3), P1�I2 2.359(3), P1�I4 2.362(2), Al1�O2
1.693(6), Al1�O1 1.698(5), Al1�O3 1.701(7), Al1�F01 1.766(5), Al2�O4
1.692(6), Al2�O6 1.700(7), Al2�O5 1.708(7), Al2�F01 1.772(5); I1-P1-I3
108.72(11), I1-P1-I2 111.03(11), I3-P1-I2 108.73(10), I1-P1-I4 108.29(10),
I3-P1-I4 109.36(11), I2-P1-I4 110.68(10).


Table 1. Experimental and calculated structural parameters of free and Lewis acid stabilized OPX3 molecules
(X=F–I).


OPX3 (exptl) d ACHTUNGTRENNUNG(P�O)
[S]


d ACHTUNGTRENNUNG(P�X)
[S]


X-P-X
[8]


OPX3 (calcd, MP2/TZVPP) dACHTUNGTRENNUNG(P�O)
[S]


dACHTUNGTRENNUNG(P�X)
[S]


X-P-X
[8]


OPF3 1.436 1.524 101 OPF3 1.452 1.540 100.7
OPCl3 1.449 2.002 106 OPCl3 1.467 2.005 103.3
OPBr3 1.44 2.16 108 OPBr3 1.472 2.183 104.0
Br3PO!Al ACHTUNGTRENNUNG(ORF)3 1.465 2.098 108.2 F3Al !OPBr3 1.501 2.149 107.0
OPI3 – – – OPI3 1.480 2.421 105.1
[Al][a] !OPI3 1.496 2.349 109.5 F3Al !OPI3 1.513 2.384 108.1


[a] [Al]=Al ACHTUNGTRENNUNG(ORF)2 ACHTUNGTRENNUNG(m-F)Al ACHTUNGTRENNUNG(ORF)3.
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(1.480, calcd) and I3PO!AlACHTUNGTRENNUNG(ORF)2ACHTUNGTRENNUNG(m-F)Al ACHTUNGTRENNUNG(ORF)3 (1.496, X
ray). Coordination to a Lewis acid like AlF3 (calcd) as well
as AlACHTUNGTRENNUNG(ORF)3 and AlACHTUNGTRENNUNG(ORF)2ACHTUNGTRENNUNG(m-F)Al ACHTUNGTRENNUNG(ORF)3 (exptl) further
elongates the P�O distances by about 0.03 S and shortens
the P�X bonds by 0.035–0.062 S. Thus the P�O distances in
the adducts 1 and 2 slowly approach values for a PV�O
single bond, for example, 1.60 S in P4O10, and the P�X
bonds become much shorter than a usual P�X single bond
(2.20 S in PBr3 or 2.43 S in PI3) or even in PX4


+ (see
above). This is in agreement with the most important OPX3


Lewis structures in Scheme 1.


In contrast to the situation for the lighter homologue
ONF3, Lewis structures a–c probably have minor importance
for OPX3 (X=Cl–I). The less electronegative the halogen,
the better it can bear a positive partial charge, as in f–h.
Thus, for X=Br and I, Lewis structures f–h with a P�O
single bond and a P�X bond order of 1.33 have increasing
weight that is even greater in the OPX3 adducts 1 and 2. In
agreement with Lewis structures f–h the halogen atoms of
the coordinated OPX3 molecules exhibit weak intra- and in-
termolecular solid-state interactions to fluorine atoms of the
Lewis acid part (Br: 7 contacts at 3.117–3.398 S; I: 13 con-
tacts at 3.232–3.673 S), while the phosphorus atoms show


no fluorine contact below their van der Waals radii of 3.4 S
(Supporting Information). For I3PO!AlACHTUNGTRENNUNG(ORF)2 ACHTUNGTRENNUNG(m-F)Al-
ACHTUNGTRENNUNG(ORF)3 the number and strengths of I�F contacts per iodine
atom are similar to those observed above for the charged
PI4


+
ACHTUNGTRENNUNG[(RFO)3AlACHTUNGTRENNUNG(m-F)Al ACHTUNGTRENNUNG(ORF)3]


� (Supporting Information).
Overall the presence of X�F but absence of P�F contacts
strongly supports the importance of Lewis structures f–h. In
agreement with the lower electronegativity of iodine and
thus higher capability to bear positive charge, the number of
I�F contacts (13) is larger than the number of contacts to
the more electronegative bromine atoms (7).


On the formation of 1 and 2: mechanistic considerations :
We were surprised that decomposition of PX4


+[Al ACHTUNGTRENNUNG(ORF)4]
�


proceeds with formation of very different products for X=


Br (only Br3PO!Al ACHTUNGTRENNUNG(ORF)3) and X= I (majority: PI4
+


ACHTUNGTRENNUNG[(RFO)3AlACHTUNGTRENNUNG(m-F)Al ACHTUNGTRENNUNG(ORF)3]
� ; minor components: I3PO!Al-


ACHTUNGTRENNUNG(ORF)3 and I3PO!Al ACHTUNGTRENNUNG(ORF)2ACHTUNGTRENNUNG(m-F)Al ACHTUNGTRENNUNG(ORF)3). To understand
this observation we optimized compounds which are likely
involved in the process by DFT calculations. From these cal-
culations the hypothetical mechanism delineated in
Scheme 2 evolved as the most likely. It agrees with all exper-
imental observations.
The main difference between the decomposition for X= I


and Br is probably the primary step of anion degradation:
According to the analysis of our calculations we propose
that for X= I the reaction starts by [ORF]� abstraction while
that for X=Br starts with F� abstraction. After these initial
endergonic decomposition steps, the reactions giving the
final products are all exergonic (Scheme 2). A decomposi-
tion related to the route for X= I was observed for the
“PCl2


+” intermediate;[23,36] the decomposition for X=Br is
related to the decomposition observed for the [BACHTUNGTRENNUNG(CF3)4]


�


Scheme 1. Likely Lewis structures for OPX3.


Scheme 2. Hypothetic mechanism of the formation of Br3PO!Al ACHTUNGTRENNUNG(ORF)3, PI4
+
ACHTUNGTRENNUNG[(RFO)3Al ACHTUNGTRENNUNG(m-F)Al ACHTUNGTRENNUNG(ORF)3]


� , and I3PO!Al ACHTUNGTRENNUNG(ORF)2 ACHTUNGTRENNUNG(m-F)Al ACHTUNGTRENNUNG(ORF)3 in agree-
ment with all experimental observations and according to BP86/SV(P) calculations. The calculated Gibbs energies in CH2Cl2 are given in kJmol�1.
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anion.[26] For a detailed analysis and more comments, see
Supporting Information.


Conclusion


We have shown that the preparation of OPI3 from LiI and
OPCl3 does not proceed as indicated in the original paper
and that OPI3 may only be involved as an unobserved inter-
mediate in this process. The final products of this reaction
are PV oxides, PI3, I2, and LiCl. The obtained soluble dark
red material initially assigned as OPI3 is a mixture of PI3
and I2, as shown by X-ray crystallography, NMR and Raman
spectroscopy, melting point, and quantum-chemical calcula-
tions. Low-temperature in situ NMR reactions showed that
the initial products at �78 8C are P2I4 and likely some
OPCl2I. This observation is similar to the reaction of LiI
and SPCl3; pure SPI3 also remains unknown.[9] Thus, in our
hands it was impossible to verify the existence of free OPI3
and it appears that the text book entries for OPI3 should be
revised accordingly.
We have presented the first structure of any OPI3 moiety


and assigned 31P NMR chemical shifts to these compounds.
Starting from PX4


+[Al ACHTUNGTRENNUNG(ORF)4]
� one can obtain Lewis acid


stabilized OPX3 adducts for X=Br in quantitative yield but
for X= I only as minor byproducts in low concentration.
The main product of PI4


+[AlACHTUNGTRENNUNG(ORF)4]
� decomposition is PI4


+


ACHTUNGTRENNUNG[(RFO)3AlACHTUNGTRENNUNG(m-F)Al ACHTUNGTRENNUNG(ORF)3]
� . Formation of OPX3 from the


[Al ACHTUNGTRENNUNG(ORF)4]
� ion and PX4


+ is in agreement with the common
knowledge that phosphorus pentahalides convert alcohols
(or alkoxides as in [AlACHTUNGTRENNUNG(ORF)4]


�) to the corresponding hal-
ides.[20]


Experimental Section


All manipulations were performed using standard Schlenk or dry box
techniques and a dinitrogen or argon atmosphere (H2O and O2<1 ppm).
Apparatus was closed by J. Young valves with a glass stem (leak-tight at
�80 8C). All solvents were rigorously dried over P2O5, degassed prior to
use, and stored under N2. PBr3 (Fluka) and X2 (X=Br, I; Merck) were
purchased and purified prior to use by distillation or sublimation. PI3 was
prepared from white phosphorus and iodine in CS2, and its purity was
checked by Raman spectroscopy. M[Al ACHTUNGTRENNUNG(ORF)4] (M=Li, Ag),[27] Ag+


ACHTUNGTRENNUNG[(RFO)3Al ACHTUNGTRENNUNG(m-F)Al ACHTUNGTRENNUNG(ORF)3]
� ,[23] and PX4


+[Al ACHTUNGTRENNUNG(ORF)4]
� (X=Br, I)[16] were


prepared according to the literature. Raman and IR spectra were record-
ed with a 1064 nm laser on a Bruker IFS 66v spectrometer equipped with
the Raman module FRA106 (Karlsruhe) or a Bruker Vertex 70 with the
RAM II Raman module (Lausanne). IR spectra were recorded in Nujol
mull between CsI plates. NMR spectra of sealed samples were run on a
Bruker AC250 spectrometer (Karlsruhe) or Bruker Avance 400 MHz
spectrometer (Lausanne) and were referenced to the solvent (1H, 13C) or
external H3PO4 (


31P), CFCl3 (
19F), and aqueous AlCl3 (


27Al).


Reaction leading to I3PO!Al ACHTUNGTRENNUNG(ORF)2 ACHTUNGTRENNUNG(m-F)Al ACHTUNGTRENNUNG(ORF)3 (1): Ag ACHTUNGTRENNUNG(CH2Cl2)[Al-
ACHTUNGTRENNUNG(ORF)4] (0.439 g, 0.378 mmol) and P2I4 (0.215 g, 0.378 mmol) were weigh-
ed into one bulb of a single-piece apparatus. Dichloromethane (ca.
10 mL) was condensed onto the solid mixture at 77 K and the resulting
suspension was stirred for 30 min at room temperature. Part of the
brownish yellow solution was transferred into an NMR tube, which was
stored at �30 8C. After recording the spectra and storage for months at
RT a larger quantity of uniform yellow crystals precipitated from this sol-


ution, which were shown to be I3PO!Al ACHTUNGTRENNUNG(ORF)2ACHTUNGTRENNUNG(m-F)Al ACHTUNGTRENNUNG(ORF)3 (1; X-
ray). NMR data of the initial solution: 13C NMR (63 MHz, CH2Cl2/10%
CD2Cl2, 25 8C): d=120.5 ppm (q, CF3, JC,F=284.4 Hz); 27Al NMR
(78 MHz, CH2Cl2/10% CD2Cl2, 25 8C): d=33.8 ppm (s, n1/2=213 Hz);
31P NMR (101 MHz, CH2Cl2/10% CD2Cl2, 25 8C): d=96.3 (d, 1JP,P=
448 Hz), �58.1 (d, 1JP,P=442 Hz), �332.4 (s), �336.6 ppm (s).


Reaction leading to Br3PO!Al(OR)3 (2): Ag ACHTUNGTRENNUNG(CH2Cl2)
+[Al ACHTUNGTRENNUNG(ORF)4]


�


(0.558 g, 0.480 mmol) was weighed into a two-bulbed Schlenk vessel con-
nected by a frit plate and closed by valves with a glass stem (J. Young,
London). Dichloromethane (3 mL) was condensed onto the mixture at
77 K, and the mixture allowed to reach �78 8C. Then freshly distilled
PBr3 (0.046 mL, 0.480 mmol) and distilled Br2 (0.025 mL, 0.48 mmol)
were added at �78 8C with a Hamilton syringe with a Teflon needle. Im-
mediately, AgBr precipitated. The mixture was allowed to reach room
temperature and stirred for another 24 h. Then the yellowish clear solu-
tion over off-white precipitate (0.095 g, AgBr) was filtered and all vola-
tiles were removed. The soluble nonvolatile fraction weighed 0.520 g
(106% with respect to Br3PO!Al ACHTUNGTRENNUNG(ORF)3) and according to the 31P NMR
spectrum contained 95% Br3PO!Al ACHTUNGTRENNUNG(ORF)3 and 5% undecomposed
PBr4


+[Al ACHTUNGTRENNUNG(ORF)4]
� , which accounts for the slightly higher mass balance.


The soluble material was recrystallized from CH2Cl2 (3 mL) at �25 8C,
and all spectroscopic investigations were made on the isolated single
crystalline 2.
13C NMR (63 MHz, CD2Cl2, 25 8C): d=122.4 ppm (q, CF3, JC,F=
284.2 Hz); 19F NMR (CD2Cl2, 25 8C): d=�72.3 ppm (s); 27Al NMR
(78 MHz, CD2Cl2, 25 8C): d=36 ppm (n1/2=31 Hz); 31P NMR (101 MHz,
CD2Cl2, 25 8C): d=�65 ppm; IR: ñ(OPBr3 part)=1079 (vs, P=O), 483
(m, PBr), 470 cm�1 (m, PBr); ñ(Al ACHTUNGTRENNUNG(ORF)3 part)=1302 (s), 1281 (s), 1260
(vs), 1243 (m), 1220 (ms), 1163 (m), 974 (vs), 801 (vs), 727 (vs), 537 cm�1


(w). Raman: ñ(OPBr3 part)=480 (24, PBr), 468 (20, PBr), 227 (100, t-
O=PBr3), 156 (sh, t-Br3PO), 141 (55, d-Br3PO), 123 cm�1 (4, d-Br3PO);
elemental analysis calcd (%) for C12Al1Br3F27O4 (1018.75): Br 23.5;
found: 24.3.


Reaction leading to PI4
+
ACHTUNGTRENNUNG[(RFO)3Al ACHTUNGTRENNUNG(m-F)Al ACHTUNGTRENNUNG(ORF)3]


� (3) as the main
product : PI4


+[Al ACHTUNGTRENNUNG(ORF)4]
� (0.350 g, 0.232 mmol) was weighed into a two-


bulbed Schlenk vessel connected by a frit plate and closed by valves with
a glass stem (J. Young, London). The compound was dissolved in CH2Cl2
(8 mL) and left stirring at room temperature for 5 days. When this solu-
tion was cooled to �25 8C dark crystals initially precipitated that were
isolated by filtration and shown by X-ray crystallography to be elemental
I2. The filtrate was concentrated to about one half and further cooling at
�25 8C yielded orange blocks of PI4


+
ACHTUNGTRENNUNG[(RFO)3Al ACHTUNGTRENNUNG(m-F)AlACHTUNGTRENNUNG(ORF)3]


� (3) in
74% yield with respect to Al (0.174 g). 13C NMR (63 MHz, CD2Cl2,
25 8C): d=120.5 ppm (q, CF3, JC,F=282.1 Hz); 27Al NMR (78 MHz,
CD2Cl2, 25 8C): d=34 ppm (br, n1/2=2400 Hz); 31P NMR (101 MHz,
CD2Cl2, 25 8C): d=�494 ppm; IR; cation: ñ=404 cm�1 (T2, PI4


+),[16]


anion diagnostics:[23] ñ=640 (Al ACHTUNGTRENNUNG(m-F)Al), 862 cm�1 (AlO); elemental
analysis calcd (%) for C24Al2F55I4O6P1 (2021.73): I 25.1; found: 24.9.


Independent synthesis of PI4
+
ACHTUNGTRENNUNG[(RFO)3Al ACHTUNGTRENNUNG(m-F)Al ACHTUNGTRENNUNG(ORF)3]


� (3): Ag+


ACHTUNGTRENNUNG[(RFO)3Al ACHTUNGTRENNUNG(m-F)Al ACHTUNGTRENNUNG(ORF)3]
� (0.697 g, 0.338 mmol), PI3 (0.145 g,


0.349 mmol), and I2 (0.091 g, 0.359 mmol) were weighed into a two-
bulbed Schlenk vessel connected by a frit plate and closed by valves with
a glass stem (J. Young, London). Dichloromethane (20 mL) was con-
densed onto the mixture at 77 K, and the mixture allowed to reach
�78 8C with stirring overnight. After stirring for another night at �25 8C,
the mixture was filtered and concentrated to about one-half. Overnight
orange blocks of PI4


+
ACHTUNGTRENNUNG[(RFO)3Al ACHTUNGTRENNUNG(m-F)AlACHTUNGTRENNUNG(ORF)3]


� crystallized (0.557 g,
66% yield). The analytical data of this material is identical to that given
above.


NMR-scale decomposition of PI4
+[Al ACHTUNGTRENNUNG(ORF)4]


�: Six samples of PI4
+[Al-


ACHTUNGTRENNUNG(ORF)4]
� (0.100 g, 0.066 mmol) dissolved in CD2Cl2 (0.8 mL) and flame


sealed in a NMR tube were prepared, and the decomposition was moni-
tored by 31P NMR spectroscopy.


X-ray crystal structure determinations : X-ray diffraction data were col-
lected on a STOE IPDS I or IPDS II diffractometer using graphite-mon-
ochromated MoKa (0.71073 S) radiation. Single crystals were mounted in
perfluoroether oil on top of a glass fiber and then brought into the cold
stream of a low-temperature device so that the oil solidified. All calcula-
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tions were performed on PCs using the Siemens SHELX93 software
package. The structures were solved by direct methods and successive in-
terpretation of the difference Fourier maps, followed by least-squares re-
finement. Crystals of 1 were racemically twinned (ratio 65:35). All atoms
were refined anisotropically. Relevant data concerning crystallographic
data, data collection, and refinement are compiled in Table 2.
CCDC 284884–CCDC-284886 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.


Computational details : All calculations were performed with the program
TURBOMOLE.[28, 29] The geometries of all species were fully optimized
at the (RI-) BP86/SV(P) (DFT) level,[30] and selected compounds also at
the (RI-)MP2 level with triple-z valence polarization (two d and one f
functions) TZVPP basis set.[31–33] The 46-electron core of I was replaced
by a quasirelativistic effective core potential.[34] Approximate solvation
energies (CHCl3 solution with er=4.8, 298 K) were calculated with the
COSMO model[35] at the (RI-)BP86/SV(P) (DFT) level. Frequency calcu-
lations were performed for all species with the module AOFORCE at
the (RI-)BP86/SV(P) level, and structures represent true minima without
imaginary frequencies on the respective hypersurface. For thermodynam-
ic calculations the zero-point energy and thermal contributions to the en-
thalpy and the free energy at 298 K were included. The thermal contribu-
tions to the enthalpy and entropic contributions to the free energy were
calculated with TURBOMOLE using the FreeH module. Optimized geo-
metries of [Al ACHTUNGTRENNUNG(ORF)4]


� , [(RFO)3Al ACHTUNGTRENNUNG(m-F)Al ACHTUNGTRENNUNG(ORF)3]
� , [FAl ACHTUNGTRENNUNG(ORF)3]


� , Al-
ACHTUNGTRENNUNG(ORF)3, Br2, I2, and C4F8O (RF=C ACHTUNGTRENNUNG(CF3)3) were taken from earlier
work.[16] Machine-readable xyz orientations of the newly calculated struc-
tures, the calculated vibrational frequencies, and tables with all contribu-
tions to the Gibbs energies are deposited in the Supporting Information.
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space group P1 P212121 P1̄
a [S] 10.384(2) 21.290(4) 10.616(2)
b [S] 10.779(2) 9.992(2) 11.867(2)
c [S] 12.151(2) 13.551(3) 41.637(8)
a [8] 96.65(3) 90 83.59(3)
b [8] 105.55(3) 90 86.46(3)
g [8] 118.50(3) 90 85.42(3)
V [S3] 1102.7(4) 2882.7(10) 5188.8(18)
Z 1 4 4
1calcd, [Mgm�3] 2.524 2.347 2.588
m [mm�1] 2.435 4.482 2.705
abs. correction numerical numerical numerical
max/min trans. 0.4575/0.6540 0.531/0.692 0.475/0.594
2q [8] 46.5 44.5 52.1
T [K] 160 200 130
reflns collected 11392 5501 20850
reflns unique 5774 3246 13992
R ACHTUNGTRENNUNG(int.) 0.0637 0.0664 0.0479
no. of variables 714 472 1743
GOF 1.058 0.981 1.035
final R (4s) 0.0664 0.0793 0.0591
final wR2 0.1737 0.1871 0.1537
largest residual peak [eS�3] 0.762 0.614 1.215
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[22] However, some differences occur: The shorter Al�O bond lengths
start at the presumably more electrophilic Al2 (1.667–1.674(7) S;
Al1: 1.687–1.697(7) S) and the almost linear fluoride bridge (Al-F-
Al 179.0(2)8) is unsymmetrical by 0.042 S; the shorter bond points
to Al2. On average (d ACHTUNGTRENNUNG(Al�O)av=1.677 S, a ACHTUNGTRENNUNG(C-O-Al)av=150.18) the
structural parameters of 1 fit well to those observed for the
(RO)3Al ACHTUNGTRENNUNG(m-F)Al(OR)3


� anion (d ACHTUNGTRENNUNG(Al�F)=1.758–1.770 S, d ACHTUNGTRENNUNG(Al�O)=
1.671–1.716 S].
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Studies on Cage-Type Tetranuclear Metal Clusters with
Ferrocenylphosphonate Ligands


Jie Wu,[a] Yinglin Song,[b] Erpeng Zhang,[a] Hongwei Hou,*[a] Yaoting Fan,[a] and
Yu Zhu[a]


Introduction


Metal phosphonates have attracted a substantial amount of
research interest due to their potential applications in many
areas such as ion exchange, catalysis, sensors, proton con-


ductivity, nonlinear optics, and materials chemistry,[1–6] many
of which can be attributed to the extensive structural and
compositional diversity of these systems. Metal phospho-
nates usually exhibit 1D chain, 2D layer, and 3D network
with micropore structures, of which the 2D layer structure is
the most common.[1–6] However, cage complexes featuring
phosphonate ligands are relatively rare. This may be due to
the fact that metal phosphonates have very poor solubility,
so that they are frequently found in polymeric coordination
complexes rather than in cage complexes.[7] Several metal
phosphonate clusters have been described in recent years,
including iron,[7] zinc,[8–12] cadmium,[13] copper,[14, 15]


cobalt,[16,17] manganese,[18,19] gallium,[20] tin,[21] and vanadi-
um[22] cages, all of which exhibit intriguing structures and
properties. For example, Chandrasekhar and Kingsley re-


Abstract: Reaction of FcCH2PO3H2
[Fc= (h5-C5H5)Fe ACHTUNGTRENNUNG(h


5-C5H4)] (H2FMPA)
and 1,10-phenanthroline (phen) with
CdACHTUNGTRENNUNG(OAc)2·2H2O or ZnSO4·7H2O in
methanol in the presence of triethyl-
ACHTUNGTRENNUNGamine resulted in the formation of two
new ferrocenylphosphonate metal-cage
complexes [M4ACHTUNGTRENNUNG(fmpa)4 ACHTUNGTRENNUNG(phen)4]·
7CH3OH (M=Cd 1, M=Zn 2). Both
structures contain two kinds of isomer-
ic tetranuclear metal phosphonate
cages, which are linked to one another
by p–p interactions between the phen
molecules. In 1, the Cd1, Cd3, and Cd4
atoms are all pentacoordinate, while
the Cd2 atom is coordinated by four
oxygen atoms from three phosphonate
ligands and two nitrogen atoms from
the chelating phen in a distorted octa-
hedral geometry. Four Cd atoms from
each unit are interconnected through
bridging phosphonate ligands with dif-
ferent coordination modes, such as


5.221, 4.211, and 2.11 (Harris notation),
yielding a {Cd4} cage. In 2, each Zn
atom is coordinated by three oxygen
atoms from three phosphonate ligands
and two nitrogen atoms from phen,
leading to a distorted square-pyramidal
geometry. The four Zn atoms of each
isomeric unit are also interconnected
through four bridging phosphonate li-
gands to yield a {Zn4} cage. Fluorescent
studies indicate that ligand-to-ligand
charge-transfer photoluminescence is
observed for 1, while the emisson
bands of 2 can be assigned to an ad-
mixture of ligand-to-ligand and metal-
to-ligand charge transfer. Solution-state
differential pulse voltammetry indi-


cates that the half-wave potentials of
the ferrocenyl moieties in 1 and 2 have
different deviations relative to the rele-
vant H2FMPA ligand. This may be be-
cause the highest occupied molecular
orbital (HOMO) in 1 is located in the
FMPA2� groups, while in 2 the HOMO
is located in the phen and ZnII groups,
so the FeII centers in complex 1 are
more easily oxidized to FeIII centers
than those of 2. The third-order nonlin-
ear optical (NLO) measurements show
that both 1 and 2 exhibit strong third-
order NLO self-focusing effects; hence,
they are promising candidates for NLO
materials. By calculating the compo-
nent of the lowest unoccupied molecu-
lar orbitals of 1 and 2, we confirmed
that the co-planar phen rings control
their optical nonlinearity, while the
H2FMPA ligands and metal ions have
only a weak influence on their NLO
properties.
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ported a novel {Cu12} cage with antiferromagnetically cou-
pled behavior,[14] the Winpenny group synthesized {Co13}
and {Mn6} cages with interesting magnetic properties,


[16] and
redox-active {Mn4} cages have been described by the Dis-
mukes group.[18] All these results led us to pay more atten-
tion to phosphonate cage complexes.
Besides their various structures, another interesting fea-


ture of metal phosphonates is the diverse range of functional
groups that can be introduced to the phosphonic acid pre-
cursors, thus allowing the design of materials with specific
properties. Most studies to date have been carried out on
phenylphosphonic and alkylphosphonic acids.[23–25] Phos-
phonic acids with other organic functional groups such as
azacrown ethers,[26–28] amines,[29–31] sulfonate/sulfonic
acid[32,33] and carboxylate/carboxylic acid groups[34–37] have
been found to be better ligands that can form many com-
plexes with novel structures and properties. Motivated by
the current work on functional coordinate materials bearing
ferrocene (Fc) groups, we have synthesized a ferrocenyl-
phosphonic acid, and subsequently used it for coordination
with metal salts, thus yielding materials displaying both fer-
rocene and metal–phosphonate properties in conjunction
with robust inorganic backbones.
Although several ferrocenylphosphonic acids have previ-


ously been prepared, their metal complexes are extremely
rare.[38,39] This is because metal phosphonates normally form
poorly crystalline compounds and the ferrocene moiety is
sensitive to oxygen, water, heat, and light when it is attached
with electron-withdrawing substituents on the cyclopenta-
dienyl (Cp) rings.[40–42] Until now, only Henderson et al. have
reported platinum–ferrocenylphosphonate complexes and
studied their antitumor activity[39] and Bideau et al. have re-
ported a zinc(ii)–ferrocenylphosphonate polymer with a
unique 2D ferrocene arrangement anchored on a 1D Zn-O-
P-O-Zn backbone.[38] To the best of our knowledge, metal–
ferrocenylphosphonate cage complexes have not been re-
ported. To achieve the synthesis of such complexes we de-
cided to utilize an ancillary ligand such as 1,10-phenanthro-
line (phen), the chelating effect of which usually results in
metal phosphonates with a lower dimensionality.[35] Herein
we report on the synthesis and crystal structures of two
novel metal–ferrocenylphosphonate cage complexes, [M4-
ACHTUNGTRENNUNG(fmpa)4ACHTUNGTRENNUNG(phen)4]·7CH3OH (M=Cd 1, Zn 2 ; H2FMPA=


FcCH2PO3H2). Both structures are found to have twin mo-
lecular systems and tetranuclear metal cores bound to the
H2FMPA and phen ligands. The electrochemical, fluores-
cent, and NLO properties of these complexes have been in-
vestigated. In addition, by using quantum chemistry calcula-
tions we have proposed the possible fluorescent emission
mechanisms for 1 and 2, and confirmed the effect of the
metal ions and organic ligands on their NLO properties.


Results and Discussion


Synthesis : Metal phosphonates are usually prepared by reac-
tion of a metal salt with a phosphonic acid by a hydrother-


mal method, coprecipitation in solution, or a melt method;
the hydrothermal method is regarded as the most effective.
It is often the case, however, that the metal phosphonate is
formed too rapidly to allow growth of crystals sufficiently
large to be suitable for structural determination.[43] Most
structurally characterized phosphonates are found in poly-
meric coordination complexes.
The use of the additional bidentate metal linker, phen,


has been successful in yielding metal complexes with a low
dimensionality, for example, molecular clusters, because of
its chelating effect.[35] Therefore, to synthesize metal ferroce-
nylphosphonate complexes with a cage framework, we treat-
ed phen with CdACHTUNGTRENNUNG(OAc)2·2H2O or ZnSO4·7H2O at room
temperature, then an admixture of H2FMPA and triethyl-
ACHTUNGTRENNUNGamine was added dropwise , and intensely colored solutions
were produced. The resulting orange solutions were allowed
to stand at room temperature in the dark. After one week,
yellow single crystals suitable for X-ray diffraction studies
were obtained. These crystals are unstable, slowly losing
their shape in the air. Both complexes are insoluble in
common organic solvents, such as MeOH, EtOH, MeCN,
and THF, but are slightly soluble in highly polar solvents
such as dimethylsulfoxide (DMSO) or DMF.


X-ray crystal structure of [Cd4 ACHTUNGTRENNUNG(fmpa)4ACHTUNGTRENNUNG(phen)4]·7CH3OH (1):
Single-crystal structural determinations reveal that 1 crystal-
lizes in the space group P1̄; the structure consists of two iso-
meric units, each unit comprising four Cd atoms intercon-
nected through four bridging phosphonate ligands to yield a
cage. As shown in Figure 1, each symmetry unit is composed
of four FMPA groups, four phen groups, and four Cd atoms.
The differences between the two crystallographic isomers
are that the FMPA2� groups have different orientations and
the Cd atoms adopt different types of coordination geome-
tries. The first unit (Figure 1, left) contains two kinds of
crystallographically independent Cd atoms with different
types of coordination geometries. The Cd1 atom is coordi-
nated by two N atoms (N1, N2) from the chelating phen
and three O atoms (O2A, O3, O6) from three phosphonate
ligands. The Cd2 atom exhibits a distorted octahedral geom-
etry with four O atoms (O1A, O2, O3, O4A) from three
phosphonate ligands and two N atoms (N3, N4) from the
chelating phen. The four Cd centers (Cd1, Cd1A, Cd2, and
Cd2A) form a rectangle, and are held in place by four
FMPA groups, forming the cage structure (Figure 2). The
Cd1···Cd2 and Cd1···Cd2A distances are 3.871 and 3.591 P,
respectively, and the angles of Cd2···Cd1···Cd2A and
Cd1···Cd2···Cd1A are 88.0 and 92.08, respectively. We note
that the H2FMPA ligands exhibit two types of coordination
modes with different conformations in this isomeric unit.
One phosphonate ligand (P1) bridges five Cd atoms through
a monodentate coordinated O atom (O1) and two m2-bridg-
ing coordinated O atoms (O2, O3), which can be described
by using Harris notation[44] as a 5.221 mode (see Scheme 1),
while the P2 ligand adopts a 2.11 mode.
The second isomer, unit two, (Figure 1, right) has a similar


cadmium cage to that mentioned above, with the four Cd
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atoms all pentacoordinate. The P4 ligand adopts a 2.11
mode, similar to P2. The P3 ligand has one m2-bridging coor-
dinated O atom (O9) and two monodentate coordinated O
atoms (O7, O8); using Harris notation[44] this can be de-
ACHTUNGTRENNUNGscribed as a 4.211 mode. So in complex 1, the H2FMPA
ligand adopts three different coordination modes (5.221,
4.211, and 2.11), which is unusual in metal phosphonates.
The Cd�O distances range from 2.138(5) to 2.642(5) P, with
an average of 2.258 P, close to that of the reported leaflet
structure [Cd4ACHTUNGTRENNUNG(LH·H2O)3 ACHTUNGTRENNUNG(H2O)5ACHTUNGTRENNUNG(NO3)4]ACHTUNGTRENNUNG[NO3] (H2L=N-


(phosphonomethyl)aza[18]crown-6).[26] The distance be-
tween the bridging oxygen atom O3 and Cd2 is 2.642(5) P,
which is the longest of all the Cd�O and Cd�N distances.
The coplanar phen rings with deviations in the range of


0.020–0.036 P are parallel to each other, and the dihedral
angles between adjacent phen planes range from 3.4–4.98
(Figure 3). The average interplanar distance of these parallel
phen ligands is 3.543 P, which is within the common range
for p–p interactions between two aryl rings. Tetrametallic
units are linked by these p–p interactions, which are impor-
tant in the molecular assembly.


X-ray crystal structure of [Zn4 ACHTUNGTRENNUNG(fmpa)4ACHTUNGTRENNUNG(phen)4]·7CH3OH (2):
The crystal structure of 2, like complex 1, displays two iso-
meric centrosymmetric tetrameric building units. However,
the Zn atoms adopt different coordination modes from the
Cd atoms in 1. All the Zn atoms are coordinated by five
donors in a distorted square-pyramidal geometry. The
donors include three O atoms from three H2FMPA ligands
and two N atoms from the chelating phen (Figure 4). The
four Zn atoms of each isomeric unit also form a rectangle
and are interconnected through four bridging phosphonate
ligands to yield a cage. The Zn···Zn distances are in the
range of 3.438–3.870 P. The angles of Zn2···Zn1···Zn2A,
Zn1···Zn2···Zn1A, Zn4···Zn3···Zn4A and Zn3···Zn4···Zn3A
are 88.2, 91.8, 87.6, and 92.48, respectively. The other main
difference between 1 and 2 is that the H2FMPA ligands of 2
adopt only two kinds of coordination modes. One kind of
phosphonate ligand, P2 (or P3), adopts a 2.11 mode, while
the other kind, P1 (or P4), adopts a 4.211 mode. The O1
atom forms a bridge between a pair of metal atoms, and the
O2 (or O3) atom is coordinated to just one metal atom. The


Figure 1. ORTEP representation of unit one (left) and unit two (right) of 1. Hydrogen atoms and solvent molecules have been omitted for clarity.


Figure 2. DIAMOND view of a unit of 1, emphasizing the cage feature.
Ferrocene, phen, and solvent molecules have been omitted for clarity.


Scheme 1. The bonding modes displayed by the phosphonate ligand, with
the Harris notation for each mode.
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Zn�O distances range from 1.915(5) to 2.165(5) P and the
Zn�N distances range from 2.122(7) to 2.222(6) P, similar
to other zinc(ii) phosphonates.[29, 38] The P�O distances, al-
though slightly different from each other, have an average
value of 1.523 P, which is similar to that found for complex
1 (1.521 P).


Photoluminescent properties : The photoluminescent proper-
ties of phen, H2FMPA, and complexes 1 and 2 were investi-
gated in the solid state at room temperature. Excitation at
241 nm leads to broad violet fluorescence signals with the
emission maxima at approximately 382 nm for phen, 388 nm
for H2FMPA, 386 nm for 1, and 391 nm for 2 (Figure 5). To
better understand the observed luminescent properties, mo-
lecular orbital (MO) calculations[45–46] were applied to com-
plexes 1 and 2. Figure 6 depicts the frontier molecular orbi-


tals of 1. The highest occupied
molecular orbital (HOMO) of 1
is located in the FMPA2�


groups, while the lowest unoc-
cupied molecular orbital
(LUMO) is on the p*-antibond-
ing orbitals from the phen li-
gands and some oxygen atoms
of the phosphonate ligands.
Therefore, we suggest that the
emission bands can be assigned
to the ligand-to-ligand charge-
transfer (LLCT) emission. In 2,
the HOMO is mainly associated
with the phen ligands and 3d
orbitals of ZnII, while the
LUMO is composed mainly of
the p*-antibonding orbitals
from the phen and also of the
ZnII unoccupied orbital based
on 4s, thus its photoluminescent
property can be assigned to
metal-to-ligand charge transfer


(MLCT), admixed with the LLCT, which originates from
the adjacent phen ligands (Figure 7). The different charge-
transfer mechanisms of 1 and 2 can be attributed to the fact
that the ZnII ions in the rigid cages of 2 have more powerful
electron-withdrawing effects than the CdII ions in complex
1.


Figure 3. Crystal packing view of the structure of 1 along the b axis. Hy-
drogen atoms and solvent molecules of crystallization are omitted for
clarity.


Figure 4. ORTEP representation of unit one (left) and unit two (right) of 2. Hydrogen atoms and solvent mol-
ecules have been omitted for clarity.


Figure 5. Fluorescent emission spectra of a) phen, b) H2FMPA, c) 2 and
d) 1 in the solid state upon excitation at 241 nm at room temperature.
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Electrochemistry: The solution-state differential pulse vol-
tammetry for 1, 2, and H2FMPA shows single peaks with
half-wave potentials at 0.352, 0.436, and 0.372 V (vs. SCE),
respectively (Figure 8). These observed redox peaks are due


to the single-electron FeII/FeIII couple oxidation process. The
redox peak of 1 shifts to a slightly lower potential relative to
H2FMPA, while that of 2 shifts to a higher potential. The
different deviations in the electrochemical behavior of 1 and
2 relative to that of H2FMPA may be due to the following
effects. According to our previous reports, the metal ions in
complexes have a significant influence on the half-wave po-
tentials of the ferrocenyl moieties, due to the different elec-
tron-withdrawing natures of the coordinated metal cen-
ters,[49] and can cause the FeII/FeIII oxidation potential of fer-
rocene-containing complexes to shift to a higher or lower
potential in comparison with their corresponding li-
gands.[47–48] Frontier orbital theory may provide an explana-
tion for such behavior.[50] In 2, the HOMO is associated with
the phen ligands and ZnII orbitals, and the charge transitions
of the tetranuclear metal cores may play an important role
in the change of the FeII/FeIII oxidation potential. The
HOMO in 1 is located in the FMPA2� groups, so the FeII


centers of 1 are more easily oxidized to FeIII than those in
complex 2.


NLO properties: Compared with traditional inorganic NLO
materials, coordination compounds have many advan-
ACHTUNGTRENNUNGtages:[51]


1) Ligands present high electronic susceptibility (c(3))
through high molecular hyperpolarizability[52,53] and their
structures can be tailored in numerous ways to tune
NLO properties for desired applications, by introducing
different organic groups into the ligands.


2) The metal center may be an extremely strong donor or
acceptor, since it may be electron rich or poor depending
on its oxidation state and ligand environment.[52]


Figure 6. The frontier molecular orbital of 1: a) HOMO; b) LUMO.


Figure 7. The frontier molecular orbital of 2: a) HOMO; b) LUMO.


Figure 8. Differential pulse voltammogram of a) 2, b) 1, and c) H2FMPA
(1.0R10�3m) in DMF containing nBu4NClO4 (0.1m) at a scan rate of
20 mVs�1 (vs. SCE).
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The third-order nonlinear activities of the coordination
compounds are evidently affected by incorporation of the
central metal atom, by the introduction of intense metal!
ligand and ligand!metal charge transfer.[54,55] It has been
reported that the strength of NLO properties can be boost-
ed by the p-back-donation capacity of metal ions to li-
gands.[56]


The UV/Vis absorption spectra of H2FMPA and com-
plexes 1 and 2 were determined in DMF (Figure 9). All
these compounds have relatively low linear absorption rang-


ing from 500–800 nm, promising low-intensity loss and little
temperature change caused by photon absorption when light
propagates in the materials. In addition, UV/Vis absorption
spectra demonstrate that the NLO responses are clear with-
out interference of other absorption at l=532 nm used in
the Z-scan technique.
The third-order NLO properties of 1, 2 and H2FMPA


were investigated with 532 nm laser pulses of 8 ns duration
by a Z-scan experiment in DMF with concentrations of
1.99R10�4, 2.16R10�4, and 2.24R10�4 moldm�3, respectively.
The nonlinear refractive components were assessed by divid-
ing the normalized Z-scan data obtained under the closed
aperture configuration by that obtained under the open
aperture configuration. The experimental results show that
H2FMPA exhibits very weak NLO behavior, but complexes
1 and 2 show evident third-order NLO self-focusing behav-
ior, plotted in Figures 10a and 10b, respectively. The filled
squares are the experimental data and the solid curves are
the theoretical fit by using Z-scan theory,[57] and it is clear
that the theoretical curve qualitatively reproduces the exper-
imental data well. The reasonably good fit between the ex-
perimental and theoretical curves suggests that the experi-
mentally obtained NLO effects are third-order in nature.
The data reveals that complexes 1 and 2 both have a posi-
tive sign for the refractive nonlinearity, and the valley/peak
pattern of the normalized transmittance curve shows charac-
teristic self-focusing behavior. From the theoretical curves,
the third-order NLO effective index n2 is 4.08R10


�11 esu for
1 and 4.24R10�11 esu for 2. The effective third-order nonlin-
ear optical susceptibilities c(3) of these complexes were de-


termined by comparing the signal intensities with that of
CS2, by subtracting the relatively weak background noise
and the contribution of the solvent. The c(3) value of CS2
was taken as 6.2R10�13 esu under the same experimental
conditions, consistent with the literature.[58] The effective
third-order NLO susceptibilities c(3) obtained are 2.80R
10�11 esu for 1 and 2.91R10�11 esu for 2 ; the corresponding
hyperpolarizability g values are 7.77R10�29 esu for 1 and
7.47R10�29 esu for 2.
To the best of our knowledge, all research confirms that


the incorporation of heavy metal ions in coordination com-
pounds has a very important effect on the third-order NLO
properties, as this introduces more sublevels into the energy
hierarchy, thus permitting more allowed electronic transi-
tions and giving larger NLO effects.[59,60] However, our
recent research shows that we can estimate the contribution
of metal ions and ligands to the NLO properties by calculat-
ing the component of the frontier molecular orbital, and de-
ducing whether the metal ions or ligands play the more im-
portant role in determining the NLO properties.[61] More-
over, the photochemical and photophysical properties of
compounds are governed by the first excited singlet state S1
and the first excited triplet state T1.


[62] The electron in the


Figure 9. The UV/Vis spectra of 1, 2 and H2FMPA in DMF.


Figure 10. NLO refractive properties: a) 1 in DMF (concentration: 1.6R
10�4 moldm�3), b) 2 in DMF (concentration: 1.7R10�4 moldm�3). The
black squares & are the experimental data, and the solid curve is the the-
oretical fit.
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HOMO is excited to the LUMO, resulting in the state S1 or
T1; we therefore regard the LUMO as the most important
frontier orbital influencing the NLO properties.
It can be seen from Figure 6 that the LUMOs of 1 are


governed by the phen (with DFT/B3LYP 89.37 and 98.2%
for units one and two, respectively) and some oxygen atoms
of phosphonate ligands (with DFT/B3LYP 5.54% for unit
one); this orbital barely has any CdII character (with DFT/
B3LYP 1.1 and 0.74% for (CdII)4 for units one and two, re-
spectively). So we deduce that the NLO properties of 1 are
controlled by phen and influenced slightly by the oxygen
atoms from the phosphonate ligands, with the CdII ions
having no influence on the NLO properties. Figure 7 shows
that the LUMO of 2 is primarily phen (with DFT/B3LYP
85.4 and 97.56% for units one and two, respectively) and
ZnII (with DFT/B3LYP 11.28 and 2.04% for (ZnII)4 of units
one and two, respectively) character. So in 2, the NLO prop-
erties are dominated by phen, but are also affected by ZnII


ions. It can be seen from the results that the coplanar phen
rings control the optical nonlinearity of 1 and 2, while the
H2FMPA ligands and metal ions have a weak influence on
their NLO properties. This is consistent with the experimen-
tal results: both 1 and 2 show the same NLO refractive be-
havior (self-focusing effect), and have a similar refractive
index n2; however, H2FMPA exhibits very weak NLO be-
havior.


Conclusion


Ancillary chelating ligands usually result in metal complexes
with a lower dimensionality, meaning we could obtain novel
metal–ferrocenylphosphonate cage complexes with addition-
al phen ligands. By calculating the component of the frontier
molecular orbital, we proposed the possible fluorescent
emission mechanisms for 1 and 2, and studied their electro-
chemical behavior. In addition, we deduced the contribution
of metal ions and ligands to the NLO properties by analyz-
ing the component of the lowest unoccupied molecular orbi-
tal (LUMO). The consistency of our experimental results
with inferences from quantum chemistry calculations further
confirmed that the origin of the NLO properties is the de-
localization of the p-electron cloud, and that it is reasonable
to investigate the NLO properties of metal complexes by
using frontier molecular orbital theory. Based on molecular
orbital (MO) calculations we can obtain materials with
better photochemical and photophysical properties accurate-
ly and easily, and studies are in progress to design particular
ferrocenylphosphonate complexes with preeminent chemical
and physical properties.


Experimental Section


Materials and physical techniques : All chemicals were of reagent grade
quality, obtained from commercial sources, and used without further pu-
rification. H2FMPA was prepared by literature methods.


[63]


IR data were recorded on a Nicolet NEXUS 470-FTIR spectrophotome-
ter with KBr pellets in the 400–4000 cm�1 region. UV/Vis spectra were
obtained on an HP 8453 spectrophotometer. Elemental analyses (C, H,
and N) were carried out on a Carlo-Erba1106 elemental analyzer.


Preparation of complexes 1 and 2 : Both complexes were synthesized by
a similar method. Phen (19.8 mg; 0.1 mmol) in MeOH (4 mL) was added
to a solution of Cd ACHTUNGTRENNUNG(OAc)2·2H2O (21.4 mg, 0.1 mmol) or ZnSO4·7H2O
(28.7 mg, 0.1 mmol) in methanol (2 mL). H2FMPA (28.0 mg; 0.1 mmol)
and triethylamine (40.4 mg; 0.2 mmol) in MeOH (4 mL) were added
dropwise to the mixture at room temperature and stirred overnight. The
precipitate was filtered and the resulting orange solution was allowed to
stand at room temperature in the dark. After one week good quality
yellow crystals were obtained.


Data for 1: Yield: 14%; elemental analysis calcd (%) for for
C99H104Cd4Fe4N8O19P4: C 47.39, H 4.15, N 4.47; found: C 48.35, H 4.09, N
4.61; IR (KBr): ñ=3442 (s), 1627 (m), 1585 (w), 1426 (m), 1110 (m), 852
(m), 726 (m), 487 cm�1 (m).Data for 2 : Yield: 12%; elemental analysis
calcd (%) forC99H104Fe4N8O19Zn4: C 51.24, H 4.49, N 4.83; found: C
50.74, H 4.52, N 4.88; IR (KBr): ñ=3423 (s), 1625 (m), 1516 (w), 1426
(m), 1102 (m), 848 (m), 728 (m), 487 cm�1 (m).


Luminescent measurements : The luminescent spectra were measured on
powder samples at room temperature by using a model F-4500 Hitachi
Fluorescence Spectrophotometer. The excitation and emission slits were
both 5 nm, and the response time was 2 s.


Computational methods: On the basis of crystal structures, B3LYP[64–66]


calculations were carried out for the molecular orbitals of the tetrameric
units of complexes 1 and 2. The distribution of frontier orbitals was de-
termined by using the sto-3g* basis set with the Gaussian 03 program at
the workstation. The calculation continued until the root mean square
(RMS) gradient was less than 0.188 kcalmol�1.


Differential pulse voltammetry measurements: Differential pulse voltam-
metry studies were recorded with a CHI650 electrochemical analyzer uti-
lizing the three-electrode configuration, composed of a Pt working elec-
trode, a Pt auxiliary electrode, and a commercially available saturated
calomel electrode as the reference electrode with a pure N2 gas inlet and
outlet. The measurements were performed in DMF containing tetrabutyl-
ACHTUNGTRENNUNGammonium perchlorate (nBu4NClO4) (0.1 moldm


�3) as supporting elec-
trolyte, which has a 50 ms pulse width and a 20 ms sample width. The po-
tential was scanned from +0.2 to +0.7 V at a scan rate of 20 mVs�1.


Nonlinear optical measurements: A solution of 1, 2, or H2FMPA in DMF
was placed in a 1 mm quartz cuvette for NLO measurements. The nonlin-
ear refraction was measured with a linearly polarized laser light (l=
532 nm; pulse width=7 ns) generated from a Q-switched and frequency-
doubled Nd:YAG laser. The spatial profiles of the optical pulses were
nearly Gaussian. The laser beam was focused with a 25 cm focal-length
focusing mirror. The radius of the beam waist was measured to be 35�
5 mm (half-width at 1/e2 maximum). The interval between the laser pulses
was chosen to be �5 s for operational convenience. The incident and
transmitted pulse energies were measured simultaneously by two Laser
Precision detectors (RjP-735 energy probes), which were linked to a com-
puter by an IEEE interface. The NLO properties of the samples were
manifested by moving the samples along the axis of the incident beam (Z
direction) with respect to the focal point.[67] An aperture of 0.5 mm in
radius was placed in front of the detector to assist the measurement of
the self-focusing effect.


Structure determination: Crystal data and experimental details for com-
plexes 1 and 2 are contained in Table S1 in the Supporting Information.
Suitable single crystals with dimensions of 0.20R 0.18R0.18 mm for 1 and
0.20R 0.20R0.20 mm for 2 were selected for single-crystal X-ray diffrac-
tion analysis. Data collection was performed on a Rigaku RAXIS-IV
image plate area detector for study using graphite-monochromated MoKa
(l=0.71073 P) radiation at 291(2) K by using the w-2q scan technique.
The data were corrected for Lorentz and polarization factors and for ab-
sorption by using empirical scan data. The structure was solved with the
SHELX program,[68] and refined by full-matrix least squares methods
based on F2,[69] with anisotropic thermal parameters for the non-hydrogen
atoms. The hydrogen atoms were located theoretically and not refined.
Selected bond lengths and bond angles are listed in Tables 1 and 2.
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CCDC-262564 and CCDC-262565 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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[a] Symmetry transformations used to generate equivalent atoms: #1: �x,
�y, �z+1; #2: �x, �y, �z.
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[a] Symmetry transformations used to generate equivalent atoms: #1: �x,
�y, �z+1; #2: �x, �y, �z.
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Introduction


The requirement to develop inexpensive renewable energy
sources has stimulated new approaches for the preparation
of efficient, low-cost photovoltaic cells. Dye-sensitized solar
cells (DSSC) constitute one of the main targets in this direc-
tion, since O#Regan and Gr&tzel[1] have demonstrated that a
combination of a nanocrystalline wide-bandgap semiconduc-
tor, an adsorbed dye with an absorption band in the visible
region, and an appropriate electrolyte system could lead to
remarkable conversion efficiencies while avoiding photocor-


rosion of the semiconductor material. The function of DSSC
is based upon electron injection from a photoexcited state
of the dye into the conduction band of a wide-bandgap sem-
iconductor. The resulting dye cation is then re-reduced by
redox species in the electrolyte.[2] To achieve a high photo-
current quantum yield, this re-reduction of the dye cation
must be much faster than the charge recombination reaction
between the oxidized dye and injected electrons in the semi-
conductor or oxidized electrolyte components. Furthermore,
a fast re-reduction is also necessary to avoid photodecompo-
sition of the dye.
While initial work was mainly performed on nanocrystal-


line titania in the anatase form and ruthenium coordination
complexes as sensitizers, the present experiments also in-
clude a range of other semiconducting metal oxides.[3] To
improve the power conversion efficiency further, many au-
thors have focused on design of more efficient sensitizers[4,5]


and control of the morphology of the nanostructured semi-
conductor film.[6,7] There is particular appeal in semiconduc-
tor systems that can be processed to functional films with
very few processing steps or on a variety of substrates, pref-
erably low-cost, light, mechanically flexible polymers. The
samples described in this paper follow such an approach:
zinc oxide is deposited electrochemically on a transparent
electrode from an aqueous electrolyte in the presence of the
dye Eosin Y, which is not only an efficient sensitizer; it also


Abstract: Eosin Y is used as a sensitiz-
er for nanoporous zinc oxide films for
prospective applications in photoelec-
trochemical solar cells. The kinetics of
the reduction of the intermittently
formed photo-oxidized dye molecules
by iodide ions in the electrolyte phase
was investigated by using the feedback
mode of scanning electrochemical mi-
croscopy (SECM). The bulk solution
phase contained triiodide as electron
transfer mediator, from which the ul-


tramicroelectrode-generated iodide
ions acted as electron donors for
photo-oxidized Eosin Y molecules
(D+


ads) at the zinc oxide sample. Effec-
tive rate constants for the dye regener-
ation could be extracted from the
SECM approach curves. The effective


rate constants at different triiodide
concentrations could be related to the
rate constant for the reaction of the
dissolved donor with photo-oxidized
Eosin Y bound to ZnO, as well as to
the overall rate of the photosensitiza-
tion process. For the reaction D+


ads +


1.5 I�!Dads + 0.5 I3
� a rate constant of


kox = (1.4�0.8)=108 cm9/2mol�3/2 s�1


was determined.
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acts as a structure-directing agent (SDA) to shape the mor-
phology of the nanocrystalline ZnO deposited.[8] Highly
porous yet crystalline sensitized ZnO is obtained in one step
and at temperatures below 70 8C. Recently, it was discovered
that the dye loading could be increased substantially when
ZnO was deposited in the presence of the SDA Eosin Y.
The efficiency of the electrodes could be increased further if
Eosin Y was then extracted with dilute KOH solution, and
Eosin Y or another dye as a sensitizer was finally re-adsor-
bed from solution onto the nanoporous ZnO.[9]


Despite the substantial accumulation of knowledge about
structure–function relationships concerning dyes, semicon-
ductors, and their interactions, relatively little is known
about the factors that control the regeneration of the dye
molecules after electron injection from the photoexcited dye
into the semiconductor conduction band by electron transfer
(ET) from dissolved electron donors.[10] This interfacial ki-
netic process is clearly crucial to the operation of a photo-
electrochemical cell, because it is a necessary elementary
step when a photocurrent is produced. Fast kinetics of this
regeneration step can suppress competing decomposition re-
actions and the back-transfer of electrons from the semicon-
ductor, a major recombination route and hence a loss mech-
anism in DSSC. The lack of detailed data for this interfacial
regeneration process is partly due to the experimental diffi-
culties encountered in such measurements by conventional
electrochemical techniques.
Scanning electrochemical microscopy (SECM) has been


demonstrated to be an effective technique for determining
ET kinetics at various interfaces, including polymer/liquid[11]


and liquid/liquid ones,[12–15] and redox enzymes[16,17] on solid
supports. Even immobilized non-redox enzymes[18] can be in-
vestigated. Electron transfer reactions at semiconductor/
electrolyte interfaces have been studied from various per-
spectives. Precursor sites on passivated valve metals (TiO2,
Ta2O5, Al2O3) were identified as locations at which ET reac-
tions occur to form dissolved species in the dark before the
onset of pitting corrosion.[19–23] The kinetics of hole injection
into GaAs by a probe-generated oxidizer in the dark was
studied and applied to local semiconductor etching.[24]


SECM feedback investigations at WSe2 and Si immersed in
an electrolyte showed a correlation between the heterogene-
ous redox kinetics at the sample and the concentration of
the majority carriers in it.[25] Photoelectrochemical reactions
at semiconductor surfaces have been studied at TiO2 photo-
catalysts.[26] The behavior of a TiO2 (microcrystalline ana-
tase) was compared with the characteristics of bare indium
tin oxide (ITO). When probed with the [Fe(CN)6]


4�/3� redox
couple, the surface behaved like an insulator in the dark and
like a conducting surface under UV illumination. Unwin
et al.[27, 28] studied the kinetics of photoelectrochemical de-
composition of 4-chlorophenol at a TiO2 particle film under
UV illumination using a transient SECM working mode.
Haram and Bard[29] determined apparent pseudo-first-order
rate constants from steady-state SECM feedback approach
curves for the reduction of methyl viologen (MV2+) to the
methyl viologen radical cation (MV+) at CdS thin films ob-


tained from wet chemical deposition, as well as their de-
pendence on light intensity and on the concentration of
redox species in the electrolyte. In their study the holes in
CdS particles were scavenged by dissolved triethanolamine.
In this work we have studied the charge transfer kinetics


between I� and photo-oxidized dye molecules (Eosin Y+)
adsorbed on a wide-bandgap semiconductor (ZnO) during
illumination with visible light. We used a complex dye-sensi-
tized electrode such as is currently under investigation for
DSSCs. To make the measurements, it was necessary to
select a model electrolyte that deviated from the composi-
tion of a typical I�/I3


� electrolyte system in DSSC applica-
tions. A pseudo-first-order rate constant for the reaction of
I� with the sensitized nanoporous film was obtained from
steady-state feedback measurements by a procedure in-
spired by reference [30] in which the electron transfer kinet-
ics was studied at ferrocene-terminated self-assembled mon-
olayers.


Results and Discussion


SECM feedback mode investigation of Eosin Y-sensitized
ZnO film : The main difficulty in the SECM feedback inves-
tigation was the selection and optimization of the mediator
solution. It should contain only one redox form of the medi-
ator couple and should not undergo homogeneous photo-
chemical reactions. In theory, many possible ways of match-
ing dyes and semiconductors with an electrolyte system
exist. One of the most commonly used electrolyte systems is
I�/I3


�. Iodide (I�) shows favorable energetics and kinetics
for the regeneration of the sensitizer molecules, whereas
triiodide (I3


�) displays unusually slow kinetics for the reduc-
tion by electrons from the conduction band of the semicon-
ductor interface, but fast kinetics for the reduction at the
platinum counter-electrode of a DSSC.
To generate a flux of I� at the ultramicroelectrode


(UME), we used a solution formed by mixing equimolar
amounts of I2 and KI solutions in acetonitrile with tetrabutyl-
ammonium trifluoromethanesulfonate (TBAS) as an inert
supporting electrolyte. Since the equilibrium constant for
the reaction I� + I2!I3� is 107 Lmol�1[31] in acetonitrile, the
concentration of I� and I2 is only 1% of the concentration
of I3


� for a solution that contains a total of 1 molcm�3 KI3


Figure 1. Cyclic voltammogram of 1.1mm I3
� + 0.1m TBAS in acetoni-


trile solution at a Pt UME, scan rate 0.05 Vs�1.
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(1mm). Figure 1 shows the cyclic voltammogram of such a
solution at a Pt microdisk electrode in the bulk phase of the
solution. It shows a well-defined reduction wave for reaction
(1) and an oxidation wave for the reaction I3


�!1.5 I2 + e�.


I3
� þ 2 e� ! 3 I� ð1Þ


If an equimolar mixture of KI and I2 is indeed obtained,
there is a region around 0 V (versus the Pt pseudo-reference
electrode) where no current flows. SECM experiments were
carried out at a UME potential ET = �0.7 V where a diffu-
sion-controlled reduction of I3


� took place and I� was pro-
duced. The approach curves to glass and their excellent
agreement with the theory for hindered diffusion indicate
that this reaction system can be treated with reasonable ac-
curacy by using the theory developed for a simple redox
couple (see below). In the following treatment we assume,
as a simplification, that the bulk phase of the solution con-
tains only I3


� but no I2 or I
�.


Figure 2 illustrates the principle of the SECM feedback
mode in a DSSC system under short-circuit conditions: in
feedback mode, I� is generated by an electrochemical reac-


tion at the UME and diffuses to the dye-sensitized elec-
trode. When the substrate (ZnO/Eosin Y film) is illuminated
from the back, I� can transmit an electron to Eosin Y+ (Y+)
molecules. In this process the mediator is oxidized back to
its original oxidation state, I3


� [Eq. (2)].


1:5 I� þ Yþ ! 0:5 I3
� þ Y ð2Þ


After diffusion to the UME, I3
� can be reduced again.


The experiment gives current variations at the UME as a
function of UME–sample distance d and rate of I3


� regener-
ation at the sample. From the mathematical description of
the mass transport and interfacial kinetics at the sample, a
pseudo-first-order rate constant keff for the reaction at the
sample can be extracted.[12]


To verify the suitability of the mediator solution and the
absence of any significant photoelectrochemical effects at


the Pt UME probe, approach curves were recorded above
glass substrates without a ZnO/Eosin Y film in the dark and
under illumination (Figure 3). The curves are presented in
normalized coordinates IT(L) versus L, where the normal-
ized current at the UME IT = iT/iT,1 with iT = the current


at the UME and iT,1 = the current in the bulk solution. The
normalized distance L is the distance d in units of the UME
radius rT. The curves agree within experimental error with
the theoretical approach curve to an insulating and inert
sample expected for a UME of this geometry. This curve,
denoted by IT,ins(L), represents the effect of hindered diffu-
sion only, because no reaction occurs at the glass surface.
The perfect agreement of the experimental curves with the
theory of hindered diffusion supports the general applicabil-
ity of this mediator system. Corresponding experiments
were subsequently carried out at the ZnO/Eosin Y films. In
the dark the response IT,ins(L) is equal to that of glass
(Figure 4, curve 1) for any mediator concentration, confirm-
ing the absence of any electrochemical reaction of I� with
the modified film in the dark. When the film was back-illu-
minated, the current was significantly larger than in the
dark (Figure 4, curves 2–7). The exact curve IT(L) can be de-
scribed by Equation (3) for a first-order reaction at the
sample and infinitely fast reaction at the UME[12]


Figure 2. Basic arrangement for probing the heterogeneous reaction at
the dye-sensitized semiconductor surface (gray) in the feedback mode
under short-circuit conditions. The mediator is triiodide. The broad,
hollow arrow indicates the back illumination.


Figure 3. Normalized SECM feedback approach curves in 1.97mm I3
� for


the approach of a Pt disk electrode, rT = 15.0 mm, toward glass: a) in the
dark; b) under illumination by a blue LED. Open symbols are experi-
mental points; the solid line is based on theoretical results, calculated ac-
cording to reference [33] for an insulator and with RG = 10.2. Scan rate
= 1 mms�1, ET = �0.7 V. The glass sheath of the UME touched the
sample at L = 0.2. Points at L<0.2 deviate from the theory.
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ITðLÞ ¼ IT,insðLÞ þ
�
1� IT,insðLÞ


IT,condðLÞ


�
ISðLÞ ð3Þ


This equation considers the contribution IT,ins(L) of hin-
dered diffusion of I3


� from the bulk solution to the UME
and a substrate current IS(L) that originates from the con-
version of the mediator at the sample. IT,cond(L) is the cur-
rent that results if the reaction at the sample is diffusion-
controlled. The degree to which this reaction can influence
IT(L) depends on the normalized distance L and can be cal-
culated as 1�IT,ins/IT,cond. Analytical approximations for the
individual contributions to Equation (3) for 0.1<L<1.5
which were used to form an analytical function to which the
individual experimental curves can be fitted are taken from
reference [33] [Eqs. (4) and (5)] and reference [12] [Eq. (6)].


IT,insðLÞ ¼ 1


0:292 þ 1:5151
L þ 0:6553 exp


�
�2:4035


L


�
ð4Þ


IT,condðLÞ ¼ 0:68 þ 0:78377
L


þ 0:3315 exp
�
�1:0672


L


�


ð5Þ


ISðLÞ ¼ 0:78377


1 þ 1
kL


þ
0:68 þ 0:3315 exp


�
�1:0672


L


�


1 þ
11
kL þ 7:3
110�40L


, 0:1 < L < 1:5


ð6Þ


k = keffrT/D is a normalized, dimensionless, first-order
rate constant which can be obtained by fitting each curve to
the analytical approximations. Using the diffusion coeffi-
cient of I3


� in acetonitrile, D = 1.37=10�5 cm2 s�1,[31] and the
rT of the particular UME, the apparent heterogeneous first-
order rate constant keff [cms


�1] for the reduction of the
photo-oxidized dye by I� can be determined. In Figure 4,
curves 2–7 give the experimental variations (open symbols)
and the theoretical best fits as thin lines. Deviations at small


distances result from a mechanical contact between the insu-
lating sheath of the UME and the sample, after which the
distance between the active electrode area and the sample
does not decrease further as a result of free translation of
the UME in solution (see Experimental Section for more
details). The data resulting from the fit are summarized in
Table 1. Under the conditions used here, the apparent first-


order rate constant keff decreases with increasing bulk con-
centration of I3


�, even at sub-millimolar concentrations.


Relationship of the effective rate constants and microscopic
processes in DSSC : To relate keff to the rate of the micro-
scopic processes in the ZnO/Eosin Y film we consider three
major processes in which charges are transported between
the UME and the back contact of the ZnO/Eosin Y elec-
trode (Figure 5). By deriving expressions for the limiting
current of each individual step, an expression for the nor-
malized substrate current IS(L) can be found and compared
with that of a simple first-order reaction at the sample.
The first step is the reaction at the UME [Eq. (1)]. The


limiting current [Eq. (7)] will be measured if the reactions at
the UME and at the sample are both diffusion-controlled.


iT,lim ¼ iT,1IT,condðLÞ ¼ 8FD½I3�
*rTIT,condðLÞ ð7Þ


The second step is the heterogeneous reaction of I� with
the oxidized dye molecule. To derive kinetic expressions for
this situation we need to make some greatly simplifying as-
sumptions about the structure of the ZnO/Eosin Y film. Pre-
vious analysis of the film has shown that it is porous and has
a total dye loading GD8 = 6=10�8 molcm�2 (referred to the
geometric area).[9] The film is about 3 mm thick.[9] The dye is
homogeneously distributed within the film on a length scale
of 500 nm. At present the ratio of the dye molecules that is
accessible to I� under light illumination is unclear. In the
model used here, it is assumed that all dye molecules are
equally accessible. Furthermore, all Eosin Y molecules have
the same excitation cross-section fhn (that is, the same prob-
ability of absorbing a photon entering the film from the


Figure 4. Normalized SECM feedback approach curves for the approach
of a Pt disk electrode, rT = 13.65 mm (curves 2, 3, 4, 6), and rT =


12.49 mm (curves 5, 7), toward a ZnO/Eosin Y film under illumination by
a blue LED. Concentration of I3


� in mm : 2) 0.033, 3) 0.052, 4) 0.080, 5)
0.495, 6) 0.99, 7) 1.98; scan rate = 1 mms�1; ET = �0.7 V; solid lines are
calculated curves for the approach of a UME with RG = 10 toward an
inert insulating surface[33] (curve 1), and toward samples with first-order
kinetics of mediator recycling[12] using normalized rate constants k : 2)
0.35, 3) 0.27, 4) 0.18, 5) 0.07, 6) 0.04, 7) 0.019.


Table 1. Normalized apparent heterogeneous first-order rate constants k
and apparent heterogeneous first-order rate constants keff = kD/rT ob-
tained for the reduction of photoexcited Eosin Y+ by I� ; D = 1.37=
10�5 cm2 s�1.[31]


ACHTUNGTRENNUNG[I3
�]* [molcm�3][a] k[b] rT [mm]


[c] keff [10
�3 cms�1]


1.98 0.019 13.65 0.1907
0.99 0.040 13.65 0.4015
0.495 0.070 13.65 0.7026
0.105 0.16 13.65 1.605
0.088 0.18 12.49 1.973
0.052 0.27 13.65 2.710
0.033 0.35 12.49 3.836


[a] Total concentration of I3
�, I2, and I


�, given as the equivalent I3
� con-


centration in the bulk phase. [b] Dimensionless normalized pseudo-first-
order rate constant obtained by fitting experimental approach curves to
Equations (3)–(6). [c] Obtained by fitting approach curves to a glass sur-
face.
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back). The neutral dye is denoted by D, photoexcited dye
molecules are D*, and photo-oxidized dyes are D+ . Equa-
tion (8) gives the kinetically limited current for the process
in Equation (2) (n = 1, number of transferred electrons; F,
Faraday constant; A, geometric area of the sample where I�


is converted, kox [cm
9/2mol�3/2 s�1] , heterogeneous rate con-


stant of order 1.5; GD+, steady-state surface concentration of
photo-oxidized dye molecules; [I�]S, concentration of dis-
solved I� at the surface of the ZnO film).


iK ¼ nFAkoxGDþ ½I�
S3=2�irec ð8Þ


The recombination current irec summarizes the current
originating from the reaction of electrons from the conduct-
ing glass, from the conduction band of ZnO, and from sur-
face states with I3


�. For the following analysis this contribu-
tion was not considered any further. This greatly simplifying
assumption is, however, supported by the following facts: in
our setup the Eosin Y-modified ZnO electrode is operated
under short-circuit conditions (Figure 2). At the excitation
wavelength of 473 nm (see Supporting information), such
electrodes have an incident photon–current conversion effi-
ciency (IPCE) of about 80% (see Figure 1 of reference [9]).
This means that in short-circuit conditions there is almost
no loss by recombination processes. Furthermore, the differ-
ence between the IPCE value and 100% also includes con-
tributions from reflection and scattering of light. Close to
short-circuit conditions, photocurrent transients do not ex-
hibit an overshoot indicative of recombination. This situa-
tion changes if the DSSC is operated under open-circuit


conditions. This conclusion is also supported by a recent
analysis by Peter et al.,[34] who investigated the contribution
of the different recombination pathways at DSSCs made
from TiO2 with and without an additional blocking layer.
The blocking layer covers the empty areas on the conduct-
ing glass that are left when a TiO2 particle suspension is ap-
plied to the conducting glass. Recombination at the conduct-
ing glass was found to be the main recombination pathway
under low light intensities such as in our experiments. How-
ever, due to the electrochemical nature of the deposition
procedure for Eosin Y-modified ZnO, such electrodes have
a much smaller fraction of exposed, bare, conducting glass,
since the deposition procedure proceeds preferentially on
the uncovered regions. Therefore the usual main recombina-
tion pathway is not available in our samples.
An expression for GD+ can be derived from the mass con-


servation of the dye and the steady-state approximations for
surface concentrations of the photoexcited dye GD* [Eqs. (9)
and (10)] and the photo-oxidized dye GD+ [Eqs. (11) and
(12)]. Here kinj [s


�1] is the first-order rate constant for injec-
tion of electrons from the excited dye into the conduction
band; Jhn [molcm


�2 s�1] is the photon flux; GD is the surface
concentration of the dye in the ground state.


@GDþ


dt
¼ 0 ¼ �koxGDþ ½I�
S3=2 þ kinjGD*


ð9Þ


GDþ


GD*
¼


kinj
kox½I�
S3=2


ð10Þ


@GD*
dt


¼ 0 ¼ �hnJhnGD�kinjGD*
ð11Þ


GD
GD*


¼
kinj


�hnJhn
ð12Þ


Appropriate substitutions of Eqs. (10) and (12) into the
mass conservation law [Eq. (13)] yield an expression for GD*,
from which Eq. (14) for GD+ is obtained by applying Equa-
tion (8).


GD� ¼ GD þ GDþ þ GD*


¼ GD
GD*


GD*þ þ GDþ


GD*
GD* þ GD*


¼ GD*


�
kinj


kox½I�
S3=2
þ


kinj
�hnJhn


þ 1
�


ð13Þ


GDþ ¼
kinj


kox½I�
S3=2
GD* ¼ GD�


1


1 þ kox ½I�
S3=2
�hnJhn


þ kox ½I�
S3=2
kinj


ð14Þ


Substituting Equation (14) into Equation (8), and consid-
ering that the limiting substrate current iK,lim is obtained if
[I�]S equals three times the bulk concentration of triiodide
[I3


�]*, leads to Equation (15).


Figure 5. Simplified model of the charge transport between the UME and
the ZnO/Eosin Y electrode. The model is not to scale. a) Model of the
structure of the nanoparticulate ZnO/Eosin Y film. b) Simplified model
in which all dye molecules are uniformly accessible. c) Conceptual se-
quence of charge transfer processes in the film: i) photoexcitation, ii)
electron injection from the dye in the CB of ZnO, iii) electron transport
across the ZnO film to the back contact, iv) dye regeneration by reaction
with I�.
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iK,lim ¼ FAGD�
1


1
koxð3½I�
*Þ3=2 þ 1


�hnJhn
þ 1


kinj


ð15Þ


Provided that the current distribution is uniform in the
sample region directly below the microdisk electrode of the
probe, the reciprocal of the normalized substrate current is
obtained as the sum of the reciprocal limiting currents of all
the consecutive processes: diffusion in the UME–sample
gap, passage of kinetically controlled substrate current, and
electron conduction to the back contact.[12, 35] The limiting ki-
netic substrate current is again a sequence of heterogeneous
electron transfer between I� and D+ , light absorption by D,
and electron injection into the conduction band. By approxi-
mating the area of the sample that participates in the elec-
tron transfer to prT


2, Equation (16) is obtained.


1
IS


¼ iT,1
iS


¼ 1
IT,cond


þ 4� 2FDrT½I3�
*
iK


þ 1
Iel,lim


¼ 1
IT,cond


þ 4
p


2D½I3�
*
rTGD�koxð3½I3�
*Þ3=2


þ 4
p


2D½I3�
*
rTGD��hnJhn


þ 4
p


2D½I3�
*
rTGD�kinj


þ 1
Iel,lim


ð16Þ


Iel,lim is the limiting electronic current through the sub-
strate at a given working distance L from the UME. Exten-
sive literature has been devoted to the characterization of
this parameter. Recent reports describe the process as diffu-
sion of electrons in the semiconductor rather than voltage-
driven electron transport. Diffusion coefficients are compa-
rable with those of solvated ions in the solution. The analy-
sis is complicated by a dependence of the conductivity on
the charge carrier density and the electronic structure of the
particular ZnO/dye preparation. As the film thickness (l
3 mm) is less than the SECM working distance, the electron-
ic conductivity of the film should not become rate-limiting
under our experimental conditions if the mobility of the
charge carriers is comparable with that of the mediator in
solution. We also work with very low electrolyte concentra-
tions compared with conventional DSSC. It should be kept
in mind, however, that the present series of experiments
were designed purposefully to fulfil the conditions necessary
to analyze the interfacial kinetics of dye regeneration.
Under DSSC operating conditions this is typically not ach-
ieved and conduction in the semiconductor matrix plays a
decisive role. Ignoring further a possible back-reaction of
conduction band electrons with I3


� or intermediate I2 spe-
cies, we may assume as a first, very coarse, approximation
that 1/Iel,lim approaches zero in our experiments.
In this case a comparison of Equation (17) (that is, Equa-


tion (9) of reference [12]) with Equation (16) and the substi-
tution of k = keffrT/D leads to an approximate expression
for the apparent first-order rate constants keff (see Equa-
tion (18) and Table 1); keff replaces the true first-order rate
constant for an uncomplicated electron transfer kET in Equa-
tion (17).


1
IS


¼ 1
IT,cond


þ 1
IET


¼ 1
IT,cond


þ 4
p


D
rTkET


¼ 1
IT,cond


þ 4
p


1
k


ð17Þ


1
keff


¼ 2


3
ffiffiffi
3


p
GD�kox


ffiffiffiffiffiffiffiffiffiffiffiffi
½I3�
*


p þ 2½I3�
*
GD��hnJhn


þ 2½I3�
*
GGD�kinj


ð18Þ


The apparent first-order rate constant decreases with in-
creasing [I3


�]*. When [I3
�]* increases, the flux of UME-gen-


erated I� will be greater and pseudo-first-order conditions
are not maintained at the ZnO/Eosin Y film even at sub-
millimolar triiodide concentrations. This indicates that under
the experimental conditions the steady-state concentration
of accessible photoexcited dye cation Eosin Y+ in the ZnO
film is not much greater than the dissolved electron donor
concentration and true first-order conditions are not main-
tained.
Values for kox [cm


9/2mol�3/2 s�1] and 1/khn,eff [s] were ex-
tracted from the graph of the experimental values 1/keff
[s cm�1] versus [I3


�]* [molcm�3] in Figure 6 and from Equa-


tion (18), using different numerical models (Table 2; for fur-
ther details see Supporting information). The effective rate
constant for the excitation and electron injection process for
a given light intensity, wavelength, and dye molecule (con-
tained in fhn = fhn(l)) can be defined as in Equation (19).


ðkhn,effÞ�1 ¼ ðkinjÞ�1 þ ð�hnJhnÞ�1 ð19Þ


The values for kox and khn,eff were calculated from p1 and
p2 using experimental total dye loading GD8 = 6=
10�8molcm�2. The uncertainty estimates in Table 2 are the
statistical uncertainties of the fitting procedures. Taking into
account the uncertainty in the determination of individual k
values, the uncertainty of the values can be expected to be
significantly greater than given in Table 2. The different fit-
ting procedures lead to better approximations in different
concentration regimes. Summarizing the results in Table 2, a
sensible estimate could be kox = (1.4�0.8)=108 cm9/2mol�3/2


s�1, and 1/khn,eff = (105�35) s. Since the fluorescence of


Figure 6. Variation of experimental values of keff versus bulk concentra-
tion of I3


�. The lines represent different fits of parameters to the data.
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Eosin Y is completely quenched when the dye is adsorbed
onto ZnO, it is reasonable to assume that kinj is in the same
order as for a fluorescence process and, therefore,
(khn,eff)


�1� (fhnJhn)
�1. Taking the measured photon flux to be


3.9=10�9 mol s�1 cm�2, the photoexcitation cross-section of
the adsorbed dye molecule can be estimated as 2.4=
106 cm2mol�1 or 4=10�2 R2 per individual dye molecule. As
expected, this cross-section is much smaller than the geo-
metrical cross-section of an adsorbed dye molecule.
The physical interpretation of these numbers should be


carried out with caution, keeping in mind the assumptions
used in deriving them. In particular, it is currently unclear
which fraction of the dye molecules takes part in the photo-
excitation and regeneration process and how this number is
influenced by the structural parameters of the nanoparticu-
late ZnO/Eosin Y film. While it seems reasonable that not
all the adsorbed dye molecules are accessible to dissolved
I�, inaccessible dye molecules may nevertheless contribute
notably to a photocurrent if they are provided with electrons
by a fast lateral charge transfer along a layer of adsorbed
(and probably aligned) dye molecules. Consequently, the
quantities derived above are representative values for an en-
semble that characterize a particular preparation of a ZnO/
Eosin Y DSSC, while the true molecular equivalents of
these quantities have a very broad dispersion.
SECM was applied to investigate the electrode reactions


of dye-sensitized solar cells (DSSC) for the first time. Elec-
trodes based on nanocrystalline ZnO/Eosin Y films were
chosen as an example. The mediator concentration used in
this study was much lower than that in practical DSSC ap-
plications. It was found experimentally that even at sub-mil-
limolar triiodide concentrations the observed normalized
rate constant from SECM approach curves depended on the
concentration. A detailed kinetic analysis made it possible
to relate the observed approach curves to a kinetic model of
the dye regeneration process under the short-circuit opera-
tion conditions of the DSSC and low light intensities. Effec-
tive rate constants could be determined for the dye regener-
ation by electron transfer from the electrolyte (1.4�0.8)=
108 cm9/2mol�3/2 s�1) and were related to the rates of photo-
excitation and electron injection for a given experimental
setup. The analysis showed further that only a minute frac-
tion of the total dye load participated in the reaction with
the dissolved donor. Despite the greatly simplifying assump-
tions made during the data analysis, the method is opening
the way for further studies to elucidate the relationships be-
tween the structural characteristics of the dye-sensitized


semiconductors and the charac-
teristic properties accessible by
SECM experiments. Extension
of the applicability to other ma-
terial combinations of DSSCs
and other electrolyte systems
seems straightforward. In the
future such measurements can
complement existing DSSC
characterization methods from
both physico-chemical and en-


gineering points of view.


Experimental Section


Chemicals : Acetonitrile (Spectrochem, HPLC grade), the solvent for the
electrolyte solution, was purified as described in reference [32]. Anhy-
drous tetrabutylammonium trifluoromethanesulfonate (TBAS) (electro-
chemical grade, Fluka) was used as supporting electrolyte without further
purification. I2 (Merck) was purified by sublimation before use. KI was
pretreated by heating at 150 8C for 3 h and then dried in vacuum before
use. Solutions of KI3 in acetonitrile/TBAS were prepared by mixing equi-
molar portions of 4mm solutions of KI and I2 in acetonitrile/TBAS and
diluting the resulting stock solution to the required concentration with
acetonitrile/TBAS electrolyte solution.


Preparation of ZnO/Eosin Y film samples : The ZnO/Eosin Y hybrid thin
films used as samples were prepared in a three-electrode single-compart-
ment cell with a saturated calomel electrode (SCE) as reference elec-
trode, a Zn wire as counter-electrode and F-doped SnO2 on glass (Asahi
Glass) as working electrode.[9,36] The F-doped SnO2 glass substrate was
mounted as a rotating electrode in a stainless steel holder providing me-
chanical and electrical attachment to a rotating disk electrode (RDE)
system and was operated at 500 rpm. The ZnO/Eosin Y films were depos-
ited at �1.0 V (vs. SCE) for 20 min at 70 8C from an oxygen-saturated
aqueous solution containing 5mm ZnCl2 (Fluka), 0.1m KCl (Roth), and
50mm Eosin Y (Aldrich). The solution was purged with O2 at a volume
flow rate of 200 mLmin�1. Following deposition, the ZnO/Eosin Y film
was exposed to a dilute aqueous KOH solution (pH 10.5) for 24 h to
desorb the loaded Eosin Y molecules. The films were dried in air for 1 h
at 150 8C. Eosin Y was re-adsorbed from aqueous 250mm Eosin Y solu-
tions at 80 8C.


Instruments and procedures : SECM experiments were performed on a
home-built instrument.[37] The Teflon cell contained a Pt wire counter-
electrode and a Pt wire quasi-reference electrode. The ZnO/Eosin Y
sample film was attached to the bottom of the cell and sealed by an O-
ring. An extra Pt wire connected the back contact of the ZnO/Eosin Y
sample with the electrolyte to operate the photoelectrochemical cell in a
short-circuit setup. All potentials are given with respect to the quasi-ref-
erence electrode used in the particular experiment. This reference value
may have varied slightly, depending on solution composition. Positioning
was performed with an x–y–z stepper motor system (Scientific Precision
Instruments, Oppenheim, Germany). For all the SECM experiments, a
monopotentiostat m-P3 (M. Schramm, Heinrich Heine University, DAssel-
dorf, Germany) was used. Data were processed and analyzed with the in-
house software MIRA.


A Pt wire (Goodfellow, Cambridge, UK), diameter 25 mm, was sealed
into a 5 cm Pyrex glass capillary under vacuum. The UME was polished
and shaped conically by a wheel with 180-grid Carbimet paper disks and
micropolishing cloths with 1.0 mm, 0.3 mm, and 0.05 mm alumina. The
UME was sharpened to RG~10, where RG is the ratio of the diameters
of the glass sheath and the Pt wire. Before each experiment, the UME
was polished with 0.3 and 0.05 mm alumina powder and rinsed with
water. After the UME had been mounted, an approach curve was record-
ed toward a smooth glass surface until the mechanical contact between


Table 2. Numerical models and fitting results for the curves in Figure 6.


Model[a] p1 p2 kox [10
8 cm9/2mol�3/2 s�1][b] 1/khn,eff [s]


[b]


1 1
keff


= p1
1ffiffi


c
p


þ p2c
p1 =


2


3
ffiffi
3


p
GD�kox


p2 =
2


GD�khn,eff
1.12 (�23%) 78.1 (�2%)


2 keff =
p1


ffiffi
c


p


p2 þ 2c p1 = GD8khn,eff p2 =
2khn,eff
3
ffiffi
3


p
kox


2.78 (�23%) 140 (�6%)
3


ffiffi
c


p


keff
= p1 + p2c


3/2 p1 =
2


3
ffiffi
3


p
GD�kox


p2 =
2


GD�khn,eff
1.18 (�80%) 78.4 (�1%)


4 1
ckeff


= p1
1


c3=2 + p2 p1 =
2


3
ffiffi
3


p
GD�kox


p2 =
2


GD�khn,eff
1.98 (�36%) 106 (�17%)


[a] The symbol c stands for [I3
�]*. [b] The values for kox and khn,eff were calculated from p1 and p2 using GD8 =


6=10�8 molcm�2.
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the glass sheath of the UME and the sample surface was detected by a
suddenly established constant current (for example, at L = 0.25 in
Figure 3). By a fit to the well-established theoretical curve for this situa-
tion [Eq. (4)], the exact rT and the distance d0 between the active elec-
trode surface and the sample at the moment of mechanical contact by
the insulating sheaths were detected. This distance d0 was determined by
the shape of the UME, the exact mounting geometry, and the tilt of the
sample. The UME was completely retracted afterward, but the mounting
was not changed. The glass sample was exchanged for the Eosin Y/ZnO
sample, then approach curves to the Eosin Y/ZnO samples under illumi-
nation were recorded. By fitting the data to theoretical curves [Eqs. (3)–
(5)], it was assumed that d0 was the same as d0 determined for the glass
sample, because the UME geometry and the sample tilt were identical in
the two situations. The point of closest approach could be identified
clearly by the sudden deviation from the expected behavior for the ap-
proach curves. When rT and the coordinates of the surface in the position-
ing system were known, the curves could be fitted to the theoretical
curves by adjusting k and iT,1. We found this procedure to be necessary
in order to separate the different unknown variables clearly.


All the experiments were carried out at room temperature. Illumination
from a blue light-emitting diode (LED, 2000 MCD Blue; Reichelt Elek-
tronik, Sande, Germany) was focused onto the back of the ZnO/Eosin Y
film. The photon flux was 3.9=10�9 mol s�1 cm�2 measured by a calibrated
photodiode (Hamamatsu). The excitation light did not contain contribu-
tions below 420 nm that could lead to direct photoexcitation of ZnO
(band gap 3.2 eV corresponding to 386 nm; see Supporting information).
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Triplet MLCT Photosensitization of the Ring-Closing Reaction of
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Complex of a Diarylethene-Containing 1,10-Phenanthroline Ligand
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Introduction


Photochromic compounds are those that are capable of un-
dergoing light-induced reversible transformation between
two forms having distinguishable absorption characteristics.
They are among the most promising materials for optical
data storage, optoelectronics, and molecular switching devi-
ces. Diarylethene derivatives, especially those with hetero-
ACHTUNGTRENNUNGcyclic aryl groups, have recently received much attention, as
they have outstanding fatigue resistance and thermally irre-
versible photochromic behavior.[1] While studies on diaryle-
thenes are mainly confined to the molecular design and syn-
thesis of the organic framework, investigations into the ex-


ploitation of these diarylethenes as ligands to form metal
complexes are rare and less explored.[2] The combination of
diarylethene ligands and metal complex systems is envisaged
to give rise to novel properties, such as nondestructive data
processing,[2a] electron-transfer switching,[2b] and fluores-
cence modulation,[2c–f] and may extend the excitation wave-
length to lower energies, which are usually less destructi-
ve.[2g,h] Recently, we communicated the isolation of a versa-
tile diarylethene-containing 1,10-phenanthroline ligand and
its rhenium(i) complex, both of which are capable of photo-
chromic reactivity.[2h] Herein we report the detailed synthe-
ses, characterization, photophysics, and electrochemical
properties of this class of photochromic compounds. Insights
into the mechanism of their photochromic reactivity were
also provided by transient absorption and time-resolved
emission studies. Direct evidence for the photosensitization
of the cyclization reaction of the diarylethene unit by the
3MLCT excited state of the rhenium(i) diimine chromophore
are presented, and a mechanism for the cyclization process
that involves the 3IL state of the diarylethene-containing
ligand has been demonstrated for the first time.


Abstract: Synthesis of the diaryle-
thene-containing ligand L1 based on
Suzuki cross-coupling reaction between
thienyl boronic acid and the dibromo-
phenanthroline ligand is reported. On
coordination to the rhenium(i) tricar-
bonyl complex system, the photo-
chromism of L1 could be photosensi-
tized and consequently extended from
intraligand excitation at l�340 nm in
the free ligand to metal-to-ligand
charge-transfer (MLCT) excitation at


l�480 nm in the complex. The photo-
chromic reactions were studied by
1H NMR, UV/Vis, and steady-state
emission spectroscopy. Photosensitiza-
tion was further probed by ultrafast
transient absorption and time-resolved
emission spectroscopy. The results pro-


vided direct evidence that the forma-
tion of the closed form by the MLCT-
sensitized photochromic process was
derived from the 3MLCT excited state.
This supports the photosensitization
mechanism, which involves an intramo-
lecular energy-transfer process from
the 3MLCT to the 3IL(L1) state that in-
itiated the ring-closure reaction. The
photophysical and electrochemical
properties of the complex were also in-
vestigated.
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Results and Discussion


Synthesis and characterization : The synthetic route to
diaryl ACHTUNGTRENNUNGethene-containing 1,10-phenanthroline ligand L1 is
summarized in Scheme 1. Suzuki cross-coupling of 2,5-dime-


thylthien-3-ylboronic acid with 5,6-dibromo-1,10-phenan-
throline in THF gave L1 in moderate yield. Coupling of the
second equivalent of boronic acid was inefficient and re-
quired long reaction times, probably as a result of the steric
bulk of the system. Reaction of L1 with [ReCl(CO)5] in re-
fluxing anhydrous benzene afforded [ReCl(CO)3(L1)] (1) as
yellow crystals in high yield. The identities of the ligand and
the complex were confirmed by satisfactory elemental anal-
yses, 1H NMR and IR spectroscopy, and FAB mass spec-
trometry. The X-ray crystal structure of L1 has also been de-
termined.[2h] Both L1 and 1 showed two well-resolved sets of
1H NMR signals corresponding to the resonances of parallel
(photochromically active) and antiparallel (photochromi-
cally inactive) conformers. These two conformations are
commonly found in the open forms of diarylethene sys-
tems.[1,3] Unlike most other diarylethene systems, in which
rapid interconversion of the two forms results in only one
set of time-averaged 1H NMR signals,[1,3] the sterically de-
manding 1,10-phenanthroline ring with protons in the 4- and
7-positions hinders rotation of the thiophene moieties, and
thus two sets of signals are observed. At room temperature,
interconversion between the two forms is very slow, as re-
flected by the ratio of the two sets of signals remaining un-
changed even on prolonged standing. When the sample was
heated to about 65 8C, the conformers started to intercon-
vert, and a ratio of about 1:1 was reached at thermal equili-
brium. Complex 1 showed three intense stretches in the car-
bonyl region (1890–2025 cm�1), which confirm the fac ar-
rangement of the tricarbonyl unit in an octahedral environ-
ment.[4]


Electronic absorption and emission properties : The elec-
tronic absorption spectrum of L1 in benzene showed an in-
tense band at about 300 nm, with a molar extinction coeffi-
cient on the order of 104 dm3mol�1 cm�1. This is assigned as


intraligand (IL) p!p* transition of the phenanthroline
moiety, probably mixed with the n!p* and p!p* transi-
tions of the thiophene rings. The electronic absorption spec-
trum of 1 showed, in addition to the intense IL (p!p*) ab-
sorption in the UV region, a moderately intense absorption
shoulder with molar extinction coefficients on the order of
103 dm3mol�1 cm�1 at about 400 nm, which is assigned as the
metal-to-ligand charge transfer (MLCT) transition
[dp(Re)!p* ACHTUNGTRENNUNG(phen)], similar to that found in other rheniu-
m(i) tricarbonyl diimine systems.[5]


On excitation at l=300 nm, the open form of L1 in ben-
zene solution produced luminescence at about 385 nm (to<
0.1 ms). The close resemblance of the excitation spectrum to
the electronic absorption spectrum of L1, together with the
small Stokes shift and short excited-state lifetimes, suggests
assignment of the emission as fluorescence from states of IL
(p!p*) character, most probably derived from the phenan-
throline moiety. Attempts to record the weak phosphores-
cence of the open form of L1 were made by using the back-
scattering geometry at 77 K in MeCN. Under these condi-
tions, a vibronic-structured phosphorescence band at about
596 nm, with vibrational progressional spacings of about
1180 cm�1, was observed (see Supporting Information). In
contrast, the open form of 1 in benzene solution produced
strong luminescence at 595 nm (to=0.26 ms) on excitation
into the MLCT absorption bands at about 400 nm. With ref-
erence to previous spectroscopic studies on related rhen-
ium(i) tricarbonyl diimine complexes[5] and the observed
low-temperature emission spectrum of L1 in MeCN, this
emission band is assigned as phosphorescence derived from
states of 3MLCT [dp(Re)!p* ACHTUNGTRENNUNG(phen)] origin with admixture
of 3IL character. The close resemblance of the emission
energy to the 3MLCT emission maximum of about 600 nm
of the related complex [ReCl(CO)3ACHTUNGTRENNUNG(phen)]


[5e] and the 3IL
phosphorescence of L1 is also supportive of the assignment.
The open form of 1 also displayed photoluminescence in the
solid state and in EtOH/MeOH (4/1) glass at 77 K. These
emissions are also assigned as derived from states of MLCT
[dp(Re)!p* ACHTUNGTRENNUNG(phen)] origin, mixed with 3IL character, simi-
lar to that reported in the related complex [ReCl(CO)3-
ACHTUNGTRENNUNG(Me2phen)].


[5k] The blue shift in emission energy in the glass
(535 nm) relative to the solution state (595 nm) is attributed
to the increased rigidity in the glass, in which the solvent di-
poles could not reorient themselves around the complex to
stabilize the excited state and thus resulted in an energeti-
cally high lying excited state. Such luminescence rigido-
chromism has also been observed in other related systems.[6]


Photophysical data for L1 and 1 are summarized in Table 1.


Photochromic behavior: On UV excitation into the IL ab-
sorption band at l�340 nm, an intense absorption band and
two moderately intense absorption bands at 366, 510, and
540 nm for L1 and 386, 546, and 580 nm for 1 emerged
(Figure 1). These new absorption bands were ascribed to ab-
sorptions of the closed form, generated by photocyclization
of the open form (Scheme 2). The large bathochromic shift
of the absorption bands of the closed form with respect to


Scheme 1. Synthetic route to the diarylethene-containing 1,10-phenan-
throline ligand L1.
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the open form has been attributed to an increase in the ex-
tended p delocalization across the condensed thiophene
rings (8a,8b-dimethyl-1,8-dithia-as-indacene) leading to a re-
duced HOMO–LUMO energy gap for the p!p* and n!p*
transitions. On excitation into the absorption bands of the
closed form, absorptions due to the closed form decreased
in intensity, indicative of regeneration of the open form as a


result of the photochromic
backreaction. For the complex,
in addition to excitation into
the IL absorption band, excita-
tion into the MLCT absorption
band at l�480 nm also gave
rise to these new absorptions,
indicative of generation of the
closed form with MLCT excita-
tion. This is suggestive of sensi-
tization of the photochromic ac-
tivity of the diarylethene-con-
taining phenanthroline with the
MLCT excited state, which ex-
tends the excitation wavelength
from the UV region in the free
ligand to the visible region in


the complex. The photosensitization reaction probably in-
volves intramolecular energy transfer from the 3MLCT to
the 3IL state of L1, similar to that reported in our previous
studies on spirooxazine-, pyridyl–azo-, and pyridyl–stilbene-
containing rhenium(i) complexes,[5i,7] and in a dithienylper-
fluorocyclopentene-containing bipyridyl ruthenium(ii) com-
plex.[2g] Further insights into the photosensitization mecha-
nism were provided by transient absorption spectroscopy
and time-resolved emission studies (vide infra). Photochro-
mic interconversion between the open and closed forms was
further supported by 1H NMR studies. On excitation at l=
313 nm, the signals due to the open form of the antiparallel
configuration decreased due to conversion to the closed
form. The concomitant decrease in the signal intensities of
the open form of the antiparallel configuration and the in-
crease in the signal intensity of the closed form (Figure 2) is


Table 1. Photophysical data for the open and closed forms of L1 and 1.


Compound Absorption Medium (T [K]) Emission
labs


[a] [nm] (e [dm3mol�1 cm�1]) lem [nm] (to [ms])


L1 (open form) 300 (8670) benzene (298) 385 (<0.1)
solid (298) –[c]


solid (77) –[c]


glass[b] (77) –[c]


MeCN (77)[d] 596
L1 (closed form) 366 (31730), 510 (3950), 540 (3730) benzene (298) 644 (<0.1)


glass[b] (77) 577 (5.2)
1 (open form) 338 (4930), 400 (4690) benzene (298) 595 (0.26)


solid (298) 558 (<0.1)
solid (77) 562 (1.9)
glass[b] (77) 535 (7.2)


1 (closed form) 386 (36670), 546 (5390), 580 (5050) benzene (298) 626 (<0.1)


[a] In benzene at 298 K. [b] EtOH/MeOH (4/1). [c] Emission not detected. [d] Recorded in backscattering ge-
ometry.


Figure 1. UV/Vis absorption spectral changes of a) L1 (5.52K10�5m) and
b) 1 (7.16K10�5m) in benzene solution on excitation at 313 and 440 nm,
respectively.


Scheme 2. Photochromic reactions of L1 and 1.


Figure 2. 1H NMR (300 MHz) spectral changes of 1 in C6D6 solution at
298 K on irradiation, showing the time course of closed-form formation
(from bottom to top). The signals corresponding to the antiparallel (&)
and parallel (^) conformations of the open form and the closed form (*)
are labeled. (Ia, Ip, and Ic are the integrals of the methyl protons corre-
sponding to signals of antiparallel and parallel conformations of the open
and closed forms, respectively).
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indicative of a photochromic reaction originating solely
from the antiparallel conformation. This observation is also
in agreement with the prediction of the Woodward–Hoff-
man rule that the photocyclization reaction is active in the
conrotatory mode.[8] The photochemical quantum yields of
the photochromic reactions in benzene solution, corrected
for the active conformer, were determined with excitation at
l=313 nm for L1 and 313 and 440 nm for 1 for the forward
reaction, and 510 nm for both L1 and 1 for the backward re-
action. The quantum yields for the photocyclization of L1
(f313=0.33) and 1 (f313=0.55, f440=0.65) were much higher
than those for photocycloreversion (L1, f510=0.012; 1,
f510=0.009; Table 2). Similar findings have also been report-
ed for related diarylperfluorocyclopentene systems.[1,2]


Apart from the UV/Vis absorption changes on conversion
to the closed form, the emission maxima of L1 and 1 were
also found to shift to the red, from 385 (to<0.1 ms) to
644 nm (to<0.1 ms) and 595 (to=0.26 ms) to 626 nm (to<
0.1 ms), respectively. This red shift is in line with an increase
in the extent of p conjugation on photocyclization. Similar
emission energy was reported for the closed form of a relat-
ed diarylethene.[9] The closed forms of L1 and 1 in EtOH/
MeOH (4/1) glass at 77 K also showed vibronic-structured
emission peaking at 577 nm (to=5.2 ms) and 620 nm (to=
6.4 ms), respectively, with fairly well-resolved vibronic struc-
tures that show vibrational progressional spacings of about
1250 cm�1, typical of n ACHTUNGTRENNUNG(CPS) stretching modes.[10] The rela-
tively long emission lifetimes in the microsecond range sug-
gest assignment to a phosphorescence origin. Thus, the emis-
sion of L1 in its closed form is assigned as being derived
from states of IL ACHTUNGTRENNUNG(p!p*) origin. Furthermore, in view of the
close resemblance of the emission energy and vibronic struc-
tures of 1 to those of L1 in their closed forms, an emission
origin of metal-perturbed IL ACHTUNGTRENNUNG(p!p*) character is suggested.


Electrochemical studies : The open form of 1 displayed an ir-
reversible oxidation wave at +1.40 V, a quasireversible re-
duction couple at �1.32 V, and an irreversible reduction
wave at �1.79 V versus SCE in acetonitrile containing
0.1 moldm�3 nBu4NPF6 (Figure 3). With reference to previ-
ous electrochemical studies on other related rhenium(i) tri-
carbonyl diimine systems,[5e,11] the first irreversible oxidation
was tentatively assigned as the metal-centered oxidation of
ReI to ReII, while the first quasireversible reduction couple
at �1.33 V was assigned as phenanthroline ligand-centered


reduction. The irreversible reduction wave at �1.79 V,
which is absent in [ReCl(CO)3ACHTUNGTRENNUNG(phen)],


[5e,11a] was assigned to
thiophene-based reduction. The electrochemical changes on
conversion of the open form to the closed form were also
obtained from the cyclic voltammograms of a mixture of the
open and closed forms in their photostationary state. The
lack of observable changes in the irreversible oxidation
wave at +1.40 V and the quasireversible reduction couple at
�1.31 V is suggestive of insignificant perturbation of the p-
accepting ability of the phenanthroline moiety on condensa-
tion of the thiophene units. A drop in the electrochemical
signal of the reduction wave at �1.79 V with concomitant
formation of a new reduction wave at less cathodic potential
(�1.61 V) was observed on conversion of the open form to
the closed form on light excitation, and this confirms the thi-
ophene-based nature of the reduction, as conversion of the
thiophene rings in the open form to the condensed thio-
phene units in 8a,8b-dimethyl-1,8-dithia-as-indacene, which
has better p conjugation and hence a better p-accepting
ability, would cause a shift of the reduction wave to less neg-
ative potential. The much smaller perturbation of the phe-
nanthroline-localized reduction than that of the thiophene-
based reduction on photochromic ring closure is understand-
able in view of the indirect involvement and minimal dis-
turbance of the aromaticity of the phenanthroline moiety in
the ring-closure process. Similarly, the open form of L1 dis-
played two irreversible reduction waves at �1.89 and
�2.13 V versus SCE in acetonitrile containing 0.1 moldm�3


nBu4NPF6 (Supporting Information). They are assigned to
phenanthroline- and thiophene-based reduction, respective-
ly. On conversion to the closed form, a new reduction wave
at less cathodic potential (�1.67 V versus SCE), which was
assigned to reduction of the condensed thiophene units, was
also observed.


Table 2. Photochemical quantum yields of L1 and 1 in benzene solution
at 298 K.


Compound Photochemical quantum yield/f
photocyclization[a] photocycloreversion


f313 f440 f510


L1 0.329 0 0.012
1 0.552 0.648 0.009


[a] Corrected to the ratio of the photochromically active conformation,
that is, with respect to the antiparallel configuration


Figure 3. Cyclic voltammograms of a) oxidation of the open form of 1
and b) repetitive reductive scans during the course of the photochromic
conversion of 1 from the open form (c) to the closed form in MeCN
(0.1m nBu4NPF6). Scan rate: 100 mVs�1.
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Transient absorption and time-resolved emission studies : Ul-
trafast spectroscopy has been commonly employed in the
study of photosensitization reactions, including those of re-
lated rhenium(i) polypyridine systems.[12] Thus, to provide
further insights into the photophysical and photochromic be-
havior of 1 in acetonitrile, transient absorption spectroscopy
on the pico- to nanosecond timescale after femtosecond
laser excitation at 400 nm was carried out. Transient absorp-
tion spectra of 1 in acetonitrile in the wavelength range of
325 to 670 nm recorded at various delay times after photo-
excitation are displayed in Figure 4, and the absorption time
profiles at selected wavelengths in the insets of Figure 4. Im-


mediately after laser flash excitation, an intense transient
absorption feature extending beyond 330 nm evolved, which
then underwent fast decay, followed by slower decay to gen-
erate a new band at about 386 nm and growth of intensity at
about 540 and 580 nm. With reference to previous excited-
state absorption studies on [ReCl(CO)3ACHTUNGTRENNUNG(R-phen)],


[5e] which
showed that the 3MLCT excited state exhibited two absorp-
tion bands peaking at about 300 and 480 nm, the absorption
feature extending beyond 330 nm was ascribed to the ab-
sorption of the 3MLCT excited state of 1. Similarly, the ini-
tial formation of the absorption features at about 460 nm
immediately after laser flash and the subsequent fast decay
prior to the growth in intensity on a longer timescale was at-
tributed to the fact that the 3MLCT of 1 also absorbs in this
region. Such assignments were further supported by the


close agreement of these absorption decays at the early
times with the decay of the 3MLCT state in the time-re-
solved emission measurements under the same conditions
(vide infra). The fast decay observed in the early stages was
attributed to cooling of the hot 3MLCT excited state to its
relaxed state. The evolution of this fast decay was monitored
at 460 nm, and a time constant of about 9 ps (see Figure 4a)
was determined for cooling of the 3MLCT state. Since the
3MLCT state underwent noticeable vibrational cooling, this
implied that the ISC from 1MLCT to 3MLCT occurred very
fast and reasonably far away from the equilibrium 3MLCT
geometry. Between 50 ps and 6 ns, an absorption feature at
around 420 nm increased initially and then decreased in in-
tensity (see Figure 4b and c). The time dependence of this
feature was monitored at 420 nm (inset of Figure 4b). A
best fit to the time dependence data of Figure 4b with single
exponential growth and decay functions gave time constants
of 1.8 and 7 ns, respectively. We note that there appeared to
be an isosbestic point at 336 nm between 50 ps and 1.5 ns.
This suggested that the growth of the 420 nm feature is asso-
ciated with a process in which the 3MLCT evolves cleanly
into another species with a stronger absorption at around
420 nm and a weaker absorption at around 540 nm. We ten-
tatively assigned this new species to the 3IL excited state,
and the time constant of 1.8 ns appeared to be associated
with internal conversion of the 3MLCT state to the 3IL excit-
ed state, or alternatively, it could be visualized as intramo-
lecular energy transfer from the 3MLCT state to the 3IL
state. Such internal conversion or intramolecular energy-
transfer processes could be substantiated by energetics con-
sideration, since the 3MLCT state of 1 (lem=595 nm in ben-
zene) should be of sufficient energy to transfer its energy to
the 3IL state of the open form of L1 (lem=596 nm in
MeCN; Table 1). The slow decay of the 420 nm absorption
was found to parallel the growth of the absorption bands at
about 386, 540, and 580 nm, which were ascribed to the
ring-closing process, since the steady-state absorption of the
closed form of 1 also occurred in the same region. This indi-
cated that the 3IL excited state evolved into the characteris-
tic absorption bands associated with formation of the closed
form of 1. We monitored the growth of the strong absorp-
tion feature at 386 nm to follow the formation of the closed
form of 1, and a best fit of a single exponential growth func-
tion gave a time constant of 7 ns (see Figure 4c and inset).
We note that the time constant for decay of the 3IL excited
state (t=7 ns) matches well with the time constant for the
growth of the closed form of 1 (t=7 ns). This, as well as the
observation of apparent isosbestic points at about 345 nm
and 612 nm, indicates clean interconversion of these two dis-
tinct species. This provides direct evidence that the forma-
tion of the closed form of 1 by an MLCT-sensitized photo-
chromic process was derived from the 3MLCT excited state
via its internal conversion or intramolecular energy transfer
to the 3IL state that then underwent ring closure to produce
the closed form of 1. In contrast to photocyclization process-
es on the picosecond timescale observed in other dithienyl-
perfluorocyclopentenes,[13] in which the reactions originated


Figure 4. Transient absorption spectra of 1 in MeCN obtained with
400 nm excitation at a series of pump–probe delays: a) 1, 2, 3, 4, 5, 7, 8.5,
14, 30, and 50 ps; b) 50, 100, 250, 400, 600, 800, 1000, 1250, and 1500 ps;
c) 1.5, 1.75, 2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, and 6 ns. The insets show absorp-
tion–time profiles at a) 460 nm, b) 420 nm, and c) 386 nm. The lines are
best-fit exponential curves to the data. The sharp features around 400 nm
are due to artifacts from the pump pulses.
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from the singlet excited states, the relatively slower rate of
formation of the closed form on the nanosecond timescale is
supportive of the involvement of a triplet excited state. Re-
action on a similar timescale has also been reported for a
triplet-state photosensitized dithienylperfluorocyclopente-
ne.[2g] Similarly, in contrast to the singlet-state trans–cis pho-
toisomerizations, which occur on the picosecond time-
scale,[14] slower reactions on the nanosecond timescale were
also commonly found in triplet-state sensitized photoisome-
rization processes in azo- and stilbene-containing rhenium(i)
complexes.[12]


Kerr gated time-resolved emission measurements on the
open form of the complex in acetonitrile solution were also
made. Figure 5 shows the time-resolved emission spectra of


1 in acetonitrile recorded at various delay times after excita-
tion at 300 nm. An intense emission with maximum at about
500 nm predominated at very early times and disappeared in
less than 2 ps after excitation. This emission band is assigned
as the fluorescence derived from the 1MLCT excited state.
At a later time (>2 ps), an emission band at about 550 nm
was observed, which showed a gradual wavelength shift to
the red, eventually reaching a wavelength maximum at
about 590 nm after 40 ps. This emission maximum at 590 nm
was similar to that of the 3MLCT emission in the steady-
state emission spectrum. The emission at about 550 nm was
ascribed to the phosphorescence derived from the vibration-
ally excited 3MLCT state, which gradually relaxes to the
ground 3MLCT excited state, which subsequently emits at
about 590 nm. The time-dependence profile of the vibration-
ally excited 3MLCT emission was monitored at 590 nm and
is shown in the inset of Figure 5 as open circles. A best fit of
these data with a two-exponential decay function gave time
constants of 0.8 and 8 ps. A wavelength of 590 nm was used
to fit the late weak emission from the 3MLCT, since it was
less influenced by the early intense emission from the
1MLCT state and we found this wavelength more conven-
ient to probe the cooling of the 3MLCT state. The very fast
decay of the emission monitored at 590 nm corresponded to


ISC from 1MLCT to 3MLCT. Since the time resolution of
our Kerr gated emission experiment is about the same as
the 0.8 ps time constant, this value should be treated as an
upper limit for ISC of 1MLCT to 3MLCT. This timescale is
reasonable since ISC of a related [Ru ACHTUNGTRENNUNG(bpy)3]


2+ MLCT
system has been shown to occur on a similar timescale.[15]


The slower decay of the signal monitored at 590 nm with a
time constant of about 8 ps (see Figure 5, inset) correlated
with the decay of the signal at 460 nm in the transient ab-
sorption spectra that has a time constant of about 9 ps (see
Figure 4a). This is consistent with these changes in the time-
resolved emission and absorption spectra being due to relax-
ation of a highly excited 3MLCT state to an equilibrated
3MLCT state.
Our current studies revealed that the ring-closing process


of 1 with MLCT excitation proceeds initially with formation
of the 1MLCT excited state, which undergoes intersystem
crossing to the 3MLCT excited state (t�0.8 ps). The 3MLCT
excited state then undergoes internal conversion or intramo-
lecular energy transfer to produce the 3IL excited state (t=
1.8 ns), which subsequently formed the closed form of 1 (t=
7 ns). A mechanism for the photochromic reactivity of 1
with MLCT excitation has thus been proposed (Figure 6).


Conclusion


The synthesis of diarylethene-containing ligand L1 by
Suzuki cross-coupling reaction between thienylboronic acid
and the dibromophenanthroline ligand has been reported.
On coordination to the chlororhenium(i) tricarbonyl com-
plex system, the photochromism of L1 could be photosensi-
tized and consequently extended from IL excitation at l�
340 nm in the free ligand to MLCT excitation at l�480 nm
in the complex. The photosensitization was studied by ultra-
fast transient absorption and time-resolved emission spec-
troscopy. Emission from the 1MLCT state was also observed
for the first time in the chlororhenium(i) tricarbonyl phe-
nanthroline system. The results provide direct evidence that
formation of the closed form by the MLCT sensitized pho-
tochromic process is derived from the 3MLCT excited state.
This supports the photosensitization mechanism which in-
volves intramolecular energy transfer from the 3MLCT to
the 3IL(L1) state that initiates the ring-closure reaction. The


Figure 5. Kerr gated time-resolved emission spectra of 1 in MeCN ob-
tained by 300 nm excitation. The time delays from top to bottom are 0.2,
0.5, 1, 2, 5, 10, 30, and 1000 ps. The inset shows the emission time profile
at 590 nm. The line represents the best fit of a two-exponential decay
curve to the data.


Figure 6. Proposed qualitative energetic scheme for photosensitized pho-
tochromism of 1 by MLCT excitation.
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photophysical properties of the complex were also found to
change in the photochromic reactions. With our current syn-
thetic strategy, different diarylethene-containing photochro-
mic ligands could be designed, synthesized, and incorporat-
ed into various metal complex systems. It is envisaged that,
through judicious design of the photochromic ligands, the
photophysical properties of the complexes could be readily
tuned, the photochromic behavior perturbed, and the source
of excitation extended towards the use of lower energy
light.


Experimental Section


Materials : [ReCl(CO)5] was obtained from Strem Chemicals, Inc. 1,10-
Phenanthroline, 20% fuming sulfuric acid, bromine, 2,5-dimethylthio-
phene, tri-n-butyl borate, n-butyllithium (1.6m in hexane) and hydrazine
hydrate were obtained from Aldrich Chemical Company and were used
as received. 3-Bromo-2,5-dimethylthiophene was prepared according to a
reported procedure for 3-bromo-4-deuterio-2,5-dimethylthiophene[16]


except water was used in place of deuterium oxide. 5,6-Dibromo-1,10-
phenanthroline was synthesized by bromination of 1,10-phenanthroline
with bromine in 20% fuming sulfuric acid according to the modification
of a procedure reported by Mlochowski et al.[17] Tetrakis(triphenylphos-
phine)palladium(0) as catalyst for Suzuki cross-coupling was synthesized
according to a literature procedure.[18] THF (Lab Scan, AR) was distilled
over sodium benzophenone ketyl before use. All other reagents were of
analytical grade and were used as received.


Syntheses : All reactions were performed under strictly anaerobic and an-
hydrous conditions in an inert atmosphere of nitrogen by standard
Schlenk techniques.


2,5-Dimethylthien-3-ylboronic acid : n-Butyllithium (1.6m in hexane,
9.7 mL, 15.6 mmol) was slowly added to a stirred solution of anhydrous
3-bromo-2,5-dimethylthiophene (2.7 g, 14.1 mmol) in anhydrous THF
(40 mL) at �78 8C, and the reaction mixture was then stirred at this tem-
perature for 90 min. A solution of tri-n-butyl borate (3.85 mL,
14.2 mmol) in THF (10 mL) was then added over 15 min. After stirring
for 5 h, aqueous HCl (2m) solution was added and the mixture was stir-
red at room temperature for 10 h. This was followed by extraction with
diethyl ether and the combined extracts were then washed with copious
water. The product was then obtained by extracting the ethereal layer
with aqueous sodium hydroxide solution (2m, 20 mL), followed by acidi-
fication with HCl (12m) to commence the precipitation of 2,5-dimethyl-
ACHTUNGTRENNUNGthien-3-yl boronic acid as an analytically pure white powder. Yield: 1.9 g,
7.8 mmol, 87%. 1H NMR (300 MHz, [D6]DMSO, 25 8C, TMS): d=2.33
(s, 3H; 5-CH3), 2.50 (s, 3H; 2-CH3), 6.85 (s, 1H; thienyl 4-H), 7.72 ppm
(br s, 2H; B(OH)2).


5,6-Bis(2,5-dimethylthien-3-yl)-1,10-phenanthroline (L1): The ligand was
synthesized by the bis-coupling reaction of 2,5-dimethylthien-3-yl boronic
acid with 5,6-dibromo-1,10-phenanthroline according to standard Suzuki
coupling procedure in a heterogeneous mixture of water and THF. Aque-
ous sodium carbonate solution (2m, 40 mL, 80 mmol) was added to a sol-
ution of 5,6-dibromo-1,10-phenanthroline (600 mg, 1.78 mmol), 2,5-dime-
thylthien-3-yl boronic acid (692 mg, 4.44 mmol), and tetrakis(triphenyl-
phosphine)palladium(0) (200 mg, 0.17 mmol) in THF (50 mL). The re-
sulting heterogeneous mixture was vigorously stirred and heated under
reflux, and the course of reaction monitored by TLC. It was then extract-
ed with diethyl ether (3K50 mL), and the combined extracts were dried
over anhydrous magnesium sulfate. After filtration and removal of the
solvent under reduced pressure, the residue was purified by column chro-
matography on silica gel (70–230 mesh) with chloroform as eluent. Fur-
ther purification was achieved by recrystallization from chloroform/etha-
nol. Yield: 312 mg, 0.78 mmol, 44%. 1H NMR (400 MHz, C6D6, 25 8C,
TMS): d=1.79 (s, 3H; 5-CH3 of antiparallel conformation), 1.95 (s, 3H;
5-CH3 of parallel conformation), 2.12 (s, 3H; 2-CH3 of antiparallel con-


formation), 2.15 (s, 3H; 2-CH3 of parallel conformation), 6.28 (s, 1H;
thienyl 4-H of parallel conformation), 6.29 (s, 1H; thienyl 4-H of antipar-
allel conformation), 6.98 (m, 2H; phenanthrolyl 3,8-H), 7.89 (m, 2H;
phenanthrolyl 4,7-H), 9.11 ppm (m, 2H; phenanthrolyl 2,9-H); positive-
ion EI-MS: m/z (%): 400 (100) [M+], 385 (12) [M+�CH3], 370 (6) [M+


�2CH3]; elemental analysis calcd (%) for C24H20N2S2·0.5H2O (409.6): C
70.38, H 5.17, N 6.84; found: C 70.57, H 4.96, N 6.71.


[ReCl(CO)3(L1)] (1): The complex was prepared by modification of a lit-
erature method for related Re(i) diimine complexes.[19] [ReCl(CO)5]
(100 mg, 0.27 mmol) and L1 (113 mg, 0.28 mmol) were suspended in ben-
zene (25 mL). The suspension was heated to reflux for 10 h under nitro-
gen, during which the starting materials dissolved gradually to give a
yellow solution. After removing the solvent under reduced pressure, the
residue was purified by column chromatography with chloroform as
eluent. Yellow crystals of 1 were obtained by slow diffusion of n-hexane
into a dichloromethane solution of 1. Yield: 155 mg, 0.22 mmol, 82%.
1H NMR (400 MHz, C6D6, 25 8C, TMS): d=1.59 (s, 6H; 5-CH3 of parallel
conformation), 1.66 (s, 3H; 5-CH3 of antiparallel conformation), 1.74 (s,
3H; 5-CH3 of antiparallel conformation), 2.12 (s, 3H; 2-CH3 of antiparal-
lel conformation), 2.14 (s, 3H; 2-CH3 of antiparallel conformation), 2.17
(s, 6H; 2-CH3 of parallel conformation), 5.89 (s, 1H; thienyl 4-H of anti-
parallel conformation), 6.17 (s, 1H; thienyl 4-H of antiparallel conforma-
tion), 6.23 (s, 2H; thienyl 4-H of parallel conformation), 6.47 (m, 4H;
phenanthrolyl 3,8-H), 7.60 (m, 4H, phenanthrolyl 4,7-H), 8.79 ppm (m,
4H; phenanthrolyl 2,9-H); positive-ion FAB-MS: m/z (%): 706 (60) [M+


], 678 (16) [M+�CO], 671 (100) [M+�Cl], 650 (14) [M+�2CO], 622
(14) [M+�3CO]; IR (KBr disk): ñ=1890, 1912, 2025 cm�1 (C�O); ele-
mental analyses calcd (%) for C27H20ClN2O3ReS2 (706.2): C 45.91, H
2.83, N 3.96; found: C 45.86, H 2.41, N 3.94.


Physical measurements and instrumentation : Electronic absorption spec-
tra were recorded on a Hewlett-Packard 8452 A diode-array spectropho-
tometer. Steady-state emission and excitation spectra at room tempera-
ture and 77 K were recorded on a Spex Fluorolog-2 Model F 111 fluores-
cence spectrophotometer equipped with a Hamamatsu R928 photomulti-
plier tube detector. The 77 K low-temperature phosphorescence spectrum
of the open form of L1 was obtained with 309 nm excitation by a single-
shot 5-ns laser pulse. By employing a single laser pulse to obtain the
spectrum, one can avoid emission from any closed form that may be pro-
duced from any previous laser pulse. The emission was collected in back-
scattering geometry to increase the collection efficiency. The emission
was detected by a liquid-nitrogen-cooled CCD spectrometer. Excited-
state lifetimes of solution samples were measured by using a convention-
al laser system. The excitation source was the 355 nm output (third har-
monic, 8 ns) of a Spectra-Physics Quanta-Ray Q-switched GCR-150
pulsed Nd:YAG laser (10 Hz). Luminescence decay traces were recorded
on a Tektronix Model TDS 620A digital oscilloscope and the lifetime t


was determined by single exponential fitting of the luminescence decay
traces with the model I(t)= Io exp ACHTUNGTRENNUNG(�t/t), where I(t) and Io are the lumi-
nescence intensity at time= t and time=0, respectively. Solution samples
for measurements of luminescence lifetime were degassed with at least
four freeze–pump–thaw cycles. 1H NMR spectra were recorded on a
Bruker DPX-400 (400 MHz) FT NMR spectrometer. Chemical shifts (d,
ppm) were reported relative to tetramethylsilane. All positive-ion FAB
and EI mass spectra were recorded on a Finnigan MAT95 mass spec-
trometer. Elemental analyses of the newly synthesized compounds were
performed on a Carlo Erba 1106 elemental analyzer at the Institute of
Chemistry in the Chinese Academy of Sciences in Beijing.


The transient absorption measurements were performed with a Ti:Sap-
phire regenerative amplified source operated at 1 mJ/pulse, 150 fs, 1 kHz,
and 800 nm that has been described in detail elsewhere.[20] The pump
pulses were obtained at 400 nm by frequency doubling of the regenera-
tive amplifier fundamental, providing 2 mJ after attenuation. A white-
light continuum, used for the probe, was generated by focusing 1–2 mJ of
the 800 nm light onto a rotating CaF2 crystal plate. The white light con-
tinuum was separated into two beams by a fused-silica Al beam splitter.
One beam, used as the probe, crossed the pump in the sample (1 mm
thickness), and the other, which passed through an unpumped spot in the
sample, was used as reference to monitor the intensity and spectral char-
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acteristics of the white light. The probe and reference beams were colli-
mated and then focused into the sample. The beams were then focused
into a monochromator and detected separately in different stripes by a
CCD. The signals from the CCD were downloaded to a PC and analyzed
by comparing the spectrum with the pump beam blocked and without
the pump beam being blocked to obtain the absorbance difference spec-
trum. The reference spectrum permits correction for variation over time
of the white-light fluctuations. The pump and probe spot sizes at the
sample were about 200 and 100 mm, respectively. The instrument re-
sponse function was about 200 fs.


For the Kerr gated time-resolved emission measurements, the 300 nm ex-
citation pulses were generated by mixing of the 800 nm pulses and the
480 nm output from a home-built OPA system pumped by the 400 nm
laser pulses.[20] The excitation pulses (about 1 mJ) were focused (about
100 mm) into a 0.5 mm thick jet stream of sample placed at one focus of
an elliptical mirror. The emission from the sample was collected by the
elliptical mirror and passed through a film polarizer, and then focused
into the Kerr medium (a 2 mm UV cell containing CS2) placed at the
other focus point of the ellipse. The Kerr medium was placed between a
pair of crossed polarizers with extinction ratio of about 104. The 800 nm
gating beam was polarized at 458 and focused into the Kerr medium with
adjusted intensity to create, in effect, a half-waveplate that rotated the
polarization of the light from the sample and allowed it to be transmitted
through a Glan Taylor polarizer for the duration of the induced anisotro-
py created by the femtosecond gating pulse. The emission that passed
through the second polarizer was focused into a monochromator and de-
tected by a liquid-nitrogen-cooled CCD detector. All the time-resolved
emission spectra were obtained by subtracting the negative time delay
signal from the positive time delay signal. The instrument response func-
tion was about 1 ps.


Both time-resolved measurements were performed at the magic-angle
configuration to eliminate the effect of sample reorientation. The various
time delays following the excitation pulse were achieved by employing a
computer-controlled optical delay line. Complex 1 with a concentration
of about 1.5 mm was circulated for the measurements. To keep the closed
form of 1 at a very low concentration in the overall sample solution, an
unfocused 527 nm laser beam constantly irradiated the glass sample res-
ervoir to convert the closed form of 1 back to the open form of 1.
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Introduction


Alkenes have become recognized as steering ligands in cat-
alysis. Lemaire and co-workers[1] proposed various h4-1,5-cy-
clooctadienerhodium(i) and -iridium(i) complexes, [M-
ACHTUNGTRENNUNG(cod)L2]


+ , to be the active catalysts in transfer hydrogena-
tion reactions.[2] Chiral ligands A–D in which the stereogenic
centers result from asymmetric substitution of a coordinated
alkene (Scheme 1) were recently introduced by Hayashi[3]


and Carreira[4] and their co-workers as well as by our
group[5] and proved to be effective in a wide variety of ho-


Abstract: A simple synthesis of a chiral
phosphane alkene (PAL) involves:
1) palladium-catalyzed Suzuki coupling
of 10-bromo-5H-dibenzo ACHTUNGTRENNUNG[a,d] ACHTUNGTRENNUNGcyclo ACHTUNGTRENNUNGhep-
ACHTUNGTRENNUNGten-5-ol (1) with phenylboronic acid to
give quantitatively 10-phe ACHTUNGTRENNUNGnyl-5H-di-
ACHTUNGTRENNUNGben ACHTUNGTRENNUNGzo ACHTUNGTRENNUNG[a,d]cyACHTUNGTRENNUNGclo ACHTUNGTRENNUNGhep ACHTUNGTRENNUNGten-5-ol (2); 2) reac-
tion of 2 with Ph2PCl under acidic con-
ditions to give a racemic mixture of the
phosphane oxide (10-phe ACHTUNGTRENNUNGnyl-5H-di ACHTUNGTRENNUNGben-
ACHTUNGTRENNUNGzo ACHTUNGTRENNUNG[a,d]ACHTUNGTRENNUNGcyACHTUNGTRENNUNGclo ACHTUNGTRENNUNGhep ACHTUNGTRENNUNGten-5-yl)di ACHTUNGTRENNUNGphe ACHTUNGTRENNUNGnylACHTUNGTRENNUNGphos-
ACHTUNGTRENNUNGphane oxide (PhtroppoPh, 3), which is
separated into enantiomers by using
high-pressure liquid chromatography
(HPLC) on a chiral column; 3) reduc-
tion with trichlorosilane to give the
enantiomerically pure phosphanes (R)-
and (S)-(10-phe ACHTUNGTRENNUNGnyl-5H-di ACHTUNGTRENNUNGben ACHTUNGTRENNUNGzo ACHTUNGTRENNUNG[a,d]ACHTUNGTRENNUNGcy-


ACHTUNGTRENNUNGclo ACHTUNGTRENNUNGhepACHTUNGTRENNUNGten-5-yl)di ACHTUNGTRENNUNGphe ACHTUNGTRENNUNGnylACHTUNGTRENNUNGphos ACHTUNGTRENNUNGphane
(PhtroppPh, 4). This highly rigid, con-
cave-shaped ligand serves as a biden-
tate ligand in RhI and IrI complexes.
Catalysts prepared from [Rh2ACHTUNGTRENNUNG(m2-Cl)2-
ACHTUNGTRENNUNG(C2H4)4] and (S)-4 have allowed the ef-
ficient enantioselective 1,4-addition of
arylboronic acids to a,b-unsaturated
carbonyls (Hayashi–Miyaura reaction)
(5–0.1 mol% catalyst, up to 95% ee).
The iridium complex (S,S)-[Ir-
ACHTUNGTRENNUNG(PhtroppPh)2]ACHTUNGTRENNUNGOTf ((S,S)-6 ; OTf=
SO3CF3) has been used as a catalyst in


the hydrogenation of various nonfunc-
tionalized and functionalized olefins
(turnover frequencies (TOFs) of up to
4000 h�1) and moderate enantiomeric
excesses have been achieved (up to
67% ee). [Ir(PhtroppPh)2]OTf reversibly
takes up three equivalents of H2. The
highly reactive octahedral [Ir(H)2-
ACHTUNGTRENNUNG(OTf)ACHTUNGTRENNUNG(CH2Cl2)(H2-


PhtroppPh)2] could be
isolated and contains two hydrogenated
monodentate H2-


PhtroppPh phosphanes,
one CH2Cl2 molecule, one triflate
anion, and two hydrides. Based on this
structure and extensive NMR spectro-
scopic studies, a mechanism for the hy-
drogenation reactions is proposed.


Keywords: alkenes · asymmetric
catalysis · hydrogenation · iridium ·
P ligands
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Scheme 1. Chiral alkenes used as steering ligands in enantioselective cat-
alysis. nbd=norbornadiene; Ph-bnd=2,6-diphenylbicyclo ACHTUNGTRENNUNG[3.3.1]nona-2,6-
diene; dbcot=dibenzo ACHTUNGTRENNUNG[a,e]cyclooctene; nbpPh=7-diphenylphosphanyl-
norbornene.
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mogeneously catalyzed reactions [1,4-addition of arylboron-
ic acids to a,b-unsaturated carbonyls (Hayashi–Miyaura re-
action), allylic alkylation reactions, kinetic racemate resolu-
tion of allyl carbonates, and hydrogenation, transfer hydro-
genation, and hydroboration reactions].


As we have pointed out, phosphane alkene ligands
(PALs) are especially interesting because they are topo-
graphically related to tripod ligands (six-electron donors)
but serve only as four-electron donors.[6,7] 5-Phosphanyl-5H-
dibenzo ACHTUNGTRENNUNG[a,d]cycloheptenes, R1troppR (R denotes the phos-
phorus atom, R1 the C=C-bonded substituent) have been in-
troduced as a new class of very rigid concave-shaped
PALs.[8] A patent has been granted that describes the utility
of this ligand in cyclocarbonylation reactions.[9] We found
tropp-type phosphanes to be excellent ligands in the cross-
coupling of aryl halides with arylboronic acids (Suzuki–
Miyaura coupling)[10] and chiral tropp derivatives E have
been employed in the iridium-catalyzed enantioselective hy-
drogenation of imines.[6] Very recently, the use of the chiral
PAL ligand F in the RhI-catalyzed enantioselective Haya-
shi–Miyaura reaction, which gives biologically active com-
pounds, was reported.[11]


In this paper we describe a compact, simple synthesis of
an enantiomerically pure PAL, its application in enantiose-
lective catalyses, and, in particular, its function as a hemila-
bile ligand.[12]


Results and Discussion


Syntheses : In a palladium-catalyzed Suzuki reaction, 10-
bromo-5H-dibenzo ACHTUNGTRENNUNG[a,d]cyclohepten-5-ol (1) was coupled
with phenylboronic acid to give 10-phenyl-5H-dibenzo-
ACHTUNGTRENNUNG[a,d]cyclohepten-5-ol (2) on a multigram scale in 97% yield
(Scheme 2).[13] The subsequent reaction of 2 with Ph2PCl
under acidic conditions gave the oxophosphorane PhtroppoPh


(rac-3), in an Arbuzov-type rearrangement. The enantio-
ACHTUNGTRENNUNGmers were very easily separated by using high-pressure
liquid chromatography (HPLC) on a cellulose tris(3,5-dime-
thylphenylcarbamate) (OD-H) column, and subsequent re-
duction with HSiCl3 under standard conditions gave the


phosphanes (S)-PhtroppPh ((S)-4) and (R)-PhtroppPh ((R)-4) in
an excellent overall yield (85% based on 1).


The structure of rac-4 was determined by using X-ray
crystallography and the resulting structure is displayed in
Figure 1.[14]


The racemic mixture of PhtroppPh (rac-4) was allowed to
react with a variety of rhodium(i) or iridium(i) precursor
complexes (Scheme 3) to give the complexes [Rh-
ACHTUNGTRENNUNG(cod)(PhtroppPh)]OTf (rac-5a), [Rh ACHTUNGTRENNUNG(MeCN)2(


PhtroppPh)]PF6


(rac-5b), [RhCl ACHTUNGTRENNUNG(MeCN)(PhtroppPh)] (rac-5c), and the bis-
tropp complex [Ir(PhtroppPh)2]OTf, which was obtained as a
racemic mixture of the homochiral complexes (S,S)-6 and
(R,R)-6. The ease of the latter reaction is remarkable in
view of the steric encumbrance of the free ligand (cone
angle �2408).


The S-configured enantiomer (S)-4 was used to synthesize
the chiral complexes (S)-5c and (S,S)-6. All the complexes
were obtained in excellent yields (90–97%) and are crystal-
line stable materials. Note that 5a–c and 6 are examples of
very rare triaryl-substituted alkene complexes. NMR spec-


troscopic data show that the C=
Ctrop unit is coordinated to the
rhodium center in 5a–c. This is,
for example, indicated by the
significant coordination shift
(Dd=dcomplex�dligand) observed
for the tertiary =13CH nucleus
in (S)-5c (DdCH=�75.6 ppm).


In the bis-tropp iridium com-
plex 6, the C=C double bonds
are less strongly bonded
(DdCH=�48.6 ppm) as is also
indicated by the results of an
X-ray structure analysis
(Figure 2, performed on a
single crystal containing a race-Scheme 2. Synthesis of chiral PALs (S)-PhtroppPh ((S)-4) and (R)-PhtroppPh ((R)-4).


Figure 1. ORTEP view of the S enantiomer of 4. The thermal ellipsoids
are drawn at the 50% probability level. The hydrogen atoms have been
omitted for clarity. Selected bond lengths [K]: P1�C1 1.894(2), C4�C5
1.344(2), C4�C16 1.491(2). The bite angle of 4 is 75.58.
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mic mixture of 6). The Ir�C bonds are quite long, especially
to the quaternary carbon atoms =CPh: Ir1�C4 2.40(1) K,
Ir1�C19 2.47(1) K.


Both phosphorus centers adopt a cis position within the
mildly tetrahedrally distorted coordination sphere of the IrI


center (f=248 ; the angle at the intersection between the
planes running through iridium, phosphorus, and the cen-


ACHTUNGTRENNUNGtroid, ct, of the coordinated C=C bond) and the Ir�P bonds
have typical lengths (2.267(4) K).


Catalyzed 1,4-addition of arylboronic acids to a,b-unsaturat-
ed ketones : The enantiomerically pure complex (S)-[Rh2ACHTUNGTRENNUNG(m2-
OH)2(


PhtroppPh)2] (derived in situ from [Rh2ACHTUNGTRENNUNG(m2-Cl)2ACHTUNGTRENNUNG(C2H4)4]
and (S)-4 in dioxane/KOH/H2O) is the precursor of the
enantioselective catalyst for the Hayashi–Miyaura reaction
(Scheme 4) and cyclohex-2-enone (7) was converted cleanly
to 3-phenylcyclohexanone (9) (1–5 mol% catalyst, 55 8C,


2 h, >85% conversion) and N-benzylmaleimide (8)
(0.1 mol%, 55 8C, 2 h, >98% conversion) to 1-benzyl-3-phe-
nylpyrrolidine-2,5-dione (10). In both cases, the R-config-
ured products (95% ee for (R)-9, 79% for (R)-10) were ob-
tained in accord with the suggested intermediate I in which
the strongly s-donating phenyl group binds highly stereose-
lectively in the trans position with respect to the p-accepting
C=Ctrop moiety.[3,11, 15]


Hydrogenation reactions : We were also interested in the
performance of the [M(PhtroppPh)] complexes as catalysts in
hydrogenation reactions. In previous work we showed that
a saturated, dihydrogenated di ACHTUNGTRENNUNGben ACHTUNGTRENNUNGzo ACHTUNGTRENNUNG[a,d] ACHTUNGTRENNUNGcyACHTUNGTRENNUNGclo ACHTUNGTRENNUNGhep ACHTUNGTRENNUNGtanACHTUNGTRENNUNGyl-
phos ACHTUNGTRENNUNGphane, H2-tropp, which binds as a monodentate ligand
via the phosphorus atom, may only be dehydrogenated to a
chelating bidentate tropp ligand within the coordination
sphere of RhI and IrI complexes.[16] We also demonstrated
that with strained ligand systems the C=Ctrop unit may be hy-
drogenated in IrI complexes.[17] The RhI complexes 5a–c
showed no detectable reaction with H2, however, the iridium
complex [Ir(PhtroppPh)2]OTf (6) does react readily. Various
NMR spectroscopic experiments have allowed us to make
some suggestions with respect to the rather complicated re-
action sequence that is shown in Scheme 5.


1) In CH2Cl2 as solvent and under conditions in which the
H2 concentration in solution is low, two new 31P resonances
at d=62.5 and 39 ppm were detected, in addition to a reso-
nance from unreacted 6 (d=52.9 ppm), which are typical for
the k1,h2- and k1 binding modes, respectively, of the tropp


Scheme 3. Synthesis of chiral (PhtroppPh) RhI (5a–c) and IrI complexes
(6). coe=cyclooctene.


Figure 2. ORTEP plot of (S,S)-[Ir(PhtroppPh)2]OTf ((S,S)-6). The thermal
ellipsoids are shown at the 30% probability level. The R,R isomer, the
hydrogen atoms, the triflate anion, and two molecules of dichloro-
ACHTUNGTRENNUNGmethane have been omitted for clarity. Selected bond lengths [K] and
angles [8]: Ir�P1 2.263(3), Ir�P2 2.271(3), Ir�C4 2.40(1), Ir�C5 2.29(1),
Ir�C19 2.47(1), Ir�C20 2.34(1), Ir�ct1 2.24(1), Ir�ct2 2.30(1) (ct1=cent-
roid of C4=C5, ct2=centroid of C19=C20); P1�Ir�ct1 88.6(1), ct1�Ir�ct2
95.1(1), ct2�Ir�P2 88.6(1).


Scheme 4. Enantioselective Hiyashi–Miyaura reactions using (S)-
[Rh(PhtroppPh)] complexes as catalysts.
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ligand (step a in Scheme 5). The large value of 2J ACHTUNGTRENNUNG(P,P)=
316 Hz indicates that both phosphorus centers are in a trans
position. Furthermore, a broad resonance at d=�13.5 ppm
in the 1H NMR spectrum indicates the presence of two hy-
drides. We assigned the structure II to this complex. It is
likely that another ligand L occupies the sixth coordination
site in this IrIII complex and this may be a solvent molecule
or the OTf� counteranion. Exchange of L, a possible mutual
displacement of the C=Ctrop units, and the reversibility of
the H2 addition step (see below) explain the highly fluxional
behavior and the broadened NMR spectroscopy resonances
that made further characterization of II impossible.


2) At slightly higher H2 concentrations, another species
III was observed which exhibits two well-resolved doublets
in the 31P NMR spectrum at d=58.2 and 34.9 ppm with a
2J ACHTUNGTRENNUNG(P,P) value of 274 Hz (step b in Scheme 5). Again, the
chemical shifts indicate that the complex contains one tropp
ligand binding in a k1,h2 mode and one ligand coordinated
only via the phosphorus atom in a k1 mode. The P,P cou-
pling constant indicates that the phosphorus centers adopt a
trans position. In the 1H NMR spectrum, two well-resolved


hydride resonances are observed at d=�13.5 (ddd,
2J ACHTUNGTRENNUNG(P,H)=27.8, 2J ACHTUNGTRENNUNG(P,H)=6.2, 2J ACHTUNGTRENNUNG(H,H)=2.5 Hz) and
�15.3 ppm (ddd, 2J ACHTUNGTRENNUNG(P,H)=18.0, 2J ACHTUNGTRENNUNG(P,H)=9.8, 2JACHTUNGTRENNUNG(H,H)=
2.5 Hz). The coupling constants indicate that the two hy-
drides adopt a cis position with respect to each 31P nucleus
and to each other. Two-dimensional 13C{1H} HMQC correla-
tion experiments showed that the 1H signals at 2.80 (Hc),
4.33 (Hb), and 4.82 ppm (Ha) (integrating one proton each)
are bonded to sp3 carbon atoms. The related 13C chemical
shifts are 39.8 ppm for CHbHc and 48.2 ppm for CHa. That
is, the C=Ctrop unit of the k1-bonded ligand is hydrogenated.
The other PhtroppPh ligand is unchanged as is evidenced by
the singlet in the 1H NMR spectrum at d=5.18 ppm for the
olefinic proton in the CH=CPh unit. The corresponding 13C
signal appears at 93.5 ppm. These spectroscopic data led us
to propose the structure III for this compound. Again, an
additional ligand L (solvent, OTf�) likely occupies the sixth
coordination site in this IrIII cis-dihydride complex.


3) At yet higher H2 concentrations (reached by shaking
the reaction mixtures at 1–4 bar H2), a third species was de-
tected (step c in Scheme 5). At room temperature, a broad
singlet at d=45.0 ppm was observed in the 31P NMR spec-
trum and one very broad resonance at �30.52 ppm in the 1H
NMR spectrum indicating the presence of hydrides. A two-
dimensional 13C{1H} HMQC experiment clearly showed that
both C=Ctrop units are hydrogenated. In the CPhHa�CHbHc


unit, the Ha proton is observed as a broad singlet at d=


3.81 ppm, Hb exhibits a doublet at d=3.22 ppm (2J ACHTUNGTRENNUNG(Hb,Hc)=
15.1 Hz), and Hc exhibits a doublet of doublets at d=


2.44 ppm (2J ACHTUNGTRENNUNG(Hb,Hc)=15.1, 3J ACHTUNGTRENNUNG(Ha,Hc)=5.5 Hz). Each signal
integrates for two protons. The 13C NMR spectrum shows a
resonance at d=39.9 ppm for the CHbHc carbon atom and
at d=47.3 ppm for the CHa unit. The observed line broad-
ening in the 31P and 1H NMR spectra indicate dynamic phe-
nomena. Notably, in a two-dimensional 1H{1H} NOESY cor-
relation experiment, exchange between Ha, Hb, and the hy-
drides was observed. This finding gives a first indication that
the hydrogenation of the C=Ctrop units is reversible. On the
basis of these spectroscopic data, we propose structure 11a
for this complex. Again, labile solvent molecules or the
OTf� anion likely complete the coordination sphere of this
IrIII dihydride diphosphane complex and their exchange
causes the NMR resonances to broaden.


4) Decreasing the temperature of solutions of 11a from
298 to 190 K led to significant but reversible changes in the
NMR spectra. A new species, 11b, was reversibly formed
(Scheme 5, step d). In the 1H NMR spectrum, the broad res-
onance at about �30 ppm at 298 K is replaced by two mul-
tiplets at �29.12 and �26.33 ppm (2J ACHTUNGTRENNUNG(P,H)=14.5, 2J ACHTUNGTRENNUNG(H,H)=
9.9 Hz). The coupling constants indicate that, again, both
hydrides are in a cis position with respect to the phosphorus
nuclei and to each other. Two separated sets of signals for
Hb, Hc, Hbenz and Hb’, Hc’, Hbenz’ are observed and demon-
strate the nonequivalence of the hydrogenated tropp ligands,
H2-


PhtroppPh, at 190 K (Hbenz denotes the benzylic proton in
the a position to the phosphorus atom; the nonequivalence
of the ligands is also clearly seen in the 13C NMR spectrum).


Scheme 5. Reaction of 6 with H2. L stands for loosely bound unspecified
ligands (solvent molecules) and a, b, c and a’, b’, c’ denote protons in the
hydrogenated PhtroppPh ligand. The racemic mixture of 6 was used for
these experiments and only the S,S isomer is shown. The five steps (a–e)
are mentioned in the main text.
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In a 31P{1H} HMQC experiment, long-range coupling of Ha’


to the phosphorus nuclei was observed. These spectroscopic
data suggest that 11b results from 11a by the substitution of
one ligand L by an agostic Ir�Ha’ interaction. A mutual Ha/
Ha’ displacement is an obvious dynamic process and the
likely reason why these protons are observed as a broad-
ened singlet. That only a singlet at d=49.0 ppm is observed
in the 31P NMR spectrum of 11b is likely due to the fact
that both phosphorus nuclei are fortuitously isochronous.


The structures shown in Scheme 5, especially of 11a, are
strongly supported by the results of a single-crystal X-ray
analysis of the yellow complex 11c (Figure 3), which was ob-
tained by slow diffusion of n-hexane into a hydrogen-satu-


rated solution of 11a.[15] All structural features deduced
from the NMR spectra are observed in the structure of 11c.
That is, two hydrogenated, very bulky H2-


PhtroppPh ligands
(cone angle �2708) bind via the phosphorus centers to an
iridium ACHTUNGTRENNUNG(iii) center and reside in the trans positions of the oc-
tahedral coordination sphere. The two hydrides H1 and H2
(placed in calculated positions) are in cis positions with re-
spect to the phosphorus centers and to each other. The re-
maining two coordination sites in the basal plane are occu-
pied by one of the oxygen atoms of the triflate anion (Ir�O
2.260(6) K) and one of the chlorine atoms of a CH2Cl2 mol-
ecule. The structure shows only minor distortions from an
ideal octahedral form. Complex 11c is only the second ex-
ample of an iridium–methylene chloride complex and the
long Ir···Cl distance (2.551(3) K) indicates that the CH2Cl2 is
loosely bound.[18]


5) The complexes 11a–c are highly reactive. When solu-
tions of 11a were repeatedly purged with argon at room
temperature, the starting complex 6 was formed after some
time and when simple alkenes like 1-octene or cyclooctene


were added as hydrogen scavengers, 6 was recovered in
>90% yield (Scheme 5, step e). That is, the hydrogenation
of the C=Ctrop bonds in 6 is fully reversible and 11c is able
to deliver the three equivalents of hydrogen initially taken
up in the hydrogenation reactions.


Enantioselective hydrogenation reactions : Therefore 11a–c
are efficient catalysts for the hydrogenation of alkenes and
at 1 bar of H2, room temperature, and with a substrate-to-
catalyst ratio (S/C) of 4000, 1-octene and cyclooctene are
converted to octane and cyclooctane with turnover frequen-
cies (TOFs) of >4000 and 3500 h�1, respectively.[19] The effi-
cacy of the enantiomerically pure complex (S,S)-6 was
tested under comparable conditions in the enantioselective
hydrogenation of itaconic acid (12a) and its esters 12b,c and
14 (Scheme 6 and Table 1). These substrates have previously
been found difficult to hydrogenate with iridium com-
plexes.[20]


By using S/C=10000, an 85% conversion of the dimethyl
ester 12b to dimethyl succinate 13b was achieved after 2 h,


Figure 3. ORTEP plot of (S,S)-[Ir(H)2 ACHTUNGTRENNUNG(OTf)ACHTUNGTRENNUNG(CH2Cl2)(H2-
PhtroppPh)2]


(11c); thermal ellipsoids are shown at the 30% probability level. The
R,R isomer, the hydrogen atoms of the H2-


PhtroppPh ligands, and a mole-
cule of CH2Cl2 have been omitted for clarity. The hydrogen atoms
bonded to the iridium are shown in calculated positions. Selected bond
lengths [K] and angles [8]: Ir1�P1 2.315(2), Ir�P2 2.313(2), Ir�Cl1
2.550(3), Ir�O1 2.260(6); O1�Ir�P2 92.1(2), O1�Ir�P1 94.7(2), P2�Ir�P1
172.7(1), O1�Ir�Cl1 88.2(2), P2�Ir�Cl1 93.5(1), P1�Ir�Cl1 89.2(1).


Scheme 6. Proposed mechanism for the catalytic hydrogenation of al-
kenes with (S,S)-6 as catalyst precursor. L stands for loosely bound un-
specified ligands (solvent molecules).
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with an enantiomeric excess (ee) of 60%. With the same S/
C ratio, the free acid 12a (39% conversion) and the n-butyl
ester 12c (23% conversion) were found to have lower activ-
ities and the products 13a and 13c were obtained with 30
and 67% ee, respectively (see also Table 2 in the Experi-
mental Section). The a-dehydroamino acid ester 14 was con-
verted with a conversion of >99% to 15 at S/C=100, but at
lower catalyst loadings the activity drops to give 23% (S/
C=4000) or 7% conversion (S/C=10000). The enantiose-
lectivity remained unchanged at a moderate 39% ee in
favor of the S-configured isomer.


A model explaining the preference for the formation of
the R isomers of 13a–c and the S isomer of 15 is shown at
the bottom of Scheme 6 and was constructed on the basis of
the structure of the [Ir(H)2(H2-


PhtroppPh)2] fragment of 11c.
We assume that in the reactive conformation of intermedi-
ate IV, the C=C bond of the substrate lies in the plane with
the hydrides in the C2-symmetric bipyramidal structure of
the catalyst. The sterically more demanding X group
(CH2COOR for 12a–c, NHCOMe for 14) is expected to be
more comfortably placed in the relatively open space below
the phenyl group Ph1 which is coplanar with the P�Ir�P
vector. This assumption is also in accord with the increase in
ee in the order R=H<R=Me<R=nBu observed for the
itaconate esters 12a–c. Rapid oxidative addition of H2 to
the intermediate V, a solvated bis-phosphane iridium com-
plex with the monodentate phosphanes in trans positions,
completes the catalytic cycle.


Conclusion


In the reactions described in this work, PALs served as func-
tional hemilabile ligands in the catalytic hydrogenation of
alkenes. Classical hemilabile ligands stabilize a reactive
metal fragment through a rapid intramolecular “on”–“off”
equilibrium,[12] [M ACHTUNGTRENNUNG(k2-D\Z)]Ð[M ACHTUNGTRENNUNG(k1-D\Z)] (D= inert
donor, Z= labile donor), but their chemical composition re-
mains intact. This is not the case with PALs in hydrogena-
tion reactions. When the activation barriers involved in the
chemical transformation of the ligand are sufficiently high,
an advantage of such chemically functional hemilabile be-
havior may be that the substrate does not have to compete
with the intramolecular donor Z for the vacant coordination
sites at the (catalytically) reactive metal site.


Experimental Section


General techniques : All syntheses were performed in dried glassware
under argon using standard Schlenk techniques. Solvents were freshly dis-
tilled from sodium/benzophenone (THF), sodium/tetraglyme/benzophe-
none (hexane, toluene), or calcium hydride (dichloromethane) prior to
use. Air-sensitive compounds were stored and weighed in an argon-filled
glove box (Braun MB 150 B-G system) and small-scale reactions were
performed directly in the glove box. 10-Bromo-5H-di ACHTUNGTRENNUNGbenACHTUNGTRENNUNGzo ACHTUNGTRENNUNG[a,d] ACHTUNGTRENNUNGcyACHTUNGTRENNUNGclo-
ACHTUNGTRENNUNGhep ACHTUNGTRENNUNGten-5-one was synthesized from dibenzosuberenone following a re-
ported procedure.[21]


Characterization : NMR spectra were recorded with Bruker Avance 500,
300, or 250 spectrometers. The chemical shifts (d) were measured accord-
ing to procedures set out by IUPAC and are expressed in ppm relative to
tetramethylsilane (TMS) for 1H and 13C NMR spectra and H3PO4 for 31P
NMR spectra.[22] The exception is for 103Rh, with the frequency reference
X=3.16 MHz. Coupling constants J are given in hertz (Hz) as absolute
values unless specifically stated otherwise. Where a first-order analysis is
appropriate, the multiplicity of the signals is indicated as s, d, t, q, or m
for singlets, doublets, triplets, quartets, or multiplets, respectively. Other-
wise the spin systems are specified explicitly. The abbreviation br is given
for broadened signals. Quaternary carbon atoms are indicated as Cquat,
quaternary aromatic carbon atoms as Car, and aromatic units as CHar and
CHar unless noted otherwise.


X-ray crystallographic measurements were performed by using a Bruker
SMART Apex and CCD1k as well as with Stoe IPDS I and IPDS II
area-detector diffractometers. Refinement was carried out using
SHELXL-97[26] .


IR spectra were recorded with a Perkin–Elmer-Spectrum 2000 FTIR-
Raman spectrometer equipped with a KBr beam splitter (range 500–
4000 cm�1). Solution spectra were measured in a 0.5 mm KBr cell; for
solid compounds the ATR technique was applied. The absorption bands
are described as follows: strong (s), very strong (vs), medium (m), weak
(w), or broad (br).


UV/Vis spectra were measured with the UV/Vis Lambda 19 spectrome-
ter in 0.5 cm quartz cuvettes (range 200–600 nm).


The mass spectra of organic compounds were recorded on a Finnigan
MAT SSQ 7000 mass spectrometer.


Gas chromatograms were recorded with a HP Series 6890 gas chromato-
graph on an Agilent 19091J-413 HP-5 5% phenyl methyl siloxane
column (30.0 m, 320 mm, 0.25 mm) or on a Lipodex-E MN 723368.25
chiral column (25.0 m, 259 mm, 0.21 mm).


Melting points were determined with a B?chi melting-point apparatus
and are uncorrected. Samples were prepared in open-glass capillaries.


Syntheses and spectroscopic data


10-Bromo-5H-dibenzoACHTUNGTRENNUNG[a,d]cyclohepten-5-ol (BrtropOH) (1): A 500 mL
round-bottomed flask was charged with 10-bromo-5H-dibenzo-
ACHTUNGTRENNUNG[a,d]cyclohepten-5-one (20.0 g, 70 mmol) and MeOH (200 mL). The solu-
tion was cooled to 0 8C and subsequently NaBH4 (1.3 g, 35 mmol) and a
solution of NaOH (140 mg, 3.5 mmol) in water (5 mL) was added. The
reaction mixture was allowed to warm to room temperature and stirred
for 18 h. H2O (100 mL) was added to the mixture, leading to the precipi-
tation of 1. Filtration and crystallization from a Et2O/n-hexane (1:2) gave
19.9 g (99% yield) of colorless crystals.


M.p. 126–131 8C; 1H NMR (300.1 MHz, CDCl3, 25 8C, TMS): d=2.46
(br s, 1H; OH), 5.36 (br s, 1H; CHbenz), 7.20–7.35 (m, 4H; CHar+CHolefin),
7.39–7.50 (m, 3H; CHar), 7.62–7.90 ppm (m, 3H; CHar);


13C{1H} NMR
(300.1 MHz, CDCl3, 25 8C, TMS): d=70.3 (br; CHbenz), 121.0 (br; CHar),
121.5 (br; CHar), 126.4 (br; CHar), 126.7 (br; CHar), 127.3 (br; CHar),
129.0 (br; CHar), 130.17 (s; CHar), 131.4 (br; Cquat), 132.1 (br; Cquat), 133.8
(br; Cquat), 141.1 (br; Cquat), 141.8 ppm (br; Cquat). The signal for the fifth
quaternary carbon was not observed.


10-Phenyl-5H-dibenzoACHTUNGTRENNUNG[a,d]cyclohepten-5-ol (PhtropOH) (2): A 250 mL
round-bottomed flask was charged with 1 (4.0 g, 13.9 mmol) and dime-
thoxyethane (DME) (100 mL). PdACHTUNGTRENNUNG(OAc)2 (93 mg, 0.4 mmol), Ph3P
(349 mg, 1.3 mmol), a degassed aqueous solution of Na2CO3 (9 mL, 2m),


Table 1. Substituents X,Y in functionalized olefins and eeVs in enantiose-
lective hydrogenation reactions with catalyst (S,S)-6.


X Y ee [%] (configuration)


12, 13a CH2COOH COOH 30 (R)
12, 13b CH2COOMe COOMe 60 (R)
12, 13c CH2COOnBu COOnBu 67 (R)
14, 15 NHCOMe COOMe 39 (S)
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and PhB(OH)2 (2.0 g, 16.6 mmol) were added to this solution. The reac-
tion mixture was stirred under reflux for 18 h. Then, H2O (30 mL) was
added and 2 was extracted with AcOEt (3W30 mL). The combined or-
ganic phases were dried with Na2SO4, filtered, and all volatile materials
were removed under reduced pressure. The resulting solid was purified
by using flash chromatography (AcOEt/n-hexane 2:8) to give 3.9 g (97%
yield) of the pure product.


M.p. 122–124 8C; 1H NMR (250.1 MHz, CDCl3, 25 8C, TMS): d=2.61
(br s, 1H; OH), 5.44 (s, 1H; CHbenz), 7.05–7.95 ppm (brm, 14H; CHar,
CHolefin);


13C{1H} NMR (75.5 MHz, CDCl3, 25 8C, TMS): d=70.9 (br;
CHbenz), 120.9 (br; CHar), 125.9 (br; CHar), 126.1 (br; CHar), 127.72
(CHar), 127.9 (br; CHar), 128.34 (CHar), 128.45 (CHar), 128.92 (CHar),
129.1 (br, CHar), 129.97 (br; CHar), 132.4 (br; Cquat), 133.6 (br; Cquat),
141.8 (br; Cquat), 142.6 (br; Cquat), 143.3 (br; Cquat), 143.57 ppm (Cquat); MS
(70 eV): m/z (%): 284.0 (100) [M+], 255.0 (44), 207.0 (29) [M+�Ph],
179.0 (41).


(10-Phenyl-5H-dibenzoACHTUNGTRENNUNG[a,d]cyclohepten-5-yl)diphenylphosphane oxide
(PhtroppoPh) (3): A 150 mL Schlenk tube was charged with 2 (3.8 g,
13.0 mmol) and THF (70 mL). CF3COOH (3.0 g, 27 mmol) and freshly
distilled Ph2PCl (3.1 g, 14.3 mmol) were added to this solution. The reac-
tion mixture was then stirred at room temperature for 20 h. The reaction
was quenched with a saturated aqueous NaCl/Na2CO3 solution (40 mL).
The phosphine oxide rac-3 was then extracted with THF (3W20 mL). The
organic phase was dried with Na2SO4, filtered, and the volatile materials
removed under reduced pressure. The colorless oil was purified by using
flash chromatography on silica gel (AcOEt/n-hexane 6:4) to provide a
colorless solid in 97% yield (6.3 g).


The two enantiomers were separated by preparative high-performance
liquid chromatography (HPLC) (OD-H (cellulose triphenylcarbamate)
column; flow rate: 0.8 mLmin�1; eluent: n-hexane/isopropanol 98:2; re-
tention times: (R)-3 : 8.0 min, [a]20D =�27.8; (S)-3 : 10.4 min, [a]20D =20.9).


M.p. 95–100 8C; 1H NMR (250.1 MHz, CDCl3, 25 8C, TMS): d=5.20 (d,
2J ACHTUNGTRENNUNG(P,H)=13.9 Hz, 1H; CHbenz), 6.53 (s, 1H; CHar), 6.98–7.60 (m, 20H;
CHar), 7.28 (s, 1H; CHolefin), 7.87 ppm (t, J=8.9 Hz, 2H; CHar);


13C{1H}
NMR (62.9 MHz, CDCl3, 25 8C, TMS): d=59.5 (d, 1J ACHTUNGTRENNUNG(P,C)=62.9 Hz;
CHbenz), 127.2 (d, J ACHTUNGTRENNUNG(P,C)=2.3 Hz; CHparaP), 127.5 (d, 2J ACHTUNGTRENNUNG(P,C)=11.5 Hz;
CHorthoP), 128.3 (d, J ACHTUNGTRENNUNG(P,C)=1.1 Hz; CHar), 128.5 (d, 2J ACHTUNGTRENNUNG(P,C)=11.5 Hz;
CHorthoP), 129.1 (d, J ACHTUNGTRENNUNG(P,C)=0.8 Hz; CHar), 129.5 (s; CHar), 130.0 (d, J-
ACHTUNGTRENNUNG(P,C)=2.7 Hz; CHar), 130.4 (d, 3J ACHTUNGTRENNUNG(P,C)=7.3 Hz; CHmetaP), 130.6 (d, J-
ACHTUNGTRENNUNG(P,C)=1.9 Hz; CHar), 130.9 (s; CHolefin), 131.1 (d, J ACHTUNGTRENNUNG(P,C)=5.0 Hz; CHar),
131.3 (s; CHar), 131.3 (d, J ACHTUNGTRENNUNG(P,C)=2.7 Hz; CHar), 132.9 (d, 1J ACHTUNGTRENNUNG(P,C)=
96.3 Hz; CipsoP), 135.4 (d, J ACHTUNGTRENNUNG(P,C)=3.5 Hz; Colefintrop), 135.5 (d, 1J ACHTUNGTRENNUNG(P,C)=
94.2 Hz; CipsoP), 136.4 (d, J ACHTUNGTRENNUNG(P,C)=8.9 Hz; Car), 136.5 (d, J ACHTUNGTRENNUNG(P,C)=8.6 Hz;
Car), 137.8 (d, J ACHTUNGTRENNUNG(P,C)=3.8 Hz; Car), 144.3 (s; Car), 144.3 ppm (s; Car);
31P{1H} NMR (101.3 MHz, CDCl3, 25 8C, H3PO4): d=26.4 ppm (s); MS
(70 eV): m/z (%): 468.3 (18) [M+], 267.2 (100) [Phtrop+], 77.1 (<4)
[C6H5


+]; ATR IR (neat): ñ=3052–3016 (w; CH stretch), 1597 (w), 1490
(s), 1436 (vs), 1186 (m; P=O stretch), 1112 (s), 695 (vs), 551 cm�1 (vs).


(10-Phenyl-5H-dibenzoACHTUNGTRENNUNG[a,d]cyclohepten-5-yl)diphenylphosphane
(PhtroppPh) (4): A 250 mL Schlenk tube was charged with (S)-3 (2.0 g,
4.3 mmol) and toluene (100 mL). HSiCl3 (11.5 g, 85.0 mmol) was added
to this solution. The reaction mixture was warmed to 90 8C and stirred
for 18 h. The reaction was quenched with a degassed 20% aqueous
NaOH (6.3m) solution (70 mL) and then the phosphane was extracted
with toluene (3W20 mL). The organic phase was dried with Na2SO4 and
filtered under the exclusion of air. The volatile materials were removed
under reduced pressure and the phosphane was crystallized from CH2Cl2/
n-hexane (1:5). After 18 h at room temperature, 1.75 g (90% yield) of
colorless crystals of (S)-4 precipitated.


M.p. 175–180 8C; 1H NMR (300.1 MHz, CDCl3, 25 8C, TMS): d=4.91 (d,
2J ACHTUNGTRENNUNG(P,H)=5.9 Hz; CHbenz), 6.90 (s; CHar), 6.93 (s; CHar), 7.00–7.23 (m, 9H;
CHar), 7.29 (s, 1H; CHolefin), 7.30–7.35 (m, 2H; CHar), 7.37–7.57 ppm (m,
10H; CHar);


13C{1H} NMR (75.5 MHz, CDCl3, 25 8C, TMS): d=56.9 (d,
1J ACHTUNGTRENNUNG(P,C)=20.0 Hz; CHbenz), 125.9 (s; CHparaP), 126.3 (s; CHparaP), 127.4 (s;
CHar), 127.7 (d, 3J ACHTUNGTRENNUNG(P,C)=6.7 Hz; CHmetaP), 127.9 (s; CHar), 128.1 (d, 3J-
ACHTUNGTRENNUNG(P,C)=6.7 Hz; CHmetaP), 128.3 (s; CHar), 128.6 (s; CHar), 129.0 (s; CHar),
129.6 (d, J ACHTUNGTRENNUNG(P,C)=3.0 Hz; CHtrop), 129.7 (d, J ACHTUNGTRENNUNG(P,C)=1.8 Hz; CHtrop), 129.8
(d, J ACHTUNGTRENNUNG(P,C)=3.2 Hz; CHtrop), 130.7 (d, J ACHTUNGTRENNUNG(P,C)=1.7 Hz; CHtrop), 133.5 (d, 2J-


ACHTUNGTRENNUNG(P,C)=19.6 Hz; CHorthoP), 133.9 (d, 2J ACHTUNGTRENNUNG(P,C)=20.7 Hz; 2CHorthoP), 135.2 (d,
4J ACHTUNGTRENNUNG(P,C)=4.3 Hz; Colefintrop), 136.7 (d, 4J ACHTUNGTRENNUNG(P,C)=4.7 Hz; CHolefintrop), 137.9 (d,
1J ACHTUNGTRENNUNG(P,C)=20.0 Hz; CipsoP), 138.3 (d, 1J ACHTUNGTRENNUNG(P,C)=20.7 Hz; CipsoP), 139.4 (d, J-
ACHTUNGTRENNUNG(P,C)=7.8 Hz; Ctrop), 140.5 (d, J ACHTUNGTRENNUNG(P,C)=9.4 Hz; Ctrop), 144.0 (s; Ctrop),
144.0 (s; Ctrop), 144.6 ppm (s; Car);


31P{1H} NMR (121.5 MHz, CDCl3,
25 8C, H3PO4): d=�13.8 ppm (s); MS (70 eV): m/z (%): 452.3 (5) [M+],
267.2 (100) [Phtrop+], 183.1 (15) [Ph2P


+], 77.1 (<4) [C6H5
+]; ATR IR


(neat): ñ=3054–3011 (w; CH stretch), 1481 (s), 1430 (s; C=C stretch),
1095 (w), 1025 (w), 774 (s), 739 (vs), 695 cm�1 (vs).


[Rh ACHTUNGTRENNUNG(cod)(PhtroppPh)]OTf (5a): A solution of rac-4 (0.08 g, 0.17 mmol) in
CH2Cl2 (1 mL) was added dropwise to a solution of [Rh ACHTUNGTRENNUNG(cod)2]OTf
(0.08 g, 0.17 mmol) in CH2Cl2 (2 mL). The red solution was stirred for
30 min at room temperature and then the volatile materials were re-
moved under reduced pressure. The red solid was dissolved in CH2Cl2
and layered with n-hexane. After 18 h at room temperature, 0.13 g (90%
yield) of red crystals were isolated.


M.p. 170–175 8C; 1H NMR (300.1 MHz, CDCl3, 25 8C, TMS): d=1.42 (m,
1H; CHcod), 1.65–1.87 (m, 2H; CHcod), 1.99 (m, 1H; CHcod), 2.22–2.67
(m, 4H; CHcod), 3.70 (d, 3J ACHTUNGTRENNUNG(P,H)=6.1 Hz, 1H; CHolefincod), 3.83 (d, 3J-
ACHTUNGTRENNUNG(P,H)=5.3 Hz, 1H; CHolefincod), 4.48 (s, 1H; CHolefincod), 5.35 (d, 2J ACHTUNGTRENNUNG(P,H)=
14.9 Hz, 1H; CHbenz), 6.35 (s, 1H; CHolefincod), 6.90 (d, J=7.9 Hz, 1H;
CHar), 7.10 (d, 3J ACHTUNGTRENNUNG(P,H)=4.4 Hz, 1H; Holefintrop), 7.05–7.56 (m, 17H; CHar),
7.63 (s, 2H; CHar), 7.82 (d, J=7.9 Hz, 1H; CHar), 7.85–7.95 ppm (m, 2H;
CHar);


13C{1H} NMR (75.5 MHz, CDCl3, 25 8C, TMS): d=25.9 (s;
CH2,cod), 28.5 (s; CH2,cod), 31.4 (s; CH2,cod), 34.5 (s; CH2,cod), 56.3 (d, 1J-
ACHTUNGTRENNUNG(P,C)=21.6 Hz; CHbenz), 82.7 (d, 2J ACHTUNGTRENNUNG(P,C)=11.2 Hz; CHolefincod), 92.6–92.9
(m; CHolefincod+CHolefintrop), 111.6 (s; CHolefincod), 116.6 (s; CHolefincod),
126.8 (d, 1J ACHTUNGTRENNUNG(Rh,C)=1.5 Hz; Colefintrop), 127.4 (s; CHar) 127.9 (d, 4J ACHTUNGTRENNUNG(P,C)=
1.7 Hz; CHparaP), 128.1 (s; CHar), 128.9 (d, 2J ACHTUNGTRENNUNG(P,C)=10.0 Hz; CHorthoP),
129.3 (d, 2J ACHTUNGTRENNUNG(P,C)=10.0 Hz; CHorthoP), 129.5 (d, 1J ACHTUNGTRENNUNG(P,C)=6.2 Hz; CipsoP),
130.2 (s; CHar), 130.3 (d, 1J ACHTUNGTRENNUNG(P,C)=5.8 Hz; CipsoP), 130.5–130.9 (m; CHar+


Car), 131.1 (s; CHar), 131.6 (d, 3J ACHTUNGTRENNUNG(P,C)=2.9 Hz; CHmetaP), 132.1 (d, 3J-
ACHTUNGTRENNUNG(P,C)=2.9 Hz; CHmetaP), 132.5 (s; CHar), 132.8 (d, J ACHTUNGTRENNUNG(P,C)=10.0 Hz;
CHtrop), 133.4 (d, J ACHTUNGTRENNUNG(P,C)=9.5 Hz; CHtrop), 134.0 (s; Ctrop), 134.6 (d, 2J-
ACHTUNGTRENNUNG(P,C)=7.5 Hz; Ctrop), 135.1 (d, 2J ACHTUNGTRENNUNG(P,C)=7.0 Hz; Ctrop), 141.9 ppm (s; Car);
31P{1H} NMR (121.5 MHz, CDCl3, 25 8C, H3PO4): d=79.1 ppm (d, 1J-
ACHTUNGTRENNUNG(Rh,P)=163.2 Hz); 103Rh NMR (12.6 MHz, CDCl3, 25 8C): d=377.1 ppm
(d, 1J ACHTUNGTRENNUNG(Rh,P)=163.2 Hz); UV/Vis (THF): l=283.9 nm; ATR IR (neat):
ñ=3049 (w; CH stretch), 2916–2841 (m; CH stretch), 1486 (m), 1436 (m;
CC stretch), 1259 (s), 1148 (s), 1028 (vs), 764 (s), 697 (vs), 635 cm�1 (vs).


[Rh ACHTUNGTRENNUNG(CH3CN)2(
PhtroppPh)]PF6 (5b): A 10 mL Schlenk tube was charged


with [Rh2 ACHTUNGTRENNUNG(m2-Cl)2(CO)4] (40 mg, 0.10 mmol), rac-4 (93 mg, 0.20 mmol),
TlPF6 (72 mg, 0.20 mmol), and CH3CN (3 mL). Immediate evolution of
CO and precipitation of white TlCl were observed. The resulting orange
suspension was then filtered through dry Celite. The filtrate was concen-
trated under reduced pressure yielding an orange solid which was washed
with n-hexane to give 156 mg of 5b (95% yield).


M.p. 152–157 8C; 1H NMR (300.1 MHz, CD3CN, 25 8C, TMS): d=5.80 (d,
2J ACHTUNGTRENNUNG(P,H)=15.9 Hz, 1H; CHbenz), 6.97–7.06 (m, 2H; CHar), 7.23 (d, 2J-
ACHTUNGTRENNUNG(Rh,H)=2.9 Hz, 1H; CHolefintrop), 7.18–7.68 (m, 17H; CHar), 7.74–
7.91 ppm (m, 4H; CHar);


13C{1H} NMR (75.5 MHz, CD3CN, 25 8C, TMS):
d=52.1 (d, 1J ACHTUNGTRENNUNG(P,C)=24.4 Hz; CHbenz), 96.2 (br s; CHolefintrop), 117.3 (s;
CCH3CN), 122.7 (br s; Colefintrop), 127.6 (s; CHar), 128.4 (s; CHar), 128.7 (d, 3J-
ACHTUNGTRENNUNG(P,C)=10.7 Hz; CHmetaP), 128.7 (s; CHar), 129.0 (d, 3J ACHTUNGTRENNUNG(P,C)=11.0 Hz;
CHmetaP), 129.7 (d, J ACHTUNGTRENNUNG(P,C)=6.4 Hz; CHtrop), 129.9 (s; CHar), 130.0 (s;
CHar), 130.1 (s; CHar), 130.2 (s; CHar), 130.6 (s; CHar), 131.1 (s; CHar),
131.7 (d, J ACHTUNGTRENNUNG(P,C)=2.6 Hz; CHtrop), 132.3 (d, J ACHTUNGTRENNUNG(P,C)=2.7 Hz; CHtrop), 132.7
(d, 2J ACHTUNGTRENNUNG(P,C)=9.7 Hz; CHorthoP), 134.5 (d, 2J ACHTUNGTRENNUNG(P,C)=11.0 Hz; CHorthoP), 135.6
(d, 1J ACHTUNGTRENNUNG(P,C)=29.3 Hz; CipsoP), 135.5 (s; Ctrop), 135.8 (d, 1J ACHTUNGTRENNUNG(P,C)=29.0 Hz;
CipsoP), 137.0 (s; Ctrop), 142.1 ppm (s; Car);


31P{1H} NMR (121.5 MHz,
CD3CN, 25 8C, H3PO4): d=�144.4 (sept, 1J ACHTUNGTRENNUNG(P,F)=706.5 Hz, 1P; PF6),
93.8 ppm (d, 1J ACHTUNGTRENNUNG(Rh,P)=158.2 Hz); 103Rh NMR (12.6 MHz, CD3CN,
25 8C): d=596.2 ppm (dd, 1J ACHTUNGTRENNUNG(Rh,P)=158.2, 2J ACHTUNGTRENNUNG(Rh,H)=2.9 Hz); UV/Vis
(THF): l=284.0 nm; ATR IR (neat): ñ=3049–2929 (w; CH stretch),
1575 (w), 1484 (m), 1436 (m), 1285 (br s), 1099 (m), 831 (vs), 741 (s),
697 cm�1 (s).


ACHTUNGTRENNUNG[Rh2ACHTUNGTRENNUNG(m2-Cl)2(
PhtroppPh)2] and [RhCl ACHTUNGTRENNUNG(MeCN)(PhtroppPh)] (5c): A mixture


of [Rh2ACHTUNGTRENNUNG(m2-Cl)2ACHTUNGTRENNUNG(C2H4)4] (9 mg, 23 mmol) and (S)-4 (21 mg, 46 mmol) in
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THF (1 mL) was stirred for 1 h at room temperature. The solvent was re-
moved and [Rh2 ACHTUNGTRENNUNG(m2-Cl)2(


PhtroppPh)2] was precipitated from CH2Cl2/n-
hexane (1:5) as an orange powder (25 mg, 93%). The NMR spectra were
recorded in CD3CN, which caused the formation of [RhCl-
ACHTUNGTRENNUNG(CD3CN)(PhtroppPh)].
1H NMR (300.1 MHz, CDCl3, 5% CD3CN, 25 8C, TMS): d=4.81 (d, 2J-
ACHTUNGTRENNUNG(P,H)=14.1 Hz, 1H; CHbenz), 5.26 (s, 1H; CHolefintrop), 6.75–7.00 (m, 5H;
CHar), 7.05–7.50 (m, 14H; CHar), 7.70 (d, J ACHTUNGTRENNUNG(H,H)=7.5 Hz; CHar), 8.05
(m, 2H; CHar), 8.43 ppm (d, J ACHTUNGTRENNUNG(H,H)=7.1 Hz; CHar);


13C{1H} NMR
(75.5 MHz, CDCl3, 5% CD3CN, 25 8C, TMS): d=51.4 (d, J ACHTUNGTRENNUNG(P,C)=
25.7 Hz; CHbenz), 61.1 (d, J ACHTUNGTRENNUNG(P,C)=14.0 Hz; CHolefintrop), 126.5 (br; CHar),
126.0 (CHar), 126.3 (d, J ACHTUNGTRENNUNG(P,C)=1.2 Hz; CHar), 126.6 (d, J ACHTUNGTRENNUNG(P,C)=1.2 Hz;
CHar), 127.4 (CHar), 127.5 (CHar), 127.6 (CHar), 127.8 (CHar), 127.9
(CHar), 128.8 (d, J ACHTUNGTRENNUNG(P,C)=1.2 Hz; CHar), 129.0 (d, J ACHTUNGTRENNUNG(P,C)=6.1 Hz; CHar),
129.2 (d, J ACHTUNGTRENNUNG(P,C)=6.4 Hz; CHar), 129.7 (d, J ACHTUNGTRENNUNG(P,C)=2.1 Hz; CHar), 130.1
(br; CHar), 130.3 (d, J ACHTUNGTRENNUNG(P,C)=2.9 Hz; CHar), 133.1 (d, J ACHTUNGTRENNUNG(P,C)=9.4 Hz;
CHar), 134.9 (d, J ACHTUNGTRENNUNG(P,C)=10.2 Hz; CHar), 135.3 (m; Car), 135.6 (m; Car),
140.4 (m; Car), 140.8 (m; Car), 148.0 ppm (Car). The quaternary olefinic
carbon atom was not observed. 31P{1H} NMR (121.5 MHz, CDCl3, 5%
CD3CN, 25 8C, H3PO4): d=99.3 ppm (d, J ACHTUNGTRENNUNG(Rh,P)=197 Hz).


[Ir(PhtroppPh)2]OTf (6): A solution of (S)-4 (403 mg, 0.89 mmol) in THF
(5 mL) was added dropwise to a solution of [Ir2 ACHTUNGTRENNUNG(m2-Cl)2 ACHTUNGTRENNUNG(coe)4] (200 mg,
0.22 mmol) in THF (5 mL). The mixture was stirred for 1 h until the
color of the solution changed from deep red to a very intense dark red.
AgOTf (114 mg, 0.45 mmol) was added and the mixture was stirred for
an additional 5 h. The suspension was then filtered and the filtrate was
concentrated under reduced pressure. The resulting solid was dissolved in
CH2Cl2 and layered with n-hexane. After 20 h at room temperature,
540 mg (97% yield) of dark-red crystals were obtained.


M.p. 168–173 8C; 1H NMR (300.1 MHz, CD2Cl2, 25 8C, TMS): d=5.18 (m,
2J ACHTUNGTRENNUNG(P,H)+ 4J ACHTUNGTRENNUNG(P’,H)=14.0 Hz, 2H; CHbenz), 6.10 (d, J=7.0 Hz, 2H; CHar),
6.27 (t, J=8.8 Hz, 2H; CHar), 6.33 (s, 2H; CHolefintrop), 6.44–6.75 (m, 10H;
CHar), 6.89–7.92 ppm (m, 32H; CHar);


13C{1H} NMR (75.5 MHz, CD2Cl2,
25 8C, TMS): d=57.3 (m, 1J ACHTUNGTRENNUNG(P,C)+ 3J ACHTUNGTRENNUNG(P’,C)=27.6 Hz; CHbenz), 88.1 (t, 2J-
ACHTUNGTRENNUNG(P,Ccis)+


2J ACHTUNGTRENNUNG(P,Ctrans)=10.6 Hz; CHolefintrop), 115.0 (t, 2J ACHTUNGTRENNUNG(P,Ccis)+
2J ACHTUNGTRENNUNG(P,Ctrans)=


6.6 Hz; Colefintrop), 126.5 (s; CHar), 127.3–127.6 (m; CHorthoP+CHar), 127.8
(s; CHar), 128.2 (s; CHar), 128.3 (d, J ACHTUNGTRENNUNG(P,C)=1.4 Hz; CHar), 128.5 (s;
CHar), 129.0 (s; CHar), 129.1 (d, 2J ACHTUNGTRENNUNG(P,C)=13.8 Hz; CHorthoP), 129.3 (s;
CHar), 129.6 (s; CHar), 129.8 (s; CHar), 130.9 (s; CHar), 131.3 (s; CHar),
132.3 (t, 3J ACHTUNGTRENNUNG(P,C)=4.3 Hz; CHmetaP), 133.9 (t, 3J ACHTUNGTRENNUNG(P,C)=4.8 Hz; CHmetaP),
134.3 (s; CHar), 135.2 (d, J ACHTUNGTRENNUNG(P,C)=4.1 Hz; Ctrop), 135.3 (d, J ACHTUNGTRENNUNG(P,C)=3.7 Hz;
Ctrop), 135.6 (d, 1J ACHTUNGTRENNUNG(P,C)=12.3 Hz; CipsoP), 137.0 (d, J ACHTUNGTRENNUNG(P,C)=0.9 Hz; Ctrop),
143.3 ppm (d, J ACHTUNGTRENNUNG(P,C)=0.9 Hz; Car);


31P{1H} NMR (121.5 MHz, CD2Cl2,
25 8C, H3PO4): d=52.9 ppm (s); UV/Vis (THF): l=368.5 nm; ATR IR
(neat): ñ=3053 (m; CH stretch), 1575 (w), 1481 (m), 1439 (m; CC
stretch), 1263 (s), 1136 (s), 1030 (s), 694 (s), 635 (s), 514 cm�1 (s).


[Ir(H)2(L2)(H2-
PhtroppPh)2] 11a,b (L=CH2Cl2 and/or OTf and/or agostic-


H): Compound rac-6 (20 mg, 0.016 mmol) was dissolved in CD2Cl2
(0.4 mL) in a resealable J-young NMR tube. The tube was cooled in
liquid N2 and the argon atmosphere was replaced with 1 bar of H2. Upon
warming to room temperature (CAUTION : the tube was under approxi-
mately 4 bar of H2), the sample was vigorously shaken and the color of
the solution gradually changed from deep red to yellow. The selected
chemical shifts for 11a listed below were assigned on the basis of two-di-
mensional 13C{1H} HMQC, HMBC, and 31P{1H} COSY NMR experi-
ments.
1H NMR (500.2 MHz, CD2Cl2, 25 8C, TMS): d=�30.52 (br s, 2H;
Hhydride), 2.44 (dd, 2J ACHTUNGTRENNUNG(H,H)=15.1, 3J ACHTUNGTRENNUNG(H,H)=5.5 Hz, 2H; CHc), 3.22 (d, 2J-
ACHTUNGTRENNUNG(H,H)=15.1 Hz, 2H; CHb), 3.81 (br s, 2H; CHa), 5.58 (s, 2H; CHar), 5.61
(d, 2J ACHTUNGTRENNUNG(P,H)=14.4 Hz, 1H; CHbenz), 7.07 (br, 2H; CHorthoP), 7.45 ppm (br,
2H; CHorthoP);


13C NMR (125.8 MHz, CD2Cl2, 25 8C, TMS): d=39.9 (s,
1C; CHCHbHc), 47.3 (s, 1C; CHCHa), 58.6 ppm (d, 1J ACHTUNGTRENNUNG(P,C)=60.6 Hz, 1C;
CHbenz);


31P{1H} NMR (202.5 MHz, CD2Cl2, 25 8C, H3PO4): d=45.0 ppm
(s).


Compound 11b was formed in CD2Cl2 from 11a at low temperatures.
The selected chemical shifts given below were assigned on the basis of
13C{1H} HMQC, HMBC, and 31P{1H} COSY experiments at 190 K.


1H NMR (500.2 MHz, CD2Cl2, �83 8C, TMS): d=�29.12 (q, 2J ACHTUNGTRENNUNG(P,H)=
14.5, 2J ACHTUNGTRENNUNG(H,H)=9.9 Hz, 1H; Hhydride), �26.33 (q, 2J ACHTUNGTRENNUNG(P,H)=14.5, 2J ACHTUNGTRENNUNG(H,H)=
9.9 Hz, 1H; Hhydride), 1.98 (d, J=13.5 Hz, 1H; CHc’), 2.15 (d, J=12.8 Hz,
1H; CHc), 3.01 (d, J=10.4 Hz, 1H; CHb’), 3.19 (d, J=10.7 Hz, 1H; CHb),
3.33 (s, 2H; CHa’+CHa), 5.50 (br s, 1H; CHbenz’), 5.67 ppm (br s, 1H;
CHbenz);


13C NMR (125.8 MHz, CD2Cl2, �83 8C, TMS): d=39.5 (s, 1C;
CHCHb’Hc’), 40.7 (s, 1C; CHCHbHc), 47.1 (s, 1C; CHCHa+CHa’), 55.9 (1C;
CHbenz), 56.7 ppm (1C; CHbenz’);


31P{1H} NMR (202.5 MHz, CD2Cl2,
�83 8C, H3PO4): d=49.0 ppm (s).


Catalyses


1,4-Addition of PhB(OH)2 to cyclohex-2-enone (7): A solution of [Rh2-
ACHTUNGTRENNUNG(m2-Cl)2 ACHTUNGTRENNUNG(C2H4)4] (10 mg, 26 mmol) and (S)-4 (24 mg, 53 mmol) in 1,4-diox-
ane (3 mL) was stirred for 15 min at room temperature and then KOH
(0.3 mL of a 1.7m solution, 0.5 mmol) was added and the mixture stirred
for a further 5 min. PhB(OH)2 (370 mg, 3.0 mmol) was added to the re-
sulting orange solution and after 5 min of stirring cyclohex-2-enone (7)
(103 mg, 1.0 mmol) was added. The mixture was kept at 55 8C for 2 h
whereby the conversion was followed by GC (capillary HP-5: 90 8C for
3 min, then heating to 180 8C at a rate of 3 8Cmin�1; flow rate:
1.6 mL H2min�1; retention times: 7: 2.93 min; 9 : 18.6 min). Under these
conditions, the following conversions were obtained for various catalyst
loadings: 5 mol%: 86%; 3 mol%: 81%; 1 mol%: 51%. From the experi-
ment with 5 mol% catalyst loading the product was isolated as follows:
addition of saturated aqueous NaHCO3 (5 mL), extraction with tert-butyl
methyl ether (TBME; 3W10 mL), drying with MgSO4, and concentration
under reduced pressure left a brown oil that was purified by using flash
chromatography (silica gel, hexane/TBME 1:0.6) to provide 420 mg of 9
as a slightly yellow oil (yield 82%).


The enantiomeric excess (ee 92–95%) was determined by chiral HPLC
(Chiralcel OD-H; eluent: n-hexane/iPrOH 98:2; retention times: (R)-9 :
26.3 min; (S)-9 : 31.3 min). The major product had the R configuration, as
judged by a comparison with the reported optical rotation: [a]20D =++17.3
(c=0.75 in CHCl3).


[23]


1,4-Addition of PhB(OH)2 to N-benzylmaleimide (1-benzylpyrrole-2,5-
dione) (8): A solution of [Rh2 ACHTUNGTRENNUNG(m2-Cl)2 ACHTUNGTRENNUNG(C2H4)4] (5 mg, 13 mmol) and (S)-4
(13 mg, 28 mmol) in 1,4-dioxane (2.5 mL) was stirred for 15 min at room
temperature and then KOH (0.25 mL of a 1.0m solution, 0.25 mmol) was
added. The mixture was stirred for a further 5 min. Subsequently
PhB(OH)2 (185 mg, 1.5 mmol) was added to the orange solution and
then, after 5 min of stirring, N-benzylmaleimide (8) (97 mg, 0.5 mmol)
was added. The mixture was kept at 55 8C for 2 h. GC analysis (capillary
HP-5: 90 8C for 3 min, then heating to 180 8C at a rate of 4 8Cmin�1; flow
rate: 1.6 mL H2min�1; retention times: 8 : 23.1 min; 10 : 34.1 min) of the
crude reaction mixture indicated complete conversion (>98%). Saturat-
ed aqueous NaHCO3 (5 mL) was then added. Extraction with TBME
(3W10 mL), drying with MgSO4, and concentration under reduced pres-
sure gave a brown oil which was purified by using flash chromatography
(silica gel, hexane/TBME 1:0.8) to provide 1-benzyl-3-phenylpyrrolidine-
2,5-dione (10) as a colorless solid (isolated yield: 93%). Complete con-
version within 2 h at 55 8C was also observed with a catalyst loading of
only 0.1 mol%.


The enantiomeric excess ee (80%) was determined by means of chiral
HPLC (Chiralcel OD-H: n-hexane/iPrOH 90:10; retention times: (S)-10 :
21.1 min; (R)-10 : 25.3 min). The major product had the R configuration,
as judged by a comparison with the reported optical rotation:[24] [a]20D =


�50.1 (c=0.82 in CHCl3).


Hydrogenation of itaconic acid (2-methylenesuccinic acid) (12a): Under
the conditions specified in Table 2, a 50 mL Teflon-sealed Schlenk tube
was charged with a mixture of itaconic acid (131 mg, 1.00 mmol), the sol-
vent (0.6 mL) (see Table 2), and catalyst (S,S)-6 in CH2Cl2 (0.5 mL) (for
S/C ratios see Table 2). This mixture was frozen in liquid N2. The reaction
flask was evacuated and purged with 1 bar of H2. Upon warming to room
temperature, whereby the pressure of H2 increased to about 2.5 bar, the
color of the solution changed from dark brown to pale yellow. After 2 h
of stirring the solution at room temperature, the conversion was checked
with 1H NMR spectroscopic analysis by integration of representative sig-
nals of 12a and 13a in [D6]DMSO.
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The enantiomeric excess was determined by using the corresponding 2-
methylsuccinic acid dimethyl ester (13b), which was obtained by methyl-
ation of 13a with TMSCHN2 in MeOH/benzene, by GC (chiral capillary:
Lipodex-E, 70 8C, heating rate: 1 8Cmin�1; final temperature: 110 8C; flow
rate: 0.8 mL H2min�1; retention times: (S)-13b : 18.6 min; (R)-13b :
19.2 min; 12b : 23.7 min).[25] The major isomer had the R configuration.


Hydrogenation of dimethyl itaconate (2-methylenesuccinic acid dimethyl
ester) (12b): Under the conditions specified in Table 2, a 300 mL Teflon-
sealed Schlenk tube was charged with 12b (entry 5: 316 mg, 2 mmol;
entry 6: 790 mg, 5 mmol), CH2Cl2 (9.5 mL), and (S,S)-6 (0.5 mL of a 1mm


solution in CH2Cl2). The solution was frozen in liquid N2 and the argon
atmosphere replaced by 1 bar of H2. Upon warming to room tempera-
ture, whereby the pressure of H2 increased to about 2.5 bar, the solution
changed from dark red to colorless. After the indicated reaction times,
yields and enantioselectivities were determined by using GC.


The configuration of the major product was R (by comparison with a
sample of (R)-2-methylsuccinic acid dimethyl ester purchased from
Fluka).


Hydrogenation of dibutyl itaconate (2-methylenesuccinic acid dibutyl
ester) (12c): Under the conditions specified in Table 2, a 50 mL Teflon-
sealed Schlenk tube was charged with dibutyl itaconate (12c) (242 mg,
1.0 mmol), CH2Cl2 (0.5 mL), and various amounts of (S,S)-6 (50 mmol,
20 mmol, 5 mmol, 1 mmol, entries 7–10) in CH2Cl2 (0.5 mL). The mixture
was frozen in liquid N2 and the flask evacuated and purged with 1 bar of
H2. Upon warming to room temperature, the color of the solution
changed from dark brown to pale yellow. After 2 h of stirring the solution
at room temperature, the conversion was checked by 1H NMR spectro-
scopic analysis by integration of representative signals of 12c and 13c in
CDCl3. In one experiment (entry 7), the solvent was evaporated and the
resulting orange oil was distilled at 0.02 mbar to provide 2-methylsuccinic
acid dibutyl ester as a colorless liquid (isolated yield: 224 mg, 92%).
1H NMR (300.1 MHz, CDCl3, 25 8C, TMS): d=0.86 (t, 3J ACHTUNGTRENNUNG(H,H)=7.4 Hz,
6H; CH3(Bu)), 1.17 (d, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H; CH3), 1.21–1.36 (m, 4H;
CH2(Bu)), 1.42–1.55 (m, 4H; CH2(Bu)), 2.29 (dd, 2J ACHTUNGTRENNUNG(H,H)=16.5, 3J-
ACHTUNGTRENNUNG(H,H)=5.7 Hz, 1H; CH2), 2.82 (dd, 2J ACHTUNGTRENNUNG(H,H)=16.5, 3J ACHTUNGTRENNUNG(H,H)=8.5 Hz,
1H; CH2), 2.95–3.08 (m, 1H; CH), 4.00–4.13 ppm (m, 2H; OCH2(Bu));
13C{1H} NMR (75.5 MHz, CDCl3, 25 8C, TMS): d=13.5 (CH3(Bu)), 16.9
(CH3), 19.1 (CH2(Bu)), 30.7 (CH2(Bu)), 35.9 (CH), 37.6 (CH2), 64.0
(OCH2(Bu)), 64.1 (OCH2Bu), 171.3 (C=O), 174.6 ppm (C=O).


To determine the enantiomeric excess, 13c was converted into 13a by
saponification with KOH/H2O in boiling EtOH which was subsequently
methylated with TMSCHN2 to give 13b. The resulting product 13b was
analyzed by means of GC (for conditions, see above), showing an enan-


tiomeric excess of 58–67%. The R configuration was the major isomer to
be obtained.


Hydrogenation of 2-acetamidoacrylic acid methyl ester (14): Under the
conditions specified in Table 2, a 50 mL Teflon-sealed Schlenk tube was
charged with 2-acetamidoacrylic acid methyl ester 14 (143 mg, 1.0 mmol),
CH2Cl2 (1.5 mL), and various amounts of (S,S)-6 (100 mmol, 2.5 mmol,
1 mmol, entries 11–13) in CH2Cl2 (0.5 mL). The mixture was frozen in
liquid N2 and the flask evacuated and purged with 1 bar of H2. Upon
warming to room temperature, the color of the solution changed from
dark brown to pale yellow. After 2 h of stirring the solution at room tem-
perature, yields and enantioselectivities were determined by means of
GC (chiral capillary: Lipodex-E; 80 8C (3 min); heating rate: 3 8Cmin�1;
final temperature: 170 8C; flow rate: 0.8 mL H2min�1; retention times:
(S)-15 : 23.2 min; (R)-15 : 23.8 min; 14 : 22.6 min).


The configuration of the major product was S (by comparison with a
sample of N-acetyl-d-alanine methyl ester (R)-15 purchased from
Bachem).
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Introduction


While d-sugars are abundant in nature and frequently used
as chiral resources in the synthesis of complex natural prod-
ucts, l-sugars are rare and have been overlooked in synthet-
ic organic chemistry. l-Sugars, however, play important roles
in the microbial world. They are key constituents of antibi-
otics,[1] oligosaccharides,[2–3] and clinically useful nucleo-
sides.[4–6] To take notable examples, l-gulose is a key build-
ing block of the carbohydrate moiety of the antitumor anti-
biotic bleomycin A2


[7–14] and l-iduronic acid is also a typical
component of mammalian dermatan sulfate, heparan sulfate,
and heparin.[15–18] As the requirement for l-sugars increases
in scientific fields, it becomes necessary to develop an effi-
cient method that makes them readily available and thus nu-
merous synthetic routes for l-sugars have been reported re-
cently.[19–36]


As a part of our program for the utilization of sugar de-
rivatives as synthetic tools,[37–41] we became interested in the
cyclization of hydroxyalkoxamates derived from natural d-
sugars. In fundamental research, efficient biomimetic meth-
ods for b-lactam syntheses were developed based on the in-
tramolecular N-alkylation of b-hydroxyalkoxamates derived
from amino acids.[42–45] In contrast, recent studies have re-
vealed that competitive O-alkylation occurs in several cases
with amides and carbamates.[46–52] We have therefore investi-
gated the intramolecular cyclization of d-hydroxyalkoxa-
mates derived from d-glycono-1,5-lactone under Mitsunobu
conditions.[53] It was found that the cyclization of d-hydrox-
yalkoxamates derived from d-glycono-1,5-lactone resulted
mainly in O-alkylation rather than N-alkylation. Taking ad-
vantage of the structural relationships between d-glucose
and l-idose, d-galactose and l-altrose, and d-mannose and
l-gulose, we utilized the O-alkylated products, which had in-
verted stereochemistry at C5, as precursors for the corre-
sponding l-sugars (Scheme 1).[54]


While these results were successfully applied to the novel
and practical synthesis of rare l-sugars, we continued to in-
vestigate methods by which N-cyclized products could be
converted into precursors for the corresponding l-iminosu-
gars. Here we describe the divergent synthesis of l-sugars
and l-iminosugars based on the specifically controlled O-/N-
alkylation of d-hydroxyalkoxamate.


Abstract: An efficient divergent syn-
thesis of l-sugars and l-iminosugars
from d-sugars is described. The impor-
tant intermediate, d-hydroxyalkoxa-
mate, prepared from d-glucono-/galac-
tono-1,5-lactone, was cyclized under
Mitsunobu conditions to give the O-cy-
clized oxime compound and the N-cy-
clized lactam compound as mixtures. A
more detailed investigation revealed
that the appropriate protecting groups


and solvents controlled the specificity
for the O-/N-cyclization of the d-hy-
droxyalkoxamate. Suitable protection
at the 6-position of d-hydroxyalkoxa-
mate, derived from d-glucono-1,5-lac-
tone, afforded the corresponding O-al-


kylation product alone. Thus we suc-
ceeded in applying this to the total syn-
thesis of l-iduronic acid. In contrast,
with both TBDMS as the protecting
group and RCN as the solvent the effi-
cient conversion of d-glucono/galacto-
no-1,5-lactone into the corresponding
l-iminosugars (l-idonolactam and l-al-
tronolactam) was achieved.
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Results and Discussion


An approach to l-iduronic acid : As an extension of the pre-
vious work, we first reconsidered O-cyclization from a syn-
thetic point of view. In this case, we focused on the synthesis
of l-iduronic acid. Thus it was necessary to protect O6 of d-
glucono-1,5-lactone, so that subsequent oxidation of C6
could take place to provide uronic acid. Initially, the 6-ace-
tylated lactone 19[55] was examined (Scheme 2).


Treatment of 19 with BnONH2 and Me3Al at 0 8C prefer-
entially afforded d-hydroxyalkoxamate 21 with the expected
product 20 (20/21 1:3.9). To control the migration reaction,
several conditions were examined. It was found that a lower
temperature (�40 8C) decreased the migration of the acetyl
group and gave 20 selectively (20/21 30:1). Although 20
easily cyclized under Mitsunobu conditions, moderate selec-
tivity for O-cyclization was observed (96% yield, 22/23
2.5:1). Variations in the reaction conditions did not signifi-
cantly change the O-/N-alkylation ratio. As satisfactory re-
sults were not obtained with the 6-acetylated lactone, the
protecting group at O6 was changed to TBDMS (Scheme 3).


The 6-acetylated lactone 19 was hydrolyzed under basic
conditions to give 24,[56] which was successively protected at
O6 with TBDMS. Alkoxyamidation of 25 proceeded
smoothly and the expected d-hydroxyalkoxamate 26 was ob-
tained in 92% yield. Exceeding our expectations, 26 cyclized
easily under Mitsunobu conditions to give 27 as the sole


product in 95% yield. No N-cyclized product was detected
in this case. The modification at the 6-position might affect
the stability of the intermediate, which leads to O-cycliza-
tion. So far we have only limited information on this specif-
icity for O-cyclization, although it should be investigated in
detail in future. After we had confirmed that O-cyclized 27
was obtained in good yield, the next step was to complete
the synthesis of l-iduronic acid (Scheme 4).


The O-cyclized compound 27 was hydrolyzed under acidic
conditions to give l-idonolactone 28. Acetylation of 28 and
the successive reduction of 29 with DIBAL-H gave l-idose
30 as an anomeric mixture. l-Idose 30[57] was treated with
MeOH under acidic conditions to give methyl l-idosides 31
and 32 (31/32 2.2:1). Oxidation of the b-anomer 31[58] with
chromium trioxide/H2SO4 (Jones reagent), followed by es-
terification of the intermediate acid provided methyl uron-
ate 34[59, 60] in 72% yield. Finally, 34 was hydrogenolyzed
with Pd(OH)2/C to give unprotected methyl uronate 35.[60]


Thus the synthesis of l-iduronic acid from d-glucono-1,5-lac-
tone was achieved.


N-Cyclization of d-glucono/galactono-1,5-lactones : Since d-
iminosugars (for example, Nojirimycin) were discovered to
be potent glycosidase inhibitors in nature, numerous studies
have been performed to develop effective procedures for
the synthesis of various d-iminosugars and analogues.[61–71]


What appears lacking, however, is the synthesis of l-imino-
sugars,[72] which are enantiomers of d-iminosugars. To apply


Scheme 2. Cyclization of 6-acetyloxy-d-hydroxyalkoxamate. a) BnONH2,
Me3Al, CH2Cl2, �40 8C, 1 h, 52% (20/21 30:1); b) DEAD, TPP, THF, RT,
10 min, 96% (22/23 2.5:1); DEAD=diethylazodicarboxylate; TPP= tri-
phenylphosphine.


Scheme 3. Cyclization of 6-siloxy-d-hydroxyalkoxamate. a) K2CO3,
MeOH, 0 8C, 2 h, 87%; b) TBDMSCl, imidazole, DMF, RT, 2 h, 85%;
c) BnONH2, Me3Al, CH2Cl2, RT, 1.5 h, 92%; d) TPP, DEAD, THF, RT,
10 min, 95%; TBDMS= tert-butyldimethylsilyl.


Scheme 1. Synthesis of l-pyranose from d-glycono-1,5-lactone.
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divergent cyclization to the synthesis of l-iminosugars, it is
necessary to increase the ratio of the N-cyclized product,
which is a precursor of l-iminosugars. In the beginning, we
focused on the effects of the solvent on the cyclization of
the benzyl-protecting d-hydroxyalkoxamate 4,[73] derived
from d-glucono-1,5-lactone (Table 1). The reaction was car-
ried out with DEAD (3.0 equiv) and TPP (3.0 equiv) in a
suitable solvent at room temperature. Although the reac-
tions proceeded efficiently, contrary to our expectations the
O-cyclized compound 7 rather than the N-cyclized com-


pound 10 was obtained in all cases. In particular, toluene
gave the optimum ratio of O-alkylation (Table 1, entry 1).
CH2Cl2, DMSO, and cyclohexane gave similar results (en-
tries 3–5), although C6F6, EtCN, and MeCN gave the best
ratios of N-alkylation among the various solvents examined
(entries 6–8).


In expectation of the steric effect of the bulky protecting
group, we next examined the replacement of the benzyl-pro-
tecting group in 4 with TBDMS. The d-hydroxyalkoxamate
37, derived from silyl-protecting d-glucono-1,5-lactone 36,[74]


was prepared according to the previous procedure
(Scheme 5). Treatment of 36 with O-benzylhydroxyamine in


CH2Cl2 for 30 minutes, followed by the addition of Me3Al
at room temperature afforded the corresponding d-hydroxy-
benzyloxamate 37 in 83% yield. A summary of solvent ef-
fects in the cyclization of 37 under Mitsunobu conditions is
shown in Table 2.[75]


With bulky TBDMS-protecting groups, the effects of sol-
vent were seen more clearly than with other protectors.
While a higher ratio of O-cyclization was observed with
C6F6 and toluene (Table 2, entries 1 and 2), N-cyclization
preferentially occurred with CH2Cl2, DMSO, MeCN, and
EtCN (entries 5–8). In particular, an excellent ratio of 39
was obtained with RCN as the solvent (entries 7 and 8). It is
noteworthy that the effects of RCN on N-cyclization were


Table 1. Cyclization of benzyl-protected d-hydroxyalkoxamate.


Entry Solvent Yield of 7
[%][a]


Yield of 10
[%][a]


Ratio of 7/
10[b]


1 toluene 78 10 7.8:1
2 THF 71 13 5.5:1
3 CH2Cl2 67 28 2.4:1
4 DMSO 64 28 2.3:1
5 cyclohexane 64 28 2.3:1
6 C6F6 55 31 1.8:1
7 EtCN 54 30 1.8:1
8 MeCN 40 23 1.7:1


[a] Isolated yield. [b] The ratio was based on isolated yields.


Scheme 5. Me3Al-mediated amidation of silyl-protected d-glucono-1,5-
lactone.


Table 2. Cyclization of TBDMS-protected d-hydroxybenzyloxamate 37.


Entry Solvent Yield [%][a] Ratio of 38/39[b]


1 C6F6 78 27:1.0
2 toluene 71 22:1.0
3 cyclohexane 50 5.7:1.0
4 THF 79 1.6:1.0
5 CH2Cl2 62 1.0:1.6
6 DMSO 63 1.0:1.7
7 MeCN 61 1.0:4.1
8 EtCN 73 1.0:6.6


[a] Isolated yield. [b] The ratio was determined by using NMR spectro-
scopic analysis.


Scheme 4. Synthesis of l-iduronic acid. a) TsOH, acetone, RT, 6 h, 79%;
b) Ac2O, pyridine, RT, 0.5 h, 99%; c) DIBAL-H, CH2Cl2, RT, 14 min,
88%; d) sat. HCl/MeOH, 50 8C, 5 h, 97% (31/32 2.2:1); e) CrO3/H2SO4


RT, 1.5 h; f) CH2N2, Et2O, 0 8C, 3 h, 72% (from 31); g) Pd(OH)2/C, H2,
MeOH, RT, 22 h, quant; Ts=p-toluenesulfonyl; DIBAL-H=diisobutyl-
aluminium hydride.
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seen in several cases (Table 1, entries 7 and 8; Table 2, en-
tries 7 and 8). One explanation for these results may be that
both bulky TBDMS-protecting groups and coordination of
the cyano group of RCN affect the conformation of the in-
termediate that is suitable for N-cyclization.


We further extended this to alkoxamate. To determine the
steric effect of the substitution of a hydroxamate, studies on
the formation of O-/N-alkylation products with various O-
substituted hydroxamate derivatives (40a–d) were carried
out (Table 3).[76]


Whilst the cyclization of 40a provided the O-alkylated
product 41a rather than the N-alkylated 42a (Table 3,
entry 1), cyclization of 40b–d resulted mainly in N-alkylated
42b–d[77] (entries 2–4). The results indicate that the steric re-
quirement of the hydroxamate moiety partly affected the
ratios of O-/N-alkylation: better selectivity for N-alkylation
was observed with the bulky TBDMS group (entry 4).


Considering the results obtained, we finally determined
the best approach to the N-cyclized product (Table 4). In
the optimized run, DEAD (8.0 equiv) and TPP (8.0 equiv)
were added at room temperature to a solution of the d-hy-
droxyalkoxamate 40d in EtCN, which provided the N-cy-


clized product 42d in 81% yield with complete selectivity
(Table 4, entry 4).


After we had established efficient conditions for the N-
cyclization of d-hydroxyalkoxamate derived from d-gluco-
no-1,5-lactone, we examined the cyclization of d-galactono-
1,5-lactone. The TBDMS-protected d-hydroxyalkoxamate 44
derived from d-galactono-1,5-lactone 43[61] was employed in
this cyclization.


As observed in the case of d-glucose, the TBDMS-pro-
tecting group along with RCN as solvent increased the ratio
of N-cyclization (Table 5). Better selectivity for N-cycliza-
tion was observed for the reaction of 44b in RCN (Table 5,
entries 5, and 6).


As previously reported, the d-hydroxyalkoxamate 6 de-
rived from d-mannono-1,5-lactone 3 afforded the O-alkylat-
ed product as the sole product in excellent yield (Scheme 1).
We further investigated the cyclization of g-hydroxyalkoxa-
mates derived from readily available d-mannono-1,4-lac-
tone, but only the O-alkylation product was obtained. It is
noteworthy that no effect from the solvent and protecting
group was observed and hence no N-alkylation product was
detected in any case. It appears characteristic of d-mannose
derivatives to show this strange specificity for O-alkylation.
While this unique feature of mannose was successfully ap-
plied to the synthesis of l-ribose from d-mannono-1,4-lac-
tone,[78] we reluctantly abandoned attempts to obtain N-al-
kylated products from d-mannose derivatives.


Table 3. Effects of the alkoxy moiety of hydroxamate on the cyclization.


Entry X[a] Yield [%][b] Ratio of 41/42[c]


1 Me 40a 99 1.3:1.0
2 Et 40b 76 1.0:1.2
3 tBu 40c 56 1.0:1.3
4 TBDMS 40d 69 1.0:1.8


[a] X denotes the alkoxamate-protective group. [b] Isolated yield. [c] The
ratio was determined by using NMR spectroscopic analysis.


Table 4. Cyclization of the fully TBDMS-protected d-hydroxyalkoxa-
mate.


Entry Solvent TPP [equiv] DEAD [equiv] Yield [%][a]


1 MeCN 6.0 6.0 61
2 8.0 8.0 78
3 EtCN 6.0 6.0 78
4 8.0 8.0 81


[a] Isolated yield.


Table 5. Cyclization of TBDMS-protected d-hydroxyalkoxamate derived
from d-galactono-1,5-lactone 43.


Entry X[a] Solvent Yield [%][b] 45/46[c]


1 Bn 44a THF 80 1.6:1.0
2 MeCN 73 1.0:1.7
3 EtCN 82 1.0:3.3
4 TBDMS 44b THF 69 1.0:1.2
5 MeCN 80 1.0:7.1
6 EtCN 75 1.0:7.8


[a] X denotes the alkoxamate-protective group. [b] Isolated yield. [c] The
ratio was determined by using NMR spectroscopic analysis.
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Synthesis of l-iminosugars : To synthesize l-iminosugars, we
next examined the reduction of the N-alkylated products.
Of the methods examined, hydrogenolysis by using
Pd(OH)2/C as a catalyst gave the best results. Thus l-idono-
lactam 47[79,80] and l-altronolactam 48[80] were obtained in
good yields (Table 6).


Conclusions


We have established a divergent synthesis of l-sugars and l-
iminosugars based on the O/N-alkylation of d-hydroxyalkox-
amates derived from d-sugars. It was found that the
TBDMS protection at position 6 of d-hydroxyalkoxamates
derived from d-glucono-1,5-lactones leads to complete O-
cyclization, which is the key step in the synthesis of l-idur-
onic acid. In the synthesis of l-iminosugars, both the use of
bulkier TBDMS as the protecting group and RCN as the
solvent are the key to the N-cyclization of d-glucose/galac-
tose derivatives. The N-alkylation products obtained could
be converted into various analogues of l-iminosugars, which
may represent an appealing route to potential glycosidase
inhibitors.[55] Unfortunately, we have not yet developed any
means to achieve N-cyclization in the case of d-mannose.
However, such complete selectivity for O-cyclization allows
us to synthesize l-gulose and l-ribose derivatives efficiently.
It should be emphasized that the divergent conversion of
commercially available d-sugars into valuable l-sugars and
l-iminosugars could benefit various studies in the field of
medicinal chemistry.


Experimental Section


General experimental : Melting points were determined with a Yanagimo-
to micro melting point apparatus and are uncorrected. IR spectra were
measured with a JASCO FTIR-8000 spectrometer. HRFABMS were
taken with a JEOL SX-102A spectrometer. 1H and 13C NMR spectra
were recorded with 400 and 600 MHz pulse Fourier transform NMR
spectrometers (JEOL AL-400, JEOL ECP-600) in CDCl3 solution with
TMS as an internal standard. Chemical shifts were reported in ppm
downfield from TMS. Optical rotations were measured by a JASCO


DIP-370 in a 1 dm cell. Analytical and preparative TLC was conducted
on precoated TLC plates (silica gel 60 F254, Merck). Column chromatog-
raphy was performed by using Merck silica gel 60N (100–210 mm). All an-
hydrous solvents were purified according to standard methods.


General procedure for the cyclization of d-hydroxyalkoxamates : A mix-
ture of 4 (504 mg, 0.76 mmol), triphenylphosphine (594 mg, 2.27 mmol),
and DEAD (0.36 mL, 2.27 mmol) in THF (7.6 mL) was stirred at room
temperature for 30 min. After this time, the solvent was removed in
vacuo. The residue was chromatographed on silica gel (hexane/AcOEt
7:1) to give 7 (346 mg, 71%) and 10 (63 mg, 13%).


General procedure for hydroxyamination : A mixture of 1 (50 mg,
0.093 mmol) and benzylhydroxyamine (44.6 mg, 0.36 mmol) in CH2Cl2
(2 mL) was stirred at room temperature for 30 min and then a solution of
trimethylaluminum (0.34 mL of a 1.08m solution in n-hexane, 0.36 mmol)
was added. The resulting solution was stirred at room temperature for a
period of 1 h. After this time, the reaction was quenched with pH 7 phos-
phate buffer and the product was extracted with CH2Cl2. The combined
organic phase was dried over Na2SO4, filtered, and the solvemt was re-
moved in vacuo. Purification by silica-gel chromatography (hexane/
AcOEt 3:1) gave 4 (57.1 mg, 93%).


6-O-Acetyl-1N-benzyloxy-2,3,4-tribenzyloxy-5-hydroxy-(2R,3R,4R,5R)-
hexanamide (20) and 5-O-acetyl-1N-benzyloxy-2,3,4-tribenzyloxy-6-hy-
droxy-(2R,3R,4R,5R)-hexanamide (21): A mixture of 19 (51.9 mg,
0.106 mmol) and benzylhydroxyamine (26.3 mg, 0.212 mmol) in CH2Cl2
(2 mL) was stirred at room temperature for 30 min and then a solution of
trimethylaluminum (0.196 mL of 1.08m solution in n-hexane, 0.212 mmol)
was added at �40 8C. The resulting solution was stirred at �40 8C for a
period of 1 h. After this time, the reaction was quenched with pH 7 phos-
phate buffer and the product was extracted with CH2Cl2. The combined
organic phase was dried over Na2SO4, filtered, and the solvent was re-
moved in vacuo. Purification by silica-gel chromatography (hexane/
AcOEt 3:1) gave products 20/21 30:1 (33.7 mg, 52%).


Compound (20): [a]24D =++58.5 (c=1.10 in CHCl3);
1H NMR (600 MHz,


CDCl3): d=8.92 (s, 1H), 7.38–7.25 (m, 20H), 4.89 (s, 2H), 4.66 (d, J=
11.0 Hz, 1H), 4.61 (d, J=11.0 Hz, 1H), 4.56 (d, J=11.0 Hz, 1H), 4.46 (d,
J=11.0 Hz, 1H), 4.44 (d, J=11.0 Hz, 1H), 4.41 (d, J=11.0 Hz, 1H), 4.30
(d, J=2.8 Hz, 1H), 4.28 (dd, J=2.8, 11.5 Hz, 1H), 4.09 (dd, J=2.8,
5.5 Hz, 1H), 4.08 (dd, J=5.5, 11.5 Hz, 1H), 3.91 (ddd, J=2.5, 5.5, 7.7 Hz,
1H), 3.70 (dd, J=5.5, 7.7 Hz, 1H), 2.98 (s, 1H), 2.04 ppm (s, 3H);
13C NMR (150 MHz, CD3OD): d=171.1, 169.4, 137.4, 136.0, 135.2, 128.9,
128.8, 128.7, 128.6, 128.5, 128.4, 128.3, 128.2, 128.0, 79.6, 77.0, 76.8, 76.4,
75.1, 73.8, 74.0, 70.4, 65.6, 20.9 ppm; IR (neat): ñ=3387, 1738, 1684 cm�1;
HRMS (FAB-Gly+NaI): calcd for C9H17O6: 617.2754; found: 617.2749.


Compound (21): [a]28D =++44.2 (c=1.10 in CHCl3);
1H NMR (600 MHz,


CDCl3): d=8.89 (s, 1H), 7.23–7.41 (m, 20H), 4.95 (ddd, J=2.8, 3.9,
6.1 Hz, 1H), 4.88 (s, 2H), 4.76 (d, J=11.5 Hz, 1H), 4.70 (d, J=10.4 Hz,
1H), 4.66 (d, J=11.5 Hz, 1H), 4.58 (d, J=10.4 Hz, 1H), 4.50 (d, J=
11.0 Hz, 1H), 4.43 (d, J=11.0 Hz, 1H), 4.17 (d, J=3.3, 1H), 4.02 (dd, J=
2.8, 7.7 Hz, 1H), 4.00 (dd, J=3.3, 7.7 Hz, 1H), 3.93 (dd, J=3.9, 12.1 Hz,
1H), 3.88 (dd, J=6.1, 12.1 Hz, 1H), 1.99 ppm (s, 3H); 13C NMR
(150 MHz, CD3OD): d=170.5, 138.0, 137.9, 137.1, 135.2, 129.2, 129.0,
128.9, 128.8, 128.7, 128.6, 128.5, 128.3, 128.2, 128.0, 80.8, 78.2, 79.2, 74.2,
74.0, 73.3, 70.4, 65.7, 62.3, 20.1 ppm; IR (neat): ñ=3393, 1736, 1680 cm�1;
HRMS (FAB-Gly+NaI): calcd for C9H16O6Na: 636.2574; found:
636.2581.


2N-Benzyloxy-3,4,5-tris(benzyloxy)-6-acetoxymethyl-(3R,4S,5R,6S)-tetra-
hydo-2H-pyran-2-imine (22) and 1,3,4,5-tetrakis(benzyloxy)-6-acetoxy-
methyl-(3R,4S,5R,6S)-tetrahydropyridine-2(1H)-one (23): Compound 20
(271 mg, 0.442 mmol) was converted into products 22/23 2.5:1 (251 mg,
0.422 mmol, 96%).


Compound (22): M.p. 108 8C (hexane/AcOEt); [a]24D =++2.30 (c=1.00 in
CHCl3);


1H NMR (600 MHz, CDCl3): d=7.42–7.22 (m, 20H), 5.09 (s,
2H), 4.72 (d, J=11.5 Hz, 1H), 4.64 (d, J=12.1 Hz, 1H), 4.59 (d, J=
12.1 Hz, 1H), 4.49 (d, J=11.5 Hz, 1H), 4.48 (m, 1H), 4.43 (dd, J=7.2,
11.6 Hz, 1H), 4.42 (d, J=12.1 Hz, 1H), 4.38 (dd, J=4.4, 11.6 Hz, 1H),
4.37 (d, J=12.1, 1H), 4.07 (d, J=5.0, 1H), 3.88 (dd, J=4.4, 5.0 Hz, 1H),
3.67 (dd, J=2.8, 4.4 Hz, 1H), 1.99 ppm (s, 3H); 13C NMR (150 MHz,
CDCl3): d=170.6, 149.4, 138.3, 137.4, 137.2, 128.5, 128.4, 128.3, 128.2,


Table 6. Reduction of N-cyclization products.


Entry X[a] Yield [%][b]


1 Bn 39 47 83
2 Me 42a 84
3 Et 42b 86
4 tBu 42c 78
5 TBDMS 42d 76
6 Bn 46a 48 86
7 TBDMS 46b 79


[a] X denotes the alkoxamate-protective group. [b] Isolated yield.
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128.1, 128.0, 127.9, 127.8, 127.7, 77.9, 76.8, 75.1, 71.6, 77.0, 74.9, 74.6, 71.7,
62.8, 20.8 ppm; IR (KBr): ñ=1744, 1645 cm�1; HRMS (EI): calcd for
C36H37NO7: 595.2570; found: 595.2582.


Compound (23): [a]24D =++26.4 (c=1.00 in CHCl3);
1H NMR (600 MHz,


CDCl3): d=7.42–7.19 (m, 20H), 5.27 (d, J=11.0 Hz, 1H), 4.92 (d, J=
11.0 Hz, 1H), 4.86 (d, J=11.0 Hz, 1H), 4.79 (d, J=11.0 Hz, 1H), 4.75 (s,
2H); 4.54 (d, J=11.5 Hz, 1H), 4.49 (d, J=3.3, 11.5 Hz, 1H), 4.42 (d, J=
11.5 Hz, 1H), 4.12 (dd, J=2.2, 11.5 Hz, 1H), 3.98–3.94 (m, 2H), 3.62 (m,
1H), 3.39 (ddd, J=2.2, 3.3, 5.5 Hz, 1H), 1.97 ppm (s, 3H); 13C NMR
(150 MHz, CDCl3): d=170.1, 169.0, 138.1, 137.2, 135.2, 129.6, 128.9,
128.6, 128.5, 128.3, 128.1, 128.0, 84.5, 79.2, 77.2, 75.7, 75.0, 74.9, 73.3, 64.2,
58.1, 20.8 ppm; IR (neat): ñ=1748, 1703 cm�1; HRMS (EI): calcd for
C36H37NO7: 595.2570; found: 595.2566.


2,3,4-Tri-O-benzyl-6-O-[tert-butyl ACHTUNGTRENNUNG(dimethyl)silyl]-d-glucono-1,5-lactone
(25): Imidazole (31.8 mg, 0.467 mmol) and TBDMSCl (70.42 mg,
0.467 mmol) were added to a solution of 24 (69.8 mg, 0.156 mmol) in
DMF (1.5 mL) at 0 8C. The solution was stirred at RT for 2 h and was
then poured into water. The aqueous layer was extracted with CH2Cl2
and the combined organic extracts were dried over Na2SO4, filtered, and
concentrated in vacuo. The residue was purified by chromatography on
silica gel with (hexane/AcOEt 3:1) to give the lactone compound 25
(74.8 mg, 0.133 mmol, 85.4%). [a]24D =++76.0 (c=1.00 in CHCl3);
1H NMR (400 MHz, CDCl3): d=7.27–7.11 (m, 15H); 4.87 (s, 2H); 4.89
(d, J=11.2 Hz, 1H); 4.64 (d, J=10.8 Hz, 1H); 4.28 (d, J=11.2 Hz, 1H);
4.54–4.47 (m, 3H); 4.16 (m, 1H); 3.94 (d, J=7.2 Hz, 1H); 3.83 (dd, J=
7.2, 7.2 Hz, 1H); 3.78 (dd, J=7.2, 7.2 Hz, 1H); 3.73 (dd, J=2.4, 11.6 Hz,
1H); 3.65 (dd, J=2.4, 11.6 Hz, 1H); 0.74 (s, 9H); �0.08 ppm (s, 6H);
13C NMR (150 MHz, CDCl3): d=169.6, 137.7, 137.6, 137.1, 128.5, 128.5,
128.4, 128.3, 128.1, 128.1, 128.0, 127.9, 81.0, 79.4, 77.8, 75.7, 74.2, 74.05,
73.92, 61.62, 25.83, 18.24, �5.48, �5.28 ppm. IR (neat): ñ=1757 cm�1;
HRMS (EI): calcd for C33H42O6Si: 562.2751; found: 562.2775.


1N-Benzyloxy-2,3,4-tribenzyloxy-6-tert-butyldimethylsilyloxy-5-hydroxy-
(2R,3S,4R,5R)-hexanamide (26): Compound 25 (30.9 mg, 0.06 mmol) was
converted into 26 (34.6 mg, 0.05 mmol, 92%). [a]24D =++29.4 (c=1.00 in
EtOH); 1H NMR (400 MHz, CDCl3): d=7.36–7.13 (m, 20H), 4.87 (s,
2H), 4.78 (d, J=11.6 Hz, 1H), 4.70 (d, J=10.8 Hz, 1H), 4.56 (m, 2H),
4.46 (s, 2H), 4.32 (d, J=3.6 Hz, 1H), 4.06 (dd, J=3.6, 6.0 Hz, 1H), 3.80
(dd, J=6.0, 7.6 Hz, 1H), 3.76 (d, J=3.2, 9.6 Hz, 1H), 3.72 (m, 1H); 3.62
(dd, J=5.2, 9.6 Hz, 1H), 0.90 (s, 9H), 0.07 (s, 3H), 0.06 ppm (s, 3H);
13C NMR (150 MHz, [D6]acetone): d=168.78, 138.24, 137.64, 136.59,
135.37, 128.94, 128.66, 128.61, 128.51, 128.49, 128.40, 128.38, 128.33,
128.19, 128.01, 127.85, 127.67, 80.83, 79.60, 78.15, 77.69, 75.59, 74.33,
73.78, 72.19, 64.04, 25.90, 18.41, �5.37, �5.31 ppm. IR (neat): ñ=3378,
1680 cm�1; HRMS (FAB-NBA+NaI): calcd for C40H51O7NSiNa:
708.3332; found: 708.3328.


2N-Benzyloxy-3,4,5-tris(benzyloxy)-6-tert-butyldimethylsilyloxymethyl-
(3R,4S,5R,6S)-tetrahydro-2H-pyran-2-imine (27): Compound 26
(32.6 mg, 0.05 mmol) was converted into 27 (30.3 mg, 0.045 mmol, 95%).
[a]24D =++20.9 (c=0.35 in CHCl3);


1H NMR (400 MHz, CDCl3): d=7.35–
7.23 (m, 20H), 5.09 (s, 2H), 4.75 (d, J=11.72 Hz, 1H), 4.62 (d, J=
11.72 Hz, 1H), 4.57 (d, J=11.72 Hz, 1H), 4.49 (d, J=11.96 Hz, 2H), 4.41
(d, J=11.96 Hz, 1H), 4.32 (m, 1H), 4.10 (d, J=5.37 Hz, 1H), 3.95 (m,
2H), 3.89 (dd, J=3.17, 5.37 Hz, 1H), 3.78 (dd, J=3.17, 2.69 Hz, 1H),
0.89 (s, 9H), 0.06 (s, 3H), 0.05 ppm (s, 3H); 13C NMR (100 MHz, CDCl3):
d=150.22, 138.66, 137.85, 137.82, 128.57, 128.48, 128.39, 128.36, 128.30,
128.04, 128.02, 127.91, 127.80, 127.69, 78.73, 76.47, 75.43, 72.35, 61.26,
77.43, 75.01, 72.75, 72.32, 26.35, 26.34, 26.31, 18.68, �4.85, �4.93 ppm; IR
(neat): ñ=3387, 1738, 1684 cm�1; HRMS (EI): calcd for C40H49NO6Si:
667.3329; found: 667.3333.


2,3,4-Tri-O-benzyl-l-idono-1,5-lactone (28): p-TsOH·H2O (7.5 mg,
0.04 mmol) was added to a solution of 27 (26.4 mg, 0.04 mmol) in acetone
(2.8 mL) at 0 8C. The solution was stirred at RT for 6.5 d and was then
poured into saturated NaHCO3. The aqueous layer was extracted with
CH2Cl2 and the combined organic extracts were dried over Na2SO4, fil-
tered, and concentrated in vacuo. The residue was purified by chromatog-
raphy on silica gel with (hexane/AcOEt 1:1) to give 28 (14.1 mg
0.03 mmol) as a white solid. M.p. 107 8C (hexane/AcOEt); [a]24D =++45.6
(c=0.98 in CHCl3);


1H NMR (400 MHz, CDCl3): d=7.44–7.22 (m, 15H),


5.07 (d, J=11.48 Hz, 1H), 4.69–4.57 (m, 4H), 4.47 (m, 1H), 4.30 (d, J=
12.2 Hz, 1H), 4.20 (d, J=6.35 Hz, 1H), 3.97 (dd, J=6.84, 11.96 Hz, 1H),
3.92 (dd, J=1.22, 6.35 Hz, 1H), 3.72 (dd, J=1.22, 1.46 Hz, 1H), 3.65 ppm
(dd, J=4.88, 11.96 Hz, 1H); 13C NMR (100 MHz, CDCl3): d=169.30,
137.07, 136.81, 136.53, 136.96, 128.47, 128.44, 128.42, 128.40, 128.05,
128.02, 127.95, 127.92, 127.84, 127.82, 79.84, 78.54, 75.10, 73.43, 64.51,
72.60, 72.59, 71.17 ppm; IR (KBr): ñ=3357, 1746 cm�1; HRMS (EI):
calcd for C27H28O6: 448.1886; found: 448.1891.


6-O-Acetyl-2,3,4-tri-O-benzyl-l-idono-1,5-lactone (29): Excess acetic an-
hydride (0.1 mL) was added to a solution of 28 (5.0 mg, 0.011 mmol) in
pyridine (0.1 mL) at RT. The solution was stirred at RT for 12 h and was
then poured into water. The aqueous layer was extracted with CH2Cl2
and the combined organic extracts were dried over Na2SO4, filtered, and
concentrated in vacuo. The residue was purified by chromatography on
silica gel with (hexane/AcOEt 2:1) to give 29 (5.4 mg, 0.011 mmol,
99.1%) as a white solid. M.p. 99 8C (hexane/AcOEt); [a]26D =++35.3 (c=
0.94 in CHCl3);


1H NMR (600 MHz, CDCl3): d=7.43–7.21 (m, 15H),
5.06 (d, J=11.5 Hz, 1H), 4.67 (d, J=12.1 Hz, 1H), 4.65 (d, J=11.5 Hz,
1H), 4.60 (d, J=12.1 Hz, 1H), 4.57 (d, J=12.1 Hz, 1H), 4.56 (m, 1H),
4.33 (dd, J=7.2, 11.6 Hz, 1H), 4.30 (d, J=12.1, 1H), 4.20–4.17 (m, 2H),
3.91 (dd, J=1.7, 6.6 Hz, 1H), 3.69 (dd, J=1.7, 1.7 Hz, 1H), 1.99 ppm (s,
3H); 13C NMR (150 MHz, CDCl3): d=170.4, 169.0, 137.2, 136.9, 136.5,
128.6, 128.5, 128.4, 128.3, 128.1, 128.0, 79.5, 78.4, 74.9, 74.6, 73.4, 72.6,
62.4, 20.7 ppm; IR (KBr): ñ=1750 cm�1; HRMS (EI): calcd for C29H30O7:
490.1991; found: 490.1981.


2,3,4-Tri-O-benzyl-l-idose (30): DIBAL-H (0.45 mL, 0.43 mmol, 0.95m in
n-hexane) was added to a solution of 29 (70.3 mg, 0.14 mmol) in CH2Cl2
(1.4 mL) at 0 8C. The solution was stirred at RT for 15 min and was then
poured into saturated NH4Cl. The aqueous layer was extracted with
CH2Cl2 and the combined extracts were dried over Na2SO4, filtered, and
concentrated in vacuo. The residue was purified by chromatography on
silica gel with (hexane/AcOEt 2:1) to give 56.8 mg (0.13 mmol, 88%) of
the l-idose derivative 30 as the a/b-mixture. 1H NMR (600 MHz, CDCl3)
major: d=7.43–7.19 (m, 15H), 4.95 (s, 1H), 4.64 (d, J=12.1 Hz, 1H),
4.61 (d, J=12.1 Hz, 1H), 4.56 (d, J=12.1 Hz, 1H), 4.43 (d, J=12.1 Hz,
1H), 4.40 (d, J=12.1 Hz, 1H), 4.33 (d, J=12.1 Hz, 1H), 3.94 (dd, J=7.7,
11.5, 1H), 3.92–3.90 (m, 1H), 3.76 (dd, J=3.3, 3.9 Hz, 1H), 3.56 (dd, J=
3.9, 11.5 Hz, 1H), 3.45–3.43 (m, 1H), 3.33–3.32 ppm (m, 1H); minor: d=
7.43–7.19 (m, 15H), 4.68 (d, J=12.1 1H), 4.63 (d, J=11.5 Hz, 1H), 4.58
(d, J=12.1 Hz, 1H), 4.54 (d, J=11.5 Hz, 1H), 4.47 (d, J=11.5 Hz, 1H),
4.39 (d, J=11.5 Hz, 1H), 4.19 (ddd, J=2.8, 5.0, 7.7 Hz, 1H), 3.97–3.92
(m, 1H), 3.79–3.77 (m, 1H), 3.69 (dd, J=4.8, 11.6 Hz, 1H), 3.51–3.50 (m,
1H), 3.46–3.45 (m, 1H), 3.33–3.32 ppm (m, 1H); HRMS (EI): calcd for
C27H30O6: 450.2040; found: 450.2044.


Methyl 2,3,4-tri-O-benzyl-b-l-idopyranoside (31) and methyl 2,3,4-tri-O-
benzyl-a-l-idopyranoside (32): Saturated HCl in MeOH (1.33 mL) was
added to a solution of 30 (530 mg, 1.18 mmol) in MeOH (10 mL) at RT.
The solution was stirred at reflux for 5 h and was then poured into satu-
rated NaHCO3. The aqueous layer was extracted with CH2Cl2 and the
combined organic extracts were dried over Na2SO4, filtered, and concen-
trated in vacuo. The residue was purified by chromatography on silica gel
with (hexane/AcOEt 2:1) to give b-anomer 31 (289.2 mg, 0.62 mmol,
53%) and a-anomer 32 (243.8 mg, 0.55 mmol, 45%).


Compound (31): M.p. 97 8C (hexane/AcOEt); [a]23D =�10.1 (c=0.96 in
CHCl3);


1H NMR (600 MHz, CDCl3): d=7.34–7.23 (m, 15H), 4.75 (d, J=
3.3 Hz 1H), 4.74 (d, J=11.5 Hz, 1H), 4.70 (d, J=12.1 Hz, 1H), 4.69 (d,
J=12.1 Hz, 1H), 4.59 (d, J=12.1 Hz, 1H), 4.57 (d, J=11.5 Hz, 1H), 4.45
(d, J=12.1 Hz, 1H), 4.05 (ddd, J=4.4, 6.6, 7.7 Hz, 1H), 3.90 (dd, J=6.6,
12.1 Hz, 1H), 3.78 (dd, J=5.5, 6.6 Hz, 1H), 3.71 (dd, J=4.4, 12.1 Hz,
1H), 3.63 (dd, J=5.5, 7.7 Hz, 1H), 3.61 (dd, J=3.3, 6.6 Hz, 1H), 3.43 (s,
3H), 1.92 ppm (s, 1H); 13C NMR (150 MHz, CDCl3): d=138.1, 138.0,
137.7, 128.5, 128.4, 128.1, 128.0, 127.9, 127.8, 127.7, 101.7, 78.6, 77.2, 73.6,
73.3, 73.2, 69.6, 62.1, 55.6 ppm; IR (KBr): ñ=3308 cm�1; HRMS (EI):
calcd for C28H32O6: 464.2199; found: 464.2198.


Compound (32): [a]23D =++30.2 (c=1.02 in CHCl3);
1H NMR (600 MHz,


CDCl3): d=7.36–7.27 (m, 15H), 4.80 (d, J=12.1 Hz, 1H), 4.76 (d, J=
12.1 Hz, 1H), 4.75 (d, J=12.1 Hz, 1H), 4.72 (d, J=11.5 Hz, 1H), 4.68 (d,
J=12.1 Hz, 1H), 4.56 (d, J=12.1 Hz, 1H), 4.54 (d, J=3.9 Hz, 1H), 4.04
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(dd, J=7.7, 8.3 Hz, 1H), 3.97 (dd, J=5.5, 11.0 Hz, 1H), 3.89 (dd, J=5.5,
12.1 Hz, 1H), 3.83 (dd, J=5.5, 12.1 Hz, 1H), 3.63 (dd, J=5.5, 7.7 Hz,
1H), 3.48 (s, 3H), 3.47 ppm (dd, J=3.9, 8.3 Hz, 3H); 13C NMR
(150 MHz, CDCl3): d=138.4, 138.2, 137.8, 128.5, 128.4, 128.1, 128.0,
127.9, 127.8, 99.0, 78.1, 77.8, 74.9, 73.7, 75.0, 73.8, 63.1, 56.9 ppm; IR
(KBr): ñ=3467 cm�1; HRMS (FAB-NBA+NaI): calcd for C28H32O6NaI:
487.2097; found: 487.2099.


Methyl 2,3,4-tri-O-benzyl-b-l-idopyranosiduronate (33): CrO3 69.7 mg
(0.70 mmol) dissolved in H2SO4 (3.5m, 1 mL) was added to a solution of
31 (120 mg, 1.18 mmol) in acetone (3 mL). The solution was stirred at
0 8C for 10 min before being filtered. The aqueous layer was extracted
with CHCl3 and the combined organic extracts were dried over Na2SO4,
filtered, and concentrated in vacuo to give the crude product 33 (76.3 mg,
0.16 mmol, 60%), which was applied to the next reaction without further
purification.


Dimethyl 2,3,4-tri-O-benzyl-b-l-idopyranosiduronate (34): Excess CH2N2


in Et2O was added to a solution of 33 (104.5 mg, 0.22 mmol) in CH2Cl2
(2 mL) at 0 8C. The solution was stirred at RT for 2 h and was then con-
centrated in vacuo. The residue was purified by chromatography on silica
gel with (hexane/AcOEt 10:1) to give the l-idose derivative 34 (76.3 mg,
0.16 mmol, 60%). [a]26D =++29.0 (c=1.10 in CHCl3);


1H NMR (600 MHz,
CDCl3): d=7.26–7.15 (m, 15H), 4.68 (d, J=12.7 Hz 1H), 4.58 (d, J=
12.7 Hz, 1H), 4.57 (d, J=12.1 Hz, 1H), 4.50–4.48 (m, 3H), 4.41 (d, J=
12.1 Hz, 1H), 4.23 (d, J=3.6 Hz, 1H), 3.97–3.95 (dd, J=5.5, 7.6 Hz, 1H),
3.65 (s, 3H), 3.61 (dd, J=3.6, 5.5 Hz, 1H), 3.41–3.39 ppm (m, 4H);
13C NMR (150 MHz, CDCl3): d=169.5, 138.5, 138.0, 137.9, 128.5, 128.3,
128.2, 128.1, 128.0, 127.9, 127.8, 127.7, 127.6, 100.9, 75.7, 74.5, 73.7, 73.5,
72.9, 56.92, 51.87 ppm; IR (neat): ñ=1688 cm�1; HRMS (EI): calcd for
C29H32O7: 492.2148; found: 492.2132.


Dimethyl b-l-idopyranosiduronate (35): Pd(OH)2/C (14.4 mg) was added
to a solution of 34 (71.9 mg, 0.15 mmol) in MeOH (1.5 mL) and the mix-
ture was stirred under a H2 atmosphere for 22 h at RT. After this time,
the mixture was filtered and concentrated to give 35 (31.9 mg, 0.15 mmol,
quant). [a]22D =++80.7 (c=0.23 in MeOH); 1H NMR (600 MHz, CDCl3):
d=4.67 (d, J=1.7 Hz, 1H), 4.54 (d, J=2.2 Hz, 1H), 4.00 (dd, J=3.3,
3.9 Hz, 1H), 3.81–3.79 (m, 1H), 3.77 (s, 3H), 3.61 (dd, J=1.7, 3.9 Hz,
1H), 3.55 ppm (s, 3H); 13C NMR (150 MHz, CD3OD): d=171.8, 101.7,
75.1, 71.6, 71.3, 70.7, 57.4, 52.5 ppm; IR (neat): ñ=3488, 1734 cm�1;
HRMS (EI): calcd for C8H14O7: 222.0740; found: 222.0739.


1N-Benzyloxy-2,3,4,6-tetra-tert-butyldimethylsilyloxy-5-hydroxy-
(2R,3S,4R,5R)-hexanamide (37): A mixture of 36 (790 mg, 1.25 mmol)
and benzylhydroxyamine (1.23 g, 9.96 mmol) in CH2Cl2 (10 mL) was stir-
red at room temperature for 30 min, after which time, a solution of trime-
thylaluminum (9.96 mL of 1.00m solution in n-hexane, 9.96 mmol) was
added. The resulting solution was stirred at room temperature for a
period of 2 h. The reaction was quenched with pH 7 phosphate buffer
and the product was extracted with CH2Cl2. The combined organic phase
was dried over Na2SO4, filtered, and the solvent was removed in vacuo.
Purification by silica-gel chromatography (hexane/Et2O 10:1) gave 37
814 mg (86%). [a]24D =++98.5 (c=0.85 in CHCl3);


1H NMR (400 MHz,
CDCl3): d=8.62 (s, 1H), 7.36–7.30 (m, 5H), 5.06 (d, J=11.96 Hz, 1H),
4.82 (d, J=11.96 Hz, 1H), 4.58 (s, 1H), 4.02 (d, J=4.63 Hz, 1H), 3.86
(dd, 1H, J=4.63, 9.28 Hz, 1H), 3.81 (m, 1H), 3.63 (m, 2H), 3.49 (s, 1H),
0.91 (s, 9H), 0.90 (s, 9H), 0.87 (s, 9H), 0.79 (s, 9H), 0.15 (s, 3H), 0.14 (s,
3H), 0.11 (s, 3H), 0.07 (s, 6H), 0.04 (s, 3H), 0.03 (s, 3H), �0.07 ppm (s,
3H); 13C NMR (100 MHz, CDCl3): d=170.86, 135.63, 128.47, 128.32,
127.86, 77.98, 76.72, 74.05, 72.48, 68.85, 64.21, 26.15, 25.98, 25.96, 25.67,
18.63, 18.10, 18.04, 17.78, �3.84, �4.20, �4.75, �4.77, �4.78, �5.11,
�5.41 ppm; IR (neat): ñ=3416, 1711 cm�1; HRMS (FAB-NBA+NaI):
exact mass calcd for C37H75NO7Si4Na: 780.4518; found: 780.4515
[M+Na]+ .


2,3,4-Tri-O-tert-butyldimethylsilyl-l-idono-1,5-lactone (38’) and 3,4,5-
tris(tert-butyldimethylsilyloxy)-6-tert-butyldimethylsilyloxymethyl-1-(ben-
zyloxy)-(3R,4S,5R,6S)-tetrahydropyridin-2(1H)-one (39): p-TsOH·H2O
(17.5 mg, 0.09 mmol) was added to a mixture of 38 and 39 (67.9 mg, 38/39
1.4:1) in acetone (4.5 mL) at 0 8C. The solution was stirred at 5 8C for 6 d
and was then poured into saturated NaHCO3. The aqueous layer was ex-
tracted with CH2Cl2 and the combined organic extracts were dried over


Na2SO4, filtered, and concentrated in vacuo. The residue was purified by
chromatography on silica gel with (hexane/AcOEt 10:1!4:1) to give the
lactone compound 38’, which was derived from 38, and remaining 39.


Compound (38’): [a]24D =++10.1 (c=0.72 in CHCl3);
1H NMR (400 MHz,


CDCl3): d=4.62 (dd, J=5.12, 7.57 Hz, 1H), 4.08 (d, J=1.47 Hz, 1H),
3.92 (dd, J=7.57, 11.47 Hz 1H), 3.84 (m, 1H), 3.71 (d, J=2.93 Hz, 1H),
3.64 (dd, J=5.12, 11.47 Hz, 1H), 0.91 (s, 9H), 0.90 (s, 9H), 0.87 (s, 9H),
0.18 (s, 3H), 0.14 (s, 3H), 0.12 (s, 3H), 0.11 (s, 3H), 0.08 ppm (s, 3H);
13C NMR (100 MHz, CDCl3): d=170.90, 78.67, 77.36, 75.80, 69.32, 62.36,
26.03, 25.81, 25.77, 25.63, 18.46, 18.06, 17.93, �3.89, �3.93, �4.03, �4.42,
�4.77, �5.22 ppm; IR (neat): ñ=3411, 1750 cm�1; HRMS (FAB-NBA+


NaI): exact mass calcd for C24H52O6Si3: 520.3072; found: 520.3063.


Compound (39): [a]24D =++13.4 (c=0.36 in CHCl3);
1H NMR (400 MHz,


CDCl3): d=7.35–7.20 (m, 5H), 5.19 (dd, J=7.81, 11.72 Hz, 1H), 4.98 (d,
J=15.13 Hz, 1H), 4.94 (d, J=15.13 Hz, 1H), 4.27 (d, J=5.13 Hz, 1H),
3.92 (m, 1H), 3.85 (m, 1H), 3.78–3.76 (m, 2H), 0.91 (s, 9H), 0.89 (s, 9H),
0.83 (s, 18H), 0.12 (s, 3H), 0.10 (s, 3H), 0.08 (s, 3H), 0.07 (s, 3H), 0.05 (s,
3H), 0.02 (s, 3H), 0.01 (s, 3H), �0.02 ppm (s, 3H); 13C NMR (100 MHz,
CDCl3): d=153.24, 138.74, 127.89, 127.01, 78.58, 75.75, 75.51, 73.12,
71.71, 67.98, 26.25, 26.22, 26.06, 25.72, 18.52, 18.42, 18.40, 18.02, �3.67,
�4.35, �4.37, �4.59, �4.62, �4.73, �5.00, �5.08 ppm; IR (neat): ñ=


1642 cm�1; HRMS (EI): exact mass calcd for C37H73NO6Si4: 739.4515;
found: 739.4520 [M]+ .


1N-Methoxy-2,3,4,6-tetra-tert-butyldimethylsilyloxy-5-hydroxy-
(2R,3S,4R,5R)-hexanamide (40a): Compound 36 (68.9 mg, 0.10 mmol)
was converted into 40a (46.4 mg, 0.068 mmol, 63%). M.p. 87 8C (hexane/
AcOEt); [a]24D =++75.3 (c=1.03 in CHCl3);


1H NMR (400 MHz, CDCl3):
d=8.58 (s, 1H), 4.61 (s, 1H), 4.03 (d, J=4.63 Hz, 1H), 3.90 (dd, J=4.63,
9.28 Hz, 1H), 3.87 (m, 1H), 3.79 (s, 3H), 3.70–3.67 (m, 2H), 3.53 (s, 1H),
0.99 (s, 9H), 0.93 (s, 9H), 0.92 (s, 1H), 0.90 (m, 9H), 0.16 (s, 12H), 0.12
(s, 3H), 0.07 (s, 3H), 0.06 (s, 3H), 0.05 ppm (s, 3H); 13C NMR (100 MHz,
CDCl3): d=170.50, 76.58, 74.14, 72.47, 68.82, 64.27, 64.24, 26.16, 25.99,
25.98, 25.96, 25.89, 18.66, 18.11, 18.05, 18.01, �3.88, �4.01, �4.74, �4.76,
�4.78, �5.10, �5.46 ppm; IR (KBr): ñ=3418, 1711, 1468 cm�1; HRMS
(FAB-NBA+NaI): calcd for C31H72NO7Si4: 682.4386; found: 682.4391.


1N-Ethoxy-2,3,4,6-tetra-tert-butyldimethylsilyloxy-5-hydroxy-
(2R,3S,4R,5R)-hexanamide (40b): Compound 36 (83.4 mg, 0.12 mmol)
was converted into 40b (56.7 mg, 0.081 mmol, 74%). [a]24D =++86.4 (c=
1.02 in CHCl3);


1H NMR (400 MHz, CDCl3): d=8.51 (s, 1H), 4.60 (d, J=
1.10 Hz, 1H), 4.03 (dd, J=1.10, 6.88 Hz, 1H), 3.89 (dd, J=6.88, 9.07 Hz,
1H), 3.87–3.85 (m, 3H), 3.68 (dd, J=1.92, 10.72 Hz, 1H), 3.64 (dd, J=
3.58, 10.72 Hz, 1H), 2.69 (s, 1H), 1.27 (dd, J=6.6, 6.6 Hz, 1H), 0.98 (s,
9H), 0.91 (s, 18H), 0.89 (s, 9H), 0.14 (s, 12H), 0.12 (s, 3H), 0.07 (s, 3H),
0.05 ppm (s, 6H); 13C NMR (100 MHz, CDCl3): d=170.64, 76.61, 74.08,
72.43, 72.13, 64.21, 60.38, 13.73, 26.13, 25.96, 25.93, 25.85, 21.14, 18.62,
17.96, 17.93, �3.87, �3.91, �4.05, �4.08, �4.77, �4.81, �4.95, �5.13 ppm;
IR (neat): ñ=3416, 1709, 1464 cm�1; HRMS (FAB-NBA+NaI): calcd for
C32H73NO7Si4Na: 718.4362; found: 718.4363.


1N-tert-Butoxy-2,3,4,6-tetra-tert-butyldimethylsilyloxy-5-hydroxy-
(2R,3S,4R,5R)-hexanamide (40c): Compound 36 (114 mg, 0.18 mmol)
was converted into 40c (82.4 mg, 0.11 mmol, 63%). [a]24D =++71.5 (c=
0.12 in CHCl3);


1H NMR (400 MHz, CDCl3): d=8.14 (s, 1H), 4.69 (s,
1H), 4.08 (d, J=3.66, 1H), 3.96–3.92 (m, 2H), 3.76–3.69 (m, 2H), 3.62 (s,
1H), 1.33 (s, 9H), 1.05 (s, 9H), 0.98 (s, 18H), 0.98 (s, 9H), 0.95 (s, 9H),
0.24 (s, 3H), 0.22 (s, 9H), 0.17 (s, 3H), 0.12 ppm (s, 9H); 13C NMR
(100 MHz, CDCl3): d=177.94, 77.11, 74.01, 72.72, 68.95, 64.30, 29.07,
26.59, 26.20, 26.19, 26.06, 26.05, 25.96, 25.95, 25.89, 25.88, �81.24, 18.69,
18.14, 18.04, 17.91, �3.50, �3.57, �3.77, �4.66, �4.74, �5.06, �5.56 ppm;
IR (neat): ñ=3382, 1719, 1464 cm�1; HRMS (FAB-NBA+NaI): calcd for
C34H78NO7Si4: 724.4855; found: 724.4857.


1N-tert-Butoxy-2,3,4,6-tetra-tert-butyldimethylsilyloxy-5-hydroxy-
(2R,3S,4R,5R)-hexanamide (40d): Compound 36 (542 mg, 0.10 mmol)
was converted into 40d (553 mg, 0.71 mmol, 83%). [a]24D =++56.8 (c=1.32
in CHCl3);


1H NMR (400 MHz, CDCl3): d=8.38 (s, 1H), 4.63 (s, 1H),
4.06 (dd, J=1.22, 4.44 Hz, 1H), 3.95 (m, 1H), 3.92 (dd, J=4.44, 9.28 Hz,
1H), 3.71–3.66 (m, 2H), 3.61 (s, 1H), 1.00 (s, 9H), 0.97 (s, 9H), 0.94 (s,
18H), 0.92 (s, 9H), 0.23 (s, 3H), 0.18 (s, 3H), 0.17 (s, 6H), 0.16 (s, 3H),
0.14 (s, 3H), 0.10 (s, 6H), 0.09 (s, 3H), 0.08 ppm (s, 3H); 13C NMR
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(100 MHz, CDCl3): d=180.39, 85.04, 84.73, 82.14, 81.03, 72.33, 29.09,
28.94, 28.88, 28.80, 28.76, 21.57, 21.02, 20.96, 20.89, 20.83, �0.77, �0.82,
�0.94, �1.73, �1.85, �1.87, �1.98, �2.18, �2.25 ppm; IR (neat): ñ=3387,
1719, 1464 cm�1; HRMS (EI): calcd for C36H83NO7Si5: 781.5016; found:
781.4999.


3,4,5-Tris(tert-butyldimethylsilyloxy)-6-tert-butyldimethylsilyloxymethyl-
1-methoxy-(3R,4S,5R,6S)-tetrahydropyridin-2(1H)-one (42a): p-
TsOH·H2O (11.6 mg, 0.06 mmol) was added to a mixture of 41a and 42a
(40.2 mg, 41a/42a 1.3:1) in acetone (3.0 mL) at 0 8C. The solution was
stirred at 5 8C for 4 d and was then poured into saturated NaHCO3. The
aqueous layer was extracted with CH2Cl2 and the combined extracts
were dried over Na2SO4, filtered, and concentrated in vacuo. The residue
was purified by chromatography on silica gel with (hexane/AcOEt 10:1~
4:1) to give the lactone compound (38’) (21.2 mg, 0.03 mmol), which was
derived from 41a, and unreacted 42a (11.9 mg, 0.02 mmol).


Compound (42a): M.p. 65 8C (hexane/AcOEt); [a]24D =++13.4 (c=0.36 in
CHCl3);


1H NMR (400 MHz, CDCl3): d=7.35–7.20 (m, 5H), 5.19 (dd,
J=7.81, 11.72 Hz, 1H), 4.98 (d, J=15.13 Hz, 1H), 4.94 (d, J=15.13 Hz,
1H), 4.27 (d, J=5.13 Hz, 1H), 3.92 (m, 1H), 3.85 (m, 1H), 3.78–3.76 (m,
2H), 0.91 (s, 9H), 0.89 (s, 9H), 0.83 (s, 18H), 0.12 (s, 3H), 0.10 (s, 3H),
0.08 (s, 3H), 0.07 (s, 3H), 0.05 (s, 3H), 0.02 (s, 3H), 0.01 (s, 3H),
�0.02 ppm (s, 3H); 13C NMR (100 MHz, CDCl3): d=153.24, 138.74,
127.89, 127.01, 78.58, 75.75, 75.51, 73.12, 71.71, 67.98, 26.25, 26.22, 26.06,
25.72, 18.52, 18.42, 18.40, 18.02, �3.67, �4.35, �4.37, �4.59, �4.62, �4.73,
�5.00, �5.08 ppm; IR (neat): ñ=1642 cm�1; HRMS (FAB): exact mass
calcd for C41H42NO6: 644.3012; found: 644.3011 [M+H]+ .


3,4,5-Tris(tert-butyldimethylsilyloxy)-6-tert-butyldimethylsilyloxymethyl-
1-ethoxy-(3R,4S,5R,6S)-tetrahydropyridin-2(1H)-one (42b): p-
TsOH·H2O (9.2 mg, 0.04 mmol) was added to a mixture of 41b and 42b
(32.5 mg, 41b/42b 1.1:1) in acetone (2.5 mL) at 0 8C. The solution was
stirred at 5 8C for 5 d and was then poured into saturated NaHCO3. The
aqueous layer was extracted with CH2Cl2 and the combined organic ex-
tracts were dried over Na2SO4, filtered, and concentrated in vacuo. The
residue was purified by chromatography on silica gel with (hexane/
AcOEt 10:1!4:1) to give the lactone compound 38’ (9.4 mg, 0.02 mmol),
which was derived from 41b, and unreacted 42b (12.4 mg, 0.02 mmol).


Compound (42b): [a]24D =++16.8 (c=0.98 in CHCl3);
1H NMR (400 MHz,


CDCl3): d=5.19 (dd, J=7.81, 11.47 Hz, 1H), 4.34 (d, J=5.13, 1H), 4.00
(q, 2H), 3.92 (m, 1H), 3.87 (m, 1H), 3.81 (dd, J=3.17, 5.13 Hz, 1H), 3.76
(m, 1H), 1.25 (t, 3H), 0.92–0.90 (m, 36H), 0.12–0.07 ppm (m, 24H);
13C NMR (100 MHz, CDCl3): d=152.69, 78.55, 75.66, 73.10, 71.68, 69.37,
67.84, 15.07, 26.26, 26.21, 26.13, 25.77, 18.51, 18.48, 18.43, 18.06, �3.64,
�4.27, �4.38, �4.59, �4.60, �4.69, �4.93, �4.93 ppm; IR (neat): ñ=


1639 cm�1; HRMS (EI): exact mass calcd for C32H71NO6Si4: 677.4358;
found: 677.4362.


3,4,5-Tris(tert-butyldimethylsilyloxy)-6-tert-butyldimethylsilyloxymethyl-
1-(benzyloxy)-(3R,4S,5R,6S)-tetrahydropyridin-2(1H)-one (42c): p-
TsOH·H2O (13.5 mg, 0.04 mmol) was added to a mixture of 41c and 42c
(49.1 mg, 41c/42c 1:5.1) in acetone (3.6 mL) at 0 8C. The solution was stir-
red at 5 8C for 6 d and was then poured into saturated NaHCO3. The
aqueous layer was extracted with CH2Cl2 and the combined extracts
were dried over Na2SO4, filtered, and concentrated in vacuo. The residue
was purified by chromatography on silica gel with (hexane/AcOEt 10:1!
4:1) to give the lactone compound 38’ (6.4 mg, 0.02 mmol), which was de-
rived from 41b, and unreacted 42c (38.4 mg, 0.056 mmol).


Compound (42c): [a]24D =++3.78 (c=0.43 in CHCl3);
1H NMR (400 MHz,


CDCl3): d=5.13 (dd, J=7.81, 11.72 Hz, 1H), 4.36 (d, J=4.89, 1H), 3.89
(m, 1H), 3.84 (m, 1H), 3.79 (dd, J=2.93, 4.89 Hz, 1H), 3.75 (m, 1H),
1.25 (s, 9H), 0.90–0.88 (m, 36H), 0.10–0.07 ppm (m, 24H); 13C NMR
(100 MHz, CDCl3): d=151.46, 77.71, 76.08, 73.62, 71.85, 67.60, 27.71,
26.25, 26.21, 26.13, 25.83, 78.76, 18.54, 18.50, 18.42, 18.10, �3.73, �4.38,
�4.44, �4.57, �4.63, �4.69, �4.72, �4.97 ppm; IR (KBr): ñ=1638 cm�1;
HRMS (EI): exact mass calcd for C34H75NO6Si4: 705.4671; found:
705.4672.


1,3,4,5-Tetrakis(tert-butyldimethylsilyloxy)-6-tert-butyldimethylsilyloxy-
methyl-(3R,4S,5R,6S)-tetrahydropyridin-2(1H)-one (42d): Compound
40d (65.5 mg, 0.08 mmol) was converted into 42d (39.4 mg, 0.05 mmol,
61%). [a]24D =++6.50 (c=0.37 in CHCl3);


1H NMR (400 MHz, CDCl3): d=


5.13 (dd, J=7.57, 11.72 Hz, 1H), 4.36 (d, J=4.64, 1H), 3.86–3.83 (m,
2H), 3.80 (dd, J=2.69, 4.64, 1H), 3.77 (d, J=11.72, 1H), 0.93–0.87 (m,
45H), 0.12–0.00 ppm (m, 30H); 13C NMR (100 MHz, CDCl3): d=180.39,
85.04, 84.73, 82.14, 81.03, 72.33, 29.09, 28.94, 28.88, 28.76, 21.57, 21.02,
20.96, 20.89, 20.83, �0.77, �0.82, 0.94, �1.73, �1.85, �1.87, �1.98, �2.18,
�2.25 ppm; IR (neat): ñ=1634 cm�1; HRMS (EI): exact mass calcd for
C36H81NO6Si5: 763.4910; found: 763.4918.


1,3,4,5-Tetrakis(tert-butyldimethylsilyloxy)-6-hydroxymethyl-
(3R,4S,5R,6S)-2-piperidinone (42d’): p-TsOH·H2O (10.6 mg, 0.06 mmol)
was added to a mixture of 41d and 42d (42.7 mg, 41d/42d 1:1.8) in ace-
tone (2.8 mL) at 0 8C. The solution was stirred at 5 8C for 6.5 d and was
then poured into saturated NaHCO3. The aqueous layer was extracted
with CH2Cl2 and the combined organic extracts were dried over Na2SO4,
filtered, and concentrated in vacuo. The residue was purified by chroma-
tography on silica gel with (hexane/AcOEt 10:1!4:1) to give the lactone
compound 38’ (6.9 mg, 0.01 mmol), which was derived from 41d, and de-
silylated 42d’ (18.7 mg, 0.03 mmol).


Compound (42d’): [a]24D =++8.56 (c=0.33 in CHCl3);
1H NMR (400 MHz,


CDCl3): d=5.25 (dd, J=7.81, 11.72 Hz, 1H), 4.37 (dd, J=0.98, 5.13, 1H),
3.94–3.81 (m, 4H), 0.93–0.90 (m, 36H), 0.12–0.09 ppm (m, 24H);
13C NMR (100 MHz, CDCl3): d=154.54, 78.50, 75.45, 73.02, 71.54, 68.14,
26.25, 26.20, 26.08, 25.80, 18.52, 18.46, 18.42, 18.03, �3.63, �4.31, �4.42,
�4.60, �4.65, �4.74, �4.94, �5.03 ppm; IR (neat): ñ=1680, 3349 cm�1;
HRMS (EI): exact mass calcd for C30H67NO6Si4: 649.4045; found:
649.4042.


1N-Benzyloxy-2,3,4,6-tetra-tert-butyldimethylsilyloxy-5-hydroxy-
(2R,3S,4S,5R)-hexanamide (44a): Compound 43 (324 mg, 0.51 mmol)
was converted into 44a (335 mg, 0.44 mmol, 87%). [a]24D =++16.4 (c=0.47
in CHCl3);


1H NMR (400 MHz, CDCl3): d=8.71 (s, 1H), 7.40–7.33 (m,
5H), 4.93 (s, 2H), 4.14 (d, J=4.64 Hz, 1H), 4.04 (dd, J=2.68, 4.39 Hz,
1H), 4.00 (dd, J=2.68, 4.64 Hz, 1H), 3.79 (m, 1H), 3.59 (dd, J=5.86,
9.52 Hz, 1H), 3.55 (dd, J=8.06, 9.52 Hz, 1H), 2.99 (s, 1H), 0.92 (s, 9H),
0.90 (s, 9H), 0.89 (s, 9H), 0.86 (s, 9H), 0.14 (s, 9H), 0.10 (s, 3H), 0.09 (s,
3H), 0.06 (s, 6H), 0.04 ppm (s, 3H); 13C NMR (100 MHz, CDCl3): d=
169.83, 135.73, 128.55, 128.34, 128.27, 78.47, 77.88, 71.14, 71.03, 63.41,
73.31, 26.32, 26.12, 26.02, 25.87, 18.66, 18.39, 18.30, 18.22, �2.89, �4.21,
�4.54, �4.63, �4.79, �4.87, �5.15, �5.21 ppm; IR (neat): ñ=3418, 1705,
1472 cm�1; HRMS (FAB-NBA+NaI): exact mass calcd for
C37H75NO7Si4Na: 780.4518; found: 780.4517 [M+Na]+ .


1N-tert-Butyldimethylsilyloxy-2,3,4,6-tetra-tert-butyldimethylsilyloxy-5-
hydroxy-(2R,3S,4S,5R)-hexanamide (44b): Compound 43 (165 mg,
0.26 mmol) was converted into 44b (179 mg, 0.23 mmol, 88%). [a]24D =


�7.10 (c=1.01 in CHCl3);
1H NMR (400 MHz, CDCl3): d=8.36 (s, 1H),


4.15 (d, J=4.40 Hz, 1H), 4.05 (dd, J=2.44, 4.64 Hz, 1H), 3.95 (dd, J=
2.44, 4.40 Hz, 1H), 3.75 (dd, J=5.37, 10.01 Hz, 1H), 3.62 (dd, J=8.06,
10.01 Hz, 1H), 3.55 (m, 1H), 3.09 (s, 1H), 0.97 (s, 9H), 0.96 (s, 9H), 0.95
(s, 9H), 0.93 (s, 9H), 0.90 (s, 9H), 0.19 (s, 3H), 0.16 (s, 15H), 0.14 (s,
3H), 0.11 (s, 3H), 0.07 (s, 3H), 0.06 ppm (s, 3H); 13C NMR (100 MHz,
CDCl3): d=171.49, 78.40, 72.96, 72.46, 71.14, 63.38, 26.46, 26.14, 26.10,
26.01, 25.95, 18.80, 18.44, 18.39, 18.36, 18.19, �2.98, �4.00, �4.61, �4.69,
�4.88, �5.07, �5.10, �5.15, �5.26, �5.28 ppm; IR (neat): ñ=1740,
1472 cm�1; HRMS (FAB-NBA+NaI): calcd for C36H84NO7Si5: 782.5094;
found: 782.5087 [M+Na]+ .


2N-Benzyloxy-3,4,5-tris(tert-butyldimethylsilyloxy)-6-tert-butyldimethylsi-
lyloxymethyl-(3R,4S,5S,6S)-tetrahydro-2H-pyran-2-imine (45a) and 3,4,5-
tris(tert-butyldimethylsilyloxy)-6-tert-butyldimethylsilyloxymethyl-1-(ben-
zyloxy)-(3R,4S,5S,6S)-tetrahydropyridin-2(1H)-one (46a): Compound
44a (68.9 mg, 0.442 mmol) was converted into products 45a/46a 1.6:1
(54.0 mg, 0.07 mmol, 80%).


Compound (45a): [a]24D =�41.6 (c=0.78 in CHCl3);
1H NMR (400 MHz,


CDCl3): d=7.46–7.32 (m, 5H), 5.12 (d, J=12.70 Hz, 1H), 5.06 (d, J=
12.70 Hz, 1H), 4.59 (dd, J=1.95, 9.52 Hz, 1H), 4.25 (d, J=9.28, Hz, 1H),
4.16 (d, J=3.91 Hz, 1H), 4.19 (dd, J=1.95, 11.96 Hz, 1H), 3.98–3.95 (m,
2H), 1.02 (s, 9H), 1.00 (s, 9H), 0.96 (s, 18H), 0.26 (s, 3H), 0.22 (s, 6H),
0.18 (s, 6H), 0.17 (s, 3H), 0.15 (s, 3H), 0.04 ppm (s, 3H); 13C NMR
(100 MHz, CDCl3): d=152.41, 138.62, 127.85, 127.80, 127.06, 77.97, 75.80,
73.12, 70.63, 64.21, 61.36, 26.17, 26.09, 25.82, 18.68, 18.22, 18.18, 18.14,
�3.52, �4.30, �4.33, �4.57, �4.66, �4.82, �5.23, �5.27 ppm; IR (neat):
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ñ=1649 cm�1; HRMS (EI): exact mass calcd for C37H73NO6Si4: 739.4515;
found: 739.4519 [M]+ .


Compound (46a): [a]24D =�4.82 (c=1.03 in CHCl3);
1H NMR (400 MHz,


CDCl3): d=7.34–7.25 (m, 5H), 4.99 (s, 2H), 4.57 (dd, J=3.66, 6.10 Hz,
1H), 4.37 (d, J=3.66 Hz, 1H), 4.15 (dd, J=3.18, 6.10 Hz, 1H), 4.10 (m,
1H), 3.90 (dd, J=3.66, 10.99, 1H), 3.76 (dd, J=4.88, 10.99 Hz, 1H), 0.89
(s, 9H), 0.88 (s, 18H), 0.84 (s, 9H), 0.15–0.01 ppm (s, 24H); 13C NMR
(100 MHz, CDCl3): d=157.30, 138.34, 127.89, 127.18, 76.17, 75.95, 75.09,
69.99. 64.39, 56.35, 26.06, 26.02, 25.97, 25.72, 18.49, 18.33, 18.12, 18.06,
�3.76, �4.04, �4.09, �4.32, �4.34, �4.63, �5.20 ppm; IR (neat): ñ=


1741 cm�1; HRMS (EI): exact mass calcd for C37H73NO6Si4: 739.4515;
found: 739.4520.


2N-tert-Butyldimethylsilyloxy-3,4,5-tris(tert-butyldimethylsilyloxy)-6-tert-
butyldimethylsilyloxymethyl-(3R,4S,5S,6S)-tetrahydro-2H-pyran-2-imine
(45b) and 1,3,4,5-tetrakis(tert-butyldimethylsilyloxy)-6-tert-butyldime-
thylsilyloxymethyl-(3R,4S,5S,6S)-tetrahydropyridin-2(1H)-one (46b):
Compound 44b (162 mg, 0.442 mmol) was converted into products 45b/
46b 1.6:1 (111 mg, 0.15 mmol, 70%).


Compound (45b): [a]24D =++2.11 (c=0.59 in CHCl3);
1H NMR (400 MHz,


CDCl3): d=5.14 (dd, J=7.56, 11.72 Hz, 1H), 4.35 (d, J=4.64 Hz, 1H),
3.86–3.83 (m, 2H), 3.79 (dd, J=4.64, 2.69 Hz, 1H), 3.76 (d, J=11.72, Hz,
1H), 0.92 (s, 9H), 0.89 (s, 9H), 0.88 (s, 18H), 0.87 (s, 9H), 0.12–0.02 ppm
(m, 30H); 13C NMR (100 MHz, CDCl3): d=156.54, 78.94, 75.91, 74.16,
71.90, 67.66, 26.47, 26.24, 26.22, 26.09, 26.00, 26.20, 18.62, 18.44, 18.43,
18.33, �3.77, �4.37, �4.49, �4.52, �4.67, �4.72, �4.90, 4.96 ppm; IR
(neat): ñ=1636 cm�1; HRMS (EI): exact mass calcd for C36H81NO6Si5:
763.4910; found: 763.4918 [M]+ .


Compound (46b): [a]24D =�7.42 (c=0.19 in CHCl3);
1H NMR (400 MHz,


CDCl3): d=4.54 (dd, J=3.17, 5.61 Hz, 1H); 4.33 (d, J=1.71 Hz, 1H);
4.16–4.10 (m, 2H); 3.91 (dd, J=3.17, 10.99 Hz, 1H); 3.78 (dd, J=5.61,
10.99 Hz, 1H); 0.92–0.87 (m, 45H); 0.17–0.07 ppm (m, 30H); 13C NMR
(100 MHz, CDCl3): d=160.37, 76.05, 75.26, 71.71, 64.93, 26.41, 26.14,
26.09, 25.77, 25.82, 18.54, 18.39, 18.16, 18.09, �4.01, �4.29, �4.86, �5.08,
�5.10 ppm, IR (neat): ñ=1746 cm�1; HRMS (EI): exact mass calcd for
C36H81NO6Si5: 763.4910; found: 763.4908.


General procedure for the reduction of 39, 42, and 46 : Pd(OH)2/C
(67.6 mg) was added to a solution of 42d (67.6 mg, 0.09 mmol) in MeOH
(5.0 mL) and the resulting mixture was stirred under a H2 atmosphere for
12 h at RT. After this time, the mixture was filtered and concentrated.
Purification by column chromatography on silica gel (hexane/Et2O 4:1)
afforded 47 (42.3 mg, 0.07 mmol, 76%).


3,4,5-Tris(tert-butyldimethylsilyloxy)-6-tert-butyldimethylsilyloxymethyl-
(3R,4S,5R,6S)-2-piperidinone (47): [a]24D =++6.12 (c=1.07 in CHCl3);
1H NMR (400 MHz, CDCl3): d=6.29 (s, 1H), 5.21 (dd, J=8.06, 11.72 Hz,
1H), 4.37 (dd, J=0.98, 5.13 Hz, 1H), 3.88 (m, 1H), 3.84 (m, 1H), 3.80–
3.78 (m, 2H), 0.93 (s, 9H), 0.92 (s, 18H), 0.91 (s, 9H), 0.17 (s, 3H), 0.16
(s, 3H), 0.15 (m, 9H), 0.13 (s, 3H), 0.11 ppm (s, 6H); 13C NMR
(100 MHz, CDCl3): d=158.58, 76.10, 75.09, 71.40, 64.50, 26.06, 26.03,
25.93, 25.73, 18.50, 18.38, 18.16, 18.05, �3.54, �3.98, �4.30, �4.70, �5.19,
�5.24 ppm; IR (neat): ñ=1752, 1472 cm�1; HRMS (EI): exact mass calcd
for C30H67NO5Si4: 633.4096; found: 633.4094.


3,4,5-Tris(tert-butyldimethylsilyloxy)-6-tert-butyldimethylsilyloxymethyl-
(3R,4S,5S,6S)-2-piperidinone (48): Compound 46a (60.3 mg, 0.07 mmol)
was converted into 48 (43.6 mg, 0.07 mmol, 86%). [a]24D =++0.09 (c=0.37
in CHCl3);


1H NMR (600 MHz, CDCl3): d=7.11 (s, 1H), 4.61 (dd, J=
3.18, 6.59 Hz, 1H), 4.35 (m, 1H), 4.17–4.13 (m, 2H), 3.90 (dd, J=3.18,
10.99 Hz, 1H), 3.80 (dd, J=4.64, 10.99 Hz, 1H), 0.90 (s, 9H), 0.89 (s,
18H), 0.88 (s, 9H), 0.14–0.10 ppm (m, 24H); 13C NMR (150 MHz,
CDCl3): d=158.64, 76.05, 75.04, 71.38, 64.47, 60.43, 26.05, 26.02, 25.93,
25.69, 18.49, 18.37, 18.16, 8.05, �3.57, �3.99, �4.02, �4.32, �4.71, �5.21,
�5.25 ppm; IR (neat): ñ=1703 cm�1; HRMS (EI): exact mass calcd for
C30H67NO5Si4: 633.4096; found: 633.4087.
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Mechanisms of and Effect of Coadsorption on Water Dissociation on an
Oxygen Vacancy of the MgO ACHTUNGTRENNUNG(100) Surface


Yan Wang,[a, b] Hung N. Nguyen,[a] and Thanh N. Truong*[a]


Introduction


The dissociation of water on MgO surfaces plays important
roles in many chemical processes involved in surface sci-
ence, environmental chemistry, and bioengineering and,
thus, has received considerable attention.[1–15] Previous ex-
periments have shown that its dissociation mechanism is
complex and can be affected by the quality of the surface as
well as by water vapor pressure and surface tempera-
ture.[16–20] Particularly, photoemission spectra, infrared spec-
tra, and low-energy electron diffraction (LEED) data
showed the considerable signatures of hydroxy groups (dis-


sociated products) on the defective MgO surface, namely on
vacancies or steps on cleaved surfaces.[21,22] It is a well-ac-
cepted fact from previous experimental and theoretical stud-
ies that the point defects such as oxygen vacancies on the
MgO surface in addition to structural defects such as steps
and kinks facilitate the water dissociation.[22–28] However,
the detailed reaction mechanism of water dissociation on
the oxygen vacancy is still not well understood.[13] For exam-
ple, synchrotron-based photoemission spectroscopy and
LEED experiments have recently detected 5% monolayer
coverage of hydroxy groups produced through water dissoci-
ation on the perfect MgO ACHTUNGTRENNUNG(100) surface at pACHTUNGTRENNUNG(H2O)�23
10�5 Torr and 35% monolayer coverage of that on the Ar�-
sputtered MgO surface, which has a high concentration of
oxygen vacancies.[22] Photoemission data also suggested that
water dissociation on the perfect surface requires significant-
ly more activation energy than on the point defects of an
MgO surface.[29] In contrast, Goodman and co-workers
found no evidence for the dissociation of water on the de-
fective MgO surface in their temperature-programmed de-
sorption (TPD) and metastable impact electron spectrosco-


Abstract: The dissociation mechanism
of a water molecule at an oxygen va-
cancy on the MgO ACHTUNGTRENNUNG(100) surface was
studied by using the embedded cluster
method at the DFT/B3LYP level,
while the energetic information was re-
fined by using the IMOMO method at
the CCSD level. We found that a water
molecule initially adsorbs on one of the
magnesium ions surrounding the vacan-
cy site with a binding energy of
15.98 kcalmol�1. It then can dissociate
on the MgO ACHTUNGTRENNUNG(100) surface along two
possible dissociation pathways. One
pathway produces a hydroxyl group
bonded to the original magnesium with
a proton filling the vacancy via a tran-
sition state with a barrier of 4.67 kcal


mol�1 relative to the adsorbed water
configuration. The other pathway
yields two hydroxy groups; the hydroxy
group originally belonging to the water
molecule fills the vacancy, while the
hydrogen atom binds with the surface
oxygen to form the other hydroxy
group. Hydrogen atoms of these hy-
droxy groups can recombine to form a
hydrogen molecule and the surface is
healed. Although the barrier
(14.09 kcalmol�1) of the rate-control-


ling step of the latter pathway is higher
than that of the former one, the ener-
gies of all of its stationary points are
lower than that of the separated reac-
tants (H2O+cluster). The effects of
water coadsorption are modeled by
placing an additional water molecule
near the active center, which suggests
that the more coadsorbed water mole-
cules further stabilize the hydroxy spe-
cies and prevent the hydrogen mole-
cule formation through the latter path-
way. The results support the photoem-
ission spectral evidence of water disso-
ciation on the defective MgO ACHTUNGTRENNUNG(100)
surface at low water coverage.
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py (MIES) experiments.[30–32] Therefore, the experimental
detection of hydroxy groups exhibits a strong dependence
on the measurement conditions as well as on the surface
preparation, demonstrating the complex mechanisms of
water dissociation on surface defects.[22,31–34] The ambiguity
regarding the mechanism of water dissociation on the defec-
tive MgO surfaces still persists.[35]


The adsorption of a water molecule on a defective MgO
surface has also been examined in a number of theoretical
studies. Calculated thermodynamics data have suggested
that the dissociation of water on defective MgO surfaces is
affected by, for example, the water–surface orientation[36–38]


and the coadsorbed water.[25, 39,40] Ahlswede et al.[41] used the
MSIINDO semiempirical method to calculate the adsorp-
tion energies of H, OH and H+OH species on the defects,
and concluded that dissociative adsorption would take place
at the surface point defects, such as Fs (oxygen vacancy)
and Ms (di-oxygen vacancy) centers. Using molecular-dy-
namics simulations based on the pseudopotential plane-
wave DFT approach, Finocchi et al.[7] suggested a different
dissociation pathway in which the oxygen atom of the water
heals the surface, that is, H2O(ad) ! H2(g) + OACHTUNGTRENNUNG(surface).
However, these results were derived from constraint MD
simulations. The actual potential energy surface along such
a pathway has not been identified. In addition, these theo-
retical studies[7,41] only examined the adsorption of isolated
water. In our previous study[42] we have shown that the co-
adsorption of at least one additional water molecule (water
dimer) is sufficient to observe water dissociation on the per-
fect MgO surface. Therefore, one can expect that coadsorp-
tion would play an important role in stabilizing the hydroxy
species on the surface and thus would be crucial for under-
standing the mechanism of water dissociation on an oxygen
vacancy on the MgO ACHTUNGTRENNUNG(100) surface.


In this study, our main objective is to determine the possi-
ble dissociative pathways of water on an oxygen vacancy on
the MgO ACHTUNGTRENNUNG(100) surface. In particular, the roles of coadsorp-
tion in the dissociative mechanism, which have not been ad-
dressed previously, will be a focus of this study. To be able
to make comparisons with our previous work on the disso-
ciative adsorption of water dimer on the perfect MgO ACHTUNGTRENNUNG(100)
surface,[42] we used the same level of electronic structure
theory to examine the potential energy surface of isolated
water and water dimer adsorbed on an oxygen vacancy of
an MgO ACHTUNGTRENNUNG(100) surface. In addition, the theoretical analysis of
spectral properties of water dissociation with respect to
those of analogous species in experiments is used to explain
or support experimental observations.


Computational Methods


The interaction of H2O with the surface oxygen vacancy of
MgO ACHTUNGTRENNUNG(100) is studied by using the embedded cluster ap-
proach. To represent a surface oxygen vacancy (Fs center)
in this approach, the surface oxygen atom in the center of
the MgO ACHTUNGTRENNUNG(100) surface is removed to create the Mg21O12


cluster (Figure 1). This cluster is treated quantum mechani-
cally along with the adsorbate (isolated water molecule or
water dimer), and surrounded by a set of total ion model


potential (TIMP) for all Mg2+ ions that are nearest to any
quantum oxygen atom and a set of point charges whose unit
cell was within 1.2 nm from any of the quantum cluster
atoms. These TIMP and point charges (PC=�2) are located
at the lattice positions, which were taken from the experi-
mental MgO bulk structure. With these TIMPs, the artificial
polarization of oxygen anions at the cluster borders can be
reduced and orthogonality of the cluster orbitals to orbitals
of the crystal surrounding can be approximated.[43,44] The
Madelung potential from the remaining extended MgO sur-
face is represented classically by a set of surface charges de-
rived from the surface charge representation of the external
embedding potential (SCREEP) method.[45] More details on
the SCREEP method can be found in references [42,45–48].


The hybrid B3LYP DFT method was used with a mixed
basis set to calculate the dissociation reactions of water. The
6–311G ACHTUNGTRENNUNG(d, p) basis set was used for the water molecule, and
the 6–31++GACHTUNGTRENNUNG(d, p) basis set was used on the Mg atoms
nearest the vacancy to describe the electron localization in
the cavity. The 6–31G ACHTUNGTRENNUNG(d, p) basis set was used for the four
nearest neighbor surface O atoms surrounding the oxygen
vacancy. The 3–21G ACHTUNGTRENNUNG(d, p) basis set was used for the remain-
ing cluster atoms.


Geometries of the adsorbed isolated water molecule and
selected geometrical parameters of the MgO quantum clus-
ter are fully optimized in determinations of all stable and
saddle-point structures for the water dissociation paths on
the oxygen vacancy. In particular, the surface atoms sur-
rounding the vacancy site, that is five Mg atoms and four O
atoms were fully relaxed. Normal mode analyses were done
to confirm the nature of each stationary point. In the case of
the water dimer, we are mainly interested in the effects of
water coadsorption on the dissociative pathways. Thus, at
each stationary point on the dissociative pathways of the
isolated water adsorption on the oxygen vacancy, the geom-
etry of the coadsorbed water is fully optimized, while the
geometries of the dissociated water molecule and the MgO
cluster are fixed from the isolated water case.


To improve the energetic properties, we also employed
the IMOMO (integrated molecular orbital + molecular or-
bital) method.[49,50] The IMOMO method allows interactions


Figure 1. Cluster model Mg21O12 with an oxygen vacancy in the surface
center.
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in a subregion of the system to be treated at a more accu-
rate level of theory and thus provides a cost-effective
method for improving energetic properties in our previous
studies of adsorption on metal oxide surfaces.[42, 47,48] In this
case, a smaller quantum cluster consisting of the adsorbed
water and nine atoms surrounding the vacancy was selected
as a model system, and was treated at the CCSD level with
the above mixed basis set. Hereafter, all energies referred to
in this study are at the IMOMO theory level. The interac-
tion energies have been corrected by the basis set superposi-
tion error (BSSE) using the counterpoise method within the
IMOMO formulation for calculating the total energy.[51] All
calculations were carried out by using the Gaussian03 pro-
gram.[52]


Results and Discussion


Electronic structure of the oxygen vacancy on the MgO ACHTUNGTRENNUNG(100)
surface : It is known that an oxygen vacancy on the MgO-
ACHTUNGTRENNUNG(100) surface (Fs center) is energetically the most stable
point defect compared to other kinds of point defects.[13] A
detailed description can be found in our previous study.[53]


The surface relaxation surrounding the oxygen vacancy is
small, comprising outward movements of the nearest four
Mg atoms on the surface by 4.7% and the next shell O
atoms by 2.4%. Similar relaxation of 4–8% was observed
for a bulk F+ center from EPR experiments.[54] The calculat-
ed electron density distribution shows a significant electron
density localized in the vacancy region, which has been dis-
cussed in our previous work.[53] The formation energy of the
vacancy calculated with respect to a free oxygen atom in its
ground state is equal to 207.5 kcalmol�1 with the BSSE cor-
rection, which also is consistent with the experimental esti-
mate of 158~227 kcalmol�1.[55–58] These results indicate that
the embedded cluster model and the level of theory used in
this study are sufficiently accurate to describe the oxygen
vacancy MgO ACHTUNGTRENNUNG(100) surface.


Adsorption of isolated water on an oxygen vacancy of the
MgO ACHTUNGTRENNUNG(100) surface : For the adsorbed water state, we fully
optimized the geometry of the adsorbed H2O molecule and
the nine atoms surrounding the vacancy site. Selected geo-
metrical parameters of the adsorbed water molecule are
given in Table 1. Consistent with the periodic simulation re-
sults of Finocchi et al.,[7] the adsorbed water is aligned
nearly parallel with the two hydrogen atoms tilting slightly
toward the surface vacancy. In particular, the oxygen atom
of H2O is almost on top of the magnesium atom (Mg1) next
to the vacancy with the O5�Mg1 distance of 2.27 K; the hy-
drogen atom H6 forms a hydrogen bond with a nearest sur-
face oxygen atom (O2); the H6�O2 distance is 1.91 K. The
other hydrogen atom (H7) points towards the vacancy and
the H7�Fs distance is 2.26 K. Thus the H7�Fs bond is
0.35 K longer than H6�O2 bond, which results from the ad-
sorbed water molecule being repulsed slightly by the elec-
trons around the vacancy site. The calculated binding energy


is 15.98 kcalmol�1 by using the IMOMO (CCSD:B3LYP)
method with inclusion of the BSSE correction of 4.51 kcal
mol�1. Note that the BSSE correction is within the range of
2.3~4.6 kcalmol�1 from previous calculations using similar
levels of theory.[59] The calculated binding energy from this
work is consistent with the previous theoretical data of
10.4 kcalmol�1 at the pseudopotential plane-wave DFT level
of theory.[7] Moreover, the experimental binding energy of
about 15 kcalmol�1 for water adsorbed on the perfect MgO
surface can also provide a rough comparison with the pres-
ent calculated value.[60]


Dissociation of water on the vacancy site : In the present
study we found that isolated water can dissociate on an
oxygen vacancy of the MgO ACHTUNGTRENNUNG(100) surface via two separate
pathways. One is referred to as the normal dissociation
pathway as it has been found in previous theoretical stud-
ies.[7,41] In the second pathway the dissociation can also heal
the surface and desorbs the hydrogen molecule and is refer-
red to as the surface healing dissociation pathway. Selected
geometrical parameters of stationary points along these two
pathways are given in Table 1 (along with previous theoreti-
cal data) and are also shown in Figure 2. The energetic
properties are listed in Table 2 and shown also in Figure 3.


Normal dissociation pathway : As shown in Figure 2a the
normal dissociation pathway shows that the adsorbed water
(R) near the vacancy dissociates into a proton that fills the
vacancy and a hydroxyl that is bonded to two nearby mag-
nesium atoms (NP) via the transition state (NTS). At the
transition state (NTS), the dissociated hydrogen atom (H7)
is localized between the vacancy site and water oxygen
atom, and the O5�H7 distance is 1.23 K. The hydroxy group
O5H6 is localized at the Mg1 atom tilting toward to the va-


Table 1. Selected optimized parameters (distances are in K and angles in
degrees) of water at the stationary points along the normal and surface
healing dissociation pathways.


Normal dissociation pathway
R NTS NP


Mg1�O5 2.27 (2.19)[a] 2.10 2.12 (2.12)[a] (2.11)[b]


Mg4�O5 3.96 2.94 2.12 (2.12)[a] (2.11)[b]


O2�H6 1.91 3.14 3.63
O5�H7 0.98 (0.97)[a] 1.23 2.32 (2.21)[b]


O5�H6 0.98 (0.99)[a] 0.97 0.96 (0.96)[a] (0.93)[b]


aH6O5H7 102.7 106.1 76.0
aMg1O5H6H7 88.6 91.0 54.6


Surface healing dissociation pathway
STS1 SIn STS2 SP


Mg1�O5 2.0 2.32 2.28 2.15
O5�H7 0.98 1.00 1.23 2.37
O5�H6 1.80 2.97 2.69 3.12
O2�H6 0.99 1.03 1.15 4.37
H6�H7 2.58 2.51 1.78 0.75
aH6O5H7 133.9 54.2 32.9 0.49
aMg1O5H6H7 �114.9 �109.0 �109.6 �140.5


[a] Value is taken from reference [7]. [b] Value is taken from reference
[41].
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cancy, and the Mg1�O5 distance is 2.10 K. Normal-mode
analysis confirms that NTS was the transition state corre-
sponding to the dissociation of isolated water on the oxygen
vacancy. The stable dissociated configuration of the product
NP, in this pathway, corresponds to the oxygen atom (O5) of
the hydroxy group (O5H6) bonded to two surface magnesi-
um atoms (Mg1 and Mg4) for which the Mg�O distances
are 2.12 K. The dissociated proton (H7), which is located
slightly below the surface plane by 0.18 K, fills the vacancy
site, and in this case the O5�H7 distance is 2.32 K (see Fig-
ure 2a). The configuration of NP is similar to that found by
Ahlswede et al.[41] and Finocchi et al.[7] as seen in Table 1.


The bridge structure of the O5 atom bonded to two surface
Mg atoms as well as the capture of H7 by the vacancy in NP
play a rather active role in stabilizing this dissociated prod-
uct (the hydroxyl and proton). In addition, the calculated
frequency of 3850 cm�1 for the OH species of the product
NP is somewhat higher than the IR experimental data of
3369 cm�1.[61] The difference between the calculated and ex-
perimental frequency data indicates that the coadsorption
water under experimental measurement conditions may
reduce the bond strength of OH species.


The calculated forward barrier for this normal dissocia-
tion pathway is 4.67 kcalmol�1, and the reaction energy rela-
tive to the adsorbed water (R) is �46.09 kcalmol�1 (see
Table 2 and Figure 3). Our calculated results are slightly dif-
ferent from the estimated data of 7.29 kcalmol�1 and
�38.05 kcalmol�1 using molecular dynamic simulations, re-
spectively, reported by Finocchi et al.[7] The present results
indicate that the dissociation of an isolated water molecule
on an oxygen vacancy of the MgO ACHTUNGTRENNUNG(100) surface into a hy-
droxy group is feasible due to the small forward barrier
along this pathway. Furthermore, the energy released from
adsorption of the water molecule on the vacancy of
15.98 kcalmol�1 would provide energy for dissociation of the
water to form NP. The large exoergicity of �46.09 kcalmol�1


would prevent the reverse reaction (reforming the water
molecule) from occurring. Consequently, this dissociation
pathway can explain the presence of a stable surface hy-


Figure 2. Optimized structures on the oxygen vacancy MgOACHTUNGTRENNUNG(100) surface: a) for the normal dissociation pathway, b) for the surface healing dissociation
pathway.


Table 2. Binding energies (EBD), barrier heights (DV¼6 ) and reaction en-
ergies (DE) (kcalmol�1) of water dissociation on an oxygen vacancy
MgO ACHTUNGTRENNUNG(100) surface.


Normal pathway Surface healing pathway
B3LYP IMOMO B3LYP IMOMO


EBD 21.91 20.49 21.91 20.49
EBD ACHTUNGTRENNUNG(ZPE+BSSE) 17.40 15.98 17.40 15.98
DV¼6


N 5.79 9.43 16.78 14.95
DV¼6


N ACHTUNGTRENNUNG(ZPE) 1.03 4.67 15.91 14.09
DE(reference to R) �39.89 �48.20 �5.99 �7.69
DE(reference to R, ZPE) �42.00 �46.09 �8.65 �10.34
DV¼6


S 4.72 10.75
DV¼6


S ACHTUNGTRENNUNG(ZPE) �0.15 5.88
DE(reference to SIn) �76.21 �61.90
DE(reference to SIn, ZPE) �78.43 �64.12
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droxy group on the defective MgO surface in the limit of
very low coverage in many experiments.[22,29, 31]


Surface healing dissociation pathway : The surface healing
pathway in which the dissociation of water may heal the
oxygen vacancy and desorbs a hydrogen molecule is shown
in Figure 2b. This pathway is
quite different from that sug-
gested by Finocchi et al.[7] from
previous constraint MD simula-
tions. The differences are dis-
cussed separately below. In our
results, this pathway consists of
first the hydrogen (H6) of
water moving to the nearest
neighboring surface oxygen
(O2) to form a hydroxyl group,
while the remaining hydroxy
group of water fills the vacancy
site to form the intermediate
SIn via a transition state STS1;
then two hydrogen atoms from
the two hydroxy species formed
in the first step in SIn can re-
combine to form a hydrogen
molecule above the surface
plane via a transition state
STS2. The vacancy site is finally
healed by the water oxygen atom. Selected optimized geo-
metrical parameters are listed in Table 1. From Figure 2b
and Table 1 it can be seen that in the transition state STS1,
the breaking H6 atom of water is almost bonded to the sur-
face oxygen (O2) with a titling of the O2�H6 bond (0.99 K)
in the (110) direction; the remaining hydroxy group (O5H7)
originally in water sits above the vacancy site by the oxygen
atom (O5) bridging two surface magnesium atoms (Mg1 and
Mg3) with a tilting of the O5�H7 bond (1.80 K) also in the
(110) direction. The angle of H6-O5-H7 expands from
102.78 in the adsorbed water structure (R) to 133.98 in STS1.
The intermediate SIn has an orientation of two hydroxy spe-
cies toward each other in the (110) direction, for which the
O5�H7, O2�H6, and H6�H7 bond lengths of 1.00, 1.03, and
2.51 K, respectively. Such orientation of two hydroxy species
toward each other facilitates the following step of hydrogen
recombination. The structure of the transition state STS2 is
close to that of the intermediate SIn, except for the shorter
distance of H6�H7 of 1.78 K and the larger O5�H7 and
O2�H6 bond lengths of 1.23 and 1.15 K, respectively. In the
product SP, the oxygen originally in the water molecule fills
the vacancy site and the two hydrogen atoms form a hydro-
gen molecule (with a H�H bond length of 0.75 K) molecu-
larly adsorbed 2.37 K above the surface. Normal-mode anal-
ysis confirmed that these TS states correspond to the surface
healing dissociation pathway of an isolated water molecule
on the oxygen vacancy MgO ACHTUNGTRENNUNG(100) surface. Note that al-
though the oxygen atoms in O2�H6 and O5�H7 are repre-
sented by two different basis sets, for example O2ACHTUNGTRENNUNG(6–31G-


ACHTUNGTRENNUNG(d,p)) and O5 ACHTUNGTRENNUNG(6–311G ACHTUNGTRENNUNG(d,p)), the effects of different split-va-
lence basis sets on the geometries and relative energies were
found to be small by Sushko et al.[15]


The calculated classical barriers for this pathway are
shown in Figure 3 and Table 2. The first and second forward
barriers are 14.09 and 5.88 kcalmol�1, respectively, relative


to the corresponding reactants, namely R and SIn, respec-
tively. The reaction energies relative to the adsorbed water
molecule (R) are �10.34 and �74.46 kcalmol�1, respectively.
The latter value agrees well with the result reported by Fi-
nocchi et al (�73.7 kcalmol�1).[7] The first dissociation barri-
er (14.09 kcalmol�1) in this pathway is 1.90 kcalmol�1 below
the energy of the separated water and surface. This suggests
that dissociation of the water molecule via this pathway is
possible. In addition, the classical barrier height of the rate-
limiting step in the surface healing dissociation pathway is
9.32 kcalmol�1 higher than that of the normal dissociation
pathway. This suggests that the water molecule dissociating
into a hydroxy group along the normal dissociation pathway
is energetically more favorable. These results support the
fact that significant numbers of hydroxy groups from water
dissociation have been detected by many experiments on
the defective MgO surface.[22,29,31, 61] On the other hand, the
barrier for hydrogen formation from the intermediate SIn of
only 5.88 kcalmol�1 indicates that unless the intermediate
SIn is further stabilized by coadsorption of other water mole-
cules as will be discussed below, it is possible to proceed to
desorption of a hydrogen molecule and healing of the sur-
face. Present results suggest that the dissociation of water
on an oxygen vacancy on the MgO ACHTUNGTRENNUNG(100) surface can proceed
by either or both of the two pathways. Depending on the ex-
perimental conditions, the existence of the surface healing
dissociation mechanism may prevent the hydroxyl group
from being detected by experiments such as in Goodman
and co-workersMs experiments.[31, 32]


Figure 3. Schematic energy profiles for the normal and surface healing dissociation pathways on an oxygen va-
cancy on the MgOACHTUNGTRENNUNG(100) surface. Relative energies are from IMOMO (CCSD:DFT/B3LYP) calculations.


Chem. Eur. J. 2006, 12, 5859 – 5867 G 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5863


FULL PAPERDissociation of Water on an MgOACHTUNGTRENNUNG(100) Surface



www.chemeurj.org





The possibility for hydrogen formation and surface heal-
ing upon dissociation of a water molecule on an oxygen va-
cancy was first suggested by Finocchi et al.[7] However, the
mechanism for such a process was found to be very different
in our study. In the study by Finocchi et al., hydrogen for-
mation is from the product of the normal dissociation path-
way NP in which hydrogen formation occurs by abstraction
of the hydrogen atom in OH along with the hydrogen in the
vacancy. Thus, it is a subsequent step of the normal dissocia-
tion pathway. In our study, we found that hydrogen forma-
tion occurs along a separate pathway as discussed above.
We have attempted to verify the hydrogen formation mech-
anism proposed by Finocchi et al., but we found that the hy-
drogen atom in the vacancy is rather stable and is not
mobile and thus it is difficult to move it out of the vacancy
to abstract the hydrogen atom of the OH group. We have


made numerous attempts to locate a transition state for
such a process but have failed.


Analysis of density of state spectra : To compare the calcu-
lated dissociation mechanism with the experimental results,
we analyzed the electronic structure characteristics of the
hydroxy species, which dissociated from the water molecule
on the oxygen vacancy MgO surface. Figure 4 shows plots of
the densities of states (DOS) based on the embedded
B3LYP calculations along with the experimental results.[22]


For a perfect surface, there are two peak groups in the va-
lence band area that represent the surface oxygen and mag-
nesium atoms (see Figure 4a). The surface oxygen vacancy
induces a new peak around �2.5 eV in the bandgap, which
is attributed to the excess surface electrons of the vacancy
center (see Figure 4b). This result is consistent with the
value calculated by Sushko et al.[15] After an isolated water


Figure 4. Plots of total densities of state: a) for the perfect MgO ACHTUNGTRENNUNG(100) sur-
face model, b) for an oxygen vacancy on the MgO ACHTUNGTRENNUNG(100) surface, c) for
the product NP in the normal dissociation pathway of an isolated water
on an oxygen vacancy, d) for the intermediate SIn in the surface healing
dissociation pathway on an oxygen vacancy. e) Photoemission spectra for
water adsorbed or dissociated on the MgO surfaces.[22] i) clean wavy
MgO; ii)flat MgO and water-dosed; iii) wavy MgO and water-dosed; iv)
Ar+ sputtered MgO and water contamination; v) Ar+ sputtered MgO
and water-dosed.
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dissociates to give a hydroxy group and a proton (NP), two
new peaks associated with the 2s orbital of oxygen and the
s-type orbitals of OH grow at �23.2 and �10.1 eV in prod-
uct NP (see Figure 4c). The s-type orbital population is at-
tributed to the p orbitals of the oxygen atom and the s orbi-
tal of the hydrogen atom of the OH species. The vacancy
peak moves to the surface atom band around �5 eV in NP,
which implies that the excess electrons on the vacancy site
transfer to the dissociated proton. It is further verified by a
charge distribution analysis that the hydrogen charge distri-
bution changes from +0.5 to �0.82 before and after the dis-
sociation of water, respectively. The densities of states of SIn
in the surface healing dissociation pathway (see Figure 4d)
show that two electron peaks around �25.6 and �12.5 eV
represent the 2s orbital of oxygen and the s-type orbitals of
two OH species on the MgO surface, respectively. These
two peaks in SIn move down by about 2.4 eV, compared to
those of NP in the normal dissociation pathway, which indi-
cates that the H atoms connecting the surface O atoms in
SIn are different from the whole OH species localized above
the MgO surface in NP. The calculated peak separations are
given in Table 3 along with the experimental values from


the photoemission spectra from Liu and co-workers shown
in Figure 4e.[22] The calculated peak separations (see
Table 3) between the O 2s peak
of OH and the VB electronic
peak, between the O 2s peak of
OH and the 3s peak of OH,
and between the 3s peak of
OH and the VB electronic peak
are 18.0, 13.2, and 4.8 eV for NP
in the normal dissociation path-
way, and 18.6, 13.1, and 5.5 eV
for SIn in the surface healing
dissociation pathway, respec-
tively, compared to the experi-
mental values of 19.5, 13.5, and
6.0 eV.[22] It seems that the re-
sults from the surface healing
pathway are in better agree-
ment with experimental obser-
vation, because the discrepan-
cies between the theoretical
and experimental results on the
peak separations of 0.9, 0.4, and


0.5 eV in the surface healing dissociation pathway are small-
er than those of 1.5, 0.3, and 1.2 eV in the normal dissocia-
tion pathway. Comparing with the actual experimental spec-
tra shown in Figure 4e, it is rather difficult to distinguish be-
tween these two types of hydroxy species in the NP and SIn
complexes. Consequently, it is possible to identify both of
them in experiments. Therefore, this comparison further
supports the interpretation of the photoemission spectra as
evidence of water dissociation on the defective MgO ACHTUNGTRENNUNG(100)
surface.


Coadsorptions of a water molecule near the vacancy: From
our previous study,[42] one would expect that a coadsorbed
water molecule can stabilize the hydroxy group in the case
of the defective surface. To do so, we can estimate the
degree of stabilization due to coadsorption of an additional
water molecule along the dissociation pathways by calculat-
ing the energy profile using the same geometrical configura-
tions as that of the isolated water, while optimizing the
structure of the nearby coadsobed water molecule. The opti-
mized structures of coadsorbed water and calculated ener-
gies are shown in Figure 5 and Figure 6 (dashed lines), re-
spectively. From the structures of coadsorbed water near the
dissociated water (Figure 5), we can conclude that hydrogen
bonds between the hydroxy species and coadsorbed water
molecule are formed in all calculated systems. These hydro-
gen bonds originating from the surrounding water would
provide a driving force to stabilize the hydroxy species
along the water dissociation pathways. The differences be-
tween the energy changes of the single water dissociation
pathways and the energy profiles by adding one coadsorbed
water molecule represent the degree of stabilization by the
coadsorbed water along the two dissociation coordinates.
We found that the coadsorbed water molecule stabilizes the
adsorbed water (R) by 2.73 kcalmol�1, NTS by 5.40 kcal
mol�1, and the dissociative hydroxy species NP by 8.25 kcal


Table 3. Peak separations (eV) of electronic spectra of the product NP in
the normal dissociation pathway and the intermediate SIn in the surface
healing dissociation pathway.


Theory Experiment[22]


NP SIn


O 2s/OH!VB 18.0 18.6 19.5
O 2s/OH ! 3s/OH 13.2 13.1 13.5
3s/OH ! VB 4.8 5.5 6.0


Figure 5. Optimized co-adsorbed water structures on the oxygen vacancy MgOACHTUNGTRENNUNG(100) surface: a) for the normal
dissociation pathway; b) for the surface healing dissociation pathway.
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mol�1 in the normal dissociation pathway, and also lowers
STS1 by 16.50 kcalmol�1, SIn by 11.81 kcalmol�1, and STS2
by 6.97 kcalmol�1 in the surface healing dissociation path-
way (see in Figure 6). It is expected that the degree of stabi-
lization of the hydroxy group in the NTS, NP, STS1, and SIn
complexes for adding more coadsorbed water molecules
would facilitate the reaction processes by lowering the disso-
ciation barriers of both pathways. This was also observed in
our former study of the water dissociation on the perfect
MgO ACHTUNGTRENNUNG(100) surface.[42] Furthermore, more coadsorbed water
molecules would further stabilize the hydroxy species by
forming additional hydrogen bonds with the two OH groups
in the SIn complex, and thus prevent the two hydrogen
atoms from combining to form a hydrogen molecule. Note
that the two OH species of the SIn complex have six neigh-
boring surface Mg atoms, which are the trapping sites of co-
adsorbed water molecules. A water molecule adsorbed at
each of two Mg sites adjoined to two OH species can form
two hydrogen bonds; a water molecule adsorbed at one of
the other Mg sites can form one hydrogen bond. One can
estimate that these eight potential hydrogen bonds with the
two OH species can lead to a stabilization energy of about
48 kcalmol�1 for the SIn complex, since the energy is low-
ered by about 6 kcalmol�1 for each hydrogen bond formed,
as calculated in our work. Such stabilization can trap the
OH species and prevent them from forming H2 and healing
the surface. Unfortunately, studying adsorptions of six coad-
sorbed water molecules would require a substantially larger
MgO cluster to avoid edge effects and such calculations
with the same level of theory are beyond our current com-
putational capability. In summary, our results show that
more coadsorbed water molecules would sufficiently facili-
tate the presence of OH species at a surface vacancy. In
other words, the dissociation process of water on the MgO-
ACHTUNGTRENNUNG(100) surface occurs favorably at a surface oxygen vacancy
to form surface OH species.


Conclusion


We have studied the interaction of a water molecule with an
oxygen vacancy on the MgO ACHTUNGTRENNUNG(100) surface by using the DFT/
B3LYP embedded cluster approach. We found that a water
molecule initially adsorbs on one of the magnesium ions
next to the vacancy site with a binding energy of 15.98 kcal
mol�1. Then the adsorbed water molecule can dissociate into
two products through two different dissociation pathways.
One dissociation pathway shows that the water molecule
dissociates into a hydroxy species and a proton via a transi-
tion state with a forward barrier of 4.67 kcalmol�1. The
water dissociation along this reaction path is found to be en-
ergetically favorable, because the released energy
(15.98 kcalmol�1) from the water adsorbed on the surface
overcomes this barrier easily. Moreover, the calculated over-
all reaction energy of �46.09 kcalmol�1 can further prevent
the hydroxy species from reforming the water molecule
spontaneously.


Another dissociation pathway indicates that the adsorbed
water can produce a hydrogen molecule and an oxygen
atom that heals the vacancy site via two transition states
and an intermediate with a first barrier of 14.09 and a
second barrier of 5.88 kcalmol�1. The first barrier of this
stepwise mechanism is close to the binding energy of adsor-
bed water with the surface, which predicts that the product
of water dissociation on the defective MgO surface may also
be the hydrogen molecule under certain experimental condi-
tions, especially at higher temperature.


Analysis of the electronic spectra further confirms that
the peaks located near �25 to �23 and �12 to �10 eV are
due to the O 2s orbital and s-orbital of the hydroxy species
in the product including a hydroxy and a proton in the
former pathway and in the intermediate with two OH spe-
cies in the latter pathway, respectively. This thus supports
the photoemission spectra interpretation of dissociation of
water on the defective MgO ACHTUNGTRENNUNG(100) surface in the low water
coverage range. It is expected that one water molecule coad-
sorbed near the vacancy would theoretically stabilize the hy-
droxy products by 8.25 and 11.81 kcalmol�1 in the two disso-
ciation pathways, respectively. Coadsorption of more water
molecules can further stabilize the hydroxy species on the
surface and facilitate the water chemisorption process by
lowering the barrier to dissociation. These dissociation
mechanisms confirmed the observation of hydroxy species
on the defective MgO ACHTUNGTRENNUNG(100) surface by previous experiments.
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Introduction


Triplet–triplet energy transfer has been extensively exam-
ined.[1] The mechanism for triplet energy transfer is usually
described by Dexter electron exchange interaction, which
requires overlap of the electron clouds for the donor and ac-
ceptor chromophores.[2] Recently, there has been increasing
interest in long-distance intramolecular triplet energy trans-
fer in bichromophoric molecules.[3–20] It is generally accepted
that in donor-{saturated hydrocarbon bridge}–acceptor mol-
ecules, triplet energy transfer can proceed via through-bond


and/or through-space mechanisms, depending on the nature
of the bridge. For rigid bridge-linked donor–acceptor mole-
cules, the through-bond mechanism appears to be fa-
vored.[3–9] Steroids,[6,9] fused norbornyl,[5] and many other
groups[3,4,7,8,12] have been used to constitute the bridge. By
using these bridges, the mixing of the donor and acceptor or-
bitals with the orbitals of the bridge, which facilitates a
super-exchange interaction, is provided by an “all-trans” ar-
rangement of the s bonds. By contrast, the flexible bridge-
linked donor–acceptor molecules adopt many conforma-
tions, and only a small fraction of the conformations allow
the s bonds in “all-trans” arrangement conducive to
through-bond energy transfer. However, rapid conforma-
tional equilibrium makes a sufficient fraction of such mole-
cules within the lifetime of the donor triplet state experience
conformations that allow the two end chromophores close
enough for orbital overlap and through-space energy trans-
fer.[10, 11f, 21–23] Such conformations may not be those with the
lowest energies, therefore their population may not be large.
However, in room temperature liquid solution unhindered
rotational motion of the s bonds in the bridge will allow the
chromophores to sample a wide variety of conformations
possessing both good and poor overlap. As long as the rate
of interconversion between the conformers is comparable
with the triplet energy transfer rate, energy transfer by
through-space mechanism can be expected.
Previous studies on through-space triplet energy transfer


have primarily utilized “fully flexible” tethers (polymethy-


Abstract: Bichromophoric compounds
BP-C-NP and BP-C-NBD were synthe-
sized with benzophenone chromophore
(BP) as the donor, and 2-naphthyl
(NP) and norbornadiene group (NBD)
as the acceptor, respectively. Their in-
tramolecular triplet energy transfer was
examined. The bridges linking the
donor and acceptors in these molecules
involve a crown ether moiety complex-


ing a sodium ion. Phosphorescence
quenching, flash photolysis and photo-
sensitized isomerization experiments
indicate that intramolecular triplet


energy transfer occurs with rate con-
stants of about 3.3=105 and 4.8=105 s�1


and efficiencies of about 33 and 42%
for BP-C-NP and BP-C-NBD, respec-
tively. Theoretical calculations indicate
that these molecules adopt conforma-
tions below room temperature which
allow their two-end chromophores con-
ducive to through-space energy trans-
fer.
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lene or polyethylene glycol chains) to link the donor and ac-
ceptor, in which the energy transfer relies on the rapid con-
formational equilibrium. In the present work we use benzo-
phenone (BP) as the donor and 2-naphthyl (NP) or norbor-
nadiene group (NBD) as the acceptor; the linkage was ach-
ieved by a bridge that involves crown ether moiety (com-
plexing a sodium ion and with chloride anion) as shown in
Schemes 1 and 2, BP-C-NP and BP-C-NBD. Efficient intra-


molecular triplet energy transfer in such molecules were evi-
denced by phosphorescence quenching, flash photolysis and
photosensitized isomerization experiments. It is known that
the molecule of macrocyclic polyether complexing a metal
ion is rigid and shaped like a crown.[25] The relatively rigid
crown ether moiety in these molecules restricts the rotation-
al motion of the s bonds in the bridge and thereby prevents
the conformers from rapid interconversion. On the other


hand, calculations indicate that for these molecules in the
conformations with the lowest energies (therefore most
probably populated) the two end chromophores are separat-
ed only by about 3.8–4.2 R. Thus, intramolecular triplet
energy transfer may proceed efficiently via a through-space
mechanism.


Results and Discussion


Syntheses of BP-C-NP and BP-C-NBD : BP-C-NP contains
two isomers (syn-BP-C-NP and anti-BP-C-NP) due to the
different substitution positions of the BP and NP groups at
the crown-dibenzo moiety. Calculations show that the sepa-
ration between donor (BP) and acceptor (NP) in the syn-
BP-C-NP conformer—which has the lowest energy and is re-
sponsible to through-space triplet energy transfer—is almost
identical with that of anti-BP-C-NP (see below). Indeed,
flash photolysis experiments show that triplet energy trans-
fer occurs in the two isomers with same rate and efficiency
(see below). Thus, we used the mixture of the two isomers
for energy transfer study. These isomers were synthesized in
four steps (see Experimental Section). Reaction of diben-
zo[18]crown-6 (DBC) with hexamethylene tetramine in the
presence of trifluoroacetic acid gave the mixture of
2,3,11,12-bis(4’-formylbenzo)-[18]crown-6 (syn-BFBC) and
2,3-(4’-formylbenzo)-11,12-(5’-formylbenzo)-[18]crown-6
(anti-BFBC) according to the literature method.[26] The mix-
ture of the two BFBC isomers was reduced by sodium boro-
hydride to yield the mixture of corresponding syn-BHMBC
and anti-BHMBC. Electrospray ionization mass spectrome-
try (ESI-MS) analysis revealed that the yielded crown ether
derivatives formed a complex with a sodium ion; also it
turned out that it was difficult to remove this sodium ion.
Reaction of the BHMBC isomers with b-(bromomethyl)-
naphthalene in the presence of metal sodium in DMF pro-
duced naphthalene derivatives (syn-NP-C-OH and anti-NP-
C-OH). The isomers of NP-C-OH also formed complexes
with a sodium ion, which were used as starting materials to
prepare BP-C-NP by their reaction with p-benzoylbenzoyl
chloride. The BP-C-NP obtained was a mixture of syn-BP-
C-NP and anti-BP-C-NP, and formed a complex with a
sodium ion in the crown moiety. BP-C-NP was dissolved in
cyclohexane and the solution was washed with saturated
aqueous solution of sodium chloride. Thus in the sample of
BP-C-NP for energy transfer study the counter anion was
chloride.
BP-C-NBD was synthesized by a similar procedure for


BP-C-NP. BP-C-NBD also consists of syn- and anti-isomers,
and both isomers complex with sodium ion. Again the coun-
teranion is chloride.


Intramolecular triplet energy transfer in BP-C-NP : The ab-
sorption spectrum of BP-C-NP in benzene is essentially
identical to the sum of the spectra of the models for the
donor, BP-C, and for the acceptor, NP-C. The absorption of
the BP group extends to a longer wavelength than does that


Scheme 1.


Scheme 2.
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of the NP group. This fact permits the selective excitation of
the BP moiety in the bichromophoric compound BP-C-NP
at longer wavelength. Figure l shows the phosphorescence


spectra of BP-C-NP and BP-C in glassy methylcyclohexane
at 77 K. The excitation light wavelength used was 350 nm
where only the BP chromophore absorbed. Both compounds
exhibit phosphorescence characteristic of the benzophenone
chromophore with maxima at 420, 458, 495 nm and a
shoulder at 535 nm. The general features of the phosphores-
cence spectra of the BP chromophores from BP-C-NP and
BP-C are essentially identical. However, the phosphores-
cence efficiency of the BP group in BP-C-NP is about 30%
less than that in the model compound BP-C. The triplet
energy of BP group (288 kJmol�1)[9a] is greater than that of
NP group (251 kJmol�1),[27] and triplet energy transfer from
BP to NP groups has been well established.[28] Thus, the ob-
servations mentioned above suggest that the triplet energy
transfer in BP-C-NP works from the BP to the NP group.
Measurements at different concentrations reveal that this
triplet energy transfer is intramolecular. Originally we ex-
pected to be able to observe the phosphorescence from the
NP group, because the triplet energy transfer will result in
the triplet state of NP. Considering the much smaller quan-
tum yield of the phosphorescence for NP compared with
that for BP[1a] and the extensive overlap of the two phos-
phorescence spectra, it is not surprising that the phosphores-
cence of NP is not distinctly observed.
The evidence for long-distance intramolecular triplet


energy transfer in BP-C-NP based on the phosphorescence
efficiency is further strengthened by flash photolysis study.
Pulse-laser photolysis of BP-C-NP solution in benzene with
lex at 355 nm gives rise to a strong transient absorption spec-
trum with maximum at 560 nm immediately after the laser
pulse as shown in Figure 2. The bleaching in the region of
400–500 nm is due to the phosphorescence of the BP chro-
mophore. The absorption spectrum with the maximum at
560 nm is assigned to the lowest triplet state of the BP chro-
mophore on the basis of the following observations. First,
this absorption is essentially identical with that of the alkyl
benzophenone-4-carboxylate triplet state independently


generated.[9a] Secondly, this species is readily quenchable by
O2. Significantly, the triplet state absorption of the BP chro-
mophore is progressively replaced by an absorption in the
region of 400–500 nm (Figure 2). The latter absorption is as-
signed to the lowest triplet state of the NP chromophore by
comparison to the transient absorption of the triplet state of
2-substituted naphthalene.[29] The decay of the BP triplet
state absorption (at 560 nm) and the growth in absorption of
the NP triplet state (at 440 nm) occur in the same time
scale. This observation convincingly demonstrates that trip-
let energy transfer from BP to NP group indeed occurs.
Analysis of the transient spectrum of BP group at 560 nm


as a function of time revealed that the transient decay can
be well described by a monoexponential function. This ob-
servation indicates that syn- and anti-BP-C-NP isomers un-
dergo triplet energy transfer with same rate and efficiency.
The lifetime of the triplet state of the BP group in BP-C-NP
(t1) was about l.03 ms. Similarly, the lifetime of the triplet
state of the NP group analyzed at 440 nm is about l3.18 ms.
On the other hand, photolysis of the model compound BP-C
also results in the transient absorption of the BP group. The
feature of this transient absorption is identical with that in
BP-C-NP. However, the decay of this transient absorption
does not lead to growth in the absorption in the region of
400–500 nm. The lifetime of this BP triplet state (t2) is
about l.55 ms. The shorter lifetime of the BP triplet state in
BP-C-NP in comparison with that in BP-C is consistent with
the proposal that a long-distance intramolecular triplet
energy transfer in BP-C-NP operates. The rate constant
(kET) and efficiency (fET) for this energy transfer can be cal-
culated from t1 and t2 according to Equations (1) and (2),
respectively. kET was obtained to be 3.3= l05 s�1, and fET


33%, which is comparable to that obtained by phosphores-
cence efficiency measurements.


kET ¼ 1
t1


� 1
t2


ð1Þ


�ET ¼ 1� t1
t2


ð2Þ


Figure 1. Phosphorescence spectra of BP-C-NP (a) and BP-C (c) in
methylcyclohexane at 77 K; lex=350 nm, [BP-C-NP] = [BP-C] = 2=
10�5 molL�1.


Figure 2. Transient absorption spectra of BP-C-NP in benzene; lex=


355 nm, [BP-C-NP] = 5=10�5 molL�1; the spectra were obtained at 0
(*), 0.4 (!), 0.8 (&), and 1.2 ms (^) after the laser pulse.
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Intramolecular triplet energy transfer in BP-C-NBD : The
triplet energy transfer from the BP to the NBD group in
BP-C-NBD (Scheme 2) was also evidenced by phosphores-
cence quenching, flash photolysis as well as the photosensi-
tized isomerization of the NBD group. The phosphorescence
efficiency of the BP group in BP-C-NBD in glassy methylcy-
clohexane at 77 K is about 40% less than that in the model
compound BP-C. This phosphorescence quenching is attrib-
uted to the intramolecular energy transfer from the triplet
BP to the NBD group in BP-C-NBD, since the triplet
energy transfer from alkyl benzophenone-4-carboxylate to
dimethyl bicycloACHTUNGTRENNUNG[2.2.1]hepta-2,5-diene-2,3-dicarboxylate
(MNBD) (triplet energy, 222 kJmol�1) is known,[9] and the
efficiency of the phosphorescence quenching in BP-C-NBD
is independent of the substrate concentration. Flash photoly-
sis of BP-C-NBD solution in benzene gives rise to the tran-
sient absorption spectrum of the BP triplet state with maxi-
mum at 560 nm as in the case of the model compound BP-
C. Similar to the case of BP-C-NP, the transient decay at
560 nm for BP-C-NBD can be well described by a monoex-
ponential function, suggesting that triplet energy transfer
occurs in syn- and anti-isomers of BP-C-NBD with same
rate and efficiency. The lifetime of this triplet state (t3) was
measured to be about 0.89 ms. The rate constant (kET) and
efficiency (fET) for this energy transfer were calculated from
t3 and t2 to be about 4.8=105 s�1 and 42%, respectively, ac-
cording to Equations (1) and (2).
The intramolecular triplet energy transfer in BP-C-NBD


is further confirmed by the valence isomerization of the
NBD group. Previous studies for intramolecular triplet
energy transfer have mainly chosen the acceptor to be
chemically stable during the energy transfer process and
concerned photophysical processes as in the case of BP-C-
NP, although a few investigations have focused on acceptors
designed to undergo fast and irreversible chemical reactions
as a tool to provide information on the dynamics of the
energy transfer.[6,8–10] In BP-C-NBD, the NBD group can un-
dergo valence isomerization to quadricyclane (QC) via its
triplet state (Scheme 2).[9,30] Thus, study of the intramolecu-
lar photosensitized isomerization of the NBD group in BP-
C-NBD may provide evidence for the long-distance triplet
energy transfer. Irradiation with l > 350 nm of a 2.5=
10�5m solution of BP-C-NBD in benzene at room tempera-
ture leads to valence isomerization of the NBD group to
QC (BP-C-QC) as shown in Scheme 2. Under this condition
only the BP chromophore absorbs the light. Thus, the iso-
merization of NBD to QC must be attributed to energy
transfer. The yield of the isomerization product is 100% on
the basis of the consumption of the starting material. The
assignment of the product as the quadricyclane derivative
mainly relies on its 1H NMR spectrum, which is in close
agreement with that reported in the literature.[31] Measure-
ments of product formation by 1H NMR spectrum and
HPLC analyses at different concentrations demonstrate that
the isomerization of the NBD group in BP-C-NBD is in-
duced by intramolecular photosensitization. On the basis of
the experimental results mentioned above, the primary pho-


tophysical and photochemical processes in BP-C-NBD can
be shown by Figure 3.


The quantum yield of this intramolecular photosensitiza-
tion isomerization, fISOACHTUNGTRENNUNG(BP-C-NBD), can be calculated ac-
cording to Equation (3):


�ISOðBP-C-NBDÞ ¼ �ISC � �ET � �ISOðNBDÞ ð3Þ


where fISC represents the quantum yield of the intersys-
tem crossing from the singlet to the triplet excited state of
the BP group and is assumed to be unity.[1] fISO ACHTUNGTRENNUNG(NBD) rep-
resents the quantum yield of the isomerization reaction of
the NBD triplet state. fISOACHTUNGTRENNUNG(BP-C-NBD) was determined to
be 0.074. To obtain fISO ACHTUNGTRENNUNG(NBD), a solution of benzophenone
(10�2m) in benzene in the presence of MNBD (1=10�2m)
was irradiated at l > 350 nm. Under these conditions we
could exclusively excite benzophenone. The intersystem
crossing efficiency for benzophenone is unity as mentioned
above. Since the quencher (MNBD) concentration is high,
we assume that all of the benzophenone triplet energy was
transferred to MNBD. Thus, measurement of the yield of
the isomerization product of MNBD allows determination
of fISOACHTUNGTRENNUNG(NBD). It is found that fISOACHTUNGTRENNUNG(NBD)=0.19. This in
turn gives fET as 0.39 according to Equation (3). This value
is very close to the values obtained by phosphorescence
quenching (0.40) and flash photolysis experiments (0.42)
mentioned above.


Mechanism of triplet energy transfer in BP-C-NP and BP-
C-NBD : We used Hartree–Fock theory and an economic
basis set proposed by one of the authors[32] to optimize the
geometric structures of syn-BP-C-NP, anti-BP-C-NP, syn-
BP-C-NBD and anti-BP-C-NBD individually, and then cal-
culated the energies of eight minimum energy conformers of
syn-BP-C-NP, eight conformers of anti-BP-C-NP, ten con-
formers of syn-BP-C-NBD and ten conformers of anti-BP-
C-NBD by using B3LYP/6-31G* method. All calculations
were conducted with a Gaussian 98 package.[33] Figure 4
shows the optimized conformers of syn-BP-C-NP and anti-
BP-C-NP with their energies relative to their respective
lowest energy conformers and the center-to-center distance
between the donor and acceptor, defined as the distances
between the carbonyl group in BP and the center of naph-
thalene. For anti-BP-C-Np conformer 1 has the lowest


Figure 3.


Chem. Eur. J. 2006, 12, 5238 – 5245 M 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5241


FULL PAPERIntramolecular Triplet Energy Transfer



www.chemeurj.org





energy; the energy of conformer 2 is only about 0.3 kJmol�1


higher than conformer 1. The other conformers have ener-
gies higher than conformer 1 by more than 11 kJmol�1.
Thus, at temperatures below room temperature conformers
1 and 2 are most probably populated. In conformer 1 the
center-to-center distance between donor and acceptor is
about 3.8 R. It has already been established[10,34] that triplet
energy transfer can occur with rate constant as great as
108 s�1 when donor and acceptor are separated within 6 R.
Thus, we attribute the high efficient intramolecular triplet
energy transfer in anti-BP-C-NP to conformer 1 which allow
the donor and acceptor close enough for through-space in-
teractions. Since at 77 K conformer 1 is populated, it is not
surprising that the efficiency of intramolecular triplet energy
transfer measured by phosphorescence (at 77 K) is almost


the same as that measured by transient absorption (at room
temperature).
Similarly, for syn-BP-C-NP, conformer I has the lowest


energy (Figure 4) and the other conformers have higher en-
ergies and are difficult to be populated at temperature
below room temperature. Thus, conformer I is responsible
for the intramolecular triplet energy transfer. It is significant
to note that the donor–acceptor separation in conformer I
of syn-isomer is identical to that in conformer 1 of anti-BP-
C-NP. Thus, intramolecular triplet energy transfer via
through-space mechanism must occur in anti-BP-C-NP and
syn-BP-C-NP with similar rate and efficiency. This is consis-
tent with the observation that the decay of the transient ab-
sorption in mixture of anti-BP-C-NP and syn-BP-C-NP is
monoexponential.


Figure 4. Schematic representation of the conformers with minimum energy for a) anti-BP-C-NP and b) syn-BP-C-NP. E and d represent their relative
energy and center-to-center distance between the donor and acceptor groups, respectively.
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Calculations for BP-C-NBD shows that the anti-BP-C-
NBD conformer with the lowest energy and responsible for
the intramolecular triplet energy transfer has the donor–ac-
ceptor separation of 4.6 R, and that of syn-BP-C-NBD
4.2 R. Thus, the intramolecular triplet energy transfer via
through-space interactions in the two isomers proceeds with
almost the same rate and efficiency.


Conclusion


Phosphorescence quenching, flash photolysis, and photo-
chemical reaction studies demonstrate that intramolecular
triplet energy transfer in BP-C-NP and BP-C-NBD occurs
with rate constants of about 3.3=105 and 4.8=105 s�1 and ef-
ficiencies of about 33 and 42%, respectively. Below room
temperature these molecules adopt geometries in which the
donor–acceptor separations are only about 3.8–4.2 R. Thus,
the intramolecular triplet energy transfer in these molecules
proceeds via a through-space mechanism. Both BP-C-NP
and BP-C-NBD in this study contain syn- and anti-isomers.
However, the conformer which has the lowest energy and is
responsible to through-space energy transfer in the anti-
isomer has the donor–acceptor separation identical with that
for the syn-isomer. Thus, the two isomers undergo intramo-
lecular triplet energy transfer with same rate and efficiency.


Experimental Section


Instrumentation : 1H NMR spectra were recorded at 300 MHz with a
Bruker spectrometer. MS spectra were run on a VG ZAB spectrometer.
UV spectra were measured with a Hitachi UV-340 spectrometer. IR
spectra were run on a Perkin–Elmer 983 spectrometer. Steady-state phos-
phorescence spectra were recorded on either a Hitachi EM850 or a Hita-
chi MPF-4 spectrofluorimeter.


Material : Unless otherwise noted, materials were purchased from Beijing
Chemical Work and were used without further purification. Spectral-
grade benzene and methylcyclohexane were used for absorption and
emission spectrum, flash photolysis, and steady-state photoirradiation
measurements.


Synthesis of BP-C-NP : BP-C-NP was
prepared by four steps as shown in
Scheme 3.


2,3,11,12-Bis(4’-formylbenzo)-[18]-
ACHTUNGTRENNUNGcrown-6 (syn-BFBC) and 2,3-(4’-for-
mylbenzo)-11,12-(5’-formylbenzo)-[18]-
ACHTUNGTRENNUNGcrown-6 (anti-BFBC): This compound
was prepared according to the litera-
ture.[26] A mixture of dibenzo[18]c-
rown-6 (DBC) (10.8 g, 0.03 mol), tri-
fluoroacetic acid (0.21 mol) and hexa-
methylene tetramine (8.8 g, 0.02 mol)
was stirred at 90 8C under nitrogen for
12 h. After the mixture was cooled,
concd NaOH (50 mL) and water
(200 mL) were successively added.
The product precipitated as a brown
solid. The crude product was collected
by suction filtration and washed with
acetone several times to yield a white
powder (8.2 g, 65%). 1H NMR spec-


trum showed that the product contains the syn- and anti-isomers. Separa-
tion of the isomers by chromatography was not successful. 1H NMR
(CDCl3): d=9.85 (s, 2H, CHO), 7.5–6.9 (m, 6H, ArH), 4.35–3.90 ppm
(m, 16H, OCH2CH2O).


2,3,11,12-Bis(4’-hydroxymethylbenzo)-[18]crown-6 (syn-BHMBC) and
2,3-(4’-hydroxymethylbenzo)-11,12-(5’-hydroxymethylbenzo)-[18]crown-6
(anti-BHMBC): DFBC (4.16 g, 0.01 mol, mixture of syn- and anti-iso-
mers) was dissolved in ethanol (50 mL); subsequently sodium borohy-
dride (1.42 g, 0.04 mol) was added portionwise to this solution. The mix-
ture was stirred for 30 min under room temperature, and for another
hour under 40 8C, then was cooled to room temperature and poured into
water (150 mL). After neutralization with sulfuric acid the mixture was
extracted with CH2Cl2. The solvent was evaporated, and a white solid
was obtained (2.1 g, 50%). The product contained syn- and anti-isomers.
1H NMR (CDCl3): d=7.78–6.98 (m, 6H, ArH), 4.61 (s, 4H, CH2OH),
4.35–3.95 ppm (m, 16H, OCH2CH2).


NP-C-OH : Metal sodium (0.1 g) was slowly added to a solution of
BHMBC (4.20 g, 0.01 mol; mixture of syn- and anti-isomers) in dry fresh
distilled DMF (25 mL). The mixture was stirred for 30 min. Then, 2-(bro-
momethyl)naphthalene (2.4 g, 0.011 mol) in DMF (10 mL) was added
dropwise. The mixture was stirred for 4 h at room temperature, then
water (100 mL) was added. The mixture was acidified with 2n HCl. The
solid was isolated by filtration and purified by chromatography on silica
gel with chloroform/Et2O 1:2 (0.6 g, 11%). The product was a mixture of
syn- and anti-isomers. 1H NMR (CDCl3): d=8.1–7.4 (m, 7H, NP-H), 7.1–
6.7 (m, 6H, ArH), 4.85 (s, 2H, CH2OCH2), 4.65 (s, 2H, OCH2), 4.61 (s,
2H, CH2OH), 4.35–3.95 ppm (m, 16H, OCH2CH2); MS: m/z : 583.24 [M +


+Na], 560.34 [M +].


BP-C-NP : p-Benzoylbenzoyl chloride was prepared by refluxing a solu-
tion of p-benzoylbenzoic acid (1.13 g, 5 mmol) and thionyl chloride
(3 mL) in chloroform (10 mL) for 3 h. After excess thionyl chloride and
chloroform were evaporated under reduced pressure, the benzoylbenzoyl
chloride obtained was added to a solution of N-C-OH (4.2 g; mixture of
syn- and anti-isomers) in chloroform (20 mL), and then pyridine (1 mL)
was added. The reaction mixture was stirred and heated under reflux for
4 h. To the mixture water (20 mL) was added and then the solution was
extracted with chloroform. Evaporation of the solvent afforded a yellow
solid. The crude product was purified by column chromatography on
silica eluted with chloroform/Et2O 1:2 (0.4 g, 10%). The product was ob-
tained as a mixture of syn- and anti-isomers. 1H NMR (CDCl3): d=8.6–
7.4 (m, 16H, NP-H), 7.1–6.7 (m, 6H, ArH), 5.3 (s, 2H, CO2CH2), 4.85 (s,
2H, CH2OCH2), 4.65 (s, 2H, OCH2), 4.35–3.95 ppm (m, 16H,
OCH2CH2); MS: m/z : 791.44 [M ++Na], 768.07 [M +].


BP-C-NP was dissolved in cyclohexane and the solution was washed with
saturated aq NaCl. The organic layer was separated. Evaporation of the
solvent gave the sample for energy transfer study.


Scheme 3.
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BP-C-NBD : BP-C-NBD was synthesized by the similar procedure for
BP-C-NP. BP-C-NBD also contained syn- and anti-isomers and formed
complexes with a sodium ion in the crown moiety. 1H NMR (CDCl3): d=
8.25–7.50 (m, 9H, ArH), 7.1–6.7 (m, 8H, ArH, NBD olefinic H), 5.30 (s,
2H, CO2CH2), 4.55 (s, 2H, CH2O2C), 4.30–3.80 (m, 21H), 2.5 ppm (m,
2H, NBD bridgehead H); MS: m/z : 827.23 [M ++Na], 804.09 [M +].


Phosphorescence measurements : Phosphorescence studies were per-
formed in methylcyclohexane at 77 K. The sample solutions were de-
gassed by at least three freeze-pump-thaw cycles at a pressure of 5=
10�5 Torr. The excitation wavelength was 355 nm. For comparison of the
emission efficiencies of BP-C-NP and BP-C-NBD with the model com-
pound BP-C, the spectra were run by using solutions with identical opti-
cal density at the excitation wavelength. The relative emission efficiencies
were measured from the peak areas of the emission spectra.


Laser flash photolysis : Transient absorption spectra were obtained on a
previously described instrumentation[35] with the third harmonic out from
a Nd/YAG laser (355 nm, 6 ns fwhm, 10 mJ per pulse) as the excitation
source. The probe light source was a xenon arc lamp (Photon Technology
International, ALH-1000). The probe light transmitting through the
sample cell was fed to a detection system which consists of a monochro-
mator (Instruments SA, H-20), photomultiplier tube (Hamamatsu,
R928), digital oscilloscope (Tektronix, TDS 540), and microcomputer.
The decay curves were analyzed by using nonlinear least-squares fitting.


Photoirradiation of BP-C-NBD : Photoirradiation of BP-C-NBD in ben-
zene was carried out in a Pyrex reactor, and the samples were purged
with nitrogen. A 450 W Hanovia high-pressure mercury lamp was used as
the excitation source. A UVD-36B glass filter was used to cut off the
light with l < 350 nm. After irradiation the solvent was evaporated from
the samples under reduced pressure. The product BP-C-QC was separat-
ed from the starting material by preparative thin-layer chromatography.
1H NMR (CDCl3): d=8.25–7.50 (m, 9H, ArH), 7.1–6.7 (m, 6H, ArH),
5.30 (s, 2H, CO2CH2), 5.25 (s, 2H, CH2O2C), 4.30–3.75 (m, 19H), 2.75–
2.85 (m, 2H), 2.55 (m, 2H), 2.35 ppm (m, 2H); MS (FAB): 827.23 [M +


+Na], 804.09 [M +].


The product yield of BP-C-QC was determined by its 1H NMR spectrum
and HPLC analyses. The quantum yield for intramolecular photosensiti-
zation isomerization of the NBD group in BP-C-NBD (fISO ACHTUNGTRENNUNG(BP-C-
NBD)) and the efficiency of isomerization of the NBD triplet state
(fISO ACHTUNGTRENNUNG(NBD)) were determined by using a benzophenone/benzohydrol
system for actinometry (f=0.74 in benzene).[36]
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Introduction


Oxidation of primary alcohols to carboxylic acids is a funda-
mental transformation in organic synthesis, albeit with rela-
tively few good general methods available.[1] This is particu-
lar the case for assembly of complex oligosaccharides such
as glycosaminoglycans (GAGs). The existence of a large
number of protective groups for selective GAG functionali-
zation in addition to the acid lability of glycosidic linkages,
severely limits available methodologies due to cross-reactivi-
ty. Furthermore, in GAG synthesis, the need to simultane-
ously convert multiple primary alcohols to carboxylic acids
demands a robust and high-yielding method. Herein, we
report a new convenient two-step, one-pot protocol for oxi-
dizing primary alcohols to carboxylic acids and its applica-
tion.
GAGs are a family of highly functionalized, linear and


negatively charged oligosaccharides, consisting of repeating
disaccharide units of a 2-deoxy-2-amino hexose linked to a
pyranosyl uronic acid.[2] Depending upon the identity of the


amino sugars and uronic acids, the GAG family can be div-
ided to hyaluronic acid, heparin/heparan sulfate, chondroi-
tin/chondroitin sulfate, and dermatan. GAGs play diverse
and critical roles in many important biological processes
such as lymphocyte trafficking, inflammatory response,
wound healing, and tumor metastasis.[3] Biomedical applica-
tions of GAGs in areas such as antiviral, anti-angiogenesis,
and anticoagulation are enormous, exemplified by the devel-
opment of Arixtra, a fully synthetic heparin pentasaccharide
drug, for the treatment of deep vein thrombosis.[4]


With the recognition of their biological importance, chem-
ical syntheses of GAGs are undergoing extensive studies;[2,5]


such syntheses are typically carried out following two gener-
al approaches. In the first method, protected pyranosyl
uronic acids are directly utilized. However, with the strongly
electron-withdrawing 6-carboxyl moiety, these building
blocks often have low reactivities both as donors and as ac-
ceptors, resulting in low glycosylation yields. Furthermore,
base sensitivity of these compounds conferred by the car-
boxyl group complicates protective group manipulations.[6,7]


These limitations also preclude the direct usage of uronic
acids in solid-phase oligosaccharide syntheses.[8] An attrac-
tive alternative is to use pyranosides as building blocks,
which can give high glycosylation yields. With this strategy,
one of the key challenges is the need to convert primary hy-
droxyl groups at C-6 positions into carboxylic acids post
glyco-assembly. The traditional pyridinium dichromate
(PDC) mediated oxidation,[9–11] was found to be inefficient;
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it often required large excess of PDC subsequently resulting
in separation difficulties and low yields.[6,9] Two-step proto-
cols, such as Swern oxidation followed by treatment of
NaClO2 or PDC,


[7,12] not only are inconvenient, but also can
produce elimination side products due to the strongly basic
condition utilized.[6,7] Besides the undesirable usage of toxic
chromium(vi) agents, Jones oxidation[13] and the combina-
tion of chromium trioxide and periodic acid[6] are less useful
in oligosaccharide synthesis with the employment of strong
acids. Recently, TEMPO (2,2,6,6-tetramethylpiperidinyl-1-
oxy)-catalyzed oxidations with a co-oxidant (e.g. NaOCl[14–16]


and bis ACHTUNGTRENNUNG(acetoxy)iodobenzene (BAIB)[17,18]) have become a
popular choice. However, substantial side reactions with
thio ACHTUNGTRENNUNGacetal,[13] allyl[9] and electron-rich aromatic rings such as
methoxybenzyl[19] moieties have been reported. Moreover,
reduced oxidation efficiencies were observed with large oli-
gosaccharides.[15]


Results and Discussion


During our study of GAG synthesis, we were faced with the
task of oxidation state adjustment of hexasaccharide 1. De-
spite prolonged reaction time and repeated trials, the reac-
tion of 1 with TEMPO/NaOCl[14–16] led to multiple partially
oxidized products with a trace amount of the desired tricar-
boxylic acid 2. Attempts with TEMPO/BAIB[18] or NaClO2
catalyzed by NaOCl/TEMPO[19] met with similar fate. A
two-step process of Dess–Martin oxidation followed by
NaClO2


[20] gave inconsistent results. Finally, we discovered
that a convenient two-step, one-pot protocol with TEMPO/
NaOCl followed by treatment of NaClO2 afforded the de-
sired carboxylic acid in high yield and good purity; this
result led us to further explore the scope of this method.


A panel of primary alcohols and monosaccharides
(Table 1) were examined first to test the functional group
compatibility. Simple benzylic alcohols (Table 1, entries 1,2)
including the electron-rich p-methoxy benzyl alcohol (5 ;
Table 1, entry 2) can be oxidized in high yields without
chlorinating the aromatic rings. Aliphatic alcohol 1-decanol
(7; Table 1, entry 3) was converted in 90% yield to decanoic
acid (8). Pyranosyl uronic acids such as glucoronic acid, gal-
actonic acid, and mannosinic acid often exist in oligosac-
charides and selectively protected uronic acids are useful for
carbohydrate synthesis.[11,18] Conversion of the free primary
hydroxyl groups in galactoside 9, glucoside 11,[21] 2-deoxy-2-
amino-glucoside derivatives 13 and 16, and mannoside 18[22]


to the corresponding uronic acids proceeded smoothly in


82–92% yields (Table 1, entries 4–8). Acid-sensitive isopro-
pylidene and p-methoxybenzyl (PMB) groups were stable
under reaction conditions (Table 1, entries 4 and 6). Thiogly-
cosides have been extensively used in oligosaccharide as-
sembly.[18,23] The presence of thioacetal in thioglycosides pre-
cludes the usage of noble-metal oxidation conditions, such
as PtO2 and O2.


[13] Previous attempts of TEMPO/NaOCl ox-
idation of thioglycosides generated a mixture of sulfoxides
and sulfones in preference to alcohol oxidation.[13] By using
our reaction protocol, both disarmed (compound 11) and
armed (compounds 13 and 16) thioglycosides were oxidized
in 82, 85, and 86% yields respectively (Table 1, entries 5–7).
No glycosyl sulfoxides or sulfones were identified from
these reactions, with trace amount (~6%) of lactone 15 iso-
lated from oxidation of thioglycoside 13. The allyl group,
which is a popular linker for the bioconjugation of carbohy-
drates with proteins,[24] remained intact following oxidation
of mannosyl pyranoside 18[22] (Table 1, entry 8). A primary


Table 1. Oxidation of primary alcohols and monosaccharides.


Alcohol Carboxylic acids/esters Yield [%]


1 100


2 95


3 90


4 90


5 82


6 85


7 86


8 92


9 75[a]


10 100


[a] Ester 22 (10%) was isolated from the reaction mixture.
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alcohol can be selectively converted to a carboxylic acid in
the presence of a free secondary hydroxyl group as 21 was
obtained in 75% yield following oxidation of diol 20[25] and
benzyl ester formation[26] with phenyl diazomethane[27]


(Table 1, entry 9). A small amount (~10%) of ester 22 was
also isolated from the reaction mixture. In addition to py-
ACHTUNGTRENNUNGranosides, furanoside 23[28] was successfully transformed into
carboxylic acid 24 in quantitative yield (Table 1, entry 10).
Next we examined the application of this new protocol in


GAG syntheses. A hyaluronic acid disaccharide 26 was ob-
tained in 95% yield by oxidizing disaccharide 25[29] (Table 2,
entry 1). The oxidation was highly efficient even for large
oligosaccharides, converting the tetrasaccharide 28[29] and
hexasaccharide 1[29] to oligocarboxylic acids, which were sub-
sequently benzylated[26] with phenyl diazomethane[27] to pro-
duce hyaluronic acid tetrasaccharide diester 29 and hexasac-
charide triester 30 in 86 and 82% overall yields, respectively
(Table 2, entries 2 and 3). Trisaccharide 31[29] was also oxi-
dized and benzylated to produce chondroitin trisaccharide
32 in 76% yield (Table 2, entry 4). In addition, a heparin tri-
saccharide 34 was obtained in a similar manner in 81%
yield from diol 33[29] (Table 2, entry 5). Glycosidic linkages
were not affected during oxidation and no epimerization or
elimination products were identified with these sensitive


substrates. The successful introduction of carboxyl groups
after glyco-assembly makes this alternative strategy for
GAG synthesis highly attractive.
The fact that the previously reported TEMPO/NaOCl


procedure[14–16] failed to produce desired carboxylic acids is
most likely due to hydrophobicities of our substrates. It has
been proposed that aldehydes are intermediates in TEMPO-
catalyzed NaOCl oxidation of primary alcohols to carboxylic
acids.[14] With a hydrophilic aldehyde, the carbonyl group
can be hydrated to form a vicinal diol under phase-transfer
conditions, which is subsequently oxidized by TEMPO/
NaOCl to produce a carboxylic acid (Scheme 1). However,


due to the hydrophobic nature of fully protected oligosac-
charides, hydration of newly-formed aldehydes is presum-
ACHTUNGTRENNUNGably slow even under phase-transfer conditions. The direct
conversion of an aldehyde to the carboxylic acid without
going through vicinal diol was apparently difficult with
TEMPO/NaOCl and prolonged treatment did not yield the
desired carboxylic acid. The major product isolated from
TEMPO/NaOCl oxidation of disaccharide 25 under phase-
transfer conditions was aldehyde 27. Attempt to enhance al-
dehyde hydration by performing TEMPO/NaOCl oxidation
in an acetonitrile and water mixture did not alleviate the
problem. In contrast, the aldehyde was quickly converted to
the carboxylic acid with addition of NaClO2 to the reaction
mixture following TEMPO/NaOCl oxidation. A one-step
procedure that involved the used of a combination of
TEMPO, NaOCl, and NaClO2 together was not successful,
probably due to the instability of NaClO2/NaOCl mixture.


[19]


The excellent yields and extraordinary functional group
compatibility achieved by using our oxidation procedure are
related with the relatively high loading of TEMPO em-
ployed (0.3 equiv per hydroxyl group), as slower reaction
was observed with less TEMPO. Furthermore, the two-
phase condition (methylene chloride and water) for the
TEMPO/NaOCl oxidation is crucial. When oxidation of
thio ACHTUNGTRENNUNGglycoside 13 was carried out in a homogeneous acetoni-
trile/water mixture with TEMPO/NaOCl, multiple side
products without the thiotolyl moieties were obtained with
no desired carboxylic acid 14 or the corresponding aldehyde.
This indicates that the single-phase homogenous condition
for TEMPO/NaOCl oxidation is less selective and can affect
sensitive functional groups.
The formation of side product ester 22 in oxidation of


diol 20 (Table 1, entry 9) can be explained with the interme-
diacy of aldehyde as well. Upon generation of aldehyde 35


Table 2. Oxidation of primary alcohols for GAG synthesis.


Alcohol GAG derivative Yield [%]


1 25 26 95
2 28 29 86
3 1 30 82
4 31 32 76
5 33 34 81


Scheme 1. Proposed intermediates for our new oxidation method.
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from 20, intermolecular nucleophilic attack of the carbonyl
group by the free secondary hydroxyl group produced hemi-
acetal 36, oxidation and benzylation of which led to carbox-
ylic ester 22 (Scheme 2).


Conclusion


In summary, we have established a new two-step, one-pot
oxidation protocol, which efficiently converts a wide range
of primary alcohols to carboxylic acids. This convenient pro-
cedure does not require an inert atmosphere, anhydrous sol-
vents, or an extremely low reaction temperature. It does not
generate toxic heavy-metal or malodorous side products;
this fact is important with respect to increasing environmen-
tal awareness. A remarkably wide range of sensitive func-
tional groups, such as electron-rich aromatic rings, acid-
labile isopropylidene ketal and glycosidic linkages, and oxi-
dation-prone thioacetal, PMB, and allyl moieties are little
affected by the oxidation. Several GAGs, including hyalur-
onic acid, chondroitin, and heparin oligosaccharides were
prepared in high yields by using this procedure. Further ap-
plications of this new protocol in solution and solid-phase
syntheses of complex oligosaccharides are ongoing.


Experimental Section


General conditions : Chemicals used were reagent grade as supplied
except where noted. Analytical thin-layer chromatography was per-
formed using silica gel 60 F254 glass plates (EM Science); compound
spots were visualized by UV light (254 nm) and/or by staining with a sol-
ution containing Ce ACHTUNGTRENNUNG(NH4)2 ACHTUNGTRENNUNG(NO3)6 (0.5 g) and (NH4)6Mo7O24·4H2O
(24.0 g) in 6% H2SO4 (500 mL) or a solution of KMnO4 (3 g), K2CO3
(20 g) and NaOH (0.25 g) in water (300 mL). Flash column chromatogra-
phy was performed on silica gel 60 (230–400 Mesh, EM Science).
1H NMR and 13C NMR spectra were recorded on a Varian VXRS-400 or
Inova-600 instrument and were referenced to Me4Si (0 ppm), residual
CHCl3 (


1H NMR d=7.26 ppm) CDCl3 (
13C NMR d=77.0 ppm), residual


CH2Cl2 (
1H NMR d=5.32 ppm), and CD2Cl2 (


13C NMR d=54.0 ppm).
ESI mass spectra were recorded on an ESQUIRE LC-MS operated in
both positive and negative ion mode. High-resolution mass spectra were
recorded on a Micromass electrospray TofTM II (Micromass, Wythen-
shawe, UK) mass spectrometer equipped with an orthogonal electrospray
source (Z-spray) operated in positive ion mode, which is located at the
Mass Spectrometry and Proteomics Facility at the Ohio State University.


General procedure for oxidation : An aqueous solution of NaBr (1m,
25 mL), an aqueous solution of tetrabutylammonium bromide (1m,
50 mL), TEMPO (2.2 mg, 0.014 mmol, 0.3 equiv per hydroxyl group) and
a saturated aqueous solution of NaHCO3 (125 mL) were added to a solu-
tion of alcohol (0.045 mmol) in CH2Cl2 (1 mL) and H2O (170 mL) in an
ice–water bath. The resulted mixture was treated with an aqueous solu-
tion of NaOCl (150 mL, chlorine content not less than 4%) and continu-
ously stirred for 1 hour as the temperature increased from 0 8C to RT.


The reaction media was neutralized with HCl (1n, about 50 mL) to pH 6–
7. It is important to keep the acidity of the reaction close to neutral as
lower pH resulted in formation of large amount of hemiacetal side prod-
uct in oxidation of diol 20. After neutralization, tBuOH (0.7 mL), 2-


methylbut-2-ene in THF (2m,
1.4 mL)[30] and a solution of NaClO2
(50 mg, 0.44 mm) and NaH2PO4
(40 mg, 0.34 mm) in water (200 mL)
were added. The reaction mixture was
kept at room temperature for 1–2 h,
diluted with saturated aqueous
NaH2PO4 solution (5 mL), and extract-
ed with EtOAc (3O10 mL). The or-
ganic layers were combined and dried
over MgSO4. After removal of the sol-
vent, the desired compound was puri-


fied by flash column chromatography.


General procedure for benzyl ester formation : The crude product from
the oxidation reaction was dissolved in dichloromethane (5 mL) and
treated with phenyl diazomethane solution in diethyl ether (~2 equiv per
acid)[27] for 2–3 h until the disappearance of all starting material as
judged by TLC. The residue after evaporation was purified by flash
column chromatography to provide the benzyl ester.


General procedure for regioselective opening of 4,6-O-benzylidene :[31]


Bu2BOTf in dichloromethane (1m, 1 equiv) was added to a solution of
4,6-O-benzylidene containing glycoside in borane in THF (1m, 10 equiv)
in a flame dried flask at 0 8C under N2. The reaction mixture was stirred
for 3 h. Triethylamine (~0.5 mL) was added followed by careful addition
of methanol until the evolution of gas had ceased. All solvents were
evaporated and the desired product was isolated by flash column chroma-
tography.


Benzoic acid (4): Compound 4 was obtained from benzyl alcohol
(0.100 g, 0.92 mmol) following general oxidation procedure in 100%
yield. Comparison of the 1H and 13C NMR data with the Aldrich NMR li-
brary confirmed the identity of benzoic acid 4. 1H NMR (600 MHz,
CDCl3): d=7.45–7.49 (m, 1H), 7.58–7.62 (m, 2H), 8.09–8.13 ppm (m,
2H); 13C NMR (100 MHz, CDCl3): d=128.75, 129.54, 130.47, 134.09,
172.75 ppm; ESI-MS: m/z calcd for C7H6NaO2 [M+Na]+: 145.1; found:
145.0.


p-Anisic acid (6): Compound 6 was obtained from 4-methoxy benzyl al-
cohol (0.100 g, 0.72 mmol) following general oxidation procedure in 95%
yield. Comparison of the 1H and 13C NMR data with the Aldrich NMR li-
brary confirmed the identity of compound 6. 1H NMR (600 MHz,
CDCl3): d=3.87 (s, 3H), 6.92–6.96 (m, 2H), 8.03–8.07 ppm (m, 2H);
13C NMR (100 MHz, CDCl3): d=55.73, 113.97, 121.85, 132.59, 164.27,
171.90 ppm; ESI-MS: cm/z calcd for C8H8NaO3 [M+Na]+ : 175.2; found:
175.4.


Decanoic acid (8): Compound 8 was obtained from 1-decyl alcohol
(0.100 g, 0.63 mmol) following general oxidation procedure in 90% yield.
Comparison of the 1H and 13C NMR data with the Aldrich NMR library
confirmed the identity of compound 8. 1H NMR (400 Hz, CDCl3): d=
0.88 (t, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 3H), 1.24–1.32 (m, 12H), 1.61–1.66 (m, 2H),
2.35 ppm (t, 3J ACHTUNGTRENNUNG(H,H)=7.6 Hz, 2H); 13C NMR (100 MHz, CDCl3): d=
14.33, 22.89, 24.92, 29.29, 29.49, 29.62, 32.09, 34.37, 180.52 ppm; ESI-MS:
m/z calcd for C10H20NaO2 [M+Na]+ : 195.3; found: 195.5.


1,2,3,4-Di-O-isopropylidene-a-d-galacturonic acid (10): Compound 10
was obtained from 1,2,3,4-di-O-isopropylidene-a-d-galactopyranose
(0.100 g, 0.38 mmol) following the general oxidation procedure in 90%
yield. Comparison of the 1H NMR data with literature[32] confirmed the
identity of compound 10. 1H NMR (600 MHz, CDCl3): d=1.33 (s, 6H),
1.44 (s, 3H), 1.52 (s, 3H), 4.39 (dd, 3J ACHTUNGTRENNUNG(H,H)=3.0, 4.2 Hz, 1H), 4.45 (d, 3J-
ACHTUNGTRENNUNG(H,H)=1.8 Hz, 1H), 4.61–4.68 (m, 3H), 5.63 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=4.8 Hz,
1H); 13C NMR (100 MHz, CDCl3): d=24.65, 25.00, 26.06, 26.21, 68.43,
70.65, 70.77, 71.89, 96.59, 109.60, 110.38, 172.01 ppm; ESI-MS: m/z calcd
for C12H18NaO7 [M+Na]+ : 297.3; found: 297.1.


p-Tolyl 2,3,4-tri-O-benzoyl-1-thio-b-d-glucopyranosyluronic acid (12):
Compound 12 was synthesized from compound 11[21] (50 mg, 84 mmol) ac-
cording to the general oxidation procedure in 82% yield. 1H NMR


Scheme 2. Proposed mechanism for the formation of ester 22.
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(400 MHz, CDCl3): d=2.33 (s, 3H; p-MePh), 4.34 (d,
3J ACHTUNGTRENNUNG(H,H)=9.6 Hz,


1H), 5.01 (d, 3J ACHTUNGTRENNUNG(H,H)=9.6 Hz, 1H), 5.48 (t, 3J ACHTUNGTRENNUNG(H,H)=9.6 Hz, 1H), 5.66
(t, 3J ACHTUNGTRENNUNG(H,H)=9.6 Hz, 1H), 5.90 (t, 3J ACHTUNGTRENNUNG(H,H)=9.6 Hz, 1H), 7.11–7.98 ppm
(m, 19H); 13C NMR (100 MHz, CDCl3): d=21.47, 70.11, 70.32, 73.74,
76.35, 86.87, 127.48–139.30 (aromatic carbon atoms), 165.15, 165.71,
165.91, 170.65 ppm; ESI-MS: m/z calcd for C34H27O9S [M�1]�: 611.2;
found: 611.3; HRMS: m/z calcd for C34H28NaO9S [M+Na]+ : 635.1352;
found: 635.1376.


p-Tolyl 2-deoxy-2-N-phthalimido-3-O-p-methoxybenzyl-4-O-benzyl-1-
thio-b-d-glucopyranoside (13): Compound 13 was synthesized from p-
tolyl 2-deoxy-2-N-phthalimido-3-O-p-methoxybenzyl-4,6-O-benzylidene-
1-thio-b-d-glucopyranoside[33] (62 mg, 100 mmol) following the general
procedure of regioselective opening of benzylidene ring in 68% yield.
1H NMR (400 MHz, CDCl3): d=1.92 (t,


3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 3H), 2.29 (s,
3H), 3.52–3.58 (m, 1H), 3.58 (s, 3H), 3.66 (t, 3J ACHTUNGTRENNUNG(H,H)=9.6 Hz, 1H),
3.72–3.78 (m, 1H), 3.88–3.96 (m, 1H), 4.14 (t, 3J ACHTUNGTRENNUNG(H,H)=10.2 Hz, 1H),
4.34 (dd, 3J ACHTUNGTRENNUNG(H,H)=8.8, 10.0 Hz, 1H), 4.38 (d, 3J ACHTUNGTRENNUNG(H,H)=12.4 Hz, 1H),
4.70 (d, 3J ACHTUNGTRENNUNG(H,H)=12.4 Hz, 1H), 4.72 (d, 3J ACHTUNGTRENNUNG(H,H)=12.4 Hz, 1H), 4.88 (d,
3J ACHTUNGTRENNUNG(H,H)=12.4 Hz, 1H), 5.50 (d, 3J ACHTUNGTRENNUNG(H,H)=10.8 Hz, 1H), 6.33–6.39 (m,
2H), 6.86–6.92 (m, 2H), 7.02–7.06 (m, 2H), 7.20–7.25 (m, 2H), 7.28–7.38
(m, 5H), 7.58–7.84 ppm (m, 4H); 13C NMR (100 MHz, CDCl3): d=21.07,
54.74, 55.00, 61.92, 74.44, 75.08, 79.21, 79.35, 79.66, 83.31, 113.32, 123.05,
123.29, 127.73–133.71, 137.75, 138.32, 158.73, 167.27, 167.90 ppm; ESI-
MS: m/z calcd for C36H35NNaO7S [M+Na]+ : 648.2; found: 648.3.


p-Tolyl 2-deoxy-2-N-phthalimido-3-O-p-methoxybenzyl-4-O-benzyl-1-
thio-b-d-glucopyranosyluronic acid (14): Compound 14 was synthesized
from compound 13 (40 mg, 66 mmol) according to the general oxidation
procedure in 85% yield with 6% of the glycosyl lactone 15 isolated.
1H NMR (400 MHz, CDCl3): d=2.33 (s, 3H; p-MePh), 3.57 (s, 3H), 3.86
(t, 3J ACHTUNGTRENNUNG(H,H)=9.2 Hz, 1H), 4.10 (d, 3J ACHTUNGTRENNUNG(H,H)=10 Hz, 1H), 4.32 (t, 3J-
ACHTUNGTRENNUNG(H,H)=10.2 Hz, 1H), 4.30–4.37 (m, 2H), 4.68–4.74 (m, 3H), 5.52 (d, J=
10.8 Hz, 1H), 6.33–7.81 ppm (m, 17H; ArH); 13C NMR (100 MHz,
CDCl3): d=21.36, 54.65, 55.00, 74.72, 75.48, 79.29, 81.09, 84.65, 113.58–
158.99 (aromatic carbon atoms), 167.39, 168.10, 177.56 ppm; HRMS: m/z
calcd for C36H33NaO8S [M+Na]+ : 662.1825; found: 662.1826.


2-Deoxy-2-N-phthalimido-3-O-p-methoxybenzyl-4-O-benzyl-b-d-gluco-
pyranosidurono-6,1-lactone (15): 1H NMR (400 MHz, CDCl3): d=3.56 (s,
3H), 3.91 (d, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 1H), 4.22 (d, 3J ACHTUNGTRENNUNG(H,H)=9.6 Hz, 1H), 4.31
(dd, 3J ACHTUNGTRENNUNG(H,H)=7.2, 10 Hz, 1H), 4.42 (d, 3J ACHTUNGTRENNUNG(H,H)=12.0 Hz, 1H), 4.61 (d,
3J ACHTUNGTRENNUNG(H,H)=12.0 Hz, 1H), 4.64 (s, 1H), 4.68 (d, 3J ACHTUNGTRENNUNG(H,H)=11.6 Hz, 1H),
4.82 (d, 3J ACHTUNGTRENNUNG(H,H)=11.6 Hz, 1H), 5.96 (s, 1H), 6.32–7.72 ppm (m, 13H);
ESI-MS: m/z calcd for C29H25NaNO8 [M+Na]+ : 538.1; found: 538.2;
HRMS: m/z calcd for C29H25NaNO8 [M+Na]+ : 538.1478; found:
538.1501.


p-Tolyl 2-deoxy-2-N-phthalimido-3-O-tert-butyldimethylsilyl-4-O-benzyl-
1-thio-b-D-glucopyranoside (16): Compound 16 was synthesized from p-
tolyl 2-deoxy-2-N-phthalimido-3-O-tert-butyldimethylsilyl-4,6-O-benzyli-
dene-1-thio-b-d-glucopyranoside[33] (62 mg, 100 mmol) following the gen-
eral procedure of regioselective opening of benzylidene ring in 77%
yield. 1H NMR (600 MHz, CDCl3): d=�0.44 (s, 3H), �0.06 (s, 3H), 0.71
(s, 9H), 1.95 (t, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 3H), 2.28 (s, 3H), 3.48–3.58 (m, 2H),
3.64–3.72 (m, 1H), 3.83–3.90 (m, 1H), 4.22 (t, 3J ACHTUNGTRENNUNG(H,H)=10.2 Hz, 1H),
4.48 (dd, 3J ACHTUNGTRENNUNG(H,H)=8.4, 9.6 Hz, 1H), 4.64 (d, 3J ACHTUNGTRENNUNG(H,H)=12.0 Hz, 1H), 4.81
(d, 3J ACHTUNGTRENNUNG(H,H)=12.0 Hz, 1H), 5.55 (d, 3J ACHTUNGTRENNUNG(H,H)=10.8 Hz, 1H), 7.00–7.06 (m,
2H), 7.21–7.36 (m, 7H), 7.72–7.92 ppm (m, 4H); ESI-MS: m/z calcd for
C34H31NNaO6SSi [M+Na]+ : 642.2; found: 642.7.


p-Tolyl 2-deoxy-2-N-phthalimido-3-O-tert-butyldimethylsilyl-4-O-benzyl-
1-thio-b-d-glucopyranosyluronic acid (17): Compound 17 was synthesized
from compound 16 (55 mg, 89 mmol) according to the general oxidation
procedure in 86% yield. 1H NMR (600 MHz, CDCl3): d=�0.44 (s, 3H),
�0.09 (s, 3H), 0.71 (s, 9H), 2.28 (s, 3H), 3.67 ?t, 3J ACHTUNGTRENNUNG(H,H)=8.8 Hz, 1H),
4.11 (d, 3J ACHTUNGTRENNUNG(H,H)=9.6 Hz, 1H), 4.31 (t, 3J ACHTUNGTRENNUNG(H,H)=10.2 Hz, 1H), 4.47 (t, 3J-
ACHTUNGTRENNUNG(H,H)=9.2 Hz, 1H), 4.58 (d, 3J ACHTUNGTRENNUNG(H,H)=10.8 Hz, 1H), 4.64 (d, 3J ACHTUNGTRENNUNG(H,H)=
10.8 Hz, 1H), 5.57 (d, 3J ACHTUNGTRENNUNG(H,H)=10.2 Hz, 1H), 7.01–7.89 ppm (m, 13H;
ArH); 13C NMR (150 MHz, CDCl3): d=�4.48, �3.69, 17.84, 21.40, 25.88,
56.40, 73.24, 75.25, 77.89, 81.13, 84.71, 127.93–138.76 ppm (aromatic
carbon atoms); HRMS: m/z calcd for C34H39NaO7SSi [M+Na]+ :
656.2114; found: 656.2072.


Allyl 2,3,4-tri-O-benzoyl-1-thio-a-d-mannopyranosyluronic acid (19):
Compound 19 was synthesized from compound 18[22] (50 mg, 94 mmol) ac-
cording to the general oxidation procedure in 92% yield. 1H NMR
(400 MHz, CDCl3): d=4.18 (dd?J=6.0, 12.8 Hz, 1H), 4.35 (dd, 3J-
ACHTUNGTRENNUNG(H,H)=4.2, 12.8 Hz, 1H), 4.68 (d, 3J ACHTUNGTRENNUNG(H,H)=9.2 Hz, 1H), 5.28–5.30 (m,
2H), 5.40 (dd, 3J ACHTUNGTRENNUNG(H,H)=1.2, 17.2 Hz, 1H), 5.68 (t, 1H; 3J ACHTUNGTRENNUNG(H,H)=4.2 Hz,
1H), 5.91–6.03 (m, 3H), 7.26–8.09 ppm (m, 15H; ArH); 13C NMR
(100 MHz, CDCl3): d=67.83, 69.64, 69.69, 69.86, 70.25, 97.05, 119.05,
128.60–133.84 (aromatic carbon atoms), 165.53, 165.77, 165.86,
177.74 ppm; HRMS: m/z calcd for C30H26NaO10 [M+Na]+ : 569.1424;
found: 569.1431.


Benzyl 1-methoxy-2-deoxy-2-N-phthalimido-3-O-benzyl-b-d-glucopyrano-
syluronate (21): Compound 21 was synthesized from compound 20[25]


(26 mg, 63 mmol) in 75% yield according to the general procedures of ox-
idation and benzyl ester formation, along with compound 22 (~10%).
1H NMR (600 MHz, CDCl3): d=3.08?s, 1H; 4-OH), 3.39 (s, 3H; MeO),
4.0–4.05 (m, 2H), 4.16 ACHTUNGTRENNUNG(dd, 3J ACHTUNGTRENNUNG(H,H)=8.4, 9.0 Hz, 1H), 4.23 (dd, 3J ACHTUNGTRENNUNG(H,H)=
7.2, 10.8 Hz, 1H), 4.53 (d, 3J ACHTUNGTRENNUNG(H,H)=12.6 Hz, 1H; PhCH), 4.44 (d, 3J-
ACHTUNGTRENNUNG(H,H)=12.6 Hz, 1H; PhCH), 5.09 (d, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 1H), 5.26 (d, 3J-
ACHTUNGTRENNUNG(H,H)=12.6 Hz, 1H; PhCH), 5.30 (d, 3J ACHTUNGTRENNUNG(H,H)=12.6 Hz, 1H; PhCH),
6.89–7.67 ppm (m, 14H; ArH); 13C NMR (150 MHz, CDCl3): d=55.11,
57.22, 67.69, 73.94, 74.37, 74.68, 77.66, 99.77, 127.66–138.14 (aromatic
carbon atoms), 169.53 ppm; HRMS: m/z calcd for C29H27NNaO8


+


[M+Na]+ : 540.1634; found: 540.1628.


Benzyl 4-O-(benzyl-1-methoxy-2-deoxy-2-N-phthalimido-3-O-benzyl-b-d-
glucopyranosyluronate)-1-methoxy-2-deoxy-2-N-phthalimido-3-O-benzyl-
b-d-glucopyranosyluronate (22): 1H NMR (400 MHz, CDCl3): d=3.35s,
3H; OMe), 3.41 (s, 3H; OMe), 3.75 (t, 3J ACHTUNGTRENNUNG(H,H)=5.4 Hz, 1H), 3.86 (dt,
3J ACHTUNGTRENNUNG(H,H)=3.6, 8.0 Hz, 1H), 4.10–4.22 (m, 3H), 4.31 (dd, 3J ACHTUNGTRENNUNG(H,H)=8.4,
10.4 Hz, 1H), 4.39 (d, 3J ACHTUNGTRENNUNG(H,H)=12.4 Hz, PhCH, 1H), 4.55 (dd, 3J ACHTUNGTRENNUNG(H,H)=
8.8, 10.8 Hz,1H), 4.58 (d, 3J ACHTUNGTRENNUNG(H,H)=12.4 Hz, PhCH, 1H), 4.68 (d, 3J-
ACHTUNGTRENNUNG(H,H)=12.4 Hz, PhCH, 1H), 4.86 (d, 3J ACHTUNGTRENNUNG(H,H)=12.4 Hz, PhCH, 1H),
5.03 (d, 3J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 1H), 5.10 (d, 3J ACHTUNGTRENNUNG(H,H)=8.8 Hz, 1H), 5.20 (d, 3J-
ACHTUNGTRENNUNG(H,H)=12.4 Hz, PhCH, 1H), 5.26 (d, 3J ACHTUNGTRENNUNG(H,H)=12.4 Hz, PhCH, 1H),
5.42 (dd, 3J ACHTUNGTRENNUNG(H,H)=8.8, 10.0 Hz, 1H), 6.89–7.80 ppm (m, 23H; ArH);
13C NMR (150 MHz, CDCl3): d=55.03, 55.17, 57.01, 57.37, 68.65, 72.92,
73.84, 74.32, 74.45, 74.71, 74.81, 76.15, 99.44, 99.61, 127.56–138.29 (aro-
matic carbon atoms), 168.75, 169.51 ppm; HRMS: m/z calcd for
C51H46N2NaO15


+ [M+Na]+: 949.2796; found: 949.2794.


1-Methoxy-2,3-O-isopropylidene-b-d-ribofuranosyl-5-carboxylic acid (24):
Compound 24 was synthesized from compound 23[28] (40 mg, 96 mmol) ac-
cording to the general oxidation procedure in 100% yield. 1H NMR
(600 MHz, CDCl3): d=1.31 (s, 3H), 1.47 (s, 3H), 3.40 (s, 3H), 4.55 (d,


3J-
ACHTUNGTRENNUNG(H,H)=5.4 Hz, 1H), 4.63 (s, 1H), 5.04 (s, 1H), 5.17 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=
5.4 Hz, 1H); 13C NMR (150 MHz, CDCl3): d=25.15, 26.56, 55.89, 82.41,
84.33, 109.91, 113.11, 175.41 ppm; HRMS: m/z calcd for C30H26NaO10
[M+Na]+ : 569.1424; found: 569.1431.


Methyl (2-O-benzoyl-3,4-di-O-benzyl-b-d-glucopyranosyluronic acid- ACHTUNGTRENNUNG(1!
3)-(2-deoxy-2-N-phthalimido-4,6-O-benzylidene-b-d-glucopyranoside)
(26): Compound 26 was synthesized from compound 25[29] (28 mg,
33 mmol) following the general oxidation procedure in 95% yield.
1H NMR (400 MHz, CDCl3): d=3.37 (s, 3H; OMe), 3.56 (dd,


3J ACHTUNGTRENNUNG(H,H)=
4.2, 6.4 Hz, 1H), 3.65 (m, 1H), 3.80–3.89 (m, 3H), 3.94 (d, 3J ACHTUNGTRENNUNG(H,H)=
6.0 Hz, 1H), 4.30 (dd, 3J ACHTUNGTRENNUNG(H,H)=8.4, 10.4 Hz, 1H), 4.37–4.51 (m, 5H),
4.73 (t, 3J ACHTUNGTRENNUNG(H,H)=11.2 Hz, 1H), 4.96–5.01 (m, 2H), 5.08 (d, 3J ACHTUNGTRENNUNG(H,H)=
8.8 Hz, 1H), 5.57 (s, 1H), 7.01–7.53 ppm (m, 24H; ArH); 13C NMR
(100 MHz, CDCl3): d=55.45, 57.23, 66.46, 68.95, 73.56, 73.69, 73.89,
74.28, 76.41, 79.45, 81.08, 99.49, 99.78, 102.42, 126.54–137.34 (aromatic
carbon atoms), 164.77, 169.45 ppm (carbonyl groups); HRMS: m/z calcd
for C49H45NaO14 [M+Na]+ : 894.2738; found: 894.2701.


Methyl (2-O-benzoyl-3,4-di-O-benzyl-b-d-glucohexodialdo-1,5-pyrano-
syl)-(1!3)-(2-deoxy-2-N-phthalimido-4,6-O-benzylidene-b-d-glucopyran-
ACHTUNGTRENNUNGoside) (27): Compound 27 was obtained from compound 25[29] following
the general oxidation procedure without the NaClO2 oxidation step.
1H NMR (600 MHz, CDCl3): d=3.35 (s, 3H; OMe), 3.46 (d,


3J ACHTUNGTRENNUNG(H,H)=
7.8 Hz, 1H), 3.58 (t, 3J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 1H), 3.62–3.64 (m, 2H), 3.84–3.87
(m, 2H), 4.28 (dd, 3J ACHTUNGTRENNUNG(H,H)=8.4, 10.2 Hz, 1H), 3.73 (dd, 3J ACHTUNGTRENNUNG(H,H)=4.8,
10.8 Hz, 1H), 4.39–4.51 (m, 5H), 4.72 (t, 3J ACHTUNGTRENNUNG(H,H)=9.0 Hz, 1H), 4.83 (d,
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3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 1H), 4.97 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 1H), 5.05 (d, 3J ACHTUNGTRENNUNG(H,H)=
8.4 Hz, 1H), 5.51 (s, 1H; PhCH), 6.95–7.55 (m, 24H; ArH), 9.39 ppm (s,
1H; CHO); ESI-MS: m/z calcd for C50H49NNaO14 [M+Na+MeOH]+ :
910.3; found: 910.6.


Methyl (benzyl-2-O-benzoyl-3-O-benzyl-4-O-tert-butyldimethylsilyl-b-d-
glucopyranosyluronate)- ACHTUNGTRENNUNG(1!3)-(2-deoxy-2-N-phthalimido-4,6-O-benzyli-
dene-b-d-glucopyranosyl)- ACHTUNGTRENNUNG(1!4)-(benzyl-2-O-benzoyl-3-O-benzyl-b-d-
glucopyranosyluronate)-(1!3)-2-deoxy-2-N-phthalimido-4,6-O-benzyli-
dene-b-d-glucopyranoside (29): Compound 29 was synthesized from com-
pound 28[29] (136 mg, 84 mmol) following the general procedures of oxida-
tion and benzyl ester formation in 86% overall yield. 1H NMR
(600 MHz, CD2Cl2): d=�0.24 (s, 3H; CH3Si), �0.13 (s 3H; CH3Si), 0.75
(s, 9H; (CH3)3CSi), 2.25 (m, 1H), 3.28 (s, 3H; CH3O), 3.37 (d,


3J ACHTUNGTRENNUNG(H,H)=
9.6 Hz, 1H), 3.41 (t, 3J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 1H), 3.44-.3.49 (m, 3H), 3.58–3.61
(m, 2H), 3.67 (d, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 1H), 3.93–4.13 (m, 5H), 4.18 (dd, 3J-
ACHTUNGTRENNUNG(H,H)=5.4, 9.6 Hz, 1H), 4.32–4.39 (m, 3H), 4.52 (d, 3J ACHTUNGTRENNUNG(H,H)=10.8 Hz,
1H), 4.51 (dd, 3J ACHTUNGTRENNUNG(H,H)=9.0, 10.2 Hz, 1H), 4.61 (d, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz,
1H), 4.66 (dd, 3J ACHTUNGTRENNUNG(H,H)=8.4, 10.2 Hz, 1H), 4.68 (d, 3J ACHTUNGTRENNUNG(H,H)=11.4 Hz,
1H), 4.79 (t, 3J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 1H), 4.80 (d, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 1H), 4.92
(dd, 3J ACHTUNGTRENNUNG(H,H)=8.4, 10.2 Hz, 1H), 4.94 (s, 2H), 5.03 (d, 3J ACHTUNGTRENNUNG(H,H)=12.0 Hz,
1H), 5.05 (d, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 1H), 5.06 (d, 3J ACHTUNGTRENNUNG(H,H)=12.0 Hz, 1H), 5.11
(s, 1H; PhCH), 5.32 (s, 1H; PhCH), 6.92–7.81 ppm (m, 48H; ArH);
13C NMR (100 MHz, CD2Cl2): d=�5.20, �4.29, 19.22, 25.72, 55.16, 55.69,
56.98, 65.85, 66.32, 67.31, 68.43, 68.55, 71.91, 72.99, 73.96, 74.24, 74.68,
75.80, 76.12, 76.96, 77.56, 79.88, 80.96, 81.71, 82.20, 98.30, 99.57, 99.59,
99.84, 101.15, 101.48, 123.19–138.38 (aromatic carbon atoms), 164.53,
164.66, 166.93, 168.11 ppm (carbonyl groups); HRMS: m/z calcd for
C103H100NaN2O27Si [M+Na]+ : 1847.6180; found: 1847.6165.


Methyl (benzyl-2-O-benzoyl-3-O-benzyl-4-O-tert-butyldimethylsilyl-b-d-
glucopyranosyluronate)- ACHTUNGTRENNUNG(1!3)-(2-deoxy-2-N-phthalimido-4,6-O-benzyli-
dene-b-d-glucopyranosyl)-(1!4)-(benzyl-2-O-benzoyl-3-O-benzyl-b-d-
glucopyranosyluronate)- ACHTUNGTRENNUNG(1!3)-(2-deoxy-2-N-phthalimido-4,6-O-benzyli-
dene-b-d-glucopyranosyl)- ACHTUNGTRENNUNG(1!4)-(benzyl-2-O-benzoyl-3-O-benzyl-b-d-
glucopyranosyluronate)-(1!3)-(2-deoxy-2-N-phthalimido-4,6-O-benzyli-
dene-b-d-glucopyranoside) (30): Compound 30 was synthesized from
compound 1[29] (70 mg, 30 mmol) following the general procedures of oxi-
dation and benzyl ester formation in 82% overall yield. 1H NMR
(600 MHz, CD2Cl2): d=�0.14 (s, 3H; CH3Si), �0.26 (s, 3H; CH3Si), 0.72
(s, 9H; (CH3)3CSi), 3.04 (t,


3J ACHTUNGTRENNUNG(H,H)=10.2 Hz, 1H), 3.11–3.15 (m, 2H),
3.21–3.31 (m, 5H), 3.27 (s, 3H; MeO), 3.38–3.47 (m, 6H), 3.56–3.61 (m,
2H), 3.67 (t, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 1H), 3.84 (dd, 3J ACHTUNGTRENNUNG(H,H)=4.2, 10.2 Hz, 1H),
3.93–4.04 (m, 6H), 4.07–4.12 (m, 2H), 4.18 (dd, 3J ACHTUNGTRENNUNG(H,H)=4.2, 9.6 Hz,
1H), 4.27–4.38 (m, 6H), 4.45 (d, 3J ACHTUNGTRENNUNG(H,H)=12 Hz, 1H), 4.48 (dd, 3J-
ACHTUNGTRENNUNG(H,H)=8.4, 10.2 Hz, 1H),4.52–4.58 (m, 3H), 4.62–4.68 (m, 3H), 4.97 (d,
3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 1H), 4.99 (s, 1H; PhCH), 5.01 (s, 1H; PhCH), 5.03 (d,
3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 1H), 5.10 (d, 3J ACHTUNGTRENNUNG(H,H)=12 Hz, 1H), 5.12 (s, 1H;
PhCH), 5.17 (d, 3J ACHTUNGTRENNUNG(H,H)=12 Hz, 1H), 4.91–4.93 (m, 3H), 6.86–7.73 ppm
(m, 72H; ArH); 13C NMR (100 MHz, CD2Cl2): d=�5.20 , �4.30, 17.91,
25.71, 53.59, 53.86, 54.13, 55.14, 55.55, 55.65, 56.96, 65.70, 65.87, 66.31,
67.28 ,67.31, 68.21, 68.43, 68.53, 71.89, 72.92, 73.94, 72.18, 74.19, 74.59,
74.74, 75.77, 76.11, 76.96, 77.47, 79.83, 79.87, 80.66, 80.96, 81.15, 82.18,
98.18, 99.54, 99.58, 99.71, 99.79, 100.99, 101.13, 101.47, 123.17–138.33 (ar-
omatic carbon atoms), 164.49, 164.55, 164.64, 166.86, 166.92, 168.10 ppm
(carbonyl groups); HRMS: m/z calcd for C151H141NaN3O40Si [M+Na]+ :
2686.8758; found: 2686.8855.


Methyl (benzyl-2-O-benzoyl-3-O-benzyl-4-O-tert-butyldimethylsilyl-b-d-
glucopyranosyluronate)- ACHTUNGTRENNUNG(1!3)-(2-deoxy-2-N-phthalimido-4,6-O-benzyli-
dene-b-d-galactopyranosyl)-(1!4)-(benzyl-2-O-benzoyl-3-O-benzyl-b-d-
glucopyranosyluronate) (32): Compound 32 was synthesized from com-
pound 31[29] (29 mg, 24 mmol) following the general procedures of oxida-
tion and benzyl ester formation in 76% overall yield. 1H NMR
(600 MHz, CDCl3): d=�0.16 (s, 3H; CH3Si), �0.13 (s 3H; CH3Si), 0.77
(s, 9H; (CH3)3CSi), 2.89 (s, 1H), 3.31 (t,


3J ACHTUNGTRENNUNG(H,H)=9.0 Hz, 1H), 3.36 (s,
3H; MeO), 3.52–3.55 (m, 3H), 3.59 (d, 3J ACHTUNGTRENNUNG(H,H)=10.8 Hz, 1H), 4.01–4.16
(m, 6H), 4.46 (s, 2H), 4.55–4.58 (d, 2H), 4.66 (dd, 3J ACHTUNGTRENNUNG(H,H)=3.6, 10.8 Hz,
1H), 4.72 (d, 3J ACHTUNGTRENNUNG(H,H)=10.2 Hz, 1H), 4.75 (d, 3J ACHTUNGTRENNUNG(H,H)=10.2 Hz, 1H),
4.84 (d, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 1H), 5.03–5.16 (m, 6H), 5.24 (s, 1H; PhCH),
6.81–7.55 ppm (m, 39H; ArH); 13C NMR (150 MHz, CDCl3): d=�4.99,


�4.04, 18.07, 25.93, 52.39, 57.38, 66.73, 67.19, 67.44, 68.86, 71.73, 73.66,
73.97, 74.46, 74.55, 74.89, 75.41, 75.54, 76.84, 81.51, 82.41, 82.64, 98.29,
100.66, 101.06, 104.88, 122.92–139.17 (aromatic carbon atoms), 164.54,
167.84, 168.40, 169.41 ppm (carbonyl groups); ESI-MS: m/z calcd for
C82H85NNaO20Si [M+Na]+ : 1454.5; found: 1454.6; HRMS: m/z calcd for
C82H85NNaO20Si [M+Na]+ : 1454.5170; found: 1454.5332.


Methyl (benzyl-2-O-benzoyl-3-O-benzyl-4-O-tert-butyldimethylsilyl-b-d-
glucopyranosyluronate)- ACHTUNGTRENNUNG(1!4)-(2-deoxy-2-azido-3,6-O-dibenzyl-a-d-glu-
copyranosyl)-ACHTUNGTRENNUNG(1!4)-benzyl-2,3-O-dibenzyl-b-d-glucopyranosyluronate
(34): Compound 34 was synthesized from compound 33[29] (40 mg,
33 mmol) following the general procedures of oxidation and benzyl ester
formation in 81% overall yield. 1H NMR (600 MHz, CDCl3): d=�0.04
(s, 3H; CH3Si), �0.04 (s 3H; CH3Si), 0.85 (s, 9H; (CH3)3CSi), 3.15 (dd,
3J ACHTUNGTRENNUNG(H,H)=4.2, 10.8 Hz, 1H), 3.24 (d, 3J ACHTUNGTRENNUNG(H,H)=10.2 Hz, 1H), 3.29 (t, 3J-
ACHTUNGTRENNUNG(H,H)=9.0 Hz, 1H), 3.39–3.42 (m, 2H), 3.45 (s, 3H; OMe), 3.61–3.67
(m, 2H), 3.73 (d, 3J ACHTUNGTRENNUNG(H,H)=10.8 Hz, 1H), 3.76 (d, 3J ACHTUNGTRENNUNG(H,H)=9.0 Hz, 1H),
3.79 (d, 3J ACHTUNGTRENNUNG(H,H)=10.2 Hz, 1H), 3.95–4.00 (m, 2H), 4.06 (t, 3J ACHTUNGTRENNUNG(H,H)=
9.0 Hz, 1H), 4.26–4.29 (m, 3H), 4.42 (d, 3J ACHTUNGTRENNUNG(H,H)=10.8 Hz, 1H), 4.48 (d,
3J ACHTUNGTRENNUNG(H,H)=10.8 Hz, 1H), 4.56 (d, 3J ACHTUNGTRENNUNG(H,H)=10.8 Hz, 1H), 4.59–4.63 (m,
3H), 4.68–4.70 (m, 2H), 4.83–4.85 (m, 2H), 4.92 (d, 3J ACHTUNGTRENNUNG(H,H)=10.8 Hz,
1H), 5.01 (d, 3J ACHTUNGTRENNUNG(H,H)=12.6 Hz, 1H), 5.01–5.08 (m, 2H), 5.27 (t, 3J-
ACHTUNGTRENNUNG(H,H)=8.4 Hz, 1H), 5.53 (d, 3J ACHTUNGTRENNUNG(H,H)=3.6 Hz, 1H), 7.06–7.65 ppm (m,
40H; ArH); 13C NMR (150 MHz, CDCl3): d �4.77, �3.81, 18.17, 26.06,
57.55, 62.67, 65.66, 66.94, 67.17, 67.42, 70.68, 72.41, 73.86, 73.91, 74.12,
74.16, 74.86, 75.19, 75.63, 75.71, 76.67, 76.87, 77.55, 82.13, 82.94, 84.19,
97.36, 100.45, 105.04, 137.73–141.06 (aromatic carbon atoms), 164.73,
167.79, 168.44 ppm (carbonyl groups); HRMS: m/z calcd for
C81H89N3NaO18Si [M+Na]+ : 1442.5808; found: 1442.5804.
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Anticancer Cyclometalated [AuIII
mACHTUNGTRENNUNG(C^N^C)mL]n+ Compounds: Synthesis


and Cytotoxic Properties


Carrie Ka-Lei Li, Raymond Wai-Yin Sun, Steven Chi-Fai Kui, Nianyong Zhu, and
Chi-Ming Che*[a]


Introduction


The success of cisplatin and its derivatives as anticancer
agents has stimulated the development of metal-based com-
pounds, including those of gold, for anticancer treatment.[1]


In this context, extensive investigations on the biological


properties of gold(i) and gold ACHTUNGTRENNUNG(iii) have been reported. The
development of gold ACHTUNGTRENNUNG(iii) compounds as potential anticancer
agents[2,3] has been hampered by their poor stability in solu-
tion. To our knowledge, only very few cytotoxic gold ACHTUNGTRENNUNG(iii)
compounds, such as [AuACHTUNGTRENNUNG(bipyc-H)(OH)] ACHTUNGTRENNUNG[PF6] (bipyc-H=de-
protonated 6-(1,1-dimethylbenzyl)-2,2’-bipyridine),[2a,e] [Au-
ACHTUNGTRENNUNG(dmamp)Cl2] (dmamp=2-(dimethylaminomethyl)phenyl),[2h]


and gold ACHTUNGTRENNUNG(iii) tetraarylporphyrins,[3] have shown significant
stability.


The stability of metal compounds is usually enhanced by
multidentate chelating ligands. Lippard and co-workers first
reported the use of the tridentate terpyridine ligand (terpy)
to generate a planar goldACHTUNGTRENNUNG(iii) metallointercalator.[4] Messori,
Orioli, and Coronnello also reported a number of gold ACHTUNGTRENNUNG(iii)
compounds containing 6-(1,1-dimethylbenzyl)-2,2’-bipyridine
ligands.[2a,e] Guo and co-workers recently reported the syn-


Abstract: A series of cyclometalated
gold ACHTUNGTRENNUNG(iii) compounds [Aum-
ACHTUNGTRENNUNG(C^N^C)mL]


n+ (m=1–3; n=0–3;
HC^N^CH=2,6-diphenylpyridine)
was prepared by ligand substitution re-
action of L with N-donor or phosphine
ligands. The [AumACHTUNGTRENNUNG(C^N^C)mL]


n+ com-
pounds are stable in solution in the
presence of glutathione. Crystal struc-
tures of the gold ACHTUNGTRENNUNG(iii) compounds con-
taining bridging bi- and tridentate
phosphino ligands reveal the presence
of weak intramolecular p···p stacking
between the [AuACHTUNGTRENNUNG(C^N^C)]+ units. Re-
sults of MTT assays demonstrated that
the [AumACHTUNGTRENNUNG(C^N^C)mL]


n+ compounds
containing nontoxic N-donor auxiliary
ligands (2) exert anticancer potency
comparable to that of cisplatin, with
IC50 values ranging from 1.5 to 84 mm.
The use of [Au ACHTUNGTRENNUNG(C^N^C)(1-methylimi-
dazole)]+ (2a) as a model compound


revealed that the gold ACHTUNGTRENNUNG(iii)-induced cyto-
toxicity occurs through an apoptotic
cell-death pathway. The cell-free inter-
action of 2a with double-stranded
DNA was also examined. Absorption
titration showed that 2a binds to calf-
thymus DNA (ctDNA) with a binding
constant of 4.5:105 dm3mol�1 at 298 K.
Evidence from gel-mobility-shift assays
and viscosity measurements supports
an intercalating binding mode for the
2a–DNA interaction. Cell-cycle analy-
sis revealed that 2a causes S-phase cell
arrest after incubation for 24 and
48 hours. The cytotoxicity of 3b–g
toward cancer cells (IC50=0.04–4.3 mm)
correlates to that of the metal-free


phosphine ligands (IC50=0.1–38.0 mm),
with [Au2ACHTUNGTRENNUNG(C^N^C)2 ACHTUNGTRENNUNG(m-dppp)]


2+ (3d)
and dppp (dppp=1,2-bis(diphenylphos-
phino)propane) being the most cyto-
toxic gold ACHTUNGTRENNUNG(iii) and metal-free com-
pounds, respectively. Compound 3d
shows a cytotoxicity at least ten-fold
higher than the other gold ACHTUNGTRENNUNG(iii) ana-
logues; in vitro cellular-uptake experi-
ments reveal similar absorptions for all
the gold ACHTUNGTRENNUNG(iii) compounds into nasophar-
yngeal carcinoma cells (SUNE1) (1.18–
3.81 ng/cell ; c.f. , 3d=2.04 ng/cell), sug-
gesting the presence of non-gold-medi-
ated cytotoxicity. Unlike 2a, both gold-
ACHTUNGTRENNUNG(iii) compounds [Au ACHTUNGTRENNUNG(C^N^C) ACHTUNGTRENNUNG(PPh3)]


+


(3a) (PPh3= triphenylphosphine) and
[Au2 ACHTUNGTRENNUNG(C^N^C)2ACHTUNGTRENNUNG(m-dppp)]


2+ (3d) inter-
act only weakly with ctDNA and do
not arrest the cell cycle.
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thesis of [Au ACHTUNGTRENNUNG(Quinpy)Cl]Cl (HQuinpy=N-(8-quinolyl)pyri-
dine-2-carboxamide) and its derivatives.[2d] These gold ACHTUNGTRENNUNG(iii)
compounds are cytotoxic and bind to DNA. In addition, Co-
ronnello, Messori, Fregona, and their co-workers showed re-
cently that goldACHTUNGTRENNUNG(iii)-induced cytotoxicity may proceed
through an induction of apoptosis.[2a,b]


We have reported previously the synthesis and study of a
series of goldACHTUNGTRENNUNG(iii) porphyrins that exhibit potent in vitro and
in vivo anticancer properties toward hepatocellular carcino-
ma and nasopharyngeal carcinoma.[3] As demonstrated by
DNA-microarray and proteomic analyses, the gold ACHTUNGTRENNUNG(iii) tet-
raarylporphyrins upregulated the transcription and transla-
tion of a number of apoptosis-related gene and protein ex-
pressions. To explore potential medicinal applications for
gold ACHTUNGTRENNUNG(iii) compounds, we focused our attention on [Aum-
ACHTUNGTRENNUNG(C^N^C)mL]


n+ compounds (HC^N^CH=2,6-diphenylpyri-
dine, Scheme 1), which were first developed and reported
by us in 1998.[5b] We envisioned that the cationic [Aum-
ACHTUNGTRENNUNG(C^N^C)mL]


n+ compounds (for m=1, n=1, L=neutral
ligand) would be structurally analogous to the classical met-
allointercalating [Pt ACHTUNGTRENNUNG(terpy)L]+ compounds.[6] This class of
compounds should be highly robust in solution, because the
dianionic nature of the C^N^C ligand would stabilize the
electrophilic gold ACHTUNGTRENNUNG(iii), causing
its reduction to gold(ii) and
gold(i) at negative reduction
potential. It would also be fea-
sible to make structural modifi-
cations to the [Aum-
ACHTUNGTRENNUNG(C^N^C)mL]


n+ compounds
through ligand-substitution re-
actions of L, which would be
very useful for studying the re-
lationship between structure
and cytotoxicity. By using ap-
propriate polydentate ligands,
polynuclear goldACHTUNGTRENNUNG(iii) com-
pounds comprising more than
one [AuACHTUNGTRENNUNG(C^N^C)]+ moiety
(m=2 or 3) could be obtained.
Furthermore, given the stability
of the gold ACHTUNGTRENNUNG(iii)–ligand bond, the
[AuACHTUNGTRENNUNG(C^N^C)]+ moiety may
also serve as a biological carrier
through the ligation of cytotox-
ic agents, such as phosphine li-
gands.


Here we describe the synthe-
ses of a series of [Aum-
ACHTUNGTRENNUNG(C^N^C)mL]


n+ compounds
(L=chloride, N-donor, or phos-
phine ligand). By using [Au-
ACHTUNGTRENNUNG(C^N^C)(1-methylimidazole)]+


(2a) and [Au2ACHTUNGTRENNUNG(C^N^C)2(m-1,2-
bis(diphenylphosphino)pro-
pane)]2+ (3d) as model com-
pounds, the mode of interaction


of [AumACHTUNGTRENNUNG(C^N^C)mL]
n+ with DNA and potential mechanisms


for induced cell death are examined.


Results and Discussion


The [AumACHTUNGTRENNUNG(C^N^C)mL]
n+ compounds studied are shown in


Scheme 2. The goldACHTUNGTRENNUNG(iii) compounds, including new com-
pounds 2b, 2c, 3d–h, 4a, 4b, and 5a–f, were prepared ac-
cording to literature methods and were characterized by
1H NMR and UV-visible spectroscopies, and fast atom-bom-
bardment (FAB) mass spectrometry (see Experimental Sec-


Scheme 1. Possible sites for structural modification of [Aum-
ACHTUNGTRENNUNG(C^N^C)mL]


n+ .


Scheme 2. The goldACHTUNGTRENNUNG(iii) compounds investigated.
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tion).[5,7] Displacement of the chloride group of 1 (R1 modi-
fication, Scheme 1) is achieved by reaction with the appro-
priate N-donor (2) or phosphine (3) ligands. By using the bi-
dentate imidazolato (for 2c), 1,2-bis(diphenylphosphino)Cn


(Cn is a saturated hydrocarbon linker with n=1–6, for 3b–
g), and tridentate bis(diphenylphosphinoethyl)phenylphos-
phine (for 3h) ligands, we obtained multinuclear gold ACHTUNGTRENNUNG(iii)
compounds containing more than one [AuACHTUNGTRENNUNG(C^N^C)]+


moiety. Compounds 4a and 4b are structural analogues of 1
and 2a, respectively, with a phenyl substitution at the R2 po-
sition. Compounds 5a–f are gold ACHTUNGTRENNUNG(iii) compounds containing
extended p-conjugated C^N^C motifs (R3 and R4 modifica-
tion on the C^N^C ligand).


X-ray crystallography : The molecular structures of 1 (Fig-
ure S1), 2b (Figure S2), 2c (Figure 1), 3d (Figure 2), 3h
(Figure 3), 4a (Figure S3), 5a (Figure S4), 5c (Figure S5), 5d
(Figure S6), 5e (Figure S7), and 5 f (Figure 4) were estab-
lished by X-ray crystallography. Crystallographic data-col-
lection parameters and selected bond angles and distances
for the gold ACHTUNGTRENNUNG(iii) compounds are summarized in Tables 1 and
2, respectively. The Au–NACHTUNGTRENNUNG(pyridyl) distances (1.94–2.06 O)
are comparable to the related distances (1.93–2.14 O) found
in [Au ACHTUNGTRENNUNG(terpy)Cl]2+ (terpy=2,2’,2’’-terpyridine),[4] [Au(4-
MeOPh-terpy)Cl]2+ (4-MeOPh-terpy=4’-(4-methoxyphen-


yl)-2,2’,6’,2’’-terpyridine),[2i] and [Au ACHTUNGTRENNUNG(esal)]2+ (esal=N-ethyl-
salicylaldiminate).[2g] The Au–C ACHTUNGTRENNUNG(phenyl) distances (2.06–
2.13 O) in these structures are comparable to the previously
reported [Au ACHTUNGTRENNUNG(C^N^C)L]n+ analogues (2.08–2.16 O).[5b] The
respective angles between the trans aryl carbon atoms in all
the X-ray crystal structures (156.8–163.88) deviate signifi-
cantly from linearity. This is attributed to the phenyl sub-
stituents of the 2,6-diphenylpyridine ligand, which evidently
restrict the bite angle.


The crystal structure of the
molecular cation of 2c
(Figure 1) shows two [Au-
ACHTUNGTRENNUNG(C^N^C)]+ units that can ar-
range in C2v symmetry through
coordination of the N donors of
the bidentate imidazolato
ligand to gold ACHTUNGTRENNUNG(iii). In contrast,
the dppp ligand of 3d (dppp=
1,2-bis(diphenylphosphino)pro-
pane) can position two [Au-
ACHTUNGTRENNUNG(C^N^C)]+ moieties into a
face-to-face configuration
(Figure 2). This configuration
suggests weak intramolecular
interactions between the two
staggered [AuACHTUNGTRENNUNG(C^N^C)]+ units
with an interplanar distance of
3.789 O. However, the intramo-
lecular metal···metal contact of
4.626 O between Au1···Au2 is
beyond the normal range of
metal–metal interactions for d8-
metal ions.[8]


Figure 3 depicts the configu-
ration of the molecular cation
of the trinuclear gold ACHTUNGTRENNUNG(iii) com-
pounds, with bis(diphenylphos-
phinoethyl)phenylphosphine
(dpep) as the supporting ligand
(3h). Two of the three planar
[AuACHTUNGTRENNUNG(C^N^C)]+ moieties of 3hScheme 2. (Continued)


Figure 1. ORTEP drawing of the molecular cation of 2c made with ther-
mal ellipsoids at the 30% probability level.
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are positioned in a face-to-face configuration. Similar to 3d,
there is a weak p···p stacking interaction (3.680 O) between
these two gold ACHTUNGTRENNUNG(iii) moieties. The remaining terminal [Au-
ACHTUNGTRENNUNG(C^N^C)]+ moiety sits as a QflapR on the other side of the
molecule along the phosphorus–carbon chain, creating a
Au1···Au2···Au3 angle of 99.88. This angle deviates signifi-
cantly from linearity, compared with the M···M···M angles of
154–1798 found in the reported tethered oligopyridine cyclo-
metalated platinum(ii) systems.[8]


The structures of 5a, 5c, 5d, 5e, and 5 f containing ex-
tended p-conjugated C^N^C motifs were also established
by X-ray crystallography. The crystal structure of 5a reveals
the presence of p-stacking intermolecular interactions
(3.59 O) (Supporting Information). However, this intermo-
lecular p-stacking distance is larger than that found in 1
(2.84 O). The interplanar distances between the [AuACHTUNGTRENNUNG(Np-


C^N^C)]+ (in which Np-C^N^C=2,6-dinaphthylpyridine)
motifs of dinuclear gold ACHTUNGTRENNUNG(iii) compounds 5d and 5e are 3.34
and 3.19 O, respectively, indicative of p-stacking intramolec-
ular interactions for these two gold ACHTUNGTRENNUNG(iii) compounds. Similar
to the trinuclear goldACHTUNGTRENNUNG(iii) compound 3h, two of the three
planar [AuACHTUNGTRENNUNG(C^N^C)]+ moieties of 5 f are positioned in a
face-to-face configuration, whereas the remaining terminal
[AuACHTUNGTRENNUNG(C^N^C)]+ moiety sits as a QflapR on the other side of
the molecule along the phosphorus–carbon chain (Figure 4).


Physical properties : Compounds 2a, 2b, 3a–h, 4b, and 5b–f
are slightly soluble in water, with solubilities of
~0.5 mgmL�1. Unlike the neutral phosphine ligands them-
selves, which are insoluble in water and poorly soluble in di-
methyl sulfoxide (DMSO), the goldACHTUNGTRENNUNG(iii) compounds 3a–h
possess positive charge(s), giving them better solubility in
polar solvents. The neutral compounds 1, 4a, and 5a, and
the cationic dinuclear goldACHTUNGTRENNUNG(iii) compound 2c are insoluble in
water, but could be dissolved in DMSO and DMF at
~1 mgmL�1. All these goldACHTUNGTRENNUNG(iii) compounds exhibit a vibron-
ic-structure absorption band with peak maxima at 304–
318 nm in DMSO. As reported previously, these absorptions
are attributed to a metal-perturbed intraligand (IL) p–p*
transition within the C^N^C ligand.[5] At a concentration of
50 mm, all compounds exhibited excellent stability in organic
solvents, as no significant UV-visible spectral changes were
observed over a 24-h period at room temperature. Electro-
chemical properties of the gold ACHTUNGTRENNUNG(iii) compounds in DMF
were studied by cyclic voltammetry. Compared to KAuCl4
[Eo


goldðiiiÞ!goldðiÞ=�0.4 V], the substantially more-cathodic po-
tentials of �1.43 to �1.83 V versus Cp2Fe


+ /0 required for the
gold ACHTUNGTRENNUNG(iii) reduction in all the gold ACHTUNGTRENNUNG(iii) compounds is consis-
tent with stabilization of gold ACHTUNGTRENNUNG(iii) by the dianionic C^N^C
ligand (Table S1). Thus, it is not surprising that these
ACHTUNGTRENNUNGgold ACHTUNGTRENNUNG(iii) compounds are not reduced easily under physiologi-
cal conditions. Treatment of the goldACHTUNGTRENNUNG(iii) compounds, such as
2a, with glutathione (GSH, 2 mm) in Tris-buffered saline


Figure 2. ORTEP drawing of the molecular cation of 3d made with ther-
mal ellipsoids at the 30% probability level.


Figure 3. ORTEP drawing of the molecular cation of 3h made with ther-
mal ellipsoids at the 30% probability level.


Figure 4. ORTEP drawing of the molecular cation of 5 f made with ther-
mal ellipsoids at the 30% probability level.
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(TBS)/DMSO (9:1) solution caused no significant UV-visi-
ble spectral changes over a 24-h period (Figure S8). ESI-MS
analysis of the solution revealed the presence of only the
molecular ion of [Au ACHTUNGTRENNUNG(C^N^C) ACHTUNGTRENNUNG(meim-1)]+ (meim-1=1-
methylimidazole), (m/z=508, Figure S9) with no evidence
of demetalation. These findings indicate that 2a did not un-
dergo demetalation upon treatment with GSH. In addition,


there were no changes in UV-visible, 31P NMR, or 1H NMR
spectra (Figure S10) observed for 3d (as an example of a
phosphine-containing gold ACHTUNGTRENNUNG(iii) compound) upon standing in
DMSO or TBS for 24 h. This observation demonstrates that
these gold ACHTUNGTRENNUNG(iii) compounds are stable in solution.


Table 1. Crystal data and structure refinement for 1, 2b-(ClO4), 2c-(ClO4)·C3H7NO, 3d-(CF3SO3)2·4CH3CN, 3h-(CF3SO3)3·CH3CN·H2O, 4a·CH3OH, 5a,
5c-(CF3SO3)·CHCl3, 5d-(CF3SO3)2·H2O, 5e-(CF3SO3)2·2Et2O, and 5 f-(CF3SO3)3·6CHCl3·H2O.


1 2b-(ClO4) 2c-(ClO4)·
C3H7NO


3d-(CF3SO3)2·
4CH3CN


3h-(CF3SO3)3·
CH3CN·H2O


4a·CH3OH


formula C17H11ClNAu C22H16ClN2O4Au C37H25ClN4O4Au2·
C3H7NO


C63H48F6N2O6P2S2Au2·
C8H12N4


C88H66F9N3O9P3S3Au3·
C2H3N·H2O


C23H15NClAu·
CH4O


Mr 461.68 604.78 1092.09 1727.24 2319.48 569.80
cryst. system monoclinic triclinic monoclinic monoclinic triclinic orthorhombic
space group C2/c P1̄ P21/n P21/c P1̄ Fddd
a [O] 10.595(2) 8.911(2) 13.453(3) 21.760(5) 13.082(3) 11.820(2)
b [O] 13.995(3) 10.632(2) 18.847(4) 17.740(4) 14.668(3) 15.064(3)
c [O] 9.293(2) 12.072(2) 15.143(3) 17.959(4) 25.067(5) 46.414(9)
a [8] 90.00 106.60(3) 90.00 90.00 96.84(3) 90.00
b [8] 101.26(3) 93.25(3) 109.85(3) 90.17(3) 92.35(3) 90.00
g [8] 90.00 112.84(3) 90.00 90.00 109.43(3) 90.00
V [O3] 1351.4(5) 991.8(3) 3611.4(13) 6933(3) 4487.1(16) 8264.0(3)
Z 4 2 4 4 2 16
F ACHTUNGTRENNUNG(000) 864 580 2088 3400 2256 4352
1calcd [Mg m�3] 2.269 2.025 2.009 1.655 1.715 1.825
m [mm�1] 11.070 7.585 8.243 4.406 5.093 7.263
index ranges �12�h�12 �9�h�9 �16�h�16 �26�h�26 �15�h�15 �14�h�9


�16�k�16 �12�k�12 �22�k�22 �21�k�21 �17�k�17 �11�k�18
�10� l�9 �14� l�14 �18� l�18 �21� l�21 �30� l�29 �53� l�53


reflns collected 4595 7053 25187 50377 31154 6720
independent reflns 1162 3361 6389 12724 15316 1714
data/restraints/parameters 1162/0/93 3361/58/267 6389/0/478 12724/0/850 15316/93/1059 1714/0/117
final R indices [I>2s(I)] R1=0.033 R1=0.042 R1=0.043 R1=0.037 R1=0.049 R1=0.041


wR2=0.079 wR2=0.096 wR2=0.102 wR2=0.076 wR2=0.124 wR2=0.099
goodness-of-fit on F2 1.162 0.964 0.895 0.829 0.918 0.962
largest diff. peak/hole [eO�3] 0.740/�1.803 2.083/�2.082 1.534/�2.498 1.300/�1.444 1.405/�2.058 1.225/�1.915


5a 5c-(CF3SO3)·CHCl3 5d-(CF3SO3)2·H2O 5e-(CF3SO3)2·2Et2O 5 f-(CF3SO3)3·6CHCl3·H2O


formula C25H15ClNAu C44H29F3NO3PSAu·
CHCl3


C77H52F6N2O6P2S2Au2·
H2O


C78H54F6N2O6P2S2Au2·
C8H20O2


C112H78F9N3O9P3S3Au3·
C6H8Cl18O


Mr 561.80 1056.05 1753.21 1897.46 3294.99
cryst. system orthorhombic triclinic monoclinic monoclinic triclinic
space group Pbca P1̄ P21/c C2/c P1̄
a [O] 15.303(3) 9.662(2) 24.777(5) 40.037(8) 16.044(3)
b [O] 9.699(2) 13.853(3) 14.959(3) 14.516(3) 17.338(4)
c [O] 25.666(5) 15.567(3) 18.165(4) 42.375(9) 25.463(5)
a [8] 90.00 93.08(3) 90.00 90.00 97.52(3)
b [8] 90.00 90.22(3) 100.78(3) 104.76(3) 102.51(3)
g [8] 90.00 101.28(3) 90.00 90.00 109.12(3)
V [O3] 3809.4(13) 2040.2(7) 6614(2) 23815(9) 6375(2)
Z 8 2 4 12 2
F ACHTUNGTRENNUNG(000) 2144 1038 3440 11304 3224
1calcd [Mg m�3] 1.959 1.719 1.761 1.588 1.717
m [mm�1] 7.874 3.949 4.619 3.856 3.978
index ranges �15�h�15 �11�h�8 �29�h�29 �45�h�45 �17�h�17


�9�k�9 �16�k�15 �18�k�18 �17�k�17 �20�k�20
�29� l�29 �18� l�18 �21� l�21 �50� l�50 �29� l�30


reflns collected 11847 10158 45673 58958 38662
independent reflns 2198 6662 11809 19276 19309
data/restraints/parameters 2198/0/63 6662/22/537 11809/19/863 19276/275/1290 19309/297/1328
final R indices [I>2s(I)] R1=0.062 R1=0.037 R1=0.035 R1=0.051 R1=0.065


wR2=0.187 wR2=0.086 wR2=0.077 wR2=0.122 wR2=0.171
goodness-of-fit on F2 0.935 0.986 0.775 0.852 0.919
largest diff. peak/hole [eO�3] 0.998/�1.382 1.074/�1.492 1.208/�0.925 2.515/�0.904 1.285/�1.491


Chem. Eur. J. 2006, 12, 5253 – 5266 I 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5257


FULL PAPERAnticancer Cyclometalated Compounds



www.chemeurj.org





Table 2. Selected bond lengths [O] and angles [8] for 1, 2b-(ClO4), 2c-(ClO4)·C3H7NO, 3d-(CF3SO3)2·4CH3CN, 3h-(CF3SO3)3·CH3CN·H2O, 4a·CH3OH,
5a, 5c-(CF3SO3)·CHCl3, 5d-(CF3SO3)2·H2O, 5e-(CF3SO3)2·2Et2O, and 5 f-(CF3SO3)3·6CHCl3·H2O.


1[a] 2b-(ClO4)


Au1�N1 1.984(8) Au1�N1 1.980(8)
Au1�C1 2.094(7) Au1�C1 2.073(9)
Au1�C1#1 2.094(7) Au1�C13 2.081(9)
Au1�Cl1 2.282(2) Au1�N2 2.043(7)


N1-Au1-C1 81.7(2) N1-Au1-C1 82.6(4)
N1-Au1-C1#1 81.7(2) N1-Au1-C13 81.2(4)
C1-Au1-C1#1 163.3(4) C1-Au1-C13 163.8(4)
N1-Au1-Cl1 180.0(1) N1-Au1-N2 178.2(3)
C1-Au1-Cl1 98.3(2) C1-Au1-N2 98.8(3)
C1#1-Au1-Cl1 98.3(2) C13-Au1-N2 97.4(3)


2c-(ClO4)·C3H7NO 3d-(CF3SO3)2·4CH3CN 3h-(CF3SO3)3·CH3CN·H2O


Au1�N3 1.953(8) Au1�N1 2.028(5) Au1�N1 2.047(8) C18-Au2-C30 159.9(4)
Au1�C4 2.085(9) Au1�C1 2.119(6) Au1�C1 2.092(9) N2-Au2-P2 173.1(3)
Au1�C16 2.077(10) Au1�C13 2.100(6) Au1�C13 2.098(8) C18-Au2-P2 101.3(3)
Au1�N1 2.016(8) Au1�P1 2.296(15) Au1�P1 2.274(3) C30-Au2-P2 98.6(3)
Au2�N4 1.957(8) Au2�N2 2.015(5) Au2�N2 2.042(9) N3-Au3-C35 81.3(4)
Au2�C21 2.080(9) Au2�C18 2.117(6) Au2�C18 2.110(10) N3-Au3-C47 78.6(4)
Au2�C33 2.090(10) Au2�C30 2.105(6) Au2�C30 2.110(8) C35-Au3-C47 159.4(4)
Au2�N2 1.991(9) Au2�P2 2.283(16) Au2�P2 2.288(3) N3-Au3-P3 176.0(3)


Au3�N3 2.032(8) C35-Au3-P3 99.2(3)
N3-Au1-C4 81.8(4) N1-Au1-C1 80.2(2) Au3�C35 2.087(12) C47-Au3-P3 101.2(3)
N3-Au1-C16 81.9(4) N1-Au1-C13 80.3(2) Au3�C47 2.095(11)
C4-Au1-C16 163.6(4) C1-Au1-C13 159.9(2) Au3�P3 2.288(3)
N3-Au1-N1 178.5(3) N1-Au1-P1 174.41(15)
C4-Au1-N1 97.5(4) C1-Au1-P1 103.17(17) N1-Au1-C1 80.4(3)
C16-Au1-N1 98.9(4) C13-Au1-P1 96.65(17) N1-Au1-C13 80.5(4)
N4-Au2-C21 82.3(4) N2-Au2-C18 80.6(2) C1-Au1-C13 159.8(4)
N4-Au2-C33 80.9(4) N2-Au2-C30 80.2(2) N1-Au1-P1 169.3(2)
C21-Au2-C33 163.2(5) C18-Au2-C30 159.4(3) C1-Au1-P1 100.7(3)
N4-Au2-N2 179.5(3) N2-Au2-P2 174.03(15) C13-Au1-P1 99.3(3)
C21-Au2-N2 97.4(4) C18-Au2-P2 102.15(18) N2-Au2-C18 78.8(4)
C33-Au2-N2 99.4(4) C30-Au2-P2 97.67(18) N2-Au2-C30 81.8(4)


4a·CH3OH[b] 5a 5c-(CF3SO3)·CHCl3


Au1�N1 1.979(8) Au1�N1 1.941(11) Au1�N1 2.040(4)
Au1�C1 2.111(16) Au1�C2 2.063(9) Au1�C1 2.088(6)
Au1�C1#2 2.111(16) Au1�C18 2.086(7) Au1�C17 2.096(5)
Au1�Cl1 2.287(3) Au1�Cl1 2.269(6) Au1�P1 2.297(14)


N1-Au1-C1 78.4(4) N1-Au1-C2 81.1(6) N1-Au1-C1 80.95(19)
N1-Au1-C1#2 78.4(4) N1-Au1-C18 82.4(5) N1-Au1-C17 80.26(19)
C1-Au1-C1#2 156.8(8) C2-Au1-C18 163.5(5) C1-Au1-C17 161.2(2)
N1-Au1-Cl1 180.0(0) N1-Au1-Cl1 179.7(4) N1-Au1-P1 176.33(12)
C1-Au1-Cl1 101.6(4) C2-Au1-Cl1 98.7(4) C1-Au1-P1 95.38(15)
C1#2-Au1-Cl1 101.6(4) C18-Au1-Cl1 97.8(4) C17-Au1-P1 103.41(15)


5d-(CF3SO3)2·H2O 5e-(CF3SO3)2·2Et2O 5 f-(CF3SO3)3·6CHCl3·H2O


Au1�N1 2.060(5) Au1�N1 2.029(8) Au1�N1 2.042(11) C26-Au2-C42 160.7(5)
Au1�C1 2.126(6) Au1�C1 2.088(9) Au1�C1 2.116(12) N2-Au2-P2 172.7(3)
Au1�C17 2.127(6) Au1�C17 2.093(10) Au1�C17 2.079(13) C26-Au2-P2 97.1(4)
Au1�P1 2.303(19) Au1�P1 2.287(2) Au1�P1 2.293(4) C42-Au2-P2 101.7(4)
Au2�N2 2.044(5) Au2�N2 2.033(9) Au2�N2 2.059(11) N3-Au3-C51 80.9(5)
Au2�C42 2.114(6) Au2�C42 2.080(13) Au2�C42 2.115(14) C51-Au3-C67 162.5(6)
Au2�C26 2.114(6) Au2�C26 2.129(10) Au2�C26 2.070(15) N3-Au3-C67 82.4(5)
Au2�P2 2.297(18) Au2�P2 2.292(3) Au2�P2 2.288(3) N3-Au3-P3 171.1(3)


Au3�N3 2.016(11) C51-Au3-P3 101.9(4)
N1-Au1-C1 80.0(2) N1-Au1-C1 80.1(4) Au3�C51 2.100(13) C67-Au3-P3 95.4(4)
N1-Au1-C17 79.4(2) N1-Au1-C17 80.7(4) Au3�C67 2.094(15)
C1-Au1-C17 159.4(3) C1-Au1-C17 160.6(4) Au3�P3 2.289(4)
N1-Au1-P1 176.94(14) N1-Au1-P1 176.6(2)
C1-Au1-P1 102.7(2) C1-Au1-P1 100.7(3) N1-Au1-C1 80.9(5)
C17-Au1-P1 97.9(2) C17-Au1-P1 98.6(3) N1-Au1-C17 80.3(5)
N2-Au2-C26 80.6(2) N2-Au2-C26 80.6(4) C1-Au1-C17 160.1(5)
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Cytotoxicity of the [AumACHTUNGTRENNUNG(C^N^C)mL]n+ compounds contain-
ing nontoxic N-donor auxiliary ligands : The cytotoxicities of
the gold ACHTUNGTRENNUNG(iii) compounds toward several human cancer cell
lines, including nasopharyngeal carcinoma (SUNE1, and its
cisplatin variant CNE1), hepatocellular carcinoma (HepG2),
and cervical epithelioid carcinoma (HeLa) were determined
by using a well-established MTT assay.[9] The results are
listed in Table 3. Modification of 1 at position R1


(Scheme 1) by using various N-donor ligands gave com-
pounds 2a–c, the IC50 values of which spanned the range
1.5–84 mm. The cytotoxicities of some of these compounds
were found to be similar to that of cisplatin (1.0–11 mm) and
the classical metallointercalator [Pt ACHTUNGTRENNUNG(terpy)Cl]Cl (11–23 mm).
In contrast to similar reported compounds, these gold ACHTUNGTRENNUNG(iii)
compounds possess slightly lower cytotoxic activities than
the gold ACHTUNGTRENNUNG(iii) tetraarylporphyrins[3] and [AuACHTUNGTRENNUNG(terpy)Cl]Cl2,


[2f]


but exhibit cytotoxicities similar to other classes of gold ACHTUNGTRENNUNG(iii)
cyclometalated compounds, such as [AuIII


ACHTUNGTRENNUNG(bipyc-H)(OH)]-
ACHTUNGTRENNUNG[PF6] (bipyc-H=deprotonated 1,1-dimethylbenzyl-2,2-bipyr-
idine)[2e] and [AuIII


ACHTUNGTRENNUNG(dmamp)Cl2] (dmamp=2-(dimethylami-
nomethyl)phenyl).[2h] As a control, the cytotoxicities of the
metal-free N-donor ligands (1-methylimidazole, pyridine,
and imidazole) were also examined. Their IC50 values were
found to be >100 mm (data not shown), suggesting that
these ligands are relatively nontoxic. Because structural
modification at R1 by using these nontoxic N-donor ligands


has little influence on cytotoxicity, it is, therefore, the [Au-
ACHTUNGTRENNUNG(C^N^C)]+ moiety that is instrumental for the observed cy-
totoxicity.


Cisplatin chemotherapy is currently the last-line treatment
for several types of cancer, including nasopharyngeal carci-
noma (NPC). However, resistance to cisplatin is frequently
encountered.[10] Thus, new anticancer agents that are active
against cisplatin-resistant cell lines are required. As shown
in Table 3, the goldACHTUNGTRENNUNG(iii) compounds are equally cytotoxic
toward the cisplatin-sensitive and -resistant NPC (SUNE1
and CNE1, respectively). The resistance factor, IC50 (CNE1/
SUNE1), for cisplatin is 3.3, whereas the corresponding
values for the gold ACHTUNGTRENNUNG(iii) compounds are close to unity
(Table 3). The lack of cross resistance suggests that the
ACHTUNGTRENNUNGgold ACHTUNGTRENNUNG(iii) compounds and cisplatin may induce cytotoxicity
through different mechanisms, or the gold ACHTUNGTRENNUNG(iii) compounds
may bypass the cellular-sequestration mechanism for cyto-
toxic agents (e.g., they are stable in elevated levels of
GSH).


We also examined the cytotoxicity of the gold ACHTUNGTRENNUNG(iii) com-
pounds with R2 (4) or R3 and R4 (5) modifications (see
Scheme 1). Both 4b (IC50(SUNE1)=2.4 mm ; IC50(CNE1)=2.3 mm)
and 5b (IC50(SUNE1)=7.8 mm ; IC50(CNE1)=8.5 mm) with 1-meth-
ylimidazole as auxiliary ligands exhibit cytotoxic activities
similar to that of 2a (c.f. , IC50(SUNE1)=12 mm ; IC50(CNE1)=


6.7 mm). It appears that extension of the planar C^N^C
ligand by modifying the R2–R4


positions does not play an im-
portant role in the overall [Au-
ACHTUNGTRENNUNG(C^N^C)]+ cytotoxicity.


The [Au ACHTUNGTRENNUNG(C^N^C)]+ moiety
serves as a carrier of cytotoxic
phosphine compounds : As re-
viewed by Sadler and Berners-
Price in 1987,[11b] phosphine-
containing compounds are well-
known potential anticancer
agents.[11] However, their insta-
bility under physiological condi-
tions (e.g., formation of phos-
phine oxide) and nonspecific
binding affinities toward vari-
ous biomolecules have hindered
their clinical development as
anticancer agents. In this work,
we found that the [Au-


Table 2. (Continued)


5d-(CF3SO3)2·H2O 5e-(CF3SO3)2·2Et2O 5 f-(CF3SO3)3·6CHCl3·H2O


N2-Au2-C42 80.2(2) N2-Au2-C42 80.3(5) N1-Au1-P1 174.9(3)
C26-Au2-C42 160.7(3) C26-Au2-C42 160.4(5) C1-Au1-P1 99.3(4)
N2-Au2-P2 175.93(13) N2-Au2-P2 175.9(3) C17-Au1-P1 100.0(4)
C26-Au2-P2 95.60(19) C26-Au2-P2 97.7(3) N2-Au2-C26 79.8(6)
C42-Au2-P2 103.58(19) C42-Au2-P2 101.5(4) N2-Au2-C42 81.9(5)


[a] Symmetry operation #1: �x+1, y, �z+0.5 [b] Symmetry operation #2: �x+0.75, �y+0.75, z.


Table 3. Cytotoxicities (IC50, 72 h) of the gold ACHTUNGTRENNUNG(iii) compounds toward selected human cancer cell lines.


IC50 [mm] IC50 ratio
Compound HeLa[b] HepG2[b] SUNE1[b] CNE1[b] (CNE1/SUNE1)


1 3.4�0.6 17�2 4.0�0.5 3.1�0.4 0.78
2a 8.0�0.5 35�5 12�1.3 6.7�1.5 0.56
2b 8.2�0.4 84�12 4.0�0.4 2.6�0.4 0.65
2c 3.0�0.2 54�6 2.1�0.3 1.5�0.3 0.71
3a n.d.[a] n.d.[a] 17�2 11�2 0.65
3b 0.81�0.08 n.d.[a] 0.92�0.12 1.2�0.2 1.3
3c 0.14�0.03 0.32�0.08 0.25�0.03 0.40�0.06 1.6
3d 0.043�0.006 0.21�0.09 0.055�0.007 0.091 �0.012 1.7
3e 2.4�0.2 n.d.[a] 1.5�0.2 2.2 �0.3 1.5
3 f 1.5�0.3 n.d.[a] 1.6�0.3 2.5�0.3 1.6
3g 3.2�0.4 n.d.[a] 4.3�0.9 3.2�0.5 0.74
3h 0.93�0.09 3.8�0.6 0.26�0.03 0.40�0.05 1.5
4b 4.6�0.8 13�2 2.4�0.4 2.3�0.6 0.96
5b 17�3 n.d.[a] 7.8�1.2 8.5�0.9 1.1
[Pt ACHTUNGTRENNUNG(terpy)Cl]Cl 14�2 23�3 11�3 13�2 1.2
cisplatin 11�1 1.6�0.2 1.0�0.1 3.3�0.5 3.3


[a] n.d.=not determined. [b] HeLa=human cervical epithelioid carcinoma; HepG2=human hepatocellular
carcinoma; SUNE1=human nasopharyngeal carcinoma (cisplatin sensitive); CNE1=human nasopharyngeal
carcinoma (cisplatin resistant).
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ACHTUNGTRENNUNG(C^N^C)]+ moiety may be used as a carrier for phosphino
compounds.


A number of structurally distinct goldACHTUNGTRENNUNG(iii)-phosphino com-
pounds (3b–g) were synthesized and assayed for cytotoxic
activities toward several cancer cell lines (see Table 3). All
these goldACHTUNGTRENNUNG(iii) compounds were found to be highly cytotoxic,
with IC50 values between 0.04 and 4.3 mm. Among the gold-
ACHTUNGTRENNUNG(iii)-1,2-bis(diphenylphosphino)Cn analogues (Cn is a saturat-
ed hydrocarbon linker with n=1–6), 1,2-bis(diphenylphos-
phino)propane (dppp) tethered by two [AuACHTUNGTRENNUNG(C^N^C)]+ units
(3d) was found to be the most cytotoxic agent, with IC50


values toward SUNE1 and HeLa cells of 0.04 and 0.05 mm,
respectively. In contrast, shortening (n=1 or 2) or lengthen-
ing (n=4, 5, or 6) the hydrocarbon linker reduced the cyto-
toxicity, with IC50 values increasing by at least one order of
magnitude (Figure 5).


As depicted in Figure 5 and Table 4, the IC50 values for
the metal-free 1,2-bis(diphenylphosphino)Cn compounds
follow a trend similar to that of the corresponding gold ACHTUNGTRENNUNG(iii)
cyclometalated compounds (3b–g), with dppp and [Au2-
ACHTUNGTRENNUNG(C^N^C)2ACHTUNGTRENNUNG(m-dppp)]


2+ (3d) being the most cytotoxic metal-
free and metalated agents, respectively. It appears that the
cytotoxicities of these gold ACHTUNGTRENNUNG(iii) compounds are phosphine-
mediated. By conducting cellular-uptake experiments, we
found that the cytotoxicities of the phosphine-containing
compounds are not mediated solely by the [AuACHTUNGTRENNUNG(C^N^C)]+


unit. SUNE1 cells treated separately with 3b–g (50 mm, 2-h
incubation) were subjected to inductively coupled plasma


mass spectrometry (ICP-MS) for Au analysis. As shown in
Table 4, the treated cells showed similar cellular absorptions
of Au, spanning the range of 1.18–3.81 ng/cell. Clearly, these
cellular absorptions of Au do not follow the trend of IC50


values for gold ACHTUNGTRENNUNG(iii)-1,2-bis(diphenylphosphino)Cn, which re-
veals the presence of non-gold-mediated cytotoxicity.


As mentioned above, the stabilities and aqueous solubili-
ties of the phosphine ligands were improved by their liga-
tion to the [AuACHTUNGTRENNUNG(C^N^C)]+ moieties. Taking its inherent cy-
totoxicity into consideration, our results show that the [Au-
ACHTUNGTRENNUNG(C^N^C)]+ moiety can serve as a pendant carrier of phos-
phine ligands in biological systems.


Unlike the phosphine-containing gold ACHTUNGTRENNUNG(iii) compounds,
[AuACHTUNGTRENNUNG(C^N^C)]+ moieties with nontoxic N-donor auxiliary li-
gands (2) possess instrumental [AuACHTUNGTRENNUNG(C^N^C)]+ cytotoxicity.
By using [AuACHTUNGTRENNUNG(C^N^C)(1-methylimidazole)]+ (2a) as a
model compound, possible mechanism(s) for its cytotoxic
action were delineated.


Induction of apoptosis : Because cancer is characterized by
uncontrolled cellular proliferation, there is a considerable
interest in chemotherapeutic-induced apoptosis.[12] By using
fluorescein-labeled annexin V (AV–FITC) and propidium
iodide (PI), the apoptosis-inducing properties of 2a in
SUNE1 cells were examined by performing flow cytometry.
Upon treatment with 2a (60 mm) for 72 h (Figure 6), 30.9%
of SUNE1 cells were found to be in early apoptotic state.
The apoptosis-inducing properties of 2a at a lower dose


(12 mm for 72 h) were also examined. We found that ~90%
of viable cells were unstained by both AV–FITC and PI.
The percentage of cell death in cells treated with 2a at
12 mm (the IC50 value) did not reach 50%. According to the
propagation profiles (formazan absorbance A550nm vs incuba-
tion time, Figure 7) of the treated SUNE1 cells, there is a
trend of cellular-growth inhibition in the presence of 12 mm
2a. Taken together with the flow-cytometric results, these
observations suggest that 2a appears to inhibit cancer-cell
proliferation at 12 mm and induce apoptosis at higher doses
(i.e., at 60 mm).


DNA binding : DNA is a major target for anticancer
drugs,[13] and the binding of gold ACHTUNGTRENNUNG(iii) compounds to DNA
has been studied extensively.[2,3] The binding affinities of the


Figure 5. Correlation between the IC50 values toward SUNE1 cells and
Cn (Cn is the saturated hydrocarbon linker with n=1–6) for the metal-
free 1,2-bis(diphenylphosphino)Cn (*) or gold ACHTUNGTRENNUNG(iii)-containing (~) com-
pounds.


Table 4. Cytotoxicities (IC50(SUNE1), 72 h) and cellular-uptake data for the
phosphine-containing compounds.


Compound IC50 [mm] IC50 of metal-free
ligand [mm]


Cellular uptake of
gold [ngcell�1]


3b 0.92�0.12 1.9�0.3 2.56�0.02
3c 0.25�0.03 0.22�0.05 3.81�0.13
3d 0.055�0.007 0.13�0.03 2.04�0.32
3e 1.5�0.2 0.62�0.12 1.18�0.27
3 f 1.6�0.3 1.2�0.2 2.13�0.59
3g 4.3�0.9 38�6 1.44�0.07


Figure 6. Flow-cytometric study of 2a-induced apoptosis of SUNE1 cells.
Plots show the occurrence of events as functions of fluorescence intensi-
ties of PI (y-axis) and AV–FITC (x-axis). Panels show the fluorescent
data for the untreated (vehicle control, left) and 2a-treated (60 mm, right)
cells, corresponding to 3.5 and 30.9% early-stage apoptosis, respectively
(bottom right quadrants), after 72-h incubation.
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N-donor-containing 2a, and the phosphino-containing com-
pounds 3a and 3d to calf-thymus DNA (ctDNA) were esti-
mated by measuring changes in DNA melting temperature
(Tm).


[14] Melting curves for the ctDNA (plots of A260 vs tem-
perature) in the absence and presence of 2a, 3a, or 3d are
shown in Figure S11. There was a significant increase in the
melting point of the ctDNA from 82 to 98.5 8C (i.e. , en-
hanced stabilization) in the presence of 2a, indicative of
binding to ctDNA. However, the DNA melting tempera-
tures increased only slightly, from 82 to 82.9 or 83.5 8C in
the presence of 3a and 3d, respectively. This suggests that
the two gold ACHTUNGTRENNUNG(iii) compounds containing phosphine ligands
interact only weakly with ctDNA. It is likely that the steri-
cally demanding phosphino groups impede the interaction
of the [Au ACHTUNGTRENNUNG(C^N^C)] moiety with ctDNA.


We also examined the DNA interactions of three gold ACHTUNGTRENNUNG(iii)
complexes by means of UV-visible absorption titration. Iso-
sbestic spectral changes and hyperchromicity (~47%) were
observed for the intraligand transitions (~380–420 nm) of
the [Au ACHTUNGTRENNUNG(C^N^C)] moiety upon addition of ctDNA (0–
20 mm) to a solution of 2a (Figure 8). The binding constant
(Kb) of 2a toward ctDNA was determined from the plot of
[ctDNA]/Deap versus [ctDNA][15] to be (4.5�0.6):
105 dm3mol�1 at 298 K, which is comparable to that of the
[Pt ACHTUNGTRENNUNG(terpy)L]+ compounds.[16] To determine possible DNA-
sequence selectivity, binding properties of 2a to the synthet-
ic oligonucleotides poly ACHTUNGTRENNUNG(dA–dT)2 (Figure S12) and polyACHTUNGTRENNUNG(dG–
dC)2 (Figure S13) were also examined. Absorption titration
revealed that 2a exhibits similar binding affinities toward
these two oligonucleotides, with Kb of (2.1�0.7):105 and
(5.1�1.0):105 dm3mol�1 for poly ACHTUNGTRENNUNG(dA–dT)2 and poly ACHTUNGTRENNUNG(dG–
dC)2 at 298 K, respectively. The binding affinities of the
gold ACHTUNGTRENNUNG(iii) compounds containing phosphine ligands (triphe-
nylphosphine, 3a ; 1,2-bis(diphenylphosphino)propane, 3d)
toward ctDNA were also determined. Linear plots (R=


0.99) revealed Kb values of (2.1�0.7):104 dm3mol�1 for 3a
(Figure S14) and (7.1�0.7):103 dm3mol�1 for 3d (Fig-
ure S15), ~30- and ~100-fold lower than those of 2a, respec-
tively.


Compound 2a intercalates with double-stranded DNA : A
gel-mobility-shift assay was employed to determine the in-
tercalating properties of 2a and 3d.[17] This enables evalua-
tion of the effect of ligand L in the [AumACHTUNGTRENNUNG(C^N^C)mL]


n+


class of compounds upon the DNA-binding affinities. A 100-
base-pair DNA ladder treated with 2a, 3d, or ethidium bro-
mide (EB, DNA intercalator) as well as a control were re-
solved by agarose-gel electrophoresis (Figure 9). Only sam-
ples that included EB or 2a exhibited a tailing effect. This is
due to the intercalation of these complexes with the DNA,
which causes DNA elongation. The mobility of the bound
DNA is lower than that of the free DNA. In contrast, 3d
did not cause this tailing effect, indicating that this com-
pound does not bind to DNA by intercalation. By using vis-
cosity analysis we confirmed that 2a is a metallointercala-
tor.[18] Addition of either EB or 2a increased the viscosity of
the DNA by increasing its hydrodynamic length, however,
both Hoechst 33342 (a minor-groove binder) and 3d failed


Figure 7. Propagation profiles (formazan absorbance vs incubation time)
of SUNE1 cells in the presence (1.2, 12, and 60 mm) and absence of 2a.


Figure 8. Electronic spectra of 2a (25 mm) in TBS/DMSO (9:1) with in-
creasing [calf-thymus DNA] at 298 K. [ctDNA]/[2a]=0 (a), 0.1 (b), 0.2
(c), 0.3 (d), 0.4 (e), 0.5 (f), 0.6 (g), 0.7 (h), 0.8 (i), and 0.9 (j). Inset: plot
of [ctDNA]/Deap vs [ctDNA].


Figure 9. Gel electrophoresis of 100-bp DNA ladder on a 1.5% (w/v)
agarose gel showing the mobility of DNA (50 mmbp�1) in the absence or
presence of ethidium bromide (EB), 2a, or 3d.
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to lengthen the DNA and did not cause any changes in
DNA viscosity (Figure S16).


Compound 2a is a potential telomerase inhibitor : Increased
telomerase activity is observed in cancer cells, but not in
normal cells, making telomerase an important target for che-
motherapeutic intervention.[19] It has been reported that
DNA intercalators enhance the assembly of G-quadruplex-
es. Consequently, we employed native polyacrylamide gel
electrophoresis (PAGE) to examine the ability of 2a to in-
tercalate with DNA and induce the formation of intramolec-
ular G-quadruplexes from oligonucleotide TR2 [5’-
TACAGATAGACHTUNGTRENNUNG(TTAGGG)2TTA-3’]. As depicted in
Figure 10, treatment of TR2 oligonucleotide with 6 mm 2a
resulted in dimeric (D) and tetrameric (T) G-quadruplex
formations. As a comparison, 6 mm [Pt ACHTUNGTRENNUNG(terpy)Cl]Cl also in-
duced formation of both G-quadruplex structures. This sug-
gests that [Au ACHTUNGTRENNUNG(C^N^C)(1-methylimidazole)]+ may be
viewed as an analogue of [Pt ACHTUNGTRENNUNG(terpy)L]+ from the perspective
of DNA intercalation and potential telomerase inhibition.


S-phase cell-cycle arrest : To determine whether cellular
DNA is a major target of the gold ACHTUNGTRENNUNG(iii) compounds, we stud-
ied the cell-cycle profiles of 2a- or 3d-treated cancer cells.
Cell-cycle analysis was performed by using flow cytometry
to assess the DNA content of cells stained with propidium
iodide. This enables quantification of the total cellular popu-
lations in the different phases of the cell cycle (G0/G1, S,
and G2/M). The flow-cytometric data for SUNE1 cells treat-
ed with cisplatin, 2a, or 3c is presented in Figure 11a. Treat-
ment of cells with 2a (12 mm, IC50 value) for 24 or 48 h en-
hanced cell-cycle arrest at the S phase (Figure 11c), the
stage within which most DNA replication occurs.[20] As ex-
pected, the DNA-damaging agent cisplatin also significantly
induced S-phase arrest, resulting in a concomitant decrease


in the G1-phase population (Figure 11b). These results sug-
gest that 2a may induce apoptosis by inhibition of DNA
replication. Conversely, treatment with 3d did not signifi-
cantly affect the cell cycle after 24- or 48-h incubation (Fig-
ure 11d). Apparently, different mechanisms are employed
by compounds 2a and 3d to affect their cytotoxicities.


Conclusion


A series of stable cyclometalated gold ACHTUNGTRENNUNG(iii) compounds [Aum-
ACHTUNGTRENNUNG(C^N^C)mL]


n+ (m=1–3; n=0–3; HC^N^CH=2,6-diphe-
nylpyridine) was synthesized and found to exhibit potent cy-
totoxicity toward a panel of cancer cell lines, including a cis-
platin-resistant variant. Modification of the auxiliary ligand
(L) of this system significantly affects the biological activi-
ties, including the mechanism of cytotoxicity and DNA-
binding affinity.


We demonstrated that this [AumACHTUNGTRENNUNG(C^N^C)mL]
n+ system can


act as cytotoxic agents, metallointercalators, and potential te-
lomerase inhibitors through ligation of nontoxic N-donor (2)
ligands. Compounds 2a–c exhibit general cytotoxic activities
towards different types of cancer cells similar to those dis-
played by cisplatin and a number of previously reported gold-
ACHTUNGTRENNUNG(iii) compounds. By using [AuACHTUNGTRENNUNG(C^N^C)(1-methylimidazole)]+


(2a) as a model compound, we showed that this class of com-
pounds can induce apoptosis in cancer cells and binds strong-
ly to DNA by intercalation. These compounds can also
induce cell-cycle arrest in the S phase. Taken together, these
results suggest that DNA binding may be a crucial event for
the observed cytotoxicity of this class of molecules.


Ligation of the [Au ACHTUNGTRENNUNG(C^N^C)]+ unit(s) to various kinds of
phosphine ligands resulted in the formation of a series of
mono- (3a), bi- (3b-g), and tri- (3h) nuclear gold ACHTUNGTRENNUNG(iii) com-
pounds. With higher solution stability than the metal-free
phosphine ligands, these gold ACHTUNGTRENNUNG(iii) compounds exhibit potent
ligand-mediated cytotoxicity. Thus, the [AuACHTUNGTRENNUNG(C^N^C)]+


moiety can be regarded as a vehicle to carry highly cytotoxic
phosphine ligands to cancer cells. Unlike the aforemen-
tioned [AuACHTUNGTRENNUNG(C^N^C)]+-mediated cytotoxic compound 2a,
[Au2 ACHTUNGTRENNUNG(C^N^C)2ACHTUNGTRENNUNG(m-dppp)]


2+ (3d) has neither significant
DNA-binding activity nor the ability to induce cell-cycle arrest.


The structural similarities to the classical metallointercala-
tor [Pt ACHTUNGTRENNUNG(terpy)Cl]+ , the enhanced stabilization of the electro-
philic gold ACHTUNGTRENNUNG(iii) ion by the dianionic C^N^C ligand, and the
ease with which the [AumACHTUNGTRENNUNG(C^N^C)mL]


n+ system can be
modified and even assembled into a polynuclear system
(m=2 or 3) offers the possibility for a new class of stable
gold ACHTUNGTRENNUNG(iii) compounds with potentially medically important
and tunable biological activities.


Experimental Section


Materials : All chemicals, unless otherwise noted, were purchased from
Sigma–Aldrich. All solvents were purified according to conventional
methods.


Figure 10. Compound 2a- and [Pt ACHTUNGTRENNUNG(terpy)Cl]Cl-assisted assembly of G-
quadruplexes from oligonucleotides resolved by native PAGE. 2a and
[Pt ACHTUNGTRENNUNG(terpy)Cl]Cl were incubated with oligonucleotide TR2 (8 mm) at 20 8C
in Tris buffer (10 mm, pH 8.0) containing EDTA (1 mm) and KCl
(100 mm). Major bands are identified as monomer (M), dimer (D), and
tetramer (T) compared with previous literature report.[25]
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Calf-thymus DNA (ctDNA) was purified by phenol/chloroform extrac-
tion. Polynucleotides, [poly ACHTUNGTRENNUNG(dA–dT)]2 and [poly ACHTUNGTRENNUNG(dG–dC)]2 were used as
received. The 100-bp DNA ladder was obtained from Amersham Phar-
macia Biotech. Cell Proliferation Kit I (MTT) and Annexin V–Fluos
Staining Kit were purchased from Roche. Human cervical epithelioid car-
cinoma cells (HeLa) were obtained commercially from American Type
Culture Collection (ATCC). Human nasopharyngeal carcinoma cells
(SUNE1 and its cisplatin-resistant variant, CNE1) were derived from
poorly differentiated NPC in Chinese patients,[21] and were generously
provided by Prof. S. W. Tsao (Department of Anatomy, The University
of Hong Kong, Hong Kong). Cell-culture flasks and 96-well microtitre
plates were purchased from Nalge Nunc. Culture medium, other medium
constituents, and phosphate-buffered saline (PBS) were from Gibco
BRL.


Instrumentation : 1H NMR spectra
were recorded by using a DPX-300 or
400 Bruker FT-NMR spectrometer
with chemical shift (in ppm) relative
to tetramethylsilane. Mass spectra
(FAB and EI) were recorded by using
a Finnigan MAT95 mass spectrometer
using 3-nitrobenzyl alcohol (NBA) as
matrix. ESI mass spectra were record-
ed by using a Finnigan LCQ mass
spectrometer. Gold analysis was un-
dertaken by using an Agilent 7500 in-
ductively coupled plasma mass spec-
trometer. All absorption spectra were
recorded by using a Perkin–Elmer
Lambda 900 UV/Vis spectrophotome-
ter. Cyclic voltammetry was recorded
by using a PAR Protentiostat/Galva-
nostat Model 273A. Elemental analy-
ses were performed by the Institute of
Chemistry at Chinese Academy of Sci-
ences, Beijing. Viscosity experiments
were performed by using a Cannon–
Manning semimicro viscometer im-
mersed in a thermostated water bath
maintained at 27 8C. Flow-cytometric
analysis was performed by using a
Coulter EPICS flow cytometer
(Coulter, Miami, FL) equipped with
480 long, 525 band, and 625 long-pass
mirrors.


Syntheses


2,6-Dinaphthylpyridine :[7] Potassium
tert-butoxide (4.0 g, 35.2 mmol) was
added to a stirred solution of 2-aceto-
naphthaone (3 g, 17.6 mmol) in THF
(20 mL) under a N2 atmosphere. After
stirring for 2 h, a solution of 3-(dime-
thylamino)-1-(2-naphthyl)-2-propen-1-
one (4.0 g, 17.6 mmol) in THF
(20 mL) was added dropwise. The re-
action was stirred for 15 h. Ammoni-
um acetate (13.6 g, 176 mmol) and
acetic acid (20 mL) were added; the
resulting mixture was refluxed for 2 h.
After removal of solvent, water
(30 mL) was added and the aqueous
solution was extracted twice with
CH2Cl2 (3:30 mL). The combined or-
ganic extracts were dried over magne-
sium sulfate and filtered through silica
gel. The solvent was evaporated to
give a pale-yellow solid (52%).
1H NMR (300 MHz, [D6]DMSO): d=
8.65 (s, 2H), 8.37 (dd, J=6.9, 1.8 Hz,
2H), 8.03–7.98 (m, 4H), 7.92–7.88 (m,


5H), 7.55–7.52 ppm (m, 4H); EIMS: m/z : 331 [M+].


The syntheses and characterization of 1, 2a, and 3a–c have been reported
previously.[5b]


[AuACHTUNGTRENNUNG(C^N^C)Py]ClO4 (2b-(ClO4)): The procedure was similar to that for
2a except that pyridine was used. Yield: 76%. 1H NMR (300 MHz,
[D6]DMSO): d=9.25 (d, J=5.1 Hz, 2H), 8.48 (t, J=7.8 Hz, 1H), 8.30 (t,
J=8.1 Hz, 1H), 8.10–8.05 (m, 4H), 7.98–7.96 (m, 2H), 7.39–7.32 (m,
4H), 6.73–6.71 ppm (m, 2H); UV/Vis (DMSO): lmax (loge)=265 (4.49),
283 (4.33, sh), 311 (4.18), 384 (3.73), 404 nm (3.71); FAB-MS: m/z : 505
[M+]: elemental analysis calcd (%) for C22H16N2O4ClAu: C 43.69, H 2.67,
N 4.63; found: C 43.53, H 2.57, N 4.77.


Figure 11. Induction of cell-cycle arrest in the SUNE1 cancer cells after treatment with goldACHTUNGTRENNUNG(iii) compounds.
a) Untreated SUNE1 cells, and SUNE1 cells treated with cisplatin (5 mm), 2a (12 mm), or 3d (0.05 mm) were
collected at different times of incubation (24 or 48 h) and subjected to flow-cytometry analysis. Graphical rep-
resentation of the fluorescence-assisted cell-sorting (FACS) data, including the % of G1-phase cells (G1), S-
phase cells (S), and G2-phase cells (G2) treated with cisplatin (b), 2a (c), or 3d (d).
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ACHTUNGTRENNUNG[Au2 ACHTUNGTRENNUNG(C^N^C)2 ACHTUNGTRENNUNG(m-Im)] ACHTUNGTRENNUNG(ClO4) (2c-(ClO4)): The procedure was similar to
that for 2a except that imidazole was used. Yield: 56%. 1H NMR
(400 MHz, [D6]DMSO): d=8.64 (s, 1H), 8.27 (t, J=8.0 Hz, 2H), 8.04 (d,
J=8.0 Hz, 4H), 7.96 (d, J=6.6 Hz, 4H), 7.84 (s, 2H), 7.45–7.35 (m, 8H),
7.06 ppm (d, J=7.1 Hz, 4H); UV/Vis (DMSO): lmax (loge)=263 (4.37),
281 (4.20, sh), 311 (4.04), 386 (3.62), 403 nm (3.59); FAB-MS: m/z : 919
[M+]; elemental analysis calcd (%) for C37H25N4O4ClAu2: C 43.61, H
2.47, N 5.50; found: C 43.31, H 2.46, N 5.47.


ACHTUNGTRENNUNG[Au2 ACHTUNGTRENNUNG(C^N^C)2 ACHTUNGTRENNUNG(m-dppp)]ACHTUNGTRENNUNG(CF3SO3)2 (3d-(CF3SO3)2): The procedure was
similar to that for 3b except that 1,2-bis(diphenylphosphino)propane
(dppp) was used. Yield: 59%. 1H NMR (300 MHz, [D6]DMSO): d=8.21
(t, J=8.0 Hz, 2H), 7.94–7.88 (m, 12H), 7.61–7.46 (m, 16H), 6.91 (t, J=
7.3 Hz, 4H), 6.50 (t, J=7.4 Hz, 4H), 6.10 (d, J=7.5 Hz, 4H), 3.78 (s,
4H), 3.47 ppm (s, 2H); UV/Vis (DMSO): lmax (loge)=264 (4.68), 308
(4.23, sh), 389 (3.81), 403 nm (3.78); FAB-MS: m/z : 1414 [M+]; elemental
analysis calcd (%) for C63H48F6N2O6P2S2Au2: C 48.41, H 3.10, N 1.79;
found: C 48.22, H 3.08, N 1.95.


ACHTUNGTRENNUNG[Au2 ACHTUNGTRENNUNG(C^N^C)2 ACHTUNGTRENNUNG(m-dppb)]ACHTUNGTRENNUNG(CF3SO3)2 (3e-(CF3SO3)2): The procedure was
similar to that for 3b except that 1,2-bis(diphenylphosphino)butane
(dppb) was used. Yield: 44%. 1H NMR (400 MHz, [D6]DMSO): d=8.22
(t, J=8.0 Hz, 2H), 7.96–7.93 (m, 12H), 7.75 (d, J=7.8 Hz, 4H), 7.56–7.46
(m, 12H), 7.07 (t, J=7.4 Hz, 4H), 6.69 (t, J=7.3 Hz, 4H), 6.21 ppm (d,
J=7.6 Hz, 4H); UV/Vis (DMSO): lmax (loge)=261 (4.73), 308 (4.21, sh),
387 (3.72), 402 nm (3.68); FAB-MS: m/z : 1428 [M+]; elemental analysis
calcd (%) for C64H50F6N2O6P2S2Au2: C 48.74, H 3.20, N 1.78; found: C
49.47, H 3.31, N 1.77.


ACHTUNGTRENNUNG[Au2 ACHTUNGTRENNUNG(C^N^C)2 ACHTUNGTRENNUNG(m-dpppe)] ACHTUNGTRENNUNG(CF3SO3)2 (3 f-(CF3SO3)2): The procedure was
similar to that for 3b except that 1,2-bis(diphenylphosphino)pentane
(dpppe) was used. Yield: 47%. 1H NMR (300 MHz, [D6]DMSO): d=


8.28 (t, J=8.0 Hz, 2H), 8.05 (dd, J=1.8, 6.1 Hz, 4H), 7.93–7.87 (m,
12H), 7.64–7.49 (m, 4H), 7.53–7.49 (m, 8H), 7.18 (t, J=7.4 Hz, 4H), 6.83
(t, J=7.8 Hz, 4H), 6.26 (d, J=6.9 Hz, 4H), 2.06 (d, J=3.9 Hz, 2H),
1.78 ppm (s, 8H); UV/Vis (DMSO): lmax (loge)=262 (4.78), 280 (4.52,
sh), 308 (4.29, sh), 385 (3.83), 403 nm (3.80); FAB-MS: m/z : 1441 [M+];
elemental analysis calcd (%) for C65H52F6N2O6P2S2Au2: C 49.07, H 3.29,
N 1.76; found: C 48.94, H 3.32, N 1.78.


ACHTUNGTRENNUNG[Au2 ACHTUNGTRENNUNG(C^N^C)2 ACHTUNGTRENNUNG(m-dpph)]ACHTUNGTRENNUNG(CF3SO3)2 (3g-(CF3SO3)2): The procedure was
similar to that for 3b except that 1,2-bis(diphenylphosphino)hexane
(dpph) was used. Yield: 47%. 1H NMR (300 MHz, [D6]DMSO): d=8.28
(t, J=8.0 Hz, 2H), 8.05 (dd, J=1.9, 6.2 Hz, 4H), 7.99–7.91 (m, 12H),
7.64–7.48 (m, 12H), 7.20 (t, J=7.4 Hz, 4H), 6.85 (t, J=7.5 Hz, 4H),
6.28 ppm (d, J=7.7 Hz, 4H); UV/Vis (DMSO): lmax (loge)=261 (4.86),
282 (4.54), 307 (4.32), 387 (3.85), 402 nm (3.82); FAB-MS: m/z : 1455 [M+


]; elemental analysis calcd (%) for C66H54F6N2O6P2S2Au2: C 49.39, H
3.39, N 1.75; found: C 50.26, H 3.54, N 1.82.


ACHTUNGTRENNUNG[Au3 ACHTUNGTRENNUNG(C^N^C)3 ACHTUNGTRENNUNG(m-dpep)] ACHTUNGTRENNUNG(CF3SO3)3 (3h-(CF3SO3)3): The procedure was
similar to that for 3b except that bis(diphenylphosphinoethyl)phenyl-
phosphine (dpep) was used. Yield: 46%. 1H NMR (500 MHz,
[D6]DMSO): d=8.07–8.02 (m, 3H), 7.91 (dd, J=7.3, 5.7 Hz, 2H), 7.65–
7.32 (m, 35H), 7.03 (t, J=7.6 Hz, 4H), 6.89 (t, J=7.5 Hz, 2H), 6.57 (br,
2H), 6.51 (t, J=7.5 Hz, 4H), 6.33 (s, 2H), 6.04 (d, J=7.6 Hz, 4H), 3.82–
3.74 (m, 2H), 3.71–3.61 (m, 2H), 3.46–3.36 (m, 2H), 3.29–3.19 ppm (m,
2H); UV/Vis (DMSO): lmax (loge)=266 (4.75), 308 (4.42, sh), 392 (3.92),
403 nm (3.91); FAB-MS: m/z : 2111 [M+]; elemental analysis calcd (%)
for C88H66F9N3O9P3S3Au3: C 46.76, H 2.94, N 1.86; found: C 46.44, H
3.00, N 1.80.


[AuACHTUNGTRENNUNG(Ph-C^N^C)]Cl (4a): The procedure was similar to that for 1 except
that 2,4,6-triphenylpyridine was used. Yield: 48%. 1H NMR (400 MHz,
[D6]DMSO): d=8.31 (s, 2H), 8.12 (m, 4H), 7.71 (d, J=7.1 Hz, 2H), 7.63
(m, 3H), 7.44 (t, J=7.2 Hz, 2H), 7.34 ppm (t, J=7.2 Hz, 2H); UV/Vis
(DMSO): lmax (loge)=263 (4.59), 291 (4.63), 392 (3.56), 412 nm (3.56);
FAB-MS: m/z : 537.5 [M+]; elemental analysis calcd (%) for
C24H19NOAuCl: C 50.59, H 3.36, N 2.46; found: C 50.51, H 3.28, N 2.46.


[AuACHTUNGTRENNUNG(Ph-C^N^C) ACHTUNGTRENNUNG(meim-1)]ClO4 (4b-(ClO4)): The procedure was similar
to that for 4a except that 1-methylimidazole was used. Yield: 82%.
1H NMR (400 MHz, [D6]DMSO): d=8.84 (s, 1H), 8.37 (s, 2H), 8.21–8.17
(m, 4H), 7.83 (s, 1H), 7.68–7.64 (m, 4H), 7.40–7.38 (m, 4H), 6.99 ppm
(m, 2H); UV/Vis (DMSO): lmax (loge)=265 (4.52), 291 (4.59), 303 (4.57,


sh), 394 (3.60), 412 nm (3.59); FAB-MS: m/z : 584 [M+]; elemental analy-
sis calcd (%) for C27H21N3O4ClAu: C 47.42, H 3.10, N 6.14; found: C
46.98, H 3.04, N 6.14.


[AuACHTUNGTRENNUNG(Np-C^N^C)]Cl (5a): A mixture of KAuCl4 (1.4 g, 3.70 mmol) and
[(Np-C^N^C)HgCl] (2.0 g, 3.53 mmol) in CH3CN was refluxed for 24 h
to afford a greenish-yellow precipitate. The solid was filtered and washed
with water and Et2O. The solid was redissolved in hot CHCl3 and filtered
through celite. A crystalline yellow solid 5a was obtained by evaporation
of CHCl3. Yield: 65%. 1H NMR (500 MHz, [D7]DMF): d=7.53 (t, J=
8.0 Hz, 2H), 7.61 (t, J=8.0 Hz, 2H), 7.97 (dd, J=8.0, 8.0 Hz), 8.28 (s,
2H), 8.35 (d, J=8.4 Hz, 2H), 8.41 (t, J=8.4 Hz, 1H), 8.28 ppm (s, 2H);
UV/Vis (DMSO): lmax (loge)=274 (4.34), 289 (4.13, sh), 382 (3.84),
391 nm (4.45); FAB-MS: m/z : 561 [M+]; elemental analysis calcd (%) for
C25H15NClAu: C 53.45, H 2.69, N 2.49; found: C 53.28, H 2.66, N 2.55.


[AuACHTUNGTRENNUNG(Np-C^N^C) ACHTUNGTRENNUNG(meim-1)] ACHTUNGTRENNUNG(CF3SO3) (5b-(CF3SO3)): 1-Methylimidazole
(10 equiv) was added to a solution of (5a) in a CH3CN/CH2Cl2 mixture
(40 mL, 1:1) with stirring. A clear yellow solution was obtained and
excess NaOTf (10 equiv) was added. The mixture was stirred at RT for
12 h, filtered, and concentrated by using a rotary evaporator. Addition of
Et2O gave the crude product as a bright yellow solid, which was washed
with water and Et2O, and crystallized by diffusion of Et2O into the
CH3CN solution. Yield: 46%. 1H NMR (300 MHz, [D6]DMSO): d=8.96
(s, 1H), 8.64 (s, 2H), 8.42 (t, J=7.3 Hz, 1H), 3.31 (d, J=8.1 Hz, 2H),
7.94 (d, J=7.7 Hz, 4H), 7.79 (d, J=4.1 Hz, 2H), 7.55 (d, J=8.5 Hz, 4H),
7.43 (s, 2H), 4.07 ppm (s, 3H); UV/Vis (DMSO): lmax (loge)=275 (4.56),
297 (4.33, sh), 381 (3.89), 399 nm (4.01); FAB-MS: m/z : 608 [M+]; ele-
mental analysis calcd (%) for C30H21F3N3O3SAu: C 47.56, H 2.79, N 5.55;
found: C 47.23, H 2.76, N 5.49.


[AuACHTUNGTRENNUNG(Np-C^N^C) ACHTUNGTRENNUNG(PPh3)] ACHTUNGTRENNUNG(CF3SO3) (5c-(CF3SO3)): The procedure was
similar to that for 5b except that triphenylphosphine (PPh3) was used.
Yield: 78%. 1H NMR (400 MHz, [D7]DMF): d=6.65 (s, 2H), 7.04 (d, J=
8.0 Hz, 2H), 7.44 (t, J=8.1 Hz, 2H), 7.51 (t, J=8.1 Hz, 2H), 7.79 (td, J=
7.7, 3.0 Hz, 6H), 7.91 (t, J=7.4 Hz, 3H), 7.94 (d, J=8.0 Hz, 2H), 8.28
(dd, J=7.7, 13.5 Hz, 6H), 8.53 (m, 3H), 8.77 ppm (s, 2H); 31P NMR
(162 MHz, CD3CN): d=39.02 ppm; UV/Vis (DMSO): lmax (loge)=280
(4.84), 298 (4.71, sh), 401 nm (4.38); FAB-MS: m/z : 788 [M+]; elemental
analysis calcd (%) for C44H30F3NO3PSAu: C 56.36, H 3.22, N 1.49; found:
C 56.21, H 3.26, N 1.50.


ACHTUNGTRENNUNG[Au2 ACHTUNGTRENNUNG(Np-C^N^C)2 ACHTUNGTRENNUNG(m-dppm)]ACHTUNGTRENNUNG(CF3SO3)2 (5d-(CF3SO3)2): The procedure
was similar to that for 5b except that 1,2-bis(diphenylphosphino)methane
(dppm) was used. Yield: 80%. 1H NMR (400 MHz, CD3CN): d=3.45 (t,
J=7.2, 7.2 Hz, 2H), 6.33 (d, J=8.0 Hz, 4H), 6.61 (s, 4H), 7.12 (t, J=
8.0 Hz, 4H), 7.24 (t, J=8.0 Hz, 4H), 7.34 (br, 12H), 7.38 (d, J=8.0 Hz,
4H), 7.43 (d, J=8.0 Hz, 4H), 7.58 (s, 4H), 7.80 (t, J=8.0 Hz, 2H),
8.26 ppm (br, 8H); 31P NMR (162 MHz, CD3CN): d=23.89 ppm; UV/Vis
(DMSO): lmax (loge)=258 (5.01), 276 (5.01), 396 nm (4.41); FAB-MS:
m/z : 1437 [M+]; elemental analysis calcd (%) for C77H52F6N2O6P2S2Au2:
C 53.30, H 3.02, N 1.61; found: C 53.38, H 3.05, N 1.60.


ACHTUNGTRENNUNG[Au2 ACHTUNGTRENNUNG(Np-C^N^C)2 ACHTUNGTRENNUNG(m-dppe)] ACHTUNGTRENNUNG(CF3SO3)2 (5e-(CF3SO3)2): The procedure
was similar to that for 5b except that 1,2-bis(diphenylphosphino)ethane
(dppe) was used. Yield: 75%. 1H NMR (400 MHz, CD3CN): d=4.57 (s,
4H), 6.45 (d, J=8.0 Hz, 4H), 6.49 (s, 4H), 7.20 (t, J=7.9 Hz, 4H), 7.43–
7.49 (m, 16H), 7.58 (t, J=7.5 Hz, 4H), 7.69 (d, J=8.1 Hz, 4H), 7.75 (s,
4H), 7.96 (t, J=8.0 Hz, 2H), 8.07 ppm (dd, J=13.3, 7.2 Hz, 8H);
31P NMR (162 MHz, CD3CN): d=34.97 ppm; UV/Vis (DMSO): lmax


(loge)=261 (5.01), 277 (5.03), 403 nm (4.46); FAB-MS: m/z : 1600 [M+ +


OTf] (OTf=CF3SO3), 1451 [M+]; elemental analysis calcd (%) for
C78H54F6N2O6P2S2Au2: C 53.56, H 3.11, N 1.60; found: C 53.65, H 3.10, N
1.62.


ACHTUNGTRENNUNG[Au3 ACHTUNGTRENNUNG(Np-C^N^C)3 ACHTUNGTRENNUNG(m-dpep)] ACHTUNGTRENNUNG(CF3SO3)3 (5 f-(CF3SO3)3): The procedure
was similar to that for 5b except that 1,2-bis(diphenylphosphinoethyl)-
phenylphosphine (dpep) was used. Yield: 78%. 31P NMR (162 MHz,
CD3CN): d=33.22 (d, J=50.2 Hz), 36.83 ppm (t, J=50.3 Hz); UV/Vis
(DMSO): lmax (loge)=259 (5.21), 277 (5.24), 406 nm (4.74); FAB-MS:
m/z : 2412 [M+ +2OTf], 2263 [M+ +OTf], 2113 [M+]; elemental analysis
calcd (%) for C112H78F9N3O9P3S3Au3: C 52.53, H 3.07, N 1.64; found: C
52.58, H 3.02, N 1.59.
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X-ray crystal-structure determination : X-ray crystal structures of 1, 2b-
(ClO4), 2c-(ClO4)·C3H7NO, 3d-(CF3SO3)2·4CH3CN, 3h-
(CF3SO3)3·CH3CN·H2O, 4a·CH3OH, 5a, 5c-(CF3SO3)·CHCl3, 5d-
(CF3SO3)2·H2O, 5e-(CF3SO3)2·2Et2O, and 5 f-(CF3SO3)3·6CHCl3·H2O are
shown in Figures S1, S2, 1–3, S3–S7, and 4, respectively. Compound 1 was
grown by slow evaporation of DMSO; 2c-(ClO4)2 was grown by slow dif-
fusion of Et2O into DMF solution; 2b-(ClO4), 3d-(CF3SO3)2·4CH3CN,
and 3h-(CF3SO3)3·CH3CN·H2O were grown by slow diffusion of Et2O
into CH3CN solution; 4a·CH3OH was grown by slow evaporation of
DMSO and MeOH; 5a, 5c-(CF3SO3)·CHCl3, 5d-(CF3SO3)2·H2O, 5e-
(CF3SO3)2·2Et2O, and 5 f-(CF3SO3)3·6CHCl3·H2O were grown by slow
diffusion of Et2O into CHCl3 solution.


Diffraction experiments were performed by using a MAR diffractometer
using graphite monochromatized MoKa radiation (l=0.71073 O). The
images were interpreted and intensities were integrated by using the pro-
gram DENZO.[22] The structure was solved by direct methods employing
the SHELXS-97 program on a PC. Au was located according to the
direct methods.[23] The positions of the other non-hydrogen atoms were
found after successful refinement by full-matrix least-squares using the
program SHELXL-97 on a PC. For 1, one crystallographic asymmetric
unit consists of half of a formula unit. In the final stage of least-squares
refinement, all non-hydrogen atoms were refined anisotropically. For 2b-
(ClO4), one crystallographic asymmetric unit consists of one formula
unit, including perchlorate anion. In the final stage of least-squares re-
finement, disordered oxygen atoms were refined isotropically, other non-
hydrogen atoms anisotropically. For 2c-(ClO4), one crystallographic
asymmetric unit consists of one formula unit, including one perchlorate
anion and one DMF molecule. In the final stage of least-squares refine-
ment, all non-hydrogen atoms were refined anisotropically. For 3d-
(CF3SO3)2·4CH3CN, one crystallographic asymmetric unit consists of one
formula. Two [CF3SO3]


� anions were located. Four CH3CN solvent mole-
cules were also located. For 3h-(CF3SO3)3·CH3CN·H2O, one crystallo-
graphic asymmetric unit consists of one formula unit. Two [CF3SO3]


�


anions were clearly located; the third anion was disordered into two sets
of positions. Restraints were applied to the disordered anion, assuming
similar S�C, S�O, C�F, O···O, F···F bond lengths or distances, respective-
ly; and thermal parameters of C, O, and F were assumed to be the same.
One CH3CN and one water oxygen were also located. For 4a·CH3OH,
one crystallographic asymmetric unit consists of one formula unit. C(1)
to C(8) were disordered by rotation along the Au�Cl bond. For 5a, naph-
thaline and pyridine were constrained to be normal with bond lengths of
1.39 O. For 5c-(CF3SO3)·CHCl3, there was one formula unit in the asym-
metric unit. One [CF3SO3]


� anion was located. One CHCl3 solvent mole-
cule was also located, which was partially (14%) disordered in the mode
of rotation by the sharing carbon atom. Restraints were applied to the
disordered CHCl3, assuming similar C�Cl, Cl···Cl bond lengths or distan-
ces, respectively. For 5d-(CF3SO3)2·H2O, two [CF3SO3]


� anions and one
water oxygen were located. Restraints were applied to the second anion,
assuming similar S�O, C�F, 1,3-F···F, 1,3-O···O bond lengths or distances,
respectively. For 5e-(CF3SO3)2·2Et2O, there were 1.5 formula units in the
asymmetric unit. Three [CF3SO3]


� anions were located. Three Et2O were
also located. Restraints were applied to the anions and ethers, assuming
similar S�C, S�O, C�F, 1,3-O···O, 1,3-F···F bond lengths or distances, re-
spectively; and for ether assuming similar O�C, C�C, 1,3-O···C bond
lengths or distances, respectively. For 5 f-(CF3SO3)3·6CHCl3·H2O, three
[CF3SO3]


� anions were located; meanwhile, six CHCl3 solvent molecules
were also located besides one water oxygen. Due to high thermal param-
eters, restraints were applied to the anions and solvent molecules, assum-
ing similar S�O, C�F, S�C, 1,3-S···F, 1,3-C···O, C�Cl, 1,3-Cl···Cl bond
lengths or distances, respectively.


CCDC 278604 (1), 296116 (2b-(ClO4)), 296117 (2c-(ClO4)·C3H7NO),
296118 (3d-(CF3SO3)2·4CH3CN), 296120 (3h-(CF3SO3)3·CH3CN·H2O),
278603 (4a·CH3OH), 278605 (5a), 296121 (5c-(CF3SO3)·CHCl3), 296122
(5d-(CF3SO3)2·H2O), 296123 (5e-(CF3SO3)2·2Et2O), and 298876 (5 f-
(CF3SO3)3·6CHCl3·H2O) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.


Cyclic voltammetry : Cyclic voltammagrams were recorded at a scan rate
of 100 mVs�1 with tetrabutylammonium hexafluorophosphate (0.1m) in
DMF as supporting electrolyte at RT. The working electrode was a glassy
carbon electrode (Atomergic Chemetal V25, geometric area of 0.35 cm2)
and the counterelectrode was platinum gauze. A nonaqueous Ag/AgNO3


reference electrode (0.1m in MeCN) was contained within a separate
compartment that was connected by means of fine sintered-glass disks to
the solution to be measured. The ferrocenium/ferrocene was used as in-
ternal standard.


Cell culture : The human cell lines SUNE1 and CNE1 were maintained in
RPMI 1640 medium. HeLa and HepG2 cells were maintained in a mini-
mum essential medium (MEM) with EarleRs balanced salts. All the
media were supplemented with l-glutamine (2 mm) and fetal bovine
serum (10%). Penicillin (100 UmL�1) and streptomycin (100 mgmL�1)
were added to all media. Cultures were incubated at 37 8C in a humidi-
fied atmosphere of 5% CO2/95% air, and were subcultured trice weekly.


Cytotoxicity evaluation : Assays of cytotoxicity were conducted in 96-
well, flat-bottomed microtitre plates. The supplemented culture medium
(90 mL) with cells (1:105 cells per mL) was added to the wells. Gold
compounds were dissolved in the culture medium with 1% DMSO to
concentrations of 0.5–100 mm, and the solutions were subsequently added
to a set of wells. Control wells contained supplemented media with 1%
DMSO (100 mL). The microtitre plates were incubated at 37 8C in a hu-
midified atmosphere of 5% CO2/95% air for a further 3 d. All the assays
were run in parallel with a negative control (i.e., vehicle control) and a
positive control, in which cisplatin was used as a cytotoxic agent.


Assessment of cytotoxicity was carried out by using a modified method
of the Mosmann-based 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-
um bromide (MTT) assay.[9] At the end of each incubation period, MTT
solution (10 mL, Cell Proliferation Kit I, Roche) was added into each
well and the cultures were incubated further for 4 h at 37 8C in a humidi-
fied atmosphere of 5% CO2/95% air. A solubilizing solution (100 mL)
was added into the wells to lyse the cells and to solubilize the formazan
complex formed. The microtitre plates were maintained in a dark, hu-
midified chamber overnight. The formation of formazan was measured
by using a microtitre plate reader at 550 nm and the percentages of cell
survival were determined. The cytotoxicity was evaluated based on the
percentage cell survival in a dose-dependent manner relative to the nega-
tive control.


Measurement of drug uptake : Cellular-uptake experiments were conduct-
ed according to the literature method with some modifications.[24]


SUNE1 cells (5:104 cells) were seeded in 60-mm tissue-culture dishes
with culture medium (2 mL/well) and incubated at 37 8C in an atmos-
phere of 5% CO2/95% air for 24 h. The culture medium was removed
and replaced with medium containing gold compound at 50 mm. After ex-
posure to the gold compound for 2 h, the medium was removed and the
cell monolayer was washed four times with ice-cold PBS. Milli-Q water
(500 mL) was added and the cell monolayer was scraped off the culture
dish. Samples (300 mL) were digested in 70% HNO3 (500 mL) at 70 8C for
2 h then diluted 1:100 in water for inductively coupled plasma mass spec-
trometry (ICP-MS) analysis.


Absorption titration : A solution of 2a (or 3a or 3d, 25 mm) in TBS/
DMSO (9:1) solution (3000 mL) was placed in a thermostatic cuvette
within a UV/Vis spectrophotometer and the absorption spectrum was re-
corded. Aliquots of a millimolar stock solutions of ctDNA, [poly ACHTUNGTRENNUNG(dA–
dT)]2, or [poly ACHTUNGTRENNUNG(dG–dC)]2 were added to the sample solutions and absorp-
tion spectra were recorded after equilibration for 10 min per aliquot until
saturation point was reached. The binding constant was determined by
applying the Scatchard equation: [DNA]/Deap= [DNA]/De + [1/ ACHTUNG-
TRENNUNG(De:Kb)], in which Deap= ACHTUNGTRENNUNG jeA�eB j where eA=Aobs/ ACHTUNGTRENNUNG[complex], and De=


jeB�eF j where eB and eF correspond to the extinction coefficients of the
DNA-bound and -unbound complex, respectively.


Gel-mobility-shift assay : A 100-bp PCR product (50 mmbp�1) was mixed
with ethidium bromide and the gold ACHTUNGTRENNUNG(iii) compounds in a 1:1 ratio of
DNA-base-pair to small molecules. The mixtures were analyzed by gel
electrophoresis using a 1.5% (w/v) agarose gel and tris-acetate-EDTA
(TAE) buffer. The gel was stained after electrophoresis by immersion in
a bath of ethidium bromide.
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Viscosity evaluation : The method used by Cohen and Eisenberg was em-
ployed in this study.[18] Viscosity experiments were performed by using a
viscometer immersed in a thermostated water bath maintained at 27 8C.
Titrations of 2a, 3d, ethidium bromide, or Hoechst 33342 were carried
out by the addition of concentrated stock solutions (1 mL) to the DNA
sample in BPE buffer (6 mm Na2HPO4, 2 mm NaH2PO4, and 1 mm


Na2EDTA, pH 7.0) in the viscometer. DNA concentrations of approxi-
mately 1 mm (in base pairs) were used.


G-quadruplex assay : 32P-labeled TR2 oligonucleotide [5’-TACAGATAG-
ACHTUNGTRENNUNG(TTAGGG)2TTA-3’] at a concentration of 8 mm was annealed by heating
it in 10 mm Tris/1 mm EDTA (TBE) buffer containing KCl (100 mm,
pH 8.0) to 95 8C for 10 min, followed by cooling to RT. Stock solution
(2 mL) of 2a and [Pt ACHTUNGTRENNUNG(terpy)Cl]Cl was added. The reaction mixture was in-
cubated at RT for 1 h and then loaded onto a native acrylamide (12%)
vertical gel (1:19 bisacrylamide) in TBE buffer supplemented with KCl
(20 mm). The reaction was terminated by addition of gel-loading buffer
(8 mL, 30% glycerol, 0.1% bromophenol blue, 0.1% xylene cyanol), and
the subsequent solution (10 mL) was analyzed by native PAGE (12%, the
gel was pre-run for 30 min). Electrophoresis was performed at 4 8C in
TBE buffer (pH 8.3) containing KCl (20 mm) for 15 h. The gels were
dried and visualized under UV illumination.


Flow cytometry : SUNE cells (40000 cells) were cultured in 60 mm tissue-
culture dishes with culture medium (2 mL/dish). Compound 2a (12 or
60 mm) or culture medium containing 1% DMSO was added to the
dishes after 24 h incubation in a humidified atmosphere of 5% CO2/95%
air. The dishes were then incubated further for 48 or 72 h. Annexin V–
FITC/propidium iodide staining was performed by following the Annexin
V–Fluos Staining Kit userRs manual provided by Roche.
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Synthesis, Structure, and Reactivity of Palladacycles That Contain a Chiral
Rhenium Fragment in the Backbone: New Cyclometalation and Catalyst
Design Strategies


Florian K. Friedlein, Klemenz Kromm, Frank Hampel, and J. A. Gladysz*[a]


Introduction


Although palladacycles that feature a neutral heteroatomic
donor atom and a palladium–carbon s bond have been
known and studied for over 40 years,[1] there has been a
marked surge of interest in the last decade.[2] Such pallada-
cycles are most commonly prepared by donor-atom-templat-
ed insertions into carbon–hydrogen or carbon–halogen
bonds. However, many other synthetic routes have been de-
veloped.


Much of this recent activity has been prompted by the in-
creasing use of palladacycles as catalyst precursors, particu-
larly for carbon–carbon bond-forming reactions.[2] Certain
complexes effect extraordinarily high turnover numbers (>
106), typically in coupling reactions involving aryl halides.[2,3]


Chiral palladacycles have also been synthesized in enantio-
merically pure form and employed in enantioselective trans-
formations.[4,5]


We have had a long-standing interest in catalysts that con-
tain “spectator” metal fragments: in other words, ligand-
based metals that do not participate directly in the catalytic
cycle but whose steric and/or electronic properties may play
important roles.[6–10] A variety of palladacycles that incorpo-
rate ferrocenyl or ruthenocenyl moieties have been report-
ed.[4,11] However, only a handful with other types of metallic
units have been synthesized.[5,12, 13] Representative examples
are mentioned in the Discussion section. Some of these bi-
metallic palladacycles have been applied in catalysis,[4,5]


whereas others have been synthesized with different objec-
tives in mind.


Abstract: The bromocyclopentadienyl
complex [(h5-C5H4Br)Re(CO)3] is con-
verted to racemic [(h5-C5H4Br)Re-
ACHTUNGTRENNUNG(NO) ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(CH2PPh2)] (1b) similarly
to a published sequence for cyclopenta-
dienyl analogues. Treatment of enantio-
pure (S)-[(h5-C5H5)Re(NO) ACHTUNGTRENNUNG(PPh3)-
ACHTUNGTRENNUNG(CH3)] with nBuLi and I2 gives (S)-
[(h5-C5H4I)Re(NO)ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(CH3)] ((S)-
6c ; 84%), which is converted
(Ph3C


+ PF6
�, PPh2H, tBuOK) to (S)-


[(h5-C5H4I)Re(NO)ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(CH2PPh2)]
((S)-1c). Reactions of 1b and (S)-1c
with Pd[P ACHTUNGTRENNUNG(tBu)3]2 yield [{(h5-
CK 5H4)Re(NO)(PPh3)(m-CH2PPh2)PdL ACHTUNGTRENNUNG(m-
X)}2] (10 ; X = b, Br, rac/meso, 88%; c,
I, S,S, 22%). Addition of PPh3 to
10b gives [(h5-CK 5H4)Re(NO)(PPh3)(m-


CH2PPh2)PdL ACHTUNGTRENNUNG(PPh3)(Br)] (11b ; 92%).
Reaction of (S)-[(h5-C5H5)Re(NO)-
ACHTUNGTRENNUNG(PPh3)ACHTUNGTRENNUNG(CH2 ACHTUNGTRENNUNGPPh2)] ((S)-2) and Pd-
ACHTUNGTRENNUNG(OAc)2 (1.5 equiv; toluene, RT) affords
the novel Pd3ACHTUNGTRENNUNG(OAc)4-based palladacy-
cle (S,S)-[(h5-CK 5H4)Re(NO)(PPh3)(m-
CH2ACHTUNGTRENNUNGPPh2)PdL ACHTUNGTRENNUNG(m-OAc)2Pd ACHTUNGTRENNUNG(m-OAc)2 ACHTUNGTRENNUNGPdK (m-
PPh2CH2)(Ph3P)(ON)Re(h5-CL 5H4)]
((S,S)-13 ; 71–90%). Addition of LiCl
and LiBr yields (S,S)-10a,b (73%),
and Na ACHTUNGTRENNUNG(acac-F6) gives (S)-[(h5-
CK 5H4)Re(NO)(PPh3)(m-CH2PPh2)PdL -
(acac-F6)] ((S)-16, 72%). Reaction of


(S,S)-10b and pyridine affords (S)-[(h5-
CK 5H4)Re(NO)(PPh3)(m-CH2PPh2)PdL -
(NC5H5)(Br)] ((S)-17b, 72%); other
Lewis bases yield similar adducts. Re-
action of (S)-2 and Pd ACHTUNGTRENNUNG(OAc)2
(0.5 equiv; benzene, 80 8C) gives the
spiropalladacycle trans-(S,S)-[{(h5-
CK 5H4)Re(NO)(PPh3)(m-CH2PPh2)}2PdL ]
(39%). The crystal structures of (S)-6c,
11b, (S,S)- and (R,R)-13·2C7H8, (S,S)-
10b, and (S)-17b aid the preceding as-
signments. Both 10b (racemic or S,S)
and (S)-16 are excellent catalyst pre-
cursors for Suzuki and Heck couplings.


Keywords: cyclometalation · Heck
reaction · palladacycle · palladium ·
rhenium · Suzuki coupling
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We speculated that new types of palladacycles might be
generally available from half-sandwich complexes I and II
(Scheme 1). These easily accessed building blocks feature li-


gands containing donor atoms�CH2�D: (�D: = halide, alk-
oxide, thioalkoxide, amide, phosphide) capable of binding a
palladium precursor. For I, coordination of palladium(0)
would be followed by an oxidative addition involving the
halocyclopentadienyl ligand, giving the target species III.
For II, coordination of palladium(ii) would be followed by
carbon–hydrogen bond activation and HX elimination.[2,14]


Alternatively, alkylcyclopentadienyl complexes with M�D:
linkages might be employed similarly, as illustrated for the
pentamethylcyclopentadienyl adduct IV.


Importantly, such cyclopentadienyl complexes are easily
rendered chiral. Given the broad utility of palladacycles in
catalysis, there is strong interest in the development of new
chirality motifs.[4,5,11,12] Herein, we report a) the successful
application of the strategies in Scheme 1 to produce racemic
and enantiomerically pure “chiral-at-metal” rhenium com-
plexes [(h5-C5H4X)Re(NO) ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(CH2PPh2)] (X = halide,
1; X = H, 2), which feature phosphorus donor atoms; b)
the detailed structural characterization of the resulting pal-
ladacycles, including an unusual species with a tripalladium
core; and c) the use of these palladacycles as catalyst precur-
sors for Suzuki–Miyaura and Mizoroki–Heck reactions.
Some of this work has been communicated.[10]


Results


Synthesis of halocyclopentadienyl complexes : At the outset
of this work, we expected the more reliable route to pallada-
cycles III to be from halocyclopentadienyl complexes I. We
therefore sought to adapt previous syntheses of the racemic
and enantiomerically pure parent compound [(h5-
C5H5)Re(NO) ACHTUNGTRENNUNG(PPh3)ACHTUNGTRENNUNG(CH2PPh2)] (2)[7a] from [(h5-


C5H5)Re(CO)3] to brominated and iodinated analogues [(h5-
C5H4X)Re(NO) ACHTUNGTRENNUNG(PPh3)ACHTUNGTRENNUNG(CH2PPh2)] (1b,c).[15] The bromocy-
clopentadienyl complex [(h5-C5H4Br)Re(CO)3] (3b) is readi-
ly available.[16] Also, rhenium cyclopentadienyl complexes
are often easily converted to lithiocyclopentadienyl com-
plexes,[7a,b,9a,17] which can be functionalized with electro-
philes. Accordingly, two approaches to the requisite halocy-
clopentadienyl species were investigated.


Reaction of the bromocyclopentadienyl complex 3b and
NO+BF4


� (Scheme 2) gave the nitrosyl complex 4b+BF4
�


(86%).[15] Treatment of 4b+ BF4
� with PPh3 in refluxing


CH2Cl2 yielded the racemic chiral phosphine complex 5b+


BF4
� (68%). This substitution proceeded under much


milder conditions than with the cyclopentadienyl ana-
logue.[18] Subsequent reduction with NaBH4 gave the methyl
complex 6b (82%), which was stable for over a year in air,
in contrast to the cyclopentadienyl analogue, which decom-
poses slowly over the course of several weeks.


Complex 6b was treated sequentially with Ph3C
+BF4


�


and PPh2H. Workup gave the phosphonium salt 7b+BF4
�


(94%; Scheme 2). Deprotonation with tBuOK afforded the
target complex 1b (95%) as orange prisms. This compound
was also less air-sensitive than its cyclopentadienyl analogue


Scheme 1. Synthetic planning: palladacycles that contain a transition
metal in the backbone.


Scheme 2. Syntheses of racemic palladacycles via bromocyclopentadienyl
rhenium complexes: a) NO+BF4


�, CH2Cl2, �15 8C; b) PPh3, CH2Cl2,
reflux; c) NaBH4, THF, RT; d) 1.1 equiv Ph3C


+ BF4
�, CH2Cl2, �60 8C;


e) 1.1 equiv PPh2H, �60 8C to RT; f) 1.2 equiv tBuOK, THF, RT;
g) 1.0 equiv Pd[P ACHTUNGTRENNUNG(tBu)3]2, toluene, 80 8C; h) PPh3, CH2Cl2, RT.
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2, suggesting a general effect of the electron-withdrawing
bromide substituent.


The new complexes in Scheme 2, and all the others that
were isolated as part of this study, were characterized by IR
and NMR spectrometry, mass spectrometry, and microanaly-
sis, as summarized in the Experimental Section. Most fea-
tures were routine, and have been analyzed in greater detail
elsewhere.[19] In the chiral complexes (1b, 5b+BF4


�, 6b,
7b+BF4


�) the two cyclopentadienyl CH groups a and b to
the bromide substituents are diastereotopic. Accordingly,
1H NMR spectra exhibited four broad singlets or multiplets.
Similarly, 13C NMR spectra gave five cyclopentadienyl
carbon signals.


A second synthetic approach to halocyclopentadienyl
complexes is summarized in Scheme 3. The enantiopure


methyl complex 8 and nBuLi react to give the enantiopure
lithiocyclopentadienyl complex 9.[17a] Thus, (S)-8 was sequen-
tially treated with nBuLi (�78 8C, then RT) and I2 (�78 8C).
Workup gave the iodocyclopentadienyl complex (S)-6c
(84%).[15] This was treated with Ph3C


+ PF6
� and PPh2H simi-


larly to 6b, giving the phosphonium salt (S)-7c+ PF6
�


(99%). Deprotonation to the target complex (S)-1c was ef-
fected in conjunction with the cyclopalladations described
below.


Rd cubes of (S)-6c were obtained from benzene/hexanes,
and X-ray data were collected (see Table 1 and the Experi-


mental Section). Refinement gave the molecular structure
depicted in Figure 1, confirming the rhenium configuration
assigned above, which corresponds to retention from (S)-8.
In accord with abundant precedent, all the other transfor-
mations in this paper are presumed to occur with retention
at rhenium.[7,17b] Key bond lengths and angles in (S)-6c are
summarized in Figure 1. For most of the nonracemic com-
plexes in this paper, both enantiomers were synthesized.[20]


Palladacycles from halocyclopentadienyl complexes : Experi-
ments were first conducted with the racemic bromocyclo-
pentadienyl complex 1b and the commercially available pal-
ladium bis(phosphine) complex [Pd{P ACHTUNGTRENNUNG(tBu)3}2]. The latter is
known to undergo particularly facile phosphine displace-
ment.[21] Reaction in toluene at 80 8C (Scheme 2, bottom)
led to the target palladacycle 10b (88%). This material was
thermally very stable (decomp 294 8C), but poorly soluble in
organic solvents. The dimeric structure was evidenced by a
molecular ion in the mass spectrum.


Complex 10b features two rhenium stereocenters. Hence,
configurational diastereomers (rac/meso) are possible, as
well as syn/anti isomers about the Pd2Br2 core. The
31P NMR spectrum showed four pairs of PPh3 and CH2PPh2


signals (all doublets) with area ratios of approximately
69:69:31:31. In view of the data below for enantiomerically
pure (S,S)-10b, the two major signals must be rac and meso
diastereomers of one syn/anti isomer, and the two minor sig-
nals analogous diastereomers of the other. Thus, there is
negligible chiral recognition across the nearly planar Pd2Br2
core (see below). The 1H NMR spectrum of 10b and most
palladacycles below showed one cyclopentadienyl proton
with a chemical shift distinctly upfield of the others (d =


2.80–2.86 versus 4.72–5.47 ppm).[22]


Scheme 3. Syntheses of enantiopure palladacycles via iodocyclopenta-
dienyl rhenium complexes: a) 1.0 equiv nBuLi, THF, �78 8C to RT;
b) 1.0 equiv I2, THF, �78 8C; c) 1.1 equiv Ph3C


+ PF6
�, CH2Cl2, �78 8C;


d) 1.8 equiv PPh2H, �78 8C to RT; e) 1.5 equiv tBuOK, toluene, RT;
f) 1.0 equiv Pd[P ACHTUNGTRENNUNG(tBu)3]2, toluene, RT.


Figure 1. Molecular structure of (S)-6c. Key distances [R] and angles [8]:
Re1�N1 1.755(4), Re1�P1 2.3348(11), Re1�C1 2.237(5), Re1�C11
2.252(5), C11�I1 2.084(4), N1�O1 1.209(5); P1-Re1-N1 92.68(13), N1-
Re1-C1 94.6(2), C1-Re1-P1 92.42(17), Re1-C11-I1 123.9(2).
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A more soluble and monomeric palladacycle was sought.
The reaction of 10b and PPh3 (Scheme 2) afforded 11b
(92%). Although two geometric isomers are possible at pal-
ladium, only one was detected in solution. As observed for
other palladacycles described below, the 13C NMR signal of
the palladium-bound cyclopentadienyl carbon atom (d =


143.1 ppm) was far downfield from the others (d = 92.6–
85.6 ppm). The crystal structure of a solvate was determined
(Table 1 and the Experimental Section). Key bond lengths
and angles are listed in Table 2. The bromide ligand is trans
to the cyclopentadienyl ligand (Figure 2), which according
to modern nomenclature conventions can be designated as
an SP-4-4 isomer.[23]


An analogous cyclopalladation was attempted with the
enantiopure iodocyclopentadienyl complex (S)-1c. This
compound was first generated in situ from (S)-7c+ PF6


� and
tBuOK (Scheme 3). Crystal structures of the corresponding


cyclopentadienyl complexes have rigorously established re-
tention of configuration at rhenium.[7a] Subsequent addition
of [Pd{P ACHTUNGTRENNUNG(tBu)3}2] gave the bridging iodide complex (S,S)-10c
in 22% overall yield (unoptimized) as a 21:79 mixture of
syn/anti isomers. The spectroscopic properties were very
similar to those of 10b.


Palladacycles from cyclopentadienyl complexes : The phos-
phonium salt (S)-12+ PF6


�, tBuOK (1.2 equiv), and Pd-
ACHTUNGTRENNUNG(OAc)2 (1.5 equiv) were combined in toluene (Scheme 4).
The first two reactants are known to generate (S)-2,[7a,9a] and
the last has been used to synthesize many dimeric Pd2-
ACHTUNGTRENNUNG(OAc)2-based palladacycles from organic heteroatom
donors. Workup gave a palladacyclic product in high yield,
as indicated by characteristic NMR data as described above.
The 1H NMR, 13C NMR, and IR spectra clearly showed the
presence of acetate residues. The same complex was ob-


Table 1. Summary of crystallographic data.[a]


Complex (S)-6c SP-4-4 11b·2CH2Cl2 ACHTUNGTRENNUNG(S,S)-13·2C7H8
[b] anti-(S,S)-


10b·CH2Cl2·2CHCl3


SP-4-2 (S,S)-17b·CHCl3


molecular formula C24H22INOPRe C56H50BrCl4NOP3PdRe C94H90N2O10P4Pd3Re2 C75H66Br2Cl8N2O2P4Pd2Re2 C42H37Br2Cl3N2OP2PdRe
molecular weight 684.5 1360.2 2223.16 2179.80 1126.54
diffractometer Kappa CCD Nonius MACH3 Kappa CCD Kappa CCD Kappa CCD
crystal system orthorhombic triclinic orthorhombic orthorhombic orthorhombic
space group P212121 P1̄ P212121 P212121 P212121
a [R] 9.0140(2) 13.512(3) 14.6308(2) 14.0864(3) 9.6911(2)
b [R] 14.2060(3) 14.098(3) 23.2935(2) 29.3197(5) 15.6896(3)
c [R] 17.7350(2) 16.710(3) 25.5324(4) 9.7284(2) 28.0415(4)
a [8] 90 69.57(3) 90 90 90
b [8] 90 77.05(3) 90 90 90
g [8] 90 74.73(3) 90 90 90
V [R3] 2271.02(7) 2846.6(10) 8701.5(2) 4017.92(14) 4263.70(13)
Z 4 2 4 2 4
1calcd [Mgm�3] 2.002 1.587 1.697 1.802 1.755
m [mm�1] 6.796 3.452 3.513 4.828 4.755
F ACHTUNGTRENNUNG(000) 1296 1340 4384 2108 2192
crystal size [mm] 0.30T0.25T0.20 0.20T0.20T0.20 0.10T0.05T0.05 0.30T0.20T0.20 0.30T0.20T0.10
q range [8] 1.84 to 27.50 2.62 to 26.33 2.29 to 27.51 1.39 to 27.49 1.45 to 27.46
index ranges (h ;k ;l) �11,11;�18,18;�22,23 �16,16;�17,0;�20,19 �18,18;�30,30;�33,33 �18,18; �37,38; �12,12 �12,12; �20,20; �36,36
reflections collected 5175 12037 19866/19799 9169 9599
independent reflections 5175 11546 [R ACHTUNGTRENNUNG(int) =


0.0810]
19866 9169 9599


reflections [I>2s(I)] 4919 8262 15145 7719 8324
completeness to q =


27.478
99.9% (q = 27.508) 99.7% (q = 26.338) 99.6% 99.9% 99.0%


max. and min.
transmission


0.3435 and 0.2350 0.5452 and 0.5452 0.8439 and 0.7202 0.4452 and 0.3253 0.6622 and 0.3459


data/restraints/parame-
ters


5175/0/262 11546/0/613 19866/19/1036 9169/0/451 9599/0/478


goodness-of-fit on F2 1.058 1.059 0.981 1036 1087
final R indices R1 = 0.0240 R1 = 0.0468 R1 = 0.0418 R1 = 0.0475 R1 = 0.0384
ACHTUNGTRENNUNG[I>2s(I)] wR2 = 0.0550 wR2 = 0.1122 wR2 = 0.0820 wR2 = 0.1222 wR2 = 0.0846
R indices (all data) R1 = 0.0265 R1 = 0.0875 R1 = 0.0717 R1 = 0.0610 R1 = 0.0503


wR2 = 0.0557 wR2 = 0.1338 wR2 = 0.0921 wR2 = 0.1331 wR2 = 0.0929
absolute structure
(Flack) parameter


0.013(6) – �0.010(4) �0.030(9) �0.009(6)


largest diff. peak/hole
[eR�3]


0.700/�1.045 1.691/�1.363 0.963/�0.889 2.656/�1.056 0.981/�1.126


[a] Data common to all structures: temp. of collection [K] = 173(2); wavelength [R] = 0.71073; refinement method: full-matrix least-squares on F2.
[b] Key data for the enantiomer (R,R)-13·2C7H8 (Ref. [10]): a/b/c [R] = 14.63350(10)/23.3173(2)/25.5322(2); V [R3] = 8711.94(12); 1calcd [Mgm�3] =


1.695; goodness-of-fit = 1.066; final R indices [I>2s(I)], R1 = 0.0288 and wR2 = 0.0693; R indices (all data), R1 = 0.0398 and wR2 = 0.0865.
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tained from (S)-12+BF4
�, the weaker base KOAc, and Pd-


ACHTUNGTRENNUNG(OAc)2. However, microanalyses and certain mass spectral
peaks were not consistent with an acetate-bridged dimer,
and the integrals for the acetate 1H NMR signals did not fit.


Crystals of a solvate were ob-
tained, and the structure was
solved analogously to the
others above. Interestingly, a
tripalladium complex, (S,S)-13
(Figure 3), had in fact been iso-
lated (71–90% yields). Key
bond lengths and angles are
summarized in Table 2, and the
configurations correspond to re-
tention at rhenium. The crystal
structure of the enantiomer
(R,R)-13 was also determined.
Since this constitutes an inde-
pendent determination of all
metrical parameters, data are
also included in Table 2.


The tripalladium complex
(S,S)-13 features an S-shaped
Pd3ACHTUNGTRENNUNG(OAc)4 core (Figure 3,
bottom view). Despite the very
large number of molecules that
have been palladated by Pd-
ACHTUNGTRENNUNG(OAc)2, such moieties are ex-
tremely rare (see the Discus-
sion section).[4f, 24, 25] The three
palladium atoms are approxi-


mately linear (a 177.46(2)8), with distances (2.9434(8) and
2.9292(8) R) between those in four other crystallographical-
ly characterized examples (range: 3.0457(5) R[4f] to
2.864(1) R[24a]). As analyzed elsewhere, these are considered
to be outside the bonding range.[4f, 26] An idealized C2 axis
passes through the central palladium (perpendicular to the
plane of the paper in the bottom view). In this perspective,
the palladium-bound PPh2 (and cyclopentadienyl) units
appear syn.[27]


We wondered whether other reactant stoichiometries
would also give the tripalladium complex (S,S)-13. Isolated
(S)-2 and Pd ACHTUNGTRENNUNG(OAc)2 were combined in a 1.0:0.5 ratio in
C6D6 (Scheme 5). A new species was detected by NMR
spectroscopy (�81% yield). The 1H NMR spectrum showed
signals for one intact cyclopentadienyl ring, and one that
had been cyclopalladated (1:1). The 31P NMR spectrum con-
tained two pairs of PPh3 and CH2PPh2 signals. The CH2PPh2


signals were coupled, with a value (432 Hz) characteristic of
palladium(ii) complexes with trans phosphine ligands.[28]


Hence, the structure shown in Scheme 5, SP-4-2 (S,S)-14,[23]


is proposed.
When the sample was kept at 80 8C, a second cyclopalla-


dation occurred. The spiropalladacycle (S,S)-15 was isolated
in 39% yield. Although crystals could be obtained, they
were not suitable for X-ray diffraction. Nonetheless, other
spiropalladacycles are known,[2c,13] and the structure was
supported by many data. For example, the mass spectrum
exhibited a strong signal for the molecular ion, and the mi-
croanalysis was in excellent agreement. The NMR spectra
showed only one type of ligand on palladium, and character-


Table 2. Key interatomic distances [R] and angles [8] for rhenium-containing palladacycles.


SP-4-4 11b ACHTUNGTRENNUNG(S,S)-13/ ACHTUNGTRENNUNG(R,R)-13 anti-(S,S)-10b SP-4-2 (S)-17b


Pd1�C11 2.010(7) 1.985(7)/1.983(5) 1.994(8) 1.989(6)
Pd1�P1 2.287(2) 2.2007(19)/2.1988(14) 2.224(2) 2.2338(18)
Re1�C1 2.186(8) 2.205(7)/2.200(5) 2.183(7) 2.206(6)
Re1�C11 2.355(7) 2.371(7)/2.376(5) 2.355(7) 2.380(6)
C1�P1 1.806(8) 1.782(7)/1.788(1) 1.794(8) 1.797(6)
sum of all bond lengths
in the ring


10.647 10.547/10.547 10.553 10.608


Pd1�X1[a] 2.353(2) 2.130(5)/2.133(4) 2.5414(9) 2.5014(8)
Pd1�X2[b] 2.4910(11) 2.129(5)/2.126(4) 2.5327(9) 2.124(6)
Pd1�Pd3 – 2.9434(8)/2.9452(5) – –
Pd2�Pd3 – 2.9292(8)/2.9330(5) – –


Pd1-P1-C1 113.5(3) 112.9(3)/112.89(19) 113.1(3) 113.2(2)
P1-C1-Re1 110.5(4) 109.0(3)/108.8(3) 109.4(4) 109.5(3)
C1-Re1-C11 82.6(3) 81.8(2)/81.92(19) 82.2(3) 80.7(2)
Re1-C11-Pd1 128.9(3) 127.6(3)/127.5(2) 128.2(4) 129.1(3)
C11-Pd1-P1 84.0(2) 82.8(2)/83.14(15) 83.5(2) 83.65(19)
P1-Pd1-X1[a] 169.44(7) 174.21(14)/174.08(11) 174.19(6) 172.89(5)
P1-Pd1-X2[b] 93.09(6) 94.88(14)/94.70(11) 98.13(6) 96.56(16)
X1-Pd1-X2[a,b] 93.63(6) 89.13(18)/89.41(15) 87.16(3) 90.54(16)
C11-Pd1-X1[a] 88.5(2) 92.9(2)/92.51(18) 91.4(2) 83.65(19)
C11-Pd1-X2[b] 174.1(2) 175.6(2)/176.13(18) 174.7(2) 174.8(3)
Pd1-X1-Pd2 – – 92.74(3) –
Pd1-Pd3-Pd2 – 177.73(3)/177.46(2) – –
plane(Pd1a-Pd1-Br1)-
plane(Pd1a-Pd1-Br1a)


– – 3.3 –


[a] X1 = atom trans to phosphorus in the ring. [b] X2 = atom cis to phosphorus in the ring.


Figure 2. Molecular structure of SP-4-4 11b·2CH2Cl2 with solvate mole-
cules omitted.
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istic chemical shifts for a (h5-C5H4Pd)Re linkage. The
13C NMR signals of the ortho carbon atoms of the diastereo-
topic PPh2 groups gave virtual triplets,[29] consistent with a
trans stereochemistry. The 31P NMR signals of the PPh2 and
PPh3 groups were also triplets.


Finally, isolated (S)-2 and Pd ACHTUNGTRENNUNG(OAc)2 were combined in a
1.0:1.0 ratio in C6D6. Analysis by 31P NMR showed that (S)-
2 had been consumed, with (S,S)-13 constituting �61% of
the phosphorus-containing products. Several other signals
were detected, but no species was present in more than 6%
yield. Hence, acetate-bridged palladacycles with 1:1 or 2:2
Re/Pd ratios do not form readily.


Palladacycles from palladacycles : Since the central palladi-
um in (S,S)-13 might serve as a source of catalytically active
Pd ACHTUNGTRENNUNG(OAc)2, we sought to remove it. In one approach, the
hexafluoroacetylacetonate salt Na ACHTUNGTRENNUNG(acac-F6) was added
(Scheme 4, bottom right). Workup gave the monopalladium
complex (S)-16 (72%). In another approach, the halide salts
LiCl and LiBr were added (Scheme 4, bottom left). Work-
ups gave the chloride- and bromide-bridged dipalladium


complexes (S,S)-10a (73%) and (S,S)-10b (73%) as 35:65
and 25:75 mixtures of syn/anti isomers. Crystals of (S,S)-10b
were obtained, and the structure was solved analogously to
the others above (Figure 4). Only the anti isomer crystal-
lized. The Pd2Br2 core was nearly planar, with the two
PdBr2 planes defining an angle of 3.38. A C2 symmetry axis
passes through the midpoint.


Complex (S,S)-10b reacted with a variety of neutral two-
electron donor ligands (L) to give monopalladium com-
plexes, (S)-[(h5-CK5H4)Re(NO)(PPh3)(m-CH2PPh2)PLd(L)(Br)].
The product (S)-17b, with L = pyridine (Scheme 6), crystal-
lized in 72% yield.


An X-ray structure (Figure 5) showed the bromide ligand
to be trans to the CH2PPh2 ligand, corresponding to an SP-
4-2 isomer.[23] In the related complex SP-4-4 11b (Figure 2),
the bromide ligand is trans to the cyclopentadienyl ligand,
and cis to both phosphorus donor ligands. However, NMR
spectra of (S)-17b showed signals for a second geometric
isomer (�67:33), as well as an equilibrium with (S,S)-10b
and pyridine.


The reaction of (S,S)-10b and excess 2,4,6-trimethylpyri-
dine gave an adduct analogous to (S)-17b, as assayed by
31P NMR spectroscopy. A similar reaction of (S,S)-10b and
excess PPh3 showed complete conversion to SP-4-4 (S)-11b,
the racemate of which was synthesized according to
Scheme 2. Finally, (S,S)-13 and PPh3 (10 equiv) were com-
bined in an NMR tube. The 31P NMR spectrum suggested
the formation of a PPh3 analogue of SP-4-2 (S,S)-14.


Catalysis : Suzuki–Miyaura couplings using racemic 10b as
the catalyst precursor were screened under conditions simi-
lar to those developed by Buchwald[30] and employed for
previous papers in this series.[9] However, because of the ex-
ceptional activities, much lower catalyst loadings could be
used. As summarized in Table 3, entries 1 and 3–5,
PhB(OH)2 (1.5 equiv), the boron-activating base K3PO4


(2.0 equiv), an aryl bromide (1.0 equiv), an internal stand-
ard, and 10b (0.01 mol%) were combined in toluene. Cou-
plings proceeded smoothly over the course of 2–55 h at
80 8C, giving the expected biaryls in 86–91% yields as ana-
lyzed by GC.


Two additional couplings were conducted with
0.001 mol% catalyst loadings (Table 3, entries 2, 6). These
also proceeded to completion, although longer reaction
times were required. The turnover numbers were very close
to 100000, and the yields were slightly higher (96–99%).


Next, (S,S)-10b was evaluated as a catalyst precursor for
Mizoroki–Heck couplings of methyl acrylate and 4-bromoa-
cetophenone, 4-iodotoluene, and iodobenzene. Reactions
were carried out using 0.36–0.59 mmol% loadings in DMF
at 140 8C in the presence of NaOAc, (nBu)4N


+Br�, and an
internal standard, as summarized in the Supporting Informa-
tion and our previous communication.[10] After 48 h, con-
sumption of the aryl halides was >92%, and the corre-
sponding methyl cinnamate derivatives had formed in 64–
76% yields. The turnover numbers were 64100–91400. Re-
actions with (S)-16 gave comparable data.


Scheme 4. Syntheses of enantiopure palladacycles from cyclopentadienyl
rhenium complexes: a) 1.2 equiv tBuOK (Z� = PF6


�) or KOAc (Z� =


BF4
�), toluene, RT; b) 1.5 equiv Pd ACHTUNGTRENNUNG(OAc)2, toluene, RT; c) LiX, THF,


RT; d) Na ACHTUNGTRENNUNG(acac-F6), acetone, RT.
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However, TEM measurements showed the formation of
colloidal palladium nanoparticles. A representative result is
shown in Figure 6. Similar phenomena have been noted with
other “high turnover” Mizoroki–Heck catalysts,[2,3,31, 32] espe-
cially in recipes that involve (nBu)4N


+Br�.[31a] Complex
(S,S)-10b was also evaluated in Mizoroki–Heck reactions
that operate at lower temperatures and yield chiral prod-
ucts,[33] but racemates were always obtained, as detailed else-
where.[34] Together, these observations suggest that the
active catalyst is either nonmolecular or a low-coordinate
non-palladacyclic palladium(0) species.[2a,31, 32]Scheme 5. Other cyclopalladation modes of (S)-2.


Figure 4. Molecular structure of anti-(S,S)-10b·CH2Cl2·2CHCl3 with sol-
vate molecules and o,m,p-PPh2 and o,m,p-PPh3 carbon atoms omitted.


Figure 3. Molecular structure of (S,S)-13·2C7H8 with solvate molecules
and PPh2 and o,m,p-PPh3 carbon atoms omitted.


Scheme 6. Synthesis of a monopalladacyclic pyridine complex.


Figure 5. Molecular structure of SP-4-2 17b·CHCl3 with solvate mole-
cules and o,m,p-PPh2 carbon atoms for one phenyl omitted.
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Discussion


Syntheses of palladacycles : To our knowledge, the new rhe-
nium-containing palladacycles described in Schemes 2–6 are
without precedent. Furthermore, there is every reason to
assume that these syntheses can be extended to a variety of
other metals, donor groups, and ancillary ligands as general-
ized in Scheme 1. Building blocks of the IV type are perhaps
even more accessible than I and II. For example, halides of
[(h5-C5Me5)Fe(L)2(X)] or [(h5-C5Me5)Mo(L)3(X)], or related
thiolates, are easily prepared. Investigations involving such
compounds will be described in future publications.


As noted above, a large number ferrocene-containing pal-
ladacycles have been reported,[4,11] many of which are chiral
and have been isolated in enantiomerically pure form. How-
ever, the scarcity of palladacycles that contain other types of


metal fragments is striking. Cur-
rent examples are restricted to
cobalt (VI, VII)[5,12] and chro-
mium (VIII) (Scheme 7, top).[13]


In contrast to our complexes, in
which the rhenium is part of
the palladacycle backbone, the
metals in VI–VIII can be
viewed as exocyclic substitu-
ents. This further reflects the
tremendous architectural diver-
sity that can be realized with
metal-containing building


blocks. A few palladacycles in which ferrocenes are part of
the backbone have also been reported.[4f, 11f]


Rhenium-containing palladacycles are equally available
via insertions into carbon–halogen bonds (Schemes 2, 3) and
carbon–hydrogen bonds (Schemes 4, 5). However, formation
of the tripalladium tetraacetate complex (S,S)-13 was very
unexpected. To our knowledge, only three other molecules
with such Pd3 ACHTUNGTRENNUNG(OAc)4 cores have been characterized crystal-
lographically.[4f, 24] One (IX ; Scheme 7, bottom) was obtained
recently from an analogous cyclopalladation. However,
there is good support from spectroscopic data for several
other such complexes.[25]


The bridging acetate ligands fold the palladium square
planes essentially on top of each other (Figure 3). In con-
trast, the Pd2Br2 core in (S,S)-10b deviates only slightly
from planarity (Figure 4), thereby extending the square
planes laterally. The folded Pd2ACHTUNGTRENNUNG(OAc)2 linkages may account


Table 3. Suzuki–Miyaura reactions using the racemic palladacycle catalyst precursor 10b.[a]


Entry R ACHTUNGTRENNUNG[ArBr]/[Pd][b] t [h] Conversion[c] [%] Yield[c] [%] TON[b,d]


1 H 10000 55 93 91 9100
2[e] H 100000 96 98 96 96350
3 CH3 10000 32 93 91 9100
4 CH3O 10000 32 88 86 8600
5 CH3CO 10000 2 96 89 8900
6[e] CH3O 100000 76 99 99 99780


[a] Conditions: ArBr (1.000 mmol), PhB(OH)2 (1.50 mmol), K3PO4 (2.00 mmol), toluene (4.00 mL). [b] Nor-
malized for the number of palladium atoms in 10b. [c] Conversion of the aryl hydride and yield of the biaryl
product were determined by GC using tridecane as internal standard. [d] Based on the product yield. [e] Con-
ducted on a 10.00 mmol scale (ArBr). Catalyst was added as a 0.050mm solution in toluene.


Figure 6. Transmission electron microscopy (TEM) image taken from the
Mizoroki–Heck reaction of methyl acrylate and 4-iodotoluene using (S)-
16 (see Supporting Information).


Scheme 7. Previously synthesized palladacycles that contain nonferrocen-
yl transition metal fragments (top) or a Pd3 ACHTUNGTRENNUNG(OAc)4 core (bottom).
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for the absence of any detectable acetate-bridged dipalladi-
um complex, as steric interactions between rhenium ligands
would be difficult to avoid. Interestingly, the bond lengths
and angles associated with the Re–CH2–P–Pd–C linkages in
the crystallographically characterized palladacycles (Table 2)
are nearly identical, within experimental error.


Importantly, two other diastereomers of (S,S)-13 with
identical Pd3ACHTUNGTRENNUNG(OAc)4 conformations are possible. These can
be termed anti (XI) and syn’ (XII) (Figure 7). In our opin-
ion, there is no obvious reason why the diastereomer that
crystallizes (X) should be preferred thermodynamically.
However, only a single set of NMR signals is observed, in-
cluding the 1H and 13C resonances of the acetate ligands,
which should be at least somewhat sensitive to the relative
orientations of palladacycles on the termini. Furthermore,


the acetate ligands trans to the cyclopentadienyl and
CH2PPh2 ligands exhibit distinct 1H and 13C NMR signals,
one of which is coupled to phosphorus. This argues against a
rapidly equilibrating mixture of diastereomers.


The chloride-, bromide-, and iodide-bridged palladacycles
(S,S)-10a,b,c exhibit much lower syn/anti selectivities. Inter-
estingly, the equilibrium ratios become progressively more
biased (35:65, 25:75, 21:79). Although it is not possible to
rigorously assign the major isomers, the crystal structure of
(S,S)-10b suggests that they are anti. This crystal structure
also shows an absence of steric interactions across the
Pd2Br2 core, and space-filling models suggest the same for
the syn isomer. Thus, electronic effects may play a role in
the equilibrium ratios.


Catalysis : Like many other palladacycles, those described
above are effective catalyst precursors for the Suzuki–
Miyaura and Mizoroki–Heck couplings of aryl halides. High
turnover numbers can be achieved, although still higher
values have been established for other palladacycles.[2,3]


However, there are several indications that our palladacy-
cles are not the active catalysts. These include the genera-
tion of palladium nanoparticles, as evidenced by TEM
(Figure 6), and the formation of racemates in coupling reac-
tions that lead to chiral products.[34] Given the large number
of detailed investigations that have established catalysis by
nanoparticles or low-coordinate palladium(0) species for re-
lated complexes,[31,32] parallel studies were not undertaken.


Nonetheless, there remain several opportunities for future
research. For example, according to some models for the
formation of low-coordinate palladium(0) species,[2a,35] the
spiropalladacycle (S,S)-15 would lead to an active catalyst
[{(h5-C5H4X)Re(NO) ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(CH2PPh2)}nPd] (n = 1 or 2). In
other words, there would be a high probability of chiral sup-
porting ligands, enhancing the prospects for enantioselective


catalysis. Furthermore, there
are many other types of reac-
tions that are catalyzed by pal-
ladacycles,[2] and for which cur-
rent evidence suggests that the
gross structures remain intact.
Several of these involve the for-
mation of new stereocen-
ters.[4,5, 36]


Also, the extrusion of metal
from our palladacycles might
prove exploitable. For example,
the second metal in III or V
could be engineered to have a
labile set of ligands. This might
allow the formation under suita-
ble conditions of bimetallic col-
loidal nanoparticles or related
nonmolecular species. Such as-
semblies can be challenging to
synthesize, but often exhibit
unique and useful properties.[37]


Conclusion


We have established two simple and high-yield routes to a
novel new class of palladacycles that contain half-sandwich
metal cyclopentadienyl moieties in the backbone
(Scheme 1). One involves the reaction of a palladium(0)
species with a halocyclopentadienyl complex, and the other
the reaction of a palladium(ii) species with a cyclopentadien-
yl complex. Suitable starting materials for the latter route
are ubiquitous, and a variety of related syntheses are readily
envisioned. Hence, this new methodology should allow the
facile and rapid preparation of a very large number of such
palladacycles.


Fortuitously, one of our palladacycles is isolated with a
rarely occurring Pd3ACHTUNGTRENNUNG(OAc)4 core, probably for steric reasons.
Although all of these complexes are effective catalyst pre-
cursors for common cross-coupling reactions of aryl halides,
the available data suggest that either palladium nanoparti-


Figure 7. Possible stereoisomers of (S,S)-13.


Chem. Eur. J. 2006, 12, 5267 – 5281 O 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5275


FULL PAPERRhenium-Containing Palladacycles



www.chemeurj.org





cles or achiral low-coordinate palladium(0) species are in-
volved. Nonetheless, many other attractive applications for
these compounds are easily conceived, and are currently
under investigation.


Experimental Section


General : All experiments were carried out under nitrogen unless noted
otherwise. NMR spectra were recorded on standard 300–400 MHz FT
spectrometers, referenced to the residual solvent signal (d : 1H: CHCl3,
7.27; C6D5H, 7.15; [D5]acetone, 2.05; 13C: CDCl3, 77.0; C6D6, 128.0;
[D6]acetone, 29.9) or H3PO4 (d :


31P, internal capillary, 85%, 0.0), and re-
corded at 25–28 8C. IR spectra were recorded on an ASI React IRW-1000
spectrometer. Optical rotations were measured as described previously[38]


using a Perkin-Elmer model 341 polarimeter. Mass spectra were obtained
with a Micromass Zabspec instrument. Gas chromatography was con-
ducted on a ThermoQuest Trace GC 2000 instrument (OPTIMA-5
0.25 mm capillary column, 25 mT0.32 mm). DSC and TGA data were re-
corded with a Mettler–Toledo DSC821 instrument and treated by stand-
ard methods.[39] Elemental analyses were determined with a Carlo Erba
EA1110 CHN instrument. TEM data were recorded on a Philips CM 300
UT microscope.


Chemicals were treated as follows: ether, THF, hexanes, pentane, and tol-
uene, distilled from Na/benzophenone; DMF, benzene, CH2Cl2, and
CHCl3, distilled from CaH2; ethyl acetate and acetone, simple distilla-
tion; C6D6, CD2Cl2, CDCl3, and [D6]acetone (Deutero GmbH), stored
over molecular sieves; nBuLi (2.5m in hexanes; Acros), standardized
before use;[40] Ph3C


+ BF4
� (>98%; Fluka) and Ph3C


+ PF6
� (95.0%;


Fluka), stored under argon at �32 8C;[41] pyridine (99.5%; GrJssing),
dried over molecular sieves. Other compounds were used as received
from common commercial suppliers (Supporting Information).


[(h5-C5H4Br)Re(NO)(CO)2]
+ BF4


� (4b+BF4
�): A Schlenk flask was


charged with [(h5-C5H4Br)Re(CO)3] (3b ;[16a] 3.461 g, 8.358 mmol) and
CH2Cl2 (60 mL), and cooled to �15 8C. Then NO+BF4


� (1.562 g,
13.373 mmol) was added with stirring. The heterogeneous mixture turned
yellow-brown. After 2 h, the cold bath was removed. After 12 h, the sol-
vent was removed by oil-pump vacuum. The residue was extracted with
acetone (�100 mL). The extract was filtered through a plug of Celite
(3 cmT5 cm). The solvent was removed by rotary evaporation. The resi-
due was dried (10�3 mbar, 2 h) and washed with THF until the superna-
tant was colorless (�2T10 mL). The yellow powder was collected by fil-
tration and dried (10�3 mbar, 2 h) to give 4b+ BF4


� (3.608 g, 7.169 mmol,
86%), decomp 238–240 8C (capillary). Elemental analysis calcd (%) for
C7H4BBrF4NO3Re (503.0): C 16.71, H 0.80, N 2.78; found: C 16.48, H
0.94, N 2.66; 1H NMR (400 MHz, [D6]acetone): d = C5H4 at 6.96 (t, 2J-
ACHTUNGTRENNUNG(H,H) = 2 Hz, 2H), 6.61 ppm (t, 2J ACHTUNGTRENNUNG(H,H) = 2 Hz, 2H); 13C{1H} NMR
(101 MHz, [D6]acetone): d = 182.1 (s, CO), C5H4 at 97.2 (s), 96.5 (s),
96.0 ppm (s); IR (powder film): ñ = 2104 (s, CO), 2042 (s, CO), 1799 (s,
NO), 1034 cm�1 (s, BF); MS:[42] 416 (100) [4b]+ .


[(h5-C5H4Br)Re(NO) ACHTUNGTRENNUNG(PPh3)(CO)]+ BF4
� (5b+BF4


�): A Schlenk flask
was charged with 4b+ BF4


� (3.500 g, 6.958 mmol), CH2Cl2 (80 mL), and
PPh3 (5.470 g, 20.88 mmol), and fitted with a condenser. The sample was
aspirated with N2 and refluxed. After 3 h, the mixture was cooled to 0 8C
and added to THF (200 mL) with stirring. After 12 h, the precipitate was
collected by filtration, washed with THF (3T3 mL) and ether (2T
30 mL), and dried (10�3 mbar, 1 h) to give 5+ BF4


� as a yellow powder
(3.694 g, 5.010 mmol, 72%). Crystallization from CH2Cl2/ether gave 5b+


BF4
� (3.489 g, 4.732 mmol, 68%) as olive-green needles, decomp 202 8C


(capillary). Elemental analysis calcd (%) for C24H19BBrF4NO2PRe
(737.3): C 39.10, H 2.60, N 1.90; found: C 39.22, H 2.67, N 1.82; 1H NMR
(400 MHz, CDCl3): d = 7.56 (m, 9H of 3C6H5), 7.35–7.31 (m, 6H of
3C6H5), C5H4 at 6.17 (br s, 1H), 6.14 (br s, 1H), 5.83 (br s, 1H), 5.59 ppm
(br s, 1H); 13C{1H} NMR (126 MHz, CDCl3): d = 192.6 (s, CO), PPh3 at
133.0 (d, 2J ACHTUNGTRENNUNG(C,P) = 11 Hz, o), 132.6 (d, 4J ACHTUNGTRENNUNG(C,P) = 2 Hz, p), 129.9 (d, 1J-
ACHTUNGTRENNUNG(C,P) = 61 Hz, i), 129.8 (d, 3J ACHTUNGTRENNUNG(C,P) = 11 Hz, m); C5H4 at 96.5 (s), 96.1
(s), 95.4 (s), 94.4 (s), 91.5 ppm (s); 31P{1H} NMR (162 MHz, CDCl3): d =


11.5 ppm (s, PPh3); IR (powder film): ñ = 2019 (s, CO), 1760 (s, NO),
1054 cm�1 (s, BF); MS:[42] 650 (100) [5b]+ , 542 (6) [5b�Br�CO]+ .


[(h5-C5H4Br)Re(NO) ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(CH3)] (6b): A Schlenk flask was charged
with 5b+ BF4


� (0.5000 g, 0.6781 mmol) and THF (10 mL). Then NaBH4


(0.0769 g, 2.034 mmol) was added with stirring. After 2 h, the red suspen-
sion was filtered through a plug of Celite. The solvent was removed by
oil-pump vacuum at room temperature. The residue was extracted with
CH2Cl2 ACHTUNGTRENNUNG(�10 mL). The extract was filtered through SiO2 (4T2 cm) with
CH2Cl2 rinses. The solvent was removed from the filtrate. The orange res-
idue was dissolved in benzene (�10 mL) and a layer of hexanes was
added gently. After two days, the supernatant was decanted and the red
prisms dried (10�3 mbar, 2 h) to give 6b· ACHTUNGTRENNUNG(C6H6)0.5 (0.3762 g, 0.5560 mmol,
82%), decomp 136–138 8C (capillary). Elemental analysis calcd (%) for
C24H22BrNOPRe· ACHTUNGTRENNUNG(C6H6)0.5 (676.6): C 47.93, H 3.72, N 2.07; found: C
47.82, H 3.81, N 2.00; 1H NMR (400 MHz, CDCl3): d = 7.39–7.35 (m,
3C6H5), 7.15 (s, 0.5C6H6), C5H4 at 5.26 (m, 1H), 4.97 (m, 1H), 4.62 (m,
1H), 4.36 (m, 1H); 1.01 ppm (d, 3J ACHTUNGTRENNUNG(H,P) = 6 Hz, CH3);


13C{1H} NMR
(101 MHz, CDCl3): d = PPh3 at 135.6 (d, 1J ACHTUNGTRENNUNG(C,P) = 52 Hz, i), 133.6 (d,
2J ACHTUNGTRENNUNG(C,P) = 11 Hz, o), 130.1 (d, 4J ACHTUNGTRENNUNG(C,P) = 3 Hz, p), 128.3 (d, 3J ACHTUNGTRENNUNG(C,P) =


10 Hz, m); 128.3 (s, C6H6), C5H4 at 93.7 (s), 89.8 (s), 88.0 (d, 2J ACHTUNGTRENNUNG(C,P) =


3 Hz), 87.2 (d, 2J ACHTUNGTRENNUNG(C,P) = 3 Hz), 87.1 (s); �28.7 ppm (d, 2J ACHTUNGTRENNUNG(C,P) = 7 Hz,
CH3);


31P{1H} NMR (162 MHz, CDCl3): d = 24.4 ppm (s, PPh3); IR
(powder film): ñ = 1617 cm�1 (s, NO); MS:[42] 637 (100) [6b]+ , 622 (10)
[6b�CH3]


+ , 557 (5) [6b�Br]+ , 542 (12) [6b�Br�CH3]
+ .


(S)-[(h5-C5H4I)Re(NO) ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(CH3)] ((S)-6c): A Schlenk flask was
charged with (S)-8 (0.7313 g, 1.309 mmol)[43] and freshly distilled THF
(20 mL), and cooled to �78 8C. Then nBuLi (2.6m in hexanes; 0.504 mL,
1.309 mmol) was added by syringe with stirring. The cold bath was re-
moved. After 1 h, the deep red solution was cooled to �78 8C and solid I2
(0.3325 g, 1.309 mmol) was added. After 45 min, the cold bath was re-
moved. After a further 1 h, the solvent was removed by oil-pump
vacuum. Toluene (4 mL) was added.[44] The suspension was filtered
through a plug of SiO2 (2.5 cmT6 cm) with toluene rinses under N2. The
orange filtrate was concentrated, and CH2Cl2/hexanes (8 mL, 1:1 v/v) was
added. The solvents were removed by oil-pump vacuum (5T10�3 mbar,
1 day) to give (S)-6c (0.757 g, 1.106 mmol, 84%) as an orange microcrys-
talline powder, decomp 145 8C (capillary, gradual darkening without
melting). Elemental analysis calcd (%) for C24H22INOPRe (684.5): C
42.11, H 3.23, N 2.04; found: C 42.22, H 3.28, N 1.96; [a]58921 = ++278�38
(c = 1.23 mgmL�1, CH2Cl2);


1H NMR (400 MHz, C6D6): d = 7.54–7.50
(m, 6H of 3C6H5), 7.03–6.94 (m, 9H of 3C6H5), C5H4 at 4.93 (m, 1H),
4.39 (m, 1H), 4.31 (m, 1H), 4.06 (m, 1H); 1.44 ppm (d, 3J ACHTUNGTRENNUNG(H,P) = 6 Hz,
3H, CH3);


13C{1H} NMR (101 MHz, C6D6): d = PPh3 at 136.5 (d, 1J ACHTUNGTRENNUNG(C,P)
= 51 Hz, i), 134.0 (d, 2J ACHTUNGTRENNUNG(C,P) = 11 Hz, o), 130.1 (d, 4J ACHTUNGTRENNUNG(C,P) = 2 Hz,
p);[45] C5H4 at 97.5 (s), 94.8 (s), 92.4 (s), 89.6 (s), 47.9 (d, 2J ACHTUNGTRENNUNG(C,P) =


4 Hz); �28.7 ppm (d, 1J ACHTUNGTRENNUNG(C,P) = 7 Hz, CH3);
31P{1H} NMR (162 MHz,


C6D6): d = 25.7 ppm (s, PPh3); IR (powder film): ñ = 1625 cm�1 (s,
NO); MS:[42] 685 (100) [6c]+ , 557 (6) [6c�I]+ , 543 (20) [6c�I�CH3]


+ .


[(h5-C5H4Br)Re(NO) ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(CH2PPh2H)]+ BF4
� (7b+BF4


�): A Schlenk
flask was charged with 6b· ACHTUNGTRENNUNG(C6H6)0.5 (0.150 g, 0.222 mmol) and CH2Cl2
(10 mL), and was cooled to �60 8C. Then Ph3C


+BF4
� (0.0805 g,


0.244 mmol) was added with stirring. After 30 min, PPh2H (0.0454 g,
0.244 mmol)[46] was added to the light yellow solution. After 10 min, the
cold bath was removed. The solution turned orange. After a further
1.5 h, the sample was concentrated (to �3 mL) by oil-pump vacuum. The
solution was layered with hexanes (20 mL). After 24 h, the orange-red
prisms were collected by filtration, washed with pentane (2T3 mL), and
dried (10�3 mbar, 15 min) to give 7b+BF4


�CH2Cl2 (0.2073 g,
0.2084 mmol, 94%), m.p. 205 8C (capillary). Elemental analysis calcd (%)
for C36H32BBrF4NOP2Re·CH2Cl2 (994.6): C 44.88, H 3.45, N 1.41; found:
C 45.04, H 3.59, N 1.36; 1H NMR (300 MHz, CD2Cl2): d = 7.87–7.30 (m,
5C6H5), 7.26 (ddd (doublet of doublet of doublets), 1J ACHTUNGTRENNUNG(H,P) = 492 Hz,
3J ACHTUNGTRENNUNG(H,H) = 10 Hz, 3J ACHTUNGTRENNUNG(H,H’) = 6 Hz, HP), C5H4 at 5.49 (m, 1H), 5.38 (m,
1H), 4.49 (m, 1H), 4.41 (m, 1H); 5.31 (s, CH2Cl2), 2.65 (m, CHH’),
2.11 ppm (m, CHH’); 13C{1H} NMR (101 MHz, CD2Cl2): d = PPh3 at
134.3 (d, 1J ACHTUNGTRENNUNG(C,P) = 52 Hz, i), 133.8 (d, 2J ACHTUNGTRENNUNG(C,P) = 11 Hz, o), 131.6 (s, p),
129.5 (d, 3J ACHTUNGTRENNUNG(C,P) = 11 Hz, m); PPhPh’ at 134.6 (s, p), 134.2 (s, p’), 132.5
(d, 2J ACHTUNGTRENNUNG(C,P) = 10 Hz, o), 132.2 (d, 2J ACHTUNGTRENNUNG(C,P) = 10 Hz, o’), 130.3 (d, 3J ACHTUNGTRENNUNG(C,P)
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= 12 Hz, m), 130.1 (d, 3J ACHTUNGTRENNUNG(C,P) = 12 Hz, m’), 123.5 (d, 1J ACHTUNGTRENNUNG(C,P) = 51 Hz,
i), 122.3 (d, 1J ACHTUNGTRENNUNG(C,P) = 65 Hz, i’); C5H4 at 93.7 (s), 91.1 (s), 90.9 (s), 90.0
(s), 87.5 (s); 53.5 (s, CH2Cl2), �27.4 ppm (d, 1J ACHTUNGTRENNUNG(C,P) = 30 Hz, CH2);
31P{1H} NMR (122 MHz, CD2Cl2): d = 31.4 (d, 3J ACHTUNGTRENNUNG(P,P) = 13 Hz, PPh2H),
21.3 ppm (d, 3J ACHTUNGTRENNUNG(P,P) = 13 Hz, PPh3); IR (powder film): ñ = 1660 cm�1 (s,
NO); MS:[42] 822 (58) [7b]+ , 636 (100) [7b�PPh2H]+ , 557 (74)
[7b�PPh2H-Br]+ .


(S)-[(h5-C5H4I)Re(NO) ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(CH2PPh2H)]+ PF6
� ((S)-7c+ PF6


�): Com-
plex (S)-6c (0.6033 g, 0.8814 mmol), CH2Cl2 (15 mL), Ph3C


+ PF6
�


(0.3465 g, 0.9695 mmol), and PPh2H (0.295 g, 1.584 mmol)[46] were com-
bined at �78 8C in a procedure similar to that for 7b+ BF4


�. The concen-
trated sample (�8 mL) was layered with hexanes (�25 mL). After 20 h,
the supernatant was decanted. The orange prisms were washed with pen-
tane (4T5 mL) and dried by oil-pump vacuum (5T10�3 mbar, 1 h) to give
(S)-7c+ PF6


� (0.885 g, 0.872 mmol, 99%), decomp 154–156 8C (capillary,
gradual darkening without melting). Elemental analysis calcd (%) for
C36H32NOF6P3IRe (1030.7): C 42.61, H 3.17, N 1.38; found: C 42.70, H
3.21, N 1.44; [a]58925 = �2098�58 (c = 1.21 mgmL�1, CH2Cl2);


1H NMR
(400 MHz, CD2Cl2): d = 7.85–7.32 (m, 25H of 5C6H5); 6.55 (ddd, 3J-
ACHTUNGTRENNUNG(H,H) = 11.0 Hz, 3J ACHTUNGTRENNUNG(H,H’) = 4.8 Hz, HP);[47] C5H4 at 5.55 (m, 1H), 5.16
(m, 1H), 4.64 (m, 1H), 4.33 (m, 1H); 2.74–2.64 (m, 1H, CHH’), 2.26–
2.15 ppm (m, 1H, CHH’); 13C{1H} NMR (101 MHz, CD2Cl2): d = PPh3


at 133.8 (d, 2J ACHTUNGTRENNUNG(C,P) = 11 Hz, o), 133.5 (d, 1J ACHTUNGTRENNUNG(C,P) = 59 Hz, i), 131.6 (s,
p), 129.5 (d, 3J ACHTUNGTRENNUNG(C,P) = 11 Hz, m); PPhPh’ at 134.7 (s, p), 134.3 (d, 4J ACHTUNGTRENNUNG(C,P)
= 4 Hz, p’), 132.6 (d, 2J ACHTUNGTRENNUNG(C,P) = 9 Hz, o), 132.1 (d, 2J ACHTUNGTRENNUNG(C,P) = 9 Hz, o’),
130.5 (d, 3J ACHTUNGTRENNUNG(C,P) = 11 Hz, m), 130.1 (d, 3J ACHTUNGTRENNUNG(C,P) = 13 Hz, m’), 123.7 (d,
1J ACHTUNGTRENNUNG(C,P) = 74 Hz, i), 122.8 (d, 1J ACHTUNGTRENNUNG(C,P) = 83 Hz, i’); C5H4 at 98.1 (s), 95.1
(s), 93.1 (s), 91.9 (s), 51.8 (s); �24.1 ppm (d, 1J ACHTUNGTRENNUNG(C,P) = 28 Hz, CH2);
31P{1H} NMR (162 MHz, CD2Cl2): d = 30.6 (br s, PPh2), 21.0 (d, 3J ACHTUNGTRENNUNG(P,P)
= 13 Hz, PPh3), �143.6 ppm (sep, 1J ACHTUNGTRENNUNG(P,F) = 711 Hz, PF6); IR (powder
film): ñ = 1664 cm�1 (s, NO); MS:[42] 870 (100) [7c+H]+, 684 (80)
[7c�PPh2H]+ , 557 (30) [7c�CH2PPh2H]+ .


[(h5-C5H4Br)Re(NO) ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(CH2PPh2)] (1b): A Schlenk tube was charg-
ed with 7b+BF4


�·CH2Cl2 (0.1520 g, 0.1528 mmol) and THF (10 mL). A
solution of tBuOK (1.0m in THF; 0.183 mL, 0.183 mmol) was added with
stirring. After 30 min, the solvent was removed by oil-pump vacuum.
Benzene (5 mL) was added, and the sample was filtered through a plug
of Celite (2 cmT1 cm) with benzene rinses. The filtrate was concentrated
(to �2 mL) and layered with pentane (15 mL). After 24 h, the superna-
tant was decanted from orange prisms, which were dried (10�3 mbar, 1 h)
to give 1b (0.119 g, 0.145 mmol, 95%), decomp 165 8C (capillary). Ele-
mental analysis calcd (%) for C36H31BrNOP2Re (821.7): C 52.62, H 3.80,
N 1.70; found: C 52.52, H 3.91, N 1.65; 1H NMR (400 MHz, C6D6): d =


7.95–7.00 (m, 5C6H5); C5H4 at 5.06 (m, 1H), 4.79 (m, 1H), 4.47 (m, 1H),
3.76 (m, 1H); 3.04 (dd, 2J ACHTUNGTRENNUNG(H,P) = 12 Hz, 3J ACHTUNGTRENNUNG(H,P) = 10 Hz, CHH’),
1.96 ppm (dd, 2J ACHTUNGTRENNUNG(H,P) = 12 Hz, 3J ACHTUNGTRENNUNG(H,P) = 2 Hz, CHH’); 13C{1H} NMR
(101 MHz, C6D6): d = PPh3 at 135.6 (d, 1J ACHTUNGTRENNUNG(C,P) = 52 Hz, i), 134.0 (d, 2J-
ACHTUNGTRENNUNG(C,P) = 11 Hz, o), 128.8 (s, p), 128.6 (d, 3J ACHTUNGTRENNUNG(C,P) = 10 Hz, m); PPhPh’ at
147.7 (d, 1J ACHTUNGTRENNUNG(C,P) = 24 Hz, i), 146.3 (d, 1J ACHTUNGTRENNUNG(C,P) = 20 Hz, i’), 133.7 (d, 2J-
ACHTUNGTRENNUNG(C,P) = 18 Hz, o), 133.2 (d, 2J ACHTUNGTRENNUNG(C,P) = 17 Hz, o’), 130.2 (d, 3J ACHTUNGTRENNUNG(C,P) =


4 Hz, m), 128.8 (d, 3J ACHTUNGTRENNUNG(C,P) = 2 Hz, m’), 127.7 (s, p), 127.4 (s, p’); C5H4 at
92.7 (t, J ACHTUNGTRENNUNG(C,P) = 3 Hz), 91.1 (d, J ACHTUNGTRENNUNG(C,P) = 2 Hz), 88.2 (s), 88.0 (s), 86.9
(s); �11.4 ppm (dd, 1J ACHTUNGTRENNUNG(C,P) = 38 Hz, 3J ACHTUNGTRENNUNG(C,P) = 6 Hz, CH2);
31P{1H} NMR (162 MHz, C6D6): d = 8.6 (d, 3J ACHTUNGTRENNUNG(P,P) = 6 Hz, PPh2),
26.1 ppm (d, 3J ACHTUNGTRENNUNG(P,P) = 6 Hz, PPh3); IR (powder film): ñ=1640 cm�1 (s,
NO); MS:[42] 821 (35) [1b]+ , 637 (100) [1b�PPh2]


+ , 557 (60)
[1b�PPh2�Br]+ .


ACHTUNGTRENNUNG[(h5-CK 5H4)Re(NO)(PPh3)(m-CH2PPh2)PdL ACHTUNGTRENNUNG(m-X)]2 (10a, X = Cl; 10b, Br;
10c, I)


Method A : A Schlenk flask was charged with 1b (0.2785 g, 0.3389 mmol)
and toluene (15 mL), and Pd[P ACHTUNGTRENNUNG(tBu)3]2 (0.1732 g, 0.3389 mmol) was
added with stirring. The clear yellow solution was stirred at 80 8C. After
5 h, the deep orange solution was concentrated by oil-pump vacuum (to
�5 mL) and kept at room temperature. After 12 h, the precipitate was
collected by filtration, washed with toluene (2T2 mL) and ether
(2T10 mL), and dried by oil-pump vacuum (10�3 mbar, 2 h) to give
10b·C7H8 (0.2905 g, 0.1491 mmol, 88%) as a yellow-orange powder.
NMR spectra showed mixtures of syn/anti and meso/rac diastereomers,


decomp 294 8C (capillary). Elemental analysis calcd (%) for
C72H62Br2N2O2P4Pd2Re2·C7H8 (1948.4): C 48.70, H 3.62, N 1.44; found: C
48.62, H 3.47, N 1.37; 1H NMR (400 MHz, CDCl3): d = 8.25–8.08 (m,
4H of 11C6H5), 7.50–7.07 (m, 51H of 11C6H5); 2C5H4 at 5.45 (br s, 2H),
5.19/5.14 (2Tbrs, 69:31,[48] 2H), 4.84/4.76 (2Tbrs, 69:31,[48] 2H), 2.98/2.89/
2.82 (3Tbrs, 2H); 2.89–2.80 (m, 2CHH’), 2.37 (C6H5CH3), 2.19–2.03 ppm
(m, 2CHH’); 31P{1H} NMR (162 MHz, CDCl3): d = 71.5/70.7/70.6/70.4
(4Td, 3J ACHTUNGTRENNUNG(P,P) = 23 Hz, PPh2, 31:69:31:69), 23.6/23.5/23.4/23.3 ppm (4Td,
3J ACHTUNGTRENNUNG(P,P) = 23 Hz, PPh3, 31:69:69:31); IR (powder film): ñ = 1625 cm�1 (s,
NO); MS:[42] 1856 (32) [10b]+ , 928 (22) [(h5-C5H4)Re(NO)ACHTUNGTRENNUNG(PPh3)-
ACHTUNGTRENNUNG(CH2PPh2)Pd(Br)]


+ , 848 (70) [(h5-C5H4)Re(NO) ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(CH2PPh2)Pd]
+ ,


742 (100) [(h5-C5H4)Re(NO) ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(CH2PPh2)]
+ .


Method B : A Schlenk flask was charged with (S,S)-13·2C7H8 (see below;
0.090 g, 0.044 mmol) and LiX (X = Cl, Br; 0.44 mmol), and THF
(15 mL) was added with stirring. After 2 h, the red suspension was fil-
tered through a plug of Celite (2.5 cmT4 cm) with THF rinses. The fil-
trate was taken to dryness by oil-pump vacuum. Then CH2Cl2 (2 mL) was
added. The red suspension was filtered through a plug of SiO2 (2.5 cmT
4 cm) with CH2Cl2. The yellow-orange fractions were concentrated by
oil-pump vacuum (to �5 mL) and pentane (�40 mL) was added. After
24 h, the supernatant was decanted carefully from the precipitate, which
was dried by oil-pump vacuum (5T10�3 mbar, 1 day) to give (S,S)-10 as a
bright yellow powder ((S,S)-10a, 0.060 g, 0.032 mmol, 73%; (S,S)-10b,
0.056 g, 0.032 mmol, 73%). NMR spectra showed mixtures of syn/anti
isomers.


ACHTUNGTRENNUNG(S,S)-10a : Elemental analysis calcd (%) for C72H62Cl2N2O2P4Pd2Re2
(1767.3): C 48.93, H 3.54, N 1.59; found: C 48.62, H 3.62, N 1.58; [a]58926 =


�1388�88 (c = 1.05 mgmL�1, THF); 1H NMR (400 MHz, CDCl3): d =


8.31–7.01 (m, 10C6H5), 2C5H4 at 5.45 (br s, 2H), 5.18 (d, J ACHTUNGTRENNUNG(H,H) = 2 Hz,
2H), 4.86 (br s, 2H), 2.97/2.83 (2Tbr s, minor/major isomer, 2H); 2.83–
2.71 (m, 2H, 2CHH’), 2.20–2.01 ppm (m, 2H, 2CHH’); 13C{1H} NMR
(101 MHz, CDCl3, partial data): d = PPh3 at 136.0 (d, 1J ACHTUNGTRENNUNG(C,P) = 52 Hz,
i),[49] 134.4 (d, 2J ACHTUNGTRENNUNG(C,P) = 10 Hz, o),[49] 130.0 (s, p),[49] 128.4 (d, 3J ACHTUNGTRENNUNG(C,P) =


9 Hz, m);[49,50] C5H4 (major isomer)[50] at 121.5 (m), 92.4 (m), 90.2 (s), 89.4
(br s), 86.0 (m); CH2 at �11.3 (m, major isomer), �12.8 ppm (m, minor
isomer); 31P{1H} NMR (162 MHz, CDCl3): d = 68.1 (d, 3J ACHTUNGTRENNUNG(P,P) = 23 Hz,
PPh2, major isomer, 65%), 67.4 (d, 3J ACHTUNGTRENNUNG(P,P) = 22 Hz, P’Ph2, minor isomer,
35%), 23.6 (d, 3J ACHTUNGTRENNUNG(P,P) = 22 Hz, P’Ph3, minor isomer, 35%), 23.2 ppm (d,
3J ACHTUNGTRENNUNG(P,P) = 24 Hz, PPh3, major isomer, 65%). IR (powder film): ñ =


1629 cm�1 (s, NO); MS:[42] 1766 (15) [10a�H]+ , 883 (40) [(h5-
C5H5)Re(NO) ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(CH2PPh2)Pd(Cl)]


+ , 848 (60) [(h5-C5H5)Re(NO)-
ACHTUNGTRENNUNG(PPh3)ACHTUNGTRENNUNG(CH2PPh2)Pd]


+ , 742 (100) [(h5-C5H4)Re(NO) ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(CH2PPh2)]
+ .


ACHTUNGTRENNUNG(S,S)-10b : DSC: exotherm Ti 232.2 8C, Te 249.3 8C, Tp 261.2 8C, Tc


271.3 8C, Tf 295.9 8C; TGA: onset of mass loss, Ti 254.3 8C. Elemental
analysis (%) calcd for C72H62Br2N2O2P4Pd2Re2 (1856.25): C 46.59, H 3.37,
N 1.51; found: C 46.54, H 3.44, N 1.51; 1H NMR (400 MHz, CDCl3): d =


8.27–7.08 (m, 10C6H5), 2C5H4 at 5.46 (br s, 2H), 5.18 (br s, 2H), 4.84 (br s,
2H), 2.98/2.84 (2Tbrs, minor/major isomer, 2H); 2.88–2.79 (m, 2H,
2CHH’), 2.19–2.03 ppm (m, 2H, 2CHH’); 13C{1H} NMR (101 MHz,
CDCl3): d = PPh3 at 136.3 (d, 1J ACHTUNGTRENNUNG(C,P) = 51 Hz, i),[49] 134.4 (d, 2J ACHTUNGTRENNUNG(C,P) =


10 Hz, o),[49] 130.0 (s, p),[49] 128.3 (d, 3J ACHTUNGTRENNUNG(C,P) = 10 Hz, m);[49] PPhPh’
(major isomer) at 141.8 (d, 1J ACHTUNGTRENNUNG(C,P) = 29 Hz, i), 134.9 (d, 2J ACHTUNGTRENNUNG(C,P) =


11 Hz, o), 134.6 (d, 2J ACHTUNGTRENNUNG(C,P) = 11 Hz, o’), 131.3 (s, p), 131.2 (s, p’), 127.5
(d, 3J ACHTUNGTRENNUNG(C,P) = 10 Hz, m); PPhPh’ (minor isomer) at 132.1 (d, 2J ACHTUNGTRENNUNG(C,P) =


11 Hz, o), 130.5 (s, p), 129.1 (s, p’);[45,50] C5H4 (major isomer)[49,50] at 123.9
(m), 92.5 (m), 90.2 (s), 89.5 (s), 85.9 (s); �10.8 ppm (brd, 1J ACHTUNGTRENNUNG(C,P) =


16 Hz, CH2);
[49] 31P{1H} NMR (162 MHz, CDCl3): d = 70.9 (d, 3J ACHTUNGTRENNUNG(P,P) =


23 Hz, PPh2, major isomer, partial overlap), 70.7 (d, 3J ACHTUNGTRENNUNG(P,P) = 20 Hz,
P’Ph2, minor isomer, partial overlap), 23.9 (d, 3J ACHTUNGTRENNUNG(P,P) = 22 Hz, P’Ph3,
minor isomer, �25%), 23.6 ppm (d, 3J ACHTUNGTRENNUNG(P,P) = 24 Hz, PPh3, major
isomer, �75%); IR (powder film): ñ = 1629 cm�1 (s, NO); MS:[42] 1856
(15) [10b]+ , 1035 (5) [(h5-C5H4)Re(NO) ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(CH2PPh2)Pd(Br)Pd]


+ ,
928 (18) [(h5-C5H4)Re(NO)ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(CH2PPh2)Pd(Br)]


+ , 848 (22) [(h5-
C5H4)Re(NO) ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(CH2PPh2)Pd]


+ , 742 (100) [(h5-C5H4)Re(NO) ACHTUNGTRENNUNG(PPh3)-
ACHTUNGTRENNUNG(CH2PPh2)]


+ .


Method C : A Schlenk flask was charged with (S)-7c+ PF6
� (0.103 g,


0.1015 mmol),[20b] and toluene (7 mL). Then tBuOK (1.0m in THF;
0.152 mL, 0.152 mmol) was added by syringe with stirring. The mixture
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was stirred vigorously to give a yellow suspension. After 2 h, solid Pd[P-
ACHTUNGTRENNUNG(tBu)3]2 (0.0519 g, 0.1015 mmol) was added. After a further 20 h, pentane
(25 mL) was added to the brown mixture. The yellow precipitate was col-
lected by filtration and washed with pentane (10 mL). A small amount of
CH2Cl2 was added. The mixture was filtered through a plug of silica
(2 cmT4 cm) with CH2Cl2/hexanes (1:1 v/v, �20 mL) and then CH2Cl2.
The latter fractions were yellow, and were concentrated by oil-pump
vacuum to �2 mL. Then pentane (�10 mL) was added. After 24 h, the
supernatant was carefully decanted from the precipitate, which was dried
by oil-pump vacuum (4T10�3 mbar, 1 day) to give (S,S)-10c (0.022 g,
0.011 mmol, 22%)[20b] as a yellow-orange powder. NMR spectra showed
mixtures of syn/anti isomers. Elemental analysis calcd (%) for
C72H62I2N2O2P4Pd2Re2 (1950.2): C 44.34, H 3.20, N 1.44; found: C 43.23,
H 3.16, N 1.33; 1H NMR (400 MHz, CDCl3): d = 8.22–7.01 (m,
10C6H5),


[49] 2C5H4 (major/minor isomer) at 5.44/5.46 (br s/br s, 2H), 5.17/
5.20 (d/br s, J ACHTUNGTRENNUNG(H,H) = 2/– Hz, 2H), 4.82/4.82 (br s/br s, 2H), 2.96/2.86
(br s/br s, 2H); 2.93–2.86 (m, 2H, 2CHH’), 2.18–2.08 ppm (m, 2H,
2CHH’); 13C{1H} NMR (101 MHz, CDCl3): d = PPh3 at 136.3 (d, 1J ACHTUNGTRENNUNG(C,P)
= 51 Hz, i),[49] 133.4 (d, 2J ACHTUNGTRENNUNG(C,P) = 10 Hz, o),[49] 130.0 (s, p),[49] 128.3 (d, 3J-
ACHTUNGTRENNUNG(C,P) = 10 Hz, m);[49] PPhPh’ (major isomer) at 143.6 (d, 1J ACHTUNGTRENNUNG(C,P) =


25 Hz, i), 134.7 (d, 2J ACHTUNGTRENNUNG(C,P) = 12 Hz, o), 131.9 (d, 1J ACHTUNGTRENNUNG(C,P) = 57 Hz, i’),
131.2 (d, 2J ACHTUNGTRENNUNG(C,P) = 10 Hz, o’), 130.4 (s, p), 129.0 (s, p’), 127.7 (d, 3J ACHTUNGTRENNUNG(C,P)
= 10 Hz, m);[45,50] C5H4 (major isomer)[49,50] at 126.7 (m), 92.8 (m), 90.6
(s), 90.0 (s), 86.1 (s); �9.7 ppm (m, CH2);


[49] 31P{1H} NMR (162 MHz,
CDCl3): d = 74.9 (d, 3J ACHTUNGTRENNUNG(P,P) = 24 Hz, PPh2, minor isomer, �21%), 70.7
(d, 3J ACHTUNGTRENNUNG(P,P) = 24 Hz, P’Ph2, major isomer, �79%), 23.8 (downfield signal
of minor isomer), 23.5 ppm (d, 3J ACHTUNGTRENNUNG(P,P) = 25 Hz, PPh3, major isomer, par-
tial overlap); IR (powder film): ñ = 1633 cm�1 (s, NO); MS:[42] 1949 (10)
[10c�H]+ , 975 (10) [(h5-C5H5)Re(NO) ACHTUNGTRENNUNG(PPh3)ACHTUNGTRENNUNG(CH2PPh2)Pd(I)]


+ , 848 (15)
[(h5-C5H5)Re(NO) ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(CH2PPh2)Pd]


+ , 742 (100) [(h5-C5H4)Re(NO)-
ACHTUNGTRENNUNG(PPh3)ACHTUNGTRENNUNG(CH2PPh2)]


+.


SP-4–4-[(h5-CK 5H4)Re(NO)(PPh3)(m-CH2PPh2)PdL ACHTUNGTRENNUNG(PPh3)(Br)] (SP-4-4
11b):[23] A Schlenk tube was charged with 10b·C7H8 (0.1130 g,
0.0580 mmol), CH2Cl2 (10 mL), and PPh3 (0.0912 g, 0.3480 mmol). The
suspension was stirred and gradually became a bright yellow solution.
After 1 h, the solution was filtered through a plug of Celite (2 cmT1 cm)
with CH2Cl2 rinses, concentrated by oil-pump vacuum to �3 mL, and lay-
ered with hexanes (�10 mL). After 2 days, the supernatant was deca-
nted. The yellow prisms were washed with small portions of pentane and
dried (10�3 mbar, 1 h) to give dull yellow chips of SP-4-4 11b (0.0635 g,
0.0534 mmol, 92%), m.p. 166–168 8C (capillary). Elemental analysis calcd
(%) for C54H46BrNOP3PdRe (1190.4): C 54.48, H 3.89, N 1.18; found: C
54.70, H 4.13, N 1.19; 1H NMR (400 MHz, CDCl3): d = 7.56–7.23 (m,
8C6H5), C5H4 at 5.06 (br s, 1H), 4.86 (br s, 1H), 4.50 (br s, 1H), 2.32 (br s,
1H); 2.96 (ddd, 2J ACHTUNGTRENNUNG(H,P) = 14 Hz, 2J ACHTUNGTRENNUNG(H,H) = 7 Hz, 3J ACHTUNGTRENNUNG(H,P) = 2 Hz,
CHH’), 2.33 (ddd, 2J ACHTUNGTRENNUNG(H,P) = 31 Hz, 2J ACHTUNGTRENNUNG(H,H) = 7 Hz, 3J ACHTUNGTRENNUNG(H,P) = 2 Hz,
CHH’); 13C{1H} NMR (101 MHz, CDCl3): d = RePPh3 and PdPPh3 at
136.3 (d, 1J ACHTUNGTRENNUNG(C,P) = 51 Hz, i), 134.9 (d, 2J ACHTUNGTRENNUNG(C,P) = 12 Hz, o), 133.4 (d, 2J-
ACHTUNGTRENNUNG(C,P) = 11 Hz, o’), 131.7 (d, 1J ACHTUNGTRENNUNG(C,P) = 37 Hz, i’), 129.9 (d, 2J ACHTUNGTRENNUNG(C,P) =


2 Hz, p), 129.8 (d, 2J ACHTUNGTRENNUNG(C,P) = 2 Hz, p’), 128.3 (d, 3J ACHTUNGTRENNUNG(C,P) = 10 Hz, m),
128.0 (d, 3J ACHTUNGTRENNUNG(C,P) = 10 Hz, m’); PPhPh’ at[51] 134.9 (d, 1J ACHTUNGTRENNUNG(C,P) = 41 Hz, i),
132.8 (d, 1J ACHTUNGTRENNUNG(C,P) = 49 Hz, i’), 132.1 (d, 2J ACHTUNGTRENNUNG(C,P) = 9 Hz, o), 131.6 (d, 2J-
ACHTUNGTRENNUNG(C,P) = 14 Hz, o’), 130.3 (s, p), 129.0 (s, p’), 128.5 (d, 3J ACHTUNGTRENNUNG(C,P) = 12 Hz,
m), 127.4 (d, 3J ACHTUNGTRENNUNG(C,P) = 10 Hz, m’); C5H4 at 143.1 (dd, 2J ACHTUNGTRENNUNG(C,P) = 23 Hz,
2J ACHTUNGTRENNUNG(C,P) = 8 Hz, PdC), 92.6 (m), 91.4 (d, J ACHTUNGTRENNUNG(C,P) = 6 Hz), 89.2 (s), 85.6
(s); �8.7 ppm (d, 1J ACHTUNGTRENNUNG(C,P) = 13 Hz, CH2);


31P{1H} NMR (162 MHz,
CDCl3): d = 72.1 (dd, 2J ACHTUNGTRENNUNG(P,P) = 457 Hz, 3J ACHTUNGTRENNUNG(P,P) = 26 Hz, PPh2), 23.8 (d,
3J ACHTUNGTRENNUNG(P,P) = 26 Hz, RePPh3), 19.6 ppm (d, 2J ACHTUNGTRENNUNG(P,P) = 457 Hz, PdPPh3); IR
(powder film): ñ = 1625 cm�1 (s, NO); MS:[42] 1191 (60) [11b]+ , 1110
(30) [11b�Br]+ , 929 (25) [11b�PPh3]


+ , 848 (100) [11b�Br�PPh3]
+ , 742


(46) [11b�Br�PPh3�Pd]+ .


ACHTUNGTRENNUNG(S,S)-[(h5-CK 5H4)Re(NO)(PPh3)(m-CH2PPh2)PdL ACHTUNGTRENNUNG(m-OAc)2Pd ACHTUNGTRENNUNG(m-
OAc)2PdK (m-PPh2CH2)(Ph3P)(ON)Re(h5-CL 5H4)] ((S,S)-13)


Method A : A Schlenk flask was charged with (S)-12+ BF4
� (0.350 g,


0.421 mmol),[6a] Pd ACHTUNGTRENNUNG(OAc)2 (0.1419 g, 0.632 mmol), KOAc (0.050 g,
0.505 mmol), and toluene (25 mL). The mixture was stirred for 14 h. The
black suspension was filtered through a plug of Celite (2.5 cmT5 cm)
with toluene rinses. The orange filtrate (65 mL) was layered gently with


pentane (280 mL). After 72 h, the supernatant was decanted and the
orange-red crystals were dried under a N2 stream to give (S,S)-13·2C7H8


(0.331 g, 0.149 mmol, 71%), decomp 155 8C (capillary, gradual darkening
without melting). DSC: endotherm, Ti 137.5 8C, Te 154.0 8C, Tp 181.1 8C,
Tc 196.7 8C, Tf 196.7 8C; endotherm, Ti 196.9 8C, Te 199.0 8C, Tp 202.8 8C,
Tc 205.8 8C, Tf 205.9 8C; TGA: onset of first mass loss regime, Ti 123.5 8C,
Tf 175.6 8C (6.5% mass loss; theory for 2C7H8 8.2%), onset of second
mass loss regime, Ti 176.0 8C, Tf 266.6 8C. Elemental analysis calcd (%)
for C80H74N2O10P4Pd3Re2·2C7H8 (2223.16): C 50.78, H 4.08, N 1.26;
found: C 50.75, H 4.13, N 1.28; [a]58926 = �3148�48 (c = 0.91 mgmL�1,
THF); 1H NMR (400 MHz, C6D6): d = 8.73–8.68 (m, 4H of 12C6H5),
7.64–7.59 (m, 4H of 12C6H5), 7.45–6.87 (m, 52H of 12C6H5), 2C5H4 at
5.54 (br s, 2H), 5.13 (br s, 2H), 4.82 (m, 2H), 4.78 (br s, 2H); 3.50 (m, 2H,
2CHH’), 2.10 (s, 6H, 2C6H5CH3), 2.07 (m, 2H, 2CHH’), 1.58 (s, 6H,
2Ac), 1.49 ppm (s, 6H, 2Ac’); 13C{1H} NMR (101 MHz, C6D6): d = 182.4
(s, C=O), 182.2 (s, C’=O), PPh3 at 136.8 (d, 1J ACHTUNGTRENNUNG(C,P) = 51 Hz, i), 134.1 (d,
2J ACHTUNGTRENNUNG(C,P) = 10 Hz, o), 130.0 (s, p);[45] PPhPh’ at 143.2 (d, 1J ACHTUNGTRENNUNG(C,P) = 25 Hz,
i), 135.1 (d, 2J ACHTUNGTRENNUNG(C,P) = 10 Hz, o), 133.5 (d, 1J ACHTUNGTRENNUNG(C,P) = 62 Hz, i’), 131.8 (d,
2J ACHTUNGTRENNUNG(C,P) = 9 Hz, o’), 130.6 (s, p), 128.7 (s, p’);[45] C5H4 at 120.0 (s), 95.8
(m), 90.6 (s), 87.4 (s), 86.6 (s); 23.9 (d, 4J ACHTUNGTRENNUNG(C,P) = 5 Hz, CCH3),


[52] 23.4 (s,
CC’H3), �13.3 (d, 1J ACHTUNGTRENNUNG(C,P) = 20 Hz, CH2); C6H5CH3 at 137.8 (s, i), 129.3
(s, o), 128.5 (s, m), 125.7 (s, p), 21.6 ppm (s, CH3);


31P{1H} NMR
(162 MHz, C6D6): d = 61.3 (d, 3J ACHTUNGTRENNUNG(P,P) = 25 Hz, PPh2), 25.3 ppm (d, 3J-
ACHTUNGTRENNUNG(P,P) = 25 Hz, PPh3); IR (powder film): ñ = 1633 (s, NO), 1559 (vs,
CO), 1401 cm�1 (s, CO); MS:[42] 2040 (6) [13]+ , 1979 (2) [13�OAc]+ ,
1014 (9) [(h5-C5H4)Re(NO) ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(CH2PPh2)Pd2ACHTUNGTRENNUNG(OAc)]+ , 907 (100) [(h5-
C5H4)Re(NO) ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(CH2PPh2)Pd ACHTUNGTRENNUNG(OAc)]+ , 848 (6) [(h5-C5H4)Re(NO)-
ACHTUNGTRENNUNG(PPh3)ACHTUNGTRENNUNG(CH2PPh2)Pd]


+ , 742 (12) [(h5-C5H4)Re(NO) ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(CH2PPh2)]
+ .


Method B : A Schlenk flask was charged with (S)-12+ PF6
� (0.800 g,


0.900 mmol),[53] PdACHTUNGTRENNUNG(OAc)2 (0.303 g, 1.35 mmol), and toluene (50 mL).
Then tBuOK (1.0m in THF; 1.35 mL, 1.35 mmol) was added by syringe
with stirring. The yellow mixture turned dark brown. After 14 h, the sol-
vent was removed by oil-pump vacuum and the brown-black residue was
suspended in a small amount of ethyl acetate. This was filtered through a
plug of SiO2 (2.5 cmT18 cm) using ethyl acetate/pentane (1:1 v/v). The
orange fractions were concentrated to �15 mL. Then pentane (60 mL)
was added. The yellow powder was collected by filtration, washed with
pentane (2T20 mL), and dried by oil-pump vacuum (5T10�3 mbar,
2 days) to give (S,S)-13 (0.826 g, 0.405 mmol, 90%) as a yellow powder,
decomp 199 8C (capillary, gradual darkening without melting); TGA:
onset of mass loss, Ti 176.0 8C. Elemental analysis (%) calcd for
C80H74N2O10P4Pd3Re2 (2039.04): C 47.12, H 3.66, N 1.37; found: C 47.12,
H 3.69, N 1.47. The 1H and 13C NMR spectra were identical to those of
(S,S)-13·2C7H8, except for the absence of solvate peaks; IR (powder
film): ñ = 1637 (s, NO), 1563 (vs, CO), 1401 cm�1 (s, CO); MS:[42] 2040
(6) [13]+ , 1980 (4) [13�OAc]+ , 1014 (12) [(h5-C5H5)Re(NO) ACHTUNGTRENNUNG(PPh3)-
ACHTUNGTRENNUNG(CH2PPh2)Pd2 ACHTUNGTRENNUNG(OAc)]+ , 908 (100) [(h5-C5H5)Re(NO) ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(CH2PPh2)Pd-
ACHTUNGTRENNUNG(OAc)]+ .


SP-4-2 (S,S)-[(h5-CK 5H4)Re(NO)(PPh3)(m-CH2PPh2)PdL (m-PPh2CH2)(NO)-
(Ph3P)Re ACHTUNGTRENNUNG(h5-C5H5) ACHTUNGTRENNUNG(h


1-OAc)] (SP-4-2 (S,S)-14):[23] An NMR tube was
charged with (S)-2·C6H6 (0.025 g, 0.030 mmol)[7a] and Pd ACHTUNGTRENNUNG(OAc)2 (0.0034 g,
0.015 mmol), and sealed with a septum. Then C6D6 (0.6 mL) was added
by syringe. After 22 h, 1H and 31P NMR spectra showed SP-4-2 (S,S)-14
to be the main product (81%, as assayed by integration of the 31P NMR
spectrum). 1H NMR (400 MHz, C6D6): d = 8.70–8.65 (m, 2H of
10C6H5), 7.98–7.93 (m, 2H of 10C6H5), 7.61–7.36 (m, 20H of 10C6H5),
7.36–6.92 (m, 26H of 10C6H5), C5H4 at 5.13 (br s, 1H), 4.67 (br s, 1H),
4.64 (br s, 1H), 2.84 (br s, 1H); 5.09 (s, 5H, C5H5), 3.26–3.21 (m, 1H,
CHH’), 2.77–2.67 (m, 1H, CHH’), 2.54–2.51 (m, 2H, CH2’’), 2.10 ppm (s,
3H, OAc); 31P{1H} NMR (162 MHz, C6D6): d = 62.8 (dd, 2J ACHTUNGTRENNUNG(P,P) =


431 Hz, 3J ACHTUNGTRENNUNG(P,P) = 25 Hz, PPh2), 35.8 (dd, 2J ACHTUNGTRENNUNG(P,P) = 432 Hz, 3J ACHTUNGTRENNUNG(P,P) =


18 Hz, PPh2’), 25.5 (d, 3J ACHTUNGTRENNUNG(P,P) = 24 Hz, PPh3), 25.5 ppm (d, 3J ACHTUNGTRENNUNG(P,P) =


19 Hz, PPh3’).


trans-(S,S)-[{(h5-CK 5H4)Re(NO)(PPh3)(m-CH2PPh2)}2PdL ] (trans-(S,S)-15):
A Schlenk flask was charged with (S)-2·C6H6 (0.1476 g, 0.180 mmol), Pd-
ACHTUNGTRENNUNG(OAc)2 (0.0198 g, 0.088 mmol), and toluene (7 mL). The orange solution
was stirred for 3.5 days at room temperature and then 1 day at 80 8C. The
toluene was removed from the brown-black mixture by oil-pump
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vacuum. Then a small amount of CH2Cl2 was added. The suspension was
filtered through a plug of SiO2 (2.5 cmT7 cm) with CH2Cl2. The solvent
was removed from the yellow fraction by oil-pump vacuum. The residue
was dissolved in benzene (5 mL) and layered gently with pentane
(20 mL). After 2 days, the supernatant was decanted and the orange crys-
tals dried by oil-pump vacuum (5T10�3 mbar, 1 h) to give trans-(S,S)-15
(0.050 g, 0.032 mmol, 39%), decomp 181–183 8C (capillary, gradual dark-
ening without melting). Elemental analysis calcd (%) for
C72H62N2O2P4PdRe2 (1590.0): C 54.38, H 3.93, N 1.76; found: C 54.39, H
3.93, N 1.63; [a]58924 = ++538�48 (c = 1.16 mgmL�1, THF); 1H NMR
(400 MHz, C6D6): d = 8.41–8.37 (m, 4H of 10C6H5), 7.49–7.43 (m, 16H
of 10C6H5), 7.28–7.21 (m, 6H of 10C6H5), 6.98–6.92 (m, 18H of 10C6H5),
6.80–6.74 (m, 6H of 10C6H5); 2C5H4 at 5.31 (br s, 2H), 5.05 (br s, 2H),
5.00 (m, 2H), 2.59 (br s, 2H); 3.19–3.14 (m, 2H, 2CHH’), 2.85–2.82 ppm
(m, 2H, 2CHH’); 13C{1H} NMR (101 MHz, C6D6): d = PPh3 at 137.6 (d,
1J ACHTUNGTRENNUNG(C,P) = 49 Hz, i), 133.8 (d, 2J ACHTUNGTRENNUNG(C,P) = 10 Hz, o), 129.6 (s, p);[45] PPhPh’
at 136.9 (d, 2J ACHTUNGTRENNUNG(C,P) = 23 Hz, i), 136.7 (d, 2J ACHTUNGTRENNUNG(C,P) = 30 Hz, i’), 134.9 (vir-
tual t, 2J ACHTUNGTRENNUNG(C,P) = 6 Hz, o), 131.4 (virtual t, 2J ACHTUNGTRENNUNG(C,P) = 5 Hz, o’), 129.6 (s,
p);[45] C5H4 at 143.9 (dd, 2J ACHTUNGTRENNUNG(C,P) = 20 Hz, 2J ACHTUNGTRENNUNG(C,P) = 11 Hz, PdC) 95.0
(m), 93.2 (s), 91.4 (s), 86.8 (s);[50] �8.7 ppm (br s, CH2);


31P{1H} NMR
(162 MHz, C6D6): d = 65.5 (virtual t, 3J ACHTUNGTRENNUNG(P,P) = 14 Hz, PPh2), 26.5 ppm
(virtual t, 3J ACHTUNGTRENNUNG(P,P) = 14 Hz, PPh3); IR (powder film): ñ = 1633 cm�1 (s,
NO); MS:[42] 1591 (60) [15]+ , 848 (35) [(h5-C5H4)Re(NO)ACHTUNGTRENNUNG(PPh3)-
ACHTUNGTRENNUNG(CH2PPh2)Pd]


+ , 742 (100) [(h5-C5H4)Re(NO) ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(CH2PPh2)]
+ .


(S)-[(h5-CK 5H4)Re(NO)(PPh3)(m-CH2PPh2)PdL ACHTUNGTRENNUNG(acac-F6)] ((S)-16):[20b] A
round-bottomed flask was charged with (S,S)-13·2C7H8 (0.1058 g,
0.0476 mmol)[20b] and acetone (3 mL) under ambient conditions. Then
solid Na ACHTUNGTRENNUNG(acac-F6) (0.0657 g, 0.0286 mmol) was added with stirring. After
0.5 h, the solvent was removed. The bright brown residue was suspended
in pentane (1–2 mL). The mixture was filtered through a plug of silica
(2 cmT10 cm) with pentane (�15 mL) and then CH2Cl2/pentane (2:1
v/v). The orange fractions were collected, and the solvent was removed
by oil-pump vacuum (5T10�3 mbar, 1 day) to give (S)-16 (0.075 g,
0.034 mmol, 72%) as a yellow-orange powder, m.p. 124–125 8C (capil-
lary); DSC: endotherm, Ti 95.8 8C, Te 102.4 8C, Tp 115.8 8C, Tc 123.6 8C, Tf


150.0 8C; exotherm, Te 214.4 8C; TGA: onset of mass loss, Ti 219.2 8C. El-
emental analysis calcd (%) for C41H32F6NOP2PdRe (1055.27): C 46.66, H
3.05, N 1.32; found: C 46.62, H 3.22, N 1.32; [a]58925 = �448�38 (c =


1.21 mgmL�1, THF); 1H NMR (400 MHz, C6D6): d = 8.19–8.14 (m, 2H
of 5C6H5), 7.47–7.42 (m, 8H of 5C6H5), 7.26–7.22 (m, 2H of 5C6H5),
7.11–7.07 (m, 1H of 5C6H5), 7.00–6.91 (m, 12H of 5C6H5), 6.02 (s, 1H,
CH ACHTUNGTRENNUNG(COCF3)2), C5H4 at 5.37 (br s, 1H), 4.98 (m, 1H), 4.79 (m, 1H), 3.18
(br s, 1H); 3.05–2.99 (m, 1H, CHH’), 2.55–2.45 ppm (m, 1H, CHH’);
13C{1H} NMR (101 MHz, C6D6): d = 175.4 (vbrm, COCF3), PPh3 at
136.7 (d, 1J ACHTUNGTRENNUNG(C,P) = 51 Hz, i), 133.7 (d, 2J ACHTUNGTRENNUNG(C,P) = 11 Hz, o), 130.1 (d, 4J-
ACHTUNGTRENNUNG(C,P) = 2 Hz, p), 128.6 (d, 3J ACHTUNGTRENNUNG(C,P) = 10 Hz, m); PPhPh’ at 138.6 (d, 1J-
ACHTUNGTRENNUNG(C,P) = 30 Hz, i), 134.0 (d, 2J ACHTUNGTRENNUNG(C,P) = 10 Hz, o), 132.3 (d, 1J ACHTUNGTRENNUNG(C,P) =


59 Hz, i’), 131.6 (d, 2J ACHTUNGTRENNUNG(C,P) = 9 Hz, o’), 130.9 (d, 2J ACHTUNGTRENNUNG(C,P) = 3 Hz, p),
123.0 (d, 2J ACHTUNGTRENNUNG(C,P) = 3 Hz, p’), 128.8 (d, 3J ACHTUNGTRENNUNG(C,P) = 11 Hz, m);[45] 115.3 (q,
1J ACHTUNGTRENNUNG(C,F) = 3 Hz, CF3),


[54] 90.1 (br s, CH ACHTUNGTRENNUNG(COCF3)2), C5H4 at 120.5 (m), 94.0
(m), 90.3 (s), 89.8 (s), 87.1 (s); �15.4 ppm (d, 1J ACHTUNGTRENNUNG(C,P) = 20 Hz, CH2);
31P{1H} NMR (162 MHz, C6D6): d = 62.7 (d, 3J ACHTUNGTRENNUNG(P,P) = 21 Hz, PPh2),
23.6 ppm (d, 3J ACHTUNGTRENNUNG(P,P) = 21 Hz, PPh3);


19F NMR (282 MHz, C6D6): d =


�70.8 (s, 3F, CF3), �71.4 ppm (s, 3F, CF3’); IR (powder film): ñ =


1633 cm�1 (s, NO); MS:[42] 1055 (100) [16]+ , 848 (10) [(h5-C5H4)Re(NO)-
ACHTUNGTRENNUNG(PPh3)ACHTUNGTRENNUNG(CH2PPh2)Pd]


+ , 742 (45) [(h5-C5H4)Re(NO) ACHTUNGTRENNUNG(PPh3) (CH2PPh2)]
+ .


(S)-[(h5-CK 5H4)Re(NO)(PPh3)(m-CH2PPh2)PdL ACHTUNGTRENNUNG(NC5H5)(Br)] ((S)-17b): A
round-bottomed flask was charged with (S,S)-10b (0.038 g, 0.020 mmol)
and benzene (5 mL) under ambient conditions. Then pyridine (0.2 mL)
was added with stirring, giving a yellow solution. After 0.5 h, pentane
(25 mL) was added. The supernatant was decanted from the yellow
powder, which was dissolved in CHCl3 (2 mL). One drop of pyridine was
added, and the solution was layered gently with pentane (10 mL). After
2 days, the supernatant was decanted from the yellow needles, which
were washed with pentane and dried under a N2 stream to give (S)-
17b·CHCl3 (0.0329 g, 0.029 mmol, 72%). NMR spectra showed two geo-
metric isomers (SP-4-2, SP-4-4)[23] and an equilibrium with (S,S)-10b and
pyridine (0.3m in CDCl3: (78�5): ACHTUNGTRENNUNG(22�5) (S)-17b/ ACHTUNGTRENNUNG(S,S)-10b). DSC: exo-
therm, Ti 66.4 8C, Te 66.9 8C, Tp 67.5 8C, Tc 68.7 8C, Tf 70.6 8C; endotherm,


Ti 74.0 8C, Te 78.5 8C, Tp 106.5 8C, Tc 126.7 8C, Tf 130.2 8C; endotherm, Ti


131.9 8C, Te 133.6 8C, Tp 140.8 8C, Tc 147.7 8C, Tf 150.2 8C; TGA: onset of
first mass loss regime, Ti 38.4 8C, Tf 103.8 8C (3.4% mass loss; theory for
1CHCl3 10.6%); onset of second mass loss regime, Ti 175.1 8C, Tf


230.0 8C (5.9% mass loss; theory for 1CHCl3 10.6%); onset of third mass
loss regime, Ti 251.2 8C. Elemental analysis calcd (%) for
C41H36N2OP2BrPdRe·CHCl3 (1126.6): C 44.77, H 3.31, N 2.48; found: C
44.41, H 3.46, N 2.38; 1H NMR (400 MHz, CDCl3, (S)-17b signals only):
d = 8.8–6.8 (m, C6H5 and NC5H5), C5H4 at 5.48 (br s, 1H),[55] 5.33/5.24 (2
T brs, 67:33, 1H), 5.08/4.87 (2 T brs, 67:33, 1H), 3.12/2.71 (2 T brs,
67:33, 1H); 3.02–2.86 (m, 1H, CHH’),[55] 2.27–2.09 ppm (m, 1H,
CHH’);[55] 31P{1H} NMR (162 MHz, CDCl3, (S)-17b signals only): d =


67.9 (d, 3J ACHTUNGTRENNUNG(P,P) = 24 Hz, PPh2, major isomer, �67%), 67.1 (d, 3J ACHTUNGTRENNUNG(P,P) =


22 Hz, PPh2, minor isomer, �33%), 24.1 (d, 3J ACHTUNGTRENNUNG(P,P) = 25 Hz, PPh3,
major isomer, �67%), 23.3 ppm (d, 3J ACHTUNGTRENNUNG(P,P) = 22 Hz, PPh3, minor
isomer, coincident with a signal of (S,S)-10b); IR (powder film): ñ =


1741 cm�1 (s, NO); MS:[42] 928 (5) [(h5-C5H4)Re(NO)ACHTUNGTRENNUNG(PPh3)-
ACHTUNGTRENNUNG(CH2PPh2)Pd(Br)]


+ , 848 (10) [(h5-C5H4)Re(NO) ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(CH2PPh2)Pd]
+ ,


742 (10) [(h5-C5H4)Re(NO) ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(CH2PPh2)]
+ .


Suzuki–Miyaura reactions (Table 3): The following procedure was repre-
sentative. A Schlenk tube was charged sequentially with PhB(OH)2
(1.830 g, 15.00 mmol), K3PO4 (4.25 g, 20.00 mmol), toluene (20 mL), 4-
bromoacetophenone (1.99 g, 10.00 mmol), tridecane (1.22 mL,
5.00 mmol), and a solution of 10b in toluene (0.000050m ; 1.0 mL, 5.0T
10�5 mmol) with vigorous stirring. Then it was fitted with a condenser
and placed in an 80 8C oil bath. Aliquots (�0.2 mL) were assayed period-
ically by GC. The identity of the product was confirmed by comparison
of the GC retention time on two different columns with that of an au-
thentic sample.


Mizoroki–Heck reactions (see Supporting Information): The following
procedure was representative. A Schlenk tube was charged sequentially
with 4-bromoacetophenone (0.1991 g, 1.00 mmol), NaOAc (0.1148 g,
1.40 mmol), (nBu)4N


+Br� (0.0645 g, 0.200 mmol), di(2-n-butoxyethyl)
ether (0.1111 g, 0.509 mmol), DMF (6 mL), methyl acrylate (0.20 mL,
2.22 mmol), and a solution of (S,S)-10b in DMF (0.000119m ; 0.050 mL,
5.93T10�6 mmol), fitted with a septum, and placed in a 140 8C oil bath.
The orange-brown suspension was stirred vigorously and monitored by
GC. The identity of the product was confirmed by comparison of the GC
retention time on two different columns with that of an authentic sample.


Transmission electron microscopy: An aliquot (0.1 mL) was taken from
the Mizoroki–Heck reaction of methyl acrylate and 4-iodotoluene using
(S)-16 (entry 4, Scheme 8 in Supporting Information) and poured into di-
ethyl ether (1 mL). A drop was transferred to the surface of a carbon
covered copper TEM grid, which was dried under vacuum at 70 8C.
Images were recorded on a Philips CM 300 UT microscope.


Crystallography


Complex 11b was dissolved in CH2Cl2 and layered with ether. After
three days, yellow prisms of 11b·2CH2Cl2 were analyzed as outlined in
Table 1.[56] Cell parameters were obtained from 15 reflections using a 108
scan and refined with 25 reflections. Lorentz, polarization, and absorp-
tion corrections were applied.[57] The space group was determined from
systematic absences and subsequent least-squares refinement. The struc-
ture was solved by direct methods. The parameters were refined with all
the data by full-matrix least-squares on F2 using SHELXL-97.[58] Non-hy-
drogen atoms were refined with anisotropic thermal parameters. The hy-
drogen atoms were fixed in idealized positions using a riding model. Scat-
tering factors were taken from the literature.[59]


Complex (S)-6c[20c] was dissolved in benzene and layered with hexanes.
After three days, the red cubes were analyzed as described for
11b·2CH2Cl2 (cell parameters from 10 frames using a 108 scan; refined
with 2960 reflections). The structure was solved and refined as described
for 11b·2CH2Cl2. The absolute configuration was confirmed by FlackYs
parameter (Table 1; theory for correct and inverted structures, 0 and
1).[60]


Crystals of (S,S)-13·2C7H8 (see above) and (R,R)-13·2C7H8 were ana-
lyzed as described for 11b·2CH2Cl2 (cell parameters from 10 frames
using a 108 scan; refined with 10766–10823 reflections). The structures
were solved and refined as described for 11b·2CH2Cl2.
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Some CHCl3 was added to a concentrated CH2Cl2 solution of (S,S)-10b.
The mixture was layered gently with pentane. After one day, yellow nee-
dles of (S,S)-10b·CH2Cl2·2CHCl3 were analyzed as described for
11b·2CH2Cl2 (cell parameters from 10 frames using a 108 scan; refined
with 5101 reflections). The structure was solved and refined as described
for 11b·2CH2Cl2. The CH2Cl2 molecules showed site disorder (50:50)
about an inversion center.


Crystals of (S)-17b·CHCl3 (see above) were analyzed as described for
11b·2CH2Cl2 (cell parameters from 10 frames using a 108 scan; refined
with 5334 reflections). The structure was solved and refined as described
for 11b·2CH2Cl2.


CCDC-290483 (11b·2CH2Cl2), CCDC-290482 ((S)-6c), CCDC-290479
((S,S)-13·2C7H8), CCDC-270134 ((R,R)-13·2C7H8), CCDC-290481 ((S,S)-
10b·CH2Cl2·2CHCl3), and CCDC-290480 ((S)-17b·CHCl3) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from the Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif. For ease of comparison (for ex-
ample, in Table 2), the atom numbers in some of the structures described
in the present work have been changed from those in the CCDC ar-
chives.
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Introduction


Copper(i) and copper(ii) complexes with 1,1-dialkyldithio li-
gands have been extensively studied because of their use in
a wide range of applications in industry (e.g., selective flota-
tion agents,[1] antioxidants for motor oils[2]), agriculture (e.g.,
insecticides and pesticides[3]), and science (e.g., analytical re-
agents for extraction and spectrophotometric determination
of metal ions[4]). Copper(i) O,O’-dialkyldithiophosphate
compounds are polynuclear and contain only chelating-type
ligands, which bridge two or more metal ions. The internal
oxidation of the ligand to bis(thiophosphoryl) disulfide with
a concomitant reduction of copper(ii) to copper(i)[5] leads to
the formation of copper(i) cluster compounds, or cage mole-
cules, containing Cu4 (tetrahedral), Cu6 (trigonal antipris-
matic), or Cu8 (cubic) cores in which the copper(i) ions
reside in a trigonal plane formed by sulfur atoms. Due to
difficulties in producing single crystals amenable to X-ray
diffraction, or the inability to distinguish between similar
clusters by conventional spectroscopic methods, a limited
number of the copper(i) O,O’-dialkyldithiophosphate clus-


Abstract: A number of polycrystalline
copper(i) O,O’-dialkyldithiophosphate
cluster compounds with Cu4, Cu6, and
Cu8 cores were synthesized and charac-
terized by using extended X-ray ab-
sorption fine-structure (EXAFS) spec-
troscopy. The structural relationship of
these compounds is discussed. The
poly ACHTUNGTRENNUNGcrystalline copper(i) O,O’-
diisobutyl ACHTUNGTRENNUNGdithiophosphate cluster com-
pounds, [Cu8ACHTUNGTRENNUNG{S2PACHTUNGTRENNUNG(OiBu)2}6(S)] and
[Cu6ACHTUNGTRENNUNG{S2PACHTUNGTRENNUNG(OiBu)2}6], were also charac-
terized by using 31P CP/MAS NMR
(CP = cross polarization, MAS =


magic-angle spinning) and static 65Cu
NMR spectroscopies (at different mag-
netic fields) and powder X-ray diffrac-
tion (XRD) analysis. Comparative
analyses of the 31P chemical-shift
tensor, and the 65Cu chemical shift and
quadrupolar-splitting parameters, esti-
mated from the experimental NMR


spectra of the polycrystalline copper(i)
cluster compounds, are presented. The
adsorption mechanism of the potassium
O,O’-di ACHTUNGTRENNUNGisobutyldithiophosphate collec-
tor, K ACHTUNGTRENNUNG[S2PACHTUNGTRENNUNG(OiBu)2], at the surface of
synthetic chalcocite (Cu2S) was studied
by means of solid-state 31P CP/MAS
NMR spectroscopy and scanning elec-
tron microscopy (SEM). 31P NMR reso-
nance lines from collector-treated chal-
cocite surfaces were assigned to a mix-
ture of [Cu8ACHTUNGTRENNUNG{S2PACHTUNGTRENNUNG(OiBu)2}6(S)] and [Cu6-
ACHTUNGTRENNUNG{S2PACHTUNGTRENNUNG(OiBu)2}6] compounds.
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ters have been characterized crystallographically.[6–12] Only
one structure for each of the first two classes of clusters has
been crystallographically characterized, [Cu4 ACHTUNGTRENNUNG{S2PACHTUNGTRENNUNG(OiPr)2}4]


[7]


and [Cu6 ACHTUNGTRENNUNG{S2P ACHTUNGTRENNUNG(OEt)2}6],
[8] whereas seven structures with the


octameric architecture, [Cu8ACHTUNGTRENNUNG{S2P(OR)2}6(X)] (R = Et, nPr,
iPr; X = S2�, Cl�, Br�), have been reported.[6,8–12] The octa-
nuclear clusters require a central anion X (S2�, Br�, Cl�) to
reduce the charge and in the case of the centered halides, a
positively charged [Cu8L6(X)]+ cluster ion is formed. The
sulfide-containing cluster Cu8L6(S), and the Cu4L4 and
Cu6L6 (L = S2P(OR)2, R = alkyl) cluster compounds are
neutral.


To the best of our knowledge, the flotation recovery, con-
tact angle measurements, and electrochemical and wetting
behavior of chalcocite (Cu2S) in aqueous solution have been
studied only with reference to potassium O,O’-diethyldithio-
phosphate, used as the collector in the differential flotation
of mixed sulfide ores: Cu–Zn, Co–Ni and Cu–Co.[13,14] The
same collector was used when the surface was examined by
using DRIFT spectroscopic analysis.[15] However, data for
other collectors such as potassium O,O’-diisobutyl-, -isoam-
yl-, and -o-cresyldithiophosphates, widely used in mono-flo-
tation of sulfide copper and silver ores and native gold, have
not been reported and the mechanisms of the surface com-
plexation or precipitation of polycrystalline phases have not
yet been described and are not known.


In our previous work we have reported the solid-state 31P
CP/MAS NMR (CP = cross polarization, MAS = magic-
angle spinning) and 65Cu NMR spectroscopic data for the
tetranuclear [Cu4ACHTUNGTRENNUNG{S2PACHTUNGTRENNUNG(OiPr)2}4], hexanuclear [Cu6ACHTUNGTRENNUNG{S2P-
ACHTUNGTRENNUNG(OEt)2}6], and a few octanuclear copper(i) O,O’-dialkyldi-
thiophosphate cluster compounds.[10,16,17] We have recorded
copper K-edge extended X-ray absorption fine structure
analysis (EXAFS) data for a series of octanuclear O,O’-di-
ACHTUNGTRENNUNGalkyldithiophosphate cluster compounds and discussed the
stability of the Cu8S12(S) core.[10]


This paper presents EXAFS analyses on polynuclear cop-
per(i) O,O’-dialkyldithiophosphate clusters with different
core compositions (Cu4, Cu6, and Cu8 cores) and their struc-
tural relationships. The clusters with known structures, tetra-
nuclear [Cu4ACHTUNGTRENNUNG{S2PACHTUNGTRENNUNG(OiPr)2}4], hexanuclear [Cu6 ACHTUNGTRENNUNG{S2PACHTUNGTRENNUNG(OEt)2}6],
octanuclear [Cu8ACHTUNGTRENNUNG{S2P(OR)2}6(S)] (R = Et, nPr, iPr), and
two polycrystalline cluster compounds with still unknown
structures, [Cu8ACHTUNGTRENNUNG{S2PACHTUNGTRENNUNG(OiBu)2}6(S)] (1) and [Cu6ACHTUNGTRENNUNG{S2PACHTUNGTRENNUNG(OiBu)2}6]
(2), are examined. The last two were also characterized
using 31P CP/MAS (at 8.46 T) and static 65Cu NMR (at
14.1 T) spectroscopies, and powder X-ray diffraction (XRD)
analysis. Comparative analyses of the 31P chemical-shift ten-
sors, and the 65Cu chemical shift and quadrupolar-splitting
parameters that were estimated from the NMR spectra are
given. The solid-state 65Cu NMR spectra of 1 at 7.05 and
9.4 T are also provided and were used to increase the accu-
racy of the 65Cu spectral parameters obtained from simula-
tions of these spectra.


As previously reported, 31P chemical shifts can be success-
fully used for the assignment of the coordination mode
(bridging or terminal) of O,O’-dialkyldithiophosphate li-


gands adsorbed on the surface of synthetic sphalerite and
galena.[18] The same approach was applied in our studies of
the adsorption of potassium O,O’-diethyldithiophosphate on
the surface of synthetic chalcocite.[17] In this paper, we
extend this approach for the synthetic chalcocite by applying
another potassium O,O’-dialkyldithiophosphate collector,
K ACHTUNGTRENNUNG[S2PACHTUNGTRENNUNG(OiBu)2]. The morphological changes observed on
the chalcocite surfaces treated with different concentra-
tions of this collector and the assignment of the species
formed at the mineral surface were monitored using scan-
ning electron microscopy (SEM) and 31P CP/MAS NMR
spectroscopy.


Results and Discussion


Structures of copper(i) O,O’-dialkyldithiophosphate cluster
compounds : In the crystal structure of the tetranuclear clus-
ter compound [Cu4 ACHTUNGTRENNUNG{S2PACHTUNGTRENNUNG(OiPr)2}4],


[7] each copper(i) ion is
bound to three sulfur atoms, forming a triangle, with the
copper ion in the center, and a mean Cu�S bond length of
2.267 N. Each of the four O,O’-diisopropyldithiophosphate
ligands bridges three copper(i) ions and displays a trimetallic
triconnective pattern: one of the sulfur atoms binds to one
copper ion while the second is bound to two.[19] The cop-
per(i) ions themselves form a somewhat distorted tetrahe-
dron with a mean Cu···Cu distance of 2.81 N. [Cu4ACHTUNGTRENNUNG{S2P-
ACHTUNGTRENNUNG(OiPr)2}4] crystallizes in an orthorhombic space group,
P212121.


In the only crystallographically characterized hexanuclear
cluster, [Cu6ACHTUNGTRENNUNG{S2PACHTUNGTRENNUNG(OEt)2}6], the ligands also display a trime-
tallic triconnective coordination mode with sulfur atoms
bound to either one or two copper ions, with somewhat
shorter Cu�S bond lengths (2.250 N).[8] The six copper(i)
ions form a trigonal antiprismatic configuration with a mean
Cu···Cu distance of 3.129 N. [Cu6ACHTUNGTRENNUNG{S2PACHTUNGTRENNUNG(OEt)2}6] crystallizes in
a space group with a high symmetry, R3̄ (trigonal).


The architectures of the octameric clusters, [Cu8-
ACHTUNGTRENNUNG{S2P(OR)2}6(X)] (R = alkyl; X = S2�, Cl�, or Br�), are dif-
ferent: the ligand displays the rare tetrametallic tetracon-
nective coordination pattern: each O,O’-dialkyldithiophos-
phate ligand bridges four copper(i) ions and every sulfur
atom is bound to two copper(i) ions.[19] Each of the copper(i)
ions is bound to three sulfur atoms and is positioned slightly
above the S3 plane. The average S-Cu-S angle is about 119o


and the mean Cu�S bond length is 2.29 N. In addition, all
copper centers are also attached to the central sulfide, chlo-
ACHTUNGTRENNUNGride, or bromide ion, perpendicular to the CuS3 planes, thus
completing a triangular pyramidal configuration around the
copper(i) ions. The eight copper(i) ions form a cubic config-
uration with a mean Cu···Cu distance that increases with in-
creasing size of the central ions: 3.01 (3.11 for [Cu8ACHTUNGTRENNUNG{S2P-
ACHTUNGTRENNUNG(OiPr)2}6(S)][8]), 3.11, and 3.17 N for the sulfide, chlo ACHTUNGTRENNUNGride,
and bromide analogues, respectively.[8–11] [Cu8ACHTUNGTRENNUNG{S2P-
ACHTUNGTRENNUNG(OEt)2}6(S)] and [Cu8ACHTUNGTRENNUNG{S2PACHTUNGTRENNUNG(OnPr)2}6(S)] crystallize in a space
group with a high symmetry, R3̄ (trigonal), while the [Cu8-
ACHTUNGTRENNUNG{S2PACHTUNGTRENNUNG(OiPr)2}6(S)], [Cu8ACHTUNGTRENNUNG{S2P ACHTUNGTRENNUNG(OiPr)2}6(Cl)]PF6, and [Cu8ACHTUNGTRENNUNG{S2P-
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ACHTUNGTRENNUNG(OiPr)2}6(Br)]PF6 cluster compounds have lower symmetries,
C2/c (monoclinic).


In the structural configuration of [Cu6ACHTUNGTRENNUNG{S2PACHTUNGTRENNUNG(OEt)2}6] it can
be seen that two copper atoms across a cubic diagonal and
the central counter ion in the Cu8S12(S) core are omitted
and it is somewhat surprising that the average Cu···Cu dis-
tance in the former is longer than that in the Cu8S12(S) core
in [Cu8 ACHTUNGTRENNUNG{S2P(OR)2}6S]. Measurements on the icosahedron
ligand shell show that it undergoes a slight shrinkage of
0.156 N when these copper atoms are removed. For the
[Cu8ACHTUNGTRENNUNG{S2P(OR)2}6S] cluster compound, with R = Et, nPr, and
iPr,[8–10] it was found that the ligand shell remains fairly con-
stant and the changes are within 0.02 N.


The average Cu···Cu distances and Cu�S and Cu�Scenter


bond lengths calculated from the aforementioned crystallo-
graphic structures, together with the EXAFS data (see
below), are shown in Table 1.


EXAFS studies of copper(i) O,O’-dialkyldithiophosphate
cluster compounds—the structural relationship between the
polynuclear clusters with different copper cores (Cu4, Cu6,
Cu8): EXAFS is a lattice-independent structure method,
which provides information about the structure around the
absorbing atom in the sample (in this case, copper). The
copper K-edge EXAFS data for the polycrystalline samples
of the [Cu4ACHTUNGTRENNUNG{S2PACHTUNGTRENNUNG(OiPr)2}4], [Cu6ACHTUNGTRENNUNG{S2P ACHTUNGTRENNUNG(OEt)2}6], [Cu8ACHTUNGTRENNUNG{S2P-
ACHTUNGTRENNUNG(OEt)2}6(S)], [Cu8ACHTUNGTRENNUNG{S2PACHTUNGTRENNUNG(OnPr)2}6(S)], and [Cu8ACHTUNGTRENNUNG{S2P-
ACHTUNGTRENNUNG(OiPr)2}6(S)] cluster compounds with known structures, and
[Cu8ACHTUNGTRENNUNG{S2PACHTUNGTRENNUNG(OiBu)2}6(S)] (1) and [Cu6ACHTUNGTRENNUNG{S2P ACHTUNGTRENNUNG(OiBu)2}6] (2) with
still unknown structures are shown in Figure 1. The fits of
the EXAFS data are also shown in Figure 1, and the individ-
ual scattering path contributions can be also found in the
Supporting Information.


The cluster compounds display similar EXAFS functions
with only very small differences between the different types
of structures.


The structure parameters for the tetranuclear cluster com-
pound, [Cu4ACHTUNGTRENNUNG{S2P ACHTUNGTRENNUNG(OiPr)2}4], from X-ray crystallography and
EXAFS data are the same within the error limits: the mean
Cu�S bond length is 2.265 N and the mean Cu···Cu distance
is 2.81 N (see Table 1).


The pairs of values obtained by means of X-ray crystallog-
raphy and EXAFS for the hexanuclear cluster compound
[Cu6ACHTUNGTRENNUNG{S2PACHTUNGTRENNUNG(OEt)2}6], however, are significantly different and
not within the error limits. The EXAFS data show a mean
Cu�S bond length of 2.266(3) N and a mean Cu···Cu dis-
tance of 2.85(3) N. Similar Cu�S and Cu···Cu distances are
observed for the polycrystalline hexanuclear compound 2
(R = iBu, see Table 1). The mean Cu···Cu distance is much
shorter than that reported in the crystallographic study by
Liu et al.[8] The distances obtained with EXAFS are in
agreement with the values from the structures of the polynu-
clear copper(i) O,O’-dialkyldithiophosphate clusters (dis-
cussed above) and it is unlikely that a mechanism would be
present that could keep the copper ions separated by a dis-
tance of 3.129 N in the [Cu6 ACHTUNGTRENNUNG{S2P ACHTUNGTRENNUNG(OEt)2}6] cluster compound,
while allowing the overall ligand cage to shrink by 0.156 N
(compared with those for the [Cu8ACHTUNGTRENNUNG{S2P ACHTUNGTRENNUNG(OEt)2}6(S)] cluster
compound[9]).


Table 1. EXAFS mean distances d, Debye–Waller coefficients s2, and number of distances N, of the polynuclear copper(i) O,O’-dialkyldithiophosphate
cluster compounds. The corresponding parameters obtained from crystallographic studies are given for comparison.[a]


Ligand tail Cluster Average Cu···Cu distance Average Cu�S distance Average Cu···Xcenter distance (X = S2�, Cl�, Br�)
R L = R2dtp XRD EXAFS XRD EXAFS XRD EXAFS


d [N] s2 N d [N] s2 N d [N] s2 N


iPr[b] Cu4L4 2.810 2.82(2) 0.023(2) 3 2.267 2.265(3) 0.0044(3) 3
Et[c] Cu6L6 3.129 2.85(3) 0.033(2) 3 2.250 2.266(3) 0.0061(3) 3
iBu (2) Cu6L6 na 2.85(3) 0.032(2) 3 na 2.265(3) 0.0055(3) 3
Et[d] Cu8L6(S)[g] 3.009 3.01(3) 0.040(4) 3 2.305 2.293(3) 0.0065(4) 3 2.606 2.62(3) 0.032(4) 1
nPr[e] Cu8L6(S)[g] 3.011 3.02(3) 0.034(4) 3 2.302 2.294(3) 0.0090(4) 3 2.607 2.64(3) 0.032(4) 1
iPr[c1] Cu8L6(S)[g] 3.111 2.99(3) 0.044(3) 3 2.283 2.285(3) 0.0086(4) 3 2.694 2.64(2) 0.015(3) 1
iBu (1) Cu8L6(S)[g] na 2.97(3) 0.047(4) 3 na 2.290(3) 0.0102(4) 3 na 2.63(2) 0.020(3) 1
iPr[f]


ACHTUNGTRENNUNG[Cu8L6Cl]PF6 3.112 na na na 2.283 na na na 2.695 na na na
iPr[f]


ACHTUNGTRENNUNG[Cu8L6Br]PF6 3.166 na na na 2.296 na na na 2.742 na na na


[a] na = not available. dtp = S2P ACHTUNGTRENNUNG(OiBu)2. [b], [c] and [c1], [d], [e], [f] The average XRD distances are obtained from the structures described in
ref. [7,8,9,10,11], respectively. [g] The detailed simulations of EXAFS data for the Cu8L6(S) compounds are shown in ref. [10].


Figure 1. The fit of the EXAFS data for cluster compounds 1 (no offset),
[Cu8ACHTUNGTRENNUNG{S2P ACHTUNGTRENNUNG(OiPr)2}6(S)] (offset 1.0), [Cu8 ACHTUNGTRENNUNG{S2P ACHTUNGTRENNUNG(OnPr)2}6(S)] (offset 1.5), [Cu8-
ACHTUNGTRENNUNG{S2P ACHTUNGTRENNUNG(OEt)2}6(S)] (offset 2.7), 2 (offset 5.0), [Cu6 ACHTUNGTRENNUNG{S2P ACHTUNGTRENNUNG(OEt)2}6] (offset 6.0),
and [Cu4 ACHTUNGTRENNUNG{S2P ACHTUNGTRENNUNG(OiPr)2}4] (offset 7.0). Solid lines = experimental data;
dashed lines = model.
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The mean Cu···Cu distances in the hexameric O,O’-di-
ACHTUNGTRENNUNGalkyldithiophosphate cluster compounds, [Cu6ACHTUNGTRENNUNG{S2P(OR)2}6]
with R = alkyl, are expected to be longer than those in the
[Cu4ACHTUNGTRENNUNG{S2P(OR)2}4] cluster compounds due to the larger clus-
ter, and shorter in comparison with the largest structure, the
[Cu8ACHTUNGTRENNUNG{S2P(OR)2}6(S)] type (see below).


The mean Cu�S bond lengths in [Cu4 ACHTUNGTRENNUNG{S2PACHTUNGTRENNUNG(OiPr)2}4], [Cu6-
ACHTUNGTRENNUNG{S2PACHTUNGTRENNUNG(OEt)2}6], and 2 are very similar (Table 1), which is ex-
pected because of the identical chemical surroundings of the
copper ions in these two structure types. The structural pa-
rameters for the [Cu6ACHTUNGTRENNUNG{S2PACHTUNGTRENNUNG(OEt)2}6] and 2 cluster compounds
are almost identical, which strongly indicates that the struc-
ture of the Cu6ACHTUNGTRENNUNG(S2P)6 core is independent of the length and
branching of the alkyl chains.


The mean Cu�S bond lengths and the Cu···Cu distances
in the [Cu8ACHTUNGTRENNUNG{S2P(OR)2}6(S)] (R = Et, nPr, iPr, and iBu) clus-
ter compounds are slightly longer than those in the tetra-
meric and hexameric cluster compounds (Table 1) due to
the fact that the copper(i) ions are tetracoordinated in the
octameric clusters. The Cu�S bond lengths in the octanu-
clear [Cu8ACHTUNGTRENNUNG{S2P(OR)2}6(S)] structures are slightly longer (by
about 0.02 N) relative to those in the tetranuclear, [Cu4ACHTUNGTRENNUNG{S2P-
ACHTUNGTRENNUNG(OiPr)2}4], and hexanuclear, [Cu6 ACHTUNGTRENNUNG{S2P(OR)2}6] (R = Et and
iBu), cluster compounds. The bond to the central sulfide
ion, Cu�Scenter, is weaker in comparison with the bonds to
the O,O’-dialkyldithiophosphate ions, which range from 2.6
to 2.7 N in all reported octameric structures, [Cu8-
ACHTUNGTRENNUNG{S2P(OR)2}6(S)].[8–12] The EXAFS data for the cluster com-
pounds [Cu8ACHTUNGTRENNUNG{S2P(OR)2}6(S)] (R = Et, nPr, and iPr) and 1
are almost identical, showing that the structure of the Cu8-
ACHTUNGTRENNUNG(S2P)6S core is also independent of the length and branching
of the alkyl chains.[10] However, it must be stressed that even
though the compounds are isostructural, the symmetry of
the clusters decreases with increases in the length and
branching of the alkyl chains, which is also seen in the space
groups in which [Cu8ACHTUNGTRENNUNG{S2P(OR)2}6(S)] cluster compounds
crystallize (see above).


31P CP/MAS NMR and SEM studies of 1 and 2 : The 31P
CP/MAS NMR spectrum of the octanuclear cluster 1 is
shown in Figure 2d. The compound displays three resonance


lines (1:1:1) with isotropic shifts
at diso = 103.7, 100.2, and
96.8 ppm, and slight splitting of
the two peripheral lines are ob-
served (see the inset and
Table 2). This means that the
six O,O’-diisobutyldithiophos-
phate ligands are chemically
almost equivalent in pairs.[16] It
was found that the 31P CP/MAS
NMR spectrum of 1 (Figure 2d)
was drastically changed by re-
crystallization in CH2Cl2 (Fig-
ure 2e). Instead of the three
resonance lines, just one with
an isotropic chemical shift at
101.6 ppm was observed, which
suggests that the chemical
environments for all of the
phosphorus sites are very simi-


Figure 2. 31P CP/MAS NMR spectra (at 8.46 T) of O,O’-diisobutyldithio-
phosphate compounds: surface-formed compounds on the synthetic chal-
cocite treated with a) 0.1, b) 1, and c) 10 mmoldm�3 aqueous solutions of
K ACHTUNGTRENNUNG[S2P ACHTUNGTRENNUNG(OiBu)2], 20000 signal transients; d) cluster compound 1 and
e) cluster compound 2, 32 signal transients. 3 kHz spinning frequency. Ex-
panded regions with center bands are shown in the insets.


Table 2. 31P chemical shift and chemical-shift anisotropy data (68.3% confidence limit) for the copper(i) O,O’-
dialkyldithiophosphate cluster compounds.


Cluster
compound


diso [ppm] daniso [ppm] hCS dxx dyy dzz Ref.


1 103.7 (103.1)�0.1 �70.2�1.2 0.50�0.04 156.4�1.7 121�4 33.4�1.0 [16]
100.2�0.1 �69.1�1.2 0.2�0.1 141.3�3.5 127�4 31.1�1.0
96.8 (96.4)�0.1 �64.5�0.8 0.1�0.1 129.1�1.6 129�3 32.3�1.0


2 101.6�0.1 �74.6�0.5 0.34�0.02 151.6�1.8 126�4 27.0�1.0 this work


Surface-formed compounds[a]


A 101.6�0.5 �76.1�1.7 0.38�0.06 154�5 125�9 25�5 this work
A 96.8�0.5 �64.5�1.0 0.1�0.1 131�4 127�8 32�5
B 103.7�0.5 �81�7 0.3�0.3 155�12 133�25 23�5
B 101.6�0.5 �72�5 0.2�0.2 144�7 131�15 29�5
B 100.2�0.5 �83�13 0.4�0.4 158�19 125�37 17�13
B 96.8�0.5 �65�4 0.3�0.3 138�9 120�20 32�4


K ACHTUNGTRENNUNG[S2P ACHTUNGTRENNUNG(OiBu)2] 110.9�0.2 �123.0�2.0 0.0�0.1 173�9 172�19 �12�2 [25]


[a] Estimation of daniso and hCS for 31P chemical sites was performed in two different ways: two (A) and four
(B) sets of lines were used in the deconvolution procedures.
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lar in this new copper(i) O,O’-diisobutyldithiophosphate
cluster.


In our previous study we reported that the [Cu6ACHTUNGTRENNUNG{S2P-
ACHTUNGTRENNUNG(OEt)2}6] cluster compound also displays a single resonance
line in the 31P CP/MAS NMR spectrum, with an isotropic
shift at diso = 101.0 ppm and the 31P chemical-shift anisotro-
py (CSA) parameters daniso = �74.6 ppm and hCS = 0.34
(for comparison to the data in Table 2).[17] Based on the
EXAFS data of 2 (see Table 1) and the similarity in the 31P
CSA data for [Cu6ACHTUNGTRENNUNG{S2PACHTUNGTRENNUNG(OEt)2}6] and 2, the single 31P reso-
nance in the spectrum of 2 was assigned to the [Cu6ACHTUNGTRENNUNG{S2P-
ACHTUNGTRENNUNG(OiBu)2}6] cluster compound.


Estimation of the 31P CSA parameters, daniso and hCS, for 1
and 2 was based on the analysis of the spinning-sideband
patterns in the NMR spectra obtained at three different
spinning frequencies.[20] The results of the deconvolution
and the subsequent evaluation of the CSA data are given in
Table 2. The phosphorus sites in 2 (diso = 101.6 ppm) have
more asymmetric 31P chemical-shift tensors (hCS = 0.34)
than two of the P sites in 1 (diso = 96.8 and 100.2 ppm, hCS


= 0.1 and 0.2, respectively (Table 2)). The least deshielded
resonance for 1 (diso = 96.8 ppm) has an almost axially sym-
metric tensor with hCS close to zero.


The SEM images of compounds 1 and 2 are shown in
Figure 3. After recrystallization in CH2Cl2, the needlelike
structures of 1 (see Figure 3a) are not detected using a SEM
microscope and only stacked polycrystalline polyhedra were
observed (Figure 3b).


Chemical effects of the recrystallization of 1: The recrystalli-
zation of 1 was performed by using CH2Cl2 (as previously
mentioned), CHCl3, CH3I, and CCl4 as solvents. The 31P CP/
MAS NMR spectra obtained for the samples after recrystal-
lization in CH3I and CCl4 are shown in Figure 4a and b, re-
spectively. The samples are mixtures of compounds 1 and 2 ;
the three resonance lines at diso = 96.8, 100.2, and
103.7 ppm (from 1) are overlapped with the singlet (from 2)
at 101.6 ppm (see also Table 2). The corresponding SEM
images of these samples are shown in Figure 5a and b. Com-
pound 1 was recrystallized separately in EtOH/acetone (3:2
by volume) and toluene/cyclohexane (2:1) solvent mixtures
and no compositional or structural changes were detected.
However, only the resonance lines from 1 were observed in
the 31P CP/MAS NMR spectrum (not shown) after recrystal-


lization in CHCl3. This is probably due to the fact that the
commercial product contains EtOH as a stabilizer. Attempts
to separate the two phases (needlelike from polyhedral crys-
tals) were unsuccessful.


Fackler and co-workers have suggested that the tetranu-
clear compound, [Cu4 ACHTUNGTRENNUNG{S2P(OR)2}4], undergoes an oxidation-
induced transformation that results in cubanes with anions
(such as S2�, Cl�, or Br�) encapsulated in the cavity of the
Cu8 cage.[21] However, it is not clear how [Cu4ACHTUNGTRENNUNG{S2P(OR)2}4]
transforms into the final product, [Cu8 ACHTUNGTRENNUNG{S2P(OR)2}6(S)]. The
transformation from [Cu8L6]


4� to [Cu6ACHTUNGTRENNUNG(S,L)6]
6� with L =


iMNT (isomaleonitrilethiolate, 1,1-dicyanoethylene-2,2-di-
thiolato) when powdered sulfur is added has been report-
ed.[22]


The chemical reaction mechanisms with respect to the for-
mation and recrystallization of compound 1 are not fully un-
derstood and have not yet been described. Evidently, the
formation of compound 2 during the “recrystallization” of 1
does not include formation of Cu2S, as it is very insoluble in
the solvents used. It is most probable that additional O,O’-
diisobutyldithiophosphate ions are required at the formation
of 2 to achieve such a transformation. It is also evident that
the S2� (the center ion, involved in the formation of 1) is a
decomposition product of the O,O’-diisobutyldithiophos-


Figure 3. SEM images of cluster compounds a) 1 and b) 2 (1 recrystal-
lized in CH2Cl2).


Figure 4. 31P CP/MAS NMR spectra (at 8.46 T) of 1 recrystallized in
a) CH3I and b) CCl4; 32 signal transients. 3 kHz spinning frequency. Ex-
panded regions with center bands are shown in the insets. Traces of 1 are
shown with asterisks.


Figure 5. SEM images of 1 recrystallized in a) CH3I and b) CCl4.
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phate ion, which is the only source of sulfur in the synthesis,
and it is known that in the formation of analogous molybde-
num clusters the S2� originates from the oxidized ligand
(R2P(S)SS(S)PR2; R = alkyl).[19b] The hexameric copper(i)
O,O’-diisobutyldithiophosphate (2) can only be formed by a
partial decomposition of the octameric cluster compound 1.
The properties of the solvent used in the recrystallization/
reformation reaction are certainly very important for the
transformation reaction mechanisms, and thereby the most
preferable cluster structure in a given solvent would be sta-
bilized.


Powder X-ray diffraction study of 1 and 2 : All our attempts
to prepare single crystals of the aforementioned cluster com-
pounds that would be suitable for X-ray diffraction mea-
ACHTUNGTRENNUNGsurements were unsuccessful. The obtained “needles” of 1
were extremely fragile (Figure 3a) and twinned. Samples of
1 and 2 were therefore additionally characterized using
powder XRD analysis (see Figure 6a and 6b), which resulted


in rather similar diffraction patterns, with the main differen-
ces occurring in the relative intensities of the first three re-
flections. Unexpectedly, the pattern obtained from 2 (i.e., 1
recrystallized in CH2Cl2) has a more amorphous character
with a broad background (see Figure 6b), which is probably
due to the presence of a large number of very small parti-
cles.[23]


Previous studies of [Cu8L6(S)] and [Cu6L6] (L = O,O’-di-
ethyldithiophosphate) have shown that these two copper(i)
cluster compounds contain almost-regular icosahedra of
sulfur atoms. When all metal sites are fully occupied, the
structure of the Cu6S12 core in the [Cu6L6] cluster corre-
sponds to the cubane Cu8S12 in [Cu8L6(S)], without the
center sulfur atom. Moreover, the S12-icosahedral cage (L6


cage) exhibits the same type of disorder also in the
[Zn4L6(S)] cluster in which four Zn atoms form a tetrahe-
dron.[24] Calculations using the reported single-crystal struc-
tures[8–9] show that [Cu8L6(S)] and [Cu6L6] (L = O,O’-
diethyl ACHTUNGTRENNUNGdithiophosphate) have very similar diffractograms.
Therefore, copper(i) cluster compounds with six O,O’-diiso-
butyldithiophosphate ligands but with different numbers of
copper atoms in the core (six or eight), are expected to have
similar XRD powder patterns (as seen in Figure 6a and b
for the polycrystalline compounds 1 and 2, respectively). It
is reasonable to assume that they are crystallizing in the
same or similar space groups, as has been seen for the ethyl
analogues (see above).


65Cu NMR spectroscopic study of 1 and 2 : Solid-state static
65Cu NMR experimental spectra for the central-transition
region of 1 and 2 at 14.1 T are shown in Figures 7 and 8,


respectively, together with their corresponding simulations.
65Cu NMR data for 1 at 9.4 and 7.05 T are also shown in
Figure 7. Table 3 summarizes the NMR parameters used to
simulate the 65Cu static NMR spectra of these compounds.


Figure 6. XRD powder patterns for a) 1 and b) 2. Expanded regions (2q
= 5–258) are shown in the insets.


Figure 7. Solid-state static 65Cu NMR spectra (at 14.1, 9.4, and 7.05 T) of
cluster compound 1 (a–c), together with simulations (a’–c’); a’-1 and a’-2
show the individual line shapes used in a’. The broad component was not
visible at 9.4 and 7.05 T. The probe background (at 9.4 T) is denoted with
an asterisk.


Figure 8. Solid-state static 65Cu NMR spectrum (at 14.1 T) of cluster com-
pound 2 (a), together with simulations (a’).
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These parameters describe the two interaction tensors: the
quadrupolar interaction (CQ and hQ) and the 65Cu chemical-
shift anisotropy (daniso and hCS).


In principle, a nuclear quadrupolar interaction takes place
between a nucleusT quadrupole moment and the electric-
field gradient (EFG), at its position, caused by the charge
distribution around it. The size of the quadrupolar interac-
tion experienced by a nucleus is described by the constant
CQ, whose value depends on the size of the EFG. The de-
pendency of the EFG on nearby charges (typically up to
several Nngstrçms) means that this quadrupolar interaction
is sensitive to the number, position, and electronic configu-
ration of the atoms surrounding the target nucleus. CQ tends
to have a smaller value when a nucleus is positioned at a
site with a higher symmetry; in a cubic symmetry it is equal
to zero. The asymmetry parameter, hQ, shows the deviation
of the EFG from the axial symmetry.


In our previous work on the hexanuclear [Cu6L6] (L =


S2PACHTUNGTRENNUNG(OEt)2) cluster compound, only a single 65Cu NMR reso-
nance central-transition line shape with CQ = 45.6 MHz was
observed.[17] A similar broad (more than 10000 ppm or
about 2000 kHz) second-order-type quadrupolar powder-
pattern line shape with CQ = 46.1 MHz was also observed
in the solid-state static 65Cu NMR spectrum of 2 (Figure 8).
This means that in both the hexanuclear cluster compounds
there is an overlap of six almost identical resonances (from
six different copper sites), which indicates that the copper
centers are situated at positions that experience almost iden-
tical local charge symmetry (having similar EFGs) and
hence have similar quadrupolar constants, CQ values.


The 65Cu NMR spectrum of 1, however, reveals two quad-
rupolar line shapes with relative intensities close to 1:1 (see
Figure 7a and Table 3) suggesting the existence of two types
of site with equal-sized populations.[16] These are substantial-
ly overlapped as the differences in isotropic chemical shift
are much smaller than the quadrupolar line widths, as ex-
pected. The relative orientation dependence of the two in-
teraction tensors (the chemical shift and quadrupolar inter-
actions) for the narrower component of 1 (at 14.1 T) is re-
flected in the angle parameters (see Table 3). The accuracy
of the parameters used to describe NMR data is increased
by comparing powder spectra of 1 obtained at multiple mag-
netic-field strengths. This study provides more accurate
values for the NMR interaction tensors and their relative
orientations than that reported earlier.[16]


The presence of two quadrupolar line shapes with very
different characteristics (see Table 3) is an indication of the


presence of two copper centers
with very different EFGs, de-
spite the similarity in the local
configuration. This indicates
that the copper centers in the
cube are coordinated in such a
way that the local electronic
charge distribution for one half
of the sites is significantly dif-
ferent from the other half.


Local electronic environments with higher symmetries tend
to produce smaller EFGs and therefore quadrupolar line
shapes that can be characterized by smaller values of CQ.
The line shape for compound 1 that is characterized by a
smaller CQ is therefore associated with such an electronic
environment. For the copper sites in 1 displaying a weaker
quadrupolar interaction (CQ = 19.3 MHz, diso = 410 ppm),
65Cu CSAs are likely to be more comparable in strength
with the second-order quadrupolar broadening, and a single
static quadrupolar line shape was found to not adequately
model the spectrum. The CSA interaction was consequently
included in the simulations (see Table 3 and the Supporting
Information). The sites with larger quadrupolar constants
(CQ = 46.0 MHz, diso = 120 ppm) can be considered as a
superposition of the copper sites in the core exhibiting elec-
tronic environments with lower symmetries.[16]


As mentioned earlier, the structure of the Cu8S12(S) frag-
ment is independent of the type of alkyl chain but the sym-
metry of the cluster compounds decreases with increasing
length and branching of the alkyl chains. The larger the
ligand, the lower is the symmetry group in which the cluster
compounds crystallize. Therefore, the local electronic con-
figurations for the copper centers may change if a larger
ligand is used (with R = iBu in comparison with the R =


iPr), resulting in different EFGs being experienced by the
copper centers.


The static solid-state 65Cu NMR spectrum of 1 can there-
fore be considered as an example in which the eight copper
sites with chemical environments of the same CuS3···S type
(as seen in the EXAFS data of 1) display two different local
electronic configurations. Due to the lack of structural data
for 1, the 65Cu NMR spectrum was originally interpreted as
a superposition of two quadrupolar line shapes, characteriz-
ing copper sites with different chemical environments (CuS3


and CuS3···Scenter, respectively) originating from distortions
of the Cu8 cube.[16] The EXAFS data show unambiguously
that the Cu8 cube is Vequally distortedT in all octanuclear
cluster compounds, [Cu8 ACHTUNGTRENNUNG{S2P(OR)2}6(S)] with R = Et, nPr,
iPr, and iBu, and all copper atoms are tetracoordinated
(CuS3···S).


It is notable, however, that the copper sites with larger
quadrupolar constants (CQ = 46.0 MHz) in 1 have similar
EFGs to those in 2, in which only the CuS3-type chemical
environment is present (the chemical environment with a
lower symmetry relative to the pyramidal CuS3···S type).
This shows that very small differences in the local geometry
of the copper sites in 1 are producing large differences in


Table 3. 65Cu NMR parameters for copper(i) O,O’-diisobutyldithiophosphate cluster compounds 1 and 2.[a]


diso


ACHTUNGTRENNUNG[ppm]
CQ


ACHTUNGTRENNUNG[MHz]
hQ


�0.02
daniso


ACHTUNGTRENNUNG[ppm]
hCS


�0.02
f
[8]


c


ACHTUNGTRENNUNG(�18)
y


ACHTUNGTRENNUNG(�58)
Integral
intensity


1 410�20 19.3�0.1 0.40 450�30 0.00 – 10 65 0.48
120�50 46.0�0.2 0.05 nd nd – – – 0.52


2 250�50 46.1�0.2 0.10 nd nd – – – 1


[a] nd = not detected; – = does not affect the line shape.
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the quadrupolar parameters, with corresponding differences
in the electronic charge distribution.


The quadrupolar parameters (Table 3) provide relatively
good fits to the spectra at 7.05, 9.4, and 14.1 T for the nar-
rower line shape, and a fit for all three fields cannot be ach-
ieved without including the CSA component. However, the
values for the broad line shapes in 1 and 2 are somewhat un-
certain and would benefit greatly from higher field measure-
ments (e.g., 21.1 T), where the strength of the 65Cu CSA in-
teraction is expected to be more similar to that of the
second-order quadrupolar-interaction terms. The similarity
is still somewhat surprising because EFGs are determined
by local charge distributions and are therefore sensitive to
the bonding characteristics for a site of interest, so the large
differences in CQ described above are indicative of signifi-
cant differences in the bonding or bond strengths at the two
sites, despite the apparent structural similarities found using
other techniques in this study.


Characterization of chalcocite surfaces after treatment with
K ACHTUNGTRENNUNG[S2P ACHTUNGTRENNUNG(OiBu)2]—SEM and 31P CP/MAS NMR studies : The
31P CP/MAS NMR spectrum of synthetic chalcocite (Cu2S)
treated with a 0.1 mmoldm�3 aqueous solution of potassium
O,O’-diisobutyldithiophosphate, K ACHTUNGTRENNUNG[S2P ACHTUNGTRENNUNG(OiBu)2], the lowest
concentration of the collector used in this study, is shown in
Figure 2a. Despite the high sensitivity for the 31P nuclei (I =
1=2, 100% natural abundance), the signal-to-noise ratio in
the NMR spectrum of the sample was about 3:1 after accu-
mulating 20000 signal transients. However, two broad reso-
nance peaks (with isotropic shifts at about 101 and 96 ppm,
and line widths of 5 and 3 ppm, respectively) flanked by
spinning sidebands can be readily recognized. To assign
these resonance lines, samples of chalcocite treated with
higher concentrations of the collector (1 and 10 mmoldm�3)
were prepared (see Figure 2b,c). Higher concentrations of
the ligand compound, K ACHTUNGTRENNUNG[S2PACHTUNGTRENNUNG(OiBu)2], resulted in spectra
with resonance lines at the same chemical shifts and with
the same relative intensities (including the spinning side-
bands) as for the 0.1 mmoldm�3 sample, but with improved
signal-to-noise ratios. These observations indicate that the
same O,O’-diisobutyldithiophosphate species are formed on
the chalcocite surfaces at low and high concentrations of the
collector, with increasing amounts of these species at higher
collector concentrations.


The SEM images of the surfaces of synthetic chalcocite
used in this study, before and after the treatment with K-
ACHTUNGTRENNUNG[S2PACHTUNGTRENNUNG(OiBu)2] at different concentrations (1, 5, and
10 mmoldm�3), are shown in Figure 9. The initially smooth
chalcocite surface was only slightly affected when using a
low concentration of O,O’-diisobutyldithiophosphate during
the conditioning of the sample (Figure 9b). At medium-low
concentrations (5 mmoldm�3 K ACHTUNGTRENNUNG[S2PACHTUNGTRENNUNG(OiBu)2], Figure 9c),
needlelike structures were observed on the surface. When
the concentration of the ligand was doubled (10 mmoldm�3)
the needlelike structures became more abundant, covering
the entire surface (Figure 9d). The sample treated with the
most dilute solution of K ACHTUNGTRENNUNG[S2P ACHTUNGTRENNUNG(OiBu)2] (0.1 mmoldm�3, not


shown), did not show any changes in morphology, although
the 31P CP/MAS NMR spectrum revealed the presence of
the same O,O’-diisobutyldithiophosphate species (as dis-
cussed above). Both SEM and 31P NMR spectroscopic data
indicate that the type of polycrystalline O,O’-diisobutyldi-
thiophosphate species formed at the surface of synthetic
chalcocite is independent of the collector concentration in
the range 0.1–10 mmoldm�3.


It was noticed that the isotropic 31P chemical shifts of the
phosphorus sites in the cluster compound 1 are very similar
to those detected for the collector-treated chalcocite surfa-
ces (see Table 2). Furthermore, similarities in the spinning-
sideband patterns (compare Figure 2b,d) indicate that the
chemical-shift anisotropies of the P sites in compound 1 are
similar to those for the species formed on the mineral sur-
face. To more accurately assign the two broad 31P resonance
lines in the NMR spectra of the substances formed on the
chalcocite surfaces (see Figure 2b,c) these spectra were de-
convoluted in two different ways (using either two or four
sets of resonance lines) using the spectrometerTs in-built
Spinsight program. A comparative data analysis (of both 31P
isotropic chemical shifts and 31P CSAs) confirms the exis-
tence of two dominating copper(i) O,O’-diisobutyldithio-
phosphate polynuclear species (1 and 2) at the Cu2S surfa-
ces. Furthermore, the ratio of the relative amounts of 1 and
2 on the mineral surfaces was estimated to be 0.7:0.3 (as cal-
culated from the intensities of the spinning sidebands when
the spectrum was deconvoluted using a set of four lines, see
row (B) in Table 2). The 31P CSA parameter daniso varies be-
tween �64 and �80 ppm for both the individual cluster
compounds and the species formed on the mineral surface,
thus confirming the presence of just bridging-type coordina-
tion of the ligands in these copper(i) O,O’-diisobutyldithio-
phosphate species.[25] The large uncertainty in these data is
due to the noise level in the spectra, an overlap of the broad
resonance lines, and the poorer resolution for the higher-
order spinning sidebands.


Figure 9. SEM images of a) a pure chalcocite, and chalcocite samples
treated with b) 1, c) 5, and d) 10 mmoldm�3 K ACHTUNGTRENNUNG[S2P ACHTUNGTRENNUNG(OiBu)2].
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The solubility product of chalcocite is very low (pKSP =


53).[26] In spite of this fact, a very small amount of copper(i)
ions will be dissolved and quickly oxidized to copper(ii) in
the presence of water. This process allows additional cop-
per(i) ions to be released and oxidized until an equilibrium
is reached. However, in the presence of O,O’-dialkyldithio-
phosphate, the copper(ii) ions will be reduced to copper(i)
during the formation of copper(i) O,O’-dialkyldithiophos-
phate cluster compounds accompanied by the oxidation of
O,O’-dialkyldithiophosphate ions to bis(dialkylthiophosphor-
yl) disulfide.[27] Recent studies have shown that copper
atoms at a chalcocite surface can react with the formed di-
sulfide molecules to form more copper(i) O,O’-dialkyldithio-
phosphate species.[28] The fact that no traces of disulfides
were observed in the 31P NMR spectra of any of the collec-
tor-treated Cu2S samples is therefore a further indication of
the existence of this process. As these reactions take place
in very close vicinity to the chalcocite surface, the aforemen-
tioned compounds will be formed as an extension of the sur-
face as can be seen in the SEM images. A similar interaction
mechanism could be considered for ZnS surfaces when
sphalerite is activated by copper(ii) ions prior to the flota-
tion process.


It is worth noting that adsorption of O,O’-dialkyldithio-
phosphate ligands could also occur prior or parallel to the
oxidation process (CuI to CuII). This has been observed in
31P CP/MAS spectra when nonactivated synthetic sphalerite
and O,O’-dialkyldithiophosphate ligands were applied.[18]


However, such a primary reaction product was not detected
in the 31P CP/MAS NMR spectra of the collector-treated
chalcocite surfaces studied here.


Conclusion


The structural relationships between the polycrystalline clus-
ter compounds Cu4L4, Cu6L6, and Cu8L6(S) (L = S2P(OR)2


with R = alkyl) were studied by copper K-edge EXAFS. It
was shown that by increasing the nuclearity of the clusters a
proportional increase in the Cu···Cu distance occurs. The
Cu�S bond length is the same in the Cu4L4 and Cu6L6 clus-
ters because of the identical chemical environments of the
copper ions (CuS3), but slightly longer (by ca. 0.02 N) in the
Cu8L6(S) clusters due to the tetracoordinated copper(i) ions
(CuS3···S). It was also found that the structures of the Cu6-
ACHTUNGTRENNUNG(S2P)6 and Cu8ACHTUNGTRENNUNG(S2P)6(S) cores are independent of the length
and branching of the alkyl chains. The polycrystalline cop-
per(i) O,O’-diisobutyldithiophosphate cluster compounds,
[Cu8ACHTUNGTRENNUNG{S2PACHTUNGTRENNUNG(OiBu)2}6(S)] and [Cu6 ACHTUNGTRENNUNG{S2P ACHTUNGTRENNUNG(OiBu)2}6], were charac-
terized using 31P CP/MAS and static 65Cu (at multiple mag-
netic-field strengths) solid-state NMR spectroscopies,
powder XRD, SEM, and EXAFS analyses. The 31P and 65Cu
isotropic and anisotropic chemical shifts and 65Cu quadrupo-
lar interaction parameters for [Cu8ACHTUNGTRENNUNG{S2P ACHTUNGTRENNUNG(OiBu)2}6(S)] and
[Cu6ACHTUNGTRENNUNG{S2PACHTUNGTRENNUNG(OiBu)2}6] cluster compounds were estimated by
simulating the experimental NMR spectra. The adsorption
mechanism of potassium O,O’-diisobutyldithiophosphate on


the surface of synthetic chalcocite was studied by means of
solid-state 31P CP/MAS NMR spectroscopy and SEM analy-
sis. From these data, it was concluded that the same species
were formed at synthetic chalcocite surfaces in the collector
concentration range used (0.1–10 mmoldm�3). The 31P chem-
ical-shift data (both isotropic chemical shifts and CSAs) for
substances formed at the synthetic chalcocite surfaces al-
lowed the assignment of these species to a mixture of
[Cu8L6(S)] and [Cu6L6] (L = S2PACHTUNGTRENNUNG(OiBu)2) compounds.
These are formed in a reaction where copper(i) from the
chalcocite is oxidized to copper(ii), before being reduced
back to copper(i) in copper(i) O,O’-diisobutyldithiophos-
phate cluster compounds.


Experimental Section


Materials : Copper(i) chloride (CuCl) and all solvents (analytical grade)
were obtained from Merck. N,N’-Dimethylformamide (DMF) and di-
chloromethane (CH2Cl2) were distilled before use. Potassium O,O’-di-
ACHTUNGTRENNUNGalkyldithiophosphate ligands, K ACHTUNGTRENNUNG[S2P ACHTUNGTRENNUNG(OEt)2], K ACHTUNGTRENNUNG[S2P ACHTUNGTRENNUNG(OnPr)2], K ACHTUNGTRENNUNG[S2P-
ACHTUNGTRENNUNG(OiPr)2], and K ACHTUNGTRENNUNG[S2P ACHTUNGTRENNUNG(OiBu)2], the commercial collectors Danafloat 123K,
133K, 233K, and 245K, respectively, were provided by CHEMINOVA
AGRO A/S and used as received. Synthetic chalcocite, Cu2S, was ob-
tained from STREM CHEMICALS. The structural identity of the chal-
cocite was confirmed using X-ray powder diffraction data.


Synthesis and characterization of the cluster compounds


ACHTUNGTRENNUNG[Cu4ACHTUNGTRENNUNG{S2P ACHTUNGTRENNUNG(OiPr)2}4] and [Cu6ACHTUNGTRENNUNG{S2P ACHTUNGTRENNUNG(OEt)2}6]: The polycrystalline cluster
compounds were obtained by following the methods of Kokotailo
et al.[7]and Liu et al. ,[8] respectively, and were characterized as reported
elsewhere.[16]


ACHTUNGTRENNUNG[Cu8ACHTUNGTRENNUNG{S2P(OR)2}6(S)] (R = Et, nPr, iPr): The polycrystalline cluster com-
pounds were obtained using the method of Matsumato et al.[9] and char-
acterized as reported earlier.[10]


ACHTUNGTRENNUNG[Cu8ACHTUNGTRENNUNG{S2P ACHTUNGTRENNUNG(OiBu)2}6(S)] (1): The cluster compound was prepared by react-
ing CuCl (1 mmol) and K ACHTUNGTRENNUNG[S2P ACHTUNGTRENNUNG(OiBu)2] (1 mmol) in DMF, also following
the method of Matsumato et al.[9] The mixture was left for 24 h at RT
under stirring, allowing the CuCl to dissolve. The solution was filtered
and left for a spontaneous crystallization to take place in an open vessel
at RT for 3–4 d. Fine white needlelike crystals were obtained (40%
yield). These were collected, dried, and recrystallized separately in an
EtOH/acetone mixture (3:2), a toluene/cyclohexane mixture (2:1), and fi-
nally in halogen-containing solvents (CCl4, CH3Cl, CH2Cl2, CH3I). M.p.
204–205 8C. The FAB mass spectrum for a freshly prepared sample
showed a peak at m/z = 1990 for the S-centered cluster, [Cu8 ACHTUNGTRENNUNG{S2P-
ACHTUNGTRENNUNG(OiC4H9)2}6SH]+ , and a strong peak at m/z = 977, consistent with the
formation of [Cu4 ACHTUNGTRENNUNG{S2P ACHTUNGTRENNUNG(OiC4H9)2}3] fragments. S/P elemental ratio calcd
for C48H108Cu8O12P6S13 (Mr = 1988.36): 2.24; found: 2.23.


ACHTUNGTRENNUNG[Cu6ACHTUNGTRENNUNG{S2P ACHTUNGTRENNUNG(OiBu)2}6] (2): The cluster compound was obtained by recrys-
tallizing [Cu8 ACHTUNGTRENNUNG{S2P ACHTUNGTRENNUNG(OiBu)2}6(S)] (1) in freshly distilled CH2Cl2. This com-
pound was also independently obtained as a main product using the syn-
thesis procedure reported by Liu et al. (with K ACHTUNGTRENNUNG[S2P ACHTUNGTRENNUNG(OiBu)2] being used
instead of the NH4ACHTUNGTRENNUNG[S2P ACHTUNGTRENNUNG(OiBu)2] salt and with [CuACHTUNGTRENNUNG(CH3CN)4]PF6 as a
source of copper(i)).[8] In the latter synthesis, traces of 1 were also found
in the 31P CP/MAS spectrum, while no traces of PF6


� anions were ob-
served indicating that no PF6


� anions were incorporated in the lattice of
the obtained compound. S/P elemental ratio calcd for C48H108Cu6O12P6S12


(Mr = 1829.21): 2.07; found: 2.08.


The elemental analysis for 1 and 2 was performed at Mikrokemi AB,
Uppsala, according to procedures described on their homepage:
http://www.mikrokemi.se/.


Surface-formed compounds : 1 g of synthetic chalcocite (Cu2S) powder
was immersed in an aqueous solution (50 mL) of K ACHTUNGTRENNUNG[S2P ACHTUNGTRENNUNG(OiBu)2] at
pH 9.2 (borate buffer) and kept under stirring for 30 min. The ligand was
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dissolved in deionized water, and after conditioning, the samples were
centrifuged at 4000 rpm for 5 min, rinsed with deionized water, centri-
fuged once more, and dried in a vacuum desiccator. In this study, the
aqueous solutions used were in the concentration range 0.1–
10 mmoldm�3 K ACHTUNGTRENNUNG[S2P ACHTUNGTRENNUNG(OiBu)2]. The procedure was repeated using a dilute
aqueous solution of KOH (instead of the borate buffer) to adjust the pH
to 9.2 and no change in the 31P CP/MAS NMR results was observed. The
synthetic chalcocite has a specific surface area of about 1 m2g�1.


Analytical methods


General : All experiments were performed at ambient temperature
(298 K).
31P CP/MAS NMR spectroscopy : Solid-state 31P MAS NMR spectra were
recorded at 145.73 MHz on a Varian/Chemagnetics Infinity CMX-360
(B0 = 8.46 T) spectrometer with cross polarization (CP) from the pro-
tons and proton decoupling.[29] The CP mixing time was 3 ms. The 1H 908
pulse width was 5 ms. 32 (for the pure compounds) and 20000 signal tran-
sients (for the surface compounds) were accumulated with 3 s relaxation
delays. The samples were packed in standard ZrO2 rotors: 4 mm for the
pure cluster compounds and 7.5 mm for the surface compounds. To in-
crease the reliability of the simulations of the chemical-shift anisotropy
parameters, the 31P NMR spectra were obtained at three different spin-
ning frequencies (3–5 kHz). The spectra were externally referenced to
85.5% H3PO4.


[30]


By analyzing the intensities of the spinning sidebands in the 31P spectral
patterns, the CSA parameters (daniso and hCS) for the copper(i) O,O’-di-
alkyldithiophosphate cluster compounds were estimated. A simulation
program in the Mathematica front-end was used for this purpose. The
calculations involved the integrated intensities of the spinning sidebands,
the Larmor resonance frequency, the spinning frequency, and the noise-
level variance.[20]


Static 65Cu NMR spectroscopy : The 63Cu and 65Cu isotopes both have spin
I = 3=2 and large quadrupole moments. Despite the lower natural abun-
dance of the 65Cu isotope, it was preferred in this study, because its reso-
nance frequency falls in a spectral window that is relatively free from
other isotopes and the effect of the quadrupolar interaction is slightly
smaller. Excitation at a single frequency was insufficient to excite the
whole central-transition spectrum because of the width of the powder
line shapes, and the spectra were therefore acquired by repeatedly step-
ping the carrier frequency by 100 kHz, retuning the probe and acquiring
a new set of data, before finally adding all the sub-spectra together.[31]


The solid-state 65Cu NMR spectra of 1 and 2 were recorded at
170.40 MHz on a Varian/Chemagnetics Infinity CMX-600 spectrometer
equipped with a wide-bore 14.1 T magnet. The static spectra were collect-
ed using a Bruker 5 mm static probe. In all cases, a spin-echo pulse se-
quence was utilized (1.1 ms–t–1.1 ms, t = 15 ms). The spectra were ob-
tained with a pulse delay of 40 ms and 50000 transients were averaged.
The solid-state 65Cu NMR spectra of 1 were also recorded at two addi-
tionally applied magnetic field strengths: at 7.05 T using a Bruker CXP-
300 spectrometer, and at 9.4 T, using a Bruker MSL-400 spectrometer.
The reference frequencies for 65Cu were 85.20 and 113.62 MHz, respec-
tively. The spectra were acquired using Bruker 7 mm static probes and
spin-echo pulse-sequence experiments. At 9.4 T, the radio-frequency field
strength, B1, was 116 kHz, the pulse timings were (1.0 ms–t–1.0 ms, t =


20 ms) with 0.5 s relaxation delays, and 40960 transients were averaged
per resonance offset. At 7.05 T, B1 was 125 kHz, the same experimental
timings as those for 9.4 T were used, and 170000 transients were averaged
per resonance offset. The 65Cu NMR spectra at 7.05 and 9.4 T were ob-
tained in a similar way to those for 14.1 T, with the transmitter frequency
being stepped by increments of 100 kHz. The energy-level splittings that
are utilized in NMR spectroscopy are smaller at lower field strengths,
and the resulting weaker signal strengths are ex ACHTUNGTRENNUNGacerbated further by the
broader width of spectra such as those studied here. The range of trans-
mitter frequencies used was therefore limited to those in the region of
line shapes with smaller quadrupolar coupling constants and therefore
narrower widths. All 65Cu NMR spectra were externally referenced to a
secondary standard of powdered CuCl at d = 0 ppm.[32]


These NMR data were processed with the free induction decay (FID)
data left-shifted to the echo maximum prior to the Fourier transform


(FT) (half echo). The second-order quadrupolar line shapes for the cen-
tral transition of 65Cu nuclei, including a chemical-shift anisotropy (CSA)
contribution where necessary, were simulated by using the DMfit pro-
gram.[33] The errors were estimated by changing the value of one parame-
ter when all of the other parameter values were kept constant. Further-
more, the 65Cu NMR spectra were simulated using the SIMPSON simula-
tion program[34] to confirm independently the NMR parameters obtained
by DMFit.


EXAFS measurements : 20 mg of each solid compound [Cu4 ACHTUNGTRENNUNG{S2P ACHTUNGTRENNUNG(OiPr)2}4],
[Cu6ACHTUNGTRENNUNG{S2P ACHTUNGTRENNUNG(OEt)2}6], [Cu8 ACHTUNGTRENNUNG{S2P(OR)2}6(S)] (R = Et, nPr, and iPr), 1, and 2
were diluted in 25 mg boron nitride (BN), and carefully grained, to give
an edge step in the transition mode of approximately one unit in the log-
arithmic intensity ratio. The cell was a 1 mm aluminum frame with Mylar
tape windows.


Copper K-edge EXAFS measurements were performed at the wiggler
beam line I811 at the MAXII Synchrotron, the MAX Laboratory, Lund
University, Sweden. The EXAFS station was equipped with a Si ACHTUNGTRENNUNG(111)
double-crystal monochromator and higher-order harmonics were reduced
by detuning the second monochromator crystal to reflect 60% of the
maximum intensity at the end of the scans. The internal-energy calibra-
tion was made with a copper metal foil with the first inflection point as-
signed to 8980.3 eV.[35] The experiments were performed in transmission
mode at ambient temperature. Two scans (with a recording time of
90 min for each scan) were averaged to give a good data quality in the k
range 2–16 N�1 (k3-weighted data), for which k =


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:2625ðE�E0Þ


p
,


where E is the actual energy and E0 is the threshold energy of the ad-
sorption edge. Calculated model functions using ab initio calculated
phase and amplitude parameters obtained by the FEFF7 and GNXAS
programs were curve-fitted in k space.[36]


The EXAFSPAK and GNXAS program packages were used for the data
treatment. The data analyses were performed by means of the GNXAS
code in order to obtain the best possible splines. The GNXAS code is
based on the calculation of the EXAFS signal and a subsequent refine-
ment of the structural parameters.[37] The GNXAS method accounts for
multiple scattering (MS) paths, with correct treatment of the configura-
tional average of all the MS signals to allow the fitting of correlated dis-
tances and bond-length variances (Debye–Waller factors). A correct de-
scription of the first coordination sphere of the studied compound has to
account for asymmetry in the distribution of the absorber–scatterer dis-
tances.[38] Therefore the Cu�S two-body signals associated with the first
coordination shells were modeled with G-like distribution functions that
depend on four parameters, namely the coordination number N, the aver-
age distance R, the mean-square variation s, and the skewness b. The b


term is related to the third cumulant C3 through the relation C3 = s3b.
However, the b term was negligible for all distances of importance in this
study. R is the first moment of the function [4p(g(r))�2]dr, in which g =


splitting factor and r = distance.


The standard deviations given for the refined parameters in Table 1 are
obtained from k2-weighted least-squares refinements of the EXAFS func-
tion c(k), and do not include systematic errors of the measurements.
These statistical error estimates provide a measure of the precision of the
results and allow various reasonable comparisons, including the signifi-
cance of relative shifts in the distances. However, the variations in the re-
fined parameters, including the shift in the E0 value (for which k = 0),
using different models and data ranges, indicate that the absolute accura-
cy of the distances given for the separate complexes is within �0.01–
0.02 N for well-defined interactions. The “standard deviations” given in
the text have been increased accordingly to include the estimated addi-
tional effects of systematic errors.


SEM images : The morphologies of the samples were studied with a Phi-
lips XL 30 scanning electron microscope equipped with a LaB6 emission
source. A Link ISIS Ge energy-dispersive X-ray detector (EDS) attached
to the SEM was used to additionally probe the composition of the poly-
crystalline copper(i) O,O’-dialkyldithiophosphate cluster compounds.


Surface-area determination : A chalcocite sample was degassed at 575 K
overnight and nitrogen-adsorption measurements were performed on a
Micromeritics ASAP 2010 instrument. The specific surface area was cal-
culated using the BET equation.[39]
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X-ray powder diffraction : X-ray powder diffraction patterns were collect-
ed using a Siemens D5000 diffractometer and CuKa radiation, l =


1.5418 N.
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Introduction


The hydrotris(pyrazolyl)borate system and its various deriv-
atives are ubiquitous among tripod ligands and displays a re-
markable flexibility in coordinating to a variety of metals in
a range of oxidation states and a strong preference for fac-
tridentate (k3) coordination to both tetrahedral and octahe-
dral metal ions.[1] The synthesis of these ligands by reaction
of the chosen pyrazole with an alkali metal tetrahydrobo-
rate, either in a solvent-free (melt) reaction or in a suitable
high-boiling solvent, is well established.[2] Alternative routes


that provide tris(pyrazolyl)borates in which the boron-
bound hydrogen has been replaced by an alternative group
by using boron sources, such as boronic acids and boron tri-
halides, have also been established.[3] An interesting alterna-
tive route to systems of this type involves treatment of B-
ACHTUNGTRENNUNG(NMe2)3 with pyrazole, providing [(HNMe2)B(pyrazolyl)3] A
from which the N�H proton may readily be removed to pro-
vide an anionic ligand, which has received very little atten-
tion.[4] We were attracted by the outcome of this reaction as
a result of our interest in the boron derivatisation of Reglin-
ski-s hydrotris(methimazolyl)borate (Tm) ligand system B,[5]


reasoning that, if a similar species could be formed contain-
ing methimazolyl in place of pyrazolyl groups, suitable deri-
vatisation of the remaining boron-bound HNMe2 may pro-
vide a leaving group susceptible to substitution by a range
of nucleophiles. Intrigued also by the possibilities of this re-
action for the construction of other borate-centred ligands,
we have undertaken a study of the reaction of imidazole
and some of its derivatives with B ACHTUNGTRENNUNG(NMe2)3 to establish the


Abstract: Reaction of 2-mercapto-1-
methylimidazole (methimazole) with
tris(dimethylamino)borane, B ACHTUNGTRENNUNG(NMe2)3,
provides the tetrahedral dimethylamine
adduct of tris(methimazolyl)borane,
[(Me2HN)B(methimazolyl)3]. By con-
trast, imidazole, 2-methylimidazole, 2-
chloroimidazole and benzimidazole
provide the homoleptic tetra-azolyl sys-
tems H[B ACHTUNGTRENNUNG(azolyl)4], and the same prod-
uct is obtained even when a substoi-
ACHTUNGTRENNUNGchiometric quantity of the heterocyle is
employed. The change in reaction out-
come is correlated with the variation of
basic pKa for the heterocycles. A
simple acid-base reaction with elimina-
tion of HNMe2 is proposed for the re-
action with the weakly basic, but more


strongly acidic, methimazole. However,
for the more strongly basic imidazoles,
initial coordination of the heterocycle
imine nitrogen to the weakly Lewis
acidic boron centre in B ACHTUNGTRENNUNG(NMe2)3 to
form the tetrahedral adduct [(azole)B-
ACHTUNGTRENNUNG(NMe2)3] is proposed. The greater
availability of the NMe2 lone pairs in
this species results in increased basicity
and a rapid reaction with further het-
erocycle to provide the observed H[B-
ACHTUNGTRENNUNG(azolyl)4] products. For 2-nitroimida-
zole, the low basicity (and increased


N�H acidity) results in the formation
of [(HNMe2)B(2-nitroimidazolyl)3] on
reaction with B ACHTUNGTRENNUNG(NMe2)3, analogous to
the product formed with methimazole.
Both [(HNMe2)B(methimazolyl)3] and
H[B(benzimidazolyl)4] have been struc-
turally characterised by single crystal
X-ray crystallography. This chemistry
has been exploited to provide a new
synthesis of borate-centred tripod li-
gands, whereby N-methylimidazole is
used to activate B ACHTUNGTRENNUNG(NMe2)3 to reaction
with methimazole to form the new
ligand [(N-methylimidazole)B(meth-
ACHTUNGTRENNUNGimazolyl)3] in good yield and a complex
of this ligand with RuII has been struc-
turally characterised.
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extent of its applicability. However, we find that these het-
erocycles provide an alternative product, H[B ACHTUNGTRENNUNG(azolyl)4]
(azole= imidazole, 2-methylimidazole, 2-chloroACHTUNGTRENNUNGimidazole,
benzimidazole) C, the formation of which we discuss here.
Only with 2-nitroimidazole is there evidence for the forma-
tion of [(HNMe2)B(2-nitroimidazolyl)3] (6), a product analo-
gous to that formed with methimazole and pyrazole. In a
further elaboration of this chemistry we have employed N-
methylimidazole to activate B ACHTUNGTRENNUNG(NMe2)3 towards reaction with
methimazole to provide a new tripodal borate ligand [(N-
methylimidazole)B(methimazolyl)3] in good yield. We have
also prepared and structurally characterised a RuII complex
of this ligand. This approach therefore provides a new and
promising methodology for the construction of a range of li-
gands of this type.


Results and Discussion


Reaction of B ACHTUNGTRENNUNG(NMe2)3 with three molar equivalents of
ACHTUNGTRENNUNGmethimazole in benzene solution under reflux for 2 h pro-
vides the adduct [(HNMe2)B(methimazolyl)3] (1) as a white
precipitate on cooling the solution (Scheme 1). The
1H NMR spectrum of this product contains only one singlet
at d=3.48 ppm, which can be assigned to the NHMe2 and


methimazolyl methyl groups; however, the 13C NMR spec-
trum contains two signals (d=34.7 and 34.9 ppm) due to
these methyl groups, and the signals in the 1H NMR spec-
trum for these different methyl groups must therefore be co-
incident; this is supported by the integral of this peak which
corresponds to 15 hydrogen atoms. The reaction of B-
ACHTUNGTRENNUNG(NMe2)3 with methimazole therefore follows the same
course as that for pyrazole[4] to provide the dimethylamine
adduct of the trisACHTUNGTRENNUNG(azolyl)borane.


Crystals of 1 were obtained by cooling a hot benzene sol-
ution to room temperature. X-ray crystal structure determi-
nation (Figure 1) confirms the formation of 1 in a similar


manner to its previously reported pyrazole analogue;[4] se-
lected bond lengths and angles are presented in Table 1.
Direct comparison of the structure with the hydrotris(meth-
ACHTUNGTRENNUNGimazolyl)borate (Tm) ligand is hampered by the fact that 1
is a neutral species and is not metal-coordinated, while all
reported structures of the anionic Tm involve coordination
to a metal counter ion. However for the purposes of com-
parison, the complex [ZnCl(Tm)][6] will be taken as a model
system. The B�N(methimazole) bond lengths in 1 (range
1.542(3)–1.560(3) J) are slightly shorter than those to the
amine nitrogen (1.605(3) J) reflecting the covalent and co-
ordinate bonding of the two different groups, respectively,
and the difference in nitrogen hybridisation. The B�N bond
lengths in [ZnCl(Tm)] are very similar and range from
1.547–1.555 J. The C=S bond lengths in 1 range from
1.694(2)–1.700(2) J and are significantly shorter than those
in [ZnCl(Tm)] (1.715–1.723 J), consistent with metal coor-
dination of the sulfur atoms in the complex. The N-B-N
angles between methimazole groups in 1 are smaller than
those between the NHMe2 and methimazole groups reflect-
ing the greater steric bulk of the amine, although the distor-
tion is not severe, the smallest and largest angles being
106.49 and 112.508. The orientation of the methimazole
groups places their sulphur atoms towards the NHMe2
group and the presence of two hydrogen bonds is indicatedScheme 1. Reaction of methimazole with BACHTUNGTRENNUNG(NMe2)3.


Figure 1. Structure of [(HNMe2)B(methimazolyl)3] (1). Selected bond
lengths and angles are provided in Table 1.
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by one relatively short S···H distance of 2.294 J (to S2) and
a longer one of 3.153 J (to S1) from a second methimazole
group.


All attempts at derivatisation of 1 by removal of the
HNMe2 proton with base and reaction with a range of elec-
trophiles (MeI, Me3OBF4, MeCOCl, PhCOCl) failed and re-
sulted only in isolation of free methimazole and/or the prod-
uct of the addition of the electrophile to the methimazolyl
anion. The decomposition appears to occur at the deproto-
nation stage, and despite the exploration of a range of bases
(BuLi, MeLi, NaH, NaOMe, LDA), we have been unable to
isolate or trap the borate [(Me2N)B(methimazolyl)3]


� . This
is somewhat surprising given the ready formation of the
stable pyrazolyl analogue [(Me2N)B(pyrazolyl)3]


� ,[4b] and
may indicate weaker coordination of the methymazolyl
rings to the boron centre leading to decomposition via a
trigonal borane species and ejection of a methimazolyl
anion. This difference in reactivity is consistent with the sta-
bility of the heterocycle anions as indicated by the acidic
pKa values for pyrazole and methimazole (see Table 2).


Wishing to explore the scope of this reaction of azoles
with B ACHTUNGTRENNUNG(NMe2)3, we have studied the reaction with a range of


imidazoles. Reaction of three
molar equivalents of 2-methyl-
ACHTUNGTRENNUNGimidazole with tris(dimethyl-
amino)borane in toluene or
benzene solution at reflux does
not provide the expected
[(HNMe2)B ACHTUNGTRENNUNG(azolyl)3] product,
but instead gives H[B(2-methyl-
imidazolyl)4] (2), a species
which has previously been pre-
pared employing tetrahydrobo-
rate as the boron source.[7] At a
lower temperature in THF at
reflux, the reaction did not pro-
ceed and only starting materials
could be isolated. The reaction
of equimolar quantities of 2-
methylimidazole and B ACHTUNGTRENNUNG(NMe2)3
in toluene at reflux also pro-
duced the borate 2 exclusively.
These observations were repro-


duced for reactions with imidazole, 2-chloroimidazole and
benzimidazole to provide H[B ACHTUNGTRENNUNG(azolyl)4] products 3, 4 and 5,
respectively (Scheme 2). The synthesis of 3 from sodium tet-
rahydroborate followed by treatment with acid has previous-
ly been reported.[8] Similarly, salts of the [N(Benzimidazol-
yl)4]


� anion have been prepared before;[8] however, the free
acid 5 has not previously been reported. No evidence for
the formation or intermediacy of [(HNMe2)BACHTUNGTRENNUNG(azolyl)3], nor
indeed any other species, could be obtained by removing
samples for MS analysis during the reactions or conducting
the reactions at lower temperatures in the same or different
solvents. Only molecular ions and fragments which could be
assigned to either B ACHTUNGTRENNUNG(azolyl)4


� or the starting imidazole and
B ACHTUNGTRENNUNG(NMe2)3 were observed. Only in the case of reaction with
2-nitroimidazole could an ion due to [(HNMe2)B(2-nitroimi-
dazolyl)3] be observed in a mass spectrum of the reaction
solution; however, this was never formed in sufficient quan-
tities to allow its isolation due to apparent thermal decom-
position over the longer reaction times, which would be nec-
essary for its formation in appreciable yield.[9]


The X-ray crystal structure of H[B(benzimidazolyl)4] (5)
was determined and its structure is illustrated in Figure 2.
Selected bond lengths and angles are presented in Table 1.
The position of the proton to balance the charge on the
borate anion was not evident from the data and it has been
split equally between N31 and N32 as a result of unfavoura-
ble contacts when it is located on the other two nitrogen
atoms (N33 and N34). The B�N bond lengths to the benz-
ACHTUNGTRENNUNGimidazole groups containing these nitrogen atoms (1.547(6)
and 1.536(6) J) are marginally longer than those to the
other ones (1.525(6) and 1.527(6) J), providing some sup-
port for this assignment. In other respects the structure is
quite symmetrical, the N-B-N angles deviate only slightly
from the ideal (range 105.56–111.188), for example.


On the basis of the products isolated from the above reac-
tions it is clear that the reactions between B ACHTUNGTRENNUNG(NMe2)3 and


Table 1. Selected bond lengths [J] and angles [8] for [(HNMe2)B(methimazolyl)3] (1), H[B(benzimidazolyl)4]
(5) and [Ru ACHTUNGTRENNUNG(p-cymene)(N-methylimidazole)B(methimazolyl)3][Cl]2 (9).


1 5 9


B�N(11) 1.547(6) B�N(1) 1.542(3) B�N14 1.567(12)
B�N(12) 1.524(6) B�N(3) 1.559(3) B�N11 1.559(12)
B�N(13) 1.527(6) B�N(5) 1.556(3) B�N12 1.538ACHTUNGTRENNUNG(12
B�N(14) 1.536(6) B�N(7) 1.605(3) B�N13 1.551(12)
N(11)�C(21) 1.357(4) N(1)�C(1) 1.373(3) C21�S21 1.721(9)
C(21)�N(31) 1.313(4) C(1)�N(2) 1.356(3) C22�S22 1.734(8)
N(12)�C(22) 1.362(5) C(1)�S(1) 1.694(2) C23�S23 1.735(8)
C(22)�N(32) 1.302(5) N(3)�C(5) 1.359(3) S21�Ru 2.441(2)
N(13)�C(23) 1.384(5) C(5)�N(4) 1.358(3) S22�Ru 2.428(2)
C(23)�N(33) 1.338(5) C(5)-S(2) 1.700(2) S23�Ru2.409(2)
N(14)�C(24) 1.354(5) N(5)�C(9) 1.370(3) N11-B-N12 113.3(7)
C(24)�N(34) 1.360(6) C(9)�N(6) 1.365(3) N11-B-N13 111.3(7)
N(11)-B-N(12) 110.9(3) C(9)�S(3) 1.686(2) N11-B-N14 105.0(7)
N(11)-B-N(13) 110.4(3) N(1)-B-N(3) 106.49(17) N12-B-N13 110.0(7)
N(11)-B-N(14) 105.6(3) N(1)-B-N(5) 109.92(18) N12-B-N14 105.2(7)
N(12)-B-N(13) 109.9(3) N(1)-B-N(7) 112.51(18) N13-B-N14 111.9(7)
N(12)-B-N(14) 111.2(4) N(3)-B-N(5) 107.80(18) C21-S21-Ru 103.1(3)
N(13)-B-N(14) 108.8(3) N(3)-B-N(7) 109.53(18) C22-S22-Ru 105.9(3)


N(5)-B-N(7) 110.40(17) C23-S23-Ru 109.8(3)


Table 2. pKa data for the heterocycles employed in this work.


Basic pKa
[a] Acid pKa


[a]


methimazole �1.05[28a] 12[28b]


2-nitroimidazole �0.8 (DMF/H2O)[28c] 7.15 (MeOH/H2O)[28d]


pyrazole 2.79 (H2O)[28e] 14.0 (EtOH/H2O)[28f]


2-chloroimidazole 3.55 (H2O)[28g] 10.5[28h]


benzimidazole 5.7 (H2O)[28i] 13.2 (MeOH/H2O)[28j]


imidazole 7.0 (DMF/H2O)[28k] 14.9 (DMF/H2O)[28k]


2-methylimidazole 7.85 (DMF/H2O)[28k] 15.1[28l]


[a] The basic pKa is defined as the pKa of the conjugate acid of the het-
erocycle, the pKa of [H2Pz]


+ for pyrazole for example, and is therefore a
measure of its Broønsted basicity. The acid pKa is that of the parent het-
erocycle, HPz for example, and is therefore a measure of its Broønsted
acidity.
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pyrazole, methimazole or 2-nitroimidazole on the one hand,
and imidazole, 2-methylimidazole and 2-chloroimidazole on
the other, follow different mechanisms. The most obvious
difference between these two sets of azoles is their basicity
(Table 2). Methimazole is only very weakly basic (pKa=


�1.05), which is perhaps not surprising given the dominance
of the thione tautomer.[10] Pyrazole is also only weakly basic
with a pKa of just 2.79 in water. Imidazole and its deriva-
tives are, however, considerably stronger bases, with even
the 2-chloro-substituted derivative (pKa=3.55) being more
basic than pyrazole. Only nitro-substitution reduces the pKa


to a value similar to that of methimazole and it is therefore
significant that reaction with this species is found to provide
the same product as that observed with methimazole and
pyrazole.


One of the interesting fea-
tures of B ACHTUNGTRENNUNG(NMe2)3 is the pres-
ence of significant B�N pp-
bonding, and the effect of this
on its Lewis acid/base proper-
ties is significant. In comparison
to group 15 analogues E-
ACHTUNGTRENNUNG(NMe2)3 (E=P, As, Sb, Bi), in
which the electronic saturation
of the central atom precludes
any p-bonding, B ACHTUNGTRENNUNG(NMe2)3 is
only very weakly basic. This is
illustrated by the absence of
any reaction with amines or
considerably more acidic spe-
cies, such as methimazole,
under ambient conditions,
which contrasts with the double
metallation that can occur on
reaction of E ACHTUNGTRENNUNG(NMe2)3 with pri-
mary amines under the same
conditions.[11] The availability of
nitrogen lone pairs in these spe-


cies makes them very strong bases compared to systems,
such as lithium alkyls in which the basic lone pair is restrict-
ed in its availability by metal coordination, and only monoli-
thiation of primary amines by nBuLi is typically observed.[12]


The increased E�N bond strength and the occupation of the
nitrogen lone pairs engendered by B�N p-bonding in B-
ACHTUNGTRENNUNG(NMe2)3 results in greatly reduced basicity for both kinetic
and thermodynamic reasons.[13] Nevertheless, reaction with
moderately acidic species, such as the azoles considered
here, can be observed under forcing conditions to provide
the observed [(HNMe2)BACHTUNGTRENNUNG(azolyl)3] products, such as 1.


The formation of the alternative products H[B ACHTUNGTRENNUNG(azolyl)4]
with the more basic imidazoles, and in particular their for-
mation from substoichiometric quantities of the azole, re-
quires an alternative explanation, which we suggest is as fol-
lows. The Lewis acidity of B ACHTUNGTRENNUNG(NMe2)3 is very low due to its
modulation by the B�N p-bonding.[14] As a consequence, the
weakly basic pyrazole and indeed methimazole, does not co-
ordinate to the boron centre, even under forcing conditions
(toluene reflux), before the onset of the acid-base reaction
leading to the [HNMe2B ACHTUNGTRENNUNG(azolyl)3] products with elimination
of NHMe2. However, for the more strongly basic imidazoles
coordination to the boron occurs before this stage is reached
and a tetrahedral intermediate 7 is formed (Scheme 3). The
absence of B�N p-bonding in this species results in the full
availability of the nitrogen lone pairs and basic behaviour
similar to that found for the E ACHTUNGTRENNUNG(NMe2)3 species discussed
above should be anticipated. Under the conditions required
to form 7 therefore, its reaction with all remaining azole is
rapid, providing the tetra-azolylborates, even when a sub-
stoichiometric ratio of B ACHTUNGTRENNUNG(NMe2)3 and azole is employed. It
is unfortunate that the product from the reaction with 2-ni-
troimidazole could not be isolated due to its apparent low
stability under the reaction conditions. However, the obser-


Scheme 2. Reaction of imidazole and its derivatives with B ACHTUNGTRENNUNG(NMe2)3.


Figure 2. Structure of H[B(benzimidazolyl)4] (5). The N�H proton is
placed upon N31 and N32 with equal weighting. Selected bond lengths
and angles are provided in Table 1.
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vation of an ion at m/z=392 due to [(HNMe2)B(2-nitroimi-
dazolyl)3] in samples withdrawn from the reaction mixture,
and the absence of an ion due to the H[B(2-nitroimidazol-
yl)4], indicates that the mechanism adopted by pyrazole and
methimazole is accessible to 2-substituted imidazoles if their
basicity is sufficiently low. It seems therefore that at an
azole pKa between those for pyrazole (2.79) and 2-chloro-
ACHTUNGTRENNUNGimidazole (3.55), the mechanism of the reaction between
B ACHTUNGTRENNUNG(NMe2)3 and azoles changes from one in which coordina-
tion of the azole to provide an intermediate 7 does not
occur before the acid-base reaction to one in which it does.
This mechanistic change will also be dependent on the
acidic pKa of the azole as the direct acid-base reaction will
clearly be favoured by increased azole N�H acidity.


We have sought to exploit our understanding of the reac-
tivity of B ACHTUNGTRENNUNG(NMe2)3 with azoles in the synthesis of new
borate-centred tripod ligands by reaction with the chosen
N�H acid in the presence of N-methylimidazole acting as a
simple Lewis base to coordinate to, and activate, B ACHTUNGTRENNUNG(NMe2)3
towards reaction with acidic heterocyclic donor groups. On
the basis of the mechanism shown in Scheme 3, we antici-
pated initial formation of a species analogous to 7 with the
N-methylimidazole, which would then subsequently react
rapidly with the N�H acid present in solution under the re-
action conditions. The reaction between B ACHTUNGTRENNUNG(NMe2)3 and
ACHTUNGTRENNUNGmethimazole (1:3) in the presence of 1 equivalent of N-
meth ACHTUNGTRENNUNGylimidazole under reflux in toluene solution provides
the new ligand [(N-methylimidazole)B(methimazolyl)3] (8)
in good yield as a colourless precipitate from the reaction
mixture. This ligand is of the generic type E ACHTUNGTRENNUNG(L2D)3 (E=cen-
tral tripod atom, L= linking atom and D=donor atom),
providing a bicycloACHTUNGTRENNUNG[3.3.3]-cage which adopts a chiral twisted
C3-symmetric structure. These complexes exhibit a particular
type of atropisomerism in which there is restricted rotation
about the 3-fold axis and they can therefore exist in chiral
mirror-image forms (Figure 3).[3a,15]


Complexation of 8 to RuII was achieved by reaction with
[{Ru ACHTUNGTRENNUNG(p-cymene)Cl2}2] in CH2Cl2 solution. The chirality of
the resulting complex [RuACHTUNGTRENNUNG(p-cymene)(N-methylimidazole)B-
ACHTUNGTRENNUNG(methimazolyl)3][Cl]2 (9) is revealed in its 1H NMR spec-
trum which shows a pair of singlets for the diastereotopic
p-cymene iPr methyl groups and four doublets for the
p-cymene arene CH protons that normally produce an
(AB)2 pattern in achiral systems.[16] The X-ray crystal struc-
ture of 9 shows the unit cell to contain two mirror-image
pairs of complexes displaying ddd and lll-stereochemistry
for the three ligand arms with qm values (mean N-B-M-S
torsion angles[16]) of 49.8 and �49.58, respectively. The other
torsional parameter (wm, the mean angle made by the
normal to the methimazole rings with the B-M vector[17]),
57.75 and �56.288 for the ddd and lll complexes, respec-
tively, fall in the range observed for Tm complexes of octa-
hedral metals.[17,18] The ddd enantiomer is illustrated in
Figure 4, and selected bond lengths and angles are given in
Table 1. The dipositive charge of the complexes is balanced
by four chloride ions displaying short hydrogen bond con-
tacts with the two water and four CH2Cl2 molecules also


Scheme 3. Reaction of imidazoles with B ACHTUNGTRENNUNG(NMe2)3 to provide homoleptic
borates H[B ACHTUNGTRENNUNG(azolyl)4].


Figure 3. The C3-symmetric chiral structures of complexes of ligands of
the type E ACHTUNGTRENNUNG(L2D)3 as exemplified by tris(methimazolyl)borate ligands.


Figure 4. Molecular structure of the ddd enantiomer of 9. Selected bond
lengths and angles are provided in Table 1.
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present in the unit cell. There are only minor differences in
the metric parameters between the two enantiomers and
only those for the ddd isomer will be discussed below. The
coordinate B�N (N-methylimidazole) bond (1.575 J) is
slightly longer than the covalent bonds to the methimazole
rings (mean 1.540 J). The C�S and S�Ru bond lengths
(mean 1.720 and 2.425 J, respectively) do not differ signifi-
cantly from those found in the corresponding complex con-
taining the Tm ligand [RuACHTUNGTRENNUNG(p-cymene)(Tm)]Cl (mean C�S=
1.723 and mean S-Ru=2.411 J),[15a] indicating that the bind-
ing of ligand 8 to the ruthenium centre is similar to that for
Tm.


Conclusion


It is evident from this study that the activation of B ACHTUNGTRENNUNG(NMe2)3
to reaction with heterocyclic N�H acids by Lewis bases with
a basic pKa>3 provides a novel route to tetrahedral borate
species. The formation of the new system [(N-methylimida-
zole)B(methimazolyl)3] (8) illustrates the application of this
methodology to the construction of a new borate-centred
tripod ligand of the E ACHTUNGTRENNUNG(L2D)3 type. We are currently explor-
ing the flexibility of this approach in the synthesis of a range
of new ligand systems of this type, employing alternative
donor heterocycles and activating Lewis bases and will
report on these in subsequent publications.


Experimental Section


General : All reactions were carried out under an atmosphere of dry,
oxygen-free dinitrogen by using standard Schlenk techniques. Solvents
were freshly distilled over an appropriate drying agent and further de-
gassed before use when necessary. MS were recorded on Kratos MS50TC
(FAB) and Micromass Platform II (ES-MS) spectrometers. NMR spectra
were recorded on a Bruker 250 AC spectrometer operating at room tem-
perature. 1H and 13C chemical shifts are reported in ppm relative to
SiMe4 (d=0) and were referenced internally with respect to the protio
solvent impurity or the 13C resonances, respectively. Multiplicities and
peak types are abbreviated: singlet, s; doublet, d; triplet, t; multiplet, m;
broad, br; aromatic, ar. 2-Chloroimidazole was prepared by a modifica-
tion of the literature method by using hexachloroethane in place of N-
chlorosuccinimide as the chlorinating agent.[19] [{Ru ACHTUNGTRENNUNG(p-cymene)Cl2}2] was
prepared according to the literature procedure.[20] All other chemicals
were obtained from Sigma-Aldrich and used as received.


General procedure for the reaction of azoles with B ACHTUNGTRENNUNG(NMe2)3 : In a typical
reaction the azole was added in one portion to a solution of the required
quantity of B ACHTUNGTRENNUNG(NMe2)3 in the chosen solvent, and the solution was then
heated to reflux. After the specified period, the reaction mixture was al-
lowed to cool and the solvent removed from the resulting colourless solid
by the use of a cannula under nitrogen. Finally, the product was dried
under vacuum. For the cases in which the product was soluble in the re-
action solvent, the solvent was removed under vacuum to provide the
crude product.


ACHTUNGTRENNUNG[(HNMe2)B(methimazolyl)3] (1): In a dry two-neck flask adapted with a
reflux condenser, methimazole (978 mg, 8.57 mmol) was suspended under
nitrogen in benzene (10 mL). B ACHTUNGTRENNUNG(NMe2)3 (0.500 cm3, 2.86 mmol) was then
added to the mixture at room temperature in one portion and the mix-
ture set to reflux for 2 h. During reflux, a clear solution was first obtained
(after a few minutes), followed by precipitation with time (after approxi-
mately 20 min). After 2 h the reaction was cooled to room temperature


and the solvent removed from the remaining white solid. If precipitation
did not occur, even after cooling the mixture, the volume of solvent was
slightly reduced to induce precipitation of the product (927 mg, 82%).
Crystals for X-ray analysis (see Figure 1) were obtained by dissolving a
small amount of the product in hot benzene and allowing the solution to
slowly cool to room temperature. 1H NMR (CDCl3): d=3.48 (s, 15H),
6.36 (s, 3H), 6.52–6.62 (m, 3H), 9.72 ppm (br s, 1H); 13C NMR (CDCl3):
d=34.7, 34.9, 117.4, 120.6, 165.4 ppm; MS (FAB+ ): m/z : 396 [M]+ ; ele-
mental analysis calcd for C14H22BN7S3·C6H6: C 50.73, H 5.96, N 20.71;
found: C 50.67, H 5.94, N 20.79.


H[B(2-methylimidazolyl)4] (2): 2-methylimidazole (0.703 g, 8.57 mmol)
was added to a solution of B ACHTUNGTRENNUNG(NMe2)3 (0.500 cm3, 2.86 mmol) in toluene
(10 cm3), and the resulting mixture was heated to reflux. The reaction
was monitored by mass spectrometry, and after 8 h ions due to the reac-
tants were absent. The solvent was then removed under vacuum, the
product washed with dry hexane (2Q10 mL), and then dried to give 2
(0.720 g, 2.14 mmol, 75%) as a colourless crystalline solid. 1H NMR
(CD3OD): d=1.99 (s, 12H; CH3), 6.92 (d, 4H; 4- or 5-CH), 7.23 ppm (d,
4H; 4- or 5-CH); 13C NMR (CD3OD): d=12.45 (CH3), 121.88 (4- or 5-
CH), 124.25 (4- or 5-CH), 147.53 ppm (Cquat); MS (ES): m/z : 335
[M�H]+ ; elemental analysis calcd for C16H21N8B: C 57.15, H 6.29, N
33.32; found: C 56.97, H 6.15, N 33.04.


H[B(imidazolyl)4] (3): Freshly sublimed imidazole (0.585 g, 8.6 mmol)
was added to a solution of B ACHTUNGTRENNUNG(NMe2)3 (0.500 cm3, 2.86 mmol) in toluene
(10 cm3) and heated to reflux. After 8 h the precipitated white powder
was isolated by filtration. The crude product was purified by dissolving in
the minimum amount of methanol, followed by the dropwise addition of
diethyl ether until precipitation commenced, after which the mixture was
stored at �5 8C. The product was filtered by the use of a cannula and the
solid dried under vacuum to give 3 (0.60 g, 2.15 mmol, 75%) as a white
powder. Spectroscopic data were consistent with the literature values:[20]
1H NMR (CDCl3): d=7.04 (s, 1H), 6.93 (d, 1H), 6.78 (d, 1H); MS
(FAB): m/z : 280.9 [M]+ .


H[B(2-chloroimidazolyl)4] (4): 2-chloroimidazole (0.878 g, 8.57 mmol) is
added to a solution of B ACHTUNGTRENNUNG(NMe2)3 (0.50 cm3, 2.86 mmol) in toluene
(10 cm3) and heated to reflux. After 1 h mass spectrometry indicated that
the reaction was complete. Half of the solvent was then removed under
vacuum to precipitate a white solid, which was filtered by the use of a
cannula, washed with dry hexane (2Q10 mL) and dried to give 4 (0.693 g,
1.66 mmol, 58%) as a white solid. 1H NMR (CDCl3): d=6.84 (s, 1H),
6.63 ppm (s, 1H); 13C NMR (CDCl3): d=138.2 (C�Cl), 133.01 (CH),
129.92 ppm (CH); MS (EI, +25 eV): 418.8 [M]+ ; elemental analysis
calcd for C12H9BN8Cl4·3H2O: C 34.87, H 3.29, N 25.42; found: C 34.82,
H 3.40, N 25.63.


H[B(benzimidazolyl)4] (5): Benzimidazole (1.01 g, 8.57 mmol) was added
to a solution of B ACHTUNGTRENNUNG(NMe2)3 (0.50 cm3, 2.86 mmol) in toluene (10 cm3), and
the resulting mixture was heated to reflux. Mass spectrometry indicated
that the reaction was complete after 5 h, and the solvent was then re-
moved under vacuum. The crude product was purified by dissolving it in
the minimum amount of methanol, followed by the dropwise addition of
diethyl ether until precipitation commenced, after which the mixture was
stored at �5 8C. The white solid product was filtered by the use of a can-
nula and dried under vacuum to give 5 (0.700 g, 1.45 mmol, 51%). A
sample of the product was recrystallized by slow diffusion of pentane
into a methanol solution to produce a crystal suitable for X-ray crystal-
lography. 1H NMR (CDCl3): d=7.73 (s, 1H), 7.64 (d, 1H), 7.09 (t, 1H),
6.90 (t, 1H), 6.57 ppm (d, 1H); 13C NMR (CDCl3): d=145.7 (quat), 144.6
(quat), 136.4 (CH), 121.8 (CH), 120.9 (CH), 118.9 (CH), 112.3 ppm
(CH); MS (FAB): 479 [M]+ ; elemental analysis calcd for
C28H21BN8·0.5C5H12·0.5CH3OH: C 69.93, H 5.49, N 21.04; found: C
69.89, H 5.45, N 21.09.


[(N-methylimidazole)B(methimazolyl)3] (8): Tris(dimethylamino)borane
(128 ml, 105 mg, 0.73 mmol), N-Methylimidazole (58 ml, 60 mg,
0.73 mmol) and methimazole (250 mg, 2.20 mmol) were refluxed in tol-
uene (5 cm3) under nitrogen. After 3 h, a colourless solid precipitated,
which was washed with dry hexane (2Q10 mL) and dried in vacuo to
yield 8 (280 g, 0.64 mmol, 88%). 1H NMR (CDCl3): d=3.49 (s, 9H), 3.81
(s, 3H), 6.61–6.65 (m, 6H), 6.95 (s, 1H), 7.19 (s, 1H), 8.97 ppm (s, 1H);
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13C NMR (CDCl3): d=35.10 (CH3-Methymazole), 36.05 (CH3-imid),
114.36 (CH-Imi), 117.94 (CH-Met), 121.63 (CH-Imi), 124.59 (CH-Met),
142.66 (CH-Imi), 164.70 ppm (C=S); 11B NMR (CDCl3): d=8.05 ppm (s);
MS m/z : (EI, +25 eV): 433 [M]+; elemental analysis calcd for
C16H21BN8S3·C7H8: C 52.66, H 5.57, N 21.36; found: C 52.57, H 5.52, N
21.39.


[Ru ACHTUNGTRENNUNG(p-cymene)(N-methylimidazole)B(methimazolyl)3][Cl]2 (9): [{RuCl-
ACHTUNGTRENNUNG(p-cymene)ACHTUNGTRENNUNG(m-Cl)}2] (100 mg, 0.16 mmol) and ligand 7 (141 mg,
0.33 mmol) were stirred in dry ethanol (5 cm3) overnight. For the next
step, the solution was stirred for 4 h at 70 8C, after which time, the solvent
was removed in vacuo to give 9 (97 mg, 0.13 mmol, 82%) as a red-brown
solid. Crystals suitable for X-ray analysis were obtained by diffusion of
hexane into a solution of the complex in dichloromethane. 1H NMR
(DMSO): d=1.39 (d, 6H), 2.38 (s, 3H), 3.11 (sept, 1H), 3.91 (s, 9H),
4.09 (s, 3H); 5.84–5.94 (m, 4H), 7.27 (d, 3H), 7.82 (d, 3H), 8.03 (d, 1H),
8.11 (d, 1H), 9.31 ppm (s, 1H); 13C NMR (DMSO): d=30.44 (CH3-Met),
35.47 (CH3-Imi), 39.78 (CH3 iPr or Me), 40.13 (CH3 iPr or Me), 95.31
(iPr), 106.22 (CH-Ar), 114.28 (CH-Met), 122.39 (CH-Met), 122.95 (CH-
Imi), 124.47 (CH-Imi), 128.50 (CH-Ar), 133.26 (Cquat-Ar), 139.48 (CH-2-
Imi), 141.60 (Cquat-Ar), 159.51 ppm (C=S); 11B NMR (DMSO): d=3.32
(s); MS (EI, +25 eV): m/z : 334; elemental analysis calcd for
C26H35BN8S3Ru.Cl2· ACHTUNGTRENNUNG(CH2Cl2)2·H2O: C 36.29, H 4.46, N 12.09; found: C
37.13, H 4.79, N 13.27; elemental analysis of this compound was ham-
pered by gradual loss of CH2Cl2. The crystals used for the analysis were
the same as those used in the X-ray analysis. The calculated analysis for
the compound with loss of one mole of CH2Cl2 is: C 38.53, H 4.67, N
13.31.


X-ray crystallography : Crystal data for 1, 5 and 9 are presented in
Table 3. All data sets were collected with MoKa radiation (l=0.71073 J)
on a Bruker SMART APEX CCD diffractometer equipped with an
Oxford Cryosystems low-temperature device operating at 150 K. Absorp-
tion corrections were carried out by using the multi-scan procedure
SADABS.[21] The structures of 1 and 5 were solved by direct methods
(SHELXS-97),[22] and that of 9 was solved by Patterson methods
(DIRDIF)[23] and refined by full-matrix least-squares against F2


(SHELXL-97).[24]


The benzene solvent of crystallization in 1 was disordered over several
positions and was treated in the manner described by van der Sluis and
Spek.[25] All nonhydrogen atoms were refined anisotropically, while hy-
drogen atoms were placed in calculated positions, constrained to ride on


their carbon atoms with group Uiso values assigned [Uiso(H)=1.20Uiso for
aromatic carbons and 1.50Uiso for methyl atoms].


The crystal of 5 diffracted only weakly, and only data to 2q=458 were
used for analysis. Most H-atoms could be placed in calculated positions.
The position of the H-atom needed to balance the charge of the zwitter-
ion was less obvious, and it was not evident in a difference map. Neither
were plausible positions recognizable from considerations of intermolecu-
lar H-bonding. Possible H-positions were calculated and those on N33
and N34 ruled out on the basis of unfavourable contacts (e.g.
H33··H22’=1.96 J). The proton was therefore split equally over the re-
maining sites on N31 and N32. The solvent of crystallization in 5, was un-
recognizably disordered, and was treated by using the procedure of van
der Sluis and Spek,[25] accounting for 750 e per cell. Assuming 0.5pentane
and 0.5MeOH per formula unit yields 720 e per cell, and the formulae,
Mr, m etc. were calculated according to this assumption.


The crystal of 9 was nonmerohedrally twinned by a two-fold rotation
about [0 1 0],[26] the twin-scale factor refined to 0.4652 (14). O1w and
O2w were assigned as water on the basis that (1) when assigned as Cl
their isotropic displacement parameters increased to 0.15, much larger
than the other Cl atoms and (2) the presence of contacts of approximate-
ly 3 J to the Cl� anions. The water H-atoms were included in positions
based on favourable intermolecular contacts.[27] CCDC-285496–285498
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Vinyl Bromides
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Introduction


N-(1-Alkenyl)azoles 1 and 1-alkenyl aryl ethers 2 (Scheme 1)
are important classes of building blocks in organic synthesis
as well as synthetic targets throughout the polymer and life
science industries. Indeed, vinyl aryl ethers constitute useful


intermediates in a wide range of reactions (for example, cy-
cloaddition,[1] cyclopropanation,[2] or metathesis reactions[3])
and they find applications in the synthesis of natural product
analogues,[4] biologically active molecules,[5] and polymers.[6]


N-vinylazoles have also been widely used in the preparation
of structural templates. In particular, 1-(1-alkenyl)benzotri-
azoles are of considerable interest because of their thermal
and photochemical transformations.[7] Moreover, N-vinyl-
ACHTUNGTRENNUNGazoles are highly reactive monomers that give rise to poly-
meric materials with various properties. For instance,
poly(1-vinylimidazole)s and poly(1-vinyl-1,2,4-triazole)s are
involved in the preparation of polymeric dyes, catalysts, and
ion-exchange resins,[8] while poly(1-vinylindole)s display
good photorefractive properties.[9] Otherwise, the vinyl
group can act as an efficient protecting group of azole and
phenol derivatives.[10] Interestingly, the N-vinylazole and the
vinyl aryl ether moieties are found in numerous biologically
active molecules. For example, vinylimidazole and 1-vinyl-
1,2,4-triazole derivatives have been found to display antifun-
gal activity[11,12] and 1-phenoxy-3-triazolyl-1-hexene deriva-
tives constitute plant growth regulators.[13]


The main routes to form N-(1-alkenyl)azoles 1 and alken-
yl aryl ethers 2 (summarized in Scheme 2) are similar. They
include alkylation of the azole or phenol with 1,2-dibromo-
ACHTUNGTRENNUNGethane[14a,b,h] or related compounds[2,14c–g] followed by dehy-
drohalogenation of the corresponding 2-haloethylazole or
aryl 2-haloethyl ether in the presence of a base (Scheme


Abstract: An efficient and straightfor-
ward copper-catalyzed method allow-
ing vinylation of N- or O-nucleophiles
with di- or trisubstituted vinyl bro-
mides is reported. The procedure is ap-
plicable to a broad range of substrates
since N-vinylation of mono-, di-, and
triazoles as well as O-vinylation of
phenol derivatives can be performed
with catalytic amounts of copper iodide
and inexpensive nitrogen ligands 3 or
8. In the case of more hindered vinyl


bromides, the use of the original biden-
tate chelator 8 was shown to be more
efficient to promote the coupling reac-
tions than our key tetradentate ligand
3. The corresponding N-(1-alkenyl)-
ACHTUNGTRENNUNGazoles and alkenyl aryl ethers are ob-
tained in high yields and selectivities


under very mild temperature condi-
tions (35–110 8C for N-vinylation reac-
tions and 50–80 8C for O-vinylation re-
actions). Moreover, to our knowledge,
this method is the first example of a
copper-catalyzed vinylation of various
azoles. Finally, this protocol, practical
on a laboratory scale and easily adapta-
ble to an industrial scale, is very com-
petitive compared to the existing meth-
ods that allow the synthesis of such
compounds.
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Scheme 1. Target molecules. Alk=alkyl, Ar=aryl.


Chem. Eur. J. 2006, 12, 5301 – 5313 C 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5301


FULL PAPER







2a). Preparation of the desired 1-alkenyl derivatives can
also be achieved by alkylation with allyl bromide and subse-
quent base-[15] or transition-metal-catalyzed isomerization[16]


to yield the desired alkenyl derivatives (Scheme 2b). The
major drawbacks of both procedures are the lack of general-
ity and substrate scope. The synthesis of compounds 1 or 2
involving addition of the corresponding azole or phenol to
an acetylenic compound in the presence of a strong base re-
quires harsh conditions (high temperature (>125 8C) and
pressure) and generally leads to the target products in poor
yields (Scheme 2c).[17] Another way to prepare N-(1-alkenyl)-
ACHTUNGTRENNUNGazoles involves creation of the carbon–carbon double
bond by Wittig,[18e] Wittig–Horner,[19] Horner–Wadsworth–
Emmons,[20] or Peterson[18] olefination reactions. These
methods give access to a wide range of di-, tri-, or tetrasub-
stituted olefins but require time-consuming multistep syn-
theses and may thus suffer from low yields (Scheme 2d).
Syntheses of alkenyl aryl ethers through olefination of car-
bonyl compounds have been achieved more efficiently.[21]


More often than not, all of the above-mentioned procedures
(Scheme 2a–d) lead to a mixture of Z and E stereoisomers.
This last feature can be considered as a strong drawback
and underlies the necessity to develop stereospecific meth-
ods.


The most appropriate methods for the synthesis of N-(1-
alkenyl)azoles 1 and alkenyl aryl ethers 2 are thus based
upon transition-metal-mediated coupling of azoles and phe-
nols with different vinyl sources (Scheme 2e). N-vinylation
of azoles with vinyl acetate in the presence of mercuric ace-
tate has extensively been used to synthesize the correspond-
ing N-vinylazoles.[22] The toxicity of mercury derivatives can,
however, be considered disadvantageous for such methodol-
ogies. A general and efficient method for the synthesis of N-
(1-alkenyl)monoazoles involves palladium-catalyzed vinyla-
tion by vinyl bromides to yield a wide range of target prod-
ucts under mild conditions (50–100 8C).[23] Palladium-based


catalysts can also promote the cross-coupling of a wide
range of phenols with vinyl triflates: alkenyl aryl ethers are
thus obtained in good yields at 100 8C.[24] Nevertheless, the
use of expensive palladium limits the attractiveness of these
methods for industrial applications. As far as copper-mediat-
ed methods are concerned, those involving vinyl boronic
acids (N- and O-vinylation)[25] or tetravinyltin (O-vinyla-
tion)[26] as vinylating agents display the major advantage of
proceeding at room temperature but suffer from the re-
quirements for stoichiometric amounts of the cupric acetate.
A procedure involving vinylation of phenols by easily avail-
able vinyl bromides in the presence of the system CuI
(25 mol%)/2,2,6,6-tetramethylheptane-3,5-dione (25 mol%)
constitutes an attractive alternative to the above-mentioned
methods.[27] It requires, however, high copper salt and ligand
loadings and proceeds at a relatively high temperature
(110 8C). More recently, a similar copper-mediated method
involving N,N-dimethylglycine hydrochloride as the ligand
(30 mol%) enabled the coupling of vinyl iodides and bro-
mides with phenols under milder temperature conditions
(60–90 8C).[28] It is worth noting that, although strategies in-
volving the use of copper-based catalysts to promote N-ami-
dation of vinyl halides have been reported,[29] no analogous
method for achieving N-vinylation of azoles has been descri-
bed, to the best of our knowledge.


The development of general, mild, cheap, stereospecific
synthetic methodologies to create alkenyl C�N and C�O
bonds and thus give access to N-(1-alkenyl)azoles 1 and al-
kenyl aryl ethers 2 is thus particularly challenging.


The quest for new catalysts to promote C�N, C�O, or C�
C bond cross-coupling reactions has become a major topic
in our group.[30,31] In that context, we developed catalysts in-
volving copper salts and new nitrogen and/or oxygen li-
gands;[31c] these catalysts are able to promote arylation reac-
tions of N-, O-, and C-nucleophiles that are useful for the
synthesis of N-arylated heterocycles,[31c] N-arylated ami-


Scheme 2. Main routes to form N-vinylazoles and vinyl aryl ethers. Nu=nucleophile, Tf= trifluoromethansulfonyl, Ts= toluene-4-sulfonyl.
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des,[31d] diaryl ethers,[31b] C-ary-
lated malonic derivatives,[31b]


or aryl nitriles.[31a] These
copper-based methodologies
are characterized by very mild
reaction conditions with re-
spect to the classical Ullmann
condensations since most of
these coupling reactions can
be performed at temperatures
of 25–80 8C. We now report
further important synthetic uti-
lizations of our catalytic sys-
tems, namely, the copper-cata-
lyzed N-vinylation of azoles
and the O-vinylation of phenol
derivatives.


Results and Discussion


N-Vinylation of mono- and di-
azoles by b-bromostyrenes :
Our initial exploration of reac-
tion conditions focused on the
coupling of pyrazole with b-
bromostyrene, a commercial
vinyl source available as a mix-
ture of both E and Z isomers
in a E-to-Z ratio of 90:10. The
reaction was performed in the
presence of CuI (10 mol%)
and tetradentate ligand 3
(5 mol%) by using cesium car-
bonate as a base (Table 1,
entry 1). We were pleased to
find that, under these condi-
tions, the coupling was success-
ful, with (E)-b-bromostyrene
being quantitatively and ster-
eoselectively converted into
(E)-b-styrylpyrazole (1a) after
30 h at 50 8C.[32] If reaction
time is not an issue, it is even
possible to perform the con-
densation at a lower tempera-
ture, with 1a being obtained in
100% yield after 55 h at 35 8C
(Table 1, entry 1). Moreover,
whatever the temperature,
(Z)-b-bromostyrene was total-
ly transformed into phenylacetylene by a competitive dehy-
drobromination reaction. Under basic conditions, Z-alkenyl
bromides are indeed known to undergo an E2-type elimina-
tion more easily than the corresponding E isomers.[33] We
thus decided to express the yields of (E)-b-styrylpyrazole
(1a) with respect to (E)-b-bromostyrene.


We afterwards investigated the coupling reactions of b-
bromostyrene with various azoles under analogous condi-
tions.[34] N-vinylations of substituted pyrazoles were first at-
tempted and it was found that the presence of a substituent
in position 3 did not affect the reactivity of the nitrogen het-
erocycle since 3-trifluoromethylpyrazole and 3-methylpyra-


Table 1. N-Vinylation of mono- and diazoles by b-bromostyrenes (E/Z=90:10).[a]


Entry Azole T [8C] t [h] (E)-Styrylazole (E)-4 Conversion [%] Yield of 1 [%][b]


1 50 30 1a 100 100 (94)


35 55 100 100


2 50 30 1b 100 100 (98)


3 50 30
1c
1d


100
70 (combined: 89)
30


4 50 30 1e 93 93 (90)


60 24 100 100


5 60 24
1 f
1g


93
80
13


80 24 1 f
1g


100 85 (80)
15 (9)


6 60 24 1h 76 75


80 24 100 99 (89)


7 60 24 1 i 74 74


80 24 100 100 (83)


[a] Reaction conditions for yields of isolated products: b-bromostyrene (E/Z=90:10, 2 mmol), azole (3 mmol),
Cs2CO3 (4 mmol), CuI (0.20 mmol), ligand 3 (0.10 mmol), CH3CN (1.2 mL); reaction conditions for yields
measured by GC analysis: b-bromostyrene (E/Z=90:10, 0.5 mmol), azole (0.75 mmol), Cs2CO3 (1 mmol), CuI
(0.05 mmol), ligand 3 (0.025 mmol), CH3CN (300 mL). [b] Yields refer to GC yields (with 1,3-dimethoxyben-
zene as an internal standard) and yields in brackets refer to yields of isolated products; yields are based on
(E)-b-bromostyrene.
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zole were also quantitatively converted into the correspond-
ing 1-(E)-b-styrylazoles within 30 h at 50 8C (Table 1, en-
tries 2 and 3). In the case of these unsymmetrical pyrazoles,
N-vinylation can theoretically lead to two regioisomers that
result from the substitution of two tautomers at the NH po-
sition.[35] Structures can easily be assigned according to their
1H/13C NMR spectroscopic data, particularly if the coupling
constant of hydrogen atoms on the N-substituted pyrazole
ring (by a styryl group in our case) is considered: 1-b-styryl-
3-substituted pyrazoles are expected to exhibit a 3JH,H value
of 2.4–2.9 Hz, while the corresponding constant in 1-b-
styryl-5-substituted pyrazoles is about 1.5–1.9 Hz.[36] Vinyla-
tion of 3-trifluoromethylpyrazole is however totally regiose-
lective and exclusively gave rise to 1-(E)-b-styryl-3-trifluoro-
methylpyrazole (1b), which could be isolated in 98% yield.
Such behavior was probably due to the inductive effect (�I)
of the trifluoromethyl group, which deactivates the a-nitro-
gen atom and in this way favors substitution on the b atom.
By contrast, 3-methylpyrazole led to the formation of two
regioisomers, 1-(E)-b-styryl-3-methylpyrazole (1c) and 1-
(E)-b-styryl-5-methylpyrazole (1d), in a 70:30 ratio with the
major product being the former compound. The inductive
effect of the methyl group (+ I) is expected to favor vinyla-
tion on the a-nitrogen atom but this effect is probably coun-
terbalanced by the induced steric hindrance, which is appa-
rently predominant. The regioselectivity observed for con-
densation of 3-methylpyrazole and 3-trifluoromethylpyra-
zole with (E)-b-bromostyrene is similar to that already re-
ported for N-arylation reactions of these nitrogen
heterocycles.[31c]


The scope of the process was also investigated in the case
of other nitrogen heterocycles. Imidazole proved to be as re-
active as pyrazole since 1-(E)-b-styrylimidazole (1e) could
also be isolated in 90% yield (Table 1, entry 4) after 30 h at
50 8C. Our procedure is complementary to that involving ad-
dition of this nitrogen heterocycle across phenylacetylene in
the presence of sodium, as described by Bourgeois and Lu-
crece (Scheme 2, c), a process that exclusively yields the Z
stereoisomer.[17f] It is moreover both simpler and more effi-
cient than the synthesis of alkylation/dehydrohalogenation
(Scheme 2a) that was proposed by Cooper and Irwin, which
leads to 1e in 49% yield after alkylation of imidazole by
styrene oxide, chlorination of the corresponding 1-(2-hy-
droxy-2-phenylethyl)imidazole by thionyl chloride, and sub-
sequent dehydrochloration in the presence of KOH.[14f] N-vi-
nylation of indazole by (E)-b-bromostyrene, almost quanti-
tative after 24 h at 60 8C and quantitative at 80 8C (Table 1,
entry 5), gave rise to a mixture of two regioisomers that
were easily separated by column chromatography, 1-(E)-b-
styrylindazole (1 f) and, to a minor extent, 2-(E)-b-styrylin-
dazole (1g). Indazoles 1 f and 1g, which result from substi-
tution on the N1 and N2 positions, respectively, are obtained
in an approximately 6:1 ratio and can be distinguished by
their NMR spectra. Both display a greater JH6,H7 coupling
constant than the JH5,H6 one, but this difference is weaker in
the case of the 1-substituted indazole (JH6,H7/JH5,H6=1.1 for
1 f and 1.3 for 1g ; see the Experimental Section).[37]


Furthermore, the same catalytic system was shown to effi-
ciently promote N-vinylations of monoazoles such as pyrrole
and indole (Table 1, entries 6 and 7). The couplings occurred
at 60 8C, with 1-(E)-b-styrylpyrrole (1h) and 1-(E)-b-styryl-
indole (1 i) being obtained in 75 and 74% yields, respective-
ly, after 24 h at this temperature. An increase of the temper-
ature of the reaction mixture allowed completion of the re-
action within the same time and isolation of the target prod-
ucts in good yields. It is worth noting that the palladium-
mediated preparation of 1h and 1 i has already been report-
ed: the N-vinylation of pyrrole by (E)-b-bromostyrene at
50 8C was not selective and gave rise to 1-(E)-b-styryl-pyr-
role in poor yield, while quantitative N-vinylation of indole
occurred at 85 8C.[23]


N-Vinylation of tri- and tetrazoles by b-bromostyrenes : We
then focused our attention on extending this methodology
to the N-vinylation of tri- and tetrazoles (Table 2). We first
investigated the N-vinylation of benzotriazole, 1,2,4-triazole,
and 1,2,3-triazole by b-bromostyrene in the presence of the
same catalytic system, CuI/3 in a 2:1 ratio and cesium carbo-
nate in acetonitrile at 80 8C. Unfortunately, the correspond-
ing styryltriazoles were not formed under these conditions
(Table 2, entries 1, 4, and 7). Yields were however signifi-
cantly increased by replacing acetonitrile with N,N-dime-
thylformamide (DMF), in which the cesium salts of the tri-
ACHTUNGTRENNUNGazoles were probably more soluble (Table 2, entries 2 and
5), and we were pleased to find that total conversion of (E)-
b-bromostyrene occurred at 110 8C in this solvent (Table 2,
entries 3 and 6). N-Substitution of 1,2,4-triazole (entry 6) re-
giospecifically took place at the N1(2) atom whose en-
hanced nucleophilicity in comparison with the N4 nitrogen
atom could be due to an a effect. By contrast, N-vinylation
of benzotriazole gave rise to two regioisomeric compounds,
1-(E)-b-styrylbenzotriazole (1 j) and 2-(E)-b-styrylbenzotri-
ACHTUNGTRENNUNGazole (1k), which could be easily separated by column chro-
matography. The substitution preferentially occurred at the
N1 position (ratio of 1 j/1k�10:1), which is in agreement
with the highest electronic density being found on this atom
in the benzotriazolate anion.[38] Once more, the structures of
both regioisomers could be assigned according to their
1H/13C NMR spectra since the benzotriazole unit in the N2-
substituted compound 1k has a symmetry and thus displays
equivalent signals for the protons and respective carbon
atoms at positions 4 and 7 on the one hand and for the pro-
tons and respective carbon atoms at positions 5 and 6 on the
other hand. The coupling reaction of 1,2,3-triazole and
(E)-b-bromostyrene also led to a mixture of 1-(E)-b-styryl-
1,2,3-triazole (1m) and 2-(E)-b-styryl-1,2,3-triazole (1n);
both regioisomers were formed in comparable amounts
(ratio of 1n/1m�1.3:1). This result is in agreement with the
fact that the electron densities on the N1 and N2 atoms of
the triazole ring are similar.[38]


We then tried to extend our methodology to N-vinylation
of tetrazole derivatives. Unfortunately, attempts to achieve
the coupling reaction of 5-phenyltetrazole and b-bromostyr-
ene at 110 8C was unsuccessful, with the vinylating agent
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being quantitatively consumed to yield styrene and enyne 7
in 30 and 35% yields, respectively (Table 2, entry 9). The
low reactivity of this nitrogen heterocycle may be attributed
to its poor nucleophilicity. To our knowledge, the only
method enabling metal-catalyzed N-vinylation of tetrazole
derivatives involves mercuric acetate, whose disadvantages
were mentioned in the Introduction.


By-products derived from (Z)-b-bromostyrene ((Z)-4) and
proposed pathways to explain their formation : When N-vi-


nylation of 1,2,4- and 1,2,3-tri-
ACHTUNGTRENNUNGazoles was performed at 110 8C,
small amounts (4–5%)[39] of 1-
(Z)-styryl-1,2,4-triazole (1’l), 1-
(Z)-styryl-1,2,3-triazole (1’m),
and 2-(Z)-styryl-1,2,3-triazole
(1’n) were formed (Table 2, en-
tries 6 and 8, footnote [d]). At
this temperature, the side de-
hydrobromination of (Z)-b-
bromostyrene ((Z)-4), which
occurred exclusively in the
case of mono- and diazoles
(50–80 8C; Table 1), was in
competition with the N-vinyla-
tion of triazoles. It is notewor-
thy that, under these condi-
tions, N-vinylation of the more
hindered benzotriazole by (Z)-
4 was not observed (Table 2,
entry 3).


Moreover, whatever the
nature of the solvent (CH3CN
or DMF) and the temperature
(80 or 110 8C), (Z)-4 also led
to phenylacetylene (5 ; �5%)
and to 1,4-diphenylbutadiyne
(6 ; �2%; Table 2, footnote
[a]). 1-(E)-4-diphenyl-but-1-en-
3-yne (7), the major side prod-
uct obtained from the N-vinyl-
ation of 5-phenyltetrazole
(Table 2, entry 9), was also oc-
casionally observed in small
amounts (�2%; Table 2, foot-
note [c]). To better understand
the origin of these by-products,
the mixture of both stereo-
isomers was heated for 24 h at
80 8C in the presence of differ-
ent additives (Table 3). The
presence of only cesium carbo-
nate led to quantitative dehy-
drobromination of the Z
isomer, with the corresponding
(E)-b-bromostyrene, in con-
trast, being totally recovered


after 24 h at 80 8C (Table 3, entry 2). Finally, it was highlight-
ed that the combined action of both the catalytic system and
cesium carbonate enabled two further copper-catalyzed side
reactions (Table 3, entry 3): 1) the self-coupling of 5 to yield
diyne 6 and 2) the cross-coupling of 5 with (E)-4 to form
enyne 7. The ability of copper iodide to catalyze coupling
reactions of acetylenic compounds and vinyl iodides to yield
1,3-enynes has also been recently reported.[40]


To sum up (Scheme 3), the more sterically encumbered
(Z)-b-bromostyrene was less reactive than the correspond-


Table 2. N-Vinylation of tri- and tetrazoles by b-bromostyrenes (E/Z=90:10).[a]


Entry Azole Solvent T [8C] (E)-Styrylazole 1 (E)-4 Conversion [%] Yield of 1 [%][b]


1 CH3CN 80
1j
1k


�2[c]
<1
0


2 DMF 80 1j
1k


44[c] 40
2


3 DMF 110 1j
1k


100[c] 89 (87)
9 (7)


4 CH3CN 80 1 l �2[c] <1


5 DMF 80 54 54
6[d] DMF 110 100 100 (94)


7 CH3CN 80
1m
1n


�2[c]
0


<1


8[d] DMF 110 1m
1n


100 43 (38)
57 (50)


9 DMF 110 – – 100[e] 0


[a] Reaction conditions for yields of isolated product: b-bromostyrene (E/Z=90:10, 2 mmol), azole (3 mmol),
Cs2CO3 (4 mmol), CuI (0.20 mmol), ligand 3 (0.10 mmol), CH3CN (1.2 mL); reaction conditions for yields
measured by GC analysis: b-bromostyrene (E/Z=90:10) (0.5 mmol), azole (0.75 mmol), Cs2CO3 (1 mmol),
CuI (0.05 mmol), ligand 3 (0.025 mmol), CH3CN (300 mL). Byproducts detected whatever the solvent and the
temperature: phenylacetylene 5 (�5%) and diyne 6 (�2%; structure given in Table 3). [b] Yields refer to GC
yields (with 1,3-dimethoxybenzene as an internal standard) and yields in brackets refer to yields of isolated
products; yields are based on (E)-b-bromostyrene. [c] Formation of 7 with �2% yield (structure given in
Table 3). [d] (Z)-Styrylazoles 1’l, 1’m, and 1’n formed from (Z)-4 in 4–5% yield. [e] Total conversion of (E)-
and (Z)-b-bromostyrene into styrene (30%) and enyne 7 (35%). [f] By-products detected whatever the solvent
and the temperature: phenylacetylene 5 (5%) and diyne 6 (2%).
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ing E isomer towards coupling with mono-, di-, and triazoles
and was thus mainly or even quantitatively consumed by the
above-mentioned side reactions, namely, dehydrobromina-
tion leading to 5 and, for reaction temperatures higher than
80 8C, further copper-catalyzed formation of diyne 6 and
enyne 7.


Comparative reactivities of nitrogen heterocycles : The order
of reactivity in the azole series emerging from our studies is
given in Scheme 4. Diazoles (pyrazoles, imidazole, indazole)
were found to be the most reactive, since they underwent
almost quantitative N-vinylation after 24–30 h at tempera-
tures of 50–60 8C. We observed that less acidic monoazoles
(pyrrole and indole) were a bit less reactive since a tempera-
ture of 80 8C was required to obtain (E)-b-styryl-monoazoles
1h and 1 i in quantitative yields within the same time. Both
pyrrole and indole exhibited similar reactivity, which could
mean that the steric hindrance of the latter was counterbal-
anced by its greater ability to be deprotonated (pKHA values
are given in Scheme 4). Finally, despite their higher acidity
and their consequently greater ease of ionization, triazoles
required more forcing conditions than mono- and diazoles
to undergo N-vinylation by (E)-b-bromostyrene (DMF,
110 8C). This result can be rationalized by invoking their
poorer nucleophilicity.


The order we observed can reasonably be considered as a
result of several parameters controlling the reactivity of the


nitrogen heterocycle, among
which are 1) the nucleophilici-
ty, which is generally weaker
when the azole displays more
nitrogen atoms, 2) the ease
of ionization, which can be
estimated from the pKHA


values (Scheme 4), and 3) the
ability to efficiently coordi-
nate copper salts, which de-
pends on both electronic and
steric properties of the sub-
strate.


O-Vinylation of phenol derivatives by b-bromostyrenes : The
scope of the above-described methodology was then extend-
ed to vinylation of phenol derivatives by (E)-b-bromosty-
rene. The same catalytic system involving copper iodide
(10 mol%) and ligand 3 (5 mol%) was found to efficiently
promote the coupling reaction of electron-neutral and elec-
tron-rich phenols (Table 4, entries 1–3). O-vinylation of less
reactive substrates substituted with more electron-withdraw-
ing chloro and fluoro groups also proved to be successful
(Table 4, entries 4 and 5). In all cases, b-styryl aryl ethers
were formed in high yields and selectivities and the coupling
reactions proceeded under very mild temperature conditions
in comparison with the existing methods (Scheme 1). More-
over, lower ligand loadings than in other copper-mediated
O-vinylation reactions can be employed.[27,28] Our methodol-
ogy encountered, however, some limitation in the case of
phenols bearing the strongly electron-withdrawing nitro
group (Table 4, entry 6); O-vinylation of 4-nitrophenol did
not occur, even under more forcing conditions (DMF,
110 8C; Table 4, footnote [c]). The poor reactivity of such
acidic phenols in Ullmann-type couplings is well-known.[41]


Finally, whatever the nature of the phenol derivative, no
traces of (Z)-styryl aryl ethers resulting from O-vinylation
by (Z)-b-bromostyrene ((Z)-4) were detected. As for azoles,
(Z)-4 proved to be less reactive than its corresponding E


Table 3. Evolution of b-bromostyrenes (E/Z=90:10) in the presence of different additives.[a]


Entry Additives Yield [%]
(E)-4 (Z)-4 5 6 7


1 no additive 90 10 0 0 0
2 Cs2CO3 (2 equiv) 90 0 10 0 0
3 CuI (10 mol%) + 3 (5 mol%) + Cs2CO3 (2 equiv) 85 0 <1 2 5


[a] The compositions of the final mixtures were determined by GC analysis with 1,3-dimethoxybenzene as an
internal standard.


Scheme 3. Formation of by-products derived from (Z)-b-bromostyrene ((Z)-4).


Scheme 4. Order of reactivity in the azole series for N-vinylation by (E)-b-bromostyrene. DMSO=dimethyl sulfoxide.
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isomer and was quantitatively converted into phenylacety-
lene (5).


N-/O-Vinylation by 1-bromo-2-methylpropene : The scope
of the process with respect to the vinyl bromide structure
was next investigated. 1-bromo-2-methylpropene was chosen
as the vinylating agent: this trisubstituted substrate is more
sterically encumbered than (E)-b-bromostyrene and cannot
undergo dehydrobromination as (Z)-b-bromostyrene did.
The coupling of 3,5-dimethylphenol and pyrazole with 1-
bromo-2-methylpropene was first carried out in the presence
of the catalytic system involving copper iodide (10 mol%)
and ligand 3 (5 mol%), with cesium carbonate as a base, in
acetonitrile. Whereas these conditions enabled quantitative
vinylation of both nucleophiles by (E)-b-bromostyrene
under very mild conditions (Table 1, entry 1 and Table 4,
entry 1), the expected 3,5-dimethylphenyl 2-methyl-1-pro-
penyl ether (2g) and 1-(2-methyl-1-propenyl)pyrazole (1o)


were here formed in poor
yields after 24 h at 80 8C (21%
and 5%, respectively; Table 5,
entries 1 and 4). It was noticed
that an increase of the ligand
loading (from 5% up to 20%)
significantly improved the effi-
ciency of both coupling reac-
tions (Table 5, entries 2 and 5).
Finally, we were pleased to
find that quantitative O-vinyla-
tion of 3,5-dimethylphenol
could be achieved by replacing
tetradentate ligand 3 with the
original bidentate ligand 8 and
that ether 2g could thus be iso-
lated in 89% yield (Table 5,
entry 3). The action of ligand 8
also improved the yield for N-
vinylation of pyrazole since N-
vinylpyrazole 1o was obtained
in 55% after 24 h at 80 8C
(Table 5, entry 6) and the out-
come of this reaction could be
improved by increasing the re-
action time. The weaker steric
hindrance of ligand 8, in com-
parison with that of ligand 3,
may allow the promotion of
the coupling of more encum-
bered substrates, such as 1-
bromo-2-methylpropene. These
last results highlight the neces-
sity of having a diverse range
of ligand frameworks to tune
the behavior of our catalytic
systems with a view to extend-
ing their scope. We have al-
ready underlined this fact in


the case of arylation reactions of N-, C-, and O-nucleo-
philes.[30,31]


Proposed mechanism for N- and O-vinylation of azoles and
phenols by vinyl bromides : The proposed mechanism for
the N- and O-vinylation reactions with vinyl bromides is
similar to that we described for arylation reactions with our
copper-based systems (Scheme 5).[31a,d] To our knowledge, no
mechanism has been proposed in the literature for copper-
catalyzed vinylations of nucleophiles. The first step should
involve oxidative addition of the vinyl bromide to the cata-
lytically active copper species A, which is thought to be a
copper(i) complex involving ligands. The resulting copper-
ACHTUNGTRENNUNG(iii) intermediate B should undergo a nucleophilic substitu-
tion of the copper-bound bromide by a nucleophile to give
C. The third step should consist of the reductive elimination
of N-(1-alkenyl)azoles 1 or alkenyl aryl ethers 2 and the
subsequent regeneration of the active copper(i) species. It is


Table 4. O-Vinylation of substituted phenols by b-bromostyrenes (E/Z=90:10).[a]


Entry Phenol (E)-b-Styryl aryl ether 2[a] (E)-4 Conversion [%] Yield of 2 [%][b]


1 2a 92 92 (75)


2 2b 100 100 (90)


3 2c 95 95 (82)


4 2d 100 100 (82)


5 2e 89 89 (74)


6[c] 2 f 0 –


[a] Reaction conditions for yields of isolated products: b-bromostyrene (E/Z=90:10, 5 mmol), phenol
(7.5 mmol), Cs2CO3 (10 mmol), CuI (0.5 mmol), ligand 3 (0.25 mmol), CH3CN (3 mL); reaction conditions for
yields measured by GC analysis: b-bromostyrene (E/Z=90:10, 0.5 mmol), phenol (0.75 mmol), Cs2CO3


(1 mmol), CuI (0.05 mmol), ligand 3 (0.025 mmol), CH3CN (300 mL). [b] Yields refer to GC yields (with 1,3-di-
methoxybenzene as an internal standard) and yields in brackets refer to yields of isolated products after purifi-
cation by column chromatography on alumina; yields are based on (E)-b-bromostyrene. [c] DMF, 110 8C.
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worth noting that the nucleophilic substitution step could
also precede the oxidative addition step.


The poorer reactivity of the more hindered (Z)-b-bromo-
styrene and 1-bromo-2-methylpropene towards N- and O-
nucleophiles in comparison with that of (E)-b-bromostyrene
may be explained by their lower ease for performing oxida-
tive addition on the copper(i) complex. Indeed, Jutand has
shown that oxidative addition of (Z)-b-bromostyrene on pal-
ladium-based catalysts was significantly slower (35 times


slower) than that of the corre-
sponding E isomer, probably
because of its greater steric
hindrance.[42] The improved ef-
ficiency of bidentate ligand 8
over that of tetradentate ligand
3 for achieving N- and O-vi-
nylations with the trisubstitut-
ed 1-bromo-2-methylpropene
could be rationalized by invok-
ing the smaller steric bulk it
generates on the active cop-
per(i) species A. The latter
species would consequently
more easily accept sterically
hindered substrates during the
oxidative addition.


Conclusion


We have developed a straight-
forward and efficient method
allowing quantitative N-vinyla-
tion of nitrogen heterocycles
by (E)-b-bromostyrene under
the catalysis of an inexpensive
copper-based system involving
CuI (10 mol%) and tetraden-
tate ligand 3 (5 mol%). This
method is general since it is
applicable to a wide range of
mono-, di-, and triazoles and,
to the best of our knowledge,
this is the first copper catalytic
system allowing N-vinylation
of these substrates. (E)-styryl
aryl ethers could also be ob-
tained in high yields and selec-
tivities by O-vinylation of vari-
ous substituted phenols with
(E)-b-bromostyrene under
similar conditions. Finally, it
was noticed that (Z)-b-bro-
mostyrene was less reactive
than the corresponding E
isomer and mainly gave rise to
byproducts. This copper-based


methodology could successfully be extended to N- and O-vi-
nylation with more encumbered vinylating agents such as
the trisubstituted 1-bromo-2-methylpropene. In this case,
the less hindered bidentate ligand 8 was shown to be more
efficient for promoting the coupling.


Whatever the nature of the nucleophile (either azole or
phenol) and the vinylating agent, coupling reactions proceed
under mild temperature conditions (35–110 8C for N-vinyla-
tion reactions; 50–80 8C for O-vinylation reactions) and by


Table 5. Vinylation of pyrazole and 3,5-dimethyphenol by 1-bromo-2-methylpropene.[a]


Entry Nucleophile Ligand (mol%) Product Yield [%][b]


1 3 (5) 2g 21


2 3 (20) 50
3 8 (20) 100 (89)


4 3 (5) 1o 5


5 3 (20) 35
6 8 (20) 55 (47)


[a] Reaction conditions for yields of isolated products: nucleophile (2 mmol), 1-bromo-2-methylpropene
(3 mmol), Cs2CO3 (4 mmol), CuI (0.2 mmol), ligand 8 (0.4 mmol), CH3CN (1.2 mL); reaction conditions for
yields measured by GC analysis: nucleophile (0.5 mmol), 2-methyl-1-bromopropene (0.75 mmol), Cs2CO3


(1 mmol), CuI (0.05 mmol), ligand 3 or 8 (see Table), CH3CN (300 mL). [b] Yields refer to GC yields (with 1,3-
dimethoxybenzene as an internal standard) and yields in brackets refer to yields of isolated products after pu-
rification by column chromatography on silica gel or alumina; yields are based on nucleophile.


Scheme 5. Possible mechanism for copper-catalyzed N- and O-vinylation of azoles and phenols by vinyl bro-
mides. OA=oxidative addition, NS=nucleophilic substitution, RE= reductive elimination.


www.chemeurj.org C 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 5301 – 53135308


M. Taillefer et al.



www.chemeurj.org





using particularly low copper and ligand loadings. Thus, this
practical protocol, which is very competitive compared to all
of the existing methods for the synthesis of N-(1-alkenyl)-
ACHTUNGTRENNUNGazoles and 1-alkenyl aryl ethers, can easily be adapted for
industrial applications.


Work to extend the scope of our vinylation method to
other vinyl bromides and chlorides as well as to other nucle-
ophiles is in progress in our laboratory. Other applications
of our copper catalytic systems and a general mechanistic
study concerning copper-catalyzed arylations and vinylations
of nucleophiles will also be reported soon.


Experimental Section


General : Column chromatography was performed with SDS 60 AC.C
silica gel (35–70 mm). Thin-layer chromatography was carried out by
using Merck silica gel 60 F254 plates. Products were characterized by their
NMR, GC/MS, and IR spectra. NMR spectra were recorded at 20 8C on
DRX-250 and DRX-400 spectrometers working at 250.13 and
400.13 MHz, respectively, for 1H spectra, at 62.90 and 100.61 MHz, re-
spectively, for 13C spectra, and at 236.36 and 376.50 for 19F spectra. Cou-
pling constants are reported in Hz and chemical shifts (d) in ppm relative
to tetramethylsilane for 1H and {1H}13C spectra (d=77.00 ppm for the
CDCl3 signal in the 13C spectra) and in ppm relative to CFCl3 for {1H}19F
spectra. The first-order peak patterns are indicated as s (singlet), d (dou-
blet), t (triplet), and q (quadruplet). Complex non-first-order signals are
indicated as m (multiplet) and broad signals as br. 13C NMR signals were
assigned by using HMQC and HMBC sequences. Gas chromatography–
mass spectrometry (GC/MS) spectra were recorded on an Agilent Tech-
nologies 6890 N instrument with an Agilent 5973 N mass detector (EI)
and an HP5-MS 30 mR0.25 mm capillary apolar column (stationary
phase: 5% diphenyldimethylpolysiloxane film, 0.25 mm). GC/MS
method: initial temperature=45 8C, initial time=2 min, gradient=
10 8Cmin�1, final temperature=250 8C, final time=10 min. IR spectra
were recorded on a Nicolet 210 FT-IR instrument (a neat thin film for
liquid products and a KBr pellet or carbon tetrachloride solution for
solid products). FAB+ and high-resolution mass spectra were recorded
on a JEOL JMS-DX300 spectrometer (3 keV, xenon) in a meta-nitroben-
zylalcohol matrix. Melting points were determined by using a BSchi B-
540 apparatus and are uncorrected.


Materials : All reactions were carried out in 35-mL Schlenk tubes or in
Carousel “reaction stations RR98030” Radley tubes, under a pure and
dry nitrogen atmosphere. Acetonitrile was distilled from P4O10 and DMF
was distilled under vacuum from MgSO4; both were stored protected
from light over 4-V activated molecular sieves under a nitrogen atmos-
phere. Cesium carbonate (Aldrich) was ground to a fine powder and
stored under vacuum in the presence of P4O10. All other solid materials
were stored in the presence of P4O10 in a bench-top desiccator under
vacuum at room temperature and weighed in air. Copper(i) iodide was
purified according to literature procedures[43] and stored protected from
light. The synthesis of ligand 1 was reported in our previous papers[30]


and the procedure to obtain ligand 7 is reported below. Vinyl halides,
azoles, and phenols were purchased from commercial sources (Aldrich,
Acros, Avocado, Fluka, or Lancaster). Solids were recrystallized in an ap-
propriate solvent.[44] Liquids were distilled under vacuum and stored
under an atmosphere of nitrogen.


General procedure for the N-vinylation of azoles and O-vinylation of
phenols by b-bromostyrenes (2-mmol scale): After standard cycles of
evacuation and back-filling with dry and pure nitrogen, an oven-dried
Radley tube equipped with a magnetic stirring bar was charged with CuI
(38.0 mg, 0.2 mmol), ligand 3 (29.2 mg, 0.1 mmol), the nucleophile if a
solid (the azole or the phenol, 3 mmol), and Cs2CO3 (1.303 g, 4 mmol).
The tube was evacuated and back-filled with nitrogen. b-Bromostyrene
(256 mL, 3 mmol) and the nucleophile if a liquid were added by syringe


under a stream of nitrogen at room temperature, followed by anhydrous
and degassed solvent (acetonitrile or DMF, 1.2 mL). The tube was sealed
under a positive pressure of nitrogen and the mixture was stirred and
heated to the required temperature for the required time period. After
cooling to room temperature, the mixture was diluted with dichlorome-
thane (�25 mL) and filtered through a plug of celite, with the filter cake
being further washed with dichloromethane (�5 mL). The filtrate was
washed twice with water (�10 mLR2). The collected aqueous phases
were extracted twice with dichloromethane (�10 mLR2). The organic
layers were collected, dried over MgSO4, filtered, and concentrated in
vacuo to yield a brown oil. The crude product obtained was purified by
silica gel or alumina chromatography with an appropriate eluent (men-
tioned below for each target product).


General procedure for the N-vinylation of pyrazole and O-vinylation of
3,5-dimethylphenol by 1-bromo-2-methylpropene (2-mmol scale): After
standard cycles of evacuation and back-filling with dry and pure nitrogen,
an oven-dried Radley tube equipped with a magnetic stirring bar was
charged with CuI (38.0 mg, 0.2 mmol), ligand 8 (72.8 mg, 0.4 mmol), the
nucleophile (136.2 mg of pyrazole or 244.4 mg of 3,5-dimethylphenol,
2 mmol), and Cs2CO3 (1.303 g, 4 mmol). The tube was evacuated and
back-filled with nitrogen. 1-bromo-2-methylpropene (307 mL, 3 mmol)
was added by syringe under a stream of nitrogen at room temperature,
followed by anhydrous and degassed acetonitrile (1.2 mL). The tube was
sealed under a positive pressure of nitrogen and the mixture was stirred
and heated to 80 8C for 24 h. The workup was the same as that for vinyla-
tion by b-bromostyrenes.


General procedure for reactivity comparisons or screening of reaction
conditions (0.5-mmol scale): The above procedures were applied on a
0.5-mmol scale. After heating for the required time period at the re-
quired temperature, the reaction mixture was allowed to cool to room
temperature and was diluted with dichloromethane (5 mL). 1,3-Dimeth-
oxybenzene (65 mL, as an internal standard) was added. A small sample
of the reaction mixture was taken and filtered through a plug of celite,
with the filter cake being further washed with dichloromethane. The fil-
trate was washed three times with water and analyzed by gas chromatog-
raphy. The GC yields were determined by obtaining correction factors by
using authentic samples of the expected products.


2-Pyridylidenaminobenzene (8): Anhydrous magnesium sulphate (18.0 g,
0.15 mol) and rac-trans-1,2-diaminocyclohexane (9.31 g, 0.10 mol) were
successively added to a solution of 2-pyridylaldehyde (10.7 g, 0.10 mol) in
absolute ethanol (60 mL). The mixture was stirred for 16 h at room tem-
perature and filtered through a frit. The solid was discarded and the fil-
trate was concentrated in vacuo. Trituration in pentane led to the precipi-
tation of the desired product (16 g, 88%): 1H NMR (CDCl3): d=8.75
(ddd, 1H, 3JH5,H6=4.9, 4JH4,H6=1.8, 5JH3,H6=1.0 Hz, H6), 8.64 (br s, 1H,
H7), 8.24 (ddd, 1H, 3JH3,H4=7.9, 4JH3,H5=1.3, 5JH3,H6=1.0 Hz, H3), 7.86
(dddd, 1H, 3JH3,H4=7.9, 3JH4,H5=7.5, 4JH4,H6=1.8, 5JH4,H7=0.6 Hz, H4), 7.41
(ddd, 2H, 3JH4,H5=7.5, 3JH5,H6=4.9, 4JH3,H5=1.3 Hz, H5), 7.45 (m, 2H,
H11), 7.31 ppm (m, 3H, H10, H12); 13C NMR: d=160.43 (C7), 154.34
(C2), 150.77 (C9), 149.51 (C6), 136.45 (C4), 129.04 (C11), 126.54 (C12),
124.94 (C5), 121.68 (C3), 120.92 ppm (C10); GC/MS (EI): rt=19.39 min,
m/z : 182; IR (CCl4): ñ=3050, 2893, 1622 (m, C=N), 1588, 1563, 1483,
1463, 1449, 1431, 1345, 1199, 1165, 1144, 1090, 989, 978, 912, 873, 778,
762, 739, 689, 666, 618, 550, 534, 405 cm�1.
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N-Alkenylazoles and alkenyl aryl ethers : Chemical shifts have been as-
signed by using the following numbering systems. The numbering systems
of the different azole moieties are given in Table 1 and Table 2.


N-Alkenylazoles :


1-(E)-Styrylpyrazole (1a): N-Vinylation of pyrazole (204 mg, 3 mmol)
was achieved by following the general procedure (acetonitrile, 50 8C,
30 h). The crude oily residue was purified by flash chromatography on
silica gel (eluent: hexanes/CH2Cl2 100:0!50:50) to provide the desired
product (290 mg, 94% yield) as a white solid: M.p. 53–54 8C (hexanes/
CH2Cl2; Lit. :


[31d] 53 8C (hexanes/CH2Cl2));
1H NMR (CD2Cl2): d=7.75 (d,


3JH4,H5=2.3 Hz, H5), 7.68 (d, 3JH3,H4=1.3 Hz, H3), 7.59 (d, 3JH1’,H2’=


14.5 Hz, H1’), 7.50 (m, H4’), 7.40 (m, H5’), 7.34 (m, H6’), 7.10 (d,
3JH1’,H2’=14.5 Hz, H2’), 6.45 ppm (m, H4); 13C{1H} NMR (CD2Cl2): d=
141.13 (C3), 135.09 (C3’), 128.89 (C5’), 128.14 (C1’), 127.60 (C6’), 126.48
(C5), 126.26 (C4’), 116.88 (C2’), 107.34 ppm (C4); GC/MS (EI): rt=
18.81 min, m/z : 169; Rf=0.30 (dichloromethane); IR (KBr): ñ=3138,
3121, 3078, 3024, 2964, 1656, 1596, 1517, 1441, 1394, 1378, 1337, 1261,
1227, 1091, 1046, 967, 939, 911, 860, 851, 778, 760, 748, 690, 608, 585, 502,
480 cm�1.


1-(E)-Styryl-3-trifluoromethylpyrazole (1b): N-Vinylation of 3-trifluoro-
methylpyrazole (408 mg, 3 mmol) was achieved by following the general
procedure (acetonitrile, 50 8C, 30 h). The crude oily residue was purified
by flash chromatography on silica gel (eluent: hexanes/CH2Cl2 100:0!
50:50) to provide the desired product (430 mg, 98% yield) as a colorless
oil: 1H NMR (CD2Cl2): d=7.80 (dq, 3JH4,H5=2.5, 5JH5,F=0.9 Hz, H5), 7.57
(d, 3JH1’,H2’=14.5 Hz, H1’), 7.52 (m, H4’), 7.43 (m, H5’), 7.35 (m, H6’),
7.23 (d, 3JH1’,H2’=14.5 Hz, H2’), 6.45 ppm (dd, 3JH4,H5=2.5, 4JH4,F=0.5 Hz,
H4); 13C{1H} NMR (CD2Cl2): d=144.26 (q, 2JC3,F=38.0 Hz, C3), 134.52
(C3’), 129.99 (C5), 129.31 (C5’), 128.68 (C6’), 126.86 (C4’), 126.00 (C1’),
121.67 (q, 1JC6,F=269.0 Hz, C6), 120.14 (C2’), 105.90 ppm (q, 3JC4,F=
1,5 Hz, C4); 19F NMR (CD2Cl2): d=�62.43 ppm (s); GC/MS (EI): rt=
18.46 min, m/z : 238; HRMS: calcd for C12H9N2F3 [M


+]: 238.0718; found:
238.0718; Rf=0.65 (dichloromethane); IR (KBr): ñ=3151, 3083, 3064,
3032, 1660, 1483, 1389, 1265, 1226, 1170, 1132, 1056, 1004, 965, 939, 785,
764 748, 691, 668, 508 cm�1.


1-(E)-Styryl-3-methylpyrazole (1c) and 1-(E)-styryl-5-methylpyrazole
(1d): N-Vinylation of 3-methylpyrazole (242 mL, 3 mmol) was achieved
by following the general procedure (acetonitrile, 50 8C, 30 h). The crude
oily residue was purified by flash chromatography on silica gel (eluent:
hexanes/CH2Cl2 100:0!50:50) to provide a mixture of the regioisomers
1c and 1d (300 mg, 89% yield, 1c/1d=70:30) as a colorless oil: 1c :
1H NMR (CD2Cl2): d=7.60 (d, 3JH4,H5=2.4 Hz, H5), 7.49 (d, 3JH1’,H2’=


14.4 Hz, H1’), 7.47 (m, H4’), 7.40 (m, H5’), 7.29 (m, H6’), 7.03 (d,
3JH1’,H2’=14.4 Hz, H2’), 6.23 (d, 3JH4,H5=2.4 Hz, H4), 2.21 ppm (s, CH3);
13C{1H} NMR (CD2Cl2): d=151.51 (C3), 135.88 (C3’), 129.42 (C5), 129.16
(C5’), 127.58 (C6’), 126.78 (C1’), 126.34 (C4’), 115.56 (C2’), 107.49 (C4),
13.89 ppm (C6); GC/MS (EI): rt=19.50 min, m/z : 184; Rf=0.38 (di-
chloromethane); IR (KBr): ñ=3134, 3107, 3081, 3060, 3028, 2984, 2927,
1657, 1601, 1577, 1553, 1534, 1450, 1415, 1397, 1365, 1334, 1299, 1226,
1203, 1191, 1094, 1073, 1056, 989, 938, 924, 862, 827, 783, 747, 692, 673,
651, 591, 581, 510, 491 cm�1; 1d : 1H NMR (CD2Cl2): d=7.55 (br, 3JH3,H4=


0.9 Hz, H3), 7.49 (m, H4’), 7.47 (dd, 3JH1’,H2’=14.4, 5JH1’,H4=0.9 Hz, H1’),
7.40 (m, H5’), 7.29 (m, H6’), 7.27 (d, 3JH1’,H2’=14.4 Hz, H2’), 6.17 (sextet,


3JH3,H4=0.9, 4JH4,H6=0.9, 5JH1’,H4=0.9 Hz, H4), 2.31 ppm (br s, CH3);
13C{1H} NMR (CD2Cl2): d=140.75 (C3), 139.16 (C5), 136.08 (C3’), 129.16
(C5’), 127.72 (C6’), 126.53 (C4’), 123.40 (C1’), 117.65 (C2’), 107.04 (C4),
11.24 ppm (C6); GC/MS (EI): rt=19.87 min, m/z : 184; Rf=0.38 (di-
chloromethane); IR (KBr): same as for 1c.


1-(E)-Styrylimidazole (1e): N-Vinylation of imidazole (204 mg, 3 mmol)
was achieved by following the general procedure (acetonitrile, 50 8C,
30 h). The crude oily residue was purified by flash chromatography on
silica gel (eluent: hexanes/CH2Cl2 100:0!50:50) to provide the desired
product (280 mg, 90% yield) as a white solid: M.p. 86–87 8C (dichlorome-
thane/hexane; Lit. :[45] 87–88 8C (diethyl ether)); 1H NMR (CD2Cl2): d=
7.78 (t, 4JH2,H4=


4JH2,H5=1.2 Hz, H2), 7.47 (m, H4’), 7.43 (d, 3JH1’,H2’=


14.6 Hz, H1’), 7.41 (m, H5’), 7.35 (dd, 3JH4,H5=3.9, 4JH2,H4=1.2 Hz, H4),
7.33 (m, H6’), 7.14 (m, H5), 6.81 ppm (d, 3JH1’,H2’=14.6 Hz, H2’); 13C{1H}
NMR (CD2Cl2): d=136.87 (C2), 135.05 (C3’), 130.61 (C5), 129.28 (C5’),
128.30 (C6’), 126.50 (C4’), 123.24 (C1’), 118.75 (C2’), 116.64 ppm (C4);
GC/MS (EI): rt=20.03 min, m/z : 169; Rf=0.25 (dichloromethane); IR
(KBr): ñ=3148, 3109, 3095, 3069, 3032, 3000, 1656, 1511, 1496, 1485,
1454, 1291, 1252, 1217, 1199, 1162, 1105, 1078, 1019, 937, 903, 838, 826,
761, 728, 695, 655, 618, 582, 509 cm�1.


1-(E)-Styrylindazole (1 f) and 2-(E)-styrylindazole (1g): N-Vinylation of
indazole (354 mg, 3 mmol) was achieved by following the general proce-
dure (acetonitrile, 80 8C, 24 h). The crude oily residue was purified by
flash chromatography on silica gel (eluent: hexanes/CH2Cl2 100:0!
50:50) to provide 1 f (317 mg, 80% yield) and 1g (35 mg, 9% yield) as
white solids: 1 f : M.p. 124–126 8C; 1H NMR (CD2Cl2): d=8.20 (dd,
4JH3,H4=1.0, 5JH1’,H3=0.9 Hz, H3), 7.88 (dd, 3JH1’,H2’=14.2, 5JH1’,H3=0.9 Hz,
H1’), 7.83 (ddd, 3JH6,H7=8.0, 4JH5,H7=1.0, 5JH4,H7=1.0 Hz, H7), 7.73 (dddd,
3JH4,H5=8.0, 4JH3,H4=1.0, 4JH4,H6=1.0, 5JH4,H7=1.0 Hz, H4), 7.57 (m, H4’),
7.54 (ddd, 3JH4,H5=8.0, 3JH5,H6=7.0, 4JH5,H7=1.0 Hz, H5), 7.42 (m, H5’),
7.30 (d, 3JH1’,H2’=14.2 Hz, H2’), 7.29 (m, H6’), 7.29 ppm (ddd, 3JH6,H7=8.0,
3JH5,H6=7.0, 4JH4,H6=1.0 Hz, H6); 13C{1H} NMR (CD2Cl2): d=139.12
(C8), 136.36 (C3), 136.32 (C3’), 129.18 (C5’), 127.69 (C5), 127.48 (C6’),
126.33 (C4’), 125.34 (C9), 123.75 (C1’), 122.29 (C6), 121.75 (C7), 115.53
(C2’), 109.75 ppm (C4); GC/MS (EI): rt=24.19 min, m/z : 220; HRMS:
calcd for C15H13N2 [M++H]: 221.1079; found: 221.1079; Rf=0.65 (di-
chloromethane); IR (KBr): ñ=3109, 3052, 3024, 1653, 1613, 1597, 1576,
1490, 1468, 1449, 1423, 1361, 1326, 1290, 1268, 1216, 1177, 1156, 1147,
1116, 1024, 1003, 985, 964, 940, 908, 860, 844, 763, 755, 743, 690, 630, 578,
507, 434 cm�1; 1g : M.p. 122–124 8C; 1H NMR (CD2Cl2): d=8.21 (d,
4JH3,H4=0.9 Hz, H3), 7.81 (d, 3JH1’,H2’=14.4 Hz, H1’), 7.71 (ddd, 3JH6,H7=


8.5, 4JH5,H7=0.9, 5JH4,H7=0.9 Hz, H7), 7.70 (dddd, 3JH4,H5=7.7, 4JH3,H4=0.9,
4JH4,H6=0.9, 5JH4,H7=0.9 Hz, H4), 7.59 (m, H4’), 7.54 (d, 3JH1’,H2’=14.4 Hz,
H2’), 7.44 (m, H5’), 7.37 (m, H6’), 7.34 (ddd, 3JH4,H5=7.7, 3JH5,H6=6.5,
4JH5,H7=0.9 Hz, H5), 7.12 ppm (ddd, 3JH6,H7=8.5, 3JH5,H6=6.5, 4JH4,H6=


0.9 Hz, H6); 13C{1H} NMR (CD2Cl2): d=148.84 (C8), 133.79 (C3’), 128.15
(C5’), 127.46 (C6’), 126.24 (C1’), 126.00 (C5), 125.84 (C4’), 121.57 (C3),
121.55 (C6), 121.19 (C9), 120.19 (C2’), 119.54 (C7), 116.66 ppm (C4);
GC/MS (EI): rt=25.23 min, m/z : 220; HRMS: calcd for C15H13N2 [M+


+H]: 221.1079; found: 221.1081; Rf=0.25 (dichloromethane); IR (KBr):
ñ=3123, 3061, 2964, 1655, 1626, 1516, 1396, 1378, 1332, 1262, 1160, 1140,
1097, 1022, 942, 800, 754, 695, 641, 614, 511, 442 cm�1.


1-(E)-Styrylpyrrole (1h): N-Vinylation of pyrrole (208 mL, 3 mmol) was
achieved by following the general procedure (acetonitrile, 80 8C, 24 h).
The crude oily residue was purified by flash chromatography on silica gel
(eluent: hexanes/CH2Cl2 100:0!50:50) to provide the desired product
(260 mg, 89% yield) as a white solid: M.p. 98–101 8C (dichloromethane;
Lit. :[46] 98–100 8C (diethyl ether/water)); 1H NMR (CD2Cl2): d=7.44 (m,
H4’), 7.39 (d, 3JH1’,H2’=14.6 Hz, H1’), 7.38 (m, H5’), 7.27 (m, H6’), 7.05
(AA’ system, H2), 6.66 (d, 3JH1’,H2’=14.6 Hz, H2’), 6.30 ppm (XX’ system,
H3); 13C{1H} NMR (CD2Cl2): d=136.18 (C3’), 129.15 (C5’), 127.34 (C6’),
127.28 (C1’), 126.03 (C4’), 119.42 (C2), 114.33 (C2’), 110.70 ppm (C3);
GC/MS (EI): rt=18.28 min, m/z : 169; Rf=0.35 (hexanes); IR (KBr): ñ=
3126, 3098, 3063, 3027, 2965, 1659, 1596, 1520, 1481, 1449, 1374, 1339,
1321, 1306, 1288, 1230, 1200, 1153, 1097, 1072, 1049, 1026, 969, 940, 828,
802, 750, 728, 690, 614, 582, 506, 477 cm�1.


1-(E)-Styrylindole (1 i): N-Vinylation of indole (351 mg, 3 mmol) was ach-
ieved by following the general procedure (acetonitrile, 80 8C, 24 h). The


www.chemeurj.org C 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 5301 – 53135310


M. Taillefer et al.



www.chemeurj.org





crude oily residue was purified by flash chromatography on silica gel
(eluent: hexanes/ethyl acetate 100:0!80:20) to provide the desired prod-
uct (220 mg, 83% yield) as a white solid: M.p. 115–117 8C;[23] 1H NMR
(CD2Cl2): d=8.78 (d, 3JH1’,H2’=14.5 Hz, H1’), 7.67 (ddd, 3JH4,H5=7.9,
4JH4,H6=1.3, 5JH4,H7=0.9 Hz, H4), 7.63 (dddd, 3JH6,H7=8.3, 4JH5,H7=1.0,
5JH3,H7=0.7, 5JH4,H7=0.9 Hz, H7), 7.61 (d, 3JH2,H3=3.4 Hz, H2), 7.53 (m,
H4’), 7.41 (m, H5’), 7.33 (ddd, 3JH6,H7=8.3, 3JH5,H6=7.1, 4JH4,H6=1.3 Hz,
H6), 7.28 (m, H6’), 7.21 (ddd, 3JH4,H5=7.9, 3JH5,H6=7.1, 4JH5,H7=1.0 Hz,
H5), 6.77 (d, 3JH1’,H2’=14.5 Hz, H2’), 6.73 ppm (ddd, 3JH2,H3=3.4, 5JH3,H7=


0.7, 5JH3,H1’=0.7 Hz, H3); 13C{1H} NMR (CD2Cl2): d=136.55 (C3’), 136.13
(C8), 129.63 (C9), 129.18 (C5’), 127.26 (C6’), 126.03 (C4’), 124.16 (C7),
123.94 (C1’), 123.12 (C6), 121.51 (C5), 121.28 (C4), 114.31 (C2’), 110.00
(C2), 105.62 ppm (C3); GC/MS (EI): rt=24.34 min, m/z : 219; Rf=0.80
(ethyl acetate/hexanes 1:4); IR (KBr): ñ=3114, 3043, 3024, 1650, 1596,
1518, 1461, 1365, 1326, 1269, 1230, 1200, 1120, 1089, 1012, 935, 745, 717,
695 cm�1.


1-(E)-Styrylbenzotriazole (1 j) and 2-(E)-styrylbenzotriazole (1k): N-Vi-
nylation of benzotriazole (357 mg, 3 mmol) was achieved by following
the general procedure (DMF, 110 8C, 24 h). The crude oily residue was
purified by flash chromatography on silica gel (eluent: hexanes/dichloro-
methane) to provide 1 j (354 mg, 87% yield) and 1k (36 mg, 7% yield)
as white solids: 1j: M.p. 116–119 8C (dichloromethane/hexanes; Lit. :[47]


115–116 8C (benzene/chloroform)); 1H NMR (CD2Cl2): d=8.14 (ddd,
3JH4,H5=8.4, 4JH4,H6=1.0, 4JH4,H7=0.9 Hz, H4), 8.03 (d, 3JH1’,H2’=14.6, H1’),
7.86 (ddd, 3JH6,H7=8.4, 4JH5,H7=0.9, 4JH4,H7=0.9, H7), 7.65 (ddd, 4JH4,H6=


1.0, 3JH5,H6=7.0, 3JH6,H7=8.4 Hz, H6), 7.63 (m, H4’), 7.54 (d, 3JH1’,H2’=14.6,
H2’), 7.50 (m, H5), 7.48 (m, H5’), 7.39 ppm (m, H6’); 13C{1H} NMR
(CD2Cl2): d=146.32 (C9), 131.57 (C3’), 134.50 (C8), 128.96 (C5’), 128.26
(C6 or C6’), 128.39 (C6 or C6’), 126.56 (C4’), 124.57 (C5), 121.89 (C1’),
120.72 (C2’), 120.17 (C4), 110.17 ppm (C7); GC/MS (EI): rt=25.00 min,
m/z : 221; Rf=0.38 (dichloromethane/hexane 3:1); IR (KBr): ñ=3069,
3060, 3035, 1655, 1609, 1598, 1486, 1455, 1400, 1326, 1307, 1286, 1267,
1242, 1208, 1164, 1142, 1117, 1076, 1058, 999, 944, 917, 779, 766, 747,
695 cm�1; 1k : M.p. 104–107 8C (dichloromethane/hexanes); 1H NMR
(CD2Cl2): d=8.10 (d, 3JH1’,H2’=14.6 Hz, H1’), 7.92 (AA’ system, 3JH4,H5=
3JH6,H7=8.8, 4JH4,H6=


3JH5,H7=1.0, 5JH4,H7=1.0 Hz, H4, H7), 7.88 (d,
3JH1’,H2’=14.6 Hz, H2’), 7.65 (m, H4’), 7.48 (m, H5’), 7.47 (XX’ system,
3JH4,H5=


3JH6,H7=8.8, 3JH5,H6=6.7, 4JH4,H6=
3JH5,H7=1.0 Hz, H5, H6),


7.41 ppm (m, H6’); 13C{1H} NMR (CD2Cl2): d=143.58 (C8, C9), 132.53
(C3’), 127.71 (C5’), 127.67 (C6’), 125.94 (C5, C6), 125.90 (C1’), 125.82
(C4’), 123.06 (C2’), 116.68 ppm (C4, C7); GC/MS (EI): rt=23.94 min,
m/z : 221; Rf=0.20 (dichloromethane/hexanes 3:1); IR (KBr): ñ=3083,
3032, 2964, 1562, 1498, 1447, 1341, 1330, 1291, 1261, 1205, 1187, 1144,
1098, 1021, 958, 917, 887, 844, 801, 756, 741, 693, 624 cm�1.


1-(E)-Styryl-1,2,4-triazole (1 l): N-Vinylation of 1,2,4-triazole (207 mg,
3 mmol) was achieved by following the general procedure (DMF, 110 8C,
24 h). The crude oily residue was purified by flash chromatography on
silica gel (eluent: hexanes/ethyl acetate) to provide 1 l (322 mg, 94%
yield) as an oil: 1H NMR (CD2Cl2): d=8.37 (s, H5), 8.06 (s, H3), 7.60 (d,
3JH1’,H2’=14.3 Hz, H1’), 7.51 (m, H4’), 7.42 (m, H5’), 7.35 (m, H6’),
7.30 ppm (d, 3JH1’,H2’=14.3 Hz, H2’); 13C{1H} NMR (CD2Cl2): d=152.66
(C3), 142.93 (C5), 134.51 (C3’), 129.32 (C5’), 128.37 (C6’), 126.94 (C4’),
122.62 (C1’), 121.10 ppm (C2’); GC/MS (EI): rt=19.13 min, m/z : 171;
HRMS: calcd for C10H10N3 [M


++H]: 172.0875; found: 172.0880; Rf=0.65
(ethyl acetate/hexanes 2:1); IR (KBr): ñ=3119, 3086, 3029, 2865, 1705,
1661, 1601, 1505, 1451, 1420, 1362, 1346, 1300, 1275, 1241, 1196, 1136,
1015, 1001, 943, 863, 780, 749, 693, 672, 647, 586, 509 cm�1.


1-(E)-Styryl-1,2,3-triazole (1m) and 2-(E)-styryl-1,2,3-triazole (1n): N-Vi-
nylation of 1,2,3-triazole (138 mL, 3 mmol) was achieved by following the
general procedure (DMF, 110 8C, 24 h). The crude oily residue was puri-
fied by flash chromatography on silica gel (eluent: ethyl acetate/dichloro-
methane) to provide 1m (130 mg, 38% yield) as a white solid and 1n
(180 mg, 50% yield) as a greenish solid: 1m : M.p. 95–97 8C (ethyl ace-
tate/dichloromethane); 1H NMR (CD2Cl2): d=7.96 (d, 3JH4,H5=1.1 Hz,
H5), 7.86 (d, 3JH1’,H2’=14.9 Hz, H1’), 7.79 (dd, 3JH4,H5=1.1 Hz, 5JH1’,H4=


0.5 Hz, H4), 7.55 (m, H4’), 7.49 (m, H5’), 7.38 (m, H6’), 7.27 ppm (d,
3JH1’,H2’=14.9 Hz, H2’); 13C{1H} NMR (CD2Cl2): d=134.29 (C4), 134.15
(C3’), 129.37 (C5’), 129.09 (C6’), 127.08 (C4’), 123.45 (C1’), 121.94 (C2’),


121.60 ppm (C5); GC/MS (EI): rt=20.29 min, m/z : 171; HRMS: calcd
for C10H9N3 [M


+]: 171.0802; found: 171.0796; Rf=0.50 (ethyl acetate/di-
chloromethane 1:1); IR (KBr): ñ=3140, 3123, 3108, 3030, 2963, 1658,
1578, 1489, 1477, 1454, 1435, 1311, 1285, 1262, 1227, 1207, 1178, 1156,
1107, 1076, 1025, 1015, 940, 802, 752, 697, 670, 636, 584, 507, 469 cm�1;
1n : M.p. 45–48 8C (ethyl acetate/dichloromethane); 1H NMR (CD2Cl2):
d=7.86 (d, 3JH1’,H2’=14.4 Hz, H1’), 7.80 (s, H4, H5), 7.55 (m, H4’), 7.47
(d, 3JH1’,H2’=14.4 Hz, H2’), 7.43 (m, H5’), 7.35 ppm (m, H6’); 13C{1H}
NMR (CD2Cl2): d=134.67 (C4, C5), 133.50 (C3’), 128.11 (C5’), 127.45
(C6’), 125.85 (C4’), 125.66 (C1’), 119.30 ppm (C2’); GC/MS (EI): rt=
17.48 min, m/z : 171; HRMS: calcd for C10H10N3 [M++H]: 172.0875;
found: 172.0867; Rf=0.70 (ethyl acetate/dichloromethane 1:1); IR (KBr):
ñ=3117, 3084, 3058, 3030, 2964, 1654, 1601, 1541, 1576, 1494, 1448, 1410,
1374, 1332, 1258, 1151, 1071, 1029, 962, 945, 865, 823, 790, 748, 694, 672,
588, 512, 479 cm�1.


1-(2-Methyl-1-propenyl)pyrazole (1o): N-Vinylation of pyrazole by 2-
methyl-1-bromopropene was achieved by following the general proce-
dure. The crude oily residue was purified by flash chromatography on
silica gel (eluent: dichloromethane) to provide 1o (115 mg, 47% yield)
as a colorless oil:[48] 1H NMR (CD2Cl2): d=7.60 (d, 3JH4,H5=1.8 Hz, H5),
7.46 (d, 3JH3,H4=2.4 Hz, H3), 6,70 (dq, 4JH1’,H3’ or


4JH1’,H4’=1.6, 4JH1’,H4’ or
4JH1’,H3’=1.4 Hz, H1’), 6.32 (dd, 3JH3,H4=2.4, 3JH4,H5=1.8 Hz, H4), 1.88 (d,
4JH1’,H3’ or


4JH1’,H4’=1.6 Hz, H3’ or H4’), 1.85 ppm (d, 4JH1’,H4’ or
4JH1’,H3’=


1.4 Hz, H4’ or H3’); 13C{1H} NMR (CD2Cl2): d=143.25 (C3), 132.57 (C5),
123.05 (C1’), 121.94 (C2’), 105.05 (C4), 20.12 (C3’ or C4’), 19.25 ppm (C4’
or C3’); GC/MS (EI): rt=9.81 min, m/z : 122; Rf=0.35 (dichlorome-
thane).


Alkenyl aryl ethers :


3,5-Dimethylphenyl (E)-styryl ether (2a): O-Vinylation of 3,5-dimethyl-
phenol (363 mg, 3 mmol) was achieved by following the general proce-
dure (acetonitrile, 50 8C, 30 h). The crude oily residue was purified by
flash chromatography on alumina (eluent: hexanes) to provide 2a
(336 mg, 75% yield) as a colorless oil: 1H NMR (CD2Cl2): d=7.25 (m,
5H, H4’, H5’, H6’), 7.21 (d, 1H, 3JH1’,H2’=12.4 Hz, H1’), 6.79 (m, 1H, H5),
6.72 (m, 2H, H3), 6.37 (d, 1H, 3JH1’,H2’=12.4 Hz, H2’), 2.35 ppm (s, 6H,
CH3);


13C{1H} NMR (CD2Cl2): d=157.17 (C2), 143.67 (C1’), 139.59 (C4),
135.28 (C3’), 128.66 (C5’), 126.53 (C5), 125.60 (C4’), 124.96 (C6’), 114.61
(C3), 113.18 (C2’), 21.33 ppm (C6); GC/MS (EI): rt=22.00 min, m/z :
224; Rf=0.76 (hexanes).


4-tert-Butylphenyl (E)-styryl ether (2b): O-Vinylation of 4-tert-butylphe-
nol (450 mg, 3 mmol) was achieved by following the general procedure
(acetonitrile, 50 8C, 30 h). The crude oily residue was purified by flash
chromatography on alumina (eluent: hexanes) to provide 2b (482 mg,
90% yield) as a colorless oil: 1H NMR (CD2Cl2): d=7.42 (m, 2H, H4),
7.27 (m, 5H, H4’, H5’, H6’), 7.24 (d, 1H, 3JH1’,H2’=12.4 Hz, H1’), 7.06 (m,
2H, H3), 6.39 (d, 1H, 3JH1’,H2’=12.4 Hz, H2’), 1.36 ppm (s, 9H, CH3);
13C{1H} NMR (CD2Cl2): d=154.89 (C2), 146.15 (C1’), 143.91 (C5), 137.27
(C3’), 128.66 (C5’), 126.51 (C4), 126.35 (C6’), 125.58 (C4’), 116.49 (C3),
113.01 (C2’), 34.28 (C6), 31.46 ppm (C7); GC/MS (EI): rt=23.52 min,
m/z : 252; Rf=0.76 (hexanes).


4-Methoxyphenyl (E)-styryl ether (2c): O-Vinylation of 4-methoxyphenol
(372 mg, 3 mmol) was achieved by following the general procedure (ace-
tonitrile, 50 8C, 30 h). The crude oily residue was purified by flash chro-
matography on alumina (eluent: hexanes/dichloromethane) to provide 1c
(370 mg, 82% yield) as a colorless oil; 1H NMR (CD2Cl2): d=7.26 (m,
5H, H4’, H5’, H6’), 7.18 (d, 1H, 3JH1’,H2’=12.5 Hz, H1’), 7.06 (m, 2H, H4),
6.93 (m, 2H, H3), 6.31 (d, 1H, 3JH1’,H2’=12.5 Hz, H2’), 3.83 ppm (s, 3H,
CH3);


13C{1H} NMR (CD2Cl2): d=155.65 (C5), 150.90 (C2), 144.72 (C1’),
135.26 (C3’), 128.60 (C5’), 126.38 (C6’), 125.47 (C4’), 118.32 (C3), 114.67
(C4), 112.29 (C2’), 55.56 ppm (C6); GC/MS (EI): rt=23.45 min, m/z :
226; Rf=0.42 (hexanes).


4-Fluorophenyl (E)-styryl ether (2d): O-Vinylation of 4-fluorophenol
(336 mg, 3 mmol) was achieved by following the general procedure (ace-
tonitrile, 50 8C, 30 h). The crude oily residue was purified by flash chro-
matography on alumina (eluent: hexanes) to provide 1d (351 mg, 82%
yield) as a white solid: 1H NMR (CD2Cl2): d=7.29 (m, 5H, H4’, H5’,
H6’), 7.16 (d, 1H, 3JH1’,H2’=12.4 Hz, H1’), 7.07 (m, 4H, H3, H4), 6.36 ppm
(d, 1H, 3JH1’,H2’=12.4 Hz, H2’); 13C{1H} NMR (CD2Cl2): d=158.76 (d,
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1JC5’,F=242.0 Hz, C5), 153.13 (C2), 143.83 (C1’), 134.93 (C3’), 128.69
(C5’), 126.72 (C6’), 125.63 (C4’), 118.40 (d, 3JC3’,F=8.0 Hz, C3), 116.21 (d,
2JC4’,F=23.0 Hz, C4), 113.50 ppm (C2’); GC/MS (EI): rt=19.80 min, m/z :
214; Rf=0.71 (hexanes).


4-Chlorophenyl (E)-styryl ether (2e): O-Vinylation of 4-chlorophenol
(386 mg, 3 mmol) was achieved by following the general procedure (ace-
tonitrile, 50 8C, 30 h). The crude oily residue was purified by flash chro-
matography on alumina (eluent: hexanes) to provide 1e (340 mg, 74%
yield) as a white solid: 1H NMR (CD2Cl2): d=7.22–7.36 (m, 5H, H4’,H5’,
H6’), 7.16 (d, 1H, 3JH1’,H2’=12.4 Hz, H1’), 7.07 (m, 4H, H3, H4), 6.36 ppm
(d, 1H, 3JH1’,H2’=12.4 Hz, H2’); 13C{1H} NMR (CD2Cl2): d=155.64 (C2),
142.88 (C1’), 134.72 (C3’), 129.63 (C5’), 128.69 (C4), 128.21 (C5), 126.83
(C6’), 125.68 (C4’), 118.15 (C3), 114.31 ppm (C2’); GC/MS (EI): rt=
21.95 min, m/z : 230; Rf=0.74 (hexanes).


3,5-Dimethylphenyl 2-methylpropenyl ether (2g): O-Vinylation of 3,5-di-
methylphenol by 2-methyl-1-bromopropene was achieved by following
the general procedure. The crude oily residue was purified by flash chro-
matography on alumina (eluent: hexanes) to provide 2g (313 mg, 89%
yield) as a colorless oil: 1H NMR (CDCl3): d=6.72 (m, H3), 6.67 (m,
H5), 6.24 (dq, 4JH1’,H3’ or


4JH1’,H4’=1.6, 4JH1’,H4’ or
4JH1’,H3’=1.4 Hz, H1’), 2.36


(m, H6), 1.78 (d, 4JH1’,H3’ or
4JH1’,H4’=1.6 Hz, H3’ or H4’), 1.76 ppm (d,


4JH1’,H4’ or
4JH1’,H3’=1.4 Hz, H4’ or H3’); 13C{1H} NMR (CDCl3): d=158.31


(C2), 139.73 (C1’), 135.80 (C4), 124.08 (C5), 117.59 (C2’), 113.96 (C3),
21.79 (C6), 19.95 (C3’ or C4’), 15.59 ppm (C4’ or C3’); GC/MS (EI): rt=
14.98 min, m/z : 176; Rf=0.72 (hexanes).
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Introduction


Coaxial nanocables as a new type of one-dimensional (1D)
nanostructure have attracted considerable attention in
recent years due to their potential application in gated field-
effect transistors, quantum wire lasers, and nanoscale elec-
tronic devices.[1,2] Several solution-based template and tem-
plate-free methods have been demonstrated to generate pol-
ymer/polymer, semiconductor/polymer, and metal/polymer
nanocables at relatively low temperatures. For instance,
many 1D nanomaterials (such as, Au,[3] Ag,[4] Ni,[5] carbon
nanotubes (CNTs),[6] etc.) are often used as templates to
prepare the nanocables. In this method, the surface of the
nanowires are coated with conformal sheaths made of differ-


ent materials by chemical, electrochemical, sol–gel, or other
routes, to form coaxial nanocables. In addition, some meso-
porous silica materials[7] and peptides[8] can also act as tem-
plates to prepare such 1D nanocables, in which their hollow
structures can be filled with metals and other functional ma-
terials. More recently, Yu et al. have reported the synthesis
of Ag/carbon and Ag/cross-linked poly(vinyl alcohol) co-
axial nanocables through a hydrothermal coreduction proc-
ess in the absence of a template.[9]


Currently, there is considerable interest in 1D conducting
polymer nanostructures because of their unique properties
and promising potential applications in nanodevices, such as,
nanowires,[10, 11] sensor/actuator arrays,[12, 13] and optoelectric
devices,[14,15] as well as in biotechnology[16,17] (e.g., delivery
agents, pharmaceutical agents). In particular, coaxial nano-
structures, containing metal or inorganic electrical, optical,
and magnetic nanorods/nanowires coated with conducting
polymers, provide an exciting system with which to investi-
gate the possibility of designing device functionality, because
the core–shell structure of nanocables often exhibits differ-
ent chemical and physical properties from those of the sole
core or shell materials. Recently, conducting polymer coaxial
nanocables have been reported in the literature. Xu et al. ,[18]


for instance, reported the template synthesis and magnetic
behavior of an array of cobalt nanowires encapsulated in
polyaniline nanotubules, in which the polyaniline envelope
protected the metal nanowires from oxidation and corro-


Abstract: One-dimensional gold/polya-
niline (Au/PANI-CSA) coaxial nanoca-
bles with an average diameter of 50–
60 nm and lengths of more than 1 mm
were successfully synthesized by react-
ing aniline monomer with chlorauric
acid (HAuCl4) through a self-assembly
process in the presence of d-camphor-
10-sulfonic acid (CSA), which acts as
both a dopant and surfactant. It was
found that the formation probability


and the size of the Au/PANI-CSA
nanocables depends on the molar ratio
of aniline to HAuCl4 and the concen-
tration of CSA, respectively. A syner-
gistic growth mechanism was proposed
to interpret the formation of the Au/


PANI-CSA nanocables. The directly
measured conductivity of a single gold/
polyaniline nanocable was found to be
high (�77.2 Scm�1). Hollow PANI-
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sion, making them stable in air. Kim et al.[19] synthesized
Au/polypyrrole core–shell nanorods with Au nanorods as
the template. Shi et al.[20] have also reported the electro-
chemical fabrication of polythiophene-film-coated metallic
nanowire arrays. Li et al.[21] fabricated Ag/polypyrrole co-
axial nanocables through a one-step process. Recently, Yang
et al. also reported that polyaniline nanofibers decorated
with Au nanoparticles exhibited nonvolatile memory behav-
ior.[22] Despite many of these studies on the preparation of
conducting metal–polymer nanocables, no paper dealing
with the preparation and properties of gold/polyaniline
nanocables has been published yet.


In this article, the synthesis and characterization of novel
gold/polyaniline (Au/PANI) coaxial nanocables synthesized
through a self-assembly process in the presence of chlorauric
acid (HAuCl4) as the oxidant and d-camphor-10-sulfonic
acid (CSA) as the dopant are reported for the first time.
The hydrophilic �SO3H group of CSA acts as both a dopant
and surfactant at the same time; when functioning as a
dopant this results in electrical properties in the polyaniline
layer, whereas as a surfactant it acts as a soft template in
the formation of the nanocables. The resulting single nano-
cables of Au/PANI show high conductivity (�77.2 Scm�1).
The influence of the synthesis conditions on the morpholo-
gy, size, and electrical properties of the Au/PANI-CSA
nanocables was investigated, and their formation mechanism
is discussed.


Results and Discussion


Morphology and formation mechanism : Figure 1a and b are
representative transmission electron microscopy (TEM)
images of the sample at low magnification showing that the
as-prepared nanocables are 50–60 nm in diameter and more
than 1 mm in length. A typical TEM image of the nanocables
at higher magnification is shown in Figure 1c, from which it
can be seen that the Au/PANI-CSA composites are coaxial
nanocable structures composed of PANI-CSA sheaths and
gold nanowire cores. The outer diameter of the nanocables
is 50–60 nm and the diameter of the central gold cores is
20 nm. Moreover, Figure 1c clearly demonstrates a sharp
contrast between the surrounding light polymer and the
inner, dark gold cores. An electron diffraction (ED) pattern
(inset in Figure 1c) of this area shows the diffraction dots of
gold and the characteristic rings of polymer, which further
proved that the composite consists of amorphous PANI-
CSA polymer with an encapsulated gold nanowire core.


It is known that gold can be easily oxidized into Au3+


ions in a saturated I2 solution. Therefore, a simple experi-
ment was carried out to leach out the Au nanowire cores
using I2. The Au/PANI-CSA nanocables were kept in the
iodine solution for more than 5 h, and then they were centri-
fuged to isolate the precipitate that contained the PANI-
CSA hollow nanotubes. The hollow tubule structures of
PANI-CSA can be clearly observed in the TEM image
shown in Figure 1d. The diameter of the outer shell and the


central hollow cores of the PANI-CSA nanotubules are 50–
60 and 20 nm, respectively, which are consistent with the
above-mentioned nanocable values (as shown in Figure 1c).
The ED pattern (inset in Figure 1d) does not display Au dif-
fraction dots or circles confirming that the gold nanowire
cores were dissolved completely and that the nanotubes are
only amorphous PANI-CSA polymer.


To elucidate the formation mechanism of the Au/PANI-
CSA nanocables, the influence of the synthesis conditions
(such as, the reaction temperature, the concentration of re-
actants, and polymerization time) on the morphology and
size of the resulting nanostructures was investigated. In this
method, it was found that the molar ratio of aniline (An) to
HAuCl4 and the concentration of dopant CSA have signifi-
cant effects on the formation of Au/PANI-CSA nanocables.
Figure 2 shows a typical example of the effect of the [An]/ ACHTUNG-
TRENNUNG[HAuCl4] ratio on the morphology, measured by using
TEM. When the [An]/ ACHTUNGTRENNUNG[HAuCl4] ratio was 25:1, irregular
polyaniline grains were observed (Figure 2a,b) in which only
small gold nanoparticles were embedded in the polyaniline
matrix. Interestingly, and in a sharp contrast to the previous
result, regular Au/PANI-CSA nanocables with diameters of
50–60 nm and lengths of 1–2 mm became dominant when the
[An]/ ACHTUNGTRENNUNG[HAuCl4] ratio was 7:1, as shown in Figure 1a,b. Once
the [An]/ACHTUNGTRENNUNG[HAuCl4] ratio was decreased to 1:1, however, ir-


Figure 1. TEM images of the Au/PANI-CSA nanocables and the hollow
PANI-CSA nanotubes obtained by dissolving their gold cores in an I2/KI
solution: a) and b) the Au/PANI-CSA nanocables at low magnification;
c) the Au/PANI-CSA nanocables at high magnification (inset: an ED
pattern of the Au/PANI-CSA nanocables); d) the hollow PANI-CSA
nanotubes at low magnification (inset: an ED pattern of the hollow
PANI-CSA nanotubes).
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regular gold grains appeared (Figure 2c,d). The enlarged
view shows that the gold grains were coated by a thin layer
of polymer. These results indicate that for Au/PANI-CSA a
change in morphology of PANI grains to Au/PANI-CSA
nanocables to gold grains took place when the [An]/ ACHTUNG-
TRENNUNG[HAuCl4] ratio changed from 25:1 to 7:1 to 1:1. We also ob-
served that the concentration of CSA affected the size of
the nanocables. Au/ANI-CSA nanocables with larger diame-
ters (180 nm) and longer lengths (1–5 mm) were obtained,
for example, when a higher concentration of CSA was used
(Figure 3a,b). Therefore, it was possible to control the diam-
eter and length of the nanocables by changing the concen-
tration of the dopant. However, if a lower concentration of
CSA was used, no such cables were obtained (Figure 3c,d).


The present method of synthesizing Au/PANI-CSA nano-
cables is similar to other routes with the exception of using
different oxidants or dopants. However, the products descri-
bed here possess a unique coaxial nanocable structure,
which is much different from the previously reported mor-
phologies (such as, Au/polyaniline nanoparticles, polyaniline
nanofibers and nanobelts).[23–26] Although the formation
mechanism of the Au/PANI-CSA nanocables is not fully
clear at this stage, the above-mentioned results allow us to
suggest a possible process responsible for the formation of
such unusual nanocables. We propose that the formation of
such Au/PANI-CSA coaxial nanocables is controlled by a
synergistic growth mechanism (shown in Scheme 1). First,
aniline easily reacts with CSA to form a protonated aniline/
CSA salt through a base/acid reaction. When the protonated


anilinium cations are mixed with the chloroaurate acid, the
reduction of HAuCl4 and oxidation of aniline occur simulta-
neously, leading to the formation of gold nanoclusters and
aniline oligomers. Second, in this system, the dopant CSA
plays an important role both in the formation of Au/PANI-
CSA nanocables and in the further directed growth of gold
nanowires capped by the PANI-CSA oligomers or CSA
dopant. In fact, CSA has both a doping and surfactant func-
tion due to its hydrophilic �SO3H group. Therefore, it is ex-
pected that micelles formed by CSA, or by anilinium cations


Figure 2. Influence of the molar ratio of aniline to HAuCl4 on the mor-
phology of Au/PANI-CSA: a) and b) 25:1; c) and d) 1:1 (other reaction
conditions: [An]=0.07m, [CSA]=0.07m, reaction time=10 h, T=0–
5 8C). Figure 3. Influence of the concentration of CSA on the morphology of


Au/PANI-CSA: a) and b) 0.35m ; c) and d) 0.01m (other reaction condi-
tions: [An]=0.07m, [HAuCl4]=0.05m, reaction time=10 h, T=0–5 8C).


Scheme 1. Illustration of the proposed formation mechanism of Au/
PANI-CSA nanocables.
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might act as soft templates in the formation of the Au/
PANI-CSA nanocables. Furthermore, in turn, the gold nano-
wires act as a backbone on which the PANI-CSA shells can
form through a self-assembly process. Finally, the gold nano-
wire cores can be dissolved by a saturated I2 solution to
form the PANI-CSA nanotubes.


Structural characterization of the Au/PANI-CSA nanoca-
bles : Figure 4 shows the UV-visible spectra recorded from


the reaction mixture at different reaction stages. The reac-
tant aniline in aqueous CSA solution has an absorbance
band centered at l=260 nm (as shown in curve a of
Figure 4) that is associated with the characteristic p–p* tran-
sition of a benzene ring. Upon introduction of HAuCl4, the
solution changed from colorless to red–brown. The time-de-
pendent changes of the reaction mixture are presented in
curves b (t=0.5 h) and c (t=10 h) of Figure 4. When the re-
action time is about 0.5 h, three new absorbance bands
appear at l=443, 530, and 730 nm (Figure 4b). The bands at
l=443 and 730 nm are assigned to the characteristic p–p*
and localized polaron–p transitions of the emeraldine form
of PANI oligomers,[27] which confirms that PANI is formed
in the solution. However, the absorption peak at l=530 nm
is related to the surface plasmon resonance band of the Au
nanoparticles. This means Au nanoparticles were formed in
the solution.[28] Significant changes in the absorbance bands
are observed in curve c after a reaction time of 10 h. The ab-
sorbance bands at l=443 and 730 nm disappear. This be-
havior suggests that the precipitation of the PANI compo-
sites from solution takes place because the chain length of
the PANI oligomers becomes large. However, the band at
l=530 nm ascribed to the Au nanoparticles remains, which
shows that some free Au nanoparticles still existed in solu-


tion when the polymerization reaction was completed.
Therefore, the results of the UV-visible spectra not only
confirm the formation of Au and polyaniline but also prove
that the produced PANI evolves from oligomers. We have
also investigated the doping/dedoping feature of Au/PANI-
CSA nanocable films fabricated through in situ deposition
from the reaction (inset in Figure 4). The Au/PANI-CSA
nanocable film has an absorbance peak maximum at l=


420 nm, which is ascribed to the polyaniline. The polaron
band in the l=650 nm region confirms the presence of
PANI in the conducting form (Figure 4d). As the film was
dedoped with NH4OH, the PANI peak at l=420 nm de-
creased and the polaron band at l=650 nm gradually disap-
peared. A strong absorption peak due to exciton transition
of the quinoid ring appears at about l=580 nm, suggesting
that the Au/PANI-CSA nanocables have been completely
dedoped to the base form (Figure 4e). The Au/PANI-CSA
nanocables returned to the conducting form when the film
was redoped with HCl (Figure 4f). These results suggest
that the polyaniline sheath in gold/polyaniline nanocables
could still be doped and dedoped, which means that the
gold/polyaniline nanocables can be further made into metal/
insulator and metal/semiconductor core–sheath structures.


The molecular structure of the resulting Au/PANI-CSA
nanocables was further characterized by FTIR spectroscopy
and X-ray diffraction (XRD) measurements. The character-
istic bands of PANI at wavenumbers of 1574 cm�1 (assigned
to the C=C stretching of the quinoid rings), 1496 cm�1 (C=C
stretching of benzenoid rings), 1306 cm�1 (C�N stretching
mode), and 1143 cm�1 (N=Q=N, Q representing the quinoid
ring) were observed clearly in the FTIR spectra of Au/
PANI-CSA nanocables (Figure 5), and are identical to those


of the emeraldine salt form of PANI reported earlier.[29] The
presence of Au in the Au/PANI-CSA nanocables was fur-
ther confirmed by a powder XRD pattern, as shown in
Figure 6. Four strong bands appeared with maximum inten-
sity at 38.1, 44.3, 64.5, and 77.58 representing Bragg reflec-
tions from the (111), (200), (220), and (311) planes of Au.
The unit-cell constant a of such an fcc lattice was obtained


Figure 4. UV/Vis spectra of the chemically synthesized Au/PANI-CSA
nanocables in aqueous solution under typical conditions with a reaction
time of a) 0, b) 0.5, and c) 10 h. Inset: the UV/Vis spectra of the Au/
PANI-CSA nanocable films fabricated by in situ deposition from the re-
action under typical conditions, with the following NH4OH/HCl dedop-
ing/doping: d) Au/PANI-CSA nanocables film; e) dedoped with NH4OH;
f) redoped with HCl.


Figure 5. FTIR spectrum of the Au/PANI-CSA nanocables dispersed in a
KBr pellet.
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as 4.086 N. A weak, broad peak centered at 2q=23.38 may
be attributed to the amorphous PANI-CSA.


Electrical properties of a single Au/PANI-CSA nanocable :
A single Au/PANI-CSA nanocable with a length of 5 mm
and an outer diameter of 180 nm was selected to investigate
its electrical properties. Because the nanocable is not very
long, only two platinum microleads were attached onto the
single nanocable (it is difficult to fabricate four microleads
of such a short length). Figure 7a shows a typical scanning
electron microscopy (SEM) image of a single Au/PANI-
CSA nanocable and the attached platinum microleads
(length=80 mm, cross section=0.8O0.4 mm2). Because the
resistivity of the platinum leads deposited by focused-ion-
beam systems is about 5O10�4 Wcm,[30] the resistance of the
platinum microleads can be estimated to be about 0.4 kW.
Compared with the resistance of a single Au/PANI-CSA
nanocable (20–200 kW), the resistance of the Pt electrodes is
small.


Figure 7b shows the temperature (T) dependence of the
resistance (R) of the single Au/PANI-CSA nanocable, whose
resistance was measured by using a two-probe method. The
single-nanocable conductivity (s) can be determined by
using Equation (1):


sðTÞ ¼ L
SRðTÞ ¼


L
pr 2RðTÞ ð1Þ


in which L is the length of the nanocable between two plati-
num microleads, S is the section area of a single nanocable,
and r is the radius of the nanocable. We can deduce that the
electrical conductivity of a single Au/PANI-CSA nanocable
is 77.2 Scm�1 at room temperature, which is much higher
than the conductivity of a single PANI-CSA nanotube
(31.4 Scm�1).[31,32] The Au/PANI-CSA nanocable shows sem-
iconductive behavior. The resistivity increases with decreas-
ing temperature, and sACHTUNGTRENNUNG(100 K)=48.4 Scm�1. It was found
that the resistivity ratio of sr=s ACHTUNGTRENNUNG(100 K)/sACHTUNGTRENNUNG(300 K) is 1.6,
which is much smaller than that of a single PANI-CSA
nanotube (sr=7.4).[31, 32] The semiconducting behavior of
conducting polymers can be described by the variable range
hopping (VRH) model proposed by Mott and Davis[33] as


shown in Equations (2) and (3):


sðTÞ ¼ s0exp
��
T0


T


�1=ðnþ1Þ�
ðn ¼ 1, 2, 3Þ ð2Þ


T0 ¼
8


ZLCNðEFÞkB
ð3Þ


in which T0 is the characteristic Mott temperature, which re-
flects the hopping energy, LC is the localization length,
N(EF) is the density of states at the Fermi level, kB is the
Boltzmann constant, Z is the number of nearest neighbor
chains, and “n=1, 2, and 3” means 1D, 2D, and 3D VRH
conduction. Figure 7c shows the 3D-VRH plot of lnR(T)
versus T�1/4. The characteristic Mott temperature T0 is about
260 K, which is also much smaller than that of a single
PANI-CSA nanotube (T0=1500 K).[29,30] The above results
suggest that the Au nanowires in the Au/PANI-CSA nanoca-


Figure 6. XRD pattern of the Au/PANI-CSA nanocables.


Figure 7. a) Typical SEM image of a single Au/PANI-CSA nanocable and
Pt microelectrodes (scale bar=5 mm). The length of the Pt microelec-
trode is 80 mm and its cross section is 0.8O0.4 mm2. b) Temperature de-
pendence of the resistance of a single Au/PANI-CSA nanocable; the re-
sistance is measured by a two-terminal technique; c) plot of lnR(T)
versus T�1/4 (R was measured in Ohms).


www.chemeurj.org G 2006 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 5314 – 53195318


L. Niu, Z. Chen et al.



www.chemeurj.org





ble can enhance the electrical properties of the Au/PANI-
CSA composites. Such work is now in progress.


Conclusion


In conclusion, we have successfully developed a self-assem-
bly method for synthesizing Au/PANI-CSA coaxial nanoca-
bles with average diameters of 50 nm and lengths of 1–2 mm
in aqueous solution at low temperature. Dissolution of the
Au nanowire core easily results in the formation of hollow
PANI-CSA nanotubes. In this method, the aniline monomer
was oxidized by HAuCl4 in the presence of CSA (as the
dopant and surfactant) leading to the formation of Au/
PANI-CSA coaxial nanocables. The directly measured con-
ductivity of a single gold/polyaniline nanocable is high
(�77.2 Scm�1). The synergistic effects of both growth of Au
nanowires and the polymerization of PANI sheaths are re-
sponsible for the formation of the nanocables through a
self-assembly process. Furthermore, we believe that the elec-
tronic interaction between the metal and the external con-
ducting polymer layer will play a crucial role in constructing
optoelectronic nanodevices.


Experimental Section


General : The aniline monomer (Aldrich, >99.5%) was distilled under
reduced pressure and stored under N2 gas. d-CSA (98%) and HAuCl4 (>
49%) were used as received (Aldrich).


Synthesis : In a typical experiment, the aniline monomer (16.5 mL) was
mixed with an aqueous CSA solution (2.5 mL, 0.1m) under stirring for
0.5 h to obtain a uniform emulsion. An aqueous solution of HAuCl4
(0.5 mL, 50 mm) was quickly added to this emulsion. Then, the mixture
was allowed to react at 0–5 8C (in an ice bath) for 10 h without stirring.
The product was washed with deionized water several times, and finally
dried under vacuum for 24 h to obtain a dark powder of Au/PANI-CSA
nanocomposites.


Analysis : The electron microscopy of Au/PANI-CSA coaxial nanocables
was carried out by using a transmission electron microscope
(JEOL2000). UV/Vis absorption spectra of the reaction mixture at differ-
ent reaction times in aqueous solution were recorded on a Shimadzu UV-
3100 spectrometer. FTIR spectra (Perkin–Elmer system) and X-ray dif-
fraction (MAC Science, Japan M-18AHF) analyses were used to charac-
terize the molecular structure of Au/PANI-CSA nanocomposites.


Conductivity measurements : The platinum microleads were attached to
the single nanocable as follows. First, some Au/PANI-CSA nanocables
were ultrasonically dispersed in ethanol for about 15 min. Then, a drop
of the dilute solution was placed on an insulating silica/Si substrate.
Second, when the solution was dry, an electron microscope was used to
find an appropriate single nanocable. Third, one pair of platinum micro-
leads with a width of 0.8 mm and a thickness of 0.4 mm were fabricated by
focused ion beam (FIB) deposition (Dual-Beam 235 FIB System from
FEI Company). The electrical connection between the platinum micro-
leads and the sample holder was made by using a highly conductive silver
paste and gold wires. The electrical resistance of the single nanocable
was measured by using a Physical Property Measurement System from
Quantum Design.
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Introduction


Sandwich and half-sandwich type alkyl and hydrido com-
plexes of lanthanides are highly reactive and have demon-
strated very rich and unique chemistry.[1–5] They have been
shown to mediate a wide range of transformations of unsa-
turated substrates.[6–15] Enhanced reactivity of lanthanide
alkyl and hydrido complexes also leads to hydrocarbon acti-
vation[16–18] and alkane functionalization.[19] Reactivity of lan-
thanide compounds is known to be driven by electrophilicity
and coordination unsaturation of the metal center and can
be controlled through tuning of the electronic and steric
properties of the ancillary ligation. In contrast to the well-


developed chemistry of cyclopentadienyl-derived hydrido
complexes of lanthanides, their analogues in alternative co-
ordination environments still remain extremely poorly inves-
tigated.[20–27] Recently, research activity has been directed to
design new ligand sets to extend the means of modification
and control of reactivity of complexes. In an attempt to in-
crease the electrophilicity of the metal center many research
groups have focused their work on “harder” polydentate N
and/or O coordinating ligands. These ligands should provide
enough steric bulk to prevent further coordination of Lewis
bases, dimerization, or ligand redistribution reactions, but
do not dampen reactivity of complexes.[20–23] Ligand frame-
works containing electronegative nitrogen atoms turned out
to be the most promising ligands, since they show a high af-
finity to the hard Lewis acidic atoms of the rare-earth
metals combined with structural diversity.[28, 29] We focused
on the tetrasubstituted guanidinate ligand system,[30] because
its electronic and steric properties can be rationally modi-
fied by variation of the substituents at the nitrogen atoms.
Several examples of alkyl complexes of rare-earth metals
supported by guanidinate ligands were published recent-
ly.[31–34] We employed the advantages of the [(Me3Si)2NC-
ACHTUNGTRENNUNG(NiPr)2]


� coordination environment for the stabilization of
lanthanide hydride, and synthesized the first complex of this
type, [{LuACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2ACHTUNGTRENNUNG(m-H)}2].


[35] We report here
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H)}2] (Ln=Y, Nd, Sm, Gd, Yb) was
synthesized and structurally character-
ized. Single-crystal X-ray and solution
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on synthesis, structure and reactivity of a new family of lan-
thanide–hydrido complexes [{Ln ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2ACHTUNGTRENNUNG(m-
H)}2] (Ln=Y, Nd, Sm, Gd, Yb).


Results and Discussion


The most common synthetic route to lanthanide–hydrido
complexes is s-bond metathesis reaction of parent alkyls
under treatment with dihydrogen[36,37] or phenylsilane.[38] We
recently reported that the alkylation reaction of bis-
ACHTUNGTRENNUNG(guanidinate)lutetium chloride [Lu ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2ACHTUNGTRENNUNG(m-
Cl)2Li ACHTUNGTRENNUNG(thf)2] with an equimolar amount of Me3SiCH2Li in
hexane at 0 8C leads to the isolation of the alkyl–lutetium
complex [Lu ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2ACHTUNGTRENNUNG(CH2SiMe3)].


[35] To pre-
pare bis(guanidinate) alkyl complexes of other lanthanide
metals we have employed the same synthetic approach. Di-
meric bis(guanidinate) chlorides [{Ln ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2-
ACHTUNGTRENNUNG(m-Cl)}2] (Ln=Nd (1),[39] Sm (2)[40]) and bis(guanidinate)
chlorido ate complexes [Ln ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2ACHTUNGTRENNUNG(m-Cl)2Li-
ACHTUNGTRENNUNG(thf)2] (Ln=Y (3),[40] Gd (4),[40] Yb (5)[33]) were treated with
Me3SiCH2Li in hexane at 0 8C [Eqs. (1) and (2)].


Separation of the precipitate of LiCl and evaporation of
hexane in vacuo afforded the alkylation products 6–10,
which were isolated as viscous
oils. Unfortunately all attempts
to obtain crystalline samples of
complexes 6–10 failed. Accord-
ing to 1H and 13C{1H} NMR
spectra the diamagnetic yttrium
compound 8 is pure, but we did
not succeed in obtaining satis-
factory microanalysis data, be-
cause of the difficulty of prepa-


ration of samples of highly sensitive waxy compounds. Com-
plex 8 does not contain coordinated THF molecules. In the
1H and 13C{1H} NMR spectra of 8, a single set of signals cor-
responding to the guanidinate fragments indicate the equiv-
alence of both ligands. The presence of the CH2SiMe3 group
in 8 is proved by a high-field-shifted doublet at d=


�0.29 ppm (JACHTUNGTRENNUNG(Y,H)=3 Hz) in the 1H NMR spectrum, corre-
sponding to the two protons of the methylene group attach-
ed to the yttrium atom, and by a singlet at d=0.38 ppm cor-
responding to the protons of the Me3Si group. The carbon
atoms of these groups appear as a doublet at d=34.9 ppm
(JACHTUNGTRENNUNG(C,Y)=42 Hz) and a singlet at d=4.9 ppm in the
13C{1H} NMR spectrum of 8. Complex 8 is thermally unsta-
ble and completely decomposes in [D6]benzene within two
days at 20 8C. Decomposition of 8 leads to disappearance of
the signal at d=�0.29 ppm in the 1H NMR spectrum and
quantitative formation of Me4Si. Because of the difficulties
of isolation and instability of alkyl species 6–10, they were
generated “in situ” and used for synthesis of related hydrido
derivatives as solutions in hexane after separation of LiCl.
We have investigated s-bond metathesis reactions of alkyl


complexes 6–10 with phenylsilane as a synthetic route to
rare-earth bis(guanidinate) hy-
drides. Reactions of 6–10 with
equimolar amounts of PhSiH3


were carried out in hexane at
room temperature and resulted
in immediate crystallization of
hydrido complexes [{Ln-
ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2ACHTUNGTRENNUNG(m-H)}2]
(Ln=Y (11), Nd (12), Sm (13),
Gd (14), Yb (15)) from the re-
action mixture [Eq. (3)]. Com-
plexes 11 and 15 crystallize
from hexane as solvates with
one or half a solvent molecule
per unit cell, respectively, while
crystals of 12, 13, 14 do not
contain the solvent molecules.
Exposure of complexes 11 and
15 at room temperature to dy-
namic vacuum (0.5–1 h) lead to
removal of hexane and the iso-
lation of nonsolvated com-
pounds.


The hydrides were isolated in reasonable to high reprodu-
cible yields (82 (11), 79 (12), 72 (13), 81 (14), and 58
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(15)%). Hydrido complexes are extremely air- and mois-
ture-sensitive crystalline solids. They are sparingly soluble in
aromatic hydrocarbons and poorly soluble in hexane. Com-
plexes 11 and 14 are colorless, 12 is cherry-red, 13 is yellow,
and 15 is orange. Complexes 11–15 can be kept in solid state
in dry argon or in sealed evacuated tubes at 0 8C for several
weeks without decomposition. The 1H NMR samples of 11
in [D6]benzene do not show any traces of decomposition or
solvent metalation over a period of four days at 20 8C. The
1H and 13C{1H} NMR spectra of diamagnetic complex 11
(20 8C, C6D6) are consistent with a dimeric molecule with an
internal mirror plane. The hydrido ligands appear in the
1H NMR spectrum of 11 as a sharp well-resolved triplet at
d=7.94 ppm (1J ACHTUNGTRENNUNG(Y,H)=26.2 Hz), thus indicating coupling of
each hydrido ligand with two equivalent 89Y nuclei
(Figure 1).


The signal of hydrido ligands of 11 is substantially shifted
to the low field compared to the positions of respective sig-
nals of the other reported sandwich and half-sandwich yttri-
um hydrides ([{Y ACHTUNGTRENNUNG(tBuC5H4)2ACHTUNGTRENNUNG(m-H)}2] d=3.09 ppm,


1J ACHTUNGTRENNUNG(Y,H)=
32.8 Hz;[38] [{Y(Cp)2ACHTUNGTRENNUNG(thf) ACHTUNGTRENNUNG(m-H)}2]


1J ACHTUNGTRENNUNG(Y,H)=2.02, 27.0 Hz;[41]


[{Y(2,4,7-Me3C9H4)2ACHTUNGTRENNUNG(m-H)}2]
1J ACHTUNGTRENNUNG(Y,H)=2.69, 32.7 Hz;[14]


[{Y(h5:h1-C5Me4SiMe2NCMe3)Y ACHTUNGTRENNUNG(thf) ACHTUNGTRENNUNG(m-H)}2]
1J ACHTUNGTRENNUNG(Y,H)=5.50,


28.8 Hz;[42] [{Y(h5 :h1-C5Me4CH2SiMe2NCMe3) ACHTUNGTRENNUNG(thf) ACHTUNGTRENNUNG(m-H)}2]
1J ACHTUNGTRENNUNG(Y,H)=5.50, 26.8 Hz[43]) and is close to the chemical shift
of the related amidinate supported complex ([{YACHTUNGTRENNUNG{PhC-
ACHTUNGTRENNUNG(NSiMe3)2}2Y ACHTUNGTRENNUNG(m-H)}2]


1JACHTUNGTRENNUNG(Y,H)=8.28, 27.6 Hz).[15] This obser-
vation is consistent with enhanced electron-withdrawing
properties of guanidinate ligands relative to those of cyclo-
pentadienyl ligands. Unlike the lutetium analogue [{Lu-
ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2ACHTUNGTRENNUNG(m-H)}2] the guanidinate ligands of 11
give a single set of signals in the 1H and 13C{1H} NMR spec-
tra, indicating equivalence of both {(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2} frag-
ments.
Clear colorless single-crystal samples of 11 suitable for X-


ray crystal structure determination were obtained by slow
cooling of a solution of 11 in hexane from 40 to 20 8C. The
molecular structure of 1 is depicted in Figure 2; the crystal
data and structural refinement data are listed in Tables 1
and 2. The results of the X-ray single-crystal structure analy-


sis show that 11 adopts a dimeric structure (Figure 2). The
coordination sphere of the metal centre is determined by
the four nitrogen atoms of the two guanidinate ligands and
by two bridging hydrido ligands. The formal coordination
number of the metal atom is six.
In the planar tetranuclear Y2H2-core the Y�H bond


lengths are noticeably different: 2.15(3) and 2.50(4) N. One
is comparable to those in reported metallocene- and bis-
ACHTUNGTRENNUNG(amidinate)hydrido complexes [{YACHTUNGTRENNUNG(MeC5H4)2 ACHTUNGTRENNUNG(thf) ACHTUNGTRENNUNG(m-H)}2]
(2.17(8), 2.19(8) N), [{Y(1,3-Me2C5H3)2ACHTUNGTRENNUNG(thf)ACHTUNGTRENNUNG(m-H)}2] (2.03(7),
2.27(6) N),[44] ([{Y ACHTUNGTRENNUNG{PhC ACHTUNGTRENNUNG(NSiMe3)2}2ACHTUNGTRENNUNG(m-H)}2] (2.11(3),
2.16(3)[15] while the second one is substantially longer.
The Y-Y distance in 11 (3.6825(5) N) are very close to
that found in the complexes [Y ACHTUNGTRENNUNG(MeC5H4)2ACHTUNGTRENNUNG(thf) ACHTUNGTRENNUNG(m-H)]2
(3.66(1) N), [Y(1,3-Me2C5H3)2ACHTUNGTRENNUNG(thf) ACHTUNGTRENNUNG(m-H)]2 (3.68(1) N),[44]


[Y(h5:h1-C5Me4CH2SiMe2NCMe3)ACHTUNGTRENNUNG(thf)ACHTUNGTRENNUNG(m-H)]2 (3.7085(8) N).
43


The Y-H-Y angles in the Y2H2-core are comparable to those
in other dimeric m2-hydrido bridged yttrium complexes in
bis(cyclopentadienyl)[41,44] , amidocyclopentadienyl[42,43] and
bis(amidinate)[15] ancillary ligation. Unlike the lutetium ana-
logue [{Lu ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2 ACHTUNGTRENNUNG(m-H)}2]


[35] (16) in which the
{Lu ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2} fragments are nonequivalent due
to substantial difference of the M�N bond lengths in 11 the
related distances are very similar (2.349(2) and 2.365(2) N).
The N�C distances in the guanidinate ligands of 11 differ
only slightly between each other (1.353(3), 1.334(3),
1.346(4), and 1.344(4) N) which reflects electron delocaliza-
tion within the anionic NCN units. The results of the X-ray
diffraction study reveal equivalence of the guanidinate li-
gands in 11 thus proving the solution 1H and 13C NMR
data. The “bite” angles between two carbon atoms that can
be regarded as centroids of guanidinate ligands in
{YACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2} moieties are C(1)-Y(1)-C(1A)
122.2(1)8 and C(14)-Y(2)-C ACHTUNGTRENNUNG(14A) 121.9(1)8. Remarkably,
the disposition of the two {Y ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2} groups is
such that the planes defined by C(1)Y(1)C(1A) and
C(14)Y(2)C ACHTUNGTRENNUNG(14A) are nearly orthogonal (86.0(1)8); this ge-
ometry leads to a decrease in the steric hindrance in the co-
ordination sphere of the Y atoms.


Figure 1. 1H NMR spectrum of complex [{Y ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2ACHTUNGTRENNUNG(m-H)}2]
(11), [D6]benzene, 20 8C.


Figure 2. Molecular structure of complex 11 with 30% ellipsoid probabili-
ty; the isopropyl and methyl groups of SiMe3 fragments are omitted.
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Single-crystal samples of complexes 12–15 were obtained
by slow cooling of solutions of the complexes in hexane
from 40 to 20 8C. The crystal data and structural refinement
data for complexes 12–15 are listed in Tables 1 and 2.
X-ray diffraction studies have revealed that complexes


12–15 are dimeric with similar coordination environment of
the central metal atoms. The structures of hydrido com-
plexes 11–15 can be divided in two groups accordingly to
their principal distinction, that is, reciprocal orientation of
the M ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2 moieties in dimer. The value of
the dihedral angles between two planes defined by the cen-
tral carbon atoms of two guanidinate ligands and the metal
atom (for example C(1)-Y(1)-C(1A), C(14)-Y(2)-C ACHTUNGTRENNUNG(14A)
for 11 and C(1)-Nd(1)-C(14), C(27)-Nd(2)-C(40) for 12)
were used for quantitative estimation of mutual disposition
of two M ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2 fragments. For yttrium, yt-
terbium, and lutetium, which all have smaller ion sizes,
these planes are nearly orthogonal (point group C2) with the
value of dihedral angle being 86.0(1), 87.6(1) and 86.9(1)8,
respectively, resulting staggered conformation of the dimers.
This structural type is presented by complex 11 in Figure 2.
In the complexes of the larger lanthanide atoms neodymi-
um, samarium and gadolinium, these planes are nearly co-
planar (7.6(2), 7.7(2), 7.5(2)8) and the dimers are close to


adopt eclipsed conformation
(point ghroup D2h). The struc-
ture of this type is represented
by complex 12 in Figure 3. The
staggered conformation of di-
meric complexes of yttrium, yt-
terbium, and lutetium leads to
a decrease in the steric hin-
drance in the coordination
sphere of the metal atoms. The
geometric parameters within
the guanidinate ligands of com-
plexes 1–15 are similar.
Initial reactivity studies were


carried out for diamagnetic yt-
trium compound 11, which was
chosen as a model complex for
a new hydride series. Despite of
the fact that the terminal hy-
dride functionality in [Y-
ACHTUNGTRENNUNG(Cp*)2H] was shown to be
much more reactive than those
in bridging hydrides [{Y-
ACHTUNGTRENNUNG(Cp*)2H}2],


[46] the number of
known monomeric hydrides still
remains very limited.[18,24,47–49]


In an effort to generate highly
active monomeric hydrido spe-
cies we treated complex 11 in
[D6]benzene with 0.2 equiva-
lents of [D8]THF at 20 8C and
monitored the reaction by
1H NMR spectroscopy. Addi-


tion of [D8]THF resulted in a complication of the spectrum
and appearance of a new doublet at d=7.54 ppm with
1J ACHTUNGTRENNUNG(Y,H)=60.2 Hz together with usual triplet at d=7.94 ppm
(1J ACHTUNGTRENNUNG(Y,H)=26.2 Hz). Dissolving 11 in an excess of [D8]THF
at 20 8C leads to complete disappearance of the triplet at
d=7.94 ppm, while the doublet at d=7.54 ppm remains.
Previously, Teuben et al. and Tilley et al. described mono-
meric hydrido complexes containing coordinated molecule
of THF [Y ACHTUNGTRENNUNG(Cp*)2HACHTUNGTRENNUNG(thf)][18] and [YACHTUNGTRENNUNG(C9Me7)2HACHTUNGTRENNUNG(thf)].[47] In the
1H NMR spectra of these compounds the terminal hydride
ligands were identified by doublets with large coupling con-
stants ([Y ACHTUNGTRENNUNG(Cp*)2HACHTUNGTRENNUNG(thf)]: d=6.17 ppm, 1J ACHTUNGTRENNUNG(Y,H)=81.74 Hz;
[YACHTUNGTRENNUNG(C9Me7)2H ACHTUNGTRENNUNG(thf)]: d=6.04 ppm, 1JACHTUNGTRENNUNG(Y,H)=82.0 Hz). Proba-
bly the doublet at d=7.54 ppm in the 1H NMR spectrum of
11 can be attributed to terminal hydrido ligand of monomer-
ic THF adduct [YACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2(H) ACHTUNGTRENNUNG(thf)n]. Our ef-
forts to isolate the THF adduct failed because of its low sta-
bility in solution. To provoke dissociation of a dimeric 11 a
twentyfold molar excess of PMe3 was added to a solution of
the complex in hexane. This treatment did not result in coor-
dination of a Lewis base to the metal atom. Evaporation of
volatiles and recrystallization of the solid residue from
hexane lead to the recovery of complex 11. Complex 11
turned out to be rather inert with respect to addition to mul-


Table 1. Bond lengths and angles for complexes 11–15.


Bond lengths [N] Bond angles [8]
M�H M�N N�C M�M M-H-M C-M-C dihedral angle[a]


11 2.15(3)
2.50(4)


2.349(2)
2.349(2)
2.365(2)
2.365(2)


1.353(3)
1.334(3)
1.346(4)
1.344(4)


3.6825(5) 104.6(1) 122.2(1)
121.9(1)


86.0(1)


12 2.54(4)
2.54(4)
2.53(4)
2.53(4)


2.431(2)
2.440(2)
2.471(2)
2.487(3)
2.443(2)
2.460(3)
2.462(3)
2.479(2)


1.336(4)
1.340(4)
1.332(4)
1.325(4)
1.340(4)
1.312(4)
1.334(4)
1.320(4)


3.8892(2) 100.0(8)
99.9(8)


120.99(8)
124.59(8)


7.6(2)


13 2.33(2)
2.40(2)
2.40(2)
2.31(2)


2.402(2)
2.403(2)
2.452(2)
2.466(2)
2.418(2)
2.428(2)
2.445(2)
2.447(2)


1.337(2)
1.325(3)
1.323(2)
1.328(2)
1.320(2)
1.333(2)
1.325(2)
1.344(3)


3.8102(2) 107.1(5)
108.1(5)


120.88(5)
123.90(5)


7.7(2)


14 2.53(2)
2.60(2)
2.57(2)
2.54(2)


2.377(2)
2.382(2)
2.432(2)
2.444(2)
2.385(2)
2.417(2)
2.425(2)
2.425(2)


1.342(3)
1.333(3)
1.324(3)
1.330(3)
1.329(3)
1.349(3)
1.322(3)
1.332(3)


3.8069(2) 97.3(6)
94.7(3)


120.39(6)
123.31(6)


7.5(2)


15 2.15(3)
2.14(3)


2.305(3)
2.331(3)
2.303(3)
2.328(3)


1.352(7)
1.335(7)
1.315(5)
1.380(5)


3.5971(4) 113.9(1) 121.9(1)
121.2(2)


87.6(1)


[a] Dihedral angle between the planes defined by the centroids of guanidinate ligands and the metal atoms (C-
M(1)-C and C-M(2)-C) of two M ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2 moieties.
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tiple carbon–carbon bonds of substituted olefins; it does not
react with styrene, stilbene, tolane or bis(trimethylsilyl)ace-


tylene ([D6]benzene, 20 8C, 96 h). Evidently the bis(guanidi-
nate) ligand system creates steric saturation of the coordina-
tion sphere of the metal atom providing its kinetic stability,
but also dampening reactivity.
The catalytic tests of complexes 11–15 with ethylene were


carried out under rigorously anaerobic conditions in sealed
glass manometric system (toluene 5 mL, catalyst concentra-
tion 1.6–5.9P10�6 molL�1, 20 8C, ethylene pressure 0.5 atm);
this set up allowed us to monitor the polymerization process
by absorption of the monomer. Catalysts efficiencies were
estimated by both monomer absorption and by quenching
the polymerization reaction after measured time intervals
and weighing the quantity of polyethylene produced. The re-
sults on ethylene polymerization are shown in Figure 4. The
ethylene polymerization activity of the samarium–hydrido
complex 13, 1268 gmmol�1 atm�1h�1 was the highest among
tested compounds. By the end of one day the complex was
still active without loss of the reaction rate. In the case of
the yttrium derivative 11 the polymerization process was
less rapid (442 gmmol�1 atm�1h�1) and the catalyst did not
demonstrate loss of the reaction rate during three days. Un-
expectedly[36] the neodimium complex 12 had very low activ-
ity as a catalyst for the polymerization of ethylene and after


Table 2. Crystallographic data and structure refinement details for 11–15.


11 12 13 14 15


formula C58H144N12Si8Y2 C52H130N12Nd2Si8 C52H130N12Si8Sm2 C52H130Gd2N12Si8 C55H137N12Si8Yb2
Mr 1409.10 1436.88 1448.09 1462.90 1527.49
T [K] 100(2) K 100(2) K 100(2) K 100(2) K 100(2) K
crystal system trigonal orthorhombic orthorhombic orthorhombic trigonal
space group P3221 Pna21 Pna21 Pna21 P3221
a [N] 14.8543(6) 19.7837(9) 19.7465(8) 19.7254(8) 14.8471(4)
b [N] 14.8543(6) 20.5623(10) 20.5430(8) 20.5171(8) 14.8471(4)
c [N] 32.8284(19) 19.2253(9) 19.1232(8) 19.1192(8) 32.0685(17)
a [8] 90 90 90 90 90
b [8] 90 90 90 90 90
g [8] 120 90 90 90 120
V [N3] 6273.1(5) 7820.8(6) 7757.4(5) 7737.7(5) 6122.0(4)
Z 3 4 4 4 3
1calcd [Mgm


�3] 1.082 1.220 1.240 1.256 1.243
m [mm�1] 1.532 1.473 1.660 1.861 2.432
F ACHTUNGTRENNUNG(000) 2202 3032 3044 3064 2379
crystal size [mm3] 0.35P0.30P0.25 0.20P0.17P0.11 0.20P0.18P0.15 0.40P0.32P0.25 0.30P0.20P0.15
q range [8] 1.58–24.99 1.45–21.00 1.78–25.00 1.43–25.00 1.58–23.98
index ranges �17�h�17


�17�k�17
�39� l�38


�19�h�19
�20�k�20
�19� l�19


�23�h�23
�24�k�24
�22� l�22


�23�h�23
�24�k�24
�22� l�22


�16�h�16
�16�k�16
�36� l�36


reflns collected 49308 40783 59367 59566 44153
independent reflns 7377


[R ACHTUNGTRENNUNG(int)=0.0523]
8373
[R ACHTUNGTRENNUNG(int)=0.0368]


13628
[R ACHTUNGTRENNUNG(int)=0.0237]


13617
[R ACHTUNGTRENNUNG(int)=0.0329]


6362
[RACHTUNGTRENNUNG(int)=0.0403]


completeness to q [%] 99.9 99.8 100.0 100.0 99.4
max/min transmission 0.821/0.616 0.8548/0.7572 0.7888/0.7325 0.6534/0.5232 0.7118/0.5291
data/restraints/parameters 7377/64/420 8373/9/701 13628/11/711 13617/9/709 6362/294/516
goodness-of-fit on F 1.051 1.025 1.043 1.040 1.170
final R indices [I>2s(I)] R1=0.0555,


wR2=0.1510
R1=0.0228,
wR2=0.0527


R1=0.0184,
wR2=0.0472


R1=0.0230,
wR2=0.0608


R1=0.0562,
wR2=0.1477


R indices (all data) R1=0.0726,
wR2=0.1562


R1=0.0251,
wR2=0.0535


R1=0.0192,
wR2=0.0476


R1=0.0240,
wR2=0.0613


R1=0.0563,
wR2=0.1478


absolute structure
parameter


0.000(3) 0.024(7) 0.411(3) 0.007(5) 0.06(3)


largest diff. peak/hole
[eN�3]


1.214/�0.535 0.524/�0.196 0.812/�0.244 2.329/�0.449 1.362/�2.815


Figure 3. Molecular structure of complex 12 with 30% ellipsoid probabili-
ty; the isopropyl and methyl groups of SiMe3 fragments are omitted.
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1 h the reaction stopped. Complexes of gadolinium, ytterbi-
um, and lutetium have shown modest catalytic activity (281,
77, and 76 gmmol�1 atm�1h�1, respectively). Most of the lan-
thanide complexes that readily polymerize ethylene are in-
active in propylene polymerization.[36] Complexes 11–15
have been tested in catalysis of propylene polymerization
(Figure 5).


The yttrium derivative 11 had low activity in propylene
polymerization. Over a period of two hours the monomer
absorption reached 58 mol per mole of catalyst, whereupon
the catalytic activity was lost. Complexes 12–15 were even
less active and became inactive after 15–20 min. In styrene
polymerization, only derivatives of smallest lanthanide
metals showed catalytic activity. Complex 16 initiates poly-
merization of styrene (20 8C, neat styrene, 5% of 16), and
90% conversion was reached in six days; the polystyrene
obtained had a high molecular weight (Mn=811000 gmol


�1,
Mw=1250000 gmol


�1), a narrow molecular-weight distribu-
tion (Mw/Mn=1.54), and melting temperature 255–260 8C. In
the case of 15 (20 8C, neat styrene, 1 mol% of 15, total con-


version in three days) the obtained polymer had a higher
molecular-weight distribution Mw/Mn=2.6 (Mn=


90000 gmol�1, Mw=237700 gmol
�1; melting temperature


289–293 8C). The 13C NMR spectra of both polystyrenes in-
dicate their high syndiotactisity.
A stoichiometric reaction of 11 with ethylene in


[D6]benzene at room temperature under 1H NMR spectro-
scopic control did not afford an insertion product [Y-
ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2ACHTUNGTRENNUNG(CH2CH3)], but resulted in rapid poly-
ethylene formation.


Conclusions


Bis(guanidinate) ligand set was demonstrated to be a suita-
ble coordination environment for the stabilization of the hy-
drido complexes of rare-earth metals with different ion size.
Due to bulky substituents on the nitrogen atoms this ancil-
lary ligation provides high solubility of the lanthanide deriv-
atives and allows us to obtain Lewis base free hydrides with
extremely low coordination number at the metal atom. The
new family of hydrido complexes of rare-earth metals was
synthesized and structurally characterized. Bis(guanidinate)-
hydrido complexes of samarium and yttrium have shown
high catalytic activity in ethylene polymerization. Studies on
reactivity and catalytic activity of bis(guanidinate)hydrido
derivatives of the lanthanides are currently in progress.


Experimental Section


General remarks: All experiments were performed in evacuated tubes,
using standard Schlenk techniques with rigorous exclusion of traces of
moisture and air. THF, benzene, toluene, and hexane were purified by
distillation from sodium/benzophenone ketyl and were condensed in
vacuum prior to use. N,N’-Diisopropylcarbodiimide was purchased from
Acros, dried with molecular sieves and purified by distillation. Anhy-
drous LnCl3


[50] and [LiN ACHTUNGTRENNUNG(SiMe3)2 ACHTUNGTRENNUNG(Et2O)]
[51] were prepared according to


literature procedures. All other commercially available chemicals were
used after the appropriate purification. IR spectra were recorded as
Nujol mulls on a Specord M80 spectrophotometer. NMR spectra were re-
corded on a Bruker DPX 200 spectrometer (1H, 200 MHz; 13C, 50 MHz)
in C6D6 at 20 8C, unless otherwise stated. Deuterated benzene was dried
with sodium benzophenone ketyl and vacuum-transferred. Chemical
shifts for 1H and 13C spectra were referenced internally according to the
residual solvent resonances and reported relative to tetramethylsilane.
Lanthanide metal analyses were carried out by complexometric titration.
Molecular weight and molecular weight distributions were determined
against polystyrene standards by gel permeation chromatography (GPC)
with a Knauer apparatus with Phenogel columns (10 um, Linear 2) using
chloroform as the eluent.


Synthesis of [Y ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2CH2SiMe3] (8): A solution of
Me3SiCH2Li ( 0.087 g, 0.93 mmol) in hexane (10 mL) was added to a sol-
ution of 3 (0.82 g, 0.93 mmol) in hexane (20 mL) at 0 8C, and the reaction
mixture was stirred for 1 h. The pale yellow solution was filtered and
hexane was evaporated in vacuo. Complex 8 was isolated as pale yellow
viscous oil (0.60 g, 86%). 1H NMR (200 MHz, [D6]benzene): d=�0.29
(d, 2J ACHTUNGTRENNUNG(Y,H)=3 Hz, 2H; CH2SiMe3), 0.25 (s, 36H; NSi ACHTUNGTRENNUNG(CH3)3), 0.38 (s,
9H; Si ACHTUNGTRENNUNG(CH3)3), 1.30 (d, 3J ACHTUNGTRENNUNG(H,H)=6.2 Hz, 24H; CH ACHTUNGTRENNUNG(CH3)2), 3.78 ppm
(brm, 4H; CH ACHTUNGTRENNUNG(CH3)2);


13C{1H} NMR (50 MHz, [D6]benzene): d=2.5
((NSiCH3)2), 4.9 (CH2SiCH3), 27.1 (CH ACHTUNGTRENNUNG(CH3)2), 34.5 (d, J ACHTUNGTRENNUNG(C,Y)=42 Hz,


Figure 4. Polymerization of ethylene catalyzed by [{Ln ACHTUNGTRENNUNG{(Me3Si)2NC-
ACHTUNGTRENNUNG(NiPr)2}2ACHTUNGTRENNUNG(m-H)}2] complexes (Ln=Y (11), Nd (12), Sm (13), Gd (14), Yb
(15), Lu (16); toluene 5 mL, catalyst concentration 1.6–5.9·10�6 molL�1,
20 8C, ethylene pressure 0.5 atm).


Figure 5. Polymerization of propylene catalyzed by [{Ln ACHTUNGTRENNUNG{(Me3Si)2NC-
ACHTUNGTRENNUNG(NiPr)2}2ACHTUNGTRENNUNG(m-H)}2] complexes (Ln=Y (11), Nd (12), Sm (13), Gd (14), Yb
(15), Lu (16); toluene 5 mL, catalyst concentration 1.9–6.1P10�6 molL�1,
0 8C, propylene pressure 0.5 atm).


Chem. Eur. J. 2006, 12, 5320 – 5327 I 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5325


FULL PAPERLanthanide Chemistry



www.chemeurj.org





YCH2), 46.2 (CH ACHTUNGTRENNUNG(CH3)2), 169.2 ppm (CN3); IR (nujol, KBr): ñ=1635 (s),
1315 (w), 1245 (s), 1200 (s), 1215 (m), 960 (s), 935 (m), 825 cm�1 (s).


Synthesis of [{Y ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2 ACHTUNGTRENNUNG(m-H)}2] (11): Phenylsilane
(0.069 mL, 0.55 mmol) was added to a solution of 8 obtained in situ from
0.491 g (0.55 mmol) of 3 and 0.052 g (0.55 mmol) of Me3SiCH2Li in
hexane (20 mL) at 0 8C. The reaction mixture was stirred for 30 min at
0 8C and then concentrated in vacuo to approximately a quarter of its ini-
tial volume. When crystallization started, the solution was cooled to
�30 8C and kept at that temperature overnight. The mother liqueur was
decanted, the colorless solid was washed with cold hexane and dried in
vacuo at room temperature for 45 min to give 11 as a colorless microcrys-
talline solid (0.301 g, 82%). 1H NMR (200 MHz, [D6]benzene): d=0.36
(s, 72H; NSi ACHTUNGTRENNUNG(CH3)3), 1.44 (d, 3J ACHTUNGTRENNUNG(H,H)=6.4 Hz, 48H; CHACHTUNGTRENNUNG(CH3)2), 3.89
(sept, 3J ACHTUNGTRENNUNG(H,H)=6.4 Hz, 8H; CH ACHTUNGTRENNUNG(CH3)2), 7.95 ppm (t, 1J ACHTUNGTRENNUNG(Y,H)=26.0 Hz,
2H; YH); 13C{1H} NMR (50 MHz, [D6]benzene): d=2.9 (N ACHTUNGTRENNUNG(SiCH3)2),
28.3 (CH ACHTUNGTRENNUNG(CH3)2), 46.4 (CH ACHTUNGTRENNUNG(CH3)2), 168.8 ppm (CN3); IR (Nujol, KBr):
ñ=1630 (s), 1605 (m), 1320 (s), 1250 (s), 1205 (s), 1050 (s), 950 (s),
820 cm�1 (s); elemental analysis calcd (%) for C52H130N12Si8Y2 (1325.1): C
47.13, H 9.81, Y 13.41; found: C 46.79, H 9.66, Y 13.70.


Synthesis of [{Nd ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2 ACHTUNGTRENNUNG(m-H)}2] (12): A solution of
Me3SiCH2Li (0.070 g, 0.74 mmol) in hexane (10 mL) was slowly added to
a solution of 1 (0.550 g, 0.36 mmol) in hexane (40 mL) at 0 8C. The reac-
tion mixture was stirred for 1 h and filtered. Phenylsilane (0.092 mL,
0.74 mmol) was added to a reaction mixture at 0 8C. The solution was stir-
red for 30 min at 0 8C and then concentrated in vacuo to approximately
one quarter of its initial volume. When crystallization started, the solu-
tion was cooled to �30 8C and kept at that temperature overnight. The
mother liqueur was decanted, the colorless solid was washed with cold
hexane and dried in vacuo at room temperature for 45 min to give 12 as
a cherry-red crystalline solid ( 0.408 g, 79%). IR (Nujol, KBr): ñ=1639
(s), 1406 (s), 1313 (s), 1252 (s), 1194 (s), 1167 (m), 1103 (s), 1047 (s), 955
(s), 833 cm�1 (s); elemental analysis calcd (%) for C52H130N12Nd2Si8
(1436.8): C 43.46, H 9.04, Nd 20.07; found: C 43.09, H 9.32, Nd 20.33.


Synthesis of [{Sm ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2 ACHTUNGTRENNUNG(m-H)}2] (13): The proceedure de-
ACHTUNGTRENNUNGscribed for complex 12 was used, but with Me3SiCH2Li (0.090 g,
0.96 mmol) in hexane (10 mL), 2 (0.730 g, 0.48 mmol) in hexane (40 mL),
and phenylsilane (0.126 mL, 1.00 mmol). Complex 13 was isolated as a
yellow crystalline solid (0.500 g, 72%). IR (Nujol, KBr): ñ=1639 (s),
1409 (s), 1315 (s), 1254 (s), 1196(s), 1168 (m), 1120 (m), 1050 (s), 955 (s),
840(s), 760 cm�1 (m); elemental analysis calcd (%) for C52H130N12Si8Sm2


(1448.1): C 43.13, H 8.97, Sm 20.76; found: C 42.88, H 8.73, Sm 21.00.


Synthesis of [{Gd ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2 ACHTUNGTRENNUNG(m-H)}2] (14): The proceedure de-
ACHTUNGTRENNUNGscribed for complex 12 was used, but with Me3SiCH2Li (0.110 g,
1.17 mmol) in hexane (10 mL), 4 (1.020 g, 1.07 mmol) in hexane (40 mL),
and phenylsilane (0.137 mL, 1.11 mmol). Complex 14 was isolated as a
colorless crystalline solid (0.630 g, 81%); IR (Nujol, KBr): ñ=1639 (s),
1407 (s), 1318 (s), 1253 (s), 1198(s), 1169 (m), 1123 (m), 1049 (s), 955 (s),
841 (s), 757 cm�1 (m); elemental analysis calcd (%) for C52H130Gd2N12Si8
(1462.9): C 42.69, H 8.88, Gd 21.49; found: C 42.27, H 8.50, Gd 21.68.


Synthesis of [{Yb ACHTUNGTRENNUNG{(Me3Si)2NC ACHTUNGTRENNUNG(NiPr)2}2 ACHTUNGTRENNUNG(m-H)}2] (15): The proceedure de-
ACHTUNGTRENNUNGscribed for complex 12 was used, but with Me3SiCH2Li (0.070 g,
0.74 mmol) in hexane (10 mL), 5 (0.680 g, 0.70 mmol) in hexane (20 mL),
and phenylsilane (0.092 mL, 0.74 mmol). Complex 15 was isolated as an
orange crystalline solid (0.300 g, 58%); IR (Nujol, KBr): ñ=1638 (s),
1407 (s), 1331 (s), 1253 (s), 1229 (s), 1182(s), 1123 (m), 1050 (s), 955 (s),
919 (s), 880 (s), 833 (s), 760 cm�1 (m); elemental analysis calcd (%) for
C52H130N12Si8Yb2 (1493.3): C 41.82, H 8.70, Yb 23.17; found: C 41.40, H
8.59, Yb 22.92.


Catalytic tests procedures. Catalytic tests with ethylene and propylene
were carried out under rigorously anaerobic conditions in sealed glass
manometric system (ethylene: toluene 5 mL, catalyst concentration 1.6–
5.9P10�6 molL�1, 20 8C, ethylene pressure 0.5 atm; propylene: toluene
5 mL, catalyst concentration 1.9–6.1P10�6 molL�1, 0 8C, propylene pres-
sure 0.5 atm). The reactions were monitored by monomer absorption.
Catalysts efficiencies were estimated by both monomer absorption and
by quenching the polymerization reaction after measured time intervals
and weighing the quantitaty of polymer produced. The polymers were


washed with dilute HCl and methanol, and dried in vacuo to constant
weight.


Crystal structure determinations: Intensity data were collected on a
Smart Apex diffractometer (graphite monochromator, MoKa radiation
(l=0.71073 N), f–w scan mode (w=0.38, 10 s for each frame) Absorp-
tion corrections were made by SADABS program.[52] The structures were
solved by direct methods and refined on F2 by full-matrix least-squares
methods by using SHELXTL.[53] All non-hydrogen atoms were refined
anisotropically. The H atoms in all complexes were placed in calculated
positions and refined in the riding model (Uiso(H)=1.5Ueq(C) N


2 for
alkyl hydrogen atoms). The m2-H atoms in all complexes were found
from Fourier synthesis and refined with fixed Uiso parameters isotropical-
ly. All complexes contain disordered in two positions SiMe3, Me and iPr
groups.


Complexes 11 and 15 crystallize as the hexane solvate, whereas com-
plexes 12–14 do not contain the solvent molecules.


Table 2 summarizes the crystal data and some details of the data collec-
tion and refinement for 11–15. Selected bond distances and angles for
molecules 11–15 are given in Table 1.


CCDC- 256428–256431 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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Introduction


Ionic liquids have attracted much attention from chemists in
various fields because of their unique physical and chemical
properties, such as 1) fluidity over wide temperature ranges,
2) nonvolatility even in a vacuum, and 3) relatively large di-
electric constants. In addition to these properties, some
series of ionic liquids have been synthesized to exhibit a
wide range of viscosity by varying the substituents on the
cationic and/or anionic part of the molecule.[1–5] Although
various types of organic/inorganic reactions in ionic liquids
have been reported to date, systematic studies concerning
the effect of the physical properties of ionic liquids on the
reaction process are scarce.[6]


Thermal Z to E isomerization of substituted azobenzenes
has been intensively studied in organic solvents,[7–13] and the
mechanism has been examined in various media including
supercritical CO2.


[14] It is known that the isomerization of


Abstract: Thermal Z to E isomeriza-
tion reactions of azobenzene and 4-
dimethylACHTUNGTRENNUNGamino-4’-nitroazobenzene were
examined in three ionic liquids of gen-
eral formula 1-R-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (R=


butyl, pentyl, and hexyl). The first-
order rate constants and activation en-
ergies for the reactions of azobenzene
measured in these ionic liquids were
consistent with those measured in ordi-
nary organic solvents, which indicated
that the slow isomerization through the
inversion mechanism with a nonpolar
transition state was little influenced by
the solvent properties, such as the vis-


cosity and diACHTUNGTRENNUNGelectric constant, of ionic
liquids. On the other hand, the rate
constants and the corresponding fre-
quency factors of the Arrhenius plot
were significantly reduced for the iso-
merization of 4-dimeth ACHTUNGTRENNUNGylamino-4’-nitro-
azobenzene in ionic liquids compared
with those for the isomerization in or-
dinary organic molecular solvents with
similar dielectric properties. Although
these ionic liquids are viscous, the ap-
parent viscosity depen ACHTUNGTRENNUNGdence of the rate


constant could not be explained either
by the Kramers–Grote–Hynes model
or by the Agmon–Hopfield model for
solution reactions. It is proposed that
the positive and the negative charge
centers of a highly polar rotational
transition state are stabilized by the
surrounding anions and cations, respec-
tively, and that the ions must be rear-
ranged so as to form highly ordered
solvation shells around the charge cen-
ters of the reactant in the transition
state. This requirement for the orderly
solvation in the transition state results
in unusually small frequency factors of
104–107 s�1.
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unsubstituted azobenzene (AB)
proceeds through the inversion
transition state 1, in which one
of the nitrogen atoms is sp hy-
bridized. On the other hand,


the reaction of push–pull-substituted azobenzenes, such as
4-dimethylamino-4’-nitroazobenzene (DNAB), takes place
through two independent mechanisms: in nonpolar solvents,
by inversion of one of the nitrogen atoms as in AB, and in
polar solvents, by rotation around the N�N bond through
the polarized transition state 2 (Scheme 1). In solvents such


as benzene, the two mechanisms compete with each other
and a shift of the mechanism was identified by monitoring
the temperature dependence of the activation energy.[12]


These mechanisms were later supported by quantum-chemi-
cal calculations.[15]


In this study, we focus on the interaction between the
solute and the ionic liquids for the Z to E isomerization re-
actions of AB and DNAB at different temperatures. The
alkyl substituent on the imidazolium ring was varied to con-
trol the viscosity of the ionic liquids, while the dielectric
properties were not largely altered.


Experimental Section


Materials : All of the common organic solvents were purified as recom-
mended.[16] AB (Wako Pure Chemical Ind.) was purified by sublimation,
whereas DNAB (TCI) was recrystallized from toluene. 1-Chlorobutane,
1-chloropentane, and 1-chlorohexane (Tokyo Kasei Ltd.; GR grade)
were dried over anhydrous MgSO4 for several days before distillation. 1-
Methylimidazole (Aldrich) was dried over sodium and distilled under re-
duced pressure. The ionic liquids were synthesized by modifying the re-
ported methods.[2, 4]


1-R-3-Methylimidazolium chloride (R=butyl, pentyl, and hexyl) was ob-
tained by refluxing each solution of 1-methylimidazole in toluene (ca.
0.5 mol) and 1-chlorobutane, 1-chloropentane, or 1-chlorohexane (ca.
0.8 mol), respectively, at 112–113 8C under an argon atmosphere for 3 h.
Each oily product was separated from toluene under reduced pressure.
The yield was nearly 100%. The bis(trifluoromethylsulfonyl)imide salts
(ionic liquids) of each imidazolium cation were prepared by using the fol-
lowing method: Lithium bis(trifluoromethylsulfonyl)imide (0.09 mol) was
added to a solution of 1-R-3-methylimidazolium chloride (0.08 mol) dis-
solved in distilled water (100 mL), and the mixture was left under reflux
at 100 8C for 1 h. After cooling the mixture to room temperature, the or-
ganic layer was extracted by using dichloromethane (200 mL). The final
products were obtained by removing dichloromethane under reduced


pressure. The ionic liquids, 1-R-3-methylimidazolium bis(trifluoromethyl-
sulfonyl)imide (R=butyl, pentyl, and hexyl) are abbreviated as B-IL,
P-IL, and H-IL, respectively, throughout this article.


It was found that essentially colorless ionic liquids were obtained when
the reactions were carried out with excess amounts of active charcoal.
Treatment of the final products with charcoal did not significantly im-
prove the purity of the ionic liquids: the purity was examined by using
microanalysis as well as by the faint color exhibited by the impure prod-
uct.


Because analyses using the Karl Fisher method revealed that the synthe-
sized ionic liquids contained large amounts of water (typically
120 mmolkg�1 for 1-butyl-3-methylimidazolium bis(trifluoromethylsulfo-
nyl)imide), each ionic liquid was dried in a vacuum oven at 60 8C for
48 h; it was shown from the preliminary experiments to examine the opti-
mum conditions for drying ionic liquids at 60 8C that synthesized B-IL
contained 120 mmolkg�1 of water, which was reduced to 70 mmolkg�1


after 2 h, to �10 mmolkg�1 after 24 h, and to 5.0 mmolkg�1 after 48 h.
The temperature of the oven was kept at 60 8C, because the drying proce-
dure at temperatures higher than 80 8C caused partial decomposition, as
observed by the coloring of B-IL. The amount of water in the treated
ionic liquids was less than 5 mmolkg�1 for all of the ionic liquids used in
this study. Further drying under the same conditions did not make a sig-
nificant improvement.


B-IL : 1H NMR ([D1]chloroform): d=8.75 (s, 1H; NCHN), 7.30 (m, J=
1.5 Hz, 2H; NCHCHN), 4.17 (t, J=7.4 Hz, 2H; NCH2), 3.94 (s, 3H;
CH3N), 1.85 (q, 2H; NCH2CH2), 1.36 (sext, J=7.5 Hz, 2H; N-
ACHTUNGTRENNUNG(CH2)2CH2), 0.96 ppm (t, J=7.5 Hz, 3H; CH3CH2); elemental analysis
calcd (%) for C10H15N3O4S2F6: C 28.64, N 10.02, H 3.61; found: C 28.22,
N 10.21, H 3.61.


P-IL : 1H NMR ([D1]chloroform): d=8.76 (s, 1H; NCHN), 7.30 (m, 2H;
NCHCHN), 4.16 (t, 2H; NCH2), 3.94 (s, 3H; CH3N), 1.87 (q, J=6.9, 2H;
NCH2CH2), 1.33 (m, J=7.9 Hz, 4H; CH3ACHTUNGTRENNUNG(CH2)2), 0.90 ppm (t, J=5.1 Hz,
3H; CH3CH2); elemental analysis calcd (%) for C11H17N3O4S2F6: C
30.49, N 9.70, H 3.95; found: C 30.29, N 9.92, H 3.83.


H-IL : 1H NMR ([D1]chloroform): d=8.79 (s, 1H; NCHN), 7.29 (m, 2H;
NCHCHN), 4.17 (t, 2H; NCH2), 3.95 (s, 3H; CH3N), 1.86 (m, 2H;
NCH2CH2), 1.32 (m, 6H; CH3 ACHTUNGTRENNUNG(CH2)3), 0.88 ppm (t, J=6.9 Hz, 3H;
CH3CH2); elemental analysis calcd (%) for C12H19N3O4S2F6: C 32.21, N
9.39, H 4.28; found: C 32.69, N 9.49, H 4.65.


Measurements : Sample solutions were prepared by using a vacuum line
to avoid contamination with water, and sealed after deaeration. Concen-
trations of the azobenzenes in each sample solution were determined
spectrophotometrically. Amounts of water in each sample solution were
determined by using a Mitsubishi Kasei KA-07 Karl Fisher apparatus
after each measurement by breaking the sample cells: it was found that
the amount of water in each solution was typically less than
2.74 mmolkg�1 for R=butyl, 4.12 mmolkg�1 for R=pentyl, and
5.00 mmolkg�1 for R=hexyl, thus indicating that contamination with
water was successfully avoided by using this sampling method.


Z isomers of AB and DNAB were prepared by irradiating the samples
with light (l>350 by using a UV-cutoff filter) with sufficient agitation by
using a Ushio high-pressure Hg lamp (1000 W) for 30 min. During the ir-
radiation, the temperature of the sample solutions was controlled by
using thermostatted water, so as to make the measurements of the ther-
mal Z to E isomerization possible immediately after irradiation. Kinetic
measurements of the isomerization of the azobenzenes were carried out
by measuring the absorption change of the n–p* transition-band maxima
at l�440 and �480 nm for AB and DNAB, respectively, by utilizing a
JASCO V-570 spectrophotometer with a thermostatted cell compartment.
The temperature of the sample solutions was controlled to within
�0.2 8C by means of the circulation of the thermostatted water. All the
reactions were found to clearly be of first order, and such an example of
the absorbance change corresponding to the Z to E thermal isomeriza-
tion of AB in B-IL is shown in Figure 1. 1H NMR signals were measured
by using a Bruker AMX-400WB spectrometer at 400 MHz.


Scheme 1. The isomerization reaction of DNAB in polar solvents by rota-
tion around the N�N bond through polarized transition state 2.
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Results and Discussion


Shift of the n–p* transition band in various solvents includ-
ing ILs : Reports on the dielectric properties of ionic liquids
are limited, because of 1) the uncertainty in the measure-
ments that originates from the relatively high dielectric con-
stants of this type of fluid, and 2) the nonexistence of estab-
lished formulae that describe the dielectric properties of
molten salts other than the qualitative theory postulated by
Doucet.[17] Dielectric constants have been reported only for
molten ethylammonium nitrate,[18] a molten Ca ACHTUNGTRENNUNG(NO3)2/KNO3


mixture,[19] molten trioctylammonium chloride,[20] and
molten nitrate salts of alkali metals.[21] Weingartner reported
that the relative dielectric constant of molten ethylammoni-
um nitrate was small (27.1 at 15 8C) and decreased monoton-
ically to 22.2 at 80 8C, although measurements of dielectric
properties were difficult at a low frequency. It is also known
that the Walden product, the product of viscosity and con-
ductivity of a fluid, is almost constant for this ionic liquid.[18]


In our study, we utilized a rather classical method for the
rough estimation of the relative dielectric constants of ionic
liquids: the shift of the n–p* transition band of AB was
monitored in various organic solvents and in the ionic liq-
uids. It has been known that the n–p* band shifts toward
the shorter wavelength region in polar solvents, because the
electronic configuration in the ground sate is more stabilized
compared with the p* excited state. The results are shown
in Figure 2 and Tables 1 and 2: the n–p* band maximum
was monotonically blueshifted on increasing the relative di-
ACHTUNGTRENNUNGelectric constant of the solvent. In addition, the position of
the band maximum was not sensitive to temperature (22 to
60 8C). From these results, the relative dielectric constants
for B-IL, P-IL, and H-IL were determined to lie in the
range of 15 to 20. This range of dielectric constant is consis-
tent with the value for ethylammonium nitrate at room tem-
perature.[18] The reason for such small dielectric constants of
these ionic liquids may be attributed to the formation of ion
pairs that have a longer lifetime than the dielectric relaxa-
tion (ca. 10�10 s at room temperature[18]), or to the low mobi-
lity of the large cations with asymmetric structures.


Z to E isomerization of AB in B-IL, P-IL, and H-IL : The
results for the thermal Z to E isomerization of AB exam-
ined in ionic liquids are summarized in Tables 3 and 4. The


Figure 1. Absorbance change at l=438 nm for the reaction of azoben-
zene in B-IL. [AB]=9.12L10�4 mmolkg�1, T=318.0 K. Figure 2. Relationship between the position of the n–p* band maximum


of azobenzene and the dielectric constant of organic solvents.


Table 1. Absorption maximum of the n–p* band of azobenzene in ionic
liquids at various temperatures.


T [8C] lmax ACHTUNGTRENNUNG(n–p*) [nm]
B-IL P-IL H-IL


60 443 445
55 444 445 445
50 444 443 443
45 442 445 442
23–40 442 443 443


Table 2. Absorption maxima of the n–p* and p–p* bands of azobenzene
in organic solvents at 25 8C.


erel
[a] lmax ACHTUNGTRENNUNG(n–p*)


[nm]
lmax ACHTUNGTRENNUNG(p–p*)
[nm]


1,4-dioxane 2.209 448.5 318
toluene 2.381 447 320
acetone 20.56 444
ethanol 24.55 443 316.5
acetonitrile 35.94 441 316
propylene carbonate 64.92 438 319


[a] Relative dielectric constant.


Table 3. Rate constants[a] and kinetic parameters observed for Z to E iso-
merization of azobenzene in three ionic liquids at various temperatures.


B-IL, [AB]=9.12L10�4 molkg�1


T [K] 310.2 315.0 319.5 324.2 328.9
k [s�1] 3.82L10�6 6.63L10�6 1.11L10�5 1.69L10�5 2.97L10�5


P-IL, [AB]=1.00L10�3 molkg�1


T [K] 310.9 315.5 319.8 323.9 327.6
k [s�1] 3.30L10�6 6.69L10�6 1.24L10�5 1.91L10�5 3.49L10�5


H-IL, [AB]=9.54L10�4 molkg�1


T [K] 310.6 315.6 319.8 324.0 329.4
k [s�1] 4.77L10�6 7.73L10�6 1.29L10�5 2.15L10�5 3.51L10�5


[a] Typical errors for the rate constants at each temperature were within
2% for two runs.
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rate constants (k) were comparable to the reported values
for common organic solvents and the activation energies,
Ea=90 (B-IL), 104 (P-IL), and 95 kJmol�1 (H-IL), were
also in the range of reported values for ordinary organic sol-
vents, that is, 84–104 kJmol�1.[8,22,23] Neither the rate con-
stants nor the activation parameters in Tables 3 and 4 show
a clear correlation with the viscosity of the ionic liquids, 52
(B-IL), 57 (P-IL), and 60 cP (H-IL), at 25 8C. The reaction
became faster on increasing the chain length on the imida-
zolium ring, probably reflecting a small decrease of the po-
larity of the medium.[24] Therefore, it is reasonable to con-
clude that the thermal Z to E isomerization of AB was not
influenced by the viscosity of the medium and that the reac-
tion can be safely described by the ordinary transition-state
theory (TST) even in these ionic liquids.


Z to E isomerization of DNAB in B-IL, P-IL, and H-IL :
The results for the thermal Z to E isomerization of 4-dime-
thylamino-4’-nitroazobenzene
(DNAB) examined in B-IL, P-
IL, and H-IL are summarized
in Table 5. The Arrhenius plots
were linear and therefore no
significant change in the reac-
tion pathway was indicated in
the temperature range exam-
ined in this study. Summarized
in Table 6 are the kinetic pa-
rameters reported for the Z to
E isomerization of DNAB in
various solvents, together with
the relative dielectric constants
(erel) and viscosities (h) of each
solvent. In Figure 3, the plots of
the activation energy and the
rate constant of DNAB against
the relative dielectric constant
of the solvents at 25 8C are
shown. It is seen that the rate
constants measured in the ionic
liquids at 25 8C are close to
those observed in solvents with
relatively small dielectric con-
stants, such as hexane, benzene,
1,4-dioxane, pentane, and tetra-
chloromethane, although the es-
timated relative dielectric con-


stants for these ionic liquids are as large as 15 to 20: the
rate constants measured for molecular solvents that have
similar dielectric constants to those of the ionic liquids are
unequivocally larger. Such large rate constants observed in
dipolar solvents have been explained by the dominance of
the rotation mechanism in which the nitrogen–nitrogen p


bond is heterolytically cleaved and the reaction is effected
by rotation around the remaining N�N bond.[7–12] It is evi-
dent from Table 6 that the frequency factors (A) are very
small for the reactions in ionic liquids, although the activa-
tion energies are in the range of those (42–52 kJmol�1) re-


Table 4. Activation energies and frequency factors for the isomerization
reaction of azobenzene in ionic liquids.


Ionic liquid Ea [kJmol�1] A [s�1]


B-IL 89.5�2.1 (91.6�2.0)[a] 4.8L109 (1.1L1010)[a]


P-IL 104.5�3.1 (117�3.0)[a] 1.3L1012 (1.4L1014)[a]


H-IL 94.4�4.7 3.5L1010


[a] Data obtained in ionic liquids that contain �100 mmolkg�1 of water
are shown in the parentheses.


Table 5. Rate constants[a] observed for Z to E isomerization of DNAB in
three ionic liquids at various temperatures.[b]


B-IL, [DNAB]=3.02L10�5 molkg�1


T [K] 280.9 284.2 288.7 290.4 293.3
kL103 [s�1] 3.86�0.02 4.99�0.01 6.55�0.03 7.82�0.03 8.78�0.02


P-IL, [DNAB]=2.01L10�5 molkg�1


T [K] 280.9 284.2 288.7 290.4 293.3
kL103 [s�1] 0.94�0.04 1.18�0.03 1.89�0.02 2.15�0.03 2.51�0.03


H-IL, [DNAB]=2.01L10�5 molkg�1


T [K] 284.1 288.7 293.4 297.9 307.1
kL103 [s�1] 1.06�0.02 1.40�0.03 1.76�0.03 2.15�0.04 3.93�0.03
T [K] 316.7 320.9 324.8
kL103 [s�1] 6.35�0.07 7.58�0.05 9.01�0.15


[a] Standard deviations given are for up to four runs). [b] Activation pa-
rameters obtained from these data are shown in Table 6.


Table 6. Kinetic parameters reported for the Z to E isomerization of DNAB in various solvents at 25 8C.


Solvent erel h


[cP]
Ea


ACHTUNGTRENNUNG[kJmol�1][a]
A
ACHTUNGTRENNUNG[s�1][b]


k
ACHTUNGTRENNUNG[s�1][a]


cyclohexane 2.023[c] 0.898 88.3 1.2L1014 0.04
hexane 1.880 0.2985 83.7 1.3L1012 0.002
benzene 2.275 0.6028 102.0 3.5L1015 0.0108
1,4-dioxane 2.209 1.439[d] 108.4 3.4L1016 0.0142
tetrahydrofuran 7.58 0.460 48.1 1.6L108 0.513
o-dichlorobenzene 9.93 1.324 52.3 1.2L109 0.692
acetone 20.70 0.3040 46 6.8L108 2.5
ethanol 24.55 1.078 49.0 8.8L109 17.39
methanol 32.70 0.5445 48.1 1.6L1010 47.03
N,N-dimethylformamide 36.71 0.802 42 4.1L108 50
dimethylsulfoxide 46.68 1.996 38 9.1L108 120
B-IL �17.5 52[e] 45.6�2.5 1.4L106 0.00922[f]


P-IL �17.5 57[e] 56.9�3.3 1.2L107 0.00350[f]


H-IL �17.5 60[e] 41.0�0.8 1.2L104 0.00225[f]


pentane 1.844[c] 0.225 0.00271
tetrachloromethane 2.24[c] 1.038[d] 0.0027
toluene 2.379 0.5516 0.0111
chlorobenzene 5.621 0.757 0.162
diethyl ether 4.335[c] 0.237 0.0152
chloroform 4.806[c] 0.5413 0.180
dichloromethane 8.93 0.4117 0.90
pyridine 12.40[c] 0.884 3.0
1,2-dichloroethane 10.36 0.7823 1.48
2-propanol 19.92 2.1297 8.22
cyclohexanone 18.3[c] 2.0197 8.35
formamide 111[c] 3.302 1640
glycerol triacetate[d] 6.0[c] 16.9 49.8 6.6L108 3.34


[a] From references [7] and [8]. [b] Frequency factors for Arrhenius plot. [c] At 20 8C. [d] At 15 8C. [e] From
reference [1]. [f] This work.
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ported for the reactions in solvents with relative dielectric
constants of 10 to 30, such as acetone, ethanol, methanol,
and so forth. It should be noted that no significant decrease
of the frequency factor was observed for the slow isomeriza-
tion reaction of AB through the inversion mechanism in
these ionic liquids.


Log–log plots of the rate constant against the viscosity for
relatively polar molecular solvents (10<erel) and for ionic
liquids are illustrated in Figure 4. Clearly, the rate constant
shows little correlation with the viscosity for common organ-
ic solvents. In the ionic liquids, however, the reaction was
markedly slower and logk seems to be linearly correlated
with logh. The activation energy of viscous flow (Ev


a) was
roughly estimated by using the reported viscosities at vari-
ous temperatures for B-IL to give Ev


a=41�7 kJmol�1,
which may be compared with the activation energy of the
isomerization reaction of DNAB in this fluid, that is, Ea=


46�6 kJmol�1. Therefore, it is tempting to attribute this re-
tardation of the isomerization to slow thermal fluctuations
of the cations and the anions surrounding the reactant.
However, neither the Kramers–Grote–Hynes model[25–27] nor
the more comprehensive Agmon–Hopfield-type models[28–36]


can rationalize these retardations because the slope of the
plot, �10, was much larger than the value predicted by
these models, 0<�slope<1. In addition, the isomerization
of DNAB had been found to enter the KramersM “high
viscosity region” only when the viscosity exceeded 104 cP


(=10 Pas).[37,38] It also has to be pointed out that in this “dif-
fusion-controlled” region, the reaction was characterized by
nonlinear Arrhenius plots with large downward deviations
at low temperatures,[37, 38] while the plots were linear in B-IL,
P-IL, and H-IL.


A change of the mechanism from the rotation in polar
molecular solvents to the nitrogen inversion in the ionic liq-
uids can also be rejected on the basis of the activation pa-
rameters shown in Table 6. The slow isomerization in the
ionic liquids was caused by smaller frequency factors where-
as similarly slow isomerization in nonpolar molecular sol-
vents was a result of large activation energies. There is little
question that the reaction proceeded via the highly polar ro-
tational activated complex 2 (Scheme 1) in the ionic liquids.


All of these experimental results indicate that the very
small rate constants observed in the ionic liquids were not
caused by the large macroscopic viscosity (52–60 cP at 25 8C
decreasing to ca. 20 cP at 40 8C). In other words, the reac-
tion is still in the TST-valid region in the present ionic liq-
uids and the results must be interpreted on the basis of “sol-
vation equilibria” in the initial and the transition states. In
the initial state, specific interactions between the reactant Z
isomer and the surrounding ions is not as strong as those in
the transition state, because the reactant does not carry any
formal charges. In such a case, the main role of the solvent
is to provide a cavity that hosts the reactant. In the transi-
tion state, on the other hand, newly formed positive and
negative charge centers must be stabilized by contact with
the anion(s) and the cation(s), respectively. Though we do
not know exactly how the ions are oriented around each
charge center, random arrangements should not result in the
maximum stabilization. The cationic and anionic parts of
each ionic liquid must be placed at fairly strict positions
with suitable orientations, around the Me2N


+= and the ACHTUNGTRENNUNG=


NO2
� atomic groups. We therefore conclude that each cati-


onic and anionic part of the ionic liquid independently sol-
vates the polarized structure of DNAB in the transition
state and the counterions have to be positioned, again in a
relatively strict manner, next to the nearest neighbors of


Figure 3. Activation energy (top) and lnk (bottom) for the isomerization
reaction of DNAB in various solvents plotted against the relative dielec-
tric constant of the solvents.


Figure 4. Plots of the logarithmic value of the isomerization rate constant
against the logarithmic value of the viscosity of the solvents. Only data
for molecular solvents (&) with similar dielectric constants to those of
the ionic liquids (&) were used.
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each cationic/anionic part. A longer carbon chain on the
imidazolium ring would have imposed further restrictions
for the arrangement of the ions and influenced the rate of
the isomerization through the frequency factor. The failure
to observe any strong retardations of the isomerization of
AB in the ionic liquids implies the importance of the elec-
trostatic interactions in the highly polar rotational transition
state 2. In the inversion transition state of AB (1), the inter-
actions between the surrounding ions and the reactant are
not as strong as those in 2 and looser and less strict arrange-
ments of the ions (ionic liquids) would suffice to produce
optimum solvation: considerably larger frequency factors
were observed for the reactions of AB as a result.


Conclusion


The present results unequivocally demonstrate the impor-
tance of electrostatic solute–solvent interactions in ionic liq-
uids. In a reaction where the polarity of the transition state
does not differ greatly from that of the reactant, ionic liq-
uids behave more or less in the same manner as the ordina-
ry molecular liquids. On the other hand, if a reactant in-
creases its polarity during the activation process, an exhaus-
tive rearrangement of the solvation environment, which in-
cludes fairly strict positioning and orientations of the cations
and anions around the charge centers of the activated com-
plex, has to take place so as to allow the polar transition
state to be stabilized, and this, in turn, results in the retarda-
tion of the reaction and a smaller frequency factor. In other
words, a large charge density on�NO2 in the transition state
induces the cationic parts of the ionic liquid to restructure
the hydrogen-bonding network that had been partly de-
stroyed by the dissolution of the azobenzenes. The impor-
tance of the hydrogen-bonding network for understanding
the physical properties of ionic liquids was previously point-
ed out by Dupont in his recent review.[39]
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Introduction


Staphylococcus aureus, a major cause of potentially life-
threating infections acquired in health care settings and in
the community, developed resistance to most classes of anti-
microbial agents soon after their introduction into clinical
use. As the prevalence of antibiotic resistance spread during
the 1980�s, vancomycin became one of the few antibiotics


used as a last resort for the treatment of infections due to
methicillin-resistant Staphylococcus aureus and other Gram-
positive organisms in patients allergic to b-lactam antibiot-
ics.[1] Unfortunately, resistance to drugs of the vancomycin
family was recognized in the late 1980�s and the frequency
of resistance has increased significantly over the past deca-
des, reaching 30% among hospitalized patients in 2002 in
the USA. As vancomycin-resistant enterococci (VRE) also
carry resistance to virtually all other known antibiotics, it
represents a serious threat to public health.[2]


Vancomycin acts by binding to the terminal d-alanyl-d-
alanine (d-Ala-d-Ala) of the peptidoglycan precursors, thus
blocking the final stages of the peptidoglycan synthesis. Bac-
teria become resistant to vancomycin by reprogramming of
the peptidoglycan termini from d-Ala-d-Ala dipeptide to d-
Ala-d-Lac (d-alanyl-d-lactate) depsipeptide, which binds
only weakly to the drug.[3] In fact, in vitro binding studies
have shown that the affinity of vancomycin for N-Ac-d-Ala-
d-Lac is about 1000 times less than its affinity for N-Ac-d-
Ala-d-Ala, due to one missing hydrogen bond and the
ground-state repulsion between the two oxygen lone-pairs in
the former complex. The reduced binding affinity translated


Abstract: 16-membered meta,para-cy-
clophanes mimicking the vancomycin
binding pocket (D–O–E ring) were de-
signed and synthesized. The structural
key features of these biaryl ether con-
taining macrocycles are (1) the pres-
ence of b-amino-a-hydroxy acid or a,b-
diamino acid as the C-terminal compo-
nent of the cyclopeptide and (2) the
presence of a hydrophobic chain or
lipidated aminoglucose at the appropri-
ate position. Cycloetherification by an
intramolecular nucleophilic aromatic
substitution reaction (SNAr) is used as
the key step for the construction of the


macrocycle. The atropselectivity of this
ring-closure reaction is found to be
sensitive to the peptide backbone and
chemoselective cyclization (phenol
versus primary amine) is achievable.
Glycosylation of phenol was realized
with freshly prepared 3,4,6-tri-O-
acetyl-2-N-lauroyl-2-amino-2-deoxy-a-
d-glucopyranosyl bromide under
phase-transfer conditions. Minimum in-


hibitory concentrations for all of the
derivatives are measured by using a
standard microdilution assay, and
potent bioactivities against both sensi-
tive and resistant strains are found for
some of these compounds (MIC (mini-
mum inhibitory concentration)=
4 mgmL�1 against VRE). From these
preliminary SAR studies, it was antici-
pated that both the presence of a hy-
drophobic substituent and an appropri-
ate structure of the macrocycle were
required for this series of compounds
to be active against VRE.
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into about a 1000-fold reduced sensitivity of vancomycin-re-
sistant bacteria to this drug (Scheme 1).[4,5]


The emergence of vancomycin resistance provided an in-
centive for the discovery and development of new antibiot-
ics that would be active against both sensitive and resistant
strains of enterococci. One working direction has been the
search for new classes of antibiotics and three drugs, namely
synercid,[6] linezolid,[7] and daptomycin,[8] have been com-
mercialized so far. On the other hand, efforts dedicated to
the modification of natural glycopeptides to create new
semi ACHTUNGTRENNUNGsynthetic derivatives were also fruitful. Extensive struc-
ture-activity relationship (SAR) studies performed by both
academic and industrial researchers indicated that the incor-
poration of a hydrophobic chain into the natural product is
highly beneficial for activities against VRE.[9] Indeed both
oritavancin (LY333328)[10] and dalbavancin,[11] which entered
into late-stage clinical trials, contain a hydrophobic group.
The fact that a modification in the sugar part of vancomycin
and teicoplanin can reverse the drug-resistance is surprising,
as this subunit is not directly involved in substrate binding.
Indeed, in vitro activity of oritavancin did not parallel with
its binding affinity with d-Ala-d-Lac. Two theories have
been proposed to account for oritavancin�s bioactivity
against VRE.[12] Williams hypothesized that the presence of
a lipid chain in the disaccharide part of vancomycin en-
hanced avidity for d-Ala-d-Lac by facilitating membrane an-
choring and/or by promoting dimerization.[13] More recently,
Kahne advanced that oritavancin acts against VRE by direct
interaction with the transglycosylase without substrate bind-
ing[14] and evidence that supports this view has been accu-
mulated.[15,16]


Guided by these two hypotheses, we designed molecules
of a general structure (2, Scheme 2) in which the carboxy-
late-binding pocket of vancomycin is modified to keep the
required hydrogen-bonding network with the modified pep-
tidoglycan termini. We hypothesized that replacing the car-
bonyl group of AA4 (AA=amino acid) of vancomycin by a


CHOHCOR or CHNHCOR function can, a priori, lead to a
compound with increased affinity towards N-Ac-d-Ala-d-
Lac by restoring the missing hydrogen bond and by avoiding
the unfavorable electronic repulsion found in the vancomy-
cin/d-Ala-d-Lac complex.[17] A hydrophobic chain will be in-
corporated at the appropriate position to direct the mole-
cule to interact with transglycosylase. In line with this work,
but with a different design principle, Ellman and co-workers
synthesized a combinatorial library of 16-membered macro-
cycles containing different tripeptide appendages at the C-
terminal and identified synthetic receptors that bind to the
N-Ac2-l-Lys-d-Ala-d-Ala.


[18] On the other hand, Pieters and
co-workers have accomplished a solid-phase synthesis of the


Scheme 1. Hydrogen-bonded network of the complex vancomycin (1)
and N-Ac-d-Ala-d-Ala.


Scheme 2. Generic structure of the modified carboxylate-binding pocket
of vancomycin.
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C–O–D ring with different amino acid residues at the i+2-
position and studied their binding properties.[19] It is worth
noting that structural modification of the vancomycin-type
glycopeptide is particularly challenging due to the molecular
complexity.[20,21] Therefore, most of the chemical transforma-
tions reported to date have been localized on the periphery
of the macrocycles relying on simple chemical reactions.
Indeed, it would be extremely difficult, if it was not impossi-
ble, to reengineer the carboxylate-binding pocket (D–O–E
ring) of natural glycopeptides to include new hydrogen-
bond contacts with the modified peptidoglycan termini.[22]


Therefore, the minimum structure required to carry the hy-
drophobic substituent remained unknown.[22,23]


In this paper, we report in detail the synthesis of the
modified carboxylate-binding pocket of vancomycin featur-
ing a key intramolecular SNAr reaction according to the ret-
rosynthetic analysis depicted in Scheme 3.[24,25] We demon-


strate that both the structure of the macrocycle including
stereochemistry and the presence of a hydrophobic chain
are important for anti-VRE activity for this series of com-
pounds. We also document that the presence of a lipidated
aminosugar is not required if a lauroyl amide is incorporat-
ed at the appropriate position of the peptide backbone.
Compounds 2Be and 2Dc could serve as useful templates,
to a certain extent even more effectively than the entire gly-
copeptide framework, in searching for the active compounds
against both vancomycin-sensitive and -resistant strains.


Results and Discussion


Synthesis of the modified carboxylate-binding pocket con-
taining an external secondary hydroxy group : Synthesis of
the 16-membered macrocycles 3A and 3A’ was accomplish-
ed as depicted in Scheme 4. Coupling of l-phenylalanine
methyl ester (8) with l-N-Boc-4-fluoro-3-nitrophenyl ala-
nine (9)[26] (EDC, HOBt) afforded dipeptide 11 in 99%
yield. Removal of the Boc group under acidic conditions fol-
lowed by coupling with d-N-Boc-leucine (10) provided tri-
peptide 13, which was subsequently converted to its carbox-
ylic acid 14 upon hydrolysis (K2CO3, MeOH/H2O). Coupling
of the suitably protected (2S,3R)-a-hydroxy-b-amino acid
15[27] with tripeptide 14 (EDC, HOBt) afforded tetrapeptide
16 in excellent yield. Treatment of 16 with BCl3 led to the si-
multaneous deprotection of the isopropyl ether, the tert-bu-
tyldimethylsilyl ether, and the N-Boc function. Reintroduc-
tion of the Boc group furnished phenol 4A in 81% yield
over two steps.
The key intramolecular SNAr-based cycloetherification of


4A was performed in DMSO (concentration of substrate=
0.01m) in the presence of CsF at room temperature. Two
separable atropisomers 3A and 3A’ were isolated in 72%
overall yield (ratio 3A/3A’ 3:1). The absolute configuration
of the planar chirality of 3A and 3A’ was deduced by NOE
studies.[28] Thus, the NOE correlation between protons Ha/
Hb was observed in the NOESY spectrum of 3A, indicative
of the P configuration of this atropstereoisomer. On the
other hand, a Ha/Hc correlation, a characteristic of the M-
atropstereoisomer, was observed for compound 3A’.
The tetrapeptide 4B containing a (2R,3R)-a-hydroxy-b-


amino acid unit was synthesized by following the same syn-
thetic route as described for 4A. Interestingly, cyclization of
4B under identical conditions as described for 4A afforded
only one atropdiastereoisomer 3B in 65% yield (Scheme 5).
The high diastereoselectivity observed in the cycloetherifica-
tion of 4B relative to 4A was difficult to rationalize, but
was in accord with the previous observation that the atrop-
diastereoselectivity is highly substrate dependent.[20,24, 29–31]


From compounds 3A and 3A’, a series of derivatives
were synthesized (Scheme 6). Compound 2Aa was synthe-
sized in one step by heating a solution of 3A in MeCN/
conc. HCl (v/v 10:1, 40 8C). Under these conditions, both the
methyl ester and N-Boc functions were hydrolyzed to pro-
vide 2Aa in 86% yield. The synthesis of 2Ab containing a


Scheme 3. Retrosynthetic analysis of the modified carboxylate-binding
pocket of vancomycin. W=OH or NRR1; X, Y=NO2, NHCOR, or H;
R2=OH, OR, or NHR; R3, R4=H, alkyl, aryl, or amino sugar.
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hydrophobic chain is summarized in Scheme 7. Hydrogena-
tion of the nitro group (H2, 1 atm, Pd/C, MeOH) afforded
aniline 17, which was directly acylated with an excess of


lauroyl chloride to give, after chemoselective saponification,
the N-acylated compound 18 in 45% yield. Saponification
of the methyl ester (K2CO3, MeOH/H2O) followed by re-
moval of the N-Boc function (conc. HCl in MeCN, v/v 10:1,
RT) provided compound 2Ab in 85% yield. Compound
2Ab was synthesized in order to study the hydrophobic
effect on the biological activity of this series of compounds.
Williams and co-workers have shown, by elegant NMR


spectroscopic studies, that vancomycin, ristocetin A, and
eremomycin among others exist in solution as homo-dimers
arranged in an antiparallel (head-to-tail) fashion.[13,32] This
important observation has naturally provided incentive for
the synthesis of covalently linked glycopeptide dimers.[33, 34]


To exploit the potential polyvalent interaction, dimers 2Al
and Am were prepared (Scheme 8). Saponification of com-
pound 3A (K2CO3, MeOH/H2O) afforded the correspond-
ing carboxylic acid 20 in quantitative yield. On the other
hand, removal of the Boc group of compound 3A to obtain
2Ae was found to be more difficult than one may expect
due to the lability of the methyl ester under aqueous acidic
conditions. After considerable experimental trials, 2Ae was
finally obtained in quantitative yield by treatment of its
methanol solution with thionyl chloride. Coupling of 2Ae
with N-Boc-3-amino propionic acid followed by chemoselec-
tive saponification of the aryl ester afforded 21. N-deprotec-
tion under mild acidic conditions followed by coupling with
20 provided the head-to-tail dimer 23 in 41% yield. Saponi-
fication of the methyl ester (LiOH, THF/H2O) followed by
acidic treatment (HCl in MeCN, RT) afforded the desired
compound 2Al in 79% yield. Dimer 2Am linked by 6-
amino caproic acid was synthesized in a similar fashion via
intermediate 22.
The synthesis of compound 2Aj containing an N-acylated


aminoglucose unit was subsequently developed (Scheme 9).
The commercially available aminoglucose 25 was trans-
formed to glycosyl donor 28 in three steps. N-acylation of 25
with lauroyl chloride under Schotten–Baumann conditions
(C11H23COCl, H2O/dioxane, aqueous NaHCO3), followed by
O-acetylation gave the per-acylated compound 27. Bromina-
tion of 27 was best performed with a solution of HBr in
acetic acid[35] to afford 3,4,6-tri-O-acetyl-2-N-lauroyl-2-
amino-2-deoxy-a-d-glucopyranosyl bromide (28). This com-
pound was stable only in solution and readily decomposed
upon evaporation to dryness. Consequently after the usual
workup, the organic extracts were used in the next step
without further purification. Koenigs-Knorr reaction[36] of
freshly prepared 28 with 3A under phase-transfer conditions
(10% aqueous Na2CO3, nBu4NHSO4, CH2Cl2, RT)


[37] afford-
ed the desired b-glucoside 29 as the only isolable stereo-
isomer in 76% yield. The neighboring-group participation
(N-acyl) may explain the observed high b-selectivity. Finally,
hydrolysis of acetate and methyl ester under basic condi-
tions (LiOH, THF, H2O) furnished acid 30 in 62% yield. N-
deprotection of 30 under acidic conditions provided 2Aj in
57% yield.
It is noteworthy that 2-acyl-2-amino-2-deoxy-a-d-gluco-


pyranosyl bromide is known to be unstable and readily un-


Scheme 4. Synthesis of 16-membered macrocycles 3A and 3A’: a) EDC,
HOBt, CH2Cl2, 25 8C, 12 h, 99%; b) conc. HCl, CH3CN, 25 8C, 1.5 h; c) d-
N-Boc leucine (10), EDC, HOBt, CH2Cl2, 25 8C, 12 h, 76% (2 steps);
d) K2CO3, MeOH/H2O 10:1, 25 8C, 36 h, 96%; e) EDC, HOBt, CH2Cl2,
25 8C, 12 h, 89%; f) (i) BCl3, CH2Cl2, 0 8C, 1 h; then MeOH. (ii) Boc2O,
NaHCO3, dioxane/H2O 2:1, 25 8C, 12 h, 81% (2 steps); g) CsF, DMSO,
25 8C, 16 h, 72%. Boc= tert-butoxycarbonyl; EDC=N-(3-dimethylamino-
propyl)-N’-ethylcarbodiimide hydrochloride; HOBt=1-hydroxybenzo-
triazole.
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dergoes the acyl migration probably via the oxazoline and
ortho ester intermediates.[38,39] Thus we would like to stress
that the procedure developed in the present study turned
out to be quite general and reliable (seven examples, vide


infra), and should find applica-
tion in the synthesis of related
glycosides.
Compounds 2Ac, Ad, Ag,


and Ah were prepared from
3A’ following the chemistry de-
veloped for the synthesis of
2Aa, Ab, Ae, and Af. Com-
pounds synthesized from 3B
are listed in Scheme 10.
Scheme 11 summarizes the


synthesis of 2Bd. Reaction of
3B with 4-fluoro nitrobenzene
(DMSO, CsF, RT) afforded aryl
ether 31. Subsequent treatment
under push-pull conditions
(AlCl3, EtSH, CH2Cl2) provided
a mixture of amino acid 32 and
amino ester 33, the ratio of
which was found to be time-de-
pendent. However, 32 can be
converted quantitatively to 33
under standard conditions
(SOCl2, MeOH). N-tert-butoxy-
carbonylation of 33 provided
34, which was glycosylated to
35. Saponification followed by
acidic treatment afforded the
desired compound 2Bd in good
overall yield.
Compound 2Bf was designed


in the hope of introducing an
additional hydrogen bond with
the peptidoglycan termini
(Scheme 12). Reaction of 3B
with freshly prepared 3,4,6-tri-
O-acetyl-2-N-lauroyl-2-amino-2-
deoxy-a-d-glucopyranosyl bro-
mide (28) under phase-transfer
conditions (10% aqueous
Na2CO3, nBu4NHSO4, CH2Cl2,
RT) afforded 36 in 72% yield.
Hydrolysis of the methyl ester
under basic conditions (LiOH,
THF/H2O) removed the acetate
function and provided the hy-
droxy acid 37. Coupling of 37
with amine 38 (EDC, HOBt,
CH2Cl2) provided 39, which
upon N-deprotection afforded
the desired compound 2Bf in
75% yield.


Scheme 5. Synthesis of 16-membered macrocycle 3B : a) CsF, DMSO, 25 8C, 16 h, 65%.


Scheme 6. Structures of macrocycles 2Aa–Am.
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Synthesis of the modified carboxylate-binding pocket of
vancomycin containing an external secondary amide group :
The synthesis of parent macrocycle 3D incorporating an
a,b-diamino acid at the C-terminal is shown in Scheme 13.
Coupling of tripeptide 14 with azido amine 7 (EDC, HOBt)
provided tetrapeptide 40, which was converted into com-
pound 41 as described for 4A. Cyclization of azido deriva-
tive 41 under a set of conditions which varied the bases
(CsF, K2CO3, Cs2CO3), temperature, and solvent (DMF,
DMSO, THF) failed to produce the desired 16-membered
macrocycle. We then turned our attention to amino com-
pound 4D which was obtained by reduction of the azide
group under Staudinger conditions (Ph3P, THF, H2O). Grati-
fyingly, cycloetherification of 4D (CsF, DMF) proceeded
smoothly to provide a single atropisomer 3D, the planar
chirality of which was deduced from detailed NMR spectro-
scopic studies. Interestingly, the formation of 14-member
para-cyclophane resulting from the nucleophilic addition of
primary amine onto the fluoro-aromatic ring system was not
observed under these conditions.[40]


A facile racemization process was discovered serendipi-
tously during the course of this study (Scheme 14). Thus,
saponification of methyl ester 42a (R=Me) in THF/H2O
with lithium hydroxide at 0 8C provided the desired carbox-
ylic acid 43a in almost quantitative yield. However, when
the same reaction was performed at room temperature, a
second product 44a was isolated. A control experiment indi-
cated that 43a and 44a were in equilibrium and a ratio of 1/
1.5 was obtained after prolonged stirring at room tempera-
ture. The structure of 44a was deduced to be a Ca-epimer. It
is indeed reasonable to suppose that Ca is more prone to


epiACHTUNGTRENNUNGmerization as its enolization would not introduce addi-
tional strain into the already strained macrocycle, in contrast
to the enolization of internal amides of the macrocycle. Fur-
thermore, in the absence of this external amide function, the
macrocycle was found to be configurationally stable under
saponification conditions as observed in the 2A and 2B
series.
Starting from compounds 3D and by taking advantage of


this facile epimerization process, compounds 2Ca–Ce and
2 Da–Do were synthesized. Their structures are shown in
Schemes 15 and 16, respectively.
Compound 2De was obtained by thermal atropisomeriza-


tion of 42b (150 8C, DMSO, 1:1 ratio) subsequent saponifi-
cation, and N-Boc deprotection. Compound 2Dg, incorpo-
rating a l-asparagine unit at the i+2-position, and the de-
sleucyl derivative 2Di were synthesized by following the
same synthetic strategy as described for 3D. Compound
2Df, devoid of planar chirality, was synthesized as shown in
Scheme 17. Thus, acylation of 3D with lauroyl chloride
under Schotten–Baumann conditions afforded compound
45. Catalytic hydrogenation of the nitro group (Pd/C,
MeOH, H2) provided the aniline intermediate, which was
reductively deaminated (tBuONO, DMF, 75 8C) to give com-
pound 46. The latter compound was then transformed into
2Df by following a conventional two-step sequence.


Antibiotic activity evaluation : Minimum inhibitory concen-
trations for these compounds and reference compounds
(vancomycin, teicoplanin, synercidO, and daptomycin) are
measured by using a standard microdilution assay. The se-
lected results are summarized in Table 1
Compounds 2Aa–Am containing an external S-configured


secondary hydroxy group were found to be inactive against
both vancomycin-sensitive and resistant strains, regardless of
the absolute configuration of the planar chirality (2Aa
and Ab versus 2 Ac andAd) of the cyclophane. The intro-
duction of a hydrophobic chain at the E-ring (2Ab versus
2Aa, 2Ad versus 2Ac), a lipidated aminoglucose at the D-
ring (2Aj), or dimerization (2Ak–m) did not lead to the
active compounds.
On the other hand, compounds derived from 3B with an


external R-configured secondary hydroxy group displayed
interesting bioactivities. The parent compound 2Ba was in-
active, but its O-arylated derivatives 2Bb and Bc were able
to inhibit the growth of E faecalis Van A at reasonably low
MIC values (Table 1, entries 3 and 4). More interestingly, O-
glycosylated derivatives 2Bd and especially 2Be displayed
potent activities against VRE (entries 5 and 6). Further-
more, compound 2Bf containing an elongated peptide chain
at the C-terminal was active not only against VRE, but also
against vancomycin-sensitive Staphylococcus aureus
(entry 7).
The activity of compounds 2Ca–Ce and 2 Da–Do contain-


ing an a,b-diamino acid at the C-terminal was found to be
less dependent on the stereochemistry of the Ca-carbon in
contrast to the OH-series. However, the functionalization of
the Ca-amino group has a large impact on the bioactivity of


Scheme 7. Synthesis of compound 2Ab : a) 10% Pd/C, H2, MeOH, 25 8C,
2 h; b) lauroyl chloride, Et3N, CH2Cl2, 25 8C, 4 h; c) K2CO3, MeOH/H2O
10:1, 25 8C, 20 min, 45% (3 steps); d) K2CO3, MeOH/H2O 10:1, 25 8C,
20 h; e) conc. HCl, CH3CN, 25 8C, 2 h, 85% (2 steps).
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these compounds. Thus, neither the parent compounds 2Da,
its N,N-dimethylated derivative 2Db, or the N-acetyl deriva-
tives 2Ca and 2Dh were active against VRE. On the other
hand, the lauroyl (N-dodecanoyl) amides 2Cc and 2Dc pro-
duced interesting activities against VRE (entries 9 and 13),
indicating the important role of a hydrophobic chain. Com-
pound 2Dg (entry 17), containing an asparagine unit instead
of a phenylalanine in the i+2-position, was slightly less
active than 2Dc (entry 13). Planar chirality plays only a
minor effect on the bioactivity as the potency of 2Dc
and De are comparable (entry 15). However, the presence
of the nitro group at the E ring is beneficial as 2Df, devoid
of this group was much less active (entry 16). The activity
against VRE remained essentially unchanged upon benzyla-
tion and glucosylation of the phenol function. Although
2Ce missing the leucine-terminal is inactive, reasonable ac-
tivities against VRE remained for des-leucyl derivative 2Di
(entry 19). As in the case of the OH series, compound 2Do


(entry 22) containing an elon-
gated peptide chain at the C-
terminal is active against a
broad spectrum of both vanco-
mycin-sensitive (Staphylococcus
aureus) and resistant strains.
It is noteworthy that some of


the macrocycles reported in this
paper are more active, in vitro,
against VRE than most of the
vancomycin and teicoplanin de-
rivatives reported in the litera-
ture and are almost as active as
synercidO, a clinically used drug
for combating VRE. The gener-
ic structure 2 was originally de-
signed with the hope of restor-
ing the missing hydrogen bond
with the d-Ala-d-Lac depsipep-
tide by switching the amide car-
bonyl (hydrogen-bond accept-
or) of vancomcyin�s fourth
amino acid into a hydroxy
group (hydrogen-bond donor).
Although interesting activities
against VRE were indeed
found for some of these deriva-
tives, substrate binding cannot
account for their antibiotic ac-
tivities for the following rea-
sons: (1) attempts to measure
the binding affinity between
2Be and N-Ac-d-Ala-d-Ala as
well as 2Be and N-Ac-d-Ala-d-
Lac by either UV absorption
techniques or by NMR titration
(in DMSO) failed to provide
any exploitable results, most
probably due to the low recep-


tor-substrate affinities, (2) although 2Ce was inactive, 2Di
with a damaged binding pocket was able to inhibit the
growth of Enterococcus faecalis Van A at a reasonably low
MIC value, and (3) the observed hydrophobic effect is appa-
rently not due to the simple increase of effective molarity
resulting from membrane anchoring. Rather it was specific,
as no beneficial effect was observed when the same aliphatic
chain was introduced to E-ring of the molecule (2Ab
and Ad). This result can be better explained on the basis of
a specific interaction between the macrocycle and the target
enzymes. Overall, and in accord with Kahne�s observa-
tion,[14] ,[16] we hypothesize that these compounds might have
a direct interaction with proteins critical for VRE cell-wall
biosynthesis, although a detailed mechanism of action re-
mains to be investigated.


Scheme 8. Synthesis of head-to-tail dimers 2Al and Am : a) K2CO3, MeOH/H2O 10:1, 25 8C, 24 h, 100%;
b) SOCl2, MeOH, 25 8C, 1 h; c) N-Boc-3-amino propionic acid or N-Boc-6-amino caproic acid, EDC, HOBt,
Et3N, CH2Cl2, 25 8C, 12 h; d) K2CO3, MeOH/H2O 10:1, 25 8C, 20 min, 60% (3 steps); e) (i) SOCl2, MeOH,
25 8C, 1 h; (ii) 20, EDC, HOBt, Et3N, CH2Cl2, 25 8C, 12 h; (iii) K2CO3, MeOH/H2O 10:1, 25 8C, 20 min, 41%
(3 steps); f) (i) LiOH, THF/H2O 3:1, 0 8C, 4 h; (ii) conc. HCl, CH3CN, 25 8C, 2 h, 79%.
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Conclusion


A modified vancomycin-binding pocket (D–O–E ring) has
been designed and synthesized. The structural key features
of this biaryl ether containing macrocycle are (1) the incor-
poration of b-amino-a-hydroxy acid or a,b-diamino acid as
the C-terminal component of the cyclopeptide and (2) the
presence of a hydrophobic chain or lipidated aminoglucose
at the appropriate position. Cycloetherification by an intra-
molecular nucleophilic aromatic substitution reaction
(SNAr) is used as the key step for the construction of the
macrocycle. We demonstrated in the present study that a
combination of a modified binding pocket with a suitably
positioned hydrophobic chain constitutes a viable approach
in the search for compounds active against VRE. Further-
more, the presence of a lipidated aminosugar is not required
if a lauroyl amide is incorporated at the appropriate position
of the peptide backbone. Although substrate binding may
not be the determinant factor for the anti-VRE activities of
these compounds, we assume from these preliminary struc-
ture-activity relationship studies that the structure of the
macrocycle is important for the observed activities and even
a subtle change of one chiral center can perturb the potency
of a given compound. Such an observation is of course un-
derstandable, if the enzyme-substrate interaction is consid-
ered to be the major mechanism of action of these cyclo-
phanes.


Experimental Section


Compound 11: HOBt (1.44 g, 10.7 mmol) and EDC (2.39 g, 12.5 mmol)
were added to a solution of amine 8 (1.75 g, 9.8 mmol) and acid 9 (2.92 g,
8.9 mmol) in CH2Cl2 (100 mL). The reaction mixture was stirred at room
temperature for 12 h and then diluted with CH2Cl2 (100 mL). The result-
ing mixture was washed with 5% aqueous HCl, saturated NaHCO3, H2O,
brine, dried over Na2SO4, and concentrated under vacuum. The residue
was purified by flash-column chromatography (silica gel, heptane/EtOAc
5:1) to afford 11 (4.31 g, 99%). M.p. 45–47 8C; [a]D=�8.9 (c=0.15 in
MeOH); 1H NMR (200 MHz, CDCl3): d=7.81 (d, J=6.9 Hz, 1H; ArH),
7.40–7.00 (m, 7H; ArH), 6.59 (d, J=7.7 Hz, 1H; NH), 5.00 (d, J=8.6 Hz,
1H; NH), 4.81 (dd, J=7.7, 6.7 Hz, 1H; CH), 4.39 (m, 1H; CH), 3.73 (s,
3H; CO2CH3), 3.19–2.87 (m, 4H; 2PCH2), 1.38 ppm (s, 9H; C ACHTUNGTRENNUNG(CH3)3);
13C NMR (50.3 MHz, CDCl3): d=171.4, 170.1, 154.8, 153.9 (J=262 Hz),


Scheme 9. Synthesis of glycosylated macrocycle 2Aj : a) lauroyl chloride,
NaHCO3, dioxane/H2O 1:1, 0 8C, 4 h, 61%; b) Ac2O, pyridine, 0 8C, 4 h,
94%; c) 30% HBr in HOAc, HOAc, 25 8C, 3 h; d) 3 A, (nBu)4NHSO4,
10% aqueous Na2CO3/CH2Cl2 (1:1), 25 8C, 4 h, 76%; e) LiOH, THF/H2O
3:1, 0 8C, 4 h, 62%; f) conc. HCl, CH3CN, 25 8C, 2 h, 57%.


Scheme 10. Structures of macrocycles 2Ba–Bf.
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Scheme 11. Synthesis of glycosylated macrocycle 2Bd : a) 1-fluoro-4-nitrobenzene, CsF, DMSO, 25 8C, 2 h, 100%; b) AlCl3, EtSH, CH2Cl2, 0 8C, 2.5 h,
53%; c) SOCl2, MeOH, 60 8C, 12 h; d) Boc2O, NaHCO3, dioxane/H2O 2:1, 25 8C, 2 days, 60%; e) 28, (nBu)4NHSO4, 10% aqueous Na2CO3/CH2Cl2 1:1,
25 8C, 4 h, 73%; f) LiOH, THF/H2O 3:1, 0 8C, 1.5 h; g) TFA, CH2Cl2, 0 8C, 1 h, 79% (2 steps).


Scheme 12. Synthesis of C-terminal elongated macrocycle 2Bf : a) 28,
(nBu)4NHSO4, 10% aqueous Na2CO3/CH2Cl2 1:1, 25 8C, 4 h, 76%;
b) LiOH, THF/H2O 3:1, 0 8C, 4 h, 62%; c) 38, EDC, HOBt, CH2Cl2,
25 8C, 12 h, 34%; d) TFA, CH2Cl2, 0 8C, 1 h, 75%.


Scheme 13. Synthesis of macrocycle 3D : a) EDC, HOBt, CH2Cl2, 25 8C,
12 h, 93%; b) (i) BCl3, CH2Cl2, 0 8C, 1 h; then MeOH; (ii) Boc2O,
NaHCO3, dioxane/H2O 2:1, 25 8C, 12 h, 95% (2 steps); c) Ph3P, H2O,
THF, 25 8C, 12 h, 77%; d) CsF, DMSO, 25 8C, 16 h, 85%.
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136.1, 135.9, 135.2, 133.4, 128.6, 128.1, 126.7, 126.1, 117.7 (J=29 Hz),
79.9, 54.2, 52.8, 51.9, 37.2, 36.6, 27.6 ppm; IR (CHCl3): ñ=3425, 3032,
2983, 1742, 1683, 1622, 1540, 1497, 1352, 1253, 1163 cm�1; HRMS (ESI):
m/z : calcd for C24H28N3O7FNa: 512.1809 [M+Na]+ ; found: 512.1813.


Compound 13 : Concentrated HCl (6.0 mL) was added to a solution of 11
(5.13 g, 10.9 mmol) in CH3CN (60 mL). After the reaction mixture had
been stirred for 1.5 h at room temperature, it was diluted with EtOAc
(100 mL), basified to pH 8–10 with saturated NaHCO3, and then extract-
ed with EtOAc. The organic layer was washed with H2O, brine, dried
over Na2SO4, and concentrated under vacuum to afford 12 which was
used directly for next reaction. HOBt (1.29 g, 9.6 mmol) and EDC
(2.33 g, 12.2 mmol) were added to a solution of amine 12 (3.38 g,
8.7 mmol) and acid 10 (2.21 g, 9.6 mmol) in CH2Cl2 (100 mL). The reac-
tion mixture was stirred at room temperature for 12 h and then diluted
with CH2Cl2 (100 mL). The resulting mixture was washed with 5% aque-
ous HCl, saturated NaHCO3, H2O, brine, dried over Na2SO4, and concen-


trated under vacuum. The residue was purified by flash-column chroma-
tography (silica gel, CH2Cl2/MeOH 100:1) to afford 13 (5.0 g, 76%). M.p.
175–177 8C; aD=++15.3 (c=0.24 in MeOH); 1H NMR (250 MHz,
CDCl3): d=7.79 (dd, J=7.3, 2.3 Hz, 1H; ArH), 7.40–6.90 (m, 7H; ArH),
6.80–6.60 (m, 2H; 2PNH), 4.80–4.60 (m, 3H; NH, 2PCH), 3.99 (m, 1H;
CH), 3.70 (s, 3H; CO2CH3), 3.20–2.95 (m, 4H; 2PCH2), 1.70–1.40 (m,
3H; CH, CH2), 1.41 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.91 (d, J=4.7 Hz, 3H; CH3),
0.89 ppm (d, J=4.7 Hz, 3H; CH3);


13C NMR (50.3 MHz, CDCl3): d=
172.4, 171.2, 169.3, 155.4, 153.8 (J=254 Hz), 136.2, 136.0, 135.4, 132.9,
128.6, 128.1, 126.7, 126.2, 117.8 (J=21 Hz), 80.0, 53.1, 53.0, 52.7, 51.9,
40.3, 37.2, 36.2, 27.6, 24.2, 22.4, 21.0 ppm; IR (CHCl3): ñ=3667, 3427,
3030, 3010, 2961, 2934, 2873, 1742, 1691, 1675, 1621, 1540, 1499, 1439,
1369, 1353, 1253, 1161, 1047 cm�1; HRMS (ESI): m/z : calcd for
C30H39N4O8FNa: 625.2650 [M+Na]+ ; found: 625.2664.


Compound 14 : K2CO3 (552 mg, 4.0 mmol) was added to a solution of 13
(1.2 g, 2.0 mmol) in MeOH/H2O (10:1, 55 mL). After the reaction mix-
ture had been stirred for 36 h at room temperature, it was concentrated
under vacuum. The resulting residue was acidified to pH 2–3 with 5%
aqueous HCl and extracted with EtOAc. The organic layer was washed
with H2O, brine, dried over Na2SO4, and concentrated under vacuum.
The residue was purified by flash-column chromatography (silica gel,
CH2Cl2/MeOH 40:1–20:1) to afford 14 (1.13 g, 96%). M.p. 94–97 8C;
[a]D=++25.4 (c=0.28 in MeOH); 1H NMR (250 MHz, CDCl3): d=7.83
(d, J=5.7 Hz, 1H; ArH), 7.42–6.90 (m, 8H; ArH, NH), 7.00 (m, 1H;
NH), 5.09 (d, J=6.6 Hz, 1H; NH), 4.92 (m, 1H; CH), 4.72 (m, 1H; CH),
4.08 (m, 1H; CH), 3.30–2.80 (m, 4H; 2PCH2), 1.39 (s, 9H; C ACHTUNGTRENNUNG(CH3)3),
1.70–1.20 (m, 3H; CH, CH2), 0.82 (d, J=3.3 Hz, 3H; CH3), 0.80 ppm (d,
J=3.3 Hz, 3H; CH3);


13C NMR (50.3 MHz, CDCl3): d=175.9, 174.6,
172.5, 158.2, 155.9 (J=259 Hz), 138.8, 138.4, 138.2, 135.9, 130.7, 129.9,
128.2, 128.1, 119.5 (J=20 Hz), 81.1, 55.6, 55.2, 54.8, 42.5, 38.7, 38.3, 29.1,
26.2, 23.8, 22.2 ppm; IR (CHCl3): ñ=3686, 3431, 3374, 3034, 3011, 2961,
2934, 2873, 1666, 1540, 1500, 1455, 1369, 1352, 1253, 1162, 1017 cm�1; MS
(EI): m/z : 587 [M�H]+.
Compound 16 : TBDSOTf (5.18 mL, 22.1 mmol) was added to a solution
of 5 (3.25 g, 7.37 mmol) and 2,6-lutidine (2.19 mL, 18.4 mmol) in CH2Cl2
(20 mL) over 30 min. After the reaction mixture had been stirred for
30 min, it was acidified with HCl (2N) to pH 2 and stirring continued for
an additional 30 min. The resulting reaction mixture was basified to
pH 7–8 with saturated NaHCO3. The two phases were separated and the
aqueous phase was extracted with CH2Cl2. The combined organic layers
were washed with H2O, brine, dried over Na2SO4, and concentrated
under vacuum to give the desired amine 15, which was of sufficient
purity for direct use in the next step. 1H NMR (200 MHz, CD3CN): d=
6.61 (s, 2H; ArH), 4.57 (m, 2H; CH ACHTUNGTRENNUNG(CH3)2), 4.32 (d, J=3.8 Hz, 1H;
CH), 4.16 (d, J=3.8 Hz, 1H; CH), 3.68 (s, 3H; OCH3), 3.66 (s, 3H;
CO2CH3), 1.31 (d, J=4.4 Hz, 6H; CH ACHTUNGTRENNUNG(CH3)2), 1.28 (d, J=4.2 Hz, 6H;
CH ACHTUNGTRENNUNG(CH3)2), 0.79 (s, 9H; Si ACHTUNGTRENNUNG(CH3)3), �0.08 (s, 3H; SiCH3), �0.23 ppm (s,
3H; SiCH3); MS (ESI): m/z : 456 [M+H]+ . HOBt (1.12 g, 8.1 mmol) and
EDC (1.59 g, 8.1 mmol) were added to a solution of the above crude
amine 15 and acid 14 (5.21 g, 8.85 mmol) in CH2Cl2 (80 mL). The reac-
tion mixture was stirred at room temperature for 12 h before it was dilut-
ed with CH2Cl2 (100 mL). The resulting mixture was washed with 5%
aqueous HCl, saturated NaHCO3, H2O, brine, dried over Na2SO4, and
concentrated under vacuum. The residue was purified by flash-column
chromatography to afford 16 (6.7 g, 89%). M.p. 90–92 8C; [a]D=++11.6


Scheme 14. Facile epimerization of macrocycle 42 : a) LiOH, THF/H2O, 0 8C, 43/44 1:0; b) LiOH, THF-H2O, RT, 43/44 1:1.5.


Scheme 15. Structures of macrocycles 2Ca–Ce.
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(c=0.22 in MeOH); 1H NMR (250 MHz, CDCl3): d=7.73 (dd, J=7.0,
2.1 Hz, 1H; ArH), 7.30–7.14 (m, 7H; ArH), 7.12–7.10 (m, 2H; 2PNH),
6.85 (d, J=8.3 Hz, 1H; NH), 6.44 (s, 2H; ArH), 5.26 (dd, J=8.8, 1.7 Hz,
1H; CH), 4.84 (d, J=6.6 Hz, 1H; NH), 4.80–4.64 (m, 2H; 2PCH), 4.54–
4.44 (m, 2H; CH ACHTUNGTRENNUNG(CH3)2), 4.22 (d, J=8.8 Hz, 1H; CH), 3.99 (m, 1H;
CH), 3.79 (s, 3H; OCH3), 3.69 (s, 3H; CO2CH3), 3.30 (dd, J=13.6,
5.7 Hz, 1H; CH2), 3.17 (dd, J=13.8, 6.0 Hz, 1H; CH2), 3.02–2.86 (m, 2H;
CH2), 1.64–1.34 (m, 3H; CH, CH2), 1.42 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.34 (d, J=
5.7 Hz, 6H; CH ACHTUNGTRENNUNG(CH3)2), 1.32 (d, J=5.7 Hz, 6H; CH ACHTUNGTRENNUNG(CH3)2), 0.90 (d, J=
6.6 Hz, 3H; CH3), 0.87 (d, J=6.6 Hz, 3H; CH3), 0.76 (s, 9H; Si ACHTUNGTRENNUNG(CH3)3),
�0.16 (s, 3H; SiCH3), �0.24 ppm (s, 3H; SiCH3);


13C NMR (50.3 MHz,
CD3OD): d=175.5, 173.5, 173.1, 172.5, 158.6, 156.0 (d, J=261 Hz), 153.3,
138.7, 138.4, 138.2, 135.9, 135.7, 130.8, 130.6, 130.0, 128.3, 128.2, 119.5 (d,
J=21 Hz), 109.9, 109.7, 81.0, 77.5, 73.2, 73.1, 61.4, 57.8, 56.3, 54.9, 53.3,
53.1, 42.5, 39.5, 38.7, 29.2, 26.7, 26.6, 26.2, 24.0, 23.9, 23.4, 23.2, 23.1, 23.0,
22.2, 19.6, �4.6, �5.0 ppm; IR (CHCl3): ñ=3676, 3420, 3022, 2957, 2933,
2859, 1746, 1683, 1590, 1497, 1369, 1352, 1254, 1212, 1139, 1116,
1006 cm�1; HRMS (ESI): m/z : calcd for C52H76N5O13FSiNa: 1048.5091
[M+Na]+ ; found: 1048.5081.


Compound 4A : BCl3 (1m in CH2Cl2, 130 mL, 130 mmol) was added to a
solution of 16 (6.67 g, 6.50 mmol) in CH2Cl2 (50 mL) at 0 8C. After the re-
action mixture had been stirred for 1 h at 0 8C, the reaction was quenched
by the slow addition of anhydrous MeOH. The volatile was evaporated


Scheme 16. Structures of macrocycles 2 Da–Do.


Scheme 17. Synthesis of macrocycle 2Df : a) lauroyl chloride, NaHCO3,
dioxane/H2O 2:1, 0 8C, 4 h, 74%; b) (i) 10% Pd/C, H2, MeOH, 25 8C,
30 min; (ii) tBuONO, DMF, 75 8C, 15 min, 52%; c) LiOH, THF/H2O 3:1,
0 8C, 4 h, 52%; d) TFA, CH2Cl2, 25 8C, 30 min, 80%.
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and the resulting residue was dissolved in dioxane/H2O (2:1, 450 mL),
neutralized with Na2CO3 to pH 7, and then more Na2CO3 (2.06 g,
19.5 mmol) and Boc2O (1.60 g, 7.11 mmol) were added. After the mixture
had been stirred at room temperature overnight, the mixture was diluted
with H2O, acidified with 5% HCl to pH 3–4, and then extracted with
EtOAc. The combined organic layers were washed with H2O, brine, dried
over Na2SO4, and concentrated under vacuum. The residue was purified
by flash-column chromatography to afford 4A (4.35 g, 81%). M.p. 123–
126 8C; [a]D=++2.3 (c=0.31 in MeOH); 1H NMR (300 MHz, CD3OD):
d=7.81 (dd, J=7.2, 2.0 Hz, 1H; ArH), 7.22 (m, 1H; ArH), 7.18–7.05 (m,
6H; ArH), 6.33 (s, 2H; ArH), 5.15 (d, J=4.2 Hz, 1H; CH), 4.56–4.46 (m,
2H; CH), 4.43 (d, J=4.2 Hz, 1H; CH), 4.01 (dd, J=9.2, 5.6 Hz, 1H;
CH), 3.75 (s, 3H; OCH3), 3.68 (s, 3H; CO2CH3), 3.20 (dd, J=14.0,
4.2 Hz, 1H; CH2), 2.95–2.65 (m, 3H; CH2), 1.65–1.50 (m, 1H; CH-
ACHTUNGTRENNUNG(CH3)2), 1.40 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.35–1.25 (m, 2H; CH2), 0.87 (d, J=
6.0 Hz, 3H; CH3), 0.85 ppm (d, J=6.0 Hz, 3H; CH3);


13C NMR
(50.3 MHz, CD3OD): d=176.6, 174.4, 173.4, 173.2, 158.5, 154.6 (d, J=
260 Hz), 152.0, 138.7, 138.1, 137.9, 136.5, 135.9, 135.5, 130.6, 130.4, 129.8,
128.2, 127.9, 119.6 (d, J=21 Hz), 107.8, 81.0, 75.4, 61.1, 57.4, 56.8, 56.1,
54.7, 53.2, 42.0, 38.9, 37.6, 29.0, 26.1, 23.8, 21.9 ppm; IR (CHCl3): ñ=
3668, 3460, 3329, 3021, 2958, 1738, 1682, 1606, 1540, 1456, 1353, 1254,
1222, 1166, 1013 cm�1; HRMS (ESI): m/z : calcd for C40H50N5O13FNa:
850.3287 [M+Na]+ ; found: 850.3281.


Compounds 3A and 3A’: A solution of 4A (1.24 g, 1.50 mmol) and anhy-
drous CsF (4.56 g, 30 mmol) in dry DMSO (150 mL) was stirred at room
temperature for 16 h. After this time, the reaction mixture was diluted
with saturated aqueous NH4Cl, acidified with 5% HCl to pH 4, and ex-
tracted with EtOAc. The combined organic layers were washed with
H2O, brine, dried over Na2SO4, and concentrated under vacuum. The res-
idue was purified by flash-column chromatography to afford 3A and 3A’


(872 mg, 72%). For compound 3A :
m.p. 135–139 8C; [a]D=�6.0 (c=0.20
in MeOH); 1H NMR (200 MHz,
CD3CN): d=8.19 (s, 1H; ArH), 7.37
(dd, J=8.4, 1.9 Hz, 1H; ArH), 7.30–
7.00 (m, 8H; ArH, 2PNH), 6.62 (m,
1H; NH), 6.57 (s, 1H; ArH), 5.79 (m,
1H; NH), 5.50 (s, 1H; ArH), 5.05 (m,
1H; CH), 4.60–4.40 (m, 3H; 3PCH),
4.16 (dd, J=7.6, 4.9 Hz, 1H; CH), 3.92
(s, 3H; OCH3), 3.60 (s, 3H; CO2CH3),
3.36 (dd, J=13.5, 4.9 Hz, 1H; CH2),
2.93–2.56 (m, 3H; CH2), 1.66 (m, 1H;
CH ACHTUNGTRENNUNG(CH3)2), 1.57–1.25 (m, 2H; CH2),
1.44 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.97 (d, J=
6.6 Hz, 3H; CH3), 0.94 ppm (d, J=
6.6 Hz, 3H; CH3);


13C NMR
(75.0 MHz, CD3OD): d=175.6, 174.0,
173.3, 171.0, 158.1, 154.1, 152.4, 149.2,
144.1, 137.7, 137.2, 135.6, 135.1, 130.1,
129.4, 127.8, 127.2, 126.4, 109.4, 106.1,
81.0, 74.3, 61.5, 58.2, 56.8, 55.7, 54.2,
52.8, 41.0, 40.7, 37.2, 28.7, 25.7, 23.5,
22.0 ppm; IR (CHCl3): ñ=3692, 3651,
3525, 3406, 3032, 3008, 2960, 2937,
2873, 1737, 1687, 1596, 1578, 1536,
1498, 1456, 1438, 1394, 1369, 1352,
1271, 1249, 1192, 1168, 1090 cm�1;
HRMS (ESI): m/z : calcd for
C40H49N5O13Na: 830.3225 [M+Na]+ ;
found: 830.3233. For compound 3A’:
m.p. 139–143 8C; [a]D=++25.3 (c=0.15
in MeOH); 1H NMR (200 MHz,
CDCl3): d=7.87 (s, 1H; ArH), 7.73 (d,
J=7.6 Hz, 1H; ArH), 7.36–7.30 (m,
2H; ArH, NH), 7.30–6.90 (m, 5H;
ArH), 6.99 (d, J=7.1 Hz, 1H; NH),
6.83 (s, 1H; ArOH), 6.57 (d, J=
8.3 Hz, 1H; NH), 6.47 (s, 1H; ArH),


5.27 (s, 1H; ArH), 5.20–5.05 (m, 2H; NH, OH), 4.89 (m, 1H; CH), 4.82
(m, 1H; CH), 4.66 (m, 1H; CH), 4.48 (dd, J=8.9, 2.9 Hz, 1H; CH), 4.15
(m, 1H; CH), 4.04 (s, 3H; OCH3), 3.73 (s, 3H; CO2CH3), 3.50 (dd, J=
13.4, 4.8 Hz, 1H; CH2), 3.00–2.60 (m, 3H; CH2), 1.80–1.50 (m, 3H; CH2,
CH ACHTUNGTRENNUNG(CH3)2), 1.47 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.97 (d, J=6.0 Hz, 3H; CH3),
0.90 ppm (d, J=6.0 Hz, 3H; CH3);


13C NMR (62.5 MHz, CD3OD): d=
175.8, 174.0, 173.6, 170.8, 158.4, 153.4, 152.7, 151.6, 148.6, 144.2, 137.2,
136.8, 136.1, 134.6, 130.5, 129.4, 128.9, 127.8, 126.8, 109.4, 104.1, 81.0,
74.5, 61.2, 58.4, 56.4, 55.7, 54.4, 52.8, 40.6, 37.2, 27.9, 25.9, 23.4, 21.9 ppm;
IR (CHCl3): ñ=3686, 3627, 3525, 3412, 3034, 3011, 2961, 2937, 2874,
1737, 1690, 1598, 1537, 1511, 1456, 1438, 1369, 1352, 1238, 1196, 1169,
1090, 1039 cm�1; HRMS (ESI): m/z : calcd for C40H49N5O13Na: 830.3225
[M+Na]+ ; found: 830.3215.


Compound 3B : Following the procedure described for compound 3, com-
pound 3B was prepared by starting from compound 4B. M.p. 132–136 8C;
[a]D=�60.7 (c=1.70 in CHCl3); 1H NMR (250 MHz, CD3OD): d=8.29
(s, 1H; ArH), 7.38 (dd, J=8.5, 2.0 Hz, 1H; ArH), 7.28–7.06 (m, 5H;
ArH), 7.02 (d, J=8.5 Hz, 1H; ArH), 6.32 (d, J=2.0 Hz, 1H; ArH), 5.66
(d, J=2.0 Hz, 1H; ArH), 4.64–4.50 (m, 4H; CH), 4.20 (dd, J=7.9,
7.0 Hz, 1H; CH), 3.91 (s, 3H; OCH3), 3.74 (s, 3H; CO2CH3), 3.42 (dd,
J=14.1, 5.3 Hz, 1H; CH2), 3.02–2.75 (m, 3H; CH2), 1.68 (m, 1H; CH),
1.55 (m, 2H; CH2), 1.48 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.97 (d, J=6.5 Hz, 3H; CH3),
0.92 ppm (d, J=6.5 Hz, 3H; CH3);


13C NMR (62.5 MHz, CD3OD): d=
173.0, 172.9, 172.1, 166.7, 154.1, 152.5, 151.6, 149.4, 147.9, 144.0, 137.7,
137.3, 137.1, 135.2, 134.3, 130.4, 129.3, 127.7, 126.4, 111.1, 107.6, 80.8,
73.7, 61.4, 59.7, 56.0, 55.8, 54.3, 52.6, 40.9, 40.1, 36.8, 28.5, 25.8, 23.1,
21.9 ppm; IR (CHCl3): ñ=3424, 3406, 3029, 3023, 3013, 2959, 2936, 2872,
1741, 1685, 1594, 1534, 1497, 1234, 1230, 1208, 1167, 1038 cm�1; HRMS
(ESI): m/z : calcd for C40H49N5O13Na: 830.3225 [M+Na]+ ; found:
830.3215.


Table 1. MICs [mgmL�1] of selected macrocycles and reference compounds.[a]


Entry E. faecium E. faecalis Staph.
Sensitive[b] Resistant[c] Sensitive[d] Resistant[e] aureus[f]


1 2Aj >128 >128 >128 >128 >128
2 2Ba >1024 >1024 >1024 >1024 >1024
3 2Bb >128 >128 64 64 >128
4 2Bc 128 128 16 16 >128
5 2Bd 128 128 64 32 >128
6 2Be 64 32 8 8 128
7 2Bf 16 8 16 8 32
8 2Cb 1024 1024 32 32 >1024
9 2Cc 256 32 2 4 >256
10 2Cd 256 32 8 8 128
11 2Ce >128 >128 >128 >128 >128
12 2 Da >1024 >1024 512 512 >1024
13 2Dc 128 8 4 4 64
14 2Dd 256 16 8 4 128
15 2De 128 16 8 8 >128
16 2Df >128 128 128 128 >128
17 2Dg >128 128 16 8 64
18 2Dh >1024 >1024 >1024 >1024 >1024
19 2Di 128 >128 64 64 >128
20 2Dj 128 128 4 4 >128
21 2Dk 128 128 4 2 >128
22 2Dl >128 >128 8 8
20 2Dm 1024 1024 64 64 >1024
21 2Dn 128 32 8 8 >256
22 2Do 8 8 8 8 16
23 vancomycin 2 >128 1 >128 1
24 teicoplanin 0.5 >128 0.125 64 1
25 synercid 4 4 4 8 1
26 daptomycin 32 16 4 8 2


[a] MICs=minimum inhibitory concentrations. [b] Bacterial strain L568 (isogenic of L569). [c] Bacterial strain
L2215 clin. isolate Van-A. [d] Bacterial strain L559 (isogenic of L560). [e] Bacterial strain L560. [f] Bacterial
strain L613 clin. isolate Met-R.
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Compound 18 : Pd/C catalyst (10%, 5 mg) was added to a stirred solution
of compound 3A (30 mg, 0.037 mmol) in MeOH (1.0 mL). The mixture
was then hydrogenated under a H2 atmosphere (balloon) at room tem-
perature for 2 h. After this time, the mixture was filtered through a short
celite pad. The solvent was removed and the residue was directly used
for next step. Et3N (31 mL, 0.223 mmol) and Lauroyl chloride (35 mL,
0.149 mmol) were added to the solution of the above crude product in
CH2Cl2 (2.0 mL). After the mixture had been stirred at room tempera-
ture for 4 h, the reaction was quenched by the addition of aqueous
NH4Cl. The two phases were separated and the aqueous phase was ex-
tracted with CH2Cl2. The combined organic phases were washed with
brine, dried over Na2SO4, and concentrated under vacuum. The mixture
of the above crude product and K2CO3 (20 mg, 0.145 mmol) in MeOH/
H2O (10:1, 5.5 mL) was stirred at room temperature for 20 min. The re-
sulting residue was acidified to pH 2–3 with citric acid and concentrated
to remove the volatile. The residue was diluted with water and extracted
with EtOAc. The combined organic layers were washed with H2O, brine,
dried over Na2SO4, and concentrated under vacuum. The residue was pu-
rified by flash-column chromatography (silica gel, heptane/EtOAc 1:2) to
afford 18 (16 mg, 45%). M.p. 78–84 8C; [a]D=�17.4 (c=0.81 in CHCl3);
1H NMR (250 MHz, CD3OD): d=7.95 (s, 1H; ArH), 7.25–7.17 (m, 5H;
ArH), 7.07 (dd, J=7.8, 1.9 Hz, 1H; ArH), 6.90 (d, J=7.8 Hz, 1H; ArH),
6.48 (d, J=1.8 Hz, 1H; ArH), 5.40 (d, J=1.8 Hz, 1H; ArH), 5.07 (m,
1H; CH), 4.70–4.42 (m, 3H; CH), 4.30 (m, 1H; CH), 3.96 (s, 3H;
OCH3), 3.70 (s, 3H; CO2CH3), 3.30 (m, 1H; CH2), 2.91 (dd, J=13.7,
5.0 Hz, 1H; CH2), 2.82–2.62 (m, 2H; CH2), 2.19 (t, J=7.2 Hz, 2H; CH2),
1.86–1.50 (m, 5H; CH, CH2), 1.46 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.29 (m, 16H; CH2),
1.04 (d, J=6.5 Hz, 3H; CH3), 1.02 (d, J=6.5 Hz, 3H; CH3), 0.89 ppm (d,
J=6.7 Hz, 3H; CH3);


13C NMR (50.3 MHz, CDCl3): d=173.7, 173.6,
172.7, 170.7, 169.7, 156.1, 151.7, 150.1, 145.8, 136.2, 134.2, 134.0, 129.8,
129.4, 129.2, 128.8, 127.2, 125.0, 123.6, 107.5, 105.4, 81.0, 73.7, 61.6, 55.2,
54.3, 53.6, 52.8, 41.5, 39.1, 37.2, 37.1, 36.0, 32.0, 29.7, 29.6, 29.4, 29.3, 29.2,
28.4, 25.4, 25.1, 23.3, 22.8, 21.6, 14.2 ppm; IR (CHCl3): ñ=3530, 3416,
3032, 3013, 2929, 2856, 1739, 1683, 1597, 1509, 1368, 1265, 1167, 1121,
1038 cm�1; HRMS (ESI): m/z : calcd for C52H73N5O12Na: 982.5153
[M+Na]+ ; found: 982.5149.


Compound 2Ab : The reaction conditions for preparing compound 19
were similar to those of compound 18, except that the final hydrolysis
with K2CO3 in MeOH/H2O was conducted for 20 h. A solution of the
above crude product was dissolved in CH3CN (1.0 mL) and conc. HCl
(0.1 mL). After being stirred at room temperature for 2 h, the reaction
mixture was concentrated to dryness and the crude product obtained was
purified by HPLC to afford compound 2Ab (15 mg, 85%). M.p. 165–
168 8C; [a]D=�82.4 (c=0.81 in acetone); 1H NMR (300 MHz, CD3OD):
d=7.94 (s, 1H; ArH), 7.24–7.06 (m, 7H; ArH), 6.51 (d, J=1.9 Hz, 1H;
ArH), 5.57 (d, J=1.9 Hz, 1H; ArH), 5.11 (d, J=3.1 Hz, 1H; CH), 4.65–
4.55 (m, 2H; CH), 4.38 (d, J=3.1 Hz, 1H; CH), 4.33 (m, 1H, CH), 3.95
(s, 3H; OCH3), 3.23 (dd, J=13.7, 5.2 Hz, 1H; CH2), 3.05–2.70 (m, 3H;
CH2), 2.36 (t, J=7.6 Hz, 2H; CH2), 1.85–1.55 (m, 5H; CH, CH2), 1.26
(m, 16H; CH2), 1.07 (d, J=5.4 Hz, 3H; CH3), 1.05 (d, J=5.3 Hz, 3H;
CH3), 0.88 ppm (d, J=6.8 Hz, 3H; CH3);


13C NMR (50.3 MHz, CD3OD):
d=176.2, 172.5, 170.5, 168.9, 167.4, 153.6, 151.0, 137.4, 135.8, 134.3, 133.2,
130.6, 129.8, 129.3, 129.2, 127.5, 125.0, 123.7, 110.0, 105.7, 74.1, 66.8, 63.0,
61.3, 58.6, 56.9, 54.6, 43.0, 43.0, 39.4, 37.3, 32.7, 28.8, 26.3, 26.3, 25.5, 23.4,
23.2, 22.7, 14.4 ppm; IR (CHCl3): ñ=3674, 3529, 3285, 3035, 3009, 2976,
2929, 2856, 1677, 1598, 1531, 1455, 1435, 1345, 1262, 1193, 1121,
1035 cm�1; HRMS (ESI): m/z : calcd for C46H63N5O10Na: 868.4473
[M+Na]+ ; found: 868.4510.


Compound 20 : To a solution of 3A (50 mg, 0.062 mmol) in MeOH/H2O
(10:1, 0.8 mL) was added K2CO3 (51 mg, 0.372 mmol). After the reaction
mixture had been stirred at room temperature for 24 h, it was concentrat-
ed to remove the volatile. The resulting residue was diluted with H2O
and washed with heptane/ether (1:1). The aqueous phase was acidified to
pH 2–3 with citric acid and extracted with EtOAc. The organic layer was
washed with H2O, brine, dried over Na2SO4, and concentrated under
vacuum to afford 20 (47 mg, 96%), which was used without further puri-
fication. [a]D=�31.0 (c=0.20 in acetone); 1H NMR (300 MHz, CD3OD):
d=8.34 (s, 1H; ArH), 7.38 (dd, J=8.4, 1.9 Hz, 1H; ArH), 7.29–7.11 (m,
5H; ArH), 7.08 (d, J=8.4 Hz, 1H; ArH), 6.56 (d, J=1.6 Hz, 1H; ArH),


5.48 (d, J=1.6 Hz, 1H; ArH), 5.03 (m, 1H; CH), 4.60 (m, 2H; 2PCH),
4.51 (d, J=2.8 Hz, 1H; ArH), 4.19 (dd, J=9.7, 5.5 Hz, 1H; CH), 3.91 (s,
3H; OCH3), 3.43 (dd, J=13.9, 5.1 Hz, 1H; CH2), 2.96–2.71 (m, 3H;
CH2), 1.71–1.49 (m, 3H; CH2), 1.49 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.00 (d, J=6.5 Hz,
3H; CH3), 0.96 ppm (d, J=6.4 Hz, 3H; CH3);


13C NMR (50.3 MHz,
CD3OD): d=175.4, 175.2, 172.8, 170.6, 158.0, 153.8, 152.1, 148.9, 143.9,
138.3, 137.0, 136.7, 135.3, 135.2, 129.8, 129.0, 127.3, 126.9, 126.0, 109.0,
105.6, 80.6, 74.2, 68.6, 61.1, 57.5, 57.0, 55.4, 53.8, 40.4, 40.1, 36.9, 28.3,
25.3, 23.1, 21.6 ppm; IR (CHCl3): ñ=3668, 3524, 3373, 3024, 2959, 2933,
2872, 1686, 1596, 1536, 1514, 1456, 1438, 1369, 1351, 1272, 1235, 1164,
1117, 1089, 1036 cm�1.


Compound 2Ae : To a solution of 3A (30 mg, 0.037 mmol) in MeOH
(1.0 mL) was added SOCl2 (0.1 mL). After the reaction mixture had been
stirred at room temperature for 1 h, it was concentrated to dryness to
afford quantitatively compound 2Ae, which was used without further pu-
rification. [a]D=�14.4 (c=0.25 in MeOH); 1H NMR (200 MHz,
CD3OD): d=8.11 (d, J=1.8 Hz, 1H; ArH), 7.47 (dd, J=8.6, 1.8 Hz, 1H;
ArH), 7.20–7.06 (m, 6H; ArH), 6.49 (d, J=1.9 Hz, 1H; ArH), 5.64 (d,
J=1.9 Hz, 1H; ArH), 4.86 (m, 1H; CH), 4.60–4.42 (m, 3H; 3PCH), 4.07
(m, 1H; CH), 3.93 (s, 3H; OCH3), 3.69 (s, 3H; CO2CH3), 3.45 (dd, J=
14.1, 5.3 Hz, 1H; CH2), 3.20–2.80 (m, 3H; CH2), 1.80–1.60 (m, 3H; CH,
CH2), 1.05 (d, J=5.5 Hz, 3H; CH3), 0.98 ppm (d, J=5.4 Hz, 3H; CH3);
13C NMR (75.0 MHz, CD3COCD3): d=173.1, 170.8, 168.3, 170.0, 154.5,
151.3, 150.6, 143.8, 138.5, 136.0, 135.9, 130.0, 128.9, 127.2, 109.0, 75.6,
61.6, 61.4, 57.1, 55.8, 55.0, 51.9, 41.4, 41.0, 37.2, 25.6, 23.1, 23.0 ppm; IR
(CHCl3): ñ=3691, 3530, 3039, 3024, 2995, 2954, 2852, 1742, 1677, 1601,
1534, 1437, 1348, 1262, 1232, 1226, 1216, 1202, 1103 cm�1; HRMS (ESI):
m/z : calcd for C35H42N5O11: 708.2881 [M+H]+ ; found: 708.2876.


Compound 21: HOBt (11 mg, 0.081 mmol) and EDC (16 mg,
0.081 mmol) were added to a solution of the above crude amine 2Ae and
N-Boc-3-amino-propionic acid (14 mg, 0.070 mmol) in CH2Cl2 (3.0 mL).
The reaction mixture was stirred at room temperature for 12 h and was
then diluted with CH2Cl2 (100 mL). The resulting mixture was washed
with 5% aqueous HCl, saturated NaHCO3, H2O, brine, dried over
Na2SO4, and concentrated under vacuum. The mixture of the above
crude product and K2CO3 (14 mg, 0.10 mmol) in MeOH/H2O (10:1,
5.5 mL) was stirred at room temperature for 20 min. The resulting resi-
due was acidified to pH 2–3 with citric acid and concentrated to remove
the volatile. The residue was diluted with water and extracted with
EtOAc. The combined organic layers were washed with H2O, brine, dried
over Na2SO4, and concentrated under vacuum. The residue was purified
by flash-column chromatography (silica gel, CH2Cl2/MeOH 10:1) to
afford 21 (19 mg, 60%). [a]D=�7.1 (c=0.41 in CHCl3);


1H NMR
(250 MHz, CDCl3): d=7.70 (d, J=1.9 Hz, 1H; ArH), 7.51 (dd, J=8.6,
1.9 Hz, 1H; ArH), 7.30–7.16 (m, 5H; ArH), 7.11 (d, J=8.6 Hz, 1H;
ArH), 7.10 (d, J=6.5 Hz, 1H; NH), 7.01 (d, J=10.2 Hz, 1H; NH), 6.62
(d, J=1.9 Hz, 1H; ArH), 6.24 (m, 2H; NH), 5.43 (d, J=9.1 Hz, 1H;
NH), 5.24 (d, J=1.9 Hz, 1H; ArH), 5.07 (m, 1H; CH), 4.95–4.75 (m,
3H; 3PCH), 4.10 (m, 1H; CH), 4.04 (s, 3H; OCH3), 3.75 (s, 3H;
CO2CH3), 3.69 (dd, J=13.7, 3.8 Hz, 1H; CH2), 3.30 (m, 2H; CH2), 2.99
(dd, J=13.7, 5.3 Hz, 1H; CH2), 2.76 (m, 2H), 2.32 (t, J=5.6 Hz, 2H;
CH2), 1.86 (m, 3H; CH, CH2), 1.46 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.04 (d, J=6.5 Hz,
3H; CH3), 1.01 ppm (d, J=6.5 Hz, 3H; CH3); IR (CHCl3): ñ=3686,
3627, 3332, 3030, 3014, 2977, 1742, 1684, 1534, 1515, 1436, 1349, 1232,
1202, 1088, 1038 cm�1; HRMS (ESI): m/z : calcd for C43H54N6O14Na:
901.3596 [M+Na]+ ; found: 901.3608.


Compound 23 : SOCl2 (0.1 mL) was added to a solution of 21 (18 mg,
0.021 mmol) in MeOH (1.0 mL). After the reaction mixture had been
stirred at room temperature for 1 h, it was concentrated to dryness to
afford the amine quantitatively, which was used without further purifica-
tion. Et3N (5.6 uL, 0.04 mmol), HOBt (7 mg, 0.049 mmol), and EDC
(10 mg, 0.049 mmol) were added to a solution of the above crude amine
and acid 20 (36 mg, 0.045 mmol) in CH2Cl2 (3.0 mL). The reaction mix-
ture was stirred at room temperature for 12 h and was then diluted with
CH2Cl2 (100 mL). The resulting mixture was washed with 5% aqueous
HCl, saturated NaHCO3, H2O, brine, dried over Na2SO4, and concentrat-
ed under vacuum. The mixture of the above crude product and K2CO3


(18 mg, 0.13 mmol) in MeOH/H2O (10:1, 5.5 mL) was stirred at room
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temperature for 20 min. The resulting residue was acidified to pH 2–3
with citric acid and concentrated to remove the volatile. The residue was
diluted with water and extracted with EtOAc. The combined organic
layers were washed with H2O, brine, dried over Na2SO4, and concentrat-
ed under vacuum. The residue was purified by flash-column chromatog-
raphy (silica gel, CH2Cl2/MeOH 10:1) to afford 23 (13 mg, 41%). [a]D=
�28.3 (c=0.63 in MeOH); 1H NMR (300 MHz, CD3CD): d=8.32 (s,
1H), 8.19 (d, J=1.9 Hz, 1H; ArH), 7.43 (dd, J=8.1, 1.4 Hz, 1H; ArH),
7.37 (dd, J=8.4, 1.9 Hz, 1H; ArH), 7.23–7.00 (m, 12H; ArH), 6.60 (d,
J=1.8 Hz, 1H; ArH), 6.51 (d, J=1.9 Hz, 1H; ArH), 5.48 (d, J=1.9 Hz,
1H; ArH), 5.38 (d, J=1.8 Hz, 1H; ArH), 5.02 (d, J=2.4 Hz, 1H; CH),
4.93 (d, J=3.4 Hz, 1H; CH), 4.62–4.52 (m, 5H; 5PCH), 4.37 (d, J=
2.4 Hz, 1H; CH), 4.25 (dd, J=9.7, 5.4 Hz, 1H; CH), 4.18 (dd, J=9.8,
5.4 Hz, 1H; CH), 3.91 (s, 3H; OCH3), 3.92 (s, 3H; OCH3), 3.67 (s, 3H;
CO2CH3), 3.50–3.34 (m, 10H; CH2), 2.43 (t, J=7.0 Hz, 2H; CH2), 1.80–
1.50 (m, 6H; CH, CH2), 1.48 (s, 9H; CACHTUNGTRENNUNG(CH3)3), 0.98 (d, J=5.1 Hz, 3H;
CH3), 0.96 (d, J=5.9 Hz, 3H; CH3), 0.91 ppm (d, J=6.3 Hz, 6H; CH3);
13C NMR (50.3 MHz, CD3OD): d=175.8, 175.2, 174.7, 174.1, 174.0, 173.4,
173.1, 171.2, 171.1, 158.4, 154.3, 152.7, 152.5, 149.6, 149.4, 114.4, 137.9,
137.5, 135.9, 135.7, 135.4, 130.3, 129.6, 129.5, 128.0, 127.8, 127.4, 126.7,
126.4, 110.0, 109.6, 106.1, 106.0, 81.0, 75.1, 74.5, 61.6, 61.5, 58.3, 57.7, 57.2,
56.0, 55.7, 54.4, 52.9, 50.6, 41.0, 40.6, 40.5, 37.3, 36.9, 36.7, 36.2, 28.7, 25.9,
25.8, 23.6, 23.5, 22.1, 21.9 ppm; IR (CHCl3): ñ=3713, 3671, 3524, 3335,
3021, 2991, 2930, 2853, 1736, 1685, 1597, 1534, 1498, 1458, 1350, 1217,
1142 cm�1; HRMS (ESI): m/z : calcd for C77H91N11O24Na: 1576.6136
[M+Na]+ ; found: 1576.6108.


Compound 2Al : LiOH·H2O (2.2 mg, 0.05 mmol) was added to a solution
of 23 (16 mg, 0.010 mmol) in THF/H2O (3:1, 2 mL) at room temperature.
After the reaction mixture had been stirred for 4 h, it was acidified with
citric acid to pH 3–4 and extracted with EtOAc. The combined organic
phases were washed with brine, dried over Na2SO4, and concentrated
under vacuum to dryness. To a solution of the above crude product was
dissolved in CH3CN (1.0 mL) and conc. HCl (0.1 mL), and the resulting
mixture stirred at room temperature for 2 h. After this time, the reaction
mixture was concentrated to dryness and the crude product obtained was
purified by HPLC to afford compound 2Al (12 mg, 79%). M.p. >220 8C;
[a]D=�62.4 (c=0.58 in acetone); 1H NMR (250 MHz, CD3CD): d=8.23
(s, 1H; ArH), 8.02 (s, 1H; ArH), 7.44 (d, J=6.0 Hz, 1H; ArH), 7.35 (dd,
J=8.0 Hz, 1H; ArH), 7.26–7.00 (m, 12H; ArH), 6.59 (s, 1H; ArH), 6.55
(d, J=1.9 Hz, 1H; ArH), 5.49 (s, 1H; ArH), 5.47 (d, J=1.9 Hz, 1H;
ArH), 5.19 (m, 1H; CH), 5.02 (m, 1H; CH), 4.68–4.52 (m, 4H; 4PCH),
4.50 (d, J=2.7 Hz, 1H; CH), 4.32 (d, J=1.7 Hz, 1H; CH), 4.26 (m, 1H;
CH), 4.16 (m, 1H; CH), 3.93 (s, 3H; OCH3), 3.91 (s, 3H; OCH3), 3.70–
3.32 (m, 4H; CH2), 3.10–2.70 (m, 6H; CH2), 2.47 (t, J=7.4 Hz, 2H;
CH2), 1.96–1.40 (m, 6H; CH, CH2), 1.06 (d, J=6.5 Hz, 3H; CH3), 1.01
(d, J=6.7 Hz, 3H; CH3), 0.98 (d, J=6.3 Hz, 3H; CH3), 0.92 ppm (d, J=
5.9 Hz, 3H; CH3); IR (KBr): ñ=3658, 3548, 3020, 2997, 2854, 1781, 1710,
1463, 1419, 1364, 1223, 1172 cm�1; HRMS (ESI): m/z : calcd for
C71H82N11O22: 1440.5635 [M+H]+ ; found: 1440.5635.


Compound 29 : HBr/AcOH (33%, 400 mL) was added to a solution of
1,3,4,6-tetra-O-acetyl-2-deoxy-2-lauric amido-d-glucopyranose 27 (70 mg,
0.13 mmol) in AcOH (2 mL) at room temperature. After the reaction
mixture had been stirred for 3 h at room temperature, it was diluted with
ice-water and extracted with CH2Cl2. The combined organic phases were
washed with cooled aqueous NaHCO3 and brine. The solvent was con-
centrated to about 1 mL under vacuum below 30 8C and the resulting sol-
ution was immediately used for the next reaction. Compound 3A (35 mg,
0.043 mmol), 10% aqueous Na2CO3 (1.0 mL), and catalytic amount of
(nBu)4NHSO4 were added to the above solution. After the reaction mix-
ture had been stirred at room temperature for 4 h, it was acidified with
citric acid to pH 4–5 and the two phases were separated. The aqueous
phase was extracted with CH2Cl2 and the combined organic phases were
washed with brine, dried over Na2SO4, and concentrated under vacuum.
The residue was purified by flash-column chromatography to afford 29
(42 mg, 76%). M.p. 116–118 8C; [a]D=�19.4 (c=1.6 in CHCl3); 1H NMR
(300 MHz, CD3OD): d=8.32 (s, 1H; ArH), 7.39 (dd, J=8.6, 2.0 Hz, 1H;
ArH), 7.32–7.14 (m, 5H; ArH), 7.11 (d, J=8.6 Hz, 1H; ArH), 6.82 (d,
J=1.8 Hz, 1H; ArH), 5.79 (d, J=1.8 Hz, 1H; ArH), 5.38 (t, J=9.6 Hz,
1H; CH), 5.32 (d, J=9.0 Hz, 1H; CH), 5.07 (m, 1H; CH), 4.97 (m, 1H;


CH), 4.67 (d, J=3.8 Hz, 1H; CH), 4.60 (m, 2H; CH), 4.35–4.10 (m, 4H;
CH, CH, CH2), 4.04 (m, 1H; CH), 3.85 (s, 3H; OCH3), 3.71 (s, 3H;
CO2CH3), 3.24 (dd, J=13.7, 5.0 Hz, 1H; CH2), 3.00–2.58 (m, 3H; CH2),
2.17 (t, J=7.8 Hz, 2H; CH2), 2.07 (s, 3H; COCH3), 2.02 (s, 3H;
COCH3), 2.00 (s, 3H; COCH3), 1.80–1.45 (m, 5H), 1.48 (s, 9H; CACHTUNGTRENNUNG(CH3)3),
1.27 (m, 16H; CH2), 1.00 (d, J=6.5 Hz, 3H; CH3), 0.95 (d, J=6.4 Hz,
3H; CH3), 0.88 ppm (t, J=4.4 Hz, 3H; CH3); IR (CHCl3): ñ=3658, 3432,
3028, 2929, 1744, 1686, 1593, 1536, 1499, 1438, 1369, 1237, 1218, 1159,
1047 cm�1; HRMS (ESI): m/z : calcd for C64H88N6O21Na: 1299.5900
[M+Na]+ ; found: 1299.5911.


Compound 30 : LiOH·H2O (7 mg, 0.16 mmol) was added to a solution of
compound 29 (20 mg, 0.016 mmol) in THF/H2O (3:1, 4 mL) at 0 8C. After
the reaction mixture had been stirred for 4 h at 0 8C, it was acidified with
citric acid to pH 3–4 and extracted with EtOAc. The combined organic
phases were washed with brine, dried over Na2SO4, and concentrated
under vacuum to afford compound acid 30 (11 mg, 62%), which proved
to be of sufficient purity for direct use in the next step. M.p. 164–168 8C;
[a]D=++4.2 (c=0.53 in MeOH); 1H NMR (200 MHz, CD3OD): d=8.34
(s, 1H; ArH), 7.39 (dd, J=8.5, 1.8 Hz, 1H; ArH), 7.28–7.12 (m, 6H;
ArH), 6.96 (d, J=1.5 Hz, 1H; ArH), 5.71 (d, J=1.5 Hz, 1H; ArH), 5.07
(d, J=8.4 Hz, 1H; CH), 5.05 (m, 1H; CH), 4.60 (m, 3H; CH), 4.18 (dd,
J=8.9, 5.9 Hz, 1H; CH), 3.85 (s, 3H; OCH3), 4.06–3.90, 3.78–3.40 (m,
7H), 3.00–2.70 (m, 3H; CH2), 2.25 (t, J=8.3 Hz, 2H; CH2), 1.80–1.54 (m,
5H), 1.49 (s, 9H; CACHTUNGTRENNUNG(CH3)3), 1.27 (m, 16H; CH2), 1.00 (d, J=6.4 Hz, 3H;
CH3), 0.95 (d, J=6.3 Hz, 3H; CH3), 0.86 ppm (t, J=4.4 Hz, 3H; CH3);
13C NMR (50.3 MHz, CD3OD): d=176.9, 175.9, 175.6, 173.6, 171.1, 158.6,
154.4, 153.3, 149.1, 144.4, 137.9, 137.5, 136.1, 135.5, 130.5, 129.6, 128.7,
127.9, 127.3, 127.1, 126.8, 126.2, 110.9, 109.2, 101.2, 81.2, 78.5, 76.1, 74.6,
72.2, 62.7, 62.0, 58.6, 57.3, 54.8, 54.4, 44.0, 41.0, 40.7, 40.5, 38.1, 37.7, 37.5,
35.0, 33.1, 31.0, 30.6, 30.6, 30.6, 30.4, 29.9, 29.8, 28.8, 27.0, 26.2, 25.9, 23.8,
23.6, 22.2, 14.5 ppm; IR (CHCl3): ñ=3648, 3317, 3018, 2991, 2956, 2929,
2856, 1712, 1651, 1598, 1558, 1536, 1513, 1497, 1456, 1435, 1368, 1352,
1283, 1239, 1160, 1105, 1009 cm�1; MS (ESI): m/z : 1135 [M�H]+ .
Compound 2Aj : Following the procedure described for compound 2Ab,
compound 2Aj (8 mg, 57%) was prepared by starting from compound 30
(15 mg, 0.013 mmol). M.p. 220 8C; [a]D=�100 (c=0.25 in acetone);
1H NMR (200 MHz, CD3OD): d=8.13 (d, J=1.8 Hz, 1H; ArH), 7.45
(dd, J=8.4, 1.8 Hz, 1H; ArH), 7.30–7.15 (m, 5H; ArH), 7.12 (d, J=8.4,
1H; ArH), 6.91 (s, 1H; ArH), 5.72 (s, 1H; ArH), 5.05 (d, J=8.5 Hz, 1H;
CH), 4.94 (m, 1H; CH), 4.60–4.40 (m, 3H; CH), 4.18 (dd, J=8.9, 5.9 Hz,
1H; CH), 3.85 (s, 3H; OCH3), 4.06–3.90, 3.78–3.40 (m, 6H), 3.69 (dd, J=
11.8, 5.7 Hz, 1H; CH), 3.25–3.00 (m, 3H; CH2), 2.89 (t, J=6.2 Hz, 2H;
CH2), 1.90–1.50 (m, 5H), 1.26 (m, 16H; CH2), 1.03 (d, J=5.3 Hz, 3H;
CH3), 0.95 (d, J=5.8 Hz, 3H; CH3), 0.86 ppm (t, J=5.7 Hz, 3H; CH3);
IR (CHCl3): ñ=3692, 3519, 3028, 3006, 2984, 2934, 2855, 1731, 1706,
1673, 1464, 1395, 1376, 1327, 1250, 1176, 1146, 1046 cm�1; HRMS (ESI):
m/z : calcd for C52H72N6O16Na: 1059.4903 [M+Na]+ ; found: 1059.4883.


Compound 31: 1-Fluoro-4-nitrobenzene (80 mL, 0.76 mmol) and CsF
(303 mg, 1.94 mmol) were added to a solution of compound 3B (104 mg,
0.129 mmol) in DMSO (4.0 mL). After the reaction mixture had been
stirred at room temperature for 2 h, it was extracted with EtOAc. The
combined organic phases were washed with brine, dried over Na2SO4,
and concentrated under vacuum. The residue was purified by flash-
column chromatography (silica gel, CH2Cl2/MeOH 100:1) to afford com-
pound 31 (120 mg, 100%). M.p. 124–126 8C; [a]D=�41.5 (c=0.68 in
CHCl3);


1H NMR (300 MHz, CDCl3): d=8.20 (d, J=9.0 Hz, 2H; ArH),
8.18 (s, 1H; ArH), 7.58 (dd, J=8.7, 1.9 Hz, 1H; ArH), 7.34 (m, 1H;
NH), 7.28–7.06 (m, 5H; ArH), 7.05 (d, J=8.7 Hz, 1H; ArH), 6.96 (d, J=
9.0 Hz, 2H; ArH), 6.95 (m, 1H; NH), 6.50 (d, J=9.1 Hz, 1H; NH), 6.42
(d, J=2.3 Hz, 1H; ArH), 5.69 (d, J=2.1 Hz, 1H; ArH), 5.17 (m, 2H;
NH, CH), 4.84 (m, 2H; CH), 4.23 (d, J=2.6 Hz, 1H; CH), 4.10 (m, 1H;
CH), 3.87 (s, 3H; OCH3), 3.62 (s, 3H; CO2CH3), 3.60 (m, 1H; CH2), 3.08
(dd, J=13.6, 6.4 Hz, 1H; CH2), 2.94 (dd, J=13.6, 5.3 Hz, 1H; CH2), 2.84
(dd, J=13.6, 3.4 Hz, 1H; CH2), 1.62 (m, 3H; CH, CH2), 1.46 (s, 9H; C-
ACHTUNGTRENNUNG(CH3)3), 0.96 (d, 3H, J=6.4 Hz; CH3), 0.90 ppm (d, 3H, J=6.4 Hz;
CH3);


13C NMR (75 MHz, CDCl3): d=173.3, 171.8, 170.6, 169.0, 163.0,
156.6, 154.3, 148.5, 147.5, 143.2, 142.9, 141.3, 138.2, 135.8, 135.1, 131.6,
129.4 (2C), 128.9 (2C), 127.4, 126.1 (2C), 126.0, 125.7, 116.4 (2C), 114.9,
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112.6, 81.2, 73.6, 61.8, 55.6, 54.3, 54.1, 53.4, 53.0, 40.1, 38.8, 36.6, 28.4
(3C), 24.8, 23.1, 21.8 ppm; IR (CHCl3): ñ=3405, 3026, 2957, 2854, 1693,
1582, 1490, 1432, 1345, 1236, 1165, 1112, 1025, 898, 849 cm�1; HRMS
(ESI): m/z : calcd for C46H52N6O15Na: 951.3318 [M+Na]+ ; found:
951.3370.


Compound 32 and 33 : EtSH (1.5 mL) and AlCl3 (100 mg, 0.72 mmol)
were added to a solution of compound 31 (77 mg, 0.083 mmol) in CH2Cl2
(5 mL) at 0 8C. After the reaction mixture had been stirred at the same
temperature for 2.5 h, the volatile was removed under vacuum and the
residue was diluted with EtOAc and H2O. The mixture was then stirred
for a further 10 min, after which time, the reaction mixture was extracted
with EtOAc. The combined organic phases were dried over Na2SO4 and
concentrated under vacuum. The residue was purified by preparative
TLC (silica gel, CH2Cl2/MeOH 15:1) to afford compound 32 (9 mg,
13%) and 33 (27 mg, 40%). For compound 32 : M.p. >260 8C; HRMS
(ESI): m/z : calcd for C39H40N6O13Na: 823.2506 [M+Na]+ ; found:
823.2514. For compound 33 : M.p. 138–140 8C; [a]D=�135 (c=0.54 in
CHCl3);


1H NMR (300 MHz, CDCl3): d=8.18 (d, J=9.2 Hz, 2H; ArH),
7.83 (d, J=1.8 Hz, 1H; ArH), 7.75 (br s, 1H; NH), 7.58 (dd, J=8.5,
1.8 Hz, 1H; ArH), 7.25–7.04 (m, 5H; ArH), 7.01 (d, J=8.5 Hz, 1H;
ArH), 6.96 (d, J=9.2 Hz, 2H; ArH), 6.66 (d, 1H, J=8.1 Hz; NH), 6.45
(d, 1H, J=9.6 Hz; NH), 6.38 (d, J=1.5 Hz, 1H; ArH), 5.55 (s, 1H;
ArH), 5.26 (dd, J=8.8, 1.8 Hz, 1H; CH), 5.00 (s, 1H; CH), 4.88 (m, 1H;
CH), 4.09 (d, J=2.6 Hz, 1H; CH), 3.70 (dd, J=13.6, 5.1 Hz, 1H; CH2),
3.57 (s, 3H), 3.44 (dd, J=10.3, 4.0 Hz, 1H; CH), 3.36 (br s, 3H; NH2 and
OH), 3.21 (dd, 1H, J=14.0, 4.4 Hz, 1H; CH2), 2.87–2.77 (m, 2H; CH2),
1.77 (m, 2H; CH2), 1.47 (m, 1H; CH), 1.01 (d, J=6.3 Hz, 3H; CH3),
0.97 ppm (d, J=6.3 Hz, 3H; CH3);


13C NMR (75.0 MHz, CDCl3): d=
175.4, 171.8, 169.8, 169.4, 162.7, 149.6, 149.2, 143.1, 142.3, 138.6, 138.4,
135.7, 135.2, 129.9 (2C), 128.8 (2C), 127.5, 127.4, 126.8, 126.1 (3C), 125.5,
116.6 (2C), 115.1, 111.9, 73.4, 54.0, 53.9, 53.0, 52.9, 43.7, 38.5, 36.5, 29.8,
25.1, 23.4, 21.5 ppm; IR (CHCl3): ñ=3544, 3410, 3024, 2958, 2930, 2854,
1743, 1682, 1607, 1588, 1518, 1490, 1345, 1234, 1199, 1112, 1007, 906,
850 cm�1; HRMS (ESI): m/z : calcd for C40H43N6O13: 815.2888 [M+H]+ ;
found: 815.2899.


Compound 33 : SOCl2 (0.20 mL) was added to a solution of compound 32
(9 mg, 0.011 mmol) in MeOH (1.0 mL). After the reaction mixture had
been stirred at 60 8C for 12 h, the volatile was removed under vacuum
and the residue was basified with aqueous NaHCO3 to pH 7–8 and ex-
tracted with EtOAc. The combined organic phases were washed with
H2O and brine, dried over Na2SO4, and concentrated under vacuum. The
residue was purified by preparative TLC to afford compound 33 (9 mg,
90%).


Compound 34 : NaHCO3 (13 mg, 0.148 mmol) and Boc2O (9.6 mg,
0.044 mmol) were added to a solution of compound 33 (30 mg,
0.037 mmol) in dixoane/H2O (2:1, 2.0 mL). After the reaction mixture
had been stirred at room temperature for 2 d, the reaction mixture was
extracted with EtOAc. The combined organic phases were washed with
H2O and brine, dried over Na2SO4, and concentrated under vacuum. The
residue was purified by preparative TLC (silica gel, CH2Cl2/MeOH=30/
1) to afford compound 34 (20 mg, 60%). M.p. 144–146 8C; [a]D=�77.9
(c=0.76 in CHCl3);


1H NMR (300 MHz, CDCl3): d=8.21 (d, J=9.2 Hz,
2H; ArH), 8.11 (s, 1H; ArH), 7.60 (d, J=8.5 Hz, 1H; ArH), 7.28–7.08
(m, 6H; one NH, ArH), 7.03 (d, J=8.5 Hz, 1H; ArH), 6.99 (d, J=
9.2 Hz, 2H; ArH), 6.69 (d, J=8.1 Hz, 1H; NH), 6.42 (d, J=8.8 Hz, 1H;
NH), 6.40 (s, 1H; ArH), 5.64 (s, 1H; ArH), 5.18 (dd, J=8.8, 1.5 Hz, 1H;
CH), 5.01 (d, J=7.4 Hz, 1H; NH), 4.90 (m, 1H; CH), 4.83 (dt, J=9.6,
5.9 Hz, 1H; CH), 4.18 (d, J=2.6 Hz, 1H; CH), 4.11 (m, 1H; CH), 3.64
(dd, J=14.0, 5.5 Hz, 1H; CH2), 3.58 (s, 3H), 3.12 (dd, J=14.0, 6.6 Hz,
1H; CH2), 2.94 (dd, J=14.0, 5.5 Hz, 1H; CH2), 2.83 (dd, J=14.0, 4.0 Hz,
1H; CH2), 1.61 (m, 3H; CH, CH2), 1.45 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.97 (d, J=
6.3 Hz, 3H; CH3), 0.90 ppm (d, J=6.3 Hz, 3H; CH3);


13C NMR
(75.0 MHz, CDCl3): d=173.1, 171.7, 170.3, 168.9, 162.5, 156.5, 149.3,
148.6, 143.2, 142.9, 141.9, 138.3, 138.0, 135.7, 135.1, 129.3 (2C), 128.8
(2C), 127.3 (2C), 125.9 (2C), 125.8, 125.5, 116.5 (2C), 114.8, 112.1, 81.0,
73.3, 55.2, 54.3, 54.0, 53.3, 52.9, 39.9, 38.5, 36.5, 28.3 (3C), 24.7, 23.0,
21.6 ppm; IR (CHCl3): ñ=3547, 3421, 3023, 2929, 2854, 1689, 1588, 1518,


1491, 1440, 1345, 1232, 1219, 1201, 1165, 1112, 1006, 896, 861 cm�1;
HRMS (ESI): m/z : 937 [M+Na]+ .


Compound 35 : Following the procedure described for compound 29, 35
(42 mg, 73%) was prepared by starting from 34 (38 mg, 0.046 mmol).
Compound 35 was purified by preparative TLC (silica gel, CH2Cl2/
MeOH 30:1). M.p. 128–130 8C; [a]D=�70.2 (c=0.82 in CHCl3);
1H NMR (300 MHz, CDCl3): d=8.18 (d, J=2.2 Hz, 1H; ArH), 8.18 (d,
J=9.2 Hz, 2H; ArH), 7.59 (dd, J=8.5, 2.2 Hz, 1H; ArH), 7.38 (d, J=
7.7 Hz, 1H; NH), 7.29–7.07 (m, 6H; one NH, ArH), 7.01 (d, J=8.5 Hz,
1H; ArH), 6.97 (d, J=9.2 Hz, 2H; ArH), 6.54 (d, J=9.2 Hz, 1H; NH),
6.33 (d, J=1.8 Hz, 1H; ArH), 5.84 (d, J=9.2 Hz, 1H; NH), 5.76 (d, J=
1.5 Hz, 1H; ArH), 5.23–5.01 (m, 5H; one NH, CH), 4.82 (m, 2H; CH),
4.25 (m, 1H), 4.23 (s, 1H), 4.12 (m, 1H), 4.02 (dd, J=12.5, 3.7 Hz, 1H;
CH2), 3.79 (m, 1H), 3.69–3.58 (m, 2H), 3.57 (s, 3H), 3.05 (dd, J=13.6,
6.6 Hz, 1H; CH2), 2.96 (dd, J=13.6, 5.9 Hz, 1H; CH2), 2.85 (dd, J=14.0,
3.3 Hz, 1H; CH2), 2.67 (br s, 1H; OH), 1.97 (s, 3H; COCH3), 1.96 (s, 3H;
COCH3), 1.94 (s, 3H; COCH3), 2.00–1.05 (m, 23H), 1.46 (s, 9H; C-
ACHTUNGTRENNUNG(CH3)3), 0.97 (d, J=5.9 Hz, 3H; CH3), 0.93 (d, J=5.9 Hz, 3H; CH3),
0.85 ppm (t, J=7.4 Hz, 3H; CH3);


13C NMR (75.0 MHz, CDCl3): d=


173.3, 173.2, 171.3, 170.8, 170.7, 170.6, 169.4, 168.7, 162.7, 156.7, 153.7,
148.6, 148.4, 143.2, 143.1, 138.5, 137.8, 135.9, 135.4, 133.5, 129.4 (2C),
128.9 (2C), 127.5, 125.9, 125.8 (2C), 125.5, 117.3 (2C), 115.0, 112.2, 102.3,
81.3, 77.4, 73.7, 72.8, 72.3, 68.1, 61.6, 56.2, 54.3, 54.2, 53.6, 53.0, 40.0, 38.9,
36.9, 36.8, 32.0, 29.7, 29.6, 29.5, 29.4, 29.3, 29.2, 28.4 (3C), 25.6, 24.9, 23.1,
22.8, 21.9, 20.7 (2C), 20.6, 14.2 ppm; IR (CHCl3): ñ=3426, 3025, 2929,
2856, 1746, 1685, 1584, 1521, 1492, 1434, 1369, 1345, 1234, 1165, 1112,
1034, 849 cm�1; HRMS (ESI): m/z : calcd for C69H89N7O23Na: 1406.5898
[M+Na]+ ; found: 1406.5907.


Compound 2Bd : LiOH·H2O (24 mg, 0.58 mmol) was added to a solution
of compound 35 (40 mg, 2.9 mmol) in THF/H2O (3:1, 4.0 mL) at 0 8C.
After the reaction mixture had been stirred for 2.0 h at 0 8C, the reaction
mixture was acidified with 5% HCl to pH 3–4 and extracted with
EtOAc. The combined organic phases were washed with brine, dried
over Na2SO4, and concentrated under vacuum to afford the correspond-
ing acid, which proved to be of sufficient purity for direct use in the next
step. TFA (0.5 mL) was added to a solution of above acid in CH2Cl2
(1.0 mL) at 0 8C. After the reaction mixture had been stirred at the same
temperature for 1.0 h, it was concentrated to dryness under vacuum. The
residue was purified by preparative TLC (silica gel, CH2Cl2/MeOH 6:1)
to afford compound 2Bd (26 mg, 79%). M.p. 175–177 8C; 1H NMR
(300 MHz, CD3SOCD3): d=9.08 (d, J=7.4 Hz, 1H; NH), 8.79 (d, J=
6.6 Hz, 1H; NH), 8.29–8.22 (m, 4H; one NH, ArH), 7.56 (d, J=9.2 Hz,
1H; NH), 7.32–7.02 (m, 9H), 6.77 (d, J=1.8 Hz, 1H), 6.58 (d, J=1.8 Hz,
1H), 4.97 (d, J=8.5 Hz, 1H), 4.65 (br s, 6H; OH, NH2), 4.52 (m, 1H),
4.40 (m, 1H), 4.28 (m, 1H), 3.99 (m, 1H), 3.70 (m, 1H), 3.61 (m, 1H),
3.51 (m, 1H), 3.41 (m, 1H), 3.23 (m, 2H), 3.07 (m, 1H), 2.97 (m, 2H),
2.81 (m, 1H), 2.58 (m, 1H), 1.78–1.00 (m, 23H), 0.88–0.84 ppm (m, 9H);
13C NMR (75.0 MHz, CD3OD): d=173.1, 171.7, 171.1, 169.8, 167.0, 162.8,
154.3, 149.4, 145.8, 142.1, 141.9, 137.6, 137.4, 136.6, 134.0, 129.2 (2C),
127.9 (2C), 126.3, 125.9, 125.7 (2C), 125.1, 124.9, 117.7, 117.1 (2C), 116.2,
102.8, 77.8, 73.5, 71.0, 70.7, 61.2, 57.6, 55.4, 54.7, 53.6, 51.1, 35.6, 34.4,
31.3, 30.4, 29.0 (2C), 28.9, 28.8 (2C), 28.7 (2C), 24.9, 23.9, 22.3, 22.2,
22.1, 13.9 ppm; HRMS (ESI): m/z : calcd for C39H40N6O13Na: 823.2551
[M�sugar]+ ; found: 823.2514.
Compound 36 : Following the procedure described for compound 29, 36
(24 mg, 76%) was prepared by starting from compound 3B (20 mg,
0.025 mmol). M.p. 102–105 8C; [a]D=�33.8 (c=1.2 in CHCl3); 1H NMR
(250 MHz, CD3OD): d=8.30 (s, 1H; ArH), 7.39 (dd, J=8.5, 2.0 Hz, 1H;
ArH), 7.28–7.07 (m, 5H; ArH), 7.04 (d, J=8.5 Hz, 1H; ArH), 6.63 (d,
J=2.0 Hz, 1H; ArH), 5.93 (d, J=2.0 Hz, 1H; ArH), 5.32 (dd, J=10.1,
10.1 Hz, 1H; CH), 5.15 (d, J=8.5 Hz, 1H; CH), 5.06 (m, 1H; CH), 4.89
(m, 1H; CH), 4.58 (m, 2H; CH), 4.46 (t, J=6.9 Hz, 1H; CH), 4.30–4.10
(m, 4H; CH, CH2), 3.93 (m, 1H; CH), 3.85 (s, 3H; OCH3), 3.76 (s, 3H;
CO2CH3), 3.41 (dd, J=14.1, 5.5 Hz, 1H; CH2), 3.04–2.78 (m, 3H; CH2),
2.17 (t, J=7.5 Hz, 2H; CH2), 2.03 (s, 3H; COCH3), 2.03 (s, 3H;
COCH3), 2.00 (s, 3H; COCH3), 1.74–1.50 (m, 5H), 1.48 (s, 9H; CACHTUNGTRENNUNG(CH3)3),
1.27 (m, 16H; CH2), 0.96 (d, J=6.4 Hz, 3H; CH3), 0.92 (d, J=6.4 Hz,
3H; CH3), 0.87 ppm (t, J=4.1 Hz, 3H; CH3);


13C NMR (62.5 MHz,
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CD3OD): d=176.5, 176.3, 175.4, 173.3, 172.4, 172.2, 171.6, 171.2, 154.4,
151.9, 149.7, 144.2, 138.1, 137.3, 135.8, 134.5, 130.5, 129.4, 127.9, 126.8,
126.5, 112.7, 111.4, 101.0, 81.0, 73.9, 73.6, 73.3, 70.6, 70.0, 63.6, 63.3, 61.9,
60.1, 56.3, 55.8, 55.0, 54.5, 53.0, 41.3, 40.4, 37.4, 37.0, 33.0, 30.7, 30.5, 30.4,
30.3, 30.2, 28.7, 26.8, 25.9, 23.7, 23.2, 22.2, 20.8, 20.7, 20.6, 14.4 ppm; IR
(CHCl3): ñ=3658, 3468, 3435, 3020, 2990, 2957, 2929, 2856, 1744, 1676,
1594, 1535, 1508, 1499, 1369, 1237, 1223, 1214, 1258, 1207, 1114, 1088,
1048 cm�1; HRMS (ESI): m/z : calcd for C64H88N6O21Na: 1299.5900
[M+Na]+ ; found: 1299.5906.


Compound 39 : LiOH·H2O (26 mg, 0.63 mmol) was added to a solution of
compound 36 (80 mg, 0.063 mmol) in THF/H2O (3:1, 4 mL) at 0 8C. After
the reaction mixture had been stirred for 4 h at 0 8C, it was acidified with
citric acid to pH 3–4 and extracted with EtOAc. The combined organic
phases were washed with brine, dried over Na2SO4, and concentrated
under vacuum to afford compound acid 37 (44 mg, 62%), which proved
to be of sufficient purity for direct use in the next step. HOBt (11 mg,
0.078 mmol) and EDC (15 mg, 0.078 mmol) were added to a solution of
the above crude acid 37 (44 mg, 0.039 mmol) and amine 38 (53 mg,
0.156 mmol) in CH2Cl2 (2 mL). The reaction mixture was stirred at room
temperature for 12 h, and was then diluted with CH2Cl2 (100 mL). The
resulting mixture was washed with brine, dried over Na2SO4, and concen-
trated under vacuum. The residue was purified by flash-column chroma-
tography to afford 39 (19 mg, 34%). M.p. 165–168 8C; [a]D=++51.4 (c=
0.14 in MeOH); 1H NMR (300 MHz, CD3OD): d=8.32 (s, 1H; ArH),
7.47–7.32 (m, 6H; ArH), 7.28–7.19 (m, 3H; ArH), 7.13 (d, J=7.6 Hz,
2H; ArH), 7.03 (d, J=8.9 Hz, 1H; ArH), 6.54 (s, 1H; ArH), 5.79 (d, J=
1.2 Hz, 1H; ArH), 5.39 (s, 1H; CH), 4.96 (d, J=9.1 Hz, 1H; CH), 4.76
(br s, 1H; CH), 4.60–4.58 (m, 2H; CH), 4.23 (t, J=7.5 Hz, 2H; CH), 4.01
(t, J=8.5 Hz, 1H; CH), 3.93 (t, J=13.2 Hz, 2H; CH2), 3.84 (s, 3H;
OCH3), 3.76 (dd, J=12.7, 5.1 Hz, 1H; CH2), 3.63 (dd, J=10.0, 8.4 Hz,
1H; CH2), 3.54–3.40 (m, 3H; CH, CH, CH2), 3.28–3.05 (m, 6H; CH,
CH2, CH2, CH2), 2.37–2.17 (m, 6H; 3PCH2), 2.15 (s, 6H; N ACHTUNGTRENNUNG(CH3)2),
1.85–1.51 (m, 9H; CH, 4PCH2), 1.49 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.33–1.25 (m,
16H), 0.90 (d, J=6.8 Hz, 3H; CH3), 0.87 ppm (t, J=6.0 Hz, 6H; CH3);
13C NMR (75.0 MHz, CD3OD): d=176.9, 176.8, 174.9, 173.8, 173.0, 172.7,
170.8, 170.0, 154.1, 152.5, 152.4, 149.7, 144.4, 139.6, 139.1, 138.0, 137.2,
135.9, 134.0, 130.7, 129.9, 129.6, 129.4, 128.9, 128.8, 128.7, 128.1, 126.9,
126.6, 111.0, 110.9, 101.3, 81.0, 78.4, 75.8, 75.4, 71.9, 62.5, 62.0, 59.2, 58.0,
57.0, 56.8, 55.7, 54.6, 54.5, 45.4, 41.8, 40.6, 39.9, 38.8, 37.7, 33.7, 33.1, 30.9,
30.8, 30.7, 30.6, 30.5, 29.6, 29.1, 28.8, 27.9, 27.0, 26.6, 26.1, 23.8, 23.2, 22.4,
14.5 ppm; IR (CHCl3): ñ=3300, 3021, 2929, 2856, 1708, 1660, 1579, 1508,
1438, 1368, 1235, 1162, 1090, 1014 cm�1; HRMS (ESI): m/z : calcd for
C74H107N10O19N: 1439.7714 [M+H]+ ; found: 1439.7737.


Compound 2Bf : TFA (0.5 mL) was added to a solution of compound 39
(15 mg, 0.010 mmol) in CH2Cl2 (1.0 mL). After the reaction mixture had
been stirred at room temperature for 30 min, it was concentrated to dry-
ness under vacuum. The crude product was then purified by HPLC to
afford amine 2Bf (10 mg, 75%). M.p. >240 8C; [a]D=++19.8 (c=0.06 in
MeOH); 1H NMR (300 MHz, CD3OD): d=8.48–8.44 (br s, 2H; NH),
8.13 (s, 1H; ArH), 7.48–7.36 (m, 6H; ArH), 7.26–7.10 (m, 5H; ArH),
7.02 (d, J=8.5 Hz, 1H; ArH), 6.54 (d, J=1.7 Hz, 1H; ArH), 5.78 (d, J=
1.2 Hz, 1H; ArH), 5.27 (s, 1H; CH), 5.00 (d, J=8.5 Hz, 1H; CH), 4.90
(d, J=10.2 Hz, 1H; CH), 4.89–4.78 (m, 2H; CH), 4.65 (br s, 1H; CH),
4.50 (t, J=6.2 Hz, 1H; CH), 4.22 (br s, 1H; CH), 4.04–3.88 (m, 3H; CH,
CH2), 3.85 (s, 3H; OCH3), 3.75 (dd, J=12.4, 4.6 Hz, 1H; CH2), 3.65 (dd,
J=10.2, 7.9 Hz, 1H; CH), 3.51–3.39 (m, 3H; 2PCH, CH2), 3.12–2.91 (m,
6H), 2.78 (br s, 8H; CH2, N ACHTUNGTRENNUNG(CH3)2), 2.28 (t, J=7.0 Hz, 2H; CH2), 2.20 (t,
J=7.6 Hz, 2H; CH2), 1.96–1.80 (m, 3H; CH, CH2), 1.78–1.54 (m, 6H; 2P
CH2), 1.38–1.21 (m, 16H), 0.98 (d, J=5.3 Hz, 3H; CH3), 0.87 (t, J=
6.5 Hz, 3H; CH3), 0.85 ppm (d, J=5.3 Hz, 3H; CH3); IR (CHCl3): ñ=
3300, 3028, 3021, 3018, 2928, 2855, 1659, 1596, 1533, 1467, 1439, 1351,
1237, 1222, 1214, 1204, 1087 cm�1; HRMS (ESI): m/z : calcd for
C69H99N10O17: 1339.7190 [M+H]+ ; found: 1339.7202.


Compound 40 : HOBt (538 mg, 3.89 mmol) and EDC (834 mg,
4.25 mmol) were added to a solution of amine 7 (1.30 g, 3.54 mmol) and
acid 14 (2.08 g, 3.54 mmol) in CH2Cl2 (50 mL). The reaction mixture was
stirred at room temperature for 12 h, and was then diluted with CH2Cl2
(100 mL). The resulting mixture was washed with 5% aqueous HCl, satu-


rated NaHCO3, H2O, brine, dried over Na2SO4, and concentrated under
vacuum. The residue was purified by flash-column chromatography to
afford 40 (3.08 g, 93%). M.p. 133–135 8C; [a]D=++18.9 (c=0.55 in
CHCl3);


1H NMR (300 MHz, CD3OD): d=7.82 (dd, J=7.0, 1.8 Hz, 1H;
ArH), 7.34 (m, 1H; ArH), 7.23 (dd, J=11.0, 8.5 Hz, 1H; ArH), 7.30–7.05
(m, 5H; ArH), 6.58 (s, 2H; ArH), 5.28 (d, J=6.3 Hz, 1H; CH), 4.74–4.65
(m, 4H; CH, CH ACHTUNGTRENNUNG(CH3)2), 4.46 (d, J=6.3 Hz, 1H; CH), 3.94 (dd, J=10.0,
5.0 Hz, 1H; CH), 3.77 (s, 3H; OCH3), 3.74 (s, 3H; CO2CH3), 3.07–2.85
(m, 4H; CH2), 1.60–1.40 (m, 3H; CH, CH2), 1.42 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.34
(d, J=6.0 Hz, 6H; CH ACHTUNGTRENNUNG(CH3)2), 1.33 (d, J=6.0 Hz, 6H; CH ACHTUNGTRENNUNG(CH3)2), 0.88
(d, J=6.7 Hz, 3H; CH3), 0.85 ppm (d, J=6.7 Hz, 3H; CH3);


13C NMR
(50.3 MHz, CD3OD): d=175.7, 172.4, 172.2, 170.2, 158.1, 155.5 (d, J=
261 Hz), 152.8, 138.0, 137.9, 137.8, 135.7, 133.4, 130.2, 129.6, 129.4, 127.9,
127.8, 119.2 (d, J=21 Hz), 110.1, 80.7, 72.7, 66.6, 60.9, 56.1, 55.4, 55.1,
54.7, 53.4, 42.0, 38.9, 37.6, 28.8, 25.8, 23.4, 22.6, 22.5, 21.8 ppm; IR
(CHCl3): ñ=3627, 3417, 3011, 3024, 2978, 2936, 2115, 1745, 1686, 1623,
1590, 1540, 1498, 1438, 1370, 1351, 1319, 1203, 1159, 1116, 1087 cm�1;
HRMS (ESI): m/z : calcd for C46H61N8O12FNa: 959.4291 [M+Na]+ ;
found: 959.4289.


Compound 41: Following the procedure described for compound 4A,
compound 41 was prepared in 95% yield by starting from compound 40.
M.p. 102–106 8C; [a]D=++8.3 (c=1.48 in CHCl3);


1H NMR (300 MHz,
CD3OD): d=7.80 (dd, J=7.0, 1.8 Hz, 1H; ArH), 7.27 (m, 1H; ArH),
7.24–7.10 (m, 6H; ArH), 6.35 (s, 2H; ArH), 5.16 (d, J=7.0 Hz, 1H; CH),
4.57 (m, 2H; CH), 4.37 (d, J=7.0 Hz, 1H; CH), 3.95 (dd, J=9.5, 5.4 Hz,
1H; CH), 3.77 (s, 3H; OCH3), 3.73 (s, 3H; CO2CH3), 3.15–2.74 (m, 4H;
CH2), 1.62–1.42 (m, 3H; CH, CH2), 1.40 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.87 (d, J=
6.7 Hz, 3H; CH3), 0.84 ppm (d, J=6.7 Hz, 3H; CH3);


13C NMR
(62.5 MHz, CD3OD): d=175.7, 172.7, 172.3, 170.2, 158.2, 155.5 (d, J=
260 Hz), 151.7, 138.1, 137.9, 137.7, 136.8, 135.5, 133.8, 130.2, 129.4, 127.8,
127.7, 119.1 (d, J=21 Hz), 108.3, 80.6, 66.0, 60.8, 56.0, 55.1, 54.6, 53.4,
41.9, 38.7, 37.5, 28.9, 28.7, 25.8, 23.4, 21.7 ppm; IR (CHCl3): ñ=3652,
3530, 3442, 3020, 2961, 2114, 1736, 1627, 1541, 1508, 1454, 1368, 1353,
1266, 1222, 1209, 1167, 1062 cm�1; HRMS (ESI): m/z : calcd for
C40H49N8O12FNa: 875.3352 [M+Na]+ ; found: 875.3369.


Compound 4D : Ph3P (1.45 g, 5.5 mmol) and H2O (100 mL, 5.5 mmol)
were added to a solution of azide 41 (470 mg, 0.55 mmol) in THF
(20 mL) at room temperature. After the reaction mixture had been stir-
red for 36 h at room temperature, the solvent was removed under
vacuum and the residue was purified by flash-column chromatography
(silica gel, CH2Cl2/MeOH 35:1) to afford amine 4D (352 mg, 77%). M.p.
136–139 8C; [a]D=�20.8 (c=0.13 in CHCl3);


1H NMR (250 MHz,
CD3OD): d=7.82 (dd, J=6.9, 2.0 Hz, 1H; ArH), 7.35 (m, 1H; ArH),
7.26–7.10 (m, 6H; ArH), 6.27 (s, 2H; ArH), 5.10 (d, J=5.4 Hz, 1H; CH),
4.63 (dd, J=9.9, 4.7 Hz, 1H; CH), 4.50 (dd, J=7.8, 6.2 Hz, 1H; CH),
3.96 (dd, J=10.2, 5.0 Hz, 1H; CH), 3.78 (s, 3H; OCH3), 3.75 (m, 1H;
CH2), 3.71 (s, 3H; OCH3), 3.19 (dd, J=14.0, 4.9 Hz, 1H; CH2), 3.07 (dd,
J=14.0, 4.9 Hz, 1H; CH2), 2.95–2.80 (m, 2H; CH2), 1.63–1.30 (m, 3H;
CH, CH2), 1.42 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 0.87 (d, J=7.0 Hz, 3H; CH3), 0.85 ppm
(d, J=7.0 Hz, 3H; CH3);


13C NMR (62.5 MHz, CD3OD): d=175.4, 172.4,
172.3, 170.3, 157.2, 155.4 (d, J=260 Hz), 151.7, 138.7, 137.8, 137.7, 136.7,
135.5, 133.5, 130.5, 130.2, 129.4, 127.8, 127.7, 119.0 (d, J=21 Hz), 107.4,
80.8, 60.7, 60.3, 58.1, 55.5, 54.9, 54.3, 52.5, 42.0, 38.4, 37.6, 28.7, 25.8, 23.3,
21.8 ppm; IR (CHCl3): ñ=3628, 3526, 3435, 3342, 3026, 2961, 2932, 2873,
1750, 1694, 1670, 1539, 1498, 1457, 1368, 1357, 1252, 1221, 1208, 1164,
1048 cm�1; HRMS (ESI): m/z : calcd for C40H51N6O12FNa: 849.4291
[M+Na]+ ; found: 849.4289.


Compound 3D : Following the procedure described for compound 3 A,
compound 3D was prepared in 85% yield by starting from compound
4D. M.p. 131–134 8C; [a]D=�66.4 (c=0.22 in CHCl3);


1H NMR
(300 MHz, CD3OD): d=8.33 (s, 1H; ArH), 7.42 (dd, J=8.5, 2.0 Hz, 1H;
ArH), 7.30–7.12 (m, 5H; ArH), 7.07 (d, J=8.5 Hz, 1H; ArH), 6.19 (d,
J=1.9 Hz, 1H; ArH), 5.76 (s, 1H; ArH), 5.11 (s, 1H; CH), 4.67–4.60 (m,
2H; CH), 4.25 (t, J=7.0 Hz, 1H; CH), 4.07 (s, 1H; CH), 3.96 (s, 6H;
OCH3, CO2CH3), 3.42 (dd, J=14.0, 5.5 Hz, 1H; CH2), 3.06–2.89 (m, 3H;
CH2), 1.75 (m, 1H; CH), 1.63 (m, 2H; CH2), 1.49 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.01
(d, J=6.5 Hz, 3H; CH3), 0.96 ppm (d, J=6.5 Hz, 3H; CH3);


13C NMR
(75.0 MHz, CD3OD): d=176.4, 174.3, 173.7, 172.5, 156.7, 154.7, 150.1,
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145.7, 144.4, 138.5, 137.9, 137.9, 134.0, 130.5, 129.6, 128.0, 127.3, 126.6,
110.9, 107.4, 81.2, 76.7, 61.7, 59.6, 59.0, 56.6, 54.5, 42.9, 41.1, 39.9, 37.5,
28.9, 26.0, 23.5, 22.2 ppm; IR (CHCl3): ñ=3628, 3573, 3404, 3028, 3014,
2961, 2935, 2837, 1740, 1684, 1595, 1536, 1497, 1369, 1354, 1234, 1200,
1168, 1116, 1040 cm�1; HRMS (ESI): m/z : calcd for C40H50N6O12Na:
829.3384 [M+Na]+ ; found: 829.3395.


Compound 45 : Lauroyl chloride (680 mL, 2.5 mmol) and NaHCO3


(420 mg, 4.96 mmol) were added to a solution of compound 3D (500 mg,
0.62 mmol) in dioxane/H2O (2:1, 45 mL). After the reaction mixture had
been stirred at room temperature for 4 h, it was extracted with EtOAc.
The combined organic phases were washed with brine, dried over
Na2SO4, and concentrated under vacuum. The residue was purified by
flash-column chromatography to afford compound 45 (540 mg, 74%).
HRMS (ESI): m/z : calcd for C64H94N6O14Na: 1193.6726 [M+Na]+ ;
found: 1193.6737.


Compound 46 : The mixture of compound 45 (20 mg, 0.017 mmol) and a
catalytic amount of Pd/C (10%) in MeOH (2.0 mL) was stirred under hy-
drogen at atmospheric pressure at room temperature for 30 min. After
this time, the reaction mixture was filtrated through a pad of Celite and
the filtrate was concentrated to dryness. A solution of tBuONO
(0.015 mL) in anhydrous degassed DMF (0.5 mL) was then warmed at
75 8C under argon. A solution of the above amino compound in anhy-
drous degassed DMF (1.0 mL) was added and the resulting mixture was
stirred at 75 8C for 15 min. After this time, the reaction mixture was
cooled to room temperature and extracted with EtOAc. The combined
organic phases were washed with brine, dried over Na2SO4, and concen-
trated under vacuum. The residue was purified by flash-column chroma-
tography to afford compound 46 (10 mg, 52%). M.p. 231–232 8C; [a]D=
�140 (c=0.19 in CHCl3); 1H NMR (300 MHz, CDCl3): d=8.30 (d, J=
8.3 Hz, 1H; NH), 7.62 (d, J=7.7 Hz, 1H; ArH), 7.48 (d, J=10.1 Hz, 1H;
NH), 7.37 (dd, J=8.6, 2.8 Hz, 1H; ArH), 7.21 (t, J=7.6 Hz, 3H; ArH),
7.09 (dd, J=7.6, 1.6 Hz, 2H; ArH), 6.92 (dd, J=8.3, 2.4 Hz, 1H; ArH),
6.89 (dd, J=8.6, 2.4 Hz, 1H; ArH), 6.11 (d, J=8.3 Hz, 1H; NH), 6.10 (d,
J=2.1 Hz, 1H; ArH), 6.09 (d, J=5.5 Hz, 1H; NH), 5.46 (d, J=8.4 Hz,
1H; CH), 5.20–5.12 (m, 1H; CH), 5.03 (m, 2H, ArH; CH), 4.88 (d, J=
8.8 Hz, 1H; NH), 4.24–4.13 (m, 1H; CH), 3.95 (s, 3H; CO2CH3), 3.93 (s,
3H; OCH3), 3.75 (d, J=5.5 Hz, 1H; CH), 3.62 (dd, J=13.4, 4.2 Hz, 1H;
CH2), 3.31 (dd, J=13.8, 4.8 Hz, 1H; CH2), 2.85 (dd, J=13.8, 4.8 Hz, 1H;
CH2), 2.78 (dd, J=13.4, 3.6 Hz, 1H; CH2), 2.56 (t, J=7.4 Hz, 2H; CH2),
2.51–2.40 (m, 1H; CH2), 2.32–2.18 (m, 1H; CH2), 1.81–1.71 (m, 2H),
1.69–1.58 (m, 2H), 1.50–1.40 (m, 3H), 1.45 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.31–1.22
(m, 32H), 0.93 (d, J=6.3 Hz, 3H; CH3), 0.89 (t, J=6.7 Hz, 3H; CH3),
0.87 (t, J=6.7 Hz, 3H; CH3), 0.76 ppm (d, J=6.3 Hz, 3H; CH3);
13C NMR (75.0 MHz, CDCl3): d=176.2, 174.1, 171.7, 169.2, 168.8, 168.7,
155.8, 155.3, 154.8, 144.4, 140.0, 136.0, 134.3, 134.0, 131.2, 130.5, 129.7,
128.8, 127.3, 123.8, 122.4, 113.1, 111.7, 80.0, 61.0, 59.5, 54.9, 53.8, 53.1,
52.8, 40.6, 38.6, 37.1, 37.0, 34.3, 32.0, 29.8, 29.7, 29.7, 29.6, 29.5, 29.4, 29.3,
29.2, 28.5, 26.5, 25.2, 24.7, 23.3, 22.8, 22.0, 14.2 ppm; IR (CHCl3): ñ=
3402, 3314, 3018, 2957, 2929, 2856, 1747, 1708, 1683, 1642, 1587, 1505,
1468, 1439, 1367, 1311, 1222, 1217, 1204, 1163, 1139, 1107, 1031 cm�1;
HRMS (ESI): m/z : calcd for C64H95N5O12Na: 1148.6875 [M+Na]+ ;
found: 1148.6855.


Compound 2Df : Following the procedure described for compound 2Ab,
compound 2Df (4.0 mg, 64%) was prepared by starting from compound
46 (8.6 mg, 7.6 mmmol). [a]D=++7.8 (c=0.08 in MeOH); 1H NMR
(300 MHz, CD3OD): d=7.74 (dd, J=8.4, 1.6 Hz, 1H; ArH), 7.45 (dd, J=
8.3, 2.1 Hz, 1H; ArH), 7.27–7.15 (m, 3H; ArH), 7.13–7.05 (m, 3H; ArH),
6.72 (dd, J=8.4, 2.5 Hz, 1H; ArH), 6.33 (d, J=2.0 Hz, 1H; ArH), 5.27
(d, J=2.0 Hz, 1H; ArH), 5.11 (d, J=8.0 Hz, 1H; CH), 4.73 (dd, J=5.3,
3.8 Hz, 1H; CH), 4.69 (d, J=8.0 Hz, 1H; CH), 4.37 (t, J=6.1 Hz, 1H;
CH), 4.12 (t, J=7.2 Hz, 1H; CH), 3.90 (s, 3H; OCH3), 3.35 (dd, J=14.1,
5.3 Hz, 1H; CH2), 2.99 (dd, J=14.1, 4.8 Hz, 1H; CH2), 2.92 (dd, J=14.1,
3.8 Hz, 1H; CH2), 2.86 (dd, J=14.1, 6.7 Hz, 1H; CH2), 2.12 (t, J=7.8 Hz,
2H; CH2), 1.65–1.57 (m, 3H; CH, CH2), 1.31–1.20 (m, 18H), 0.99 (d, J=
5.9 Hz, 3H; CH3), 0.91 (d, J=5.9 Hz, 3H; CH3), 0.88 ppm (t, J=6.8 Hz,
3H; CH3); HRMS (ESI): m/z : calcd for C46H63N5O9Na: 852.4523
[M+Na]+ ; found: 852.4528.
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of Leaving Group and Added Chloride
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Introduction


The palladium-catalyzed allylic alkylation (Tsuji–Trost reac-
tion) is a popular tool in modern organic synthesis. The re-
action has been the subject of numerous reviews,[1] and in
particular the asymmetric version has received much recent
attention.[2] The generally accepted mechanism involves
complexation with Pd(0), displacement of an allylic leaving
group (X) leading to the formation of an [Pd ACHTUNGTRENNUNG(h3-allyl)] spe-
cies, and finally, attack by nucleophiles at either terminus of
the allyl moiety, releasing Pd(0) and closing the catalytic
cycle.


From this mechanism it can be predicted that two isomer-
ic allylic substrates that can yield the same intermediate,
such as the isomeric allylic substrates shown in Scheme 1, or
enantiomeric substrates leading to the same symmetric inter-
mediate, should yield the same product distribution. Howev-
er, more than two decades ago, Fiaud and Malleron report-
ed that enantioenriched cyclohexenyl acetate yields product
with partial retention of the optical activity, in conflict with
the accepted mechanism.[3] The experimental results were
immediately questioned by Trost[4] and later also by Bos-
nich.[5] However, a substrate-dependent product distribution
that cannot be rationalized by using a single common inter-
mediate has been noted on several occasions, in particular


for unsymmetrically substituted allyls,[6–8] and the term
“memory effect” has sometimes been applied to this phe-
nomenon. The mechanism of the memory effect has been
studied,[9–12] and is in many cases well understood. Particu-
larly clear cases can be noted in the presence of chiral li-
gands,[9,11, 12] in which initial ionization can give different
points of entry into the [Pd ACHTUNGTRENNUNG(h3-allyl)] manifold for enantio-
topic substrates. Another important class of memory effects
is observed upon formation of unsymmetrically substituted
h3-allyls, for which the product distribution can be depend-
ent on both the regio- and stereochemistry of the starting
material. The latter class can be observed also with nonchi-
ral ligands,[8] and is the subject of the current study. In reac-
tions involving monosubstituted [Pd ACHTUNGTRENNUNG(h3-allyl)] intermediates,
three isomeric starting materials (cis, trans, and internal) can
lead to two isomeric [Pd ACHTUNGTRENNUNG(h3-allyl)] moieties (syn and anti)
that can equilibrate and, in turn, can produce three isomeric
products (Scheme 2).[8]


It has been suggested[5] that the fast dynamics of the [Pd-
ACHTUNGTRENNUNG(h3-allyl)] intermediate[13] will equilibrate all allyl intermedi-
ates. However, a series of papers from the 8kermark group
clearly showed that the isomerization can, in some instances,
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Scheme 1. Basic mechanism for the Tsuji–Trost reaction.
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be rendered slow enough to allow isolation of pure syn and
anti configurations of the [Pd ACHTUNGTRENNUNG(h3-allyl)] complexes, and fur-
thermore, that the reactivities of these configurations differ
considerably.[8] In short, nucleophilic attack is disfavored at
syn-substituted positions.[8] In the reaction depicted in
Scheme 2, the anti complex produces cis linear and
branched products in almost equal amounts as the reactivi-
ties of the two termini are similar, whereas the syn complex
gives predominantly the trans linear product.[8] Thus, it is
clear that slow equilibration of the intermediate will give
rise to memory effects.[14,15] A trans substrate must ionize in-
itially to a syn complex (usually, but not always, the most
stable isomer[16]) that will then give preferential formation
of trans product, due to the inherent reactivity difference
between the syn-substituted and -unsubstituted termini. A
cis substrate, on the other hand, ionizes to the anti complex,
and usually yields a mixture of products, depending on the
particular substituent and the rate of isomerization. Finally,
the branched substrate would be expected to give a result
intermediate between that of the cis and trans substrates, en-
tirely dependent on the initial ionization preference (anti/
syn). In fact, if no memory effects beyond those implied in
Scheme 2 are active, the product distribution obtained from
the branched substrate must be a linear combination of the
distributions obtained by using cis and trans substrates. We
propose that by investigating the product distribution from
each of the three isomeric substrates in Scheme 2, it is possi-
ble to elucidate the degree of isomerization of the inter-
mediate and the ionization preference of the branched sub-
strate, as well as to detect memory effects not included in
Scheme 2 by deviations from the linear relationship between
the three product distributions. Herein, we use the term ster-
eoretention for unequal product distributions caused by slow
isomerization between syn and anti complexes. Experimen-
tally, this is detected by comparing the distribution of linear
products from cis and trans linear substrates, respectively
(any branched product can be ignored in this analysis). If
the cis and trans substrates yield identical linear-product dis-
tributions, there is no stereoretention. Conversely, if there is
no crossover, that is, if only cis linear product is obtained
from cis substrate and trans linear product is obtained from
trans substrate, we have full stereoretention. We expect ad-
ditives that increase the rate of isomerization of the [Pd ACHTUNGTRENNUNG(h3-
allyl)] intermediate, such as halides,[13] to decrease the
degree of stereoretention.


The “memory effect” has been frequently rationalized in
terms of an unsymmetrical reactivity in the [Pd ACHTUNGTRENNUNG(h3-allyl)] in-


termediate, favoring reactivity of the terminus that was con-
nected to the leaving group before initial ionization. Many
explanations for the reactivity difference between the termi-
ni have been advanced, including a tight ion pair with the
leaving group,[12] reaction through [Pd ACHTUNGTRENNUNG(h1-allyl)] intermedi-
ates,[17] and unequal trans effects arising from unsymmetrical
ligation.[18] In the case in which chiral ligands are employed,
the available evidence indicates that enantiotopic substrates
ionize to diastereomeric [Pd ACHTUNGTRENNUNG(h3-allyl)] intermediates, in
which the interactions of the chiral ligand with the allyl
moiety lead to differences in reactivity and, thus, to unequal
product distributions.[9] In nonchiral systems, attention has
focused on branched-versus-linear products, and several
studies have shown that branched and linear substrates
indeed give different product distributions. However, most
of these studies have employed only two substrates, com-
monly trans linear and branched butenyl substrates. We note
that the mechanism depicted in Scheme 2 is well able to ra-
tionalize these results, because the branched substrate is ex-
pected to ionize at least partially to an anti-[Pd(h3-alkenyl)]
intermediate, with a product profile markedly different from
that of the syn-[Pd(h3-alkenyl)] complex initially formed
from the trans linear substrate.[8] Herein, we show that inclu-
sion of the cis linear substrate in the study allows a detec-
tion of memory effects beyond those apparent from the ste-
ACHTUNGTRENNUNGreoretention caused by slow isomerization between the iso-
meric intermediates in Scheme 2. We use the term regiore-
tention exclusively for cases in which it can be proven that
the intermediate Pd–allyl complex retains a “memory” of
the position of the leaving group beyond the inherent reac-
tivity difference between syn and anti complexes. Experi-
mentally, we detect this effect by comparing the product dis-
tributions from all three isomeric substrates in Scheme 2. If
the product distribution obtained from the branched sub-
strate is a linear combination of those obtained from cis and
trans linear substrates, we have no regioretention.[19]


Herein, we have studied the behavior of butenyl sub-
strates that ionize to simple methyl-substituted [Pd ACHTUNGTRENNUNG(h3-allyl)]
intermediates (Figure 1). It is of critical importance that all
three substitution patterns leading to the same [Pd ACHTUNGTRENNUNG(h3-allyl)]
manifold are included.[8]


Alcohols 1a–c were synthesized and converted into sub-
strates 2–4 by using standard methods. The substrates were
reacted with two equivalents of the sodium salt of diethyl
methyl malonate, in the presence of 2.5% [Pd2ACHTUNGTRENNUNG(dba)3]
(dba= (E,E)-dibenzylideneacetone) and 10% PPh3, to gen-
erate 5% of the catalytically active [Pd ACHTUNGTRENNUNG(PPh3)2] complex.
The product distribution was determined by GC and NMR


Scheme 2. Isomers in the Tsuji–Trost reaction of butenyl substrates.


Figure 1. Allylic substrates and corresponding products studied.
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spectroscopy. Halide ions were rigorously excluded in the in-
itial part of the study to avoid complications caused by the
“halide effect”.[20] In the second part of the study, we
wanted to investigate the influence of chloride ions, without
adding a new type of countercation to the reaction. This was
achieved by addition of a small amount of allyl chloride,
which reacts more rapidly than the allylic acetates, liberating
a controlled amount of chloride ions.


Results and Discussion


Allylic alkylation of acetates 2a–c : The acetate leaving
group is expected to be only weakly coordinating to palladi-
um. As for any coordinating anion, it will accelerate equili-
bration of the h3-allyl intermediate, though not as strongly
as, for example, a chloride anion.[21] The results from allylic
alkylation of the acetates 2a–c are listed in Table 1 (en-
tries 1–3).


We analyze the results in terms of the mechanism depict-
ed in Scheme 2. If nucleophilic attack is slow relative to the
isomerization of the intermediate, the same product distri-
bution should be expected from all three substrates. This is
clearly not the case; trans-acetate 2a yields mostly trans
product 5a from terminal attack on the syn intermediate,
whereas cis-acetate 2c yields almost equal amounts of
branched and cis products, 5b and 5c, respectively, in good
agreement with a previous study from the 8kermark
group.[8] A more detailed analysis of the product distribution
from 2a and 2c shows that under the current reaction condi-
tions, only 12% of the syn complex (from 2a) and 17% of
the anti complex (from 2c) isomerize before reaction with
nucleophile, and that the ratio of terminal:internal attack is
88:12 for syn, and 57:43 for anti. (See Experimental Sec-
tions for the iterative formulae used to derive these ratios.)
Thus, for both substrates, there is more than 80% stereore-


tention, here defined as the amount that reacts in the initial-
ly formed isomeric form of the intermediate.[19] By using the
above ratios in analyzing the product distribution from
branched acetate 2b, we can conclude that the initial ioniza-
tion yields approximately 70% syn complex. However, we
also see a slight excess of internal product relative to what
would be expected from the observed amounts of cis and
trans product (observed: 26%, predicted: 19%). This could
be a slight regioretention, that is, a preference for the nucle-
ophile to attack the carbon that originally carried the leav-
ing group.[19] The effect here is weak, and may not be signifi-
cantly larger than the error in the measurements.[22]


Notably, branched products arise primarily from anti-[Pd-
ACHTUNGTRENNUNG(h3-allyl)] complexes. As only branched products are chiral,
it is clear that ligands that favor formation of the anti form
of monosubstituted [Pd ACHTUNGTRENNUNG(h3-allyl)] complexes[16] should have
an improved chance of giving branched, chiral product in
the asymmetric version of the title reaction.[2] In addition, it
is clear that successful rationalization of enantioselectivity
requires consideration of anti complexes.[23]


The strong stereoretention effect observed here, resulting
from a slow interconversion of intermediates, can be used to
rationalize the observed memory effects of Williams,[6] Hay-
ashi,[7] and Faller,[10] by postulating that a significant propor-
tion of the internal allylic substrates utilized in those studies
ionized initially to the anti complex. As no cis substrates
were employed, it is not possible to state if also a regiore-
tention mechanism was operative.


Notably, a wide range of relative rates of isomerization
and nucleophilic attack can be found in the literature. For
example, almost complete stereoretention can be achieved
by increasing the reactivity of the nucleophile,[24] whereas
complete isomerization within an isolated manifold coupled
with substrate-directed regioselectivity forms the basis of a
recent enantioconvergent procedure.[25]


New leaving groups : Two alternative types of leaving groups
were included in the current studies, isoureas and imidates.
Dicyclohexylisoureas were employed previously,[26] however,
in our hands, it was difficult to isolate these in pure form.
The corresponding diisopropylisoureas were found to be
more tractable (3a–c). In addition, we wanted to test tri-
chloroacetimidates as leaving groups (4a–c), as these are
easily synthesized from the corresponding alcohols, and
could also function as bases upon liberation. For the latter
substrates, a one-pot tandem procedure was developed.
Thus, the sodium salt of an allylic alcohol (1a–c) was treated
with CCl3CN, followed by the catalyst and the malonate nu-
cleophile in neutral form, to yield directly products 5a–c.


The results obtained with the new leaving groups are
shown in Table 1 (entries 4–10). There are some distinct dif-
ferences from the allylic acetates. First of all, it is clear that
the isomerization is now faster (i.e., there is less stereoreten-
tion), as shown by the high proportion of trans product 5a
from the cis substrates 3c and 4c (compare entries 6 and 9
to entry 3). Furthermore, the position of the syn/anti equili-
brium has clearly shifted; despite the higher rate of isomeri-


Table 1. Results from allylic alkylation.


Entry Substrate 5a
[%]


5b
[%]


5c
[%]


Chloride
ACHTUNGTRENNUNG[mol %]


1 2a 77 16 7 –
2 2b 59 26 14 –
3 2c 15 38 47 –
4 3a 81 17 3 –
5 3b 55 30 15 –
6 3c 52 30 18 –
7 4a 67 22 11 –
8 4b 61 26 12 –
9 4c 47 34 20 –
10 4c 36 38 26 –
11 2a 76 16 8 0.5
12 2b 36 51 13 0.5
13 2c 45 21 34 0.5
14 2a 81 17 2 5
15 2b 43 46 11 5
16 2c 53 22 25 5
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zation of the intermediate, trans-isourea 3a yields only ap-
proximately 3% of cis product, compared to 7% for the
acetate 2a, and 11% for the imidate 4a (entries 4, 1, and 7).
This indicates that the leaving groups function to some
extent as Pd ligands, influencing the equilibrium by coordi-
nation. The experiment starting from 4c was repeated (en-
tries 9 and 10), and it is clear that the relative rates of iso-
merization and nucleophilic attack are very sensitive to re-
action conditions. However, none of our conclusions are
sensitive to variations of this moderate magnitude.


For both new leaving groups, the degree of regioretention
is negligible. The product distribution from 3b closely
matches 3c (entries 5 and 6), whereas 4b instead gives a
result more similar to 4a (entries 8 and 7) showing that the
position of the leaving group is immaterial, and also that the
two leaving groups have opposite ionization preferences.
Isourea 3b, like 3c, forms the anti-allyl complex upon ioni-
zation. To our knowledge, this is the first report of a leaving
group that ionizes to the thermodynamically less-favored
anti complex. Imidate 4b, on the other hand, gives mainly
the syn complex and, thus, matches 4a. As a corollary, isour-
eas should be better leaving groups than acetates if a
branched-to-branched reaction is desired, whereas imidates
should be preferred for isomerization to linear product.


Effect of chloride ions : To study the “halide effect”,[20, 27] the
allylic alkylation of the acetates 2a–c was also performed by
the addition of small amounts of allyl chloride (either 10%
or 100% relative to Pd). In the presence of Pd(0) the very
reactive allyl chloride will immediately liberate a controlled
amount of chloride ions into the reaction mixture. We ex-
pected the main effect of the chloride ions to be an accelera-
tion of the syn/anti isomerization.[13] With this in mind, the
product distributions from the three isomeric acetates 2a–c
should become more similar upon chloride addition. The re-
sults are shown in Table 1 (entries 11–16).


Upon observation of the product distributions, the initial
expectation (i.e., faster syn/anti isomerization) is clearly ful-
filled, as shown by the higher amount of trans product 5a
from cis substrate 2c. However, the most drastic effect is a
strong regioretention. The results from 2a and 2c show the
two extremes of initial ionization, to the pure syn and anti
complex, respectively. In the absence of regioretention, the
product distribution from the branched substrate must be a
linear interpolation between these two extremes, however,
the results with 2b show almost twice as much internal
product as from either of the other substrates. This is proof
that the intermediate in this case is not the symmetrically li-
gated [Pd ACHTUNGTRENNUNG(h3-allyl)] complex shown in Scheme 2. Further-
more, the observation that the regioretention is triggered by
addition of external chloride makes it very unlikely that in
this case the memory effect is due to tight ion pairing with
the leaving group, acetate.[12] Somehow, the chloride ion
must interact with Pd to yield a less-symmetric intermediate.
Two plausible possibilities have been advanced in the litera-
ture, both depending on initial reaction with anionic [Pd0-
ACHTUNGTRENNUNG(PPh3)xCl]� ,[17,27] (Scheme 3).


The first is a neutral [Pd ACHTUNGTRENNUNG(h3-allyl)] complex with two un-
equal ligands, PPh3 and Cl�, in which both ionization and
nucleophilic attack would be expected to occur primarily
trans to phosphorus.[18] The second is a likewise neutral [Pd-
ACHTUNGTRENNUNG(h1-allyl) ACHTUNGTRENNUNG(PPh3)2Cl] complex formed by and reacting through
SN2’ reactions.[3,17] Of these, we favor the former, as recent
experimental results[28] indicate that [Pd ACHTUNGTRENNUNG(h1-allyl)] complexes
react with electrophiles rather than nucleophiles. DFT mod-
eling also indicates that the former explanation is well able
to rationalize the observed results (see below).


The chloride effect shows an early saturation behavior.
The effect is dramatic already at 0.5% Cl� (entries 11–13),
and then does not change much upon increasing to 5% Cl�


(equimolar with Pd, entries 14–16). This is a strong indica-
tion that under the present reaction conditions, the resting
state of the catalyst is Pd(0), and that less than 10% of the
Pd is present in PdII form at low levels of Cl�. In addition,
the ionization event must be strongly accelerated by Cl�, as
shown by Amatore, Jutand, and co-workers,[17] as an excess
of Pd(0) over Cl� has little effect.


Computational study : To verify some of the conclusions
reached in the mechanistic study we undertook a computa-
tional study of the selectivity-determining features in the
transition state of the title reaction, assuming that initial
ionization occurs by reaction of allylic acetate with an
anionic [Pd ACHTUNGTRENNUNG(PR3)X] complex (X=chloride or carboxylate),
in analogy with recent studies on oxidative addition.[29] We
have shown previously that the transition state in the allyla-
tion reaction is strongly affected by solvent.[30] As in previ-
ous studies, we chose to represent the solvent with a contin-
uum model.[30,31] For the phosphine ligand, we used Me3P as
a model. In analogy with previous studies of similar reac-
tions,[18c,32] the nucleophile is modeled by simple ammonia.
This model system is not expected to represent steric inter-
actions well, but should be able to uncover inherent regiose-
lectivity caused by the trans effect. We have also modeled
the initial ionization step, with the same phosphine model,
but including the full acetate leaving group. All DFT calcu-
lations were performed with the B3LYP functional[33] in
combination with the LACVP* basis set[34] in Jaguar.[35] The
solvent was represented by using the PB-SCRF model[36] in
Jaguar, with parameters suitable for CH2Cl2 (dielectricity
constant: epsout=9.08; probe radius: radprb=2.33237).


We first considered the influence of the trans effect on the
initial ionization step. For the model system depicted in
Scheme 4, ionization trans to the phosphine is favored by
approximately 6 kJmol�1, corresponding to a 10:1 ratio of
products under kinetic control at room temperature. Thus,
ionization in the presence of chloride would be expected to


Scheme 3. Plausible intermediates rationalizing regioretention in the
presence of chloride.
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give a large excess of [Pd ACHTUNGTRENNUNG(h3-allyl)] complex with the phos-
phine ligand trans to the allyl terminus that was originally
bonded to the leaving group.


From this result, it is clear that in the presence of chlo-
ACHTUNGTRENNUNGride, branched and linear substrates will not ionize to the
same [Pd ACHTUNGTRENNUNG(h3-allyl)] complexes (Scheme 5). For all of the in-


termediates, we calculated the barrier for reaction with the
model nucleophile at each allyl terminus, and in the three
first cases, we found a preference for the terminus trans to
phosphine of 11–13 kJmol�1, which would predict a regiore-
tention of about 99% for the internal and trans linear sub-
strates. Only in the anti complex, initially formed from the
cis substrate, will the inherent preference for internal attack
compensate the trans effect, and for the mismatched anti
complex we calculate that attack at the two allyl termini are
virtually isoenergetic.


From the results depicted in Scheme 5, we would expect a
very high degree of regioretention for the branched and
trans linear substrates. However, as stated earlier, the pres-
ence of chloride and excess ligand will also increase the rate
of isomerization of the [Pd ACHTUNGTRENNUNG(h3-allyl)] complexes, reducing
the regioretention from the very high level implied by
Scheme 5 to the moderate 30–40% observed in the experi-


ments (Table 1). If this isomerization could be suppressed,
we expect that a very high degree of regioretention could be
obtained.[18d]


Conclusion


The previously reported memory effects in the title reaction
can be divided into two distinct classes that we term regiore-
tention and stereoretention. The latter is caused by a slow
isomerization of the intermediate [Pd ACHTUNGTRENNUNG(h3-allyl)] complex, in
combination with the inherent stereochemical preference of
the initial ionization step. We also identified reaction with
anionic [Pd ACHTUNGTRENNUNG(PR3)Cl], influenced by a strong trans effect, as
one potential source for regioretention in the title reaction.


By changing the nature of the leaving group, the fate of
the initial ionization step can be controlled, directing the re-
action of branched allylic substrates either to an anti com-
plex with high branched preference or to a syn complex
with high linear preference of the subsequent nucleophilic
attack. This discovery holds great promise for further devel-
opment of the synthetic applications of the palladium-cata-
lyzed allylic alkylation. Also, the addition of anionic ligands,
such as Cl�, enhances the branched-to-branched reactivity, a
fact that could be useful in future enantioselective imple-
mentations.


Experimental Section


General : All reactions were performed in glassware flame-dried under
vacuum and flushed with argon, except for the synthesis of the allylic al-
cohols 1a–c and the trichloracetimidates 4a–c. Solvents were distilled
prior to use. THF was distilled from Na/benzophenone and dichloro-
ACHTUNGTRENNUNGmethane from CaH2, both under N2 atmosphere. Diethyl ether, ethyl ace-
tate, and hexane used for flash chromatography were of HPLC grade.
Commercially available reagents were used as delivered unless men-
tioned. TLC was performed by using alumina plates coated with silica
(Merck: silica gel 60 F254). The plates were visualized by using a 5%
phosphormolybdic acid solution in ethanol followed by warming with a
heat gun, which resulted in blue spots.


Flash column chromatography was performed by using silica gel
(Amicon 85040) as described by Still et al.[37] Solvents were removed by
using a rotary evaporator (about 17 mmHg at 20–30 8C).


Products were identified by 1H NMR spectroscopy. Spectra were record-
ed by using a Varian Mercury 300 operating at 300 MHz. Chemical shifts
are given in ppm relative to CHCl3 (7.27 ppm). Quartets are designated
by using “q” and apparent quintets are designated by using the abbrevia-
tion “k”. New compounds were characterized further by 13C NMR spec-
troscopy (Varian Mercury 300, 75 MHz). Chemical shifts in 13C NMR
data are given relative to CDCl3 (77.0 ppm). Microanalyses were con-
ducted by Mikroanalytisches Laboratorium am Institut fQr Physikalische
Chemie der UniversitRt Wien.


Gas chromatography (GC) of allylic alcohols 1a–c was performed by
using a Hewlett–Packard 5890 Series II gas chromatograph connected to
a Hewlett–Packard 3392A integrator on a 25 mS0.25 mm Chrompack
Chirasil-Dex column. H2 was used as carrier gas in an isothermic run
(50 8C, 20 min). Gas chromatography to determine the product distribu-
tion from the allylic substitutions were performed by using a Perkin–
Elmer Autosystem 1020 equipped with a 25 mS0.25 mm Chrompack CP-
SIL 8CB column. He was used as carrier gas in an isothermic run


Scheme 4. Calculated trans effect in the initial ionization of allyl acetate.


Scheme 5. In all examples except the lower one, nucleophilic attack trans
to phosphine is favored by more than 10 kJmol�1.
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(180 8C, 10 min). IR spectra were recorded by using a Perkin–Elmer 1600
Series FTIR with AgCl plates.


(E)-2-Buten-1-ol (1a):[38] LiAlH4 (4.5 g, 117.7 mmol) was suspended in
1,2-dimethoxyethane and cooled to 0 8C in an ice-bath. 2-Butyn-1-ol
(6.9 g, 98.5 mmol) in 1,2-dimethoxyethane (30 mL) was added over a
period of 15 min. After addition, the solution was left at RT for 80 h. The
reaction mixture was quenched with water (6 mL), and washed with 14%
NaOH (6 mL) and water (16 mL). The gray precipitate was filtered off
and washed with diethyl ether. Product 1a was isolated as a colorless oil
by distillation through a Vigreaux column (yield 48%, 3.4 g). Rf=0.25
(hexane/EtOAc 5:1); b.p. 120 8C (ref. [39] 118–122 8C); GC (50 8C, iso-
thermic): tR=8.77 min, analysis did not show any traces of (Z)-isomer;
1H NMR (300 MHz, CDCl3): d=5.76–5.64 (m, 2H; CH), 4.10–4.07 (m,
2H; CH2), 1.72 (app. dq, J=3.6, 0.6 Hz, 3H; CH3), 1.42 ppm (br s, 1H;
OH).


(Z)-2-Buten-1-ol (1c):[40] 2-Butyn-1-ol (8.0 g, 114.1 mmol), quinoline
(8 mL), and Lindlar catalyst (5% Pd mixed with CaCO3 and doped with
Pb, 879 mg, 0.41 mmol) was mixed in dichloromethane (72 mL). The hy-
drogenation was performed with 1 atm H2 at RT under stirring for two
weeks. Consumption of H2 was 3100 mL (129 mmol). The catalyst was fil-
tered off, and 1c was isolated as a colorless oil by distillation through a
Vigreaux column (yield 61%, 5.0 g). Rf=0.23 (hexane/EtOAc 5:1); b.p.
119–121 8C (ref. [41] 119.8–120.5 8C, 747 torr); GC (50 8C, isothermic):
tR=12.11 min, analysis did not show any (E)-product; 1H NMR
(300 MHz, CDCl3): d=5.65–5.53 (m, 2H; CH), 4.18 (dm, J=4.5 Hz, 2H;
CH2), 1.64 ppm (dm, J=5.1 Hz, 3H; CH3).


General procedure for synthesis of acetates 2a–c :[42] The allylic alcohol
(4.4 mmol) was dissolved in dichloromethane (10 mL) and cooled to 0 8C
under stirring. Acetyl chloride (0.34 mL, 4.8 mmol) and pyridine
(0.38 mL, 4.7 mmol) were added and the reaction was monitored by
TLC. After completion of the reaction (after 15 min) water was added
(2.5 mL, 0 8C), the organic phase was separated and washed with brine
(10 mL, 0 8C) and water (10 mL, 0 8C). The organic phase was dried over
Na2SO4, filtered, and evaporated to yield the corresponding acetate as a
colorless oil.


(E)-2-Butene-1-yl acetate (2a): Yield 96% (452 mg). Rf=0.54 (hexane/
EtOAc 5:1); 1H NMR (300 MHz, CDCl3): d=5.79 (dqt, J=15.3, 6.6,
1.2 Hz, 1H; CH), 5.58 (dtq, J=15.3, 6.6, 1.5 Hz, 1H; CH), 4.49 (app. dk,
J=6.3, 1.0 Hz, 2H; CH2), 2.05 (s, 3H; CH3), 1.71–1.75 ppm (m, 3H;
CH3).


3-Butene-2-yl acetate (2b): Yield 91% (432 mg). Rf=0.51 (hexane/
EtOAc 5:1); 1H NMR (300 MHz, CDCl3): d=5.85 (ddd, J=17.3, 10.5,
6.3 Hz, 1H; CH), 5.35 (brk, J=6.3, 1.3 Hz, 1H; CH), 5.25 (app. dt, J=
17.4, 1.3 Hz, 1H; CH), 5.15 (app. dt, J=10.5, 1.2 Hz, 1H; CH), 2.07 (s,
3H; CH3), 1.32 ppm (d, J=6.6 Hz, 3H; CH3).


(Z)-2-Butene-1-yl acetate (2c): Yield 98% (460 mg). Rf=0.49 (hexane/
EtOAc 5:1); 1H NMR (300 MHz, CDCl3): d=5.74 (dqt, J=10.8, 6.9,
1.7 Hz, 1H; CH), 5.56 (dtq, J=10.8, 6.9, 1.7 Hz, 1H; CH), 4.64 (app. dk,
J=6.6, 0.90 Hz, 2H; CH2), 2.07 (s, 3H; CH3), 1.71 ppm (ddt, J=6.9, 1.7,
0.8 Hz, 3H; CH3).


General procedure for synthesis of allylic isoureas 3a–c : The literature
procedure for the formation of dicyclohexylisoureas could also be used
to form the diisopropylisoureas.[43] The allylic alcohol (5.0 mmol) was
added to a mixture of CuCl (0.08 mmol, 7.5 mg) and diisopropyl carbodi-
ACHTUNGTRENNUNGimide (5.0 mmol, 781 mL) under stirring at RT. After about 12 h, CuCl
(0.08 mmol, 7.5 mg) was added again. Before use, CuCl was purified as
described by Tsterlçf.[44] The reaction mixture was stirred until the ab-
sorption due to diisopropyl carbodiimide (2110–2120 cm�1) was no longer
apparent from the IR spectrum (usually 24 h). The reaction mixture was
diluted with hexane (15 mL), washed with water (10 mL), 25% NH3 (aq)
(3S5mL), and water (3S10 mL). The organic phase was dried over
Na2SO4, filtered, and evaporated by using a rotary evaporator. This pro-
cedure yielded the desired product as a colorless oil. The isoureas pro-
duced two spots on a TLC plate, in spite of high purity. For this reason,
both Rf values were reported for each isourea.


O-((E)-2-Buten-1-yl)-N,N’-diisopropyl isourea (3a): This synthesis was
performed on a 2-mmol scale. Yield 68% (270 mg). Rf=0.25/0.44


(EtOAc); 1H NMR (300 MHz, CDCl3): d=5.75 (dqt, J=15.3, 6.3, 1.1 Hz,
1H; CH), 5.63 (dtq, J=15.3, 5.7, 1.2 Hz, 1H; CH), 4.47 (app. dk, J=5.7,
1.1 Hz, 2H; CH2), 3.78 (sp, J=6.6 Hz, 1H; CH), 3.41 (brd, J=6.7 Hz,
1H; NH), 3.16 (sp, J=6.1 Hz, 1H; CH), 1.72 (app. dq, J=6.3, 1.2 Hz,
3H; CH3), 1.12 (d, J=6.6 Hz, 6H; CH3), 1.09 ppm (d, J=6.3 Hz, 6H;
CH3).


O-(3-Buten-2-yl)-N,N’-diisopropyl isourea (3b): The crude product was
purified by Kugelrohr distillation (0.8 mmHg, 50 8C). Yield 81%
(801 mg). Rf=0.30/0.49 (EtOAc); 1H NMR (300 MHz, CDCl3): d=5.90
(ddd, J=17.3, 10.6, 5.2 Hz, 1H; CH), 5.42 (app. qdt, J=6.3, 5.2, 1.3 Hz,
1H; CH), 5.22 (app. dt, J=17.3, 1.5 Hz, 1H; CH), 5.05 (app. dt, J=10.6,
1.4 Hz, 1H; CH), 3.78 (sp, J=6.5 Hz, 1H; CH), 3.37 (brd, J=6.6 Hz,
1H; NH), 3.16 (sp, J=6.2 Hz, 1H; CH), 1.12 (d, J=6.4 Hz, 6H; CH3),
1.29 (d, J=6.4 Hz, 3H; CH3), 1.07 (d, J=6.2 Hz, 3H; CH3), 1.06 ppm (d,
J=6.3 Hz, 3H; CH3);


13C NMR (75 MHz, CDCl3): d=151.6, 127.7, 126.1,
60.7, 46.2, 43.3, 24.3, 24.0, 23.9, 13.3 ppm; elemental analysis calcd (%)
for C11H22N2O: C 66.62, H 11.18, N 14.13; found: C 66.85, H 10.88, N
14.17.


O-((Z)-2-Buten-1-yl)-N,N’-diisopropyl isourea (3c): The use of an oil
pump (0.8 mmHg, RT) for 2 h was necessary to remove traces of solvent.
Yield 88% (873 mg). Rf=0.30/0.49 (EtOAc); 1H NMR (300 MHz,
CDCl3): d=5.70–5.55 (m, 2H; CH), 4.62 (brd, J=5.4 Hz, 2H; CH2), 3.76
(sp, 6.5 Hz, 1H; CH), 3.40 (brd, J=6.6 Hz, 1H; NH), 3.18 (sp, J=6.2 Hz,
1H; CH), 1.71 (dm, J=5.4 Hz, 3H; CH3), 1.11 ppm (app. t, J=5.9 Hz,
12H; CH3);


13C NMR (75 MHz, CDCl3) d=150.3, 139.4, 114.0, 69.8, 46.1,
43.2, 24.3, 24.2, 24.0, 19.7 ppm; elemental analysis calcd (%) for
C11H22N2O: C 66.62, H 11.18, N 14.13; found: C 66.34, H 10.91, N 13.94.


General procedure for synthesis of allylic trichloracetimidates 4a–c :[45]


The allylic alcohol (1.96 mmol) was dissolved in dichloromethane and
cooled to �15 8C. Aqueous KOH (50%, 2 mL) and tetrabutylammonium
hydrogensulfate (8.8 mmol, 3 mg) were added as the temperature was
maintained at �15 8C, then trichloracetonitrile (2.34 mmol, 236 mL) was
added dropwise. The resulting solution was stirred for 30 min at �15 8C,
followed by 30 min stirring at RT. The solution was diluted with 5 mL di-
chloromethane and water (10–15 mL). The organic phase was isolated,
and the water phase was extracted twice with dichloromethane (7.5 mL).
The combined organic phases were dried over Na2SO4, concentrated to
about 10 mL, and filtered through silica gel (2 cm). The silica gel was
eluted with 10–15 mL of dichloromethane, and the product was isolated
as a colorless oil by evaporation of solvent.


((E)-2-Butene-1-yl)trichloracetimidate (4a): Yield 75% (319 mg). Rf=


0.59 (hexane/EtOAc 4:1); 1H NMR (300 MHz, CDCl3): d=8.28 (br s,
1H; NH), 5.90 (dqt, J=15.3, 6.3, 1.2 Hz, 1H; CH), 5.72 (dtq, J=15.3,
6.2, 1.5 Hz, 1H; CH), 4.74 (app. dk, J=6.3, 1.1 Hz, 2H; CH2), 1.77 ppm
(dm, J=6.4 Hz, 3H; CH3).


(3-Butene-2-yl)trichloracetimidate (4b): Yield 14% (61.4 mg). Rf=0.56
(hexane/EtOAc 4:1); 1H NMR (300 MHz, CDCl3): d=8.31 (br s, 1H;
NH), 5.95 (ddd, J=17.3, 10.6, 5.4 Hz, 1H; CH), 5.47 (brk, J=6.2 Hz,
1H; CH), 5.37 (app. dt, J=17.3, 1.3 Hz, 1H; CH), 5.21 (app. dt, J=10.6,
1.2 Hz, 1H; CH), 1.45 ppm (d, J=6.5 Hz, 3H; CH3).


((Z)-2-Butene-1-yl)trichloracetimidate (4c): Yield 79% (335 mg). Rf=


0.55 (hexane/EtOAc 4:1); 1H NMR (300 MHz, CDCl3): d=8.30 (br s,
1H; NH), 5.82 (dq, J=10.8, 6.9 Hz, 1H; CH), 5.69 (dtq, J=10.8, 6.3,
1.4 Hz, 1H; CH), 4.87 (brd, J=6.3 Hz, 2H; CH2), 1.76 ppm (brd, J=
6.3 Hz, 3H; CH3).


General procedure for allylic alkylation of acetates 2a–c : NaH (60% sus-
pension in oil, 1.0 mmol) was dissolved in THF (1 mL) and degassed with
argon. Diethyl methyl malonate (1.2 mmol, 200 mL) was added and the
solution was stirred for 30 min. Triphenylphosphine (13.2 mg, 0.05 mmol)
was dissolved in THF (0.5 mL) and degassed with argon. [Pd2-
ACHTUNGTRENNUNG(dba)3]·CHCl3 (13 mg, 0.0125 mmol) was then added at which point the
solution turned brownish. The solution was stirred for 30 min and the
allyl acetate (0.5 mmol) was added, followed by the sodium enolate of di-
ethyl methyl malonate (1 mmol) in dry, degassed THF (1 mL). After stir-
ring for 24 h at RT the solution was diluted with diethyl ether (10 mL)
and washed with 1m HCl (5 mL) and brine (5 mL). The organic phase
was dried over Na2SO4, filtered, and the solvent was removed. This gave
a pale-yellow oil, which was purified by flash column chromatography
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(hexane/Et2O 9:1). The product was a mixture of three isomers and the
components were identified and characterized by GC (180 8C, isothermic)
and 1H NMR spectroscopy. The yield and composition from each allylic
alkylation is given below (Table 2).


Diethyl-((E)-2-butene-1-yl)methyl malonate (5a): GC: tR=5.50 min;
1H NMR (300 MHz, CDCl3): d=5.53 (dqt, J=15.1, 6.3, 1.1 Hz, 1H; CH),
5.31 (dtq, J=15.1, 7.3, 1.5 Hz, 1H; CH), 4.19 (q, J=7.1 Hz, 1H, CH),
4.18 (q, J=7.1 Hz, 2H; CH2), 2.54 (app. dk, J=7.3, 1.1 Hz, 2H; CH),
1.65 (app. dq, J=6.3, 1.1 Hz, 3H; CH3), 1.37 (s, 3H; CH3), 1.25 ppm (t,
J=7.1 Hz, 6H; CH3).


Diethyl-(3-butene-2-yl)methyl malonate (5b): GC: tR=5.24 min;
1H NMR (300 MHz, CDCl3): d=5.79 (ddd, J=17.1, 10.3, 8.1 Hz, 1H;
CH), 5.08 (ddd, J=17.1, 1.9, 1.1 Hz, 1H; CH), 5.04 (ddd, J=10.3, 1.9,
0.8 Hz, 1H; CH), 4.17 (q, J=7.1, 4H; CH2), 3.01 (app. k, J=7.0, 1.9,
1.0 Hz, 1H; CH), 1.35 (s, 3H; CH3), 1.25 (t, J=7.1 Hz, 6H, CH3),
1.07 ppm (d, J=6.9 Hz, 3H; CH3).


Diethyl-((Z)-2-butene-1-yl)methyl malonate (5c): GC: tR=5.76 min;
1H NMR (300 MHz, CDCl3): d=5.62 (dqt, J=10.9, 6.8, 1.5 Hz, 1H; CH),
5.30 (1H, dtq, J=11.0, 7.5, 1.8 Hz), 4.18 (q, J=7.1 Hz, 4H; CH2), 2.64
(ddq, J=7.6, 1.4, 0.8 Hz, 2H; CH2), 1.63 (dq, J=6.0, 0.9 Hz, 3H; CH3),
1.39 (s, 3H; CH3), 1.25 ppm (t, J=7.1 Hz, 6H; CH3).


General procedure for allylic alkylation of isoureas 3a–c : NaH (60% sus-
pension in oil, 24 mg, 0.6 mmol) was dissolved in THF (0.3 mL). The sol-
ution was degassed with argon. Diethyl methyl malonate was added
(120 mL, 0.70 mmol) and the solution was stirred for 30 min. [Pd2-
ACHTUNGTRENNUNG(dba)3]·CHCl3 (7.8 mg, 0.0075 mmol) and triphenylphosphine (7.9 mg,
0.03 mmol) were dissolved in THF (0.6 mL), which gave a brownish solu-
tion. The solution was purged with argon and stirred for 30 min. The al-
lylic isourea (0.3 mmol) was added followed by the sodium enolate of di-
ethyl methyl malonate (0.6 mmol) in dry, degassed THF (0.3 mL). The
solution was stirred for 24 h (RT), then diluted with diethyl ether
(10 mL) and washed with 1m HCl (5 mL) and brine (5 mL). The organic
phase was dried over Na2SO4, filtered, and the solvent was removed. This
gave a pale-yellow oil, which was purified by flash column chromatogra-
phy (hexane/Et2O 9:1). The product was a mixture of three isomers and
the components were identified and characterized by GC (180 8C, isother-
mic) and 1H NMR spectroscopy. The yield and composition from each al-
lylic alkylation is given below (Table 3).


General procedure for alkylation of in situ generated trichloroacetimi-
dates 4a–c : The allylic alcohol (36.1 mg, 0.5 mmol), trichloroacetonitrile
(72.2 mg, 0.5 mmol), and NaH (60% suspension in oil, 40 mg, 1.0 mmol)
were dissolved in dry THF (1.0 mL). Triphenylphosphine (13.3 mg,
0.05 mmol) and [Pd2 ACHTUNGTRENNUNG(dba)3]·CHCl3 (13.1 mg, 0.0125 mmol) were dissolved
in dry THF (0.5 mL), and the solution was degassed with argon, during
which it turned brownish. After stirring for 30 min the solution contain-
ing the allylic imidate was added. After another 30 min of stirring diethyl
methyl malonate (202.6 mg, 1.16 mmol) was added. The solution was stir-
red for 24 h (RT) and then diluted with diethyl ether (10 mL) and


washed with 1m HCl (5 mL) and brine (5 mL). The organic phase was
dried over Na2SO4, filtered, and the solvent was removed. This gave a
pale-yellow oil, which was purified by flash column chromatography
(hexane/Et2O 9:1). The product was a mixture of three isomers and the
components were identified and characterized by GC (180 8C, isothermic)
and 1H NMR spectroscopy. The yield and composition from each allylic
alkylation is given below (Table 4).


General procedure for allylic alkylation with chloride ions : Two experi-
ments was performed with each of the three acetates 2a–c, the only dif-
ference being the amount of added allyl chloride (0.5 and 5 mol%).


NaH (60% suspension in oil, 1.0 mmol) was dissolved in THF (1 mL)
and degassed with argon. Diethyl methyl malonate (1.2 mmol, 200 mL)
was added and the solution was stirred for 30 min. Triphenylphosphine
(13.2 mg, 0.05 mmol) was dissolved in THF (0.5 mL) and degassed with
argon. [Pd2 ACHTUNGTRENNUNG(dba)3]·CHCl3 (13 mg, 0.0125 mmol) was then added, during
which the solution turned brownish. The solution was stirred for 30 min
and allyl chloride (0.0025 or 0.025 mmol) was added followed by 10 min
of stirring. The allylic acetate (0.5 mmol) was added, followed by the
sodium enolate of diethyl methyl malonate (1 mmol) in dry, degassed
THF (1 mL). After stirring for 24 h at RT the solution was diluted with
diethyl ether (10 mL) and washed with 1m HCl (5 mL) and brine (5 mL).
The organic phase was dried over Na2SO4, filtered, and the solvent was
removed. This gave a pale-yellow oil, which was purified by flash column
chromatography (hexane/Et2O 9:1) in the case of 0.5 mol% allyl chlo-
ACHTUNGTRENNUNGride. The product was a mixture of three isomers and the components
were identified and characterized by GC (180 8C, isothermic) and
1H NMR spectroscopy. After the reaction was run with 5 mol% allyl
chloride the product distribution was determined by GC on the crude
product. The yield and composition from both experiments are given
below (Table 5).


Iterative determination of terminal:internal reactivity ratios : The ratio of
internal-to-terminal attack on each intermediate is denoted f. In the com-
plete absence of regioretention (the initial assumption), we have two
such ratios, one for the syn intermediate, fs, and one for anti intermediate,
fa. Furthermore, we use brackets with indices “t” to label reactions start-
ing from trans substrates 2a–4a, “c” for cis substrates 2c–4c, and “i” for
internal substrates 2b–4b. We obtain initial estimates of all fractions f0


by assuming complete stereoretention, that is, by assuming that trans sub-
strates react completely via syn complexes, and cis substrates via anti
complexes:


f 0
s ¼ ½5b=5a�t
f 0
a ¼ ½5b=5c�c


Table 2. Yield and product distributions from allylic alkylation of 2a–c.


Substrate Isolated yield [%] 5a [%] 5b [%] 5c [%]


2a 77 77 16 7
2b 65 59 26 14
2c 68 15 38 47


Table 3. Yield and product distributions from allylic alkylation of 3a–c.


Substrate Isolated yield [%] 5a [%] 5b [%] 5c [%]


3a 57 81 17 3
3b 61 55 30 15
3c 54 52 30 18


Table 4. Yield and product distributions from allylic alkylation of 1a–c
via 4a–c.


Substrate Isolated yield [%] 5a [%] 5b [%] 5c [%]


1a 46 67 22 11
1b 38 61 26 12
1c 35 47 33 20


Table 5. Yield and product distributions from allylic alkylation of 2a–c in
the presence of chloride ions.


Substrate Isolated yield [%] 5a [%] 5b [%] 5c [%]


2a[a] 49 76 16 8
2b[a] 59 36 51 13
2c[a] 62 45 21 34
2a[b] – 81 17 2
2b[b] – 43 46 11
2c[b] – 53 22 25


[a] 0.5 mol% allyl chloride. [b] 5 mol% allyl chloride.
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We know that the final proportion of branched product 5b arises both
from syn and anti complexes, whereas trans product 5a must arise exclu-
sively from the syn complex, and cis product 5c can come from the anti
complex only. Thus, for all reactions:


5b ¼ f s 5a þ f a 5c


For each set of three reactions, we then get a simple set of refinement
equations by using the ratios from the preceding iteration:


f nþ1
s ¼ ½ð5b � f na 5cÞ=5a�t
f nþ1
a ¼ ½ð5b � f ns 5aÞ=5c�c


The above expressions converge to the final ratios in a few iterations.
With the final ratios in hand, the expected amount of branched product
can now be calculated also for the reaction employing branced substrates
2b–4b. The excess observed branched-to-branched reactivity xb is then
given by:


xb ¼ ½ðf s 5a þ f a 5c � 5bÞ=ð5a þ 5b þ 5cÞ�i


With this definition, xb (in %) is a measure of the degree of regioreten-
tion in the reaction. In all experiments, xb is found to be positive, al-
though in the experiments without chloride, it is small, possibly within
experimental uncertainty (2–7%). In the experiments with added chlo-
ACHTUNGTRENNUNGride, it is significant, 33–40%.
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Intermolecular Insertion of an N,N-Heterocyclic Carbene into a Nonacidic
C�H Bond: Kinetics, Mechanism and Catalysis by (K-HMDS)2
(HMDS=Hexamethyldisilazide)


Guy C. Lloyd-Jones,* Roger W. Alder, and Gareth J. J. Owen-Smith[a]


Introduction


Since the early demonstrations of the surprising kinetic, and
even thermodynamic, stability of heteroatom-stabilised car-
benes towards dimerisation,[1] the area has enjoyed sustained
interest and development.[2] N,N-Heterocyclic carbenes in


particular have found widespread application as ligands in
transition-metal catalysis,[3] as catalysts in their own right for
organic transformations[4] and as chemical entities that fasci-
nate and challenge the theoretical and practical chemist
alike. As part of a research programme exploring the mech-
anism of dimerisation of stable N,N-heterocyclic carbenes,[5]


we recently prepared the tetrahydropyrimidinium salt 1-PF6
as a precursor for base-mediated generation of carbene 2,
which under certain conditions dimerises to yield tetraami-
noethylene derivative 3.[6]


To aid the analysis of the kinetics of the dimerisation re-
action by 13C{1H} NMR we prepared [13C1]-1, and thus


Abstract: The reaction of 2-[13C]-1-
ethyl-3-isopropyl-3,4,5,6-tetrahydropyr-
imidin-1-ium hexafluorophosphate
([13C1]-1-PF6) with a slight excess
(1.03 equiv) of dimeric potassium hexa-
ACHTUNGTRENNUNGmethyldisilazide (“ ACHTUNGTRENNUNG(K-HMDS)2”) in
toluene generates 2-[13C]-3-ethyl-1-iso-
propyl-3,4,5,6-tetrahydropyrimid-2-yli-
dene ([13C1]-2). The hindered meta-
stable N,N-heterocyclic carbene [13C1]-2
thus generated undergoes a slow but
quantitative reaction with toluene (the
solvent) to generate the aminal 2-[13C]-
2-benzyl-3-ethyl-1-isopropylhexahydro-
pyrimidine ([13C1]-14) through formal
C�H insertion of C(2) (the “carbene
carbon”) at the toluene methyl group.
Despite a significant pKa mismatch
(DpKa 1


+ and toluene estimated to be
ca. 16 in DMSO) the reaction shows all
the characteristics of a deprotonation
mechanism, the reaction rate being
strongly dependent on the toluene para
substituent (1=4.8 ACHTUNGTRENNUNG(�0.3)), and display-
ing substantial and rate-limiting pri-
mary (kH/kD=4.2 ACHTUNGTRENNUNG(�0.6)) and secondary


(kH/kD=1.18 ACHTUNGTRENNUNG(�0.08)) kinetic isotope
effects on the deuteration of the tol-
uene methyl group. The reaction is cat-
alysed by K-HMDS, but proceeds with-
out cross over between toluene methyl
protons and does not involve an
HMDS anion acting as base to gener-
ate a benzyl anion. Detailed analysis of
the reaction kinetics/kinetic isotope ef-
fects demonstrates that a pseudo-first-
order decay in 2 arises from a first-
order dependence on 2, a first-order
dependence on toluene (in large
excess) and, in the catalytic manifold, a
complex noninteger dependence on the
K-HMDS dimer. The rate is not satis-
factorily predicted by equations based
on the Brønsted salt-effect catalysis
law. However, the rate can be satisfac-
torily predicted by a mole-fraction-
weighted net rate constant: �d[2]/dt=


({x2kuncat}+ {(1�x2)kcat})[2]
1
ACHTUNGTRENNUNG[toluene]1,


in which x2 is determined by a standard
bimolecular complexation equilibrium
term. The association constant (Ka) for
rapid equilibrium–complexation of 2
with (K-HMDS)2 to form [2 ACHTUNGTRENNUNG(K-
HMDS)2] is extracted by nonlinear re-
gression of the 13C NMR shift of C(2)
in [13C1]-2 versus [(K-HMDS)2] yield-
ing: Ka=62(�7)m�1; dC(2) in 2=
237.0 ppm; dC(2) in [2 ACHTUNGTRENNUNG(K-HMDS)2]=
226.8 ppm. It is thus concluded that
there is discrete, albeit inefficient, mo-
lecular catalysis through the 1:1 car-
ACHTUNGTRENNUNGbene/ ACHTUNGTRENNUNG(K-HMDS)2 complex [2 ACHTUNGTRENNUNG(K-
HMDS)2], which is found to react with
toluene more rapidly than free 2 by a
factor of 3.4 (=kcat/kuncat). The greater
reactivity of the complex [2 ACHTUNGTRENNUNG(K-
HMDS)2] over the free carbene (2)
may arise from local Brønsted salt-
effect catalysis by the (K-HMDS)2 lib-
ACHTUNGTRENNUNGerated in the solvent cage upon reac-
tion with toluene.
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ACHTUNGTRENNUNGneous catalysis · isotope effects ·
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[13C1]-2 and [
13C2]-3, in which the carbene carbon C(2) in 2


is 13C-labelled. The resulting increase in sensitivity in the
13C{1H} NMR spectrum facilitated the detection of a
number of species arising as byproducts (<ca. 2.5%) from
the generation of [13C1]-2 in toluene. Of these species,
aminal 4 was identified as a minor component, but found to
increase with time to become the major product. The identi-
fication of 4 and a detailed investigation of its mechanism of
generation from toluene forms the basis of the work pre-
sented herein. This is the first report of the formal intermo-
lecular insertion of a stable carbene into a “nonacidic”
(pKa�25) C�H bond.[7] Indeed, even the reaction of stable
carbenes with “acidic” C�H bonds (pKa�25) is still compa-
ratively rare, being limited to the examples shown in
Scheme 1.


The reaction of 2 with toluene (pKa�42–44) is surprising:
there is a significant pKa mismatch between reactants (DpKa


1 and toluene ca. 16–18) and the reaction is found to be cat-
alysed by dimeric potassium hexamethyldisilazide (“ ACHTUNGTRENNUNG(K-
HMDS)2”).


Results and Discussion


The C�H deprotonation reaction of N,N,N’,N’-tetraalkylated
formamidinium salts with sterically hindered strong bases


has become a general procedure for the generation of N,N-
heterocyclic carbenes.[8] Wanting to generate carbene 2 from
salt 1-PF6 without competing dimerisation


[5,6] to form 3, we
treated 1-PF6, as a vigorously agitated suspension in
[D8]toluene, under strictly anhydrous and anaerobic condi-
tions with a small excess (1.03 equiv) of the hindered dimer-
ic[9] base [K-NACHTUNGTRENNUNG(SiMe3)2]2 (“ ACHTUNGTRENNUNG(K-HMDS)2”, commercial
sample, 0.43m in toluene). This procedure exploits the ex-
tremely low solubility of the ionic precursor 1-PF6 and the
co-product, KPF6, in the rather apolar toluene medium,
thereby avoiding extensive dimerisation of carbene 2. Using
this method, we found we could smoothly generate 2 in a
sealed NMR tube, as evidenced by a low intensity singlet at
d=236 ppm arising from C(2) in the 13C{1H} NMR spec-
trum, which shows only small quantities of dimer 3. The
NMR tube was repeatedly agitated (sonication) and then
analysed by 13C{1H} NMR spectrum until >98% of the (K-
HMDS)2 (singlet at d=7.2 ppm) had reacted, thereby gener-
ating 2 in essentially quantitative yield[10] together with
HN ACHTUNGTRENNUNG(SiMe3)2 (“H-HMDS”; singlet at d=2.6 ppm).


Side products arising from generation of carbene 2 from 1
and K-HMDS : The asymmetry of 2 and the resulting com-
plexity of the 1H NMR spectrum of mixtures of 2, (E)-3 and
(Z)-3, prompted us to prepare [13C1]-2, in which C(2) bears
the 13C-label, so that we could monitor the kinetics of the di-
merisation of 2 by 13C{1H} NMR spectroscopy.[5] In doing so,
the signal at d=236 ppm arising from C(2) in 2 became ap-
proximately 99-fold stronger; we also noted a range of other
minor signals at d=162.1, 161.9, 161.7, 161.5, 106.1, 91.2 and
76.5 ppm in the 13C{1H} NMR spectrum that were not attrib-
utable to 2 (or 1 or 3) but were clearly arising from a 13C-la-
belled carbon, Figure 1. It should be noted that the intensity
of the signal arising from C(2) in 2 is relatively weak due to
poor proton-mediated nOe magnetisation and inefficient
{1H}-induced relaxation. A proton-coupled 13C ACHTUNGTRENNUNG{1H-gated}
NMR spectrum revealed that the signals at d=162.1, 161.9,
161.7, 161.5, 106.1, 91.2 and 76.5 ppm arise from C�H spe-
cies and thus their relative intensity is significantly higher
than C(2) in [13C1]-2. In other words, the


13C-labelling had
revealed the presence of some rather minor side products
(<ca. 2.5%).
The signals at d=106.1 and 91.2 ppm were found to


reduce in intensity or even disappear during, or shortly-
after, the reaction with an accompanying increase in the sig-
nals at d=161.5–162.1 ppm and at d=236 ppm ([13C1]-2).
Based on the 13C-chemical shifts, we speculated that the sig-
nals arose from the moieties of the type R2N-


13C(=O)H (d=
162.1, 161.9, 161.7, and 161.5 ppm); (R2N)2


13C(H)-O (d=
106.1 ppm); (R2N)2


13C(H)-N (d=91.2 ppm) and
(R2N)2


13C(H)-C (d=76.5 ppm), in which the labelled carbon
atom derives from the precursors [13C1]-1 or [


13C1]-2. The
first two assignments were confirmed by reaction of [13C1]-1
with anhydrous KOH/ ACHTUNGTRENNUNG(K-HMDS)2 in [D6]benzene
(Scheme 2); this reaction gave a mixture of alkoxide [13C1]-
11 and formamides [13C1]-12H and [13C1]-13H (each display-
ing two rotameric amide isomers in the 13C{1H} NMR spec-


Scheme 1. Formal insertion of stable carbenes 5,[7a,d] 7[7c] and 9[7b] into C�
H bonds, the precursors for which (H�Z) all have pKa�25, except for 9
for which the reaction 9!10 is intramolecular. Mes=2,4,6-trimethyl-
phenyl; Ad=adamantyl. Note that for the unsaturated analogue of 5,
which is aromatic, reaction with CH3CN fails, whilst reaction with CHCl3
gives complex mixtures.[7a]
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trum). Addition of further (K-HMDS)2 partially converted
formamides [13C1]-12H and [13C1]-13H to the alkoxide
[13C1]-11, whilst exposure to moisture (air) converted the
alkoxide [13C1]-11 to the neutral formamides [


13C1]-12H and
[13C1]-13H, presumably by means of an equilibrium with the
ring-opened nitrogen anions [13C1]-12 and [


13C1]-13 (not ob-
served), which can deprotonate water. Interestingly, 12H
and 13H, the identities of which were assigned by 1H nOe/
CH correlation, are initially generated in a 1:1 ratio, but un-
dergo slow interconversion, presumably via 11 (or 11H), to
give an equilibrium mixture that favours 13H (K=9). It is
thus concluded that 11, 12H and 13H arise in the genera-
tion of carbene 2, by reaction of salt 1 with traces of KOH
in the commercial (K-HMDS)2 reagent.
The signal at d=91.2 ppm, assigned as that arising from a


(R2N)2
13C(H)-N unit, was suggestive of (K-HMDS)2 effect-


ing nucleophilic attack at C(2) of [13C1]-1, in competition
with deprotonation, to generate the HMDS adduct [13C1]-14
(Scheme 2). A competing nucleophilic attack by Li-HMDS
in the C�H deprotonation reaction of related N,N’-dialkylat-
ed tetrahydropyrimidinium salts has been reported by Alder
et al.[11] The decrease in the intensity of the signal of [13C1]-
14 during or shortly after complete reaction suggests that
the addition of the HMDS anion to 1 is reversible, as indeed
is found to be the case, vide infra.
Finally, on close inspection, the signal at d=76.5 ppm,


was found to have a neighbouring multiplet (d=75.8 ppm)
of very low intensity, but with an equipollent triplet struc-
ture characteristic of a deuterium-bearing carbon atom (1J-
ACHTUNGTRENNUNG(C,D)=21.5 Hz). Since the [D8]toluene, used as a co-solvent
with the commercial toluene (K-HMDS)2 solution, was the
only source of deuterium, we repeated the procedure using
freshly prepared (K-HMDS)2 (prepared from KH and H-
HMDS)[12] in [D8]toluene: the intensity of the triplet was
found to be approximately the same, but there was essential-
ly no trace of the singlet at d=76.5 ppm, and the amount of
alkoxide/formamides (11/12H and 13H) generated was re-
duced. The tentative assignment of the signal at d=


76.5 ppm as that of C(2) in the toluene adduct [13C1]-4 was
confirmed by independent, albeit inefficient, preparation of
4 from phenacetaldehyde.[13] When pure [D8]toluene is used
as solvent, the major side product from reaction of [13C1]-1
with (K-HMDS)2 is [


2H8]ACHTUNGTRENNUNG[
13C1]-4, vide infra, and we initially


suspected that this was generated by addition of a
[D7]benzyl anion to [


13C1]-1-PF6. However, it soon became
evident that the concentration of [2H8]ACHTUNGTRENNUNG[


13C1]-4 continued to
increase after all of the [13C1]-1-PF6 had been consumed,
thus implicating the involvement of [13C1]-2 rather than
[13C1]-1.


Kinetics of reaction of carbene 2 with [D8]toluene—
K-HMDS catalysis : As noted above, the reaction of [13C1]-1
with (K-HMDS)2 in [D8]toluene to generate [


13C1]-2, in-
volves alternating periods of sonication then analysis by
13C{1H} NMR until generation of [13C1]-2 is complete. Al-
though the sonication results in a stochastic profile to the
evolution of [13C1]-2, the profile for the generation of [


2H8]-


Figure 1. The 13C{1H} NMR sub-spectrum (60–240 ppm) of the product
mixture obtained on sonication of a suspension of [13C1]-1-PF6 in
[D8]toluene after addition of 1.03 equiv of (K-HMDS)2 (0.43m in tol-
uene). For full assignments see text and Scheme 2. Note that 2 lacks a
proton at C(2) and thus the signal intensity is about one third of that of
C�H compounds 4, 11, 12H and 13H. The signal identified by “*” is un-
assigned, but is similar in chemical shift to C(2) of [1]-PF6 (d=155 ppm)
which is only sparingly soluble in toluene.


Scheme 2. Side/co-products arising from generation of [13C1]-2 by reaction
of [13C1]-1-PF6 with commercial solutions of (K-HMDS)2 in toluene
(0.43m) as identified by 13C{1H} NMR spectroscopy in [D8]toluene (see
Figure 1).
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ACHTUNGTRENNUNG[13C1]-4 versus time was found to be rather smooth—in
other words, the rate appeared to be unrelated to the con-
centration of [13C1]-2. However, we reasoned that since the
generation of [13C1]-2 from [


13C1]-1-PF6 is directly coupled to
the consumption of (K-HMDS)2 and thus as the concentra-
tion of [13C1]-2 rises, the concentration of (K-HMDS)2 falls
linearly,[14] a compensatory effect would arise if the K-
HMDS catalysed the reaction of [13C1]-2 with the toluene.
To explore this possibility, we prepared 0.08m [D8]toluene


solutions of [13C1]-2 from [
13C1]-1 with larger excesses of (K-


HMDS)2
[15] (1.1, 1.5, 2.2, 3.0, 4.3 and 8.3 formal equivalents


of HMDS anion). The solutions of [13C1]-2 were generated
very cleanly over a period of ca. 10 min, with [2H8]ACHTUNGTRENNUNG[


13C1]-4 as
essentially the only side product (�1%). Over a period of
days, [2H8]ACHTUNGTRENNUNG[


13C1]-4 was found to grow smoothly at the ex-
pense of [13C1]-2.
The reactions were found to evolve through a logarithmic


decay in [13C1]-2, giving good linear correlations, Figure 2
(left). An additional two samples with half and double the
initial concentrations of [13C1]-2 behaved analogously, thus
allowing determination of macroscopic first-order rate con-
stants kobs (s


�1) over a range of initial concentrations of
[13C1]-2, (K-HMDS)2 and HMDS, Table 1, entries 1–8.


Although the effect of excess [K-HMDS] on the rate re-
sults in a complex relationship (Figure 2 right), in which
�d[2]/dt/ (fACHTUNGTRENNUNG[K-HMDS]) in which f=non-linear function,
vide infra, the large excess of [D8]toluene (ca. 55–231 equiv)
and constant nature of the (K-HMDS)2 and H-HMDS con-
centrations are consistent with a simple pseudo-first-order
relationship of the rate to carbene concentration, [[13C1]-2].


Kinetics of reaction of carbene 2 with substituted toluenes
in [D6]benzene—linear free energy relationship and kinetic
isotope effects : During the reaction that generates 4, the C�
H bond of the toluene methyl group is cleaved, allowing
formal insertion of C(2) of 2, see scheme in Figure 3. To
probe the polarity of the C�H cleavage, we determined the
pseudo-first-order rate constants for reaction of [13C1]-2,
generated in C6D6 from (K-HMDS)2 (2.0 equiv HMDS
anion) with separate samples of excess (ca. 40 equiv) tol-
uene, 4-CF3-toluene (15), 4-Cl-toluene (16), 4-tert-butyltol-
ACHTUNGTRENNUNGuene (17) and a-methyltoluene (ethylbenzene, 18). All five
substrates cleanly gave carbene ([13C1]-2) aryl C�H insertion
products, ([13C1]-4, [


13C1]-19, [
13C1]-20, [


13C1]-21 and [
13C1]-22


(0% de), Figure 3) as evidenced by intense signals in the
d=76.1–81.9 ppm region.
The rates of reaction of [D0]toluene, 15, 16 and 17


(Table 1, entries 9, 10, 11 and 12) yielded a relatively large
and positive 1 value (1�=4.8 ACHTUNGTRENNUNG(�0.3)) in a standard Hammett
correlation employing s�. By using Swain–Lupton parame-
ters,[16] (sSL=0.73 ACHTUNGTRENNUNG(�0.03)F+R) it was determined that the
correlation has a greater dependence on the resonance term
than on the field term (R/F=1.37), Figure 3. Both correla-
tions are indicative of a substantial increase in electron den-
sity at the aryl-bound carbon en route to the rate-limiting
transition state. The greater dependence on the resonance
term (R) in the Swain–Lupton correlation also suggests that
there is significant sp2 hybridisation at the benzylic carbon
atom in the transition state to facilitate p delocalisation. Re-


Figure 2. Left-hand graph: typical examples of the linear relationship be-
tween time and ln([2]0/[2]t) at various concentrations of (K-HMDS)2 for
the reaction of 2 with [D8]toluene (solvent) to generate 4 (numbers II,
IV and VI refer to entries 2, 4, and 6, respectively, in Table 1). Right-
hand graph: the complex relationship between (K-HMDS)2 concentra-
tion and the normalised pseudo-first-order rate constants kobs/
[[D8]toluene]0 (as determined by linear regression (left-hand graph) of
data from Table 1, entries 1–8). The solid line passing through data points
is a nonlinear regression based on a model involving catalysis by (K-
HMDS)2 complexation: Ka=62m


�1, kuncat=1.46S10
�8 dm3mol�1 s�1, kcat=


5.11S10�8 dm3mol�1 s�1, [2]=54.3 mm ; see text for full discussion.


Table 1. Pseudo-first-order rate constants[a] (kobs) for reactions of excess
[D8]toluene, toluene, substituted toluenes (4-CF3-toluene (15), 4-Cl-tol-
uene (16), 4-tBu-toluene (17) and ethylbenzene (18); 40–118 equiv), with
carbene [13C1]-2 (generated in situ from [13C1]-1-PF6) in [D8]toluene or
[D6]benzene solvent medium, in the presence of excess (K-HMDS)2 at
23 8C.


Arene ACHTUNGTRENNUNG[Arene]0
[m]


[2]0
[mm]


ACHTUNGTRENNUNG[(K-HMDS)2]
[b]


[mm]
kobs
ACHTUNGTRENNUNG[s�1S107]


1 [D8]toluene 9.32 79 5.6 1.64 ACHTUNGTRENNUNG(�0.05)
2 [D8]toluene 9.29 81 20.0 2.40 ACHTUNGTRENNUNG(�0.03)
3 [D8]toluene 9.22 81 50.1 3.29 ACHTUNGTRENNUNG(�0.02)
4 [D8]toluene 9.14 82 83.3 3.49 ACHTUNGTRENNUNG(�0.03)
5 [D8]toluene 9.02 81 134 4.07 ACHTUNGTRENNUNG(�0.03)
6 [D8]toluene 8.61 85 308 4.40 ACHTUNGTRENNUNG(�0.05)
7 [D8]toluene 9.02 163 93.7 3.39 ACHTUNGTRENNUNG(�0.04)
8 [D8]toluene 9.02 39 156 4.10 ACHTUNGTRENNUNG(�0.07)
9 [D0]toluene 2.81 67 68 9.46 ACHTUNGTRENNUNG(�0.31)
10 15 2.78 69 68 –[c]


11 16 2.78 68 68 67.8 ACHTUNGTRENNUNG(�0.9)
12 17 2.77 68 68 2.14 ACHTUNGTRENNUNG(�0.10)
13 18 2.81 69 68 1.77 ACHTUNGTRENNUNG(�0.47)
14 [D1]toluene


[d] 2.94 68 68 6.09 ACHTUNGTRENNUNG(�0.08)[e]
15 [D8]toluene 9.02 24 163 4.32 ACHTUNGTRENNUNG(�0.18)[f]


[a] Determined by linear regression of ln([2]0/[2]t) versus t, as determined
by 1H/13C NMR analysis, see Figure 2. [b] The formal concentration of
excess (K-HMDS)2 based on consumption of 0.5 equivalents (K-HMDS)2
in the deprotonation of [1]-PF6. [c] Reaction complete (>95%) within
29 min. A value of 1.72S10�3 s�1 is estimated as the lower limit for kobs.
[d] a-[D1]Toluene (>98.8% 2H1), contains about 1% diethyl ether.
[e] The partitioning is 87.6% C�H insertion, 12.4% C�D insertion.
[f] Reaction after filtration from precipitated KPF6 (0.45 mm PTFE mem-
brane) then 3.5-fold dilution into 0.175m (K-HMDS)2 in [D8]toluene.
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action of a-[D1]toluene (Ph-CH2D) proceeded at approxi-
mately 0.64-fold the rate of [D0]toluene (compare entries 9
and 14, Table 1) indicating a substantial net kinetic isotope
effect, which also results in partitioning of the a-[D1]toluene
to give products arising from insertion into C�H (0% de)
versus C�D in an 87.6:12.4 ratio. From these values, the pri-
mary and secondary effects are estimated as kH/kD=4.2-
ACHTUNGTRENNUNG(�0.6) and 1.18 ACHTUNGTRENNUNG(�0.08), respectively, see Experimental Sec-
tion for details. The reaction of 18 (Table 1, entry 13) was
found to be more than fivefold slower than that of
[D0]toluene.


Reaction of carbene 2 with [D0]toluene and [D8]toluene
mixtures—toluene molecularity : The large excess of
[D8]toluene used to explore the effect of (K-HMDS)2 con-
centration on the rate of C�2H insertion (Table 1, entries 1–
8) results in a pseudo-zero-order rate dependency on the
[D8]toluene concentration under these conditions. To ex-
plore the toluene molecularity (under pseudo-zero-order


conditions in toluene) we exploited the net kinetic isotope
effects (KIEs) associated with the C�H(D) cleavage process,
vide supra, by conducting a series of reactions of 2 (0.08m)
with mixtures of [D0]toluene and [D8]toluene (0.0, 15.0,
30.0, 45.0 and 60.0% [D0]toluene; Table 2, entries 1–5).


The rate of reaction of [13C1]-2 in combination with the
partitioning ratio of adducts 4 derived from [D0]toluene
versus [D8]toluene ([13C1]-4/ ACHTUNGTRENNUNG[


2H8] ACHTUNGTRENNUNG[
13C1]-4=P) can be em-


ployed to extract the net deuterium KIEs on both the parti-
tioning[17] and the absolute rate. As with a-[D1]toluene, sig-
nificant partitioning (P) was found to occur, with the net
effect determined by the mole fractions [D0]toluene/
[D8]toluene, in conjunction with a net KIE that is essentially
constant (error-weighted average k[D0]tol/k[D8]tol=9.5�0.8).


[18]


The mole fractions of [D0]toluene/[D8]toluene are also
found to affect the overall reaction rate (kobs in s


�1) in a
linear manner, Figure 4.
The gradient of the correlation kobs=xH(k(H)�k(D))+k(D),


in which xH=mole fraction [D0]toluene, yields the net KIE
on the rate of reaction, k(H)/k(D)=10.9�1.9, which is in rea-
sonable agreement with the isotope effect attending parti-
tioning (k[D0]tol/k[D8]tol=9.5�0.8) and thus indicative of a uni-
ACHTUNGTRENNUNGmolecular involvement of toluene in rate-limiting adduct 4
formation.[19] In all of the reactions studied, the product 4
was found to derive from a single molecule of toluene, with
no evidence for cross-over. Thus, [D8]toluene generates ex-
clusively [2H8]ACHTUNGTRENNUNG[


13C1]-4 (see Figure 5, right-hand spectrum),
[20]


[D1]toluene generates [
2H1]ACHTUNGTRENNUNG[


13C1]-4 (as an 87.6:12.4 mixture
of C(2)�H/C(2)�D) and [D0]toluene generates exclusively
[13C1]-4.


Mechanism of reaction of carbene 2 with toluene : The
mechanism of “insertion” of singlet carbenes (R-C-R; in
which one or both of “R” are “stabilising”: aryl, halogen,
alkoxy, amino etc.) into X�H bonds (X=O, N, C) has long
been of interest. Three general classes of mechanism have
been proposed,[20] which can be summarised as: 1) a path-
way dominated by the electrophilic nature of the vacant p
orbital on carbon (“ylidic”; pathway I, Scheme 3); 2) a path-


Figure 3. Linear free energy relationship of the relative rates of reaction
of [13C1]-2 with toluene, 4-CF3-toluene (15), 4-Cl-toluene (16) and 4-tert-
butyl-toluene (17) in [D6]benzene in the presence of (K-HMDS)2
(0.068m). y axis: rate data from Table 1, entries 9–12; x axis: substituent
constant sSL derived from Swain–Lupton parameters, sSL= (1.0SR)+
(0.73SF). A value of 1=4.8 (�0.3) is obtained in a standard Hammett
correlation employing s.


Table 2. Pseudo-first-order rate constants (kobs),
[a] net primary/secondary


kinetic isotope effects (kH/kD)
[b] and partitioning ratios[c,d] for reaction of


carbene [13C1]-2 (82–84 mm) with [D0]toluene/[D8]toluene mixtures (9.13–
9.15m), in the presence of excess (K-HMDS)2 (82–83 mm) at 23 8C.


Mol ratio
[D]0/[D8]toluene


dC(2) 2
ACHTUNGTRENNUNG[ppm]


kobs
ACHTUNGTRENNUNG[s�1S107]


kH/kD Partitioning (P)
([D0]4/[D8]4)


1 – 229.3 3.49 ACHTUNGTRENNUNG(�0.02) – –[c]


2 0.176 229.4 9.26 ACHTUNGTRENNUNG(�0.14) 10.1 ACHTUNGTRENNUNG(�0.5) 1.78 ACHTUNGTRENNUNG(�0.08)[d]
3 0.429 228.9 14.9ACHTUNGTRENNUNG(�0.3) 9.3 ACHTUNGTRENNUNG(�0.7) 4.0 ACHTUNGTRENNUNG(�0.3)[e]
4 0.818 229.8 21.2ACHTUNGTRENNUNG(�0.2) 9.5 ACHTUNGTRENNUNG(�1.0) 7.8 ACHTUNGTRENNUNG(�0.8)[d]
5 1.50 229.8 25.2ACHTUNGTRENNUNG(�0.4) 8.2 ACHTUNGTRENNUNG(�1.4) 12.3 ACHTUNGTRENNUNG(�2.1)[d]


[a] Determined by linear regression of ln([2]0/[2]t) versus t, as determined
by 1H/13C NMR analysis. [b] Determined by the relationship (k[D0]tol/
k[D8]tol) ACHTUNGTRENNUNG[(xD/xH)�toluene]=P, errors based on �1% error in mol fractions
of [D8]/[D0]toluene and [


2H8] ACHTUNGTRENNUNG[
13C1]-4/ ACHTUNGTRENNUNG[


2H0] ACHTUNGTRENNUNG[
13C1]-4. [c] Only [


2H8] ACHTUNGTRENNUNG[
13C1]-4


(+ 3.8% [2H7] ACHTUNGTRENNUNG[
13C1]-4) generated. [d] Determined by


13C{1H} NMR spec-
troscopy. [e] Determined by 1H NMR spectroscopy.
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way in which both the vacant p orbital and filled sp2 orbital
on carbon interact simultaneously with X and H (“con-


certed”; pathway II) and 3) a pathway dominated by the nu-
cleophilic (basic) nature of the filled sp2 orbital on carbon
(“deprotonation”; pathway III). Essentially all of the mecha-
nistic investigations reported to date have centred around
the insertion of singlet carbenes (generated thermally or
photochemically from diazoalkanes[21a–d] or photochemically
from diazirenes)[21e,f] into the O�H bond of H2O or ROH.
Distinction between pathways I, II and III for the inser-


tion of singlet carbenes into the O�H bond of H2O or ROH
has predominantly been based on the magnitude of the pri-
mary KIEs (2H or 3H) for the hydrogen transfer and Brøn-
ACHTUNGTRENNUNGsted correlations (pKa of RO�H versus logkobs). For path-
way I, a negligible primary KIE is expected,[21d] providing
that step 1 (kI1) is rate-limiting. The use of mixtures of D2O
(or T2O) with H2O allows the isotope effect in the second
step (kI2) to be determined through partitioning.


[21a] For path-
way II, primary KIEs of an intermediate magnitude are ex-


pected due to the nonlinearity
of H transfer in kII


1 ;
[21f] a low


degree of charge separation
means that the pKa of RO�H
will be of less influence. For
pathway III, larger primary
KIEs are expected, provided
that step 1 (kIII


1 ) is rate-limit-
ing; equilibrium KIEs close to
unity would be expected if
step 2 (kIII


2 ) is rate-limiting. A
Brønsted correlation would be
expected in both cases (unless
KIII
1 is very large).[21e] The


mechanism(s) involved in the
C�H insertion reactions of
stable carbenes (Scheme 2)
have not been studied,[7] al-
though on the basis of the


Figure 4. The linear relationship between the pseudo-first-order rate con-
stant (kobs) for reaction of [13C1]-2 with [D0]toluene/[D8]toluene (ca.
110 equiv) and the initial mol fraction [D0]toluene xH. The line passing
through data points is a linear regression of the equation kobs=
xH(k(H)�k(D))+k(D), in which (k(H)�k(D))=36.9 ACHTUNGTRENNUNG(�1.4)S10�7 s�1 and k(D)=
3.74 ACHTUNGTRENNUNG(�0.5)S10�7 s�1.


Figure 5. 13C{1H} NMR experiments probing for the involvement of the HMDS anion in the (K-HMDS)2-cata-
lysed reaction of 2 with toluene. Left-hand sub-spectrum: 50:50 v/v [D0]toluene/[D8]toluene containing 83 mm


(K-HMDS)2+237 mm H-HMDS, 2 weeks at 23 8C. Right-hand sub-spectrum: (K-HMDS)2-catalysed reaction
of [13C1]-2 with [D8]toluene (99.1% ArCD3/0.9% ArCD2H) in the presence of 1 equiv H-HMDS, which gives
96.2:3.8 [2H8] ACHTUNGTRENNUNG[


13C1]-4/ ACHTUNGTRENNUNG[
2H7]ACHTUNGTRENNUNG[


13C1]-4 in which >98% of the benzylic carbons are dideuterated; see text for full
discussion.


Scheme 3. Three general mechanisms for the “insertion” of singlet car-
benes (R-C-R; one or both R=aryl, halogen, alkoxy, amino etc.) into X�
H bonds (X=O, N, C).[21] Note that the “ylide” mechanism (I) may in-
volve oligomeric X�H species to facilitate proton transfer (kI


2).
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“acidic” nature of the C�H components, namely, CH3CN,
CHCl3, PhSO2CH3 and acetylene, it has been proposed that
these all involve the “deprotonation”, pathway III.[7a, c]


The data obtained for the kinetics of the reaction of 2
with toluene, deuterated toluenes and substituted toluenes
to generate the formal C�H insertion products 4 and 19!22
should, in principle, allow a more confident interpretation of
the mechanism. The reaction has the following characteris-
tics: 1) the rate of reaction depends on the ability of the
aryl ring to support negative charge development at the tol-
uene methyl group (1=4.8�0.3); 2) there are substantial
KIEs attending the toluene methyl C�H cleavage: namely, a
net KIE, kH/kD=9.5�0.8 for [D8]toluene, and a primary kH/
kD=4.2 ACHTUNGTRENNUNG(�0.6)) and secondary kH/kD=1.18 ACHTUNGTRENNUNG(�0.08) for
[D1]toluene; 3) the reaction rate has first-order dependency
on toluene, a first-order dependency on carbene (2), and a
complex dependence in (K-HMDS)2; 4) there is no evidence
for cross-over: each molecule of the product 4 is entirely de-
rived from a single molecule of 2 and a single molecule of
toluene and 5) the reaction is catalysed by (K-HMDS)2.
The large magnitude of the secondary KIEs and the de-


pendence of reaction rate on toluene methyl C�H acidity
(1=4.8�0.3) and charge delocalisation into the aryl p


system (R/F=1.37 in the Swain–Lupton correlation,
Figure 3) are strongly suggestive of a C�H deprotonation re-
action (cf. pathway III, Scheme 3) with a late transition state
in which substantial sp2 character and partial negative
charge has been established at the benzylic carbon.[18] How-
ever, the generation of a full benzyl anion by means of de-
protonation of the toluene methyl group would require a
very strong base: the pKa of toluene is about 42 in
DMSO.[22] Addition of a large excess (26 equiv) of H-
HMDS to [13C1]-2 in [D8]toluene, containing less than 1%
of the HMDS adduct [13C1]-8, resulted in the reasonably
rapid generation of an equilibrium mixture (ca. 83% [13C1]-
2/17% [13C1]-8), which on fourfold dilution into pure
[D8]toluene, underwent substantial reversion (>50%) to
[13C1]-2 and H-HMDS. This result ([2]+H-HMDS$[8]; K=


0.4�0.2m�1) shows that the difference in thermodynamic
basicity of 2 and the HMDS anion is small. Analogously, the
acidities of H-HMDS (pKa 26 in DMSO)


[22] and 1 (pKa of 1-
Cl estimated as 26 in DMSO)[23a] are rather similar. The
quantitative reaction of 0.5 equivalents (K-HMDS)2 with 1-
PF6 in [D8]toluene to generate 2, H-HMDS and KPF6, sug-
gests that the co-generation of KPF6 is a significant driving
force; in other words, the “acidity” of 1 is counterion de-
pendent.[23]


Mulvey et al. recently reported that (K-HMDS)2 cleanly
deprotonates a methyl group in toluene, m-xylene and mesi-
tylene, when reaction is conducted in the presence of Zn-
ACHTUNGTRENNUNG(HMDS)2.


[24] Such a process could conceivably proceed
through Zn ACHTUNGTRENNUNG(HMDS)2-trapping of PhCH2K generated in
trace concentration by equilibrium of PhCH3 with K-
HMDS. However, in a control experiment involving a mix-
ture of (K-HMDS)2, H-HMDS, [D0]toluene and [D8]toluene,
we found no evidence whatsoever for cross over through re-


versible deprotonation of the toluene methyl group, even
after 2 weeks at room temperature, Figure 5.
Although (K-HMDS)2 alone does not deprotonate tol-


uene to any significant extent, the presence of 2 may in-
crease the basicity of the HMDS anion, through complexa-
tion of 2 with (K-HMDS)2. The complexation of N,N-het-
ACHTUNGTRENNUNGero ACHTUNGTRENNUNGcyclic carbenes to Group I cations (Li+ , Na+ , K+ , etc.)
was first reported by Alder et al., and has subsequently
been explored in considerable detail.[25] The complexation
can be readily detected in solution by an upfield shift of the
signal arising from the carbene carbon in the 13C NMR spec-
trum. Analysis of the signal arising from C(2) in [13C1]-2 and
the Me signals in the (K-HMDS)2 at the various values of
excess (K-HMDS)2 reveals that complexation does occur
and is dynamic: a single time-average chemical shift of C(2)
in [13C1]-2 is observed that is weakly dependent on [[


13C1]-2]
and strongly dependent on [(K-HMDS)2],


[26] vide infra,
Figure 6 (left). The involvement of the HMDS anion de-


rived from such a complex was probed by detailed 13C{1H}
NMR analysis of the C(2) signals in the product from reac-
tion of [13C1]-2/[D8]toluene/ ACHTUNGTRENNUNG(K-HMDS)2 (4.2 equiv)/H-
HMDS (1.0 equiv formed by deprotonation of salt [13C1]-1
by HMDS anion); such an analysis allows the deduction of
the presence of various isotopologues of 4 due to the multi-
plicity and isotope shifts induced by deuterium at 13C(2). By
reference to products from [D0]toluene and [D1]toluene,
vide supra, it is evident that the process generates [2Hn]-
ACHTUNGTRENNUNG[13C1]-4 in which 96.2% of C(2) is deuterated and >98% of
the benzylic carbon dideuterated, Figure 5, right-hand sec-
tion. The generation of 3.8% [2H7] ACHTUNGTRENNUNG[


13C1]-4 is consistent with
the isotopic purity of the [D8]toluene solution (99.1% CD3,
0.9% CD2H;


1H NMR spectroscopy).[20] The involvement of


Figure 6. Left-hand graph: nonlinear regression of a 1:1 binding isotherm
accounting for variation in time-average 13C NMR chemical shift of C(2)
in [13C1]-2 with [(K-HMDS)2] in [D8]toluene (data points); solid line:
with freedom in all four coefficients, yielding Ka=62(�7)m�1, [2]=53
ACHTUNGTRENNUNG(�0.5) mm, dC(2) in 2=237.0 ACHTUNGTRENNUNG(�0.2) ppm; dC(2) in [2 ACHTUNGTRENNUNG(KHMDS)2]=226.8
ACHTUNGTRENNUNG(�0.1) ppm) initial [2]=54.3 mm ; see text for full discussion. Right-hand
graph: mole fraction of carbene 2 (54.3 mm) complexed to K-HMDS
dimer, calculated from [(K-HMDS)2] and Ka, versus apparent second-
order-rate constant for reaction of 2 with [D8]toluene. Ka=62m


�1 as de-
rived from 13C{1H} NMR shifts (left-hand graph).
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the free HMDS anion as a base would generate D-HMDS/
H-HMDS, the latter liberating [2H7]ACHTUNGTRENNUNG[


13C1]-4, in which C(2)
bears a hydrogen atom. From this analysis it is evident that
a free HMDS anion, derived from either K-HMDS or a
complex thereof, is not acting as the base in the process gen-
erating 4.
From the preceding analysis, it can be concluded that it is


the carbene carbon C(2) of 2, and not an HMDS anion, that
acts to deprotonate the toluene. However, (K-HMDS)2
whilst not actively involved as the base, demonstrably catal-
yses the reaction. Three limiting mechanisms can be envis-
aged. Firstly, in the direct reaction of carbene 2 with the tol-
uene to generate 4 by means of pathway III in Scheme 3,
the involvement of a benzyl/tetrahydropyrimidinium (1) ion-
pair would cause significant charge generation from the neu-
tral precursor pairing (2 and toluene) on approach to the
transition state. In an apolar aromatic solvent, for example,
toluene or benzene, the ionogenic nature of the process (2+
toluene! ACHTUNGTRENNUNG{1-PhCH2}


�) would be highly susceptible to any
charge-stabilising medium effect exerted by the aromatic-
soluble (K-HMDS)2. However, such a medium effect should
obey the Brønsted salt-effect catalysis law[26] and a plot of
logkobs against [(K-HMDS)2]


0.5 is nonlinear throughout the
dataset (r2=0.88).
The second and third mechanisms considered involve


Brønsted salt-effect catalysis (medium effect) or discrete
molecular catalysis of the reaction of 2 with toluene by its
potassium complex [2 ACHTUNGTRENNUNG(K-HMDS)2]. The nonlinear regres-
sion of a simple 1:1 binding isotherm[28] to the 13C NMR
signal arising from C(2) in [13C1]-2 during conversion to
[2H8] ACHTUNGTRENNUNG[


13C1]-4 in [D8]toluene allows extraction of an associa-
tion constant for the equilibrium of 2 and (K-HMDS)2 to
form [2 ACHTUNGTRENNUNG(K-HMDS)2]. The goodness of fit (Figure 6, left,
solid line) together with low sensitivity to the concentration
of [13C1]-2 on the


13C NMR shift of C(2),[25,27] is consistent
with a low association constant for the equilibrium of [2 ACHTUNGTRENNUNG(K-
HMDS)2] with a further molecule of 2 to form [(2)2 ACHTUNGTRENNUNG(K-
HMDS)2].


[29]


The association constant for the 1:1 equilibrium, Ka=


62(�7)m�1, as determined by 13C{1H} NMR spectroscopy in-
dicates that the proportion of 2 that is complexed under the
reaction conditions at the [(K-HMDS)2] concentrations con-
sidered herein varies from about 8 to 94%. As a conse-
quence, a mechanism involving Brønsted salt-effect catalysis
by the complex [2 ACHTUNGTRENNUNG(K-HMDS)2] on the direct reaction of 2
with toluene can be ruled out on the basis that although the
mole fraction of free 2 (x2) relative to that which is com-
plexed with (K-HMDS)2 (1�x2) is essentially constant
through the evolution of the reaction,[28] the concentrations
of both species would decrease linearly with conversion and
thus the relationship: logkobs/ [2]1[2 ACHTUNGTRENNUNG(K-HMDS)2]0.5 would
not give rise to the simple pseudo-first-order kinetics ob-
served under all conditions.
Considering then a mechanism involving discrete reaction


of the potassium-complexed carbene [2 ACHTUNGTRENNUNG(K-HMDS)2] with
the toluene, analysis of the second-order-rate constant (ob-
tained by normalisation of the pseudo-first-order rate con-


stant kobs according to initial toluene concentration) with the
mole fraction [2 ACHTUNGTRENNUNG(K-HMDS)2], (1�x2) as determined by [(K-
HMDS)2] and Ka=62(�7)m�1 at [2]t=53 mm,


[28] yields a
good linear correlation, Figure 6 (right). An important rami-
fication of such a correlation is that the observed rate is a
mole-fraction-weighted average of two separate reactions of
toluene: reaction with 2 (mole fraction x2) and reaction with
[2 ACHTUNGTRENNUNG(K-HMDS)2] (mole fraction (1�x2)): �d[2]/dt= (x2kuncat+
(1�x2)kcat)[2]


1
ACHTUNGTRENNUNG[toluene]1. Nonlinear regression thus yields


second-order-rate constants for reaction proceeding via [2-
ACHTUNGTRENNUNG(K-HMDS)2]: kcat=5.1 ACHTUNGTRENNUNG(�0.4)S10�8 dm3mol�1 s�1, and for the
direct reaction of 2 with toluene: kuncat=1.5 ACHTUNGTRENNUNG(�0.2)S
10�8 dm3mol�1 s�1. The latter rate constant is not easy to de-
termine directly because the generation of 2 from 1 in the
absence of a slight excess of (K-HMDS)2 results in dimerisa-
tion to give 3, at a rate that is upwards of one order of mag-
nitude faster than toluene insertion at the concentrations
considered herein.
To address the possibility that the inherent rate (kuncat) for


direct reaction of 2 with toluene arises by catalysis from
complexation of 2 with the KPF6 (surface or solution), we
conducted the following experiment. A sample of [13C1]-2 in
[D8]toluene containing 0.135m excess (K-HMDS)2 was fil-
tered (0.45 mm PTFE membrane) into 0.175m (K-HMDS)2
in [D8]toluene, giving rise to a 0.165m solution of (K-
HMDS)2 in which the KPF6-saturated toluene has thus un-
dergone 3.5-fold dilution and been separated from particu-
late KPF6. The pseudo-first-order rate constant for the reac-
tion of 2 to give 4 was found to be kobs=4.32�0.18S10�7 s�1
(Table 1, entry 15), which is identical to the value predicted
(4.3S10�7 s�1) from the relationship �d[2]/dt= (x2kuncat+
(1�x2)kcat)[2]


1
ACHTUNGTRENNUNG[toluene]1, using the appropriate values of [2]0,


[[D8]toluene]0 and binding constant Ka=62m
�1. It can thus


be concluded that trace KPF6 in the toluene does not cata-
lyse reaction to any significant extent and, therefore, it ap-
pears that there is a direct reaction between the carbene 2
and the toluene to generate 4.


Conclusions


A study of the generation of the 13C-labelled N,N-heterocy-
clic carbene [13C1]-2 by reaction of a suspension of tetrahy-
dropyrimidinium precursor [13C1]-1-PF6 with excess (K-
HMDS)2 in toluene reveals that although carbene 2 is kinet-
ically stable towards dimerisation, it undergoes formal inser-
tion into the toluene methyl group to generate an aminal
(4). The reaction is slow but quantitative and is mildly cata-
lysed by the excess (K-HMDS)2. The rate of reaction is
strongly dependent on the toluene para substituent, yielding
a Hammett 1� value of 4.8�0.3 and, in a separate analysis,
a resonance-dominated Swain–Lupton term (sSL=0.73F+
R). Deuterium labelling at the toluene methyl group ([D8]-,
[D1]- and [D0]toluene) results in moderate primary and
large secondary KIEs for [D1]toluene in C6D6 (primary (kH/
kD)=4.2 ACHTUNGTRENNUNG(�0.6)) and secondary (kH/kD)=1.18 ACHTUNGTRENNUNG(�0.08)), and
for [D0]toluene/[D8]toluene as reactant and solvent (kH/kD=


www.chemeurj.org L 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 5361 – 53755368


G. C. Lloyd-Jones et al.



www.chemeurj.org





10.9�1.9 on rate and k[D0]tol/k[D8]tol=9.5�0.8 for partition-
ing).[30] These are consistent with rate-limiting C�H cleavage
(kII1 or kIII


1 in Scheme 3) proceeding via a late transition
state,[18] with an accompanying decrease in p character at
the benzylic carbon and little competing internal return,
which would reduce the primary KIE to an equilibrium iso-
tope effect (KIII


1 in Scheme 3).
[31,32] Analysis of the chemical


shift of the 13C{1H} NMR signal arising from C(2) in [13C1]-2
indicates that there is rapid and reversible complexation of
carbene 2 to the (K-HMDS)2 with an association constant of
Ka=62(�6)m�1. Using this value to determine[28] the mole
fractions of 2 that are complexed (1�x2) and noncomplexed
(x2), the rate of reaction can be satisfactorily predicted by
the relationship �d[2]/dt= (x2kuncat+ (1�x2)kcat)[2]


1
ACHTUNGTRENNUNG[toluene]1


(Figure 6, right; Figure 2, right). The correlation leads to the
conclusion that there are two processes for the generation
of 4 from 2 : 1) direct reaction of 2 with toluene (kuncat,
Scheme 2) and 2) reaction of the complex [2 ACHTUNGTRENNUNG(K-HMDS)2]
with toluene (kcat, Scheme 2).


[32] Careful study of the 13C{1H}
NMR spectra of the products from 2 and methyl-deuterated
toluenes ([D8]- and [D1]toluene) demonstrates that the
HMDS anion is not the active base in either process as
there is no evidence for cross-over exchange through bulk
phase H-HMDS/D-HMDS.
The smooth generation of 2 from 1-PF6/ ACHTUNGTRENNUNG(K-HMDS)2, and


the equilibrium between 2, H-HMDS and 8, suggests that
the HMDS anion is more basic than 2, but not exceptionally
so. On the basis of lack of protium–deuterium exchange at
the [D8]toluene methyl group in the presence of (K-
HMDS)2/H-HMDS, we find no evidence for reaction 2!4
proceeding via toluene deprotonation by a free HMDS
anion. Yet, 2 reacts smoothly with toluene by what appears
to be a rate-limiting deprotonation mechanism (kuncat,
Scheme 4) and despite what appears to be substantial pKa


mismatch between 2 (pKa of [1]�26 in DMSO)[23] and tol-
uene (pKa ca. 42 in DMSO).


[22] It is thus concluded that


whilst the formal deprotonation of toluene by 2 is thermody-
namically very unfavourable, the reaction between 2 and
toluene may be closer to a concerted process (pathway II,
Scheme 3) than a fully ionogenic process (pathway III) to
facilitate a sufficiently low activation barrier (116 kJmol�1)
for reaction to proceed at a reasonable rate. The magnitude
of the primary and secondary deuterium isotope effects[18,31]


are consistent with this in that the transition state for proton
transfer would be “late”. Indeed the primary KIE (kH/kD=
4.2 ACHTUNGTRENNUNG(�0.6)) is similar in magnitude to that reported by Moss
et al. for the insertion of dimethoxy carbene into the O�H
bond of methanol (kH/kD=3.3 ACHTUNGTRENNUNG(�0.5),[21e] for which a path-
way of type III (with some characteristics of II) was sugges-
ted.[21f] For the generation of 4, the lowering of both the ac-
tivation barrier and the energy of the intermediate (route
III) or transition state (route II), may arise from a stabilising
secondary orbital interaction involving the vacant p orbital
at C(2) and the ipso-carbon atom on toluene. Analogous in-
teractions of aryl p systems with carbenes have been sug-
gested on the basis of computational studies to account for
rate accelerations of carbene reactions in aromatic sol-
vents.[33] Such a process might be expected to perturb the
electronic effects of the para-tolyl substituents and thus lead
to a nonlinear Hammett correlation. However, a compensa-
tory effect could lead to a simple attenuation, as would be
consistent with the 1 value (1=4.8�0.3, Figure 3), which is
smaller than would be expected for full carbanion genera-
tion. In effect, this mechanism would have characteristics of
both pathways I and III (the latter intramolecular) in
Scheme 3.
The increased reactivity of the (K-HMDS)2 complex [2-


ACHTUNGTRENNUNG(K-HMDS)2] towards toluene (ca. 3.4-fold over that of the
free carbene 2) may appear contra-intuitive: K+ complexa-
tion by the occupied sp2 orbital[34] should render C(2) less
basic than in free 2. However, as is evident from the single-
crystal X-ray structure of [(2’)2 ACHTUNGTRENNUNG(K-HMDS)2],


[25a] in which 2’
is the N,N’-diisopropyl analogue of 2, the carbene–potassium
interaction has a predominantly electrostatic ion–dipole
character. The C(2)�K bond in [(2’)2ACHTUNGTRENNUNG(K-HMDS)2],[25a] is long
(3.00 V) relative other N-heterocyclic-carbene–metal com-
plexes (�2.30 V).[2a] A possible explanation for the in-
creased reactivity of [2 ACHTUNGTRENNUNG(K-HMDS)2] towards toluene may lie
in the localised polarisation and electrostriction of the nas-
cent tight-ion pair {1-CH2Ph}


� (pathway III) or polarised
nonsynchronous concerted process (pathway II) in which
(K-HMDS)2 is liberated from 2 (DGassoc=ca. 10 kJmol


�1 at
23 8C) within the solvent shell (kcat ; Scheme 4). This com-
pensatory effect of the (K-HMDS)2 must just outweigh the
reduced availability of the filled sp2 orbital at C(2), resulting
in a slightly increased reaction rate relative to 2 (DDG�,
based on kcat/kuncat=3 kJmol


�1 at 23 8C). In effect, the reac-
tion of the toluene with the potassium-complexed carbene
experiences localised Brønsted salt-effect catalysis within
the solvent shell surrounding the partially ionogenic pro-
ACHTUNGTRENNUNGcess.[35]


In summary, the first “insertion” reaction of an N,N-het-
ACHTUNGTRENNUNGerocyclic carbene 2 into the “nonacidic” C�H bond of the


Scheme 4. A dual-manifold mechanism ((K-HMDS)2-catalysed and un-
ACHTUNGTRENNUNGcatalysed), based on observed kinetics and isotopic labelling experiments,
for the reaction of 2 with [D8]-, [D1]- and [D0]toluene, to give 4. In
[D8]toluene at 23 8C, kcat=5.1 ACHTUNGTRENNUNG(�0.4)S10�8 dm�3mol�1 s�1, kuncat=
1.5 ACHTUNGTRENNUNG(�0.2)S10�8 dm�3mol�1 s�1.
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toluene methyl group to give aminal 4 has been investigated
by kinetic and isotopic labelling strategies. The reaction ap-
pears to follow a mechanism that has characteristics of both
the classic “concerted” and “deprotonation” pathways pro-
posed for O�H insertions[20] (pathways II and III, Scheme 3)
and, whilst this may be unexpected on the basis of pKa, it is
unlikely be restricted either to 2[36] or to toluenes. The possi-
ble use of simple analogues of 2 as reagents for the prepara-
tion of aldehydes through homologation/aminal hydrolysis is
of interest, particularly if more efficient catalysts can be de-
veloped, and is being actively pursued in these laboratories.


Experimental Section


General : [D6]benzene, toluene, [D8]toluene, [D1]toluene, ethylbenzene
and 4-tert-butyltoluene were distilled from sodium under a nitrogen at-
mosphere immediately before use. 4-Trifluoromethyltoluene and 4-chlo-
ACHTUNGTRENNUNGrotoluene were distilled from P2O5 under a nitrogen atmosphere. HN-
ACHTUNGTRENNUNG(SiMe3)2 (“H-HMDS”) was distilled from 4 V molecular sieves under a
nitrogen atmosphere. (KN ACHTUNGTRENNUNG(SiMe3)2)2 (“ACHTUNGTRENNUNG(K-HMDS)2”) was prepared from
H-HMDS by reaction with excess KH in [D6]benzene or [D8]toluene, fol-
lowed by filtration and titration (diphenylacetic acid in THF). Phen ACHTUNGTRENNUNGac ACHTUNGTRENNUNGet-
ACHTUNGTRENNUNGaldehyde was obtained from Aldrich and purified by Kugelrohr distilla-
tion (125 C, 15 mmHg). N-Ethyl-N’-isopropyl-1,3-diaminopropane was
prepared by adaptation[37] of the method of Yamamoto and Maruoka.[38]


The salts 1-PF6 and [
13C1]-1-PF6 were prepared from N-ethyl-N’-isopro-


ACHTUNGTRENNUNGpyl-1,3-diaminopropane and by adaptation of the method of Alder
et al.[39] All manipulations were conducted under an inert (N2) atmos-
phere by using Schlenk line techniques. NMR samples were prepared in
5 mm tubes, sealed by means of a Young valve. NMR spectra were ac-
quired on JEOL instruments (ECP300, ECP400 and Alpha 500) using
the 2H-signal from the solvent as a frequency lock. 1H and 13C{1H} NMR
spectra were referenced internally to [D6]benzene (


1H d=7.15 ppm; 13C
d=128.0 ppm) or the toluene methyl group (1H d=2.09 ppm (CD2H);
13C d=20.4 ppm (CD3)). Assignments are based on HH COSY, HMQC
(1J ACHTUNGTRENNUNG(C,H)), HMBC (>1J ACHTUNGTRENNUNG(C,H)) and DEPT. Reaction kinetics were ana-
lysed by application of standard first-order (or pseudo-first-order) linear
relationships, rate constants, binding constants and chemical shifts and as-
sociated errors were estimated by linear or nonlinear regression using
MacCurveFit software.[40]


Preparation of 2-[13C]-1-ethyl-3-isopropyl-3,4,5,6-tetrahydropyrimid-2-yli-
dene [13C1]-2 in [D8]toluene and analysis of the kinetics of generation of
[2H8] ACHTUNGTRENNUNG[


13C1]-4 : A typical procedure was as follows: [13C1]-1-PF6 (13.5 mg,
0.0449 mmol) was transferred into an NMR tube (with Young valve)
under N2. (K-HMDS)2 (0.35m solution (HMDS anion) in [D8]toluene,
0.390 cm3, 0.07 mmol (K-HMDS)2) was added to the salt. Distilled
[D8]toluene (0.160 cm


3) was added to the mixture and the NMR tube was
sealed. The tip of the NMR tube was submerged in an ultrasonic bath
and the contents were sonicated until all of the colourless, crystalline salt
[13C1]-1-PF6 had dissolved and been replaced with a fine, white precipi-
tate of KPF6 (10 min). The reaction was monitored by NMR spectrosco-
py.


Data for carbene [13C1]-2 :
1H NMR (400 MHz, [D8]toluene, 20.8 8C): d=


1.05 (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H; NCH2CH3), 1.07 (d,
3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 6H;


NCH ACHTUNGTRENNUNG(CH3)2), 1.30 (quintet,
3J ACHTUNGTRENNUNG(H,H)=6.0 Hz, 2H; C(5)H2), 2.31 (t,


3J-
ACHTUNGTRENNUNG(H,H)=6.0 Hz, 2H; C(4)H2), 2.39 (t,


3J ACHTUNGTRENNUNG(H,H)=6.0 Hz, 2H; C(6)H2),
3.23 (dq, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3J ACHTUNGTRENNUNG(H,C)=5.2 Hz, 2H; NCH2CH3), 3.78 ppm
(double septet, 3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 3J ACHTUNGTRENNUNG(H,C)=3.9 Hz, 1H; NCH ACHTUNGTRENNUNG(CH3)2);
13C{1H} NMR (100 MHz, [D8]toluene, 22.0 8C): d=14.8 (s; NCH2CH3),
21.0 (s; NCH ACHTUNGTRENNUNG(CH3)2), 21.7 (s; C(5)H2), 34.7 (broad unresolved doublet;
C(6)H2), 40.4 (d,


2J ACHTUNGTRENNUNG(C,C)=5.7 Hz; C(4)H2), 54.1 (d,
2J ACHTUNGTRENNUNG(C,C)=23.0 Hz;


NCH2CH3), 58.6 (d,
2J ACHTUNGTRENNUNG(C,C)=24.0 Hz; NCH ACHTUNGTRENNUNG(CH3)2), 229.6 ppm (13C(2)).


Data for adduct [2H8] ACHTUNGTRENNUNG[
13C1]-4 :


1H NMR (500 MHz, [D8]toluene, 24.5 8C):
d=0.91 (t, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 3H; NCH2CH3), 0.92 (d,


3J ACHTUNGTRENNUNG(H,H)=6.4 Hz,


6H; NCH ACHTUNGTRENNUNG(CH3)2), 1.05 (double quintet,
2J ACHTUNGTRENNUNG(H,H)=12.5 Hz, 3J ACHTUNGTRENNUNG(H,H)=


3.0 Hz, 1H; C(5)Heq), 1.82 (qt,
2J ACHTUNGTRENNUNG(H,H)=12.5 Hz, 3J ACHTUNGTRENNUNG(H,H)=12.5 Hz, 3J-


ACHTUNGTRENNUNG(H,H)=5.2 Hz, 1H; C(5)Hax), 2.44 (ddq,
2J ACHTUNGTRENNUNG(H,H)=12.6 Hz, 3J ACHTUNGTRENNUNG(H,H)=


7.0 Hz, 3J ACHTUNGTRENNUNG(H,C)=4.0 Hz, 1H; NCH(H)CH3), 2.51 (ddq, 2J ACHTUNGTRENNUNG(H,H)=
12.6 Hz, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 3J ACHTUNGTRENNUNG(H,C)=4.0 Hz, 1H; NCH(H)CH3), 2.50–2.62
(m, 1H; C(4)H(H)), 2.69–2.81 (m, 3H; C(6)H2 and C(4)H(H)), 2.83 ppm
(double septet, 3J ACHTUNGTRENNUNG(H,H)=6.4 Hz, 3J ACHTUNGTRENNUNG(H,C)=3.1 Hz, 1H; NCH ACHTUNGTRENNUNG(CH3)2);
13C{1H} NMR (125 MHz, [D8]toluene, 24.5 8C): d=13.8 (s; NCH2CH3),
21.8 (s; NCHACHTUNGTRENNUNG(CH3)CH3), 22.1 (s; NCHACHTUNGTRENNUNG(CH3)CH3), 22.7 (s; C(5)H2), 41.4
(s; C(6)H2), 45.2 (s; C(4)H2), 47.6 (s; NCH2CH3), 50.7 (s; NCH ACHTUNGTRENNUNG(CH3)2),
75.8 ppm (t, 1J ACHTUNGTRENNUNG(C,D)=21.5 Hz; 13C(2)).


Preparation of [13C1]-2 in mixed [D0]toluene/[D8]toluene solution and
analysis of the kinetic isotope effects in generation of [13C1]-4 and [2H8]-
ACHTUNGTRENNUNG[13C1]-4 : A typical procedure was as follows: [13C1]-1-PF6 (13.9 mg,
0.0462 mmol) was transferred into an NMR tube (with Young valve)
under N2. (K-HMDS)2 (0.35m solution (HMDS anion) in [D8]toluene,
0.390 cm3, 0.07 mmol (K-HMDS)2) was added to the salt. The tube was
sealed and the tip of the tube was submerged in liquid nitrogen until the
contents were frozen. The tube was removed from the liquid nitrogen
and the solvent was carefully removed under high vacuum. Under an at-
mosphere of nitrogen, distilled [D0]toluene (0.330 cm


3, 3.10 mmol) and
distilled [D8]toluene (0.220 cm


3, 2.07 mmol) were then added and the
NMR tube was sealed. The tip of the NMR tube was submerged in an ul-
trasonic bath and the contents were sonicated until all of the colourless,
crystalline salt [13C1]-1-PF6 had dissolved and been replaced with a fine,
white precipitate of KPF6 (10 min). The reaction was monitored by NMR
spectroscopy. The isotopic partitioning in the products was calculated by
comparison of the intensity of the double triplet signal at d=3.74 ppm
(arising from the nondeuterated product only) with intensities of signals
arising from a combination of both nondeuterated and fully deuterated
products.


Data for adduct [13C1]-4 :
1H NMR (400 MHz, [D8]toluene, 22.2 8C): d=


0.91 (t, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 3H; NCH2CH3), 0.92 (d,
3J ACHTUNGTRENNUNG(H,H)=6.4 Hz, 6H;


NCH ACHTUNGTRENNUNG(CH3)2), 1.05 (double quintet,
2J ACHTUNGTRENNUNG(H,H)=12.5 Hz, 3J ACHTUNGTRENNUNG(H,H)=3.0 Hz,


1H; C(5)Heq), 1.82 (qt,
2J ACHTUNGTRENNUNG(H,H)=12.5 Hz, 3J ACHTUNGTRENNUNG(H,H)=12.5 Hz, 3J ACHTUNGTRENNUNG(H,H)=


5.2 Hz, 1H; C(5)Hax), 2.44 (ddq,
2J ACHTUNGTRENNUNG(H,H)=12.6 Hz, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 3J-


ACHTUNGTRENNUNG(H,C)=4.0 Hz, 1H; NCH(H)CH3), 2.51 (ddq, 2J ACHTUNGTRENNUNG(H,H)=12.6 Hz, 3J-
ACHTUNGTRENNUNG(H,H)=7.0 Hz, 3J ACHTUNGTRENNUNG(H,C)=4.0 Hz, 1H; NCH(H)CH3), 2.50–2.62 (m, 1H;
C(4)H(H)), 2.69–2.81 (m, 3H ([13C1]-4& ACHTUNGTRENNUNG[2H8] ACHTUNGTRENNUNG[


13C1]-4)+2H ([13C1]-4);
C(6)H2, C(4)H(H), and PhCH2


13C(2)H), 2.83 (double septet, 3J ACHTUNGTRENNUNG(H,H)=
6.4 Hz, 3J ACHTUNGTRENNUNG(H,C)=3.1 Hz, 1H; NCH ACHTUNGTRENNUNG(CH3)2), 3.74 (dt,


1J ACHTUNGTRENNUNG(H,C)=145 Hz, 3J-
ACHTUNGTRENNUNG(H,H)=6.5 Hz, 1H ([13C1]-4); PhCH2


13C(2)H), 6.92–7.19 ppm (m, 5H
([13C1]-4, obscured by toluene signals); 5SAr-H); 13C{1H} NMR
(100 MHz,[D8]toluene, 23.2 8C): d=13.8 (s; NCH2CH3), 21.8 (s; NCH-
ACHTUNGTRENNUNG(CH3)CH3), 22.1 (s; NCH ACHTUNGTRENNUNG(CH3)CH3), 22.7 (s; C(5)H2), 29.4 (d,


1J ACHTUNGTRENNUNG(C,C)=
37.6 Hz; PhCH2


13C(2)H), 41.4 (s; C(6)H2), 45.2 (s; C(4)H2), 47.6 (s;
NCH2CH3), 50.7 (s; NCH ACHTUNGTRENNUNG(CH3)2), 75.8 (t,


1J ACHTUNGTRENNUNG(C,D)=21.5 Hz; 13C(2)D),
76.5 (s; 13C(2)H), 141.7 (s; ipso-Ar (other aromatic signals obscured by
toluene signals)).


Preparation of [13C1]-2 in [D6]benzene/Ar-R solution and analysis of the
kinetics of generation of [13C1]-4, [


13C1]-19, [
13C1]-20, [


13C1]-21 and [13C1]-
22 : A typical procedure was as follows: [13C1]-1-PF6 (13.9 mg,
0.0462 mmol) was transferred into an NMR tube (with Young valve)
under N2. (K-HMDS)2 (0.26m solution (HMDS anion) in [D6]benzene,
0.350 cm3, 0.091 mmol) was added to the salt. The tip of the NMR tube
was submerged in an ultrasonic bath and the contents were sonicated for
5 min. Distilled [D6]benzene (0.060 cm


3) and distilled 4-trifluoromethyl-
ACHTUNGTRENNUNGtoluene (0.260 cm3, 1.87 mmol) were added to the mixture (causing a
colour-change from colourless to bright yellow initially, then to orange
over 10 min) and the NMR tube was sealed. The contents were sonicated
for a further 5 min until all of the colourless, crystalline salt [13C1]-1-PF6
had dissolved and been replaced with a fine, white precipitate of KPF6.


Generation of the toluene adduct [13C1]-4, 4-CF3-toluene adduct [
13C1]-19


and 4-Cl-toluene adduct [13C1]-20 was monitored by
1H NMR spectrosco-


py. The 13C{H} NMR shifts for 13C(2)H in [13C1]-4, [
13C1]-19 and [


13C1]-20
were d=76.4, 76.1 and 76.2 ppm respectively. In the case of [13C1]-19 and
[13C1]-20 a smaller signal at d=76.5 ppm (ca. 10% of the intensity of the
signals at d=76.1 and 76.2 ppm, respectively) was also apparent. This


www.chemeurj.org L 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 5361 – 53755370


G. C. Lloyd-Jones et al.



www.chemeurj.org





may indicate the presence of a product formed from reaction of a second
molecule of carbene [13C1]-2 with [


13C1]-19 and [
13C1]-20. The 4-tert-butyl-


toluene adduct [13C1]-21 and ethylbenzene adducts (two diastereomers)
[13C1]-22 were characterized by the appearance of the


13C(2)H signal d=
76.5 ppm for [13C1]-21, and d=80.1/81.9 ppm for [13C1]-22 in the


13C{1H}
spectrum, and rates of formation were monitored by measuring the dis-
appearance of the 13C(2) signal of [13C1]-2 at d=231 ppm, by using the
combined intensities of the (K-HMDS)2 (d=7.2 ppm) and H-HMDS
(d=2.6 ppm) signals as an internal standard.


Data for 4-CF3-adduct [13C1]-19 :
1H NMR (400 MHz, [D6]benzene,


22.3 8C): d=0.86 (t, 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 3H; NCH2CH3), 0.87 (d,
3J ACHTUNGTRENNUNG(H,H)=


6.1 Hz, 3H; NCH ACHTUNGTRENNUNG(CH3)CH3), 0.88 (d, 3J ACHTUNGTRENNUNG(H,H)=6.3 Hz, 3H; NCH-
ACHTUNGTRENNUNG(CH3)CH3), 1.04 (double quintet,


2J ACHTUNGTRENNUNG(H,H)=12.7 Hz, 3J ACHTUNGTRENNUNG(H,H)=2.7 Hz,
1H; C(5)Heq), 1.70–1.90 (m (obscured by CH3 of 15), 1H; C(5)Hax), 2.38
(ddq, 2J ACHTUNGTRENNUNG(H,H)=11.6 Hz, 3J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 3J ACHTUNGTRENNUNG(H,C)=4.2 Hz, 1H;
NCH(H)CH3), 2.48 (ddq,


2J ACHTUNGTRENNUNG(H,H)=12.2 Hz, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3J ACHTUNGTRENNUNG(H,C)=
3.9 Hz, 1H; NCH(H)CH3), 2.49–2.59 (m, 1H; C(4)H(H)), 2.61–2.74 (m,
5H; C(6)H2, C(4)H(H), and PhCH2


13C(2)H), 2.77 (double septet, 3J-
ACHTUNGTRENNUNG(H,H)=6.4 Hz, 3J ACHTUNGTRENNUNG(H,C)=2.9 Hz, 1H; NCH ACHTUNGTRENNUNG(CH3)2), 3.63 (dt,


1J ACHTUNGTRENNUNG(H,C)=
145 Hz, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 1H; ArCH2


13C(2)H), 6.59–7.48 ppm (m, 5H
(obscured by signals aryl protons of 15); 5SAr-H); 13C{1H} NMR
(100 MHz, [D6]benzene, 23.4 8C): d=13.6 (s; NCH2CH3), 21.7 (s; NCH-
ACHTUNGTRENNUNG(CH3)CH3), 21.8 (s; NCH ACHTUNGTRENNUNG(CH3)CH3), 22.5 (s; C(5)H2), 29.1 (d,


1J ACHTUNGTRENNUNG(C,C)=
36.7 Hz; ArCH2


13C(2)H), 41.3 (s; C(6)H2), 45.0 (s; C(4)H2), 47.6 (s;
NCH2CH3), 50.7 (s; NCH ACHTUNGTRENNUNG(CH3)2), 76.1 ppm (s;


13C(2)H); aromatic signals
obscured by [D6]benzene and 4-CF3-toluene signals.


Data for 4-Cl-adduct [13C1]-20 :
1H NMR (400 MHz, [D6]benzene,


22.1 8C): d=0.87 (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H; NCH2CH3), 0.89 (d,
3J ACHTUNGTRENNUNG(H,H)=


6.4 Hz, 6H; NCH ACHTUNGTRENNUNG(CH3)2), 1.03 (double quintet,
2J ACHTUNGTRENNUNG(H,H)=12.7 Hz, 3J-


ACHTUNGTRENNUNG(H,H)=2.7 Hz, 1H; C(5)Heq), 1.75–2.00 (m (obscured by CH3 of 17),
1H; C(5)Hax), 2.39 (ddq,


2J ACHTUNGTRENNUNG(H,H)=11.5 Hz, 3J ACHTUNGTRENNUNG(H,H)=7.6 Hz, 3J ACHTUNGTRENNUNG(H,C)=
3.9 Hz, 1H; NCH(H)CH3), 2.48 (ddq, 2J ACHTUNGTRENNUNG(H,H)=11.5 Hz, 3J ACHTUNGTRENNUNG(H,H)=
7.1 Hz, 3J ACHTUNGTRENNUNG(H,C)=3.7 Hz, 1H; NCH(H)CH3), 2.45–2.60 (m, 1H;
C(4)H(H)), 2.59–2.73 (m, 5H; C(6)H2, C(4)H(H), and ArCH2


13C(2)H),
2.78 (double septet, 3J ACHTUNGTRENNUNG(H,H)=6.4 Hz, 3J ACHTUNGTRENNUNG(H,C)=2.4 Hz, 1H; NCH-
ACHTUNGTRENNUNG(CH3)2), 3.61 (dt, 1J ACHTUNGTRENNUNG(H,C)=145 Hz, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 1H;
ArCH2


13C(2)H), 6.47–7.23 ppm (m, 5H (obscured by signals aryl carbons
of 17); 5SAr-H); 13C{1H} NMR (100 MHz, [D6]benzene, 23.2 8C): d=
13.9 (s; NCH2CH3), 21.8 (s; NCH ACHTUNGTRENNUNG(CH3)CH3), 22.0 (s; NCH ACHTUNGTRENNUNG(CH3)CH3),
22.5 (s; C(5)H2), 29.7 (d,


1J ACHTUNGTRENNUNG(C,C)=37.0 Hz; ArCH2
13C(2)H), 41.3 (s;


C(6)H2), 45.1 (s; C(4)H2), 47.6 (s; NCH2CH3), 50.6 (s; NCH ACHTUNGTRENNUNG(CH3)2),
76.2 ppm (s; 13C(2)H); aromatic signals obscured by [D6]benzene and 4-
Cl-toluene aromatic signals.


Preparation of [13C1]-2 in [D6]benzene/a-[D1]toluene and analysis of the
kinetic isotope effects : [13C1]-1-PF6 (13.7 mg, 0.0455 mmol) was transfer-
red into an NMR tube (with Young valve) under N2. (K-HMDS)2 (0.26m
solution (HMDS anion) in [D6]benzene, 0.350 cm


3, 0.091 mmol) was
added to the salt. Distilled [D6]benzene (0.120 cm


3) and distilled a-
[D1]toluene (0.200 cm


3, 1.97 mmol) were added to the mixture and the
NMR tube was sealed. The tip of the NMR tube was immersed in an ul-
trasonic bath and the contents were sonicated until all of the colourless,
crystalline salt [13C1]-1-PF6 had dissolved and been replaced with a fine,
white precipitate of KPF6 (10 min). The reaction was monitored by NMR
spectroscopy. The isotopic partitioning in the products was calculated by
comparison of the intensity of the dd signal at d=3.77 ppm (arising from
the C(2)-protonated product only) with intensities of signals arising from
a combination of both C(2)-protonated and C(2)-deuterated products.
The major regioisomer produced in this reaction was the C(2)-protonated
adduct. This consists of two diastereomers, which are just distinguishable
by 1H NMR spectroscopy (maximum Dd of 0.002 ppm at 400 MHz).


Data for adduct [2H1] ACHTUNGTRENNUNG[
13C1]-4 :


1H NMR (400 MHz, [D6]benzene, 22.0 8C):
d=0.92 (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H; NCH2CH3), 0.93 (d,


3J ACHTUNGTRENNUNG(H,H)=6.1 Hz,
3H; NCH ACHTUNGTRENNUNG(CH3)CH3), 0.94 (d,


3J ACHTUNGTRENNUNG(H,H)=6.1 Hz, 3H; NCH ACHTUNGTRENNUNG(CH3)CH3),
1.03 (double quintet, 2J ACHTUNGTRENNUNG(H,H)=12.5 Hz, 3J ACHTUNGTRENNUNG(H,H)=2.7 Hz, 1H; C(5)Heq),
1.82 (qt, 2J ACHTUNGTRENNUNG(H,H)=12.4 Hz, 3J ACHTUNGTRENNUNG(H,H)=12.4 Hz, 3J ACHTUNGTRENNUNG(H,H)=5.1 Hz, 1H;
C(5)Hax), 2.45 (ddq, 2J ACHTUNGTRENNUNG(H,H)=12.0 Hz, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3J ACHTUNGTRENNUNG(H,C)=
4.0 Hz, 1H; NCH(H)CH3), 2.52 (ddq, 2J ACHTUNGTRENNUNG(H,H)=12.0 Hz, 3J ACHTUNGTRENNUNG(H,H)=
7.1 Hz, 3J ACHTUNGTRENNUNG(H,C)=4.0 Hz, 1H; NCH(H)CH3), 2.52–2.61 (m, 1H;


C(4)H(H)), 2.68-2.81 (m, 3H (C(2)-protonated and C(2)-deuterated)+
2H (C(2)-deuterated)+1H (C(2)-protonated); C(6)H2, C(4)H(H),
PhCH2


13C(2)D, and PhCH (D)13C(2)H), 2.85 (double septet, 3J ACHTUNGTRENNUNG(H,H)=
6.4 Hz, 3J ACHTUNGTRENNUNG(H,C)=2.9 Hz, 1H; NCH ACHTUNGTRENNUNG(CH3)2), 3.76 (dd,


1J ACHTUNGTRENNUNG(H,C)=145 Hz,
3J ACHTUNGTRENNUNG(H,H)=6.4 Hz, 1H (C(2)-protonated); PhCH(D)13C(2)H), 6.95–
7.22 ppm (m, 5H (Ph-) obscured by toluene signals); 5SAr-H); 13C{1H}
NMR (100 MHz, [D6]benzene, 23.2 8C): d=13.8 (s; NCH2CH3), 21.7 (s;
NCH ACHTUNGTRENNUNG(CH3)CH3 of one diastereomer), 21.8 (s; NCH ACHTUNGTRENNUNG(CH3)CH3 of one dia-
stereomer), 22.1 (s; NCH ACHTUNGTRENNUNG(CH3)CH3), 22.6 (s; C(5)H2), 29.1 (dt,


1J ACHTUNGTRENNUNG(C,C)=
39.0 Hz, 1J ACHTUNGTRENNUNG(C,D)=21 Hz; PhCH(D)13C(2)H), 29.7 (d, 1J ACHTUNGTRENNUNG(C,C)=38.0 Hz;
PhCH2


13C(2)D), 41.5 (s; C(6)H2), 45.2 (s; C(4)H2), 47.6 (s; NCH2CH3),
50.6 (s; NCH ACHTUNGTRENNUNG(CH3)2), 75.9 (t, 1J ACHTUNGTRENNUNG(C,D)=22.0 Hz; 13C(2)D), 76.4 (s;
13C(2)H), 141.7 ppm (s; ipso-Ar); other aromatic signals obscured by tol-
uene signals.


Calculation of primary and secondary kinetic isotope effects : From
Table 1, entry 9: kobs-D0=3kH=9.46 ACHTUNGTRENNUNG(�0.31)S10�7 s�1. From Table 1,
entry 14: kobs-D1= (2kH/sec)+ (1SkD/prim)=6.09 ACHTUNGTRENNUNG(�0.08)S10�7 s�1. The parti-
tioning between C�H and C�D insertion=P=7.06�0.7, thus kH/sec (for
PhCHD�H)=kobs-D1/ ACHTUNGTRENNUNG(2+2P


�1). Secondary KIE=kH/kH/sec=kobs-D0 (2+
2P�1)/3kobs-D1=1.18 ACHTUNGTRENNUNG(�0.08). Primary KIE=kH/kD/prim=kobs-D0 ACHTUNGTRENNUNG(1+P)/
3kobs-D1=4.2 ACHTUNGTRENNUNG(�0.6). Errors are calculated by maximum propagation of
�1% error in C�H/C�D and the sum-squared error from linear regres-
sion of ln([2]0/[2]t) versus t.


Independent preparation of 4 from phenacetaldehyde : Phenacetaldehyde
(0.020 cm3, 0.171 mmol) was added to N-ethyl-N’-isopropyl-1,3-diamino-
propane (0.0253 g, 0.176 mmol) in [D8]toluene (0.500 cm


3) in an NMR
tube containing two pellets of 4 V “molecular sieves”. The contents of
the tube were shaken to allow proper mixing. NMR analysis showed that
a mixture of products had been formed, of which adduct 4 was the major
component. 1H NMR (500 MHz, [D8]toluene, 24.5 8C): d=0.91 (t, 3J-
ACHTUNGTRENNUNG(H,H)=7.3 Hz, 3H; NCH2CH3), 0.92 (d,


3J ACHTUNGTRENNUNG(H,H)=6.7 Hz, 6H; NCH-
ACHTUNGTRENNUNG(CH3)2), 1.04 (double quintet,


2J ACHTUNGTRENNUNG(H,H)=12.5 Hz, 3J ACHTUNGTRENNUNG(H,H)=2.8 Hz, 1H;
C(5)Heq), 1.82 (qt, 2J ACHTUNGTRENNUNG(H,H)=12.5 Hz, 3J ACHTUNGTRENNUNG(H,H)=12.5 Hz, 3J ACHTUNGTRENNUNG(H,H)=
5.2 Hz, 1H; C(5)Hax), 2.44 (dq,


2J ACHTUNGTRENNUNG(H,H)=12.3 Hz, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 1H;
NCH(H)CH3), 2.52 (dq, 2J ACHTUNGTRENNUNG(H,H)=12.5 Hz, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 1H;
NCH(H)CH3), 2.51–2.61 (m, 1H; C(4)H(H)), 2.70–2.81 (m, 5H; C(6)H2,
C(4)H(H), and PhCH2C(2)H), 2.84 (septet,


3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 1H; NCH-
ACHTUNGTRENNUNG(CH3)2), 3.74 (t,


3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 1H; PhCH2C(2)H), 6.92–7.14 ppm (m,
5H; 5SAr-H); 13C{1H} NMR (75 MHz, [D8]toluene, 23.3 8C): d=13.8 (s;
NCH2CH3), 21.8 (s; NCH ACHTUNGTRENNUNG(CH3)CH3), 22.1 (s; NCH ACHTUNGTRENNUNG(CH3)CH3), 22.6 (s;
C(5)H2), 29.4 (s; PhCH2C(2)H), 41.4 (s; C(6)H2), 45.2 (s; C(4)H2), 47.6
(s; NCH2CH3), 50.6 (s; NCH ACHTUNGTRENNUNG(CH3)2), 76.4 (s; C(2)H), 141.7 ppm (s; ipso-
Ar); other aromatic signals obscured by [D8]toluene signals.


Preparation of a-[D1]toluene : Benzylmagnesium chloride (1.0m solution
in Et2O, 100 cm


3, 100 mmol) was added by cannula to a cooled (ice bath)
stirred mixture of D2O (6 cm3, ca. 300 mmol) and Et2O (20 cm3). The re-
action mixture was allowed to warm slowly to room temperature over
1.5 h then filtered and the diethyl ether removed from the filtrate at
50 8C–70 8C, 760 mmHg on a rotary evaporator. The residue was distilled
(15 cm Vigreux column) at 760 mmHg, then redistilled to yield the title
compound (6.002 g. 64.5 mmol, 64.5%) as a colourless liquid. 1H NMR
analysis indicated that the isotopic purity was >98.8% and that ca. 1%
Et2O remained. 1H NMR (400 MHz, a-[D1]toluene, 22.5 8C): d=2.10 (t,
2J ACHTUNGTRENNUNG(H,D)=2.6 Hz, 2H; PhCH2D), 6.97 (m, 2H; 2 S ortho-Ar-H), 7.01 (m,
1H; para-Ar-H), 7.09 (m, 2H; 2 S meta-Ar-H); 13C{1H} NMR (100 MHz,
a-[D1]toluene, 23.5 8C): d=21.1 (t,


1J ACHTUNGTRENNUNG(C,D)=19.2 Hz; Ph-CH2D), 125.6
(s; para-Ar), 128.4 (s; meta-Ar), 129.3 (s; ortho-Ar), 137.5 ppm (s; ipso-
Ar).


Equilibrium of H-HMDS/carbene [13C1]-2 with [13C1]-14 : [
13C1]-1-PF6


(13.5 mg, 0.0449 mmol) was transferred into an NMR tube (with Young
valve) under N2. (K-HMDS)2 (0.175m solution in [D8]toluene, 0.300 cm


3,
0.11 mmol) was added to the salt and the NMR tube was sealed. The tip
of the NMR tube was submerged in an ultrasonic bath and the contents
were sonicated until all of the colourless, crystalline salt [13C1]-1-PF6 had
dissolved and been replaced with a fine, white precipitate of KPF6
(10 min). Distilled H-HMDS (0.150 cm3, 1.19 mmol) was added to the
mixture. The mixture was analysed by 13C{1H} NMR spectroscopy which
indicated a ratio of 5.0:1.0 [13C1]-2 (d=233 ppm)/ ACHTUNGTRENNUNG[


13C1]-14 (d=91.2 ppm).
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A 0.150 cm3 portion of the solution was removed by syringe and added to
distilled [D8]toluene (0.450 cm


3) in a separate NMR tube (with Young
valve) under N2. The mixture was analysed again by


13C{1H} NMR spec-
troscopy which indicated a ratio of 7.2:1.0 [13C1]-2/ ACHTUNGTRENNUNG[


13C1]-14.


Lack of isotope exchange in a mixture of (K-HMDS)2, H-HMDS,
[D0]toluene and [D8]toluene : (K-HMDS)2 (0.175m solution in
[D8]toluene, 0.300 cm


3, 0.11 mmol) was added to distilled H-HMDS
(0.032 cm3, 0.15 mmol) in distilled [D0]toluene (0.300 cm


3) in an NMR
tube (with Young valve) under N2. The tube was sealed and the contents
were shaken to ensure proper mixing. 13C{1H} NMR spectroscopy, imme-
diately after reaction, and two weeks later, showed no change in the ab-
solute or relative intensities of the Ar-CH3 singlet and Ar-CD3 septet,
and no new signals appeared in this region of the spectrum.


Determination of the association constant Ka ACHTUNGTRENNUNG(m�1) for the equilibrium
between (K-HMDS)2/2 and [2 ACHTUNGTRENNUNG(K-HMDS)2] by


13C{1H} NMR spectrosco-


py (Figure 6, left): The entire set of 13C{1H} chemical shift data (Table 3)
for C(2) in [13C1]-2 obtained from spectra acquired during determination
of the kinetics of its reaction with [D8]toluene (Table 1, entries 1–6) were
plotted (y axis) against the [(K-HMDS)2] concentration (x axis). A non-
linear regression based on 1:1 association of 2 with the dimer and derived
from the quadratic equation for a standard A+B=C binding isotherm:
[(Ka[A]


2+ ((Ka[B]0�Ka[A]0+1)[A])�[A]0=0] was applied: y= [{(([{((aS
(x�b))+1)2+ (4SaSb)}0.5+ ((aS(b�x))�1)]/ ACHTUNGTRENNUNG(2Sa))/b)S(c�d)}+d]; in
which y=dobs, x= [(K-HMDS)2], a=Ka, b= [2], c=dcarbene and d=dcomplex.
This binding isotherm requires “b”, the concentration of 2, to be defined.
As this value varies through reaction, albeit with only a low impact on
the 13C{1H} chemical shift data,[26] we included this as a fourth coefficient
in the regression. The value obtained on regression of the data (53.4 mm)
corresponds well with the mid-point for most runs (80!30 mm ; 1.5 half-
lives). The data was solved for the four unknowns: Ka, [2], dcarbene and
dcomplex, which were found to be 62(�7) m�1, 53.2 ACHTUNGTRENNUNG(�0.5) mm, 237.0-
ACHTUNGTRENNUNG(�0.2) ppm and 226.8 ACHTUNGTRENNUNG(�0.1) ppm) respectively. The value for dcarbene
(237.0 ACHTUNGTRENNUNG(�0.2) ppm) corresponded very well with the value determined in-
dependently as 236.92 ppm from experiments in which substoichiometric
quantities of (K-HMDS)2 were added to 1 (dimerisation of the resultant
2 proceeded rapidly and thus the (K-HMDS)2 concentration must be neg-
ligible or zero).
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[30] a) The observation that the net KIE on the rate of reaction for [D8]-
versus [D0]toluene as reactant and solvent, k(H)/k(D)=10.9�1.9 is in
reasonable but not complete agreement with the observed partition-
ing P=k[D0]tol/k[D8]tol=9.5�0.8 is suggestive of a solvent KIE of
about 1.2. Whilst such effects are common with protic solvents that
can effect deuteration at exchangeable reaction sites, and are thus
accountable by for example, proton inventory (see for example,
R. L. Schowen, Prog. Phys. Org. Chem. 1972, 9, 275–332) substan-
tial solvent KIEs in aprotic media are rather rare—see for example
b) L. R. Khundkar, J. W. Perry, J. E. Hanson, P. B. Dervan, J. Am.
Chem. Soc. 1994, 116, 9700–9709; c) Y. Zong, J. L. McHale, J.
Chem. Phys. 1997, 106, 4963–4973; d) R. Paur-Afshari, J. Lin, R. H.
Schultz, Organometallics 2000, 19, 1682–1691. Analysis of the chem-
ical shift of the 13C{1H} NMR signal arising from C(2) in [13C1]-2 in
the various [D8]/[D0]toluene mixtures indicates that Ka for (K-
HMDS)2 complexation is not affected by the [D8]/[D0]toluene ratio.


[31] See for example, A. Streitweiser, Jr., P. H. Owens, G. Sonnichsen,
W. K. Smith, G. R. Ziegler, H. M. Niemeyer, T. L. Kruger, J. Am.
Chem. Soc. 1973, 95, 4254–4257.


[32] It should be noted that the KIE values calculated for (K-HMDS)2-
catalysed reactions of 2 with deuterated toluenes in toluene or
[D6]benzene are based on measurements in which the excess [(K-
HMDS)2] amounts to 60–80 mm and thus about 75% of 2 is com-
plexed. We have not determined KIEs for the individual reactions
of free 2 and complexed 2.


[33] For example, the methylene–benzene singlet!ipso-p complex is
computed to have a dissociation energy of 7.2 kcalmol�1 and experi-
mentally (photoacoustic calorimetry) this is found to be 8.7�
3.1 kcalmol�1: M. I. Khan, J. L. Goodman, J. Am. Chem. Soc. 1995,
117, 6635–6636; for a review of the area see W. Kirmse, Eur. J. Org.
Chem. 2005, 237–260.


[34] For an overview of heterocyclic-carbene–metal complexation and re-
activity of the resulting complexes see reference [2a].


[35] Alternative explanations for the increased reactivity of the complex
[2 ACHTUNGTRENNUNG(K-HMDS)2] towards toluene, such as toluene–K


+ p or s com-
plexation (pre-organisation of the toluene proximal to C(2) in the
nascent carbene base generated on decomplexation) or deprotona-
tion of toluene by the K-coordinated HMDS nitrogen to give a
[2{K2 ACHTUNGTRENNUNG(HMDS) ACHTUNGTRENNUNG(H-HMDS)}(tetrahydropyrimidinium)] ACHTUNGTRENNUNG[PHCH2] ion
pair (if collapse of the ion pair intracomplex H/K exchange are fast,
then no cross over of H/D with the bulk-medium would occur) seem
less likely but cannot be ruled out at this stage. For an example of
p-tolyl–K+ complexation of (K-HMDS)2 detected in the solid state
by X-ray crystallography, see reference [9b]. For other examples of
p-aryl–K+ and s-aryl–K+ complexation see, a) C. J. Schaverlen, J. B.
van Mecherlen, Organometallics 1991, 10, 1704–1709; b) G. K.
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Fukin, S. V. Lindeman, J. K. Kochi, J. Am. Chem. Soc. 2002, 124,
8329–8336, and references therein.


[36] The N,N’-diethyl and N,N’-diisopropyl analogues of 2 undergo anal-
ogous reaction with toluene; G. C. Lloyd-Jones, G. J. J. Owen-Smith,
unpublished results.


[37] Triethyl orthoacetate was treated with N-isopropyl-1,3-propanedi-
ACHTUNGTRENNUNGamine in the presence of catalytic p-TsOH.H2O at 140 8C. The re-
sulting tetrahydropyrimidine intermediate was reduced with
DIBAL-H in toluene to afford N-ethyl-N’-isopropyl-1,3-diaminopro-
pane.


[38] H. Yamamoto, K. Maruoka, J. Am. Chem. Soc. 1981, 103, 4186–
4194.


[39] R. W. Alder, M. E. Blake, S. Bufali, C. P. Butts, A. G. Orpen, J.
SchXtz, S. J. Williams, J. Chem. Soc. Perkin Trans. 1 2001, 1586–
1593.
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Asymmetric Rhodium-Catalyzed Hydrogenation Meets Gold-Catalyzed
Cyclization: Enantioselective Synthesis of 8-Hydroxytetrahydroisoquinolines


A. Stephen K. Hashmi,*[a] Patrick Haufe,[a] Christoph Schmid,[a]


Andreas Rivas Nass,[b] and Wolfgang Frey[a]


Introduction


Chiral tetrahydroisoquinolines are useful intermediates in
the synthesis of many alkaloids and therefore interesting
compounds for the pharmaceutical industry. Currently, 55
examples of tetrahydrosioquinoline alkaloids are known to
possess antitumor activity, for example, quinocarcine 1 or
ecteinascidin 743 2 (Yondelis) which is being studied in a
phase III trial on ovarian cancer and evaluated in breast and
prostate cancer.[1,2]


Some of these compounds contain an 8-hydroxytetrahy-
droisoquinoline-substructure, which is not easy to assemble
by classical routes like the Bischler–Napieralski,[3] the Pom-


eranz–Fritsch,[4] or the Pictet–Spengler reaction.[5] All these
methods are based upon the principle of electrophilic aro-
matic substitution and so the positional selectivity of the
anellation step in the arene system is often problematic. In
particular, the positioning of OR groups ortho to the anel-
lated ring, as found in 1, is difficult to achieve. The classical
methods above, deliver the wrong constitutional isomer 4 as
the major product (Scheme 1).
Laschat et al. have already carried out a diastereoselective


synthesis towards 1, but without the OR group at the 8-posi-
tion of the tetrahydroisoquinoline system, as with this OR
group the wrong constitutional isomer was found in the
anellation step as shown in Scheme 1.[6] The new gold-cata-
lyzed phenol synthesis is probably the best tool to obtain
such 8-hydroxytetrahydroisoquinolines (Scheme 2).[7–9]


Starting from furfurals 12 with different substituents, (Z)-
dehydroamino acid esters 11 can be prepared and subse-


Abstract: Different furyl-substituted
(Z)-dehydroamino acid derivatives
were hydrogenated with the rhodium/
MandyphosACHTUNGTRENNUNG(OMe)-system to give
enantiomeric excesses between 80 and
98%. The absolute configuration of the
newly formed stereogenic center was
determined by anomalous diffraction
to be R. These chiral furyl alanines
were transferred into 8-hydroxytetrahy-


droisoquinolines by employing gold-
catalyzed arene synthesis as the key
step. During the latter reaction se-
quence, also including either a propar-
gylation or a reduction, a protection of


the hydroxy group, and a subsequent
propargylation, no racemization of the
stereogenic center was observed. With
very electron-rich furans, instead of the
8-hydroxytetrahydroquinolines as prod-
ucts, furans anellated to seven-mem-
bered rings with exocyclic C�C double
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Keywords: asymmetric hydrogena-
tion · cyclization · gold ·
homogeneous catalysis · rhodium


[a] Prof. Dr. A. S. K. Hashmi, Dipl.-Chem. P. Haufe,
Cand. Chem. C. Schmid, Dr. W. Frey+


Institut fBr Organische Chemie
UniversitDt Stuttgart
Pfaffenwaldring 55, 70569 Stuttgart (Germany)
Fax: (+49)711-685-4321
E-mail : hashmi@hashmi.de


[b] Dr. A. Rivas Nass
Umicore AG & Co. KG
Precious Metals Chemistry
Rodenbacher Chaussee 4
63403 Hanau (Germany)


[+] Crystallographic investigation.


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


J 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 5376 – 53825376







quently hydrogenated with a chiral rhodium catalyst. Fur-
ther transformations to furyl alanines 10 and finally gold-
catalyzed phenol synthesis leads to the chiral, nonracemic
8-hydroxytetrahydroisoquinolines 9 (Scheme 3).
Unlike the acetamidocinnamic acid (ACA) or its methyl


ester (methyl acetamidocinnamate, MAC), which both pos-
sess a phenyl substituent and which are often used as test
substrates for asymmetric hydrogenations of olefins, the cor-
responding furyl-substituted dehydroamino acids cause
much more problems. The first attempt was published by
MelLndez et al. in 1982, in which a substrate/rhodium ratio
of 30 was used at 50 8C to achieve a 13% ee (ee=enantio-
meric excess).[10] Much better results were achieved by
Dçbler and Krause et al. in 1992. Depending on the sub-
strates and catalyst systems they used, enantiomeric excesses
between 67 and 90% ee could be obtained.[11] The first
highly selective asymmetric hydrogenation was performed
by Masquelin et al. at 40 8C with 1 mol% [Rh ACHTUNGTRENNUNG(cod)2]BF4 and
1 mol% MeDuphos, producing the product with about
99% ee.[12] So far, few examples are published in which new


chiral ligands are tested with furyl-containing dehydroamino
acid derivatives.[13]


Results and Discussion


Diastereomerically pure (Z)-dehydroamino acid esters 15
for asymmetric hydrogenation were prepared by a Horner–
Wadsworth–Emmons protocol described by Schmidt et al.
(Table 1).[14]


The Horner–Wadsworth–Emmons protocol worked well
for most furfurals, except for the 3-(trifluoromethyl)phenyl-


substituted derivative 13 f
(entry 6) for which only 34% of
the (Z)-dehydroamino acid
ester 15 f could be isolated by
crystallization (the residual
product remained in the mother
liquor). Initial hydrogenation
reactions were attempted with
compound 15a. Out of all


Scheme 1. Problem of positional selectivity in the anellation step
(* shows the possible positions for an electrophilic attack).


Scheme 2. Gold-catalyzed phenol synthesis.


Scheme 3. Retrosynthesis of chiral 8-hydroxytetrahydroisoquinolines 9.


Table 1. Generation of the (Z)-dehydroamino acid esters 15 (Cbz=car-
boxybenzyloxy).


Entry 13 R Yield of 15 [%]


1 a 81


2 b 71


3 c 49


4 d 70


5 e 80


6 f 34


7 g 82


8 h 63
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tested catalyst precursors and ligands, only [Rh ACHTUNGTRENNUNG(nbd)2]BF4
and MandyPhos ACHTUNGTRENNUNG(OMe) 22 gave satisfying results (Table 2).
In the other cases either no hydrogenation was observed


(entry 1), the yield was very low (entries 3, 5, 6, and 8), or
the ee was low (entries 2, 4, and 7).
By using the optimized reaction conditions, most dehy-


droamino acid esters were reduced and isolated in good
yields and with good to excellent ee values (Table 3). In the
case of silyl-substituted compound 15e, just 0.1 mol% cata-
lyst was used leading to longer reaction times and a better
isolated yield, but slightly lower selectivity (entry 5). Only
two derivatives caused problems, the 3-(trifluoromethyl)-
phenyl-substituted derivative 15 f which was only reduced in
37% isolated yield (the remaining starting material could be
recovered, entry 6), and the 4-bromophenyl-substituted
compound 15g which did not react at all under these condi-
tions, presumably because of its very low solubility (entry 7).


For compound 15 f, both racemic and enantiomerically pure
single crystals for X-ray structure analysis could be obtained
(Figure 1).[15] Unfortunately, at this stage the determination
of the absolute configuration by anomalous diffraction was
impossible, as the enantiomerically pure 15 f lacked the nec-
essary heavy atom.
As the efforts with enantiomerically pure 15 f had shown


(Figure 1), to determine the absolute configuration of the
newly formed stereogenic center of 16a by anomalous dif-
fraction, a heavy atom was prerequisite and therefore the
synthetically much more useful Cbz-protected (Cbz=carbo-
benzyloxy) 16a was converted to the brosyl-protected amine
23a (Bs=brosyl, 4-bromobenzenesulfonyl), which also facil-
itates crystallization. This was accomplished by reductive
cleavage of the Cbz group and subsequent protection with
brosyl chloride (Scheme 4). As expected, a suitable single
crystal could be obtained and from the X-ray structure
(anomalous diffraction). The configuration of the stereogen-
ic center at C1 was assigned as R (Figure 2). This assignment
was previously assumed by Miyazawa et al. for the Cbz-pro-
tected methyl esters of natural occurring and nonproteino-
genic amino acids on the basis of enantiomeric separation
by chiral HPLC spectroscopic analysis.[16]


Only chiral furyl alanines 16a–e were chosen to carry on
further transformations to the corresponding 8-hydroxyte-
trahydroisoquinolines. Proceeding to the gold-catalyzed re-
action, the brosyl-protected amine 23a was alkylated with
propargyl bromide in 85% yield. Gold catalysis of 24a with-
out a substituent at the 5-position of the furan with 5 mol%
of the Uson–Laguna salt[17] [m-Cl ACHTUNGTRENNUNG(AuPPh3)2]BF4 in deuterat-
ed chloroform for 5 h furnished a mixture of the constitu-
tional isomers 25aa and ab (28 and 20%, respectively),
which is in accordance with earlier results (Scheme 5).[7]


Deprotection, brosylation, and propargylation of methyl-
substituted 16b lead to 24b in 52% overall yield. The fol-
lowing conversion of 24b with 5 mol% [m-Cl ACHTUNGTRENNUNG(AuPPh3)2]BF4
in deuterated chloroform was complete in five minutes at
room temperature to give the single isomer 25b in 62% iso-
lated yield (Scheme 6).
To test which additional functional groups can be tolerat-


ed in the gold-catalyzed phenol synthesis, methyl ester 23b
was reduced with diisobutylaluminum hydride (DIBAL-H)
and alkylated again with propargyl bromide in 71% overall
yield. Reaction of alcohol 27b with 5 mol% AuCl3 in deu-
terated acetonitrile did not afford the corresponding 8-hy-
droxytetrahydroisoquinoline; however, intramolecular nu-
cleophilic attack of the hydroxy group onto the alkyne fur-
nished dehydromorpholine 28b in almost quantitative yield
after spontaneous isomerization of the double bond to the
thermodynamically more stable position. This proves that
the 6-exo-dig attack of the OH-oxygen is significantly faster
than the first step of the phenol synthesis. Addition of nucle-
ophiles to alkynes is quite common, but a selective monoad-
dition to deliver enol ethers has never been observed
before.[18] To drive the reaction to the 8-hydroxytetrahydro-
isoquinoline, the free hydroxy group was protected as the
tert-butyldimethylsilyl (TBDMS) ether 29b, which was then


Table 2. Optimisation of hydrogenation conditions.


Entry Ligand (mol%) t [h] Yield [%][b] ee [%][c]


1 17[a] (5) 47.5 – –
2 18 (10) 18 43 3
3 18 (1) 18 3[d] –
4 19[a] (10) 21.5 81 7
5 19[a] (1) 25 9[d] 4
6 20[a] (10) 82 19[d] 10
7 20[a] (1) 23 99 3
8 21[a] (5) 16 15 18
9 22[a] (1) 5.5 97 98


[a] Catalyst precursor: [RhACHTUNGTRENNUNG(nbd)2]BF4, ligand/[Rh] 1:1. [b] Isolated yield.
[c] Determined by HPLC spectroscopy with a Chiralcel OD column.
[d] Conversion determined by 1H NMR spectroscopy.
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converted cleanly to 30b with
1 mol% [m-Cl ACHTUNGTRENNUNG(AuPPh3)2]BF4 in
two hours (70% isolated yield)
(Scheme 7).
As both 8-hydroxytetrahy-


droisoquinolines 25b and 30b
had the common precursor 23b
(96% ee after hydrogenation),
we were interested as to wheth-
er the enantiomeric ratio
changed during the reaction se-
quences, and especially in the
gold-catalyzed step. Determina-
tion of both enantiomeric ex-
cesses showed that no signifi-
cant racemization had occurred
(94% ee for 25b, 96% ee for
30b). The 8-hydroxytetrahy-
droisoquinolines could be used
for further transformations, but
the brosyl group is difficult to
remove, therefore the same re-
action sequence was repeated
with the Cbz group. Furyl ala-
nines 16b–e were reduced with
DIBAL-H, protected with
TBDMS, and alkylated with
propargylbromide and sodium
hydride as base. Reactions of
33b and c with 1 mol% [m-Cl-
ACHTUNGTRENNUNG(AuPPh3)2]BF4 afforded the 8-
hydroxytetrahydroisoquinolines
34b and c in 84 and 80% yields,
respectively (Scheme 8).
As the gold-catalyzed trans-


formations were carried out in


Table 3. Effect of different substituents in the hydrogenation of 15.


Entry 16 Product t [h] Yield [%][a] ee [%][b]


1 a 5.5 97 98


2 b 16.5 85 96


3 c 17.5 88 95


4 d 64 82 87


5 e 120 99[c] 80


6 f 18 37[d] 87


7 g 68 –[d,e] –


8 h 14.5 85 93


[a] Isolated yield. [b] The ee was determined by HPLC analysis with a Chiralcel OD column. [c] 0.1 mol% of
catalyst/ligand was used. [d] Recovered starting material. [e] Basically insoluble.


Figure 1. The lack of a heavy atom made the determination of the abso-
lute configuration of enantiomerically pure (�)-15 f impossible.


Scheme 4. Changing the protecting group for crystallographic determina-
tion of the absolute configuration by anomalous diffraction. Reaction
conditions: a) H2 (1 bar), Pd/C, MeOH, 38 h, 38%; b) BsCl, NEt3,
DMAP (cat.), CH2CH2, 0 8C!RT, overnight, 62%. DMAP=4-(dimeth-
ylamino)pyridine.


Figure 2. Solid-state structure of 23a showing the stereogenic center (C1)
to be R configurated (anomalous diffraction).
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NMR tubes, the progress of the reactions could normally be
monitored by 1H NMR spectroscopy. However, for the Cbz-
protecting group this was difficult due to the high rotational
barrier of the carbamate. This was particularly the case for
33d and e for which the reaction progress could not be fol-
lowed by 1H NMR spectroscopy. Thus we decided to use
brosyl-protected compounds again, which were much easier
to observe spectroscopically by NMR. This time the Cbz
group was cleaved under transfer hydrogenation conditions
with cyclohexene as the hydrogen source. Subsequent pro-
tection and alkylation furnished the starting materials for
the gold-catalyzed transformations. Conversion of 29d with
1 mol% of the Schmidbaur–Bayler salt[19] [m-Cl-
ACHTUNGTRENNUNG(AuPMes3)2]BF4 (Mes=mesityl, 2,4,6-trimethylphenyl) af-
forded the tetrasubstituted phenol 30d in 37% isolated
yield. Under the same reaction conditions 29e did not deliv-


er the phenol, the alkyne at-
tacked at the 3-position of the
furan to form the previously
unknown furan 36e anellated
to a seven-membered heterocy-
cle with an exocyclic C�C
double bond in 84% isolated
yield (Scheme 9). A similar re-
action pathway was also ob-
served by Echavarren et al.;


however, a furan anellated to a six-membered ring was
formed.[20]


We also tried to alkylate the carbamates 31b, d, and e in
the presence of the free hydroxy group. Three equivalents
of sodium hydride and propargyl bromide in DMF afforded
the cyclic carbamates 37b, d, and e (Scheme 10). These com-
pounds were also substrates for the gold-catalyzed phenol
synthesis. The reactions of the cyclic carbamates proceeded
significantly slower than those of the corresponding open
chained derivatives. While conversion of 37b with 1 mol%


[m-Cl ACHTUNGTRENNUNG(AuPPh3)2]BF4 furnished
phenol 38b in 50% isolated
yield, compounds 37d and e
again afforded furans anellated
to seven-membered heterocy-
cles with an exocyclic C�C
double bond in 31 (39d) and
37% (39e) yields, respectively
(Scheme 11).


Conclusion


The combination of asymmetric
rhodium-catalyzed hydrogena-
tion and gold-catalyzed cycliza-
tion offers a short and easy
access to chiral, nonracemic 8-
hydroxytetrahydroisoquinoline
systems. No significant racemi-
zation was observed while car-


rying out the reaction sequence. The absolute configuration
of the newly-formed stereogenic center was unambiguously
assigned by anomalous diffraction. Both ester and silyl-pro-
tected alcohol groups are tolerated at the g-position to the
alkyne moiety during cyclization. Even cyclic carbamates
are converted, but the reaction proceeds significantly
slower. However, depending on the employed substrates,
gold-catalysis affords interesting and so far unknown furans
anellated to seven-membered rings with an exocyclic C�C
double bond, which themselves are interesting building
blocks and could also be used for further transformations.


Scheme 5. The gold-catalyzed conversion of 24a delivers two constitutional isomers 25aa and ab. Reaction
conditions: a) BrCH2C�CH, Cs2CO3, acetone, overnight, 85%; b) [m-Cl ACHTUNGTRENNUNG(AuPPh3)2]BF4, CDCl3, RT, 5 h, 25aa
(28%), 25ab (20%).


Scheme 6. Reaction sequence to 8-hydroxytetrahydroisoquinoline 25b.
Reaction conditions: a) Cyclohexene, Pd/C, MeOH, reflux; b) BsCl,
NEt3, DMAP (cat.), CH2Cl2, 0 8C!RT, �77%; c) BrCH2C�CH, Cs2CO3,
acetone, RT, 67%; d) [m-Cl ACHTUNGTRENNUNG(AuPPh3)2]BF4, CDCl3, RT, 5 min, 62%.


Scheme 7. The unprotected alcohol leads to 28b, while the protected one delivers 30b. Reaction conditions:
a) DIBAL-H, THF, �78 8C!RT; b) BrCH2C�CH, Cs2CO3, acetone, RT, �77%; c) AuCl3 (5 mol%), CD3CN,
RT, 99%; d) TBDMSCl, imidazole, DMF, RT, 66%; e) [m-Cl ACHTUNGTRENNUNG(AuPPh3)2]BF4, CDCl3, RT, 70%.
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Experimental Section


Detailed reaction and catalysis conditions, as well as full characterization
of all unknown compounds are given in the Supporting Information.


Scheme 8. Synthesis of the Cbz-protected substrates 33b–e and 34b–c. Reaction conditions: a) DIBAL-H, THF, �78 8C!RT; b) TBDMSCl, imidazole,
DMF, RT; c) BrCH2C�CH, NaH, DMF, RT; d) [m-Cl ACHTUNGTRENNUNG(AuPPh3)2]BF4, CDCl3, RT.


Scheme 9. Synthesis of 29d and e and their conversion to 30d and 36e. Reaction conditions: a) Cyclohexene, Pd/C, MeOH, reflux; b) BsCl, NEt3,
CH2Cl2, 0 8C!RT; c) BrCH2C�CH, Cs2CO3, acetone, RT; d) [m-Cl ACHTUNGTRENNUNG(AuPMes3)2]BF4, CDCl3, RT.


Scheme 10. Formation of cyclic carbamates 37b, d, and e during the prop-
argylation. Reaction conditions: a) BrCH2C�CH, NaH, DMF, RT.


Scheme 11. Formation of 8-hydroxytetrahydroisoquinoline 38b and furo-
ACHTUNGTRENNUNG[2,3-d]azepines 39d and e by gold-catalyzed conversion. Reaction condi-
tions: a) [m-Cl ACHTUNGTRENNUNG(AuPPh3)2]BF4 (1 mol%), CDCl3, RT.
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Introduction


The direct asymmetric aldol reaction is one of the most im-
portant C�C bond-forming reactions in nature, and is cata-
lyzed by aldolase enzymes with excellent stereocontrol.[1]


The reaction is also believed to have been the key transfor-
mation for the prebiotic asymmetric formation of sugars.[2]


The goal of controlling the stereochemistry of the asymmet-
ric aldol reaction has inspired chemists and raised this trans-
formation to prominence in the asymmetric assembly of
complex natural products.[3,4] In particular, the development
of catalytic stereoselective methods for asymmetric directed
aldol reactions has recently been the subject of intense re-
search:[5] the utilization of, for example, organometallic com-
plexes and Lewis bases as catalysts has been highly success-


ful in asymmetric Mukaiyama-type aldol reactions between
activated silyl enol ethers and aldehydes,[6] whilst further-
more, enantioselective aldol reactions between unmodified
ketones and aldehydes are catalyzed with excellent stereose-
lectivities by chiral organometallic complexes.[7] Another ap-
proach to the catalysis of direct asymmetric aldol reactions
is the use of aldolase enzymes.[1,8]


Asymmetric organocatalysis is a fast-moving research
field.[9] In this context, proline and its derivatives have
proven to be efficient catalysts for direct intermolecular
asymmetric aldol reactions.[10,11] In stark contrast with pro-
line, linear amino acids are considered to be poor or no cat-
alysts for intermolecular enantioselective aldol reactions be-
tween unmodified ketones and aldehydes,[11a–d] though intra-
molecular aldol condensations have been mediated by the
utilization of stoichiometric equivalents of acyclic amino
acids together with HClO4 or camphorsulfonic acid.[10]


Moreover, N-terminal prolyl peptides have been used as
asymmetric catalysts for direct enantioselective intermolecu-
lar aldol reactions.[12] Oligopeptides and their derivatives
have the advantage of allowing the generation of structural
diversity and functionality and the employment of combina-
torial techniques.[13, 14] However, small peptides with acyclic
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acids, b-amino acids, and chiral amines
containing primary amine functions
catalyze direct asymmetric intermolec-
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amino acid residues at their N-termini are not believed to
catalyze asymmetric aldol reactions. A dramatic increase in
potential catalyst structures would thus occur if acyclic
amino acids and small modular peptides N-terminated with
acyclic amino acids were indeed found to be able to catalyze
direct intermolecular asymmetric aldol reactions between
ketones and aldehydes. For example, there are 19 natural
amino acids containing a primary amine function that can
be combined to produce 192 (>361) and 193 (>6859) differ-
ent di- and tripeptides, respectively. Moreover, proteinogen-
ic acids, b-amino acids, and acyclic chiral amines could also
be used to expand the structural variety further. Intrigued
by this tremendous potential structural diversity and moti-
vated by our interest in stereoselective organocatalysis,[15]


we most recently found that acyclic amino acids and small
modular peptides can catalyze direct intermolecular asym-
metric aldol reactions with excellent stereoselectivities.[16] In
addition, we also found that ancient oligopeptides catalyze
the asymmetric formation of sugars under prebiotic condi-
tions.[16b] Here we describe: 1) structure–activity relation-
ships of acyclic amino acids, acyclic amino acid N-terminat-
ed peptides, and their derivatives, 2) the synthetic scope of
catalysis by acyclic amino acids, acyclic chiral amines, and
small modular peptides in direct asymmetric aldol reactions,
3) catalysis in aqueous media and water, and 4) studies con-
cerning the reaction mechanism.


Results and Discussion


During our studies of amino acid catalyzed de novo synthe-
sis of ketoses we most recently found that (S)-proline-medi-
ated aldol reactions with dimethyl-1,3-dioxan-5-one (1a)
were significantly accelerated by water,[11o] and so we decid-
ed to investigate asymmetric aldol reactions catalyzed by
acyclic amino acids and modular small peptides in wet or-
ganic solvents. In an initial experiment, we investigated the
reaction between the dihydroxyacetone phosphate mimetic
1a (1.5 mmol) and p-nitrobenzaldehyde (0.5 mmol) in wet
DMSO (2.0 mL+90 mL H2O) [Eq (1)].


Remarkably, the desired aldol adduct 2a was isolated in
84% yield with 6:1 d.r. and >99% ee. Inspired by the excel-
lent stereoselectivity of this reaction, we decided to screen
several acyclic amino acids and chiral amines for their abili-
ty to catalyze the direct aldol reaction between cyclohexa-
none (1b) and p-nitrobenzaldehyde in wet DMSO (Table 1).


Table 1. Asymmetric aldol reactions catalyzed by acyclic amino acids and chiral amines.


Entry Catalyst Time [h] Yield[a] [%] d.r.[b] ee [%][c] Entry Catalyst Time [h] Yield[a] (%) d.r.[b] ee[c] (%)


1 (S)-alanine 72 95 15:1 92 14 N-methyl-(S)-valine 92 trace 1:1 �14
2 (S)-a-aminobutyric acid 72 88 6:1 92 15 (S)-histidine 72 60 4:1 71
3 (S)-valine 72 98 37:1 >99 16 (S)-phenylalanine 48 70 3:1 73
4 (S)-norvaline 72 79 6:1 90 17 b-alanine 48 35 3:1 –
5 (S)-alaninol 72 91 1:2 46 18 (S)-threonine 53 80 8:1 98
6 (S)-arginine 72 62 1:1 4 19 (S)-tyrosine 53 45 3:1 31
7 (S)-aspartate 72 75 6:1 63 20 (S)-a-methylvaline 310 62 1:1 �4


8 72 94 1:15 24 21 23 70 16:1 98


9 (S)-isoleucine 72 82 10:1 >99 22 (S)-methionine 48 87 7:1 88


10 (S)-serine 72 88 7:1 80 23 68 80 4:1 63


11 8 60 10:1 92 24 ((S)-cysteine)2 16 95 2:1 32


12 (S)-leucine 51 60 10:1 92 25 glycine 72 90 10:1 –


13 (S)-lysine 48 74 1:1 84 26 72 23 2:1 12


[a] Yield of isolated product yield after silica gel column chromatography. [b] Diastereoselectivity (d.r. = anti :syn) was determined by 1H NMR analysis
of the crude product. [c] The ee of 2b was determined by chiral-phase HPLC analyses.
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To our delight, we found that several simple natural and
nonproteinogenic amino acids catalyzed the reaction with
excellent enantioselectivities, with alanine, valine, isoleucine,
leucine, and threonine, for example, catalyzing the asymmet-
ric assembly of b-hydroxyketone 2b with >90% ee. The ar-
omatic amino acids phenylalanine and histidine also mediat-
ed the asymmetric aldol reaction with good enantioselectivi-
ty, whereas tyrosine catalyzed the asymmetric formation of
2b with low stereoselectivity. In stark contrast with the cys-
teine dimer, the sulfide-containing amino acid methionine
mediated the asymmetric assembly of 2b in high yield and
with high enantioselectivity (Table 1, entries 22 and 24). The
basic amino acid arginine catalyzed the formation of nearly
racemic 2b, whilst the acid-functionalized amino acid aspar-
tate catalyzed the asymmetric formation of 2b with good
enantioselectivity (Table 1, entries 6 and 7). In addition, the
asymmetric aldol reaction with lysine and serine as the cata-
lysts furnished 2b in high yields and with good ees (En-
tries 10 and 13). The trend from our studies is that employ-
ment of small aliphatic a-amino acids as asymmetric cata-
lysts gives high asymmetric induction. In addition, amino
acids containing an acid functionality or a b-hydroxy group
are good catalysts. Aromatic amino acids can also catalyze
the stereoselective aldol reaction with high enantioselectivi-
ty and should therefore be considered as catalysts, whilst N-
methylated valine was a poor catalyst under our reaction
conditions, giving ent-2b with low enantioselectivity


(Table 1, entry 14). The significant difference in reactivity
and stereoselectivity between valine and N-methylated
valine is plausibly due to steric effects in the enamine for-
mation between the N-methylated amino acid and cyclohex-
anone 1b and in the transition states.
Moreover, the intermolecular aldol reaction was also


mediated by linear amino alcohols and chiral amines, al-
though the enantioselectivities were low. The simple chiral
amine 3 mediated the stereoselective aldol reaction with ex-
cellent syn diastereoselectivity (Table 1, entry 8), indicating
that simple acyclic chiral amines might be excellent catalysts
for the development of syn-selective intermolecular aldol re-
actions. Notably, the strategy of converting the acid moieties
of the amino acids into tetrazoles increased the reactivities
and solubilities of the amino acids:[17] the primary amine tet-
razoles 4 and 5, for example, catalyzed the asymmetric for-
mation of aldol product 2b in 84% and 70% yields with
>99% and 98% ee, respectively (Table 1, entries 11 and
21). b-Amino acids also catalyzed the direct intermolecular
aldol reaction. Moreover, TBS-protected serine 6 also medi-
ated the asymmetric aldol reaction with good stereoselectiv-
ity (Table 1, entry 23).
We also screened several simple small peptides and their


analogues for their abilities to catalyze the direct aldol reac-
tion between cyclohexanone (1b) and p-nitrobenzaldehyde
in wet DMSO (Table 2).


Table 2. Direct asymmetric aldol reactions catalyzed by small peptides, dendritic peptides, urea peptides, pseudo peptides, and albumin.


Entry Catalyst Time [h] Yield[a] [%] d.r.[b] ee [%][c] Entry Catalyst Time [h] Yield[a] [%] d.r.[b] ee[c] [%]


1 (S)-ala-(S)-ala 24 73 8:1 91 12 ((S)-ala)4 72 trace 1:1 67
2 (S)-ala-(S)-phe 24 70 2:1 93 13 ((S)-ala)5 72 trace 1:1 6
3 (S)-ala-gly 48 46 4:1 81 14 (S)-ala-(S)-phenylalaninol 51 45 1:1 25 (52)[d]


4 (S)-ala-(S)-val 41 87 1:1 87 15 (S)-ala-(S)- alaninol 19 20 1:2 9
5 (S)-val-(S)-ala 48 92 1:1 98 16 (S)-val-(S)- phenylglycinol 51 30 1:12 34 (65)[d]


6 (S)-val-(S)-val 24 75 1:1 94 17 (S)-val-(R)- phenylglycinol 26 35 1:1 33 (55)[d]


7 (S)-ser-(S)-ala 24 55[e] 2:1 92 18 (S)-phe-(S)-phenylalaninol 19 19 1:2 0 (52)[d]


8 (S)-val-(S)-phe 24 72 2:1 96 19 albumin 48 65 2:1 10


9 gly-(S)-ala 48 65 2:1 11 20 54 32 1:1 76


10 b-ala-b-ala 48 45 1:2 – 21 57 62 2:1 62


11 (S)-ala-(S)-ala-(S)-ala 72 90 1:2 81


[a] Yield of isolated product after silica gel column chromatography. [b] Diastereoselectivity (d.r. = anti :syn) was determined by 1H NMR analysis of the
crude product. [c] The ee of 2b was determined by chiral-phase HPLC analyses. [d] The ee of the syn diastereomer as determined by chiral HPLC analy-
ses. [e] 20 equivalents of H2O were used.
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To our delight the efficiencies of the asymmetric aldol re-
actions improved (relative to those of those catalyzed by the
parent acyclic amino acids) when simple dipeptides were
used as the catalysts. Simple alanine- and valine-terminated
dipeptides, for example, catalyzed the asymmetric formation
of 2b in high yields and with up to 98% ee. Peptides con-
taining N-terminal glycine moieties also catalyzed the asym-
metric aldol reaction, but with lower stereoselectivities than
the corresponding peptides with N-terminal alanines. We
also found that small peptides based on b-amino acids also
catalyzed the direct intermolecular aldol reaction. The sizes
of the small peptides were important, since the efficiency
and stereoselectivity of the aldol reaction decreased with in-
creased number of amino acid residues in the oligopeptide:
the enantioselectivities of the asymmetric aldol reactions
mediated by oligoalanine catalysts, for instance, were in the
order ala-ala>ala-ala-ala> (ala)4> (ala)5. Notably, the ste-
ACHTUNGTRENNUNGreoselectivities of the asymmetric aldol reaction decreased
dramatically when going from tetraalanine to pentaalanine,
which catalytically assembled 2b with 67% ee and 6% ee,
respectively (Table 2, entries 12 and 13). Interestingly, albu-
min, a protein available off the shelf, was also able to cata-
lyze the asymmetric aldol reaction and furnished 2b in high
yield and with 10% ee (Table 2, entry 19). Pseudo-dipeptides
containing alcohol moieties also catalyzed the asymmetric
formation of 2b, though with lower efficiencies and stereo-
selectivities than the corre-
sponding dipeptides. Notably,
(S)-val-(S)-phenylglycinol cata-
lyzed the reaction with high syn
diastereoselectivity to give 2b
in moderate yield with 12:1 d.r.
and 65% ee (Table 2, entry 16).
Moreover, the urea-based pep-
tide analogue 8 catalyzed the
asymmetric formation of 2b
with high enantioselectivity but
in low yield (Table 2, entry 20).
Nevertheless, chiral urea deriv-
atives containing catalytic pri-
mary amine residues deserve
consideration in the design of
novel organocatalysts for asym-
metric C�C bond-forming reac-
tions that proceed by a catalytic
enamine mechanism. The den-
dritic peptide 9 catalyzed the
asymmetric formation of 2b in
good yield and with good enan-
tioselectivity (Table 2,
entry 21), so amino acid derived
dendrimers should be employ-
ACHTUNGTRENNUNGable in the design of new inter-
esting catalysts with multiple
catalytic sites.


Asymmetric aldol reactions in different solvents : We next
decided to employ the simple amino acids valine and ala-
nine as catalysts for the asymmetric assembly of 2b in differ-
ent solvents (Table 3).
We found that valine catalyzed the asymmetric intermo-


lecular aldol reaction with high enantioselectivity in all the
wet organic solvents tested. The highest reaction rates were
achieved in DMSO, NMP, and DMF. Notably, performing
the valine- and alanine-mediated reactions in water gave the
aldol product 2b in low yield with less than 6% ee (Table 3,
entry 12).[18] Sodium dodecylsulfate (SDS) was used as sur-
factant since it improves the solubilities of the organic sub-
strates in water. However, a change of catalyst to the corre-
sponding valine tetrazole 5 gave 2b in moderate yield and
with 67% ee in water (Table 3, entry 21). Notably, increasing
the concentration accelerated the reaction and gave 2b with
99% ee (Table 3, entry 22). Moreover, the amino acid-de-
rived tetrazoles were more efficient than the parent amino
acids in all the organic solvents tested. We also investigated
simple alanine- and valine-derived dipeptides in different
solvents (Table 4).
We found that ala-ala catalyzed the asymmetric aldol re-


action with high enantioselectivities (89–94% ee) in wet
polar solvents such as DMSO, MeOH, EtOH, NMP, and
DMF. Notably, the dipeptide-mediated aldol reactions in
dry DMSO gave 2b with moderate enantioselectivities: ala-


Table 3. Solvent screen for aldol reactions catalyzed by acyclic amino acids and amino acid tetrazoles.


Entry Catalyst Solvent Temp [8C] Time [h] Yield [%][a] d.r.[b] ee [%][c]


1 (S)-valine DMSO[d] RT 47 70 5:1 94
2 (S)-valine DMSO RT 72 98 37:1 >99
3 (S)-valine CHCl3 RT 147 20 6:1 95
4 (S)-valine dioxane RT 124 16 4:1 92
5 (S)-valine MeOH RT 28 25 6:1 95
6 (S)-valine EtOH RT 52 30 4:1 92
7 (S)-valine NMP RT 51 65 9:1 95
8 (S)-valine DMF RT 69 60 8:1 95
9 (S)-valine EtOAc RT 195 10 4:1 92
10 (S)-valine CH3CN RT 144 25 8:1 95
11 (S)-valine H2O


[e] RT 240 5 2:1 33
12 (S)-valine H2O


[f] RT 41 20 1:1 -6
13 (S)-alanine DMSO[d] RT 92 50 3:1 83
14 (S)-alanine DMSO RT 72 95 15:1 92
15 (S)-alanine DMSO 4 97 55 8:1 92
16 (S)-alanine DMSO 4 24 21 15:1 95
17 (S)-alanine H2O


[f] RT 163 12 1:1 67
18 (S)-4 DMSO RT 8 84 14:1 >99
19 (S)-4 CHCl3 RT 96 15 6:1 95
20 (S)-5 DMSO RT 23 70 16:1 98
21 (S)-5 H2O


[f] RT 96 40 1:1 67
22 (S)-5 H2O


[g] RT 7 30 11:1 99


[a] Yield of isolated product after silica gel column chromatography. [b] Diastereoselectivity (d.r. = anti :syn)
was determined by 1H NMR analysis of the crude product. [c] The ee of 2b was determined by chiral-phase
HPLC analyses. [d] No water was added. [e] DMSO (10 vol%) no SDS added. [f] Sodium dodecylsulfate
(SDS, 72 mg) added. [g] 5 equivalents of 1b and 130 mL H2O.
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ala catalyzed the formation of 2b, for example, with 55% ee
(Table 4, entry 1), so a small amount of water is important
for achieving high enantioselectivity in the dipeptide-cata-
lyzed asymmetric intermolecular aldol reaction. Interesting-
ly, the enantioselectivity of the dipeptide-catalyzed aldol re-
action was not affected by performing the reactions in buf-
fered aqueous media, product 2b being formed with high
ees. However, the efficiencies of the peptide-catalyzed asym-
metric aldol reactions decreased at low pH.
The simple dipeptide val-phe catalyzed the asymmetric


aqueous aldol reaction with the highest enantioselectivity of
all the dipeptides tested. The enantioselectivities of the
tetra- and pentaalanine-catalyzed aqueous asymmetric aldol
reactions were also significantly improved (Table 4, en-
tries 19 and 20): penta-(S)-alanine, for example, catalyzed
the asymmetric formation of 2b with 58% ee in water, in
comparison with 6% ee in wet DMSO. The enantioselectivi-
ty of the albumin-catalyzed asymmetric aldol reaction was
almost the same either in DMSO or in water (2b, 9–
10% ee). Inspired by the pioneering work by Breslow and
co-workers,[19] we also investigated whether the addition of
a-cyclodextrin to the peptide-catalyzed asymmetric aldol re-
action in water (no SDS) would improve the enantioselectiv-
ity by creating a hydrophobic environment: (S)-val-(S)-phe,


for instance, catalyzed the
asymmetric assembly of 2a with
3:1 d.r. and 86% ee under these
reaction conditions (Table 4,
entry 21).


Prebiotic significance : The re-
markably large differences in
enantioselectivity between the
dipeptides and their corre-
sponding parent acyclic amino
acids in aqueous media could
be important from a prebiotic
perspective. In this context, we
found that the simple peptides
(S)-ala-(S)-ala and (S)-val-(S)-
val furnished d-erythrose with
48 and 82% ee, respectively,
under prebiotic conditions
[Eq. (2)]. In comparison, (S)-
ala and (S)-val furnished d-er-
ythrose with 5 and 12% ee, re-
spectively.[2c]


Oligopeptide formation may
thus have played a role in the
evolution of homochirality of
sugars. For instance, we found
that ancient amino acids that
are oligomerized to peptides
with the help of volcanic gas[20]


catalyze the asymmetric aldol


reaction with excellent stereoselectivity under these prebiot-
ic conditions.[21] In a plausible scenario, extraterrestrial
amino acids may perhaps have oligomerized to form oligo-
peptides that enabled the asymmetric formation of sugars
with high optical activity.[22]


Substrate scope : We next investigated the substrate scope of
asymmetric intermolecular aldol reactions catalyzed by acy-
clic amino acids and dipeptides in wet DMSO. We found
that the (S)- and (R)-amino acids and their derivatives
mediated the enantioselective aldol reactions with cyclohex-
anones as donors with excellent enantioselectivities, giving
the corresponding aldol products 2a, 2b, and 2e with 92–
99% ee (Table 5).
Moreover, unsymmetrical ketones were good donors and


the corresponding aldol products were furnished with excel-


Table 4. Solvent screen for the simple peptide-catalyzed aldol reactions.


Entry Catalyst Solvent Time [h] Yield [%][a] d.r.[b] ee [%][c]


1 (S)-ala-(S)-ala DMSO[d] 72 51 1:3 55
2 (S)-ala-(S)-ala DMSO 24 73 8:1 91
3 (S)-ala-(S)-ala MeOH 51 77 3:1 89
4 (S)-ala-(S)-ala EtOH 51 72 4:1 92
5 (S)-ala-(S)-ala NMP 52 84 3:1 93
6 (S)-ala-(S)-ala DMF 48 74 3:1 94
7 (S)-ala-(S)-ala DMSO/H2O 1:1 23 80 3:1 86
8 (S)-ala-(S)-ala DMF/H2O 1:1 67 67 3:1 93
9 (S)-ala-(S)-ala DMF/H2O 1:5 116 25 2:1 70
10 (S)-ala-(S)-phe DMF/H2O 1:5 70 70 2:1 83
11 (S)-ala-(S)-phe MeOH/H2O 1:1 48 90 2:1 81
12 (S)-ala-(S)-ala EtOH/H2O 1:1 68 67 3:1 83
13 (S)-ala-(S)-ala NMP/H2O 1:1 22 56 3:1 87
14 (S)-ala-(S)-ala H2O


[e] 68 22 2:1 70
15 (S)-val-(S)-val H2O


[e] 76 40 2:1 67
16 (S)-val-(S)-phe H2O


[e] 52 47 3:1 83
17 (S)-val-(S)-ala H2O


[e] 96 30 2:1 70
18 ((S)-alanine)3 H2O


[e] 120 42 2:1 75
19 ((S)-alanine)4 H2O


[e] 72 trace 2:1 71
20 ((S)-alanine)5 H2O


[e] 72 trace 2:1 58
21 (S)-val-(S)-phe H2O


[f] 52 48 3:1 86
22 (S)-val-(S)-phe phosphate buffer[g] 120 27 2:1 85
23 (S)-val-(S)-phe phosphate buffer[h] 120 27 2:1 85
24 albumin H2O


[e] 67 27 1:1 9


[a] Yield of isolated product after silica gel column chromatography. [b] Diastereoselectivity (d.r. = anti :syn)
was determined by 1H NMR of the crude product. [c] The ee of 2b was determined by chiral-phase HPLC
analyses. [d] No water added. [e] Sodium dodecylsulfate (SDS, 72 mg) added. [f] 1 equivalent of a-cyclodextrin
added. [g] Phosphate buffer, 40 mm, pH 7.2, SDS. [h] NaOAc buffer, 0.1m, pH 4.2, SDS.
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lent regioselectivities in moderate yields and with high enan-
tioselectivities. (S)-Alanine, for example, catalyzed the
asymmetric formation of 2d as a single regioisomer in 56%
yield with 3:1 d.r. and 75% ee (Table 5, entry 9), C�C bond-
formation thus having occurred on the methylene carbon of
the ketone. Reactions with acetone were slow, giving the
corresponding aldol products in low yields but with good
enantioselectivities after a reaction time of four days.
Hence, cyclohexanones and substituted acyclic ketones are
excellent and good donors, respectively, in asymmetric aldol
reactions mediated by acyclic amino acids. Similar substrate
specificities of the catalysts were observed in the dipeptide-
and pseudo-peptide-catalyzed direct asymmetric aldol reac-
tions (Table 6).
In particular, the dihydroxyacetone mimic 1a was an ex-


cellent donor and all the tested di- and pseudo-peptides
mediated the asymmetric formation of 2a with excellent
enantioselectivity. Moreover, the dipeptide-mediated asym-
metric aldol reactions with hydroxyacetone and dihydroxy-
ACHTUNGTRENNUNGacetone proceeded with high enantioselectivities to furnish
the aldol products 2 f and 2g with 75 and 70% ee, respec-


tively (Table 6, entries 10 and 11). Notably, the acyclic
amino acids only furnished trace amounts of the dihydroxy-
ACHTUNGTRENNUNGacetone-derived aldol product 2g,[18c] so structural complexi-
ty gives higher reactivity and stereoselectivity both in organ-
ic solvents and in aqueous media. This was also observed in
the case of the aldol reactions with acetone, in which the
corresponding product 2c had been formed with high enan-
tioselectivity but in low yield after 48 h. Moreover, small
modular peptides catalyze the formation of aldol products 2
with high enantioselectivity in aqueous media under envi-
ronmentally benign reaction conditions.[23]


We also investigated direct intermolecular aldol reactions
between ketones and different acceptor aldehydes catalyzed
by alanine and by alanine tetrazole 4 (Table 7).
The aldol reactions mediated by alanine and by the tetra-


zole 4 proceeded smoothly, and the aldol products 2h–2n—
derived from the dihydroxyacetone mimic 1a and cyclohex-
anone (1b)—were furnished with excellent enantioselectivi-
ties. Remarkably, a simple chiral methyl group is enough to
reach the stereoselectivity of aldolase enzymes. The acyclic
amino acid-catalyzed aldol reactions with acetone as the


Table 5. Asymmetric aldol reactions with different ketones, catalyzed by acyclic amino acids.


Entry Catalyst Ketone Prod. Time [h] Yield [%][a] d.r.[b] ee [%][c]


1 (S)-alanine 1a 72 84 6:1 >99


2 (S)-valine 1a 2a 72 86 5:1 >99
3 (S)-4 1a 2a 72 70 3.1 >99
4 (S)-5 1a 2a 72 87 4:1 >99


5 (S)-valine 1b 72 98 37:1 >99


6 (R)-valine 1b ent-2b 72 89 16:1 99


7 (S)-alanine 120 30[d] 56


8 (S)-valine 1c 2c 120 41[d] 54


9 (S)-alanine 72 56 3:1 75


10 (S)-alanine 71 80 16:1 92


[a] Yield of isolated product after silica gel column chromatography. [b] Diastereoselectivity (d.r. = anti :syn) was determined by 1H NMR analysis of the
crude product. [c] The ee of 2 was determined by chiral-phase HPLC analyses. [d] 5 equivalents of acetone were used. In all other cases 3 equivalents of
donors 1 were used.
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donor were slow and furnished the corresponding aldol
products in low yields but with good enantioselectivities.
The dipeptide-catalyzed asymmetric aldol reactions between
ketones 1a and 1b and different acceptor aldehydes were
also investigated (Table 8).


The dipeptide-catalyzed reac-
tions were more efficient than
the alanine- and valine-cata-
lyzed asymmetric aldol reac-
tions, and the corresponding
aldol products 2h–2p were
asymmetrically assembled with
high enantioselectivity (71–
99% ee). The peptides comple-
ment each other, suggesting
that an ideal peptide catalyst
for a given pair of substrates
might be producible. Interest-
ingly, the dipeptides were more
soluble in wet DMSO than the
acyclic amino acids.
Aldol reactions mediated by


acyclic amino acids and by
small peptides were also per-
formed with substituted glyoxy-
late acceptors, generating aldol
products containing tetrasubsti-
tuted carbon centers. We found,
for example, that valine and
valine tetrazole 5 catalyzed the
reaction between cyclohexa-
none 1b and phenylglyoxylate
with excellent stereoselectivity
(Table 9).
In particular, valine tetrazole


5 was an excellent catalyst, fur-
nishing the corresponding terti-
ary aldol product 2q in 78%
yield with >19:1 d.r. and
98% ee (Table 9, entry 3). Inter-
estingly, the diastereomer fur-
nished—with excellent diaste-
ACHTUNGTRENNUNGreoselectivity—by the primary
amino acids is the opposite of
that obtained when (S)-proline
is used as the catalyst.[24] The
acyclic amino acids and small
peptides are also able to cata-
lyze asymmetric self-aldol reac-
tions with aldehydes to furnish
the corresponding b-hydroxyal-
dehydes with moderate to high
enantioselectivities [Eq. (2)].
Acyclic amino acids and highly
modular peptides and their de-
rivatives can also be employed
as catalysts for other asymmet-


ric C�C bond-forming reactions such as the one-pot three-
component Mannich[25] [Eq. (3)] and nitro-Michael [Eq. (4)]
reactions[26] .


Mechanism : A plausible acid-mediated enamine mecha-
nism of the acyclic acid- and dipeptide-catalyzed asymmetric


Table 6. Dipeptide- and pseudo-peptide-catalyzed asymmetric aldol reactions with different ketones.


Entry Catalyst Ketone Prod. Time [h] Yield [%][a] d.r.[b] ee [%][c]


1 (S)-ala-(S)-ala 1a 2a 48 73 3:1 99
2 (S)-ala-(S)-phe 1a 2a 48 88 5:1 99
3 (S)-val-(S)-phe 1a 2a 48 89 6:1 99
4 (S)-val-(S)-val 1a 2a 48 83 2:1 99
5 (S)-val-(R)-phealaninol 1a 2a 48 80 4:1 99
6 (S)-val-(R)-pheglycinol 1a 2a 48 82 4:1 99
7 (S)-val-(S)-phe 1b 2b 24 72 2:1 96
8 (S)-val-(S)-phe 1c 2c 24 25[d] 65
9 (S)-val-(S)-phe 1c 2c 48 20[d, e] 71


10 (S)-val-(S)-phe 48 93 1:1 75


11 (S)-val-(S)-phe 72 53[f] 1:1[f] 70[f]


12 (S)-val-(S)-val 1g 2g 72 67[f] 1:1[f] 51[f]


[a] Yield of isolated product after silica gel column chromatography. [b] Diastereoselectivity (d.r. = anti :syn)
was determined by 1H NMR analysis of the crude product. [c] The ee of 2 was determined by chiral-phase
HPLC analyses. [d] 5 equivalents of acetone were used. [e] Reaction run in H2O with SDS. [f] Reaction per-
formed in DMSO/H2O 1:1.


Table 7. Asymmetric aldol reactions catalyzed by alanine and by alanine tetrazole 4.


Entry Catalyst Ketone R Prod. Yield [%][a] d.r.[b] ee [%][c]


1 (S)-alanine 1a 4-CNC6H4 2h 84 6:1 >99
2 (S)-alanine 1a 4-BrC6H4 2 i 77[d] 6:1 97
3 (S)-alanine 1a 4-ClC6H4 2j 75[d] 5:1 98
4 (S)-alanine 1a CH2OBn 2k 41 >19:1 99
5 (S)-alanine 1a Ph 2 l 68 1:1 94
6 (S)-4 1a 4-CNC6H4 2h 68 12:1 99
7 (S)-4 1a 4-BrC6H4 2 i 55 13:1 96
8 (S)-4 1a 4-ClC6H4 2j 50 9:1 95
9 (S)-alanine 1b 4-ClC6H4 2m 44 17:1 >99
10 (S)-alanine 1b 4-BrC6H4 2n 42 18:1 >99
11 (S)-5 1b 4-BrC6H4 2n 50[e] 13:1[e] 90[e]


12 (S)-alanine 1c Ph 2o 39 50


[a] Yield of isolated product after silica gel column chromatography. [b] Diastereoselectivity (d.r. = anti :syn)
was determined by 1H NMR analysis of the crude product. [c] The ee of 2 was determined by chiral-phase
HPLC analyses. [d] 5 equivalents of H2O were used. [e] Reaction performed in water (130 mL) with 5 equiva-
lents of 1b.
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intermolecular aldol reaction is depicted in Scheme 1. The
ketone donor reacts with the amino acid or dipeptide, result-
ing in a plausible enamine. Next, the acceptor aldehyde
reacts with the chiral enamine to give (after hydrolysis) the
enantiomerically enriched aldol product and the catalytic
cycle can be repeated. Furthermore, the beneficial effect of


water in the acyclic amino acid
catalyzed and small peptide-cat-
alyzed asymmetric aldol reac-
tion is plausibly due to im-
proved catalyst turnover due to
faster hydrolysis of the inter-
mediates of the enamine cata-
lytic cycle, as well as to the sup-
pression of catalyst inhibi-
tion.[27]


We did not observe signifi-
cant nonlinear effects in the
alanine- and valine-catalyzed
reactions (Figure 1).[28] Howev-
er, the reactions display a
slightly positive effect at low ee
of the catalyst and a slightly
negative effect at higher ee,
crossing the straight line. In
fact, if a stoichiometric amount
of amino acid was employed
(100 mol%) the effect would
become even higher and the
curves would display a signifi-
cant positive effect crossing the
straight line of no linear effect
(eutectic point)[29] to become
negative again. This phenomen-
on is the result of the different
solubility of the two-enantio-
ACHTUNGTRENNUNGmer crystals of the scalemic


Table 8. Dipeptide-catalyzed asymmetric aldol reactions.


Entry Catalyst Ketone R Prod. Yield [%][a] d.r.[b] ee [%][c]


1 (S)-ala-(S)-ala 1a 4-CNC6H4 2h 64 13:1 99
2 (S)-ala-(S)-ala 1a 4-BrC6H4 2 i 55 2:1 92
3 (S)-ala-(S)-ala 1a 4-BrC6H4 2 i 48 2:1 78
4 (S)-ala-(S)-ala 1a 4-ClC6H4 2 j 43 1:1 80
5 (S)-val-(S)-ala 1a 4-ClC6H4 2 j 30 1:1 71
6 (S)-ala-(S)-ala 1a iPr 2p 50 2:1 97
7 (S)-ala-(S)-phe 1b 4-BrC6H4 2n 88 2:1 99
8 (S)-ala-(S)-ala 1b 4-BrC6H4 2n 86 2:1 96
9 (S)-ala-(S)-ala 1b 4-ClC6H4 2m 57 2:1 98


[a] Yield of isolated product after silica gel column chromatography. [b] Diastereoselectivity (d.r. = anti :syn)
was determined by 1H NMR analysis of the crude product. [c] The ee of 2 was determined by chiral-phase
HPLC analyses.


Table 9. Organocatalytic asymmetric aldol reaction between cyclohexa-
none (1b) and phenylglyoxylate.


Entry Catalyst Time [h] Yield [%][a] d.r.[b] ee[c]


1 (S)-valine 120 51 6:1 96
2 (S)-val-(S)-phe 120 60 2:1 68
3 (S)-5 78 78 >19:1 98


[a] Yield of isolated product after silica gel column chromatography.
[b] Diastereoselectivity (d.r. = anti :syn) was determined by 1H NMR
analysis of the crude product. [c] The ee of 2p was determined by chiral-
phase HPLC analyses.


Scheme 1. Mechanism of the acyclic amino acid- and dipeptide-catalyzed
direct asymmetric aldol reaction.
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amino acid catalyst mixture in wet DMSO. We thus believe
that a single alanine and valine molecule is involved in the
transition state and mechanism, acting as a molecular
enzyme. Remarkably, in the case of (S)-serine we observed
a significant positive nonlinear effect, caused by the differ-
ent solubility of the two-enantiomer crystals of the scalemic
serine catalyst mixture in wet DMSO (Figure 2).[30]


We did not observe any significant nonlinear effect in the
(S)-ala-(S)-ala-catalyzed asymmetric aldol reaction
(Figure 3). A single ala-ala molecule is thus involved in the
transition state and reaction mechanism, acting as a small
enzyme mimic. The higher solubility of the dipeptide rela-
tive to alanine and valine may explain the absence of signifi-
cant nonlinear effects in Figure 2.
We also found that the aldol reaction can be reversible,


depending on the catalyst and substrate: the enantioselectiv-
ity of the aldol product 2b obtained with ala-ala catalysis,
for example, decreased from 91% ee after 48 h to 83% ee
after 120 h.


The stereochemistry of the aldol products 2 obtained
through acyclic amino acid, primary amine, and peptide cat-
alysis was R as determined by chiral-phase HPLC analyses,
optical rotation, and comparison with the litera-
ture.[11–12,16,23,24] The relative stereochemistry of the cyclic
aldol products 2 was anti, as determined by NMR analyses
and comparison with the literature. From the relative and
absolute stereochemistries of the aldol products 2, we pro-
pose the six-membered chair-like transition states I and II to
account for the stereochemical outcomes of the reactions
catalyzed by the acyclic amino acids and the tetrazoles 4
and 5, respectively.


Thus, the Re face of the acceptor aldehyde is attacked by
the Si face of the chiral enamine to give the anti-aldol prod-
uct 2. In addition, density functional theory (DFT) calcula-
tions for the alanine-catalyzed aldol reactions are in accord-
ance with our suggested carboxylic acid catalyzed enamine
mechanism and transition state I for the acyclic amino acid-
mediated aldol reaction.[27,31] From the absolute and relative
stereochemistries of the b-hydroxy ketones 2, we propose
transition state III to account for the stereochemical out-
come of the dipeptide catalyzed reaction.
Transition state III, in which the Re face of the chiral en-


amine is approached by the Si
face of the acceptor aldehyde,
is also a plausible six-mem-
bered cyclic transition state in
which the stabilization of the
generated alkoxide of the prod-
uct is accomplished by hydro-
gen bonding by the peptide


Figure 1. The enantiomeric excess of aldol product 2b as a function of
the enantiomeric excess of the direct asymmetric aldol reaction catalyzed
by (S)-alanine (^) and by (S)-valine (&).


Figure 2. The enantiomeric excess of aldol product 2b as a function of
the enantiomeric excess of the (S)-serine-catalyzed (^) direct asymmetric
aldol reaction.


Figure 3. The enantiomeric excess of aldol product 2b as a function of
the enantiomeric excess of the (S)-ala-(S)-ala-catalyzed (^) direct asym-
metric aldol reaction (y = 0.93x�0.71, R2 = 0.992).
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backbone and the formation of a charge relay system that
increases the Brønsted acidity of the dipeptides. In fact, a
charge relay system is very important in the enamine cataly-
sis of aldolase enzymes.[32] In addition, we showed that
proton transfer from the carboxy group and hydrogen bond
activation, which is facilitated by the presence of a small
amount of water, were important to achieve high asymmet-
ric induction (Table 10, Figure 4). The higher enantioselec-


tivities observed for the dipeptide-catalyzed reactions with
acyclic ketones, relative to those seen with the parent amino
acids, may be explained in terms of assistance by the peptide
backbone in the stabilization of transition state III. More-
over, the stereochemistry of the dipeptideNs two stereocen-
ters affects the enantioselectivity of the reaction: gly-(S)-ala-
nine, for example, catalyzed the asymmetric formation of 2b
with 11% ee. Thus, the stereocenter of the N-terminal acy-


clic amino acid influences and directs most of the stereo-
chemistry. Nevertheless, the remote stereocenter of the C-
terminal amino acid of the dipeptide can provide asymmet-
ric induction in transition state III, which consequently gives
optically active aldol products. Moreover, the change from
(S)-ala-(S)-ala to (S)-ala-(R)-ala decreased the ee of 2b
from 91 to 77%, whilst the absence of an alkyl group at the
second stereocenter also decreased the ee by 10%. The ex-
cellent enantioselectivity observed for reactions with cyclic
ketones catalyzed by amino acids and small peptides can be
explained by stabilization of transition states I, II, and III,
respectively, by the rigidity of the cyclohexane ring. Thus,
the reactions with cyclic ketones showed higher enantiose-
lectivity than those with acyclic ketones.
The effect of water on the enantioselectivity of aldol


product 2b obtained through (S)-ala and (S)-ala-(S)-ala cat-
alysis was also investigated (Figure 4).
In the case of the alanine-catalyzed reaction, the enantio-


selectivity is improved by a small amount of water (4.3–
15 vol%). We believe that the small amount of water in-
creases the enantioselectivity by increasing the Brønsted
acidity of the acyclic amino acid catalyst. Increasing the
amount of water (>15 vol%) decreases the enantioselectivi-
ty of the aldol reaction, which gives support for hydrogen
bonding as an essential feature of the transition state I. This
is further supported by the finding that valine tetrazole 4,
which has a more acidic proton then alanine or valine, cata-
lyzed the assembly of 2b in an asymmetric fashion with
good to excellent enantioselectivity in water, thus maintain-
ing an ordered transition state II in aqueous media. The ee
of aldol product 2b obtained through (S)-ala-(S)-ala cataly-
sis is also significantly improved by the addition of a small
amount of water: the addition of 10 equivalents of H2O, for
instance, increased the ee of 2b from 55% to 91%. In addi-
tion, the (S)-ala-(S)-ala-mediated asymmetric aldol reaction
tolerates up to 40 and 50 vol% of water in DMSO and
DMF, respectively, without the enantioselectivity of the re-
action being affected. Notably, the dipeptide-mediated aldol
reaction exhibited a high enantioselectivity in water. All
these results provide precedent that hydrogen bonding from
the acid moiety and the backbone of the peptide is very im-
portant in the transition state III, which allows a highly or-
dered transition state under aqueous conditions. The dra-
matic increase in the enantioselectivity of the asymmetric
aldol reaction mediated by pentapeptide (ala)5, which in-
creases with a magnitude of 9.2 when organic solvent is
changed to water may be explained in terms of a combina-
tion of improved hydrogen bonding and a more favored
conformation (folding) of the pentapeptide.


Conclusion


In summary, we have shown that several natural and non-
proteinogenic acyclic amino acids, and also chiral amines,
can catalyze the asymmetric aldol reaction. Excellent enan-
tioselectivities were achieved in several cases: the amino


Table 10. Peptide-catalyzed direct asymmetric aldol reactions.


Entry Catalyst Time [h] Yield [%][a] d.r.[b] ee [%][c]


1 (S)-ala-(S)-ala 24 73 8:1 91
2 (S)-ala-(R)-ala 48 88 4:1 77
3 (S)-ala-gly 48 46 4:1 81
4 gly-(S)-ala 48 65 2:1 11
5 (S)-ala-(S)-ala-OEt 73 55 2:1 80


6 73 55 2:1 80


[a] Yield of isolated product after silica gel column chromatography.
[b] Diastereoselectivity (d.r. = anti :syn) was determined by 1H NMR
analysis of the crude product. [c] The ee of 2b was determined by chiral-
phase HPLC analyses.


Figure 4. The dependence of the enantiomeric excess (ee) of 2b derived
from the asymmetric aldol reactions between cyclohexanone (1b) and p-
nitrobenzaldehyde—catalyzed by (S)-alanine (^) and by (S)-ala-(S)-ala
(&)—as a function of the vol% H2O in DMSO.
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acid-derived tetrazole catalysts 4 and 5, for example, cata-
lyzed the formation of aldol products 2 with up to
>99% ee. We also showed that small highly modular pep-
ACHTUNGTRENNUNGtides, pseudo-peptides, peptide-based dendrimers, and urea
derivatives can also catalyze the direct asymmetric intermo-
lecular aldol reaction with high enantioselectivities. Remark-
ably, simple amino acids and small peptides can catalyze the
asymmetric aldol reaction with enzyme-like stereoselectivity
to yield the corresponding aldol products with up to
>99% ee. In addition, phenylglyoxylate can be utilized as
an acceptor for the acyclic amino acid mediated asymmetric
aldol reaction to yield the corresponding tertiary aldol prod-
uct with high diastereo- and enantioselectivity. In addition,
acyclic amino acids and dipeptides are able to catalyze other
C�C bond-forming reactions with excellent stereoselectivi-
ties. Notably, the presence of a small amount of water both
accelerated the reaction and improved the enantioselectivity,
which suggests hydrogen bonding is of significant impor-
tance in the transition state. Unlike the acyclic amino acids,
the small peptides catalyzed the asymmetric aqueous aldol
reaction with high stereoselectivity: the di- and tripeptides,
for instance, catalyzed the asymmetric formation of eryth-
rose with high enantioselectivity in water. These results may
be important for the evolution of homochirality of sugars
and evolution of aldolase enzymes. The mechanism and the
transition-state model have been discussed on the bases of
the stereochemistry of the aldol products, structure, and ac-
tivity, as well as enantiomeric excess relationships. In addi-
tion, our study shows that there is a plethora of readily
available amino acids and their derivatives that can be utiliz-
ed as highly selective organocatalysts for direct asymmetric
aldol reactions. NatureNs full structural variety can thus be
employed in the design and combinatorial synthesis of non-
toxic and simple organic catalysts.


Experimental Section


General methods : Chemicals and solvents were either purchased puriss
p. A. from commercial suppliers or were purified by standard techniques.
Silica gel plates (Merck 60 F254) were used for thin-layer chromatogra-
phy (TLC), and compounds were visualized by irradiation with UV light
and/or by treatment with a solution of phosphomolybdic acid (25 g), Ce-
ACHTUNGTRENNUNG(SO4)2·H2O (10 g), conc. H2SO4 (60 mL), and H2O (940 mL), followed by
heating, or by treatment with a solution of p-anisaldehyde (23 mL), conc.
H2SO4 (35 mL), acetic acid (10 mL), and ethanol (900 mL), followed by
heating. Flash chromatography was performed with silica gel (Merck 60,
particle size 0.040–0.063 mm), 1H NMR and 13C NMR spectra were re-
corded on a Varian AS 400 instrument. Chemical shifts are given in d rel-
ative to tetramethylsilane (TMS), the coupling constants (J) are given in
Hz. The spectra were recorded in CDCl3 as solvent at room temperature,
with TMS as internal standard (d = 0 ppm) for 1H NMR and CDCl3 as
internal standard (d = 77.0 ppm) for 13C NMR. GC was carried out with
a Varian 3800 GC instrument. Chiral GC-column used: CP-Chirasil-Dex
CB 25 mP0.32 mm. HPLC was carried out with a Waters 2690 Millenni-
um with photodiode array detector. Optical rotations were recorded with
a Perkin–Elmer 241 polarimeter (d = 589 nm, 1 dm cell). High-resolu-
tion mass spectra were recorded on an IonSpec FTMS mass spectrometer
with a DHB-matrix. The spectral data of chiral products 2a–2q are
known.[11,12,16, 23, 24]


Typical experimental procedure for direct asymmetric aldol reactions cat-
alyzed by alanine and acyclic amino acids : A catalytic amount of (S)-
amino acid or chiral amine (0.15 mmol, 30 mol%) was added to a vial
containing acceptor aldehyde (0.5 mmol), donor ketone 2 (1.5 mmol),
and H2O (5 mmol, 90 mL) in DMSO (2 mL). After vigorous stirring at
room temperature for the times shown in the tables the reaction mixture
was poured into an extraction funnel containing brine (5.0 mL), diluted
with distilled H2O (5.0 mL), and EtOAc (15 mL). The reaction vial was
also washed with EtOAc (2 mL), which was poured into the extraction
funnel. The aqueous phase was extracted with EtOAc (2P15.0 mL). The
combined organic phases were dried with Na2SO4 and the solvent was re-
moved under reduced pressure. The crude aldol product was purified by
silica gel column chromatography (EtOAc/pentane mixtures) to furnish
the desired aldol product 2. The ee values of the aldol products 2 were
determined by chiral-phase HPLC analysis or chiral-phase GC analyses.


Typical experimental procedure for the direct asymmetric aldol reactions
catalyzed by peptides, pseudo-peptides, dendrimer 9, and urea 8 : A cata-
lytic amount of di- or tripeptide (0.15 mmol, 30 mol%) was added to a
vial containing acceptor aldehyde (0.5 mmol), donor ketone 2
(1.5 mmol), and H2O (5 mmol, 90 mL) in DMSO (2 mL). After vigorous
stirring at room temperature for the times shown in the tables the reac-
tion mixture was poured into an extraction funnel containing brine (5.
0 mL), diluted with distilled H2O (5.0 mL), and EtOAc (15 mL). The re-
action vial was also washed with EtOAc (2 mL), which was poured into
the extraction funnel. The aqueous phase was extracted with EtOAc (2P
15.0 mL). The combined organic phases were dried with Na2SO4 and the
solvent was removed under reduced pressure. The crude aldol product
was purified by silica gel column chromatography (EtOAc/pentane mix-
tures) to furnish the desired aldol product 2. The ees of the aldol prod-
ucts 2 were determined by chiral-phase HPLC analysis or chiral-phase
GC analyses.


Compound 2a :[16] [a]25D = �131.1 (c = 1.2, CHCl3);
1H NMR (400 MHz,


CDCl3): d = 1.30 (s, 3H; CH3), 1.40 (s, 3H; CH3), 3.9 (m, 1H), 4.13–4.50
(m, 3H), 5.01 (d, J = 7.8 Hz, 1H; CHOH), 7.70 (d, J = 8.4 Hz, 2H;
ArH), 8.22 (d, J = 8.4 Hz, 2H; ArH) ppm; 13C NMR (100 MHz, CDCl3):
d = 23.3, 23.4, 66.6, 71.7, 75.8, 101.4, 123.2, 127.9, 138.3, 146.5,
210.6 ppm; HPLC (Daicel Chiralpak AD, iso-hexanes/i-PrOH 96:4, flow
rate 0.5 mLmin�1, l = 254 nm): major isomer: tR = 52.12 min; minor
isomer: tR = 57.02 min.


Compound 2b :[11m] [a]D = ++12.8 (c = 1.1, CHCl3);
1H NMR (CDCl3,


400 MHz): d = 1.52–2.14 (m, 6H), 2.33–2.52 (m, 2H), 2.59 (m, 1H), 3.15
(br s, 1H), 4.90 (d, J = 8.6 Hz, 1H), 7.49 (d, J = 8.7 Hz, 2H), 8.20 (d, J
= 8.7 Hz, 2H) ppm; 13C NMR (100 MHz): d = 24.6, 27.6, 30.7, 42.6,
57.1, 73.9, 123.5, 127.8, 147.5. 148.4, 214.7 ppm; HPLC (Daicel ChiralACHTUNGTRENNUNGpak
AS, i-hexanes/iPrOH 90:10, flow rate 0.5 mLmin�1, l = 254 nm): major
isomer: tR = 53.57 min; minor isomer: tR = 65.52 min; MALDI-TOF
MS: 272.0897; calcd for C13H15NO4 [M+Na]+ 272.0899.


Compound 2c :[11m] [a]25D = ++41.2 (c = 1.7, CHCl3);
1H NMR (CDCl3,


400 MHz): d = 2.23 (s, 3H; CH3), 2.83–2.87 (m, 2H; CHOHCH2CO),
3.61 (s, 1H; OH), 5.26 (m, 1H; CHOH), 7.54 (d, J = 8.7 Hz, 2H), 8.21
(d, J = 8.7 Hz, 2H) ppm; HPLC (Daicel Chiralpak AS, i-hexanes/iPrOH
90:10, flow rate 0.5 mLmin�1, l = 254 nm): major isomer: tR =


22.41 min; minor isomer: tR = 30.31 min.


Compound 2e :[11m] 1H NMR (400 MHz, CDCl3): d = 1.46–1.53 (m, 1H),
1.69–1.76 (m, 2H), 1.97–2.05 (m, 1H), 2.42–2.48 (m, 1H), 2.66–2.75 (m,
1H), 2.94–3.01 (m, 1H), 3.86–3.89 (m, 2H), 3.92–3.95 (m, 2H), 4.04 (m,
1H), 4.92 (m, 1H), 7.49 (d, J = 8.6 Hz, 2H), 8.19 (d, J = 8.7 Hz,
2H) ppm; 13C NMR (100 MHz, CDCl3): d = 34.50, 37.9, 38.9, 53.4, 64.9,
65.2, 74.0, 107.2, 123.9, 128.0, 128.8, 148.4, 214.0 ppm; HPLC (Daicel
Chiralpak AD, iso-hexanes/i-PrOH 80:20, flow rate 0.5 mLmin�1, l =


254 nm): major isomer: tR = 35.71 min; minor isomer: tR = 44.03 min.


Compound 2 f :[16] 1H NMR (400 MHz, CDCl3) (anti :syn = 1:1 mixture):
d = 2.01 (s, 3H), 2.35 (s, 3H), 3.10 (br s, 1H; OH), 3.78 (br s, 1H; OH),
4.39 (m, 1H), 4.45 (d, J = 4.6 Hz, 1H), 5.07 (d, J = 4.5 Hz, 1H), 5.20
(m, 1H), 7.59 (d, J = 8.8 Hz, 4H), 8.20 (d, J = 8.8 Hz, 4H) ppm;
13C NMR (100 MHz, CDCl3): d = 26.2, 28.0, 73.1, 74.6, 80.3, 80.9, 123.8,
123.9, 127.3, 127.5, 146.8, 147.7, 207.4, 208.0 ppm; HPLC (Daicel Chiral-
pak AD, i-hexanes/iPrOH 90:10, flow rate 0.5 mLmin�1, l = 254 nm):
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major isomer: tRanti = 38.5 min; minor isomer: tRanti = 36.1 min;): major
isomer: tRsyn = 32.1 min; minor isomer: tRsyn = 34.0 min.


Compound 2g :[18c] 1H NMR (CDCl3, 400 MHz, 1:1 mixture of diaste-
ACHTUNGTRENNUNGreoisomers): d = 4.12 (d, J = 19.4 Hz, 1H), 4.25 (d, J = 5.8 Hz, 1H),
4.30 (d, J = 2.6 Hz, 1H), 4.44 (d, J = 19.4 Hz, 1H), 4.48 (d, J = 4.0 Hz,
2H), 4.86 (d, J = 5.9 Hz, 1H), 5.15 (d, J = 2.2 Hz, 1H), 7.54 (d, J =


8.4 Hz, 2H; ArH), 7.60 (d, J = 8.4 Hz, 2H; ArH), 8.12 (m, 4H;
ArH) ppm; 13C NMR (100 MHz): d = 68.2, 68.3, 74.7, 75.4, 79.7, 80.7,
124.0, 124.1, 128.7, 129.3, 148.7, 148.9, 150.2, 150.9, 212.1, 212.6 ppm;
HPLC (Daicel Chiralpak AD, i-hexanes/iPrOH 90:10, flow rate
0.5 mLmin�1, l = 254 nm): major isomer: tR = 77.52 min; minor isomer:
tR = 80.23; major isomer: tR = 88.52 min; minor isomer: tR = 83.23 min.
MALDI-TOF MS: 264.0491; calcd for C10H11NO6 [M+Na]+ : 264.0484.


Compound 2h :[16a] [a]25D = �101.3 (c = 1.0, CHCl3);
1H NMR (400 MHz,


CDCl3): d = 1.20 (s, 3H; CH3), 1.37 (s, 3H; CH3) 3.78 (br s, 1H), 4.06 (d,
J = 17.3, 1H), 4.19–4.29 (m, 2H), 4.93 (d, J = 7.8 Hz, 1H; CHOH), 7.51
(d, J = 8.4 Hz, 2H; ArH), 7.63 (d, J = 8.4 Hz, 2H; ArH) ppm;
13C NMR (100 MHz, CDCl3): d = 23.2, 23.5, 66.6, 72.0, 76.0, 101.2, 128.2,
128.4, 133.7, 137.8, 210.9 ppm; HPLC (Daicel Chiralpak OJ, i-hexanes/
iPrOH 90:10, flow rate 0.5 mLmin�1, l = 254 nm): major isomer: tR =


34.50 min; minor isomer: tR = 36.52 min.


Compound 2 i :[16a] [a]25D = �110.9 (c = 1.0, CHCl3);
1H NMR (400 MHz,


CDCl3): d = 1.20 (s, 3H; CH3), 1.37 (s, 3H; CH3), 3.78 (br s, 1H), 4.03
(d, J = 17.3 Hz, 1H), 4.19–4.29 (m, 2H), 4.93 (d, J = 7.8 Hz, 1H;
CHOH), 7.52 (d, J = 8.4 Hz, 2H; ArH), 7.63 (d, J = 8.4 Hz, 2H;
ArH) ppm; 13C NMR (100 MHz, CDCl3): d = 23.2, 23.5, 66.6, 72.0, 76.0,
101.2, 128.2, 128.4, 133.7, 137.8, 210.9 ppm; HPLC (Daicel Chiralpak AS,
i-hexanes/iPrOH 97:3, flow rate 0.5 mLmin�1, l = 254 nm): major
isomer: tR = 24.10 min; minor isomer: tR = 30.32 min.


Compound 2 j : [a]25D = �178.8 (c = 1.0, CHCl3);
1H NMR (400 MHz,


CDCl3): d = 1.26 (s, 3H; CH3), 1.36 (s, 3H; CH3), 3.62 (br s, 1H), 4.03
(d, J = 17.4 Hz, 1H), 4.19–4.29 (m, 2H), 4.86 (d, J = 7.8 Hz, 1H;
CHOH), 7.21–7.42 (4H; ArH) ppm; 13C NMR (100 MHz, CDCl3): d =


23.4, 23.7, 66.8, 72.1, 76.0, 101.6, 112.0, 119.0, 128.0, 132.0, 144.8,
210.8 ppm; HPLC (Daicel Chiralpak AS, i-hexanes/iPrOH 97:3, flow rate
0.5 mLmin�1, l = 254 nm): major isomer: tR = 23.41 min; minor isomer:
tR = 28.9 min.


Compound 2k :[16a] [a]23D = �129.7 (c = 3.3, CHCl3) [literature: [a]
25
D =


�106.7 (c = 1.0, CHCl3)];
[33] 1H NMR (400 MHz, CDCl3): d = 1.45 (s,


3H), 1.48 (s, 3H), 3.16 (d, J = 4.2 Hz, 1H), 3.70–3.67 (m, 2H), 4.03 (d, J
= 17.2 Hz, 1H), 4.21 (m, 1H), 4.27 (d, J = 17.2 Hz, 1H), 4.45 (d, J =


6.2 Hz, 1H), 4.56–4.63 (m, 2H), 7.27–7.37 (m, 5H) ppm; 13C NMR
(100 MHz, CDCl3): d = 23.5, 24.2, 66.9, 69.9, 70.2, 73.7, 74.04, 101.1,
127.9, 128.5, 129.2, 138.1, 210.0 ppm; HPLC (Daicel Chiralpak AD, hex-
anes/iPrOH 96:4, flow rate 0.5 mLmin�1, l = 254 nm): major isomer: tR
= 46.02 min; minor isomer: tR = 40.73 min; MALDI-TOF MS: 303.1211;
calcd for C15H20O5 [M+Na]+ : 303.1208.


Compound 2 l :[11o] [a]25D = �95.69 (c = 2.6, CHCl3);
1H NMR (400 MHz,


CDCl3): d = 1.06 (s, 3H), 1.36 (s, 3H), 3.63 (br s, 1H), 4.03 (d, J =


16.5 Hz, 1H), 4.22 (d, J = 16.5 Hz, 1H), 4.33 (d, J = 7.1 Hz, 1H), 4.90
(d, J = 7.9 Hz, 1H), 7.29–7.40 (m, 5H) ppm; 13C NMR: d = 23.3, 24.0,
66.9, 73.0, 76.5, 101.4, 127.3, 128.0, 128.3, 139.5, 211.1 ppm; HPLC
(Diacel Chiralpak AD, i-isohexane/iPrOH 88:2, flow rate 0.5 mLmin�1, l
= 254 nm): major isomer: tr = 36.05 min, minor isomer: tr = 40.77 min.


Compound 2m : [a]D = ++21.6 (c = 1.0, CHCl3);
1H NMR (CDCl3,


400 MHz): d = 1.23–1.32 (m, 1H), 1.50–1.58 (m, 2H), 1.60–1.66 (m, 1H),
1.73–1.81 (m, 1H), 2.03–2.10 (m, 1H), 2.29–2.37 (m, 1H), 2.43–2.48 (m,
1H), 2.51–2.57 (m, 1H), 3.99 (d, J = 2.9 Hz, 1H), 4.74 (dd, J = 8.8,
2.8 Hz, 1H), 7.20 (d, J = 8.4 Hz, 2H), 7.31 (d, J = 8.4 Hz, 2H) ppm;
13C NMR (100 MHz): d = 24.9, 27.9, 31.0, 42.8, 57.5, 74.2, 128.6, 128.7,
133.7, 139.8, 215.4 ppm; HPLC (Daicel Chiralpak AS, i-hexanes/iPrOH
90:10, flow rate 1.0 mLmin�1, l = 254 nm): major isomer: tR =


22.04 min; minor isomer: tR = 20.36 min.


Compound 2n : [a]D = ++20.5 (c = 1.7, CHCl3);
1H NMR (CDCl3,


400 MHz): d = 1.23–1.32 (m, 1H), 1.49–1.58 (m, 2H), 1.61–1.69 (m, 1H),
1.75–1.81 (m, 1H), 2.03–2.10 (m, 1H), 2.30–2.41 (m, 1H), 2.43–2.48 (m,
1H), 2.50–2.59 (m, 1H), 3.99 (br s, 1H), 4.74 (d, J = 8.6 Hz, 1H), 7.18 (d,


J = 8.3 Hz, 2H), 8.45 (d, J = 8.3 Hz, 2H) ppm; 13C NMR (100 MHz): d
= 25.0, 28.0, 30.9, 42.8, 57.5, 74.3, 121.9, 128.9, 131.6, 140.3, 215.4 ppm;
HPLC (Daicel Chiralpak AS, i-hexanes/iPrOH 90:10, flow rate
1.0 mLmin�1, l = 254 nm): major isomer: tR = 23.04 min; minor isomer:
tR = 21.22 min.


Compound 2o :[11m] [a]25D = ++59.2 (c = 0.9, CHCl3);
1H NMR (400 MHz,


CDCl3): d = 2.21 (s, 3H), 2.87 (m, 2H), 3.32 (d, J = 3.0 Hz, 1H), 5.17
(m, 1H), 7.27–7.38 (m, 5H) ppm; 13C NMR: d = 28.8, 30.1, 36.1, 38.7,
41.4, 45.8, 47.6, 58.0, 112.0, 121.2, 129.4, 147.0, 213.1 ppm; the enantio-
meric excess of the aldol was determined on the acetylated compound
(CP-Chirasil-Dex CB); Tinj = 250 8C, Tdet = 275 8C, flow =


1.8 mLmin�1, ti = 100 8C (35 min), tf = 200 8C (5 8Cmin�1): major
isomer: tR = 43.00 min; minor isomer: tR = 42.80 min.


Compound 2p :[11m] [a]25D = �27.74 (c = 1.1, CHCl3);
1H NMR


(400 MHz, CDCl3): d = 0.88 (d, J = 6.8 Hz, 3H; CH3), 0.96 (d, J =


6.8 Hz, 3H; CH3), 1.38 (s, 3H; CH3), 1.43 (s, 3H; CH3), 1.92–2.01 (m,
1H), 3.07 (d, J = 2.3 Hz, 1H), 3.64–3.67 (m, 1H), 3.97 (d, J = 17.3 Hz,
1H), 4.22 (dd, J = 1.5, 17.3 Hz, 1H) ppm; 13C NMR (100 MHz, CDCl3):
d = 15.5, 19.4, 23.8, 24.0, 28.7, 66.7, 74.1, 74.3, 101.1, 212.4 ppm; HPLC
(Daicel Chiralpak AD, i-hexanes/iPrOH 95:5, flow rate 0.5 mLmin�1, l
= 254 nm): major isomer: tR = 15.21 min; minor isomer: tR = 12.81 min.


Typical experimental procedure for the peptide- and amino acid-cata-
lyzed direct asymmetric aldol reactions in water : A catalytic amount of
(S)-amino acid, dipeptide, or oligopeptide (0.075 mmol, 30 mol%) was
added to a vial containing acceptor aldehyde (0.25 mmol, 38 mg), cyclo-
hexanone (1b) (0.75 mmol, 80 mL), and SDS (72 mg, 0.25 mmol) in H2O
(1 mL). After vigorous stirring of the reaction mixture for the time
shown in the tables at room temperature it was directly loaded on a silica
gel column. The crude aldol product was purified by silica gel column
chromatography (EtOAc/pentane mixtures) to furnish the desired aldol
product 2b. The ees of the aldol product 2b were determined by chiral-
phase HPLC analyses.


Typical experimental procedure for the peptide- and amino acid-cata-
lyzed direct asymmetric aldol reactions in water and aqueous buffer : A
catalytic amount of (S)-amino acid, dipeptide, or oligopeptide
(0.075 mmol, 30 mol%) was added to a vial containing acceptor aldehyde
(0.25 mmol) and cyclohexanone (1b, 0.75 mmol, 80 mL) in H2O
(0.25 mmol a-cyclodextrin, 1 mL) or aqueous buffer (1 equiv SDS, 1 mL).
After 1–4 days of vigorous stirring at room temperature the reaction mix-
ture was quenched by extraction with EtOAc (3P15 mL). In the latter
case the combined organic phases were dried with Na2SO4, filtered, and
concentrated under reduced pressure. The crude aldol product was puri-
fied by silica gel column chromatography (EtOAc/pentane mixtures) to
furnish the desired aldol product 2b. The ees of the aldol products 2b
were determined by chiral-phase HPLC analyses.


Typical experimental procedure for the peptide- and amino acid-cata-
lyzed direct asymmetric aldol reactions in aqueous media : A catalytic
amount of (S)-amino acid, dipeptide, or tripeptide (0.075 mmol,
30 mol%) was added to a vial containing acceptor aldehyde (0.25 mmol,
38 mg) and donor ketone 1 (0.75 mmol), 1c (1.36 mmol, 100 mL), or 1g
(dimeric form, 500 mg) in H2O (1 equiv. SDS, 1 mL) or aqueous media
(1 mL). After vigorous stirring at room temperature for the times shown
in the tables the reaction mixture was quenched by extraction with
EtOAc (3P15 mL). The combined organics were dried with Na2SO4, fil-
tered, and concentrated under reduced pressure. The crude aldol prod-
ucts were purified by silica gel column chromatography (EtOAc/pentane
mixtures) to furnish the desired aldol products 2. The ee values of the
aldol products 2 were determined by chiral-phase HPLC analyses.


Synthesis of alanine-tetrazole 4 : NH4HCO3 (0.89 g, 1.26 equiv) was
added to a solution of Boc2O (2.5 g, 1.3 equiv) and Cbz-Ala (2.0 g) in
MeCN (14 mL) and Py (2.2 mL, 3 equiv.) and the reaction mixture was
stirred overnight at room temperature. The solvents were removed by
evaporation and the residue was dissolved in EtOAc and washed with 2P
15 mL water. The water was reextracted with EtOAc and the combined
volume of EtOAc was dried over MgSO4, filtered, and concentrated. The
crude product was weakly UV active and had an Rf = 0.42 (MeOH/
CH2Cl2 1:9). 1H NMR (400 MHz, CDCl3) of the crude Cbz-Alanine
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amide: d = 1.41 (d, J = 7.1 Hz, 3H), 4.29 (m, 1H), 5.17 (m, 2H), 5.39
(br s, 1H), 6.11 (brs, 1H), 7.27 ppm (m, 5H).


Next, POCl3 (0.55 mL, 1.2 equiv in CH2Cl2 (5 mL)) was added dropwise
at �10 8C to a solution of Cbz-alanine amide (1.1 g) in Py (10 mL), and
the resulting mixture was stirred for 3 h. When the starting material was
“depleted” by TLC (MeOH/CH2Cl2 1:9) the mixture was poured onto ice
(�30 g). The organic phase was separated and pyridine was removed by
repeated washing with a not concentrated CuSO4 solution. The organic
phase was then pre-dried with brine and later dried over MgSO4. Filtra-
tion and concentration afforded the crude product as an oil, TLC Rf =


0.51 (MeOH/CH2Cl2 1:9).
1H NMR (400 MHz, CDCl3) of the crude Cbz-


alanine nitrile: d = 1.41 (d, J = 6.8 Hz, 3H), 4.65 (m, 1H), 5.17 (m,
2H), 5.39 (br s, 1H), 7.28 (m, 5H).


NaN3 (300 mg, 1.1 equiv) and NH4Cl (256 mg, 1.15 equiv.) were added si-
multaneously to a solution of crude Cbz-alanine nitrile (850 mg) in DMF
(13 mL). The reaction was heated to 90–95 8C and kept at that tempera-
ture (3 h) until the TLC (HOAc/EtOA 1:99) spot at Rf = 0.63 did not in-
crease in strength. The reaction mixture was poured onto ice (30 g),
acidified to pH close to 2 with HCl (2m), and extracted with CHCl3 (3P
20 mL). The organic phase was washed with water (20 mL), then pre-
dried with brine (20 mL), and finally dried over MgSO4 before filtration
and removal of solvent by evaporation. Traces of DMF were removed
under reduced pressure. The crude product is a yellowish solid. 1H NMR
(400 MHz, CDCl3) of the crude Cbz-alanine tetrazole: d = 1.59 (d, J =


6.9 Hz, 3H), 5.07 (m, 2H), 5.22 (m, 1H), 6.19 (br s, 1H), 7.28 (m,
5H) ppm.[34]


The Cbz-alanine tetrazole (825 mg) was dissolved in MeOH (10 mL) and
a catalytic amount of Pd/C was added. After 17 h the catalyst was filtered
off with celite and the solvent was removed under reduced pressure to
give alanine tetrazole 3 quantitatively as a white solid. 1H NMR
(400 MHz, D6-DMSO): d = 1.41 (d, J = 6.8 Hz, 3H), 4.51 (m, 1H) ppm;
13C NMR (100 MHz, [D6]DMSO): d = 20.2, 44.4, 161.0 ppm.


Synthesis of valine-tetrazole 5 : NH4HCO3 (0.89 g, 1.26 equiv) was added
to a solution of Boc2O (2.5 g, 1.3 equiv) and Cbz-l-valine (2.0 g) in
MeCN (14 mL) and Py (2.2 mL, 3 equiv) and the reaction mixture was
stirred overnight at room temperature. The solvents were removed by
evaporation and the residue was dissolved in EtOAc and washed with
water (2P15 mL). The water was reextracted with EtOAc and the com-
bined volume of EtOAc was dried over MgSO4, filtered, and concentrat-
ed. The crude product was weakly UV active and had an Rf = 0.42
(MeOH/CH2Cl2 1:9). 1H NMR (400 MHz, CDCl3) of the crude Cbz-
valine amide: d = 0.99 (dd, J = 6.8 Hz, 6H), 2.15 (m, 1H), 4.02 (m,
1H), 5.12 (s, 2H), 5.29 (br s, 1H), 5.39 (br s, 1H) 5.78 (br s, 1H), 7.30 ppm
(m, 5H).


POCl3 (0.55 mL, 1.2 equiv in CH2Cl2 (5 mL)) was added dropwise at
�10 8C to a solution of Cbz-l-valine amide (1.1 g) in Py (10 mL) and the
resulting mixture was stirred for 3 h. When the starting material was “de-
pleted” by TLC (MeOH/CH2Cl2 1:9) the mixture was poured onto ice
ACHTUNGTRENNUNG(�30 g). The organic phase was separated and pyridine was removed by
repeated washing with a not concentrated CuSO4 solution. The organic
phase was then pre-dried with brine and later dried over MgSO4. Filtra-
tion and concentration afforded the crude product as an oil, TLC Rf =


0.51 (MeOH/CH2Cl2 1:9).
NaN3 (300 mg, 1.1 equiv) and NH4Cl (256 mg, 1.15 equiv) were added si-
multaneously to a solution of crude Cbz-valine nitrile (850 mg) in DMF
(13 mL). The reaction was heated to 90–95 8C and kept at that tempera-
ture (3 h) until the TLC (HOAc/EtOAc 1:99) spot at Rf = 0.63 did not
increase in strength. The reaction mixture was poured onto ice (30 g),
acidified to pH close to 2 with HCl (2m), and extracted with CHCl3 (3P
20 mL). The organic phase was washed with water (20 mL), then pre-
dried with brine (20 mL), and finally dried over MgSO4 before filtration
and removal of solvent by evaporation. Traces of DMF were removed
under reduced pressure. The crude product is a yellowish solid.


The Cbz-valine tetrazole (825 mg) was dissolved in MeOH (10 mL) and a
catalytic amount of Pd/C was added. After 17 h the catalyst was filtered
off with celite and the solvent was removed under reduced pressure to
give valine tetrazole 5 quantitatively as a white solid. 1H NMR


(400 MHz, D2O): d = 0.70 (d, J = 6.8 Hz, 3H), 0.93 (d, J = 6.8 Hz,
3H), 2.25 ACHTUNGTRENNUNG(m, 1H), 4.38 (d, J = 7.6 Hz, 1H).


General procedure for the preparation of dipeptides : A stirred solution
of Cbz-protected a-amino acid (10 mmol) in dichloromethane (30 mL)
was cooled to �15 8C and neutralized with NMM (N-methyl morpholine,
10 mmol). Next, isobutyl chlorocarbonate (10 mmol) was added. After
the mixture had been stirred for 20 minutes a solution of the salt of
amino acid ester (10 mmol) and NMM (10 mmol) in dichloromethane
(30 mL) was added. The mixture was stirred at �15 8C for 1 h and was
next allowed to warm up to room temperature. The progress of the reac-
tion was monitored by TLC (AMC stain). At completion, the reaction
mixture was extracted with HCl (1n, 3P20 mL), Na2CO3 (1n, 3P20 mL),
and brine (30 mL). The organic layer was dried with sodium sulfate. The
dipeptide product was checked by TLC and NMR; in most cases it was
pure enough for the next step. If not, the product was purified by silica
gel column chromatography. Next, palladium on activated carbon
(100 mg, 10 wt%) was added under argon to a solution of protected di-
peptide (1 g) in methanol (20 mL). The reaction mixture was stirred
under hydrogen (90 psi) for one day. The reaction was checked by TLC
and NMR analyses. At the completion of hydrogenolysis, the Pd/C cata-
lyst was removed by filtration on celite and washed with methanol and
water. The combined filtrates were evaporated under reduced pressure.
The dipeptide product was checked by NMR analyses and, if necessary,
recrystallization was preformed in an appropriate solvent.


Typical experimental procedure for the direct asymmetric synthesis of
tertiary aldol 2q catalyzed by valine tetrazole 5, valine, and dipeptide : A
catalytic amount of catalyst (0.20 mmol, 40 mol%) was added to a vial
containing acceptor aldehyde (0.5 mmol), donor ketone 2b (5 mmol),
and H2O (5 mmol, 90 mL) in DMSO (2 mL). After vigorous stirring at
room temperature for the time shown in Table 9 the reaction mixture
was poured into an extraction funnel containing brine (5.0 mL), diluted
with distilled H2O (5.0 mL), and EtOAc (15 mL). The reaction vial was
also washed with EtOAc (2 mL), which was poured into the extraction
funnel. The aqueous phase was extracted with EtOAc (2P15.0 mL). The
combined organic phases were dried with Na2SO4 and the solvent was re-
moved under reduced pressure. The crude aldol product was purified by
silica gel column chromatography (EtOAc/pentane mixtures) to furnish
the desired aldol product 2q.


Compound 2q : Major diastereomer: [a]25D = �28.0 (c = 1.0, CHCl3,
98% ee); 1H NMR (400 MHz, CDCl3): d = 1.28 (t, J = 7.2 Hz, 3H;
CH3), 1,55–1.88 (m, 5H), 1.90 (m, 1H), 2.06 (m, 1H), 2.29–2.44 (m, 2H),
3.18 (dd, J = 5.5, 12.7 Hz, 1H), 4.16 (s, 1H), 4.25 (q, J = 7.14, 7.12 Hz,
2H), 7.26–7.36 (m, 3H; ArH), 7.50 (d, J = 7.2 Hz, 2H; ArH) ppm;
13C NMR (100 MHz, CDCl3): d = 14.3, 25.6, 28.0, 30.8, 30.8, 43.2, 53.9,
62.1, 73.4, 125.8, 128.1, 128.5, 128.7, 140.6, 173.2, 212.7 Hz ppm; HPLC
(Daicel Chiralpak AD, i-hexanes/iPrOH 95:5, flow rate 0.5 mLmin�1, l
= 254 nm): major isomer: tR = 25.60 min; minor isomer: tR = 32.50 min.


Minor diastereomer: [a]25D = ++37.0 (c = 1.0, CHCl3, 26% ee) [literature:
[a]25D = �139.6 (c = 1.0, CHCl3, 96% ee)];[24] 1H NMR (400 MHz,
CDCl3): d = 1.23 (t, J = 7.2 Hz, 3H; CH3), 1,52–1.75 (m, 5H) 1.87 (m,
2H), 2.07 (m, 1H), 2.31–2.45 (m, 2H), 3.40 (dd, J = 6.1, 12.9 Hz, 1H),
3.87 (s, 1H), 4.11–4.25 (m, 2H), 7.27–7.37 (m, 3H; ArH), 7.58 (d, J =


7.9 Hz, 2H; ArH) ppm; 13C NMR (100 MHz, CDCl3): d = 14.2, 25.1,
27.5, 27.8, 42.6, 59.0, 62.2, 77.8, 125.5, 127.9, 128.5, 139.2, 174.8,
213.0 Hz ppm; HPLC (Daicel Chiralpak AD, i-hexanes/iPrOH 90:10,
flow rate 0.5 mLmin�1, l = 254 nm): major isomer: tR = 22.80 min;
minor isomer: tR = 30.60 min


Procedure for the ala-ala-catalyzed conjugate addition of ketone 1b to a
nitroolefin : The relevant ketone (0.75 mmol) and nitroolefin (0.25 mmol)
were added to a suspension of catalyst (30 mol%) in DMSO (0.5 mL),
NMP (0.5 mL), and H2O (45 mL, 10 equiv). The resulting mixture was
stirred for 72 h, quenched with brine, and extracted with ethyl acetate
(3P10 mL), and the combined organic phase was dried over anhydrous
Na2SO4, filtered, and concentrated under reduced pressure. The residue
was purified by flash column chromatography (silica gel, pentane/ethyl
acetate 10:1–4:1) to give the Michael products. The ees of the products
were determined by chiral HPLC analysis.
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Compound 11: a white solid (96.6% ee): [a]25D = ++27.4 (c=0.5, CHCl3);
1H NMR (CDCl3, TMS, 400 MHz): d = 7.40–7.10 (5H; m), 4.93 (dd, J =


12.4, 4.4 Hz; 1H), 4.64 (dd, J = 12.4, 9.6 Hz; 1H), 3.76 (dt, J = 9.6,
4.4 Hz; 1H), 2.78–2.72 (1H; m), 2.52–2.32 (2H; m), 2.15–2.05 (1H; m),
1.84–1.48 (4H; m), 1.30–1.18 (1H; m) ppm; 13C NMR (CDCl3, TMS,
100 MHz): d = 211.90, 137.74, 128.93, 128.16, 127.77, 78.88, 52.53, 43.93,
42.73, 33.19, 28.51, 25.02 ppm. The ee of the product was determined by
chiral HPLC analysis (Chiralpak AD column, i-hexane/iPrOH = 90/10,
0.5 mLmin�1, tR (major) = 19.45 min, tR (minor) = 22.82 min). MALDI-
TOF MS: 270.1108; C14H17NO3 calcd for [M+Na]+ 270.1106.
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… a bianthraquinodimethane unit
was introduced to cyclic conju-
gated molecules, resulting in the
first Mçbius type structures
(shown). In their Full Paper on
page 5434 ff., R. Herges et al.
describe the synthesis and charac-
terization of several annulene iso-
mers and investigations into the
energy, geometric, and magnetic
parameters.


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


Gallium Cluster Compounds
In their Full Paper on page 5429 ff. , H. Schnçckel and J.
Steiner report on the structural elucidation of the cluster
anion [Ga18ACHTUNGTRENNUNG(PtBu2)10]


3� and discuss its importance for the
so-far unique structural systematics of metalloid gallium
cluster compounds. In particular, the parameters for the
synthesis of such metalloid clusters are instrumental in
determining the reaction pathway that results in one of the
seven different modifications of elemental gallium.


Gallium-Bridged Ferrocenophanes
From a synthetic point of view, the preparation of a mole-
cule representing a “molecular-level carousel” is challeng-
ing. In their Full Paper on page 5471 ff., P. Jutzi et al.
describe the synthesis, bonding, structure, and coordination
chemistry of a new class of trinuclear gallium-bridged ferro-
cenophane compounds.


Asymmetric Catalysis
In his Concept article on page 5418 ff., S. J. Connon
describes the developement of urea and thiourea organoca-
talysts over the last decade. It has now been demonstrated
that these materials can serve as conformationally rigid cat-
alyst templates that are tunable from both steric and elec-
tronic standpoints to a considerable degree, and which,
when suitably substituted, can efficiently transfer stereo-
chemical information to the products of a diverse array of
addition reactions.
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Table 1. (Continued) Solvolysis rate constants of X,Y-substituted benzhydryl derivatives in different solvents (25 8C).


Nucleofuge Electrofuge ks [s
�1] kcalcd [s


�1][a] Ref.
Leaving group Solvent[b] X,Y


Cl TFE[f] 4-NO2 5.44+10�5 [e] (8.87+10�4) [24]
3-Cl, 3’-Cl 7.20+10�4 4.38+10�4 –
3,5-(Cl)2, 3’-Cl 1.39+10�5 1.71+10�5 –


[a] The values of kcalcd were calculated according to Equation (3) with more decimal places for Ef, Nf, and sf than those indicated in Tables 2 and 3. The
use of Ef, Nf, and sf from Tables 2 and 3 leads to slightly deviating values. [b] Mixtures of solvents are given as (v/v); A = acetone, E = ethanol, W =


water. [c] Solvolysis rate constants for 3,5-dinitrobenzoates from ref. [17] have been reevaluated in this work. [d] Only two solvolysis rate constants are
available for a tentative determination of Nf and sf. Therefore, ks and kcalcd values are identical for this nucleofuge. [e] Rate constants were not used for
the correlation. [f] TFE=2,2,2-trifluoroethanol.
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Figure 5. Potential-dependent Raman spectra (excited at 2.18 eV) of DWCNTs on a Pt electrode in
0.2m LiClO4+acetonitrile. The electrode potential varied by increments of 0.3 V from 1.2 to �1.8 V
vs. Fc/Fc+ for curves from top to bottom. Spectra are offset for clarity, but the intensity scale is
identical for all spectra. The peaks at 920 and 934 cm�1 (marked with *) are assigned to the electro-
lyte solution. The bands assigned to inner tubes are marked with arrows. The bold curve indicates
the spectrum of DWCNTs in the nearly undoped state.
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Organocatalysis Mediated by (Thio)urea Derivatives


Stephen J. Connon*[a]


Introduction and Background


The activation of an electrophilic reaction component by a
metal-based (or metal-ion based) Lewis acidic additive is a
time-honoured strategy for the catalysis of chemical reac-
tions. In the majority of cases not involving substrate ionisa-
tion, the dramatic improvements in both rate and selectivity
possible under the influence of metal ACHTUNGTRENNUNG(-ion)-based catalysis is
ascribable to a lowering of the lowest unoccupied molecular
orbital1s energy upon coordination of a Lewis basic sub-
strate heteroatom to the catalyst.[1,2] Extensive research in
this area coupled with parallel advances in ligand design
have given rise to plethora of (chiral) Lewis acidic metal-
based catalysts, the steric and electronic properties of which
can be controlled with considerable precision.[3]


The advent of these systems has revolutionised organic
synthesis, and while the scope for further development and
discovery in this broad field undoubtedly remains vast, the


use of strongly Lewis acidic metal-based catalysts is not
without potential drawbacks. Principal among these are 1)
product inhibition (binding of the product to the catalyst)
which can limit (or prevent) catalyst turnover, requiring a
strongly Lewis acidic “catalyst” to be employed at loadings
up to and beyond 100 mol%, and 2) the strong oxophilicity
of several catalytically useful metal ions (e.g., Fe3+ , Al3+ ,
B3+ , Sn4+ and Ti4+), which can necessitate the rigorous ex-
clusion of air/moisture from the reaction and limit function-
al-group/solvent compatibility. Attempts to circumvent these
difficulties over the last decade have led to the successful in-
troduction of catalysts based on ions of more polarisable
metals (particularly the lanthanides) that exhibit much im-
proved catalytic properties, many of which are active in
aqueous media.[4]


More recently, with a view to designing more selective,
robust, environmentally benign and functional-group toler-
ant catalysts, chemists have begun to reconsider use of the
simplest Lewis acid: the proton. Brønsted acid catalysis of a
multitude of reactions (e.g., Fischer esterification, acetal/
ketal formation and ester hydrolysis) has been known for
decades; however, in general, the use of strong acid catalysts
is often impractical due to a lack of selectivity, for example,
protonation of the reaction product leading to decomposi-
tion/epimerisation/polymerisation or inactivation of a “nu-
cleophilic” (and hence often basic) reaction component.
Therefore, taking their cue from natural enzymatic systems,
chemists have begun to explore the exploitation of weak
acid–base interactions/hydrogen bonding as a basis for cata-
lyst design.[5] Fortunately, a wide range of synthetically
useful reactions—particularly (but by no means exclusively)
those involving additions to C=O and C=N bonds in which
reaction is accompanied by a dramatic change in hetero-
ACHTUNGTRENNUNGatom basicity—are susceptible to the influence of general
acid catalysis and thus can potentially be promoted by
weakly acidic metal-free small organic molecules that stabi-
lise the transition state (TS) of the reaction through either
hydrogen bonding or a degree of proton transfer.[6]


While such general acid organocatalytic systems inherent-
ly lack the strong enthalpic substrate-binding abilities usual-
ly associated with metal ACHTUNGTRENNUNG(-ion)-based Lewis acid catalysts


Abstract: Over the last decade the potential for N,N-
dialkyl ACHTUNGTRENNUNG(thio)urea derivatives to serve as active metal-
free organocatalysts for a wide range of synthetically
useful reactions susceptible to the influence of general
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metric transformations.
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and thus often possess inferior turnover frequencies (TOF)
for which comparisons are possible, this need not necessarily
be seen as disadvantageous. These same properties poten-
tially allow for greater control of binding chemoselectivity
in catalyst design (ideally only the TS resulting from reac-
tion at a single substrate functional group should be bound
by the catalyst), and it therefore follows that the twin men-
aces of product inhibition and catalyst air/moisture sensitivi-
ty are generally less problematic in well-designed organoca-
talytic systems. Perhaps most importantly, the high function-
al group tolerance of these materials and their general ease
(and economy) of construction/modification through stand-
ard synthetic techniques facilitates the design and fine-
tuning of chiral systems for stereoselective synthesis, as the
almost limitless exploitation of the surfeit of Lewis acidic
(hydrogen-bond donating) and (if necessary) Lewis basic
functional groups available from the chiral pool is unhin-
dered by potential interactions with metal-ion centres.[7,8]


Early Successes: From Biphenylenediols to
Efficient N,N’-DiarylthioACHTUNGTRENNUNG(urea) Catalysts


In an often-overlooked series of seminal studies, Hine et al.
demonstrated that the conformationally rigid 1,8-biphenyl-
ACHTUNGTRENNUNGenediol (1) was capable of forming two strong hydrogen
bonds to the oxygen atom of Lewis basic substrates such as
hexamethyl phosphoramide (HMPA) and 1,2,6-trimethyl-4-
pyridone,[9] and effectively promoted the aminolysis of
phenyl glycidyl ether (2) in butanone (Scheme 1). A Brønst-


ed plot based on catalysis of this reaction by a range of sub-
stituted phenols indicated that 1 promoted the conversion of
2 with an efficiency per hydroxy group that would expected
from a phenol 600 times as acidic, and that both hydroxyl
groups participated in catalysis.[10] Further investigation
identified the dinitrobiphenylenediol derivative 5 as a mate-
rial with considerably improved hydrogen-bond-donating
properties.[11] Later Kelly and co-workers[12] reported the
promotion of the Diels–Alder reaction between cyclopenta-
diene and a,b-unsaturated aldehydes and ketones by 3,6-di-
propyl derivatives of 5 (40–50 mol%), and proposed double


hydrogen-bond donation to the dienophile (6 ; Figure 1) as
an explanation for the catalysis observed.[13] This was consis-
tent with a theory proposed by Jorgensen based on compu-


tational studies to rationalise the observed acceleration of
Diels–Alder reactions and Claisen rearrangements in H2O
relative to nonprotic solvents (7).[14, 15]


Although the biphenylenediol catalysts possessed only
moderate reactivity and solubility profiles, the pioneering
work of Hine and Kelly established that general acid cataly-
sis by conformationally restricted metal-free diprotic acids is
a valid strategy upon which to base organocatalyst design.
At around this time, Etter et al.[16,17] observed hydrogen
bond-directed co-crystallisation of N,N’-diarylureas (in par-
ticular 3,3’-dinitrocarbanilide (8)) with compounds incorpo-
rating a wide variety of Lewis basic functional groups, such
as nitroaromatics, ethers, ketones[18] and sulfoxides. In each
case the donation of two hydrogen bonds by a single urea
molecule to the Lewis base was implicated.[19] The prece-
dents set by the aforementioned studies for efficient cataly-
sis by rigid bidentate hydrogen-bond donors and the demon-
stration of binding between ureas and Lewis bases provided
the basis for the development of urea-based organocatalysts.


The first such example came from Curran et al. who
found that substoichiometic amounts of diarylurea 9 en-
hanced both the yield and diastereoselectivity of the allyla-
tion of cyclic a-sulfinyl radicals with allyltributylstannane.[20]


The choice of functionality installed on the diarylurea back-
bone deserves comment: the nitro group from the strong
Lewis base binding m-nitrocarbanilide was substituted for
an electron-withdrawing group more compatible with radical
processes (i.e., CF3) and lipophilic side chains were utilised
to improve solubility in common organic solvents. Later the
same group reported the promotion of the Claisen rear-
rangement of 10 by using catalytic quantities of 9
(Scheme 2). At medium to high catalyst loadings useful rate


Scheme 1. Catalysis of epoxide ring-opening by 1.


Figure 1. Rationale for the catalysis of the Diels–Alder reaction by 6
(Kelly) and H2O (7: Jorgensen) through double hydrogen-bond donation;
a representation of the binding between m-nitrocarbanilide and acetone
(8) and Curran1s urea catalyst (9).
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acceleration was possible. The failure of either dialkylurea
12 or benzanilide 13 to promote the reaction efficiently
strongly suggested—in line with Hine1s findings (vide
supra)—the involvement of both urea protons in catalysis.[21]


For the first time thiourea derivatives (e.g., 14) were also
shown to hold promise as hydrogen-bonding catalysts.[22]


Schreiner has established that diarylthioureas can catalyse
the Diels–Alder reaction between cylclopentadiene and a,b-
unsaturated carbonyl compounds.[23,24] To avoid the solubili-
ty problems often associated with the use of diarylureas,
more soluble thiourea analogues were investigated, thereby
dispensing with the requirement for long-chain alkyl sub-
stituents. For a hydrogen-bonding catalyst to be effective it
must ideally bind most efficiently with the TS and not with
either the starting materials, products or itself; therefore the
removal of the Lewis basic ester linkage from 14 and the re-
tention of the strongly electron-withdrawing (yet poor hy-
drogen bond accepting) CF3 moiety was advantageous in
terms of limiting the catalyst1s ability to self-associate. This,
combined with the relatively high acidity[25] (facilitating
Lewis base binding) and poor hydrogen bond acceptor abili-
ty of thioureas (again limiting self-association of thiourea
relative to urea derivatives), made 15 an attractive starting
point for catalyst design. Preliminary binding studies deter-
mined that 15 possessed a large dimerisation entropy and
thus could self associate efficiently only at low temperatures,
while efficient binding to one equivalent of the dienophile
16 was observed at room temperature. A comparison of the
measured and calculated C=O IR absorptions for complex
15·16 implicated binding of the catalyst to both carbonyl
moieties of the oxazolidinone as shown in Scheme 3. These
findings were supported by the efficient catalysis of the
Diels–Alder reaction between 16 and cyclopentadiene with
a concomitant switch in the major diastereomer formed
(and an improvement in d.r.) consistent with catalysis via
15·16.[23]


Subsequently the evaluation of a small library of symmet-
rical N,N’-disubstituted thiourea derivatives as promoters of
the [4+2] cycloaddition of a series of a,b-unsaturated alde-
hydes/ketones to cyclopentadiene shed light on the key
steric and electronic requirements for catalytic activity in
these systems. Thioureas derived from aliphatic amines or
simple anilines were poor catalysts, as were diarylureas in-


corporating ortho-substituents (Scheme 4). Only diaryl-
ACHTUNGTRENNUNGthioureas with powerful electron-withdrawing groups in the
meta- or para-positions possessed appreciable activity, with


tetrasubstituted catalyst 24 proving to be the most effective
candidate structure tested across a range of five different di-
enophiles.[24] It is worth noting that diarylthiourea-mediated
catalysis of the reaction was found to persist even in aque-
ous solvent. In view of the generally weak enthalpic binding
between thioureas and carbonyl compounds,[23,26] the results
were rationalised in terms of the importance of entropic ef-
fects; specifically, it was proposed that the (computationally
determined)[24] rotational barrier of catalyst 24 is relatively
high due to an attractive interaction between the ortho-hy-
drogen atoms, which are polarised by the adjacent electron-
withdrawing substituent, and the Lewis basic sulfur hetero-
ACHTUNGTRENNUNGatom (Scheme 4). This rigidifying interaction would mini-
mise entropy loss upon binding of the substrate and thus fa-
cilitate catalysis. It is also likely, however, that enthalpic fac-
tors also contribute to the high activity of 24 ; that is, the m-
CF3 substituents (sm=0.46)[27] would significantly augment
the acidity of the N�H protons relative to those in 19.


Diarylureas and ACHTUNGTRENNUNG-thioureas have also been successfully
employed in the additions of nucleophiles to nitrones. Take-


Scheme 2. Diiaryl ACHTUNGTRENNUNG(thio)urea catalysis of the Claisen rearrangement.


Scheme 3. Diarylthiourea catalysis of the Diels–Alder reaction.


Scheme 4. Catalyst optimisation.
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moto and co-workers[28] disclosed the catalytic cyanation of
nitrones promoted by a variety of diarylACHTUNGTRENNUNG(thio)ureas
(Scheme 5). The reactions were significantly accelerated in


the presence of relatively high loadings of catalyst, the rela-
tive activities of which were broadly in line with that found
by Schreiner[24] (vide supra). Efficient catalysis of the addi-
tion of silylketene acetals to nitrones by 24 was also demon-
strated.


Our group reported that Lewis (Brønsted) acidic diaryl-
ACHTUNGTRENNUNGureas can be synergistically utilised in conjunction with basic
(nucleophilic) tertiary amines in the catalysis of the notori-
ously slow Baylis-Hillman reaction between methyl acrylate
and aromatic aldehydes.[29] By using substoichiometric cata-
lyst loadings, rate acceleration of the addition of methyl
acrylate to benzaldehyde (27) approaching an order of mag-
nitude was possible (Scheme 6). While the precise catalyst
mode of action is unclear, the known anion-binding proclivi-
ties of (thio)urea derivatives[30] and the ability of the cata-
lysts to effectively promote the reaction in the presence of
ten equivalents of methyl acrylate strongly indicates a mech-
anism involving binding to (and stabilisation of) the Zwitter-


ionic ammonium enolate intermediate (binding scenario A
or B, Scheme 6), the addition of which to the aldehyde has
been proposed to be the rate-determining step of the reac-
tion.[31,32] It is notable that optimal catalyst 33[33] is a consid-
erably superior mole per mole promoter of the reaction
than the traditional additives water or methanol.[34] The po-
tential synthetic utility of 33 is underlined by the smooth re-
action between challenging substrates 29 and methyl acryl-
ate in the presence of a tertiary amine co-catalyst to afford
30 in good yield under optimised conditions. The catalyst
could also be efficiently recovered for reuse after reaction
by column chromatography.


Electrophilic aromatic substitution reactions have also
been shown to be susceptible to the influence of catalysis by
diaryl ACHTUNGTRENNUNG(thio)urea hydrogen-bond donors. For example the ad-
dition of indole 34 to nitroolefin 35 to afford adduct 36 is ac-
celerated considerably presence of 10 mol% 24 or 33
(Scheme 7). The methodology was found to be applicable to
several electron-rich aromatic substrates such as indoles,
pyrroles and N,N-dialkylanilines.[35]


Chiral (Thio)ureas for
Asymmetric


Organocatalysis


The ready availability of enan-
tiopure chiral building blocks
bearing primary amino func-
tionalities from the chiral pool
and other sources greatly facili-
tates the synthesis of asymmet-
ric (thio)ureas. Therefore given
the excellent general stability,
high conformational rigidity[36]


and Lewis base binding procliv-
ities[16,17,19] of thio ACHTUNGTRENNUNG(urea) deriva-
tives, it is perhaps unsurprising
that chiral analogues are rapid-
ly emerging as versatile, func-
tional group tolerant and easily
prepared/modified catalyst tem-
plates for the promotion of a
wide range of synthetically
useful asymmetric carbon–
carbon bond forming processes.


Scheme 5. Addition of TMSCN to nitrones catalysed by thiourea cata-
lysts.


Scheme 6. Diaryl ACHTUNGTRENNUNG(thio)urea catalysed Baylis–Hillman reactions.


Scheme 7. Catalysis of Friedel–Crafts type reactions.
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Schiff base derived catalysts: In
the course of studies involving
a combinatorial approach to
the design of catalysts for the
metal-ion-promoted asymmetric
Strecker reaction, Jacobsen
et al. observed that in the case
of one particular urea-derived
ligand the control reaction, that
is, in the absence of metal ion,
furnished the product with the
highest enantioselectivity. A
combination of subsequent par-
allel library and conventional
linear optimisation studies re-
sulted in the identification of
37a (Scheme 8) as an efficient
and highly enantioselective cat-
alyst for the addition of HCN
to aromatic and aliphatic N-
allyl amines.[37] Further optimi-
sation[38] led to the development
of 37b and its robust and readi-
ly synthesised[39] urea-derivative
37c, which is compatible with a
broad range of imine substrates
including traditionally challeng-
ing keto–imine derivatives
(Scheme 8).[40,41]


Mechanistic and binding
studies determined that these
urea-catalysed Strecker reac-
tions displayed Michaelis–Menten kinetic behaviour (imply-
ing reversible substrate binding), and that catalyst binds the
imine (Z)-isomer preferentially through double hydrogen-
bond donation to the imine lone pair, in a fashion directed
by the minimisation of steric interactions between the cata-
lyst and large imine substituents. This insight guided the
design of an improved catalyst 37d, possessing remarkable
reactivity and selectivity profiles (Scheme 8).[42] The utility
of these materials is not confined to the Strecker reaction;
they have also found application in other imine-addition
processes, such as the asymmetric Mannich,[43,44] imine hy-
drophosphonylation[45] and aza Baylis–Hillman reactions.[46]


Interestingly, it has recently been shown that considerable
structural simplification of the 37a–e is possible without an
accompanying loss of enantioselectivity.[44] This allows a cer-
tain latitude for fine-tuning of catalyst structure to suit the
requirements of individual reaction classes, and has led to
the development of simplified (yet superior to 37a–e) ana-
logues 44 and 45 for the efficient promotion of the asym-
metric Pictet–Spengler,[47] acyl Mannich[48] (catalyst 44) and
nitro Mannich (aza Henry catalyst 45)[49] reactions
(Scheme 9).


Nagasawa and co-workers[50] have applied chiral diaryl
thiourea derivatives to catalysis of the asymmetric Baylis–
Hillman reaction. trans-1,2-Diaminocyclohexane-derived


bis-thiourea 51 promoted the N,N,-4-dimethylaminopyridine
(DMAP)-mediated addition of cyclohexenone to a range of
activated aldehydes. While aromatic aldehydes proved to be
generally mediocre substrates in terms of selectivity, the
analogous aliphatic electrophiles were converted to the
Baylis–Hillman adducts with moderate to excellent enantio-
selectivity (Scheme 10). The high selectivity, sense of stereo-


induction observed and superiority of 51 over monothiourea
analogues prompted the authors to propose that both thio-
urea moieties are involved in the TS of the rate-determining
(and stereocentre-forming) step.[31,32]


Chiral bifunctional (thio)urea catalysts : The excellent func-
tional group tolerance of the thio ACHTUNGTRENNUNG(urea) catalysts stems from


Scheme 8. ACHTUNGTRENNUNG(Thio)urea-catalysed asymmetric Strecker reactions.


Scheme 9. Simplified (thio)urea derivatives for the asymmetric Pictet–Spengler and nitro Mannich reactions.


Scheme 10. Thiourea-catalysed enantioselective Baylis–Hillman reactions.
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their relatively weak enthalpic binding with organic Lewis
basic nucleophiles, such as alcohols and amines. As is often
the case, the penalty for high (chemo)selectivity can be a
general lack of activity relative to benchmark metal ACHTUNGTRENNUNG(-ion)-
based catalyst systems, often leading to long reaction times
at temperatures required to attain high enantioselectivity.


There is undoubtedly a limit to which the strength of the
binding interactions between simple (thio)urea catalysts and
electrophilic substrates can be modulated by catalyst design
without either sterically hindering substrate recognition or
adversely effecting catalyst stability. Recently the concept of
exploiting the high functional group tolerance of these ma-
terials by incorporating a Lewis basic nucleophile-activating
functionality into the catalyst structure has begun to be ex-
plored. Such bifunctional catalysts mimic natural enzymatic
systems by activating both electrophile and nucleophile si-
multaneously,[51] allowing scope for significantly improved
catalytic activity, and perhaps, more importantly, allow a
greater degree of stereocontrol over the addition event. The
majority of these prototype systems represent a hybrid strat-
egy that borrows heavily from the design principles set
down in the seminal work of Curran, Jacobsen and Schrein-
er outlined above involving the installation of readily tuna-
ble aromatic functionality (to maximise the catalyst1s rigidity
and hydrogen-bond-donating ability) at one (thio)urea nitro-
gen atom, and chiral (in this case Lewis basic) functionality
at the other.


The first (thio)urea-based bifunctional catalyst reported
was tertiary amine 56a (Scheme 11), which was capable of
the efficient promotion of the addition of malonate esters to
b-nitrostyrenes with excellent enantioselectivity.[52] The au-
thors found that both the tertiary amine and the thiourea
moieties were requisite for efficient and selective catalysis,
and posited a model to explain the sense of stereoinduction
observed that involved deprotonation of the malonate pro-
nucleophile by the tertiary amine followed by the addition
of the resultant nucleophile to a single face of the thiourea-
bound nitroolefin (C, Scheme 11). Subsequent studies dem-
onstrated that a range of b-ketoester pronucleophiles were
also compatible with the reaction, allowing the catalyst to
be employed at lower loadings of 2 mol% without compro-
mising enantioselectivity.[53] The synthetic utility of this
organo-catalysed reaction was later demonstrated by its use


as a key step in a stereoselective total synthesis of the me-
dicinally relevant alkaloid (�)-epibatidine.[54]


Takemoto and co-workers have also reported the enantio-
selective addition of the highly acidic malononitrile to a,b-
unsaturated imides, such as 59, catalysed by 56a
(Scheme 12).[55] The lability of the imide moiety is advanta-


geous; for example, 60 could be readily methanolysed to
give 61 in high yield (Scheme 12), thereby providing access
to the products from addition to the corresponding a,b-un-
saturated esters. Presumably, this general strategy could also
be utilised to prepare the corresponding aldehydes and car-
boxylic acids. It is of interest that while malononitrile is an
excellent pronucleophilic substrate in the addition to a,b-un-
saturated imides, it gave poor selectivity in the addition to
nitroolefins, while the best 1,3-dicarbonyl substrates for the
nitroolefin addition reaction (vide supra) gave no reaction
with a,b-unsaturated imides.[55]


Catalyst 56a has also been used to promote asymmetric
nitro Mannich (aza Henry) reactions between N-phosphino-
yl[56] and N-Boc imines,[57] as well as simple nitroalkanes.
While yields of adduct using a variety of aromatic aldehyde-
derived imines were uniformly good using either protecting
group, higher enantioselectivity was obtained in reactions in-
volving N-Boc imine substrates.[57]


Berkessel et al. have successfully applied 56a and its urea
derivative 56b to the dynamic kinetic resolution (DKR) of
racemic azalactones. For example, the addition of allyl alco-
hol to the (dl)-phenylalanine-derived azalactone 62 cata-
lysed by 56b gave amide 63 in good conversion and enantio-
selectivity (Scheme 13). Given that tertiary amines alone
gave only very slow conversion of azalactones, while urea
derivatives without the tertiary amine functionality were in-
active catalysts, it seems possible that the catalyst mode of
action involves binding of the substrate to 56b (which was
demonstrated qualitatively by 1H NMR spectroscopy in the
case of 62) followed by general base catalysis of the subse-
quent ring-opening reaction by the dimethylamino group.
The tertiary amino moiety also promotes the racemisation


Scheme 11. Takemoto1s bifunctional catalysis of the addition of malonate
esters to nitroolefins.


Scheme 12. The addition of malononitrile to 59 catalysed by bifunctional
organocatalyst 56a.


Scheme 13. Dynamic kinetic resolution of azalactones catalysed by 56b.
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of 62 (via the aromatic enol 62a) to ensure that the faster
binding/reacting enantiomer of the racemate is constantly
replenished as the reaction progresses.[58] A short time later
second-generation N,N’-dialkyl ACHTUNGTRENNUNG(thio)urea derivatives were
prepared, the application of which in the DKR of 62 dem-
onstrated that the catalyst aromatic group is not essential
for either high activity or selectivity in this reaction.[59]


Very recently, Hedrick et al. have expanded the scope of
bifunctional organocatalysis to include polymerisation reac-
tions. The use of 5 mol% of rac-56a pyrenebutanol ([mono-
ACHTUNGTRENNUNGmer]/[initiator]=100) was found to initiate the living poly-
merisation of lactide with minimal competing transesterifi-
cation observed. The authors demonstrated that the catalysis
was bifunctional in nature,[60] and while it is still early days,
it seems likely that in future the synthetic utility of bifunc-
tional catalytic strategies will not be confined to the synthe-
sis of small molecules.


SoPs et al. and our group have independently investigated
the use of (thio)urea-substituted cinchona alkaloid deriva-
tives as bifunctional catalysts. The cinchona alkaloid back-
bone incorporates both a basic quinuclidine moiety and a
secondary alcohol in a well-defined chiral environment. The
substitution of the C-9 hydroxy
group for a (thio)urea moiety
not only enhances the (bifunc-
tional) catalytic potential of
these materials, but also (since
secondary alcohol configuration
can be readily inverted) allows
the influence of the relative
stereochemistry at the Lewis
basic and Lewis acidic groups
on both activity and selectivity
to be determined. SoPs pre-
pared four thiourea-substituted
cinchona alkaloid catalysts 64–
67 (Scheme 14) and evaluated
their performance in the asym-
metric addition of nitro ACHTUNGTRENNUNGmethane
to chalcones.[61] Surprisingly
(given the ubiquity of cinchona
alkaloid derivatives as ligands/
catalysts asymmetric synthesis)
the thiourea derivative of “nat-
ural” stereochemistry at C-9
(i.e., 64) was inactive in the ad-
dition of nitro ACHTUNGTRENNUNGmethane to 68, as
was quinine itself. However an-
alogues of 64 of inverted ster-
eochemistry at C-9[62] proved
both active and highly selective
bifunctional catalysts for the
same reaction. These results
strongly indicate—as one might
expect in a bifunctional
system—that a relative stereo-
chemical arrangement of the


catalyst Lewis/Brønsted acidic and basic groups conducive
to their synergistic operation is a prerequisite for chiral bi-
functional catalyst design.


Our group prepared a range of (thio)urea-substituted de-
rivatives of DHQ and DHQD for the asymmetric catalysis
of the addition of diethylmalonate to nitroolefins.[63] We
found that while neither epimerisation of DHQ at C-9 (9-
epi-DHQ, Scheme 15) nor substitution of the C-9 hydroxy
group with an N-arylurea moiety without epimerisation (cat-
alyst 70, Scheme 15) improved catalyst activity (the opposite
occurred in fact, although a small increase in enantioselec-
tivity was observed), a combination of both modifications
results in an extremely active and selective catalyst of “un-
natural” stereochemistry at C-9 (71, Scheme 15). The same
trend was also observed in the corresponding DHQD-de-
rived materials. A selectivity model (D, Scheme 15) based
on these findings and MM2 calculations was put forward to
account for both catalyst activity and the sense of stereoin-
duction observed in the addition of dimethylmalonate to a
single face of 57 catalysed by 71. Thiourea 66 offered a
small further increase in both activity and selectivity, and
could convert a range of activated and deactivated aliphatic


Scheme 14. Asymmetric bifunctional catalysis of the addition of nitromethane to chalcone.


Scheme 15. Bifunctional catalysis of the addition of dimethylmalonate to nitroolefins.
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and aromatic nitroolefins with good to excellent yield and
enantioselectivity. The high activity of these catalysts (which
are on a par with benchmark metal-based systems[64]) is
highlighted by the smooth transformation of 72 into 73 pro-
moted by 0.5 mol% 66 under mild reaction conditions with
excellent yield and selectivity. Very shortly after this report,
Dixon et al. disclosed similar results using a cinchonine-de-
rived analogue of 67 (at loadings of 10 mol%).[65]


Very recently, Jacobsen and co-workers modified the
structural backbone of Schiff-base catalysts 37a–e to incor-
porate tertiary amino functionality. Thiourea 74 was demon-
strated to be optimal for the highly efficient and selective
catalytic asymmetric cyanosilylation of ketones. In the pres-
ence of low catalyst loadings and a stoichiometric amount of
2,2,2-trifluoroethanol additive impressive levels of efficiency
and selectivity were obtained if the ketone substrate bore an
sp2-hybridised substituent (Scheme 16).[66]


An axially chiral thiourea-based bifunctional catalyst has
been recently developed by Wang et al. for the promotion
of challenging enantioselective Baylis–Hillman reactions.
Compound 77 was found to promote the addition of cyclo-
hexenone to a range of aromatic and aliphatic aldehydes
with good to excellent yields and selectivity (Scheme 17).[67]


The same catalyst was later found to also catalyse the addi-
tion of efficient and enantioselective addition of 2,4-penta-
dione to (E)-b-nitrostyrenes.[68]


Summary and Outlook


It is just over a decade since the disclosure of the first
ACHTUNGTRENNUNG(thio)urea-based catalyst. From humble beginnings (in terms
of catalyst activity) it has now been demonstrated that these
materials can serve as conformationally rigid catalyst tem-
plates that are tunable from both steric and electronic stand-
points to a considerable degree, and which when suitably
substituted can efficiently transfer stereochemical informa-
tion to the products of a diverse array of addition reactions.


The realisation that (thio)ureas are wholly compatible with
a range of Lewis bases has allowed the development of bi-
functional systems, which while adding an extra level of
complexity to catalyst design, provides new opportunities re-
garding not only the rate-enhancing simultaneous activation
of both the electrophile and nucleophile, but also in terms
of allowing greater control over the chiral environment in
which they encounter one another. We are now moving into
an exciting phase of this young field beyond what could be
described as “proof-of-concept”, as successive bifunctional
catalyst generations begin to approach (on a reaction-by-re-
action basis) the activity and selectivity profiles more often
associated with metal-based systems. It seems likely that the
studies outlined above will stimulate further research to-
wards the design of robust, readily assembled, environmen-
tally benign, highly active and selective metal-free organoca-
talysts for an ever-widening range of challenging and syn-
thetically important processes.
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A Second Metalloid Ga18 Cluster and Its Topological Similarity to the High-
Pressure Ga-II Modification


Jochen Steiner and Hansgeorg Schnçckel*[a]


Introduction


We recently reported the synthesis of metalloid[1] gallium
cluster compounds[2,3] in which the sterically demanding
phosphanide ligands PR2 (R= tBu2) lead to structures that
are analogous to modifications of elemental gallium. For ex-
ample, the central coordination polyhedra in the neutral
cluster compound [Ga22R12] (1)


[2] are Ga12 icosahedra (d-gal-
lium) and centered Ga13 cubeoctahedra (face-centered cubic
Ga-IV) in the anionic cluster [Ga51R14Br6]


3� (2).[3] By com-
paring the volume of the central Ga12 or Ga13 polyhedra in
the cluster compounds 1 and 2, respectively, with the corre-
sponding gallium modification it has been shown by quan-
tum chemical single-point calculations that the cluster cores
of 1 and 2 are “compressed”; this compression can be ex-
plained to some extent by the constricting effects of the
PtBu2 ligands (cf. below). In addition to the lower-volume
elementlike central core units in 1 and 2, a “compressed”
Ga4 core is also observed in the neutral cluster compound
[Ga16ACHTUNGTRENNUNG(PtBu2)10] (3).[4] What is the basis for this “compres-
sion”?: In contrast to the previously used ligands,[5] for ex-
ample, -N ACHTUNGTRENNUNG(SiMe3)2 or -C ACHTUNGTRENNUNG(SiMe3)3, the PtBu2 ligand is charac-
terized by its ability to form bridging coordination modes in


addition to occupying terminal positions on the cluster
framework.[2,3] The number of phosphanide ligands in termi-
nal and bridging positions is similar in the reported com-
pounds 1 (6:6), 2 (6:8), and 3 (6:4).
In this publication we report the synthesis of the novel


cluster compound [Ga18ACHTUNGTRENNUNG(PtBu2)10] ACHTUNGTRENNUNG[Li5Br2ACHTUNGTRENNUNG(thf)9] (4) and the
bonding within its [Ga18 ACHTUNGTRENNUNG(PtBu2)10]


3� cluster ion (4a), which
differs significantly from the cluster species 1–3 in terms of
the coordination modes of the PtBu2 ligand. Additionally,
cluster anion 4a can be compared to the recently synthe-
sized metalloid cluster compound [Ga18ACHTUNGTRENNUNG(SitBu2)8] (5),[6] in
which the bulkier SitBu3 ligands (supersilyl) shield the clus-
ter core in terminal positions and cannot take part in bridg-
ing coordination. The ladderlike arrangement of the central
Ga10 framework in 5 exhibits a high resemblance to the
structure of b-Ga.[6,7] The topology of the gallium atoms in
the herein reported Ga18 cluster (4a) can therefore be seen
as another piece of the puzzle in completing the understand-
ing of the formation of intermediates on the way to one of
the seven modifications of the gallium metal bulk phase.[8]


Results and Discussion


To synthesize different metalloid gallium cluster compounds
with PtBu2 ligands, solutions of the metastable, subvalent
GaX (X=Cl, Br) have to be partially disproportionated in
absence of the ligand by a controlled temperature in-
crease.[5,8] This procedure leads to the formation of gallium-
rich [GanXm] clusters (n@m) prior to the addition of the


Abstract: The topology of many modi-
fications of elemental gallium is reflect-
ed in the large variety of metalloid Ga
clusters that have been isolated as in-
termediates on the way from the meta-
stable molecular GaX species (X=Cl,
Br, I) by means of disproportionation
to the bulk metal. Herein, we report
the synthesis and characterization of


the first metalloid cluster anion [Ga18-
ACHTUNGTRENNUNG(PtBu2)10]


3� with the singular core top-
ology that resembles the gallium high-
pressure modification Ga-II. The stabi-


lization of the cluster anion through
ion-pair contacts with a chainlike
“Li4Br2 backbone” is discussed. Fur-
thermore, the compound is discussed in
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phosphanide ligand, which suppresses subsequent growth of
the cluster after the substitution of the halide function. The
number of aggregated gallium atoms in the formed metal-
loid clusters is therefore directly linked to the temperature
at which the metathesis of solutions of the LiPtBu2 ligand
and GaI halide is carried out. The general relationship be-
tween cluster size and reaction temperature could be veri-
fied and extended to other ligands with the synthesis of dif-
ferent metalloid gallium and aluminium clusters; the largest
clusters were obtained when solutions of the metastable
GaIX/AlIX species were gently heated until formation of the
metal by disproportionation just began.[6,8]


In our experiment, a metastable solution of GaBr in tol-
uene/THF[5] in a ratio of 3:1 was added to the solid LiPtBu2
ligand at �78 8C. The reaction suspension was slowly
warmed to �45 8C and then diluted with toluene in order to
get a homogenous solution and to initiate the substitution
process. After stirring the reaction mixture at room temper-
ature for 24 h, the solution is warmed to +60 8C for a fur-
ther 24 h.
Compound 4 crystallizes at ambient temperature and


under slightly reduced pressure within one week in form of
black rhombohedrons. The most striking feature of the crys-
tal structure[9] is the formation of two ion-pair contacts be-
tween the cluster anion [Ga18ACHTUNGTRENNUNG(PtBu2)10]


3� (4a) and a [Li-
ACHTUNGTRENNUNG(thf)]+ cation (Li1, Figures 1 and 2) as well as a [Li4Br2-
ACHTUNGTRENNUNG(thf)8]


2+ cation (connected by Li3, Figures 1 and 2). These
anion–cation interactions are, as far as we know, the first re- ported in the field of metal-rich cluster compounds. The for-


mation of these interactions is plausible due to the crystalli-
zation conditions, in which the reduced pressure prevents
complete solvation of the cations by THF molecules present
in the solvent mixture. The coordination of the phosphorus
lone pair to the lithium cation substitutes the missing THF
molecules and leads to a stabilization by forming the ener-
getically favored ion–pair contacts.
The single-crystal x-ray structural analysis of 4 reveals a


chainlike arrangement of the cluster anions in the crystal, in
which an alternating orientation of the anions along a partly
solvated “Li4Br2” backbone[10] is realized (Figure 2). This
chainlike structure can be seen as the result of optimized
electrostatic interactions and the steric demand of the bulky
[Ga18R10]


3� (4a) ions.
Significantly, the cluster anion 4a has eight of its ten li-


gands occupying terminal positions and just two taking part
in bridging coordination (Figure 1), in contrast to the phos-
phanide-stabilized cluster compounds 1, 2, and 3. The two
trans-orientated ion contacts are realized by two terminal
coordinated phosphanide ligands through their lone pairs.
The threefold negative charge of the cluster anion 4a is de-
rived from this arrangement, which also leads to an odd
number of electrons due to an even number of gallium and
phosphorus atoms. The radical character of 4 is supported
by solid-state EPR measurements[11] that reveal a g factor of
2.0028, a value close to the one of a free electron and there-
fore an example of a well-separated spin system.
The core of the “body-centered” cluster anion 4a has


lower symmetry in contrast to the polyhedral central Gan


Figure 1. Representation of the cluster 4a in 4 including the two phos-
phanide coordinated Li ions. The Ga atoms of the cluster core that re-
semble the Ga-II modification are highlighted in black. Selected bond
lengths in M: Ga2�Ga1 2.62(2); Ga2�Ga3 2.74(7), Ga2�Ga5 2.55(4),
Ga2�Ga6 2.66(5), Ga2�Ga10 2.66(8), Li1�P5 2.48(8), Li3�P2 2.61(3),
Li3�P6 2.69(0).


Figure 2. View of the elemental cell (b=23.35 M and c=30.76 M) along
the crystallographic a axis of 4 with central Li4Br2 backbone. For clarity,
only the bonds from phosphorus to the aC atoms in the PtBu2 ligands
and the O atoms of the Li coordinating THF molecules are shown. All
hydrogen atoms are omitted.
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units in the compounds 1 (icosahedron), 2 (cube-octahe-
dron), and 3 (tetrahedron). The structure of 4a can best be
described in allusion to the coordination sphere of the galli-
um atoms in the recently re-determined high-pressure modi-
fication Ga-II.[5,12] In this gallium modification, which can be
understood as a layered structure in analogy to the modifi-
cations of Cs-III[13] or the high-pressure modification of lithi-
um,[14] the gallium atoms have an average coordination
number of ten (mainly 8+2). The coordination sphere of the
14(!) crystallographic independent Ga atoms in the Ga-II
phase can be distinguished by their Ga�Ga bond lengths in
two different subspheres with distances of 2.65–3.1 M and
3.1–3.3 M (Figure 3, right), whereas on average eight of the
ten surrounding gallium atoms are in the coordination
sphere from 2.65–3.1 M and two are between 3.1–3.3 M. The
coordination number of nine in 4a is just between that of


the 14 different Ga atoms of Ga-II with eight shorter and
two longer Ga�Ga distances. As expected, the Ga�Ga bond
lengths in 4a as a molecular species are shorter than ob-
served in Ga-II; they are in the range 2.55–2.77 M with an
average value of 2.67 M. [Note: This relation of shorter
bonds in molecular clusters in comparison to the bulk metal
phase has been shown many times:[5] The larger bonds in
the bulk metal are mainly caused by the high coordination
numbers of all metal atoms, while in a cluster the central
metal atom has a higher coordination number than the
outer ones.] Thus, the coordination number of nine
(Figure 3, left) and the topology of this coordination sphere
show for the first time a strong analogy of a metalloid clus-
ter compound to the high-pressure phase Ga-II (Figure 3,
right).
The bond lengths in the cluster core of 4a (cf. Figure 1)


are in the range of the distances observed in formerly char-
acterized metalloid gallium cluster compounds (2.68–2.77 M
in 3, 2.58–2.8 M in 1), but significantly shorter than in 2 with
2.79–2.95 M (due to the high coordination number of
twelve). The gallium–gallium bonds from the atoms of the
first coordination sphere to the outer gallium atoms in 4a
are shorter, with an average value of 2.56 M, and reflect the
increasing covalent character of these bonds and the higher
oxidation state of the involved atoms: that is, the outer,


ligand bearing gallium atoms of the GaPR2 moieties have an
oxidation state of + I.
Not only the unusual coordination sphere of the central


gallium atom in 4a, but especially the relatively high
number of terminally bonded ligands, makes this compound
so unique among all other gallium phosphanide clusters.
Eight out of ten phosphanide ligands are connected to the
cluster framework in a terminal fashion with bond lengths
between 2.37 and 2.39 M, that is, only slightly longer than in
crystalline GaP (2.35 M). The two bridging phosphanide li-
gands form nearly symmetric gallium–phosphorus bonds of
2.43 and 2.45 M with an inner angle of 96.48 (P7, Figure 1),
which is similar to some of the bridging Ga�P bonds in com-
pounds 1, 2, and 3 but different from the situation in normal
valent R2GaP2GaR2 species. Thus, similar bonds within Ga-
P-Ga bridges like in 4a and some other metalloid Ga clus-
ters (1, 2, and 3) indicate a more delocalized bonding situa-
tion (four-electron three-center bonds), while normal “asym-
metric” Ga-P-Ga bridges (c.f. also above) are characteristic
for donor–acceptor behavior without significant electron de-
localization.[17]


In comparison to the other gallium cluster compounds
with shielding phosphanide ligands (1, 2, and 3), the ques-
tion arises whether the high negative charge (�3) on the
clusters suppresses further bridging modes of the ligands
(with their lone pairs) or whether the low number of bridg-
ing ligands makes an external reduction necessary to stabi-
lize the cluster framework. In any case, the formation of the
two ion contacts by four terminal ligands and the two Li cat-
ions contribute significantly to the stabilization and the ob-
served structure of cluster 4a (Figure 2). Furthermore, the
direct ion contacts between the cluster anion 4a and the Li
cations also prohibit further bridging arrangements of the
phosphanide ligands within the cluster framework. The ex-
perimental proof for this kind of stabilization derives from
attempts to dissolve the compound 4 in THF, as we ob-
served the dissociation of the phosphorus lithium contacts
and the complete solvation of the Li cations. This solvation
of the stabilizing contact pairs results in a rearrangement or
degradation of the cluster, which was indicated by 31P NMR
measurements.[15]


Conclusion


Cluster 4a is of fundamental importance for the so far
unique structural systematics of metalloid gallium cluster
compounds: the many examples reported by our group lead
to the conclusion that these Ga cluster compounds can be
understood as intermediates on the way to the gallium
metal. In particular, the parameters for the synthesis of
these metalloid clusters are instrumental in determining the
reaction pathway that results in one of the seven different
modifications of elemental gallium. Because this connection
was recently reported in a review article,[8] we will only dis-
cuss the structural relationship of 4a to the high-pressure
modification Ga-II. This relationship is particularly interest-


Figure 3. Comparison of the gallium coordination sphere in 4a (left) and
the high-pressure modification Ga-II (right). The gallium atoms are la-
beled as in Figure 1.
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ing in comparison to the Ga18 cluster (5) that exhibits a
structural analogy to the b-gallium, a phase stable under am-
bient conditions (Figure 4, bottom). We therefore conclude
that the PtBu2 ligands in 4a are less bulky than the SitBu3 li-
gands in 5, and can therefore also act as bridging agents.
This results in a denser, body-centered framework for 4a


(while the number of 18 gallium atoms is the same for 4a
and 5!). In terms of density, the “body-centered” Ga18 clus-
ter 4a (with analogy to the high-pressure phase Ga-II) lies
between that of the cluster [Ga18ACHTUNGTRENNUNG(SitBu3)8] (5) and that of
the “centered” cluster [Ga22ACHTUNGTRENNUNG(SitBu3)8] (6)


[6] (Figure 4, top).
The latter, with its very similar ligand shell of six SitBu3 sub-
stituents, has a coordination number of 13 for the central
Ga atom, and the architecture of the inner Ga14 unit strong-
ly resembles that of the high-pressure modification Ga-
III.[6,16] The increasing density of the central Gan units (Ga10,
Ga10, and Ga13) from the three clusters 5, 4a, to 6 thus rep-
resents the topologies of the three gallium modifications b-
Ga, Ga-II, and Ga-III that are realized under increasing
pressure.


Experimental Section


A solution of GaIBr (3.2 mmol) in toluene/THF (3:1 10 mL)[5] was added
to LiPtBu2 (610 mg, 4.0 mmol) at �78 8C. The reaction mixture was
warmed to �45 8C within 3 h and then diluted with toluene (30 mL),
causing the reaction temperature to rise to �20 8C. After 4 h, the solution
reached room temperature and was stirred for further 24 h, resulting in a
dark black solution without any precipitate. This solution was then
warmed to +60 8C under reduced pressure (ca. 500 mbar) for 24 h, and


afterwards the compound 4 crystallizes at room temperature within one
week. Yield 25 mg, that is, this amount could be separated from the reac-
tion mixture.


Acknowledgements


This work was supported by the Deutsche Forschungsgemeinschaft
(DFG), the Center for Functional Nanostructures (CFN) and the Fonds
der Chemischen Industrie. Special thanks to P. Hauser for help in prepar-
ing the frontispiece.


[1] A. Schnepf, G. Stçßer, H. Schnçckel, J. Am. Chem. Soc. 2000, 122,
9178.


[2] J. Steiner, G. Stçßer, H. Schnçckel, Angew. Chem. 2004, 116, 6712;
Angew. Chem. Int. Ed. 2004, 43, 6549.


[3] J. Steiner, G. Stçßer, H. Schnçckel, Angew. Chem. 2004, 116, 306;
Angew. Chem. Int. Ed. 2004, 43, 302.


[4] J. Steiner, G. Stçßer, H. Schnçckel, Angew. Chem. 2003, 115, 2016;
Angew. Chem. Int. Ed. 2003, 42, 1971.


[5] A. Schnepf, H. Schnçckel, Angew. Chem. 2002, 114, 3682; Angew.
Chem. Int. Ed. 2002, 41, 3532.


[6] A. Donchev, A. Schnepf, G. Stçßer, E. Baum, H. Schnçckel, T.
Blank, N. Wiberg, Chem. Eur. J. 2001, 7, 3348.


[7] L. Bosio, A. Defrain, Acta Crystallogr. Sect. B 1969, 25, 995.
[8] H. Schnçckel, Dalton Trans. 2005, 19, 3131.
[9] Crystal parameters of [Ga18 ACHTUNGTRENNUNG(PtBu2)10] ACHTUNGTRENNUNG[Li5Br2 ACHTUNGTRENNUNG(thf)9] (4): Mr=3547.26;


crystal dimensions 0.2R0.2R0.05 mm, monoclinic, space group
C2/m, a=22.684(5), b=23.3488(5), c=30.755(6) M, b=101.69(3)8,
V=15951 M3, Z=4, 1calcd=1.689 gcm�3, mMo=3.643 mm�1, qmax=


22.58, 62735 observed reflections, 12859 independent reflections
(Rint=0.156), absorption correction: numerical (min/max transmis-
sion 0.6679/0.8904), R1=0.0581, wR2=0.1417. Stoe IPDS-Diffrac-
tometer (MoKa radiation, l=0.71073 M, 150 K). The structure was
solved by direct methods and refined against F2 for all observed re-
flections. Programs used: SHELXS and SHELXTL (G. M. Shel-
drick, University of Gçttingen). CCDC-294803 contains the supple-
mentary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.


[10] A comparable structural motif to the partly solvated, saltlike Li4Br2
fragment can also be found in the cationic counterpart [Li4Cl2-
ACHTUNGTRENNUNG(Et2O)10] of the anionic organocopper–lithium cluster compound
[Li2Cu3Ph6]. H. Hope, D. Oram, P. P. Power, J. Am. Chem. Soc.
1984, 106, 1149.


[11] Measured by Dr. B. Pilawa, Physical Institute, University of Karls-
ruhe.


[12] O. Degtyareva, M. I. McMahon, D. R. Allan, R. J. Nelmes, Phys.
Rev. Lett. 2004, 93, 205502.


[13] M. I. McMahon, R. J. Nelmes, S. Rekhi, Phys. Rev. Lett. 2001, 87,
255502.


[14] M. Hanfland, K. Syassen, N. E. Christensen, D. L. Novikov, Nature
2000, 408, 174.


[15] Due to the radical character of compound 4 we would not expect to
get a 31P NMR spectrum without manual optimization of the mag-
netic field. However, we could obtain a routine spectrum with a
number of sharp 31P resonances (more than expected for 4a), indi-
cating that the measured solution contains new, nonradical species.
It also shows, that the cluster framework is not completely de-
stroyed, because: 1) no elemental gallium is observed, 2) no signal
for Ga ACHTUNGTRENNUNG(PtBu2)3 is detected, and 3) the color of the solution remains
dark black (as before the addition of THF), which indicates that
larger clusters with Ga�Ga bonds are still present.


[16] L. Bosio, J. Chem. Phys. 1978, 68, 1221.
[17] J. Steiner, Ph.D. Thesis, University of Karlsruhe (Germany), 2004.


Received: February 17, 2006
Published online: May 23, 2006


Figure 4. Representation of the metalloid gallium cluster compounds
[Ga22ACHTUNGTRENNUNG(SitBu3)8] (6, top left) and [Ga18 ACHTUNGTRENNUNG(SitBu3)8] (5, bottom left) and the
section of their corresponding elemental modifications Ga-III (top right)
and b-gallium (bottom right).


Chem. Eur. J. 2006, 12, 5429 – 5433 � 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5433


FULL PAPERGallium Cluster Compounds



www.chemeurj.org






DOI: 10.1002/chem.200600215


Synthesis and Properties of the First Mçbius Annulenes


Dariush Ajami,[a] Kirsten Hess,[a] Felix Kçhler,[a] Christian N-ther,[b] Oliver Oeckler,[c]


Arndt Simon,[c] Chiyo Yamamoto,[d] Yoshio Okamoto,[d] and Rainer Herges*[a]


Dedicated to Professor Edgar Heilbronner on the occasion of his 85th birthday


Introduction


Most surfaces in every day life are two-sided, for example, a
round sphere or a strip of paper. There is an inside and out-
side or back and front that can be stained in two different
colors. A Mçbius band that can be created by twisting a rec-
tangular strip by 1808 before affixing both ends has only one
side and one edge. The mathematical properties of Mçbius
objects were first described and published by Johann Bene-
dict Listing in 1858, two months before August Ferdinand
Mçbius after whom the two-dimensional one-sided topology


is named. A more general property than the “one-sided-
ness” is the non-orientablity of this topological object. In
contrast to the “sidedness”, orientability is an intrinsic prop-
erty and more generally applicable (also in higher dimen-
sions). Consider the structure of l-lactic acid drawn on a
(transparent) Mçbius band. If you move it around the
Mçbius band it will return as its mirror image (d-lactic acid)
and upside down. The Mçbius band therefore is said to be
non-orientable. The fascinating properties of the Mçbius
topology have inspired mathematicians, engineers, and ar-
tists. Heilbronner roused the interest in chemistry in 1964
when he predicted that Mçbius-like twisted annulenes with
4n electrons should be closed-shell species.[1] By replacing
the resonance integral b by bcosACHTUNGTRENNUNG(p/N) (N=number of ring
atoms) to account for the twist, he obtained an analytical
solution of the secular H5ckel equations that contains exclu-
sively degenerate energy eigenvalues (except the highest un-
occupied orbital in odd-membered annulenes). Coinciden-
tally, the energy levels of a Mçbius annulene correspond to
the vertical positions of the N vertices of a regular polygon
drawn in such a way that the lowest edge (bond) is horizon-
tal. If the polygon representing the [n]annulene is inscribed
in a circle with a diameter of 4b and a center at a (Coulomb
integral, origin of the energy axis), the vertical positions of
the vertices are identical with the H5ckel MO energies of
the corresponding annulene. A similar procedure is known
as the Frost–Musulin mnemonic for determining the MO en-
ergies of H5ckel annulenes.[2] In this case the polygon has to


Abstract: Heilbronner in 1964 predict-
ed that annulenes with “… a planar pe-
rimeter of N=4r AO<s, which would
yield an open shell configuration when
occupied by 4r electrons, can be twist-
ed into a closed shell Mçbius strip pe-
rimeter without loss in p electron
energy”. We have been able to synthe-
size the first [4n]annulene with such a
Mçbius topology and now present fur-


ther Mçbius isomers and the details of
their preparation as stable compounds.
To address the question whether the
twist in the p system has an effect on
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of [16]annulenes. The Mçbius twisted
annulenes are consistently more aro-
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be drawn in such a way that a vertex (atom) is the lowest
point in the sphere (Figure 1).


Heilbronner suggested that Mçbius twisted [n]annulenes
with n>20 should be formed without much strain or sterical
hindrance. As this is often the case in natural sciences, the
applications of Heilbronner<s prediction came from an unex-
pected field. Only two years later in 1966 Zimmerman[3–5]


proposed an alternative version of the Woodward–Hoffman
rules based on the H5ckel–Mçbius aromaticity of transition
states. From 1964 to date more than 200 papers were pub-
lished that predict the properties of hypothetical Mçbius an-
nulenes, such as Mçbius coronenes and kekulenes,[6,7]


Mçbius cyclacenes,[8–10] spiroaromatic systems,[11] heteroan-
nulenes,[12] and cyclic allenes.[13]


The first proposal of a cationic Mçbius aromatic system
was published by E. Yakali in her thesis in 1973.[14] She sug-
gested that the solvolysis of 9-chlorobicyclo-
ACHTUNGTRENNUNG[6.1.0]nonatriene[15] would proceed via a Mçbius [9]annulene
cation (CH)9


+ . In 1998 Schleyer et al. presented theoretical
calculations providing strong evidence that this short-lived
intermediate is indeed Mçbius aromatic.[16] The first twisted
neutral parent annulene a Mçbius [16]annulene was pro-
posed by Rzepa et al.[17] The “trick” to enforce a twist in a
cyclic conjugated system is to introduce trans double bonds
at suitable positions. Unfortunately, however, so far the
number of transoid bonds and the “suitable positions” have


to be found by trial and error. The smallest conceivable
system of this kind is trans benzene. There are a number of
calculations which all agree that this highly strained struc-
ture is only a shallow minimum on the energy hypersur-
face.[18,19] The trans benzene structure is about 100 kcalmol�1


less stable than D6h benzene, and the dihedral angles of the
trans double bond with the neighboring cis bonds are close
to 908. Therefore it is rather nonaromatic. Similar arguments
hold for trans cyclooctatetraene.[20] Recently, Castro,
Karney, and Schleyer calculated a number of isomers of
[n]annulenes and identified several structures as Mçbius ar-
omatic.[21]


Although many attempts within the last 40 years have
been made,[22] so far no stable aromatic Mçbius annulene
could be synthesized. So one might ask what the problems
are that antagonize the experimental verification. Unfortu-
nately Heilbronner<s statement that [n]annulenes of a ring
size n<20 should not be strained was not confirmed by den-
sity functional theory calculations. In Table 1 the relative en-


ergies of the most stable H5ckel and the most stable
Mçbius [n]annulenes for n=6 (benzene),[20] n=8 (cycloocta-
tetraene),[20] n=16[21] and n=20[21] are listed. In all cases the
most stable isomer has H5ckel topology. Evidently, the sta-
bilization by Mçbius aromaticity cannot overcome the de-
stabilization due to the torsional strain or the reduced over-
lap of neighboring p orbitals. Even in the [20]annulene
system, the most stable H5ckel isomer is 6.2 kcalmol�1 more
stable than the most stable Mçbius structure.


In principle, if the Mçbius isomers would be kinetically
stable there would still be the chance to characterize such a
compound as an intermediate. Unfortunately, however, the
[n]annulenes with n=4r (r=4, 5, 6 …) delocalized electrons
are extremely “floppy”. Barriers to cis–trans and bond shift
isomerization are very low. For example, [16]annulene[23] in
solution is an equilibrium of at least 40 isomers that rapidly
interconvert at temperatures as low as �150 8C.[24–28] The
larger the annulene, the more isomers exist and the lower


Figure 1. Frost–Musulin mnemonic to determine the MO energies for
H5ckel and Mçbius annulenes.


Table 1. Relative energy (B3LYP/6-31G*) of the most stable H5ckel and
the most stable Mçbius isomer of several [n]annulenes.


[n]annulene
n=6 n=8 n=16 n=20


most stable
H5ckel
isomer


most stable
Mçbius
isomer


energy dif-
ference
[kcalmol�1]


107.0 21.3 5.1 6.2
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the isomerization barriers are. Therefore a parent neutral
annulene most probably will never be synthesized.


In a recent communication we reported the synthesis of
the first [4n]annulene with a Mçbius topology[29] and now
present further Mçbius isomers and the details of their prep-
aration as stable compounds. Our results are in contrast to
those published recently by C. Castro, W. L. Karney,
P. von R. Schleyer et al.[30]


Strategy to stabilize the twist : To overcome these difficulties
we developed a strategy to stabilize the 1808 twist in cyclic
conjugated molecules. Mçbius annulenes exhibit two types
of conjugation: 1) “normal” conjugation with p orbitals per-
pendicular to the ring plane and sp2 carbon atoms in their
preferred trigonal planar configuration (Figure 2, top, blue);
2) “in-plane” conjugation with pyramidalized carbon atoms
(Figure 2, top, red). Beside carbon nanotubes, there are only


very few examples of experimentally known, in-plane conju-
gated structures, because the pyramidalization of sp2-hybri-
dized carbon atoms involves a considerable amount of
strain. The strain in Mçbius annulenes almost exclusively
arises from the pyramidalized (red) part in the ring.


Consequently, our strategy is based on the idea to use a
prefabricated pyramidalized building block that is kept in its
strained configuration by a rigid molecular frame and com-
bine it with a “normal” p system. The underlying principle
can be easily demonstrated using a simple paper model.
(Figure 2, bottom) Bend a rectangular piece of cardboard to
a half-open cylinder (pyramidalized part) and fix it in this
position using a stick or thread connecting both ends (mo-
lecular frame). Cut a disk with a large hole in the middle
(“normal” p system) and cut once through the resulting
ring. Now try to attach both ends of the half-cylinder with
the ends of the dissected disk. There are two ways to form a
ring with both components: a 1808 twisted Mçbius band and
a “normal” H5ckel band. As you immediately notice during
the experiment, the Mçbius model is less strained than the
H5ckel band and therefore should be more stable. How to
translate our paper model into chemistry?


We chose the ring enlargement metathesis reaction as the
method to combine both parts of the ring (Figure 3), tetra-
dehydrodianthracene (TDDA, bottom, in red) as the pyra-


midalized part, and cyclooctatetraene as the normal p


system.
The ring-enlargement metathesis product contains a bian-


thraquinodimethane unit (red) and a polyene bridge (blue).
The bianthraquinodimethane unit is kept in the pyramidal-
ized configuration by the steric hindrance of the inner
ortho-hydrogen atoms, which prevent a planar geometry and
hence correspond to the stick or thread in our paper model.


To make sure that our simple paper model holds at higher
levels of theory we performed DFT calculations. There are
12 E/Z isomers of our Mçbius stabilized [16]annulene, each
of which can adopt nine s-cis/s-trans conformations. We cal-
culated all 108 isomers at the semiempirical PM3 level and
reoptimized the most stable conformations of each configu-
ration at the B3LYP/6-31G* level of theory. In Table 2 the
25 most stable isomers of the parent [16]annulene (see Com-
putational Methods) are compared with the 25 most stable
isomers of our bianthraquinodimethane-modified system. To
denominate the structures we introduce the following ste-
ACHTUNGTRENNUNGreochemical description. The bianthraquinodimethane unit
is rigid and thus the corresponding double bonds don<t have
to be included in the stereochemical denotation. The two H
atoms at the quinoid double bonds are either syn or anti, c
and t denote the s-cis or s-trans
relationship between two
double bonds, and Z and E
define the stereochemistry at
the three central double bonds
in the bridge. In Scheme 1 the
nomenclature is exemplified
with the syn-tZcZcEt isomer.


As inferred from our simple
model the most stable isomer
of our bianthraquinodimethane
modified [16]annulene has
Mçbius topology (syn-
tZcZcEt). There are another six


Figure 2. Our strategy to stabilize the twist in a ring.


Figure 3. Top: Metathesis strategy to combine a “normal” and an “in-
plane”-conjugated unit to form a Mçbius ring. Bottom: Synthetic realiza-
tion using an [n]annulene as the “normal” conjugated unit, and TDDA
as the “in-plane”-conjugated component.


Scheme 1. Notation of the ste-
ACHTUNGTRENNUNGreoisomers of the bianthraqui-
nodimethane-stabilized [16]an-
nulene.
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Mçbius isomers within a relative energy of 3 kcalmol�1. The
most stable H5ckel isomer (syn-tZtZtZt) has a relative
energy of 4.2 kcalmol�1, which should be formed in very
small amounts in a thermodynamically controlled reaction.
Thus, based on our theoretical calculations the insertion of a
bianthraquinodimethane unit into a [16]annulene stabilizes
the Mçbius twist to such an extent that the synthesis of a
Mçbius annulene was expected to be within reach.


Computational Methods


All calculations were performed by using the Gaussian 03 program.[31]


Geometries were optimized at the B3LYP/6-31G* level of DFT.[32, 33] The
bianthraquinodimethane-modified [16]annulenes were additionally opti-
mized at the KMLYP/6-31G* level of DFT.[34] Magnetic susceptibilities
were calculated by using the CSGT method[35] and nucleus-independent
chemical shift (NICS) values were determined by using the gauge-invari-
ant atomic orbital (GIAO) method.[36] Harmonic oscillator measure of ar-
omaticity (HOMA) values were calculated by averaging of all four cyclic
[16]annulene pathways through the bianthraquinodimethane unit. The
ring center for calculating the NICS correspondingly was defined as the
average center of gravity of the C atoms in each path. The topology of
the rings (H5ckel or Mçbius) was determined by following the normal
vectors on the planes defined by each successive triplet of carbon atoms
around the ring. The isomers of the [16]annulenes were generated by
using a Monte Carlo algorithm, through breaking the ring, varying the di-
hedral angles in steps of 308, and rejoining both ends.[37] The structures
were submitted to an optimization using the MM+ [38, 39] force field and
then checked for redundancy. The generation procedure was stopped
when no new isomers were found by doubling the number of generated
structures. All structures within an energy threshold of 60 kcalmol�1 were


submitted to PM3 single point calculations and those within an energy
threshold of 20 kcalmol�1 were optimized at the B3LYP/6-31G* level of
theory and finally again checked for redundancy.


Results and Discussion


Experiments : Upon irradiation TDDA (tetradehydrodian-
thracene) reacts with alkenes, cyclic alkenes, and even ben-
zene in ring enlargement metathesis reactions.[40–42] Unfortu-
nately TDDA and cyclooctatetraene (COT) upon irradiation
in benzene with a 700 W high pressure mercury lamp in a
quartz apparatus did not undergo addition reactions, but fur-
nished bianthryl as the main product. We know from inde-
pendent investigations with triplet sensitizers (acetophenone
and acetone) that the triplet-excited state of TDDA imme-
diately undergoes electrocyclic ring-opening to form 9,10’-
didehydroanthracene, which abstracts hydrogen or deuteri-
um from the solvent (e.g. [D6]acetone).


[43] This is in agree-
ment with DFT calculations. At the UB3LYP/6-31G* level
of DFT the lowest triplet state of TDDA is not even a mini-
mum, but undergoes an electrocyclic ring-opening without
barrier. COT is known to be a triplet quencher[44] with a
triplet energy of 41 kcalmol�1, but probably still able to sen-
sitize TDDA.


To circumvent this problem we used syn-tricyclooctadiene
(syn-TCOD) as a synthetic analogue for COT. Syn-TCOD is
difficult to prepare in preparative amounts. The reaction of
syn-dichlorocyclobutene with sodium amalgam in diethyl


Table 2. B3LYP/6-31G* and KMLYP/6-31G* calculated “energy ranking list” of the most stable isomers of the parent [16]annulene and the bianthraqui-
nodimethane-modified system. Relative stabilities (Erel) in kcalmol�1. Note that the structures of the parent [16]annulene and those of the bianthraquino-
dimethane-modified system with the same entry number are not structurally related.


Parent [16]annulene Bianthraquinodimethane modified [16]annulene
Entry Erel


[a] Topology Configuration[b] Entry Erel
[a] Erel


[c] Topology Configuration[d] [e]


1 0.00 H5ckel 0011001100110011 1 0.00 0.00 Mçbius syn-tZcZcEt 8
2 2.25 H5ckel 0011011011001111 2 0.29 1.75 Mçbius anti-tEcZcEt 9a
3 4.68 H5ckel 0001100110011011 3 0.56 0.30 Mçbius syn-cZtEcZt
4 5.14 Mçbius 0000110011000111 4 0.56 0.89 Mçbius syn-cEtZcZt
5 5.15 Mçbius 0000111000110011 5 2.47 4.95 Mçbius anti-cEtZcEt
6 5.41 Mçbius 0001100110011001 6 2.76 1.96 Mçbius anti-tZtEcZt 5
7 5.41 Mçbius 0001001100110011 7 2.77 1.90 Mçbius anti-tZcZcZt 6
8 5.45 H5ckel 0011011011011011 8 4.16 3.26 H5ckel syn-tEcZcEt
9 5.45 H5ckel 0011011001101111 9 6.71 5.23 Mçbius syn-tZcZcEc
10 5.47 H5ckel 0011011001111011 10 6.91 5.29 H5ckel syn-tZtZtZt 7
11 5.83 H5ckel 0001100110011011 11 8.36 10.74 Mçbius anti-tEcEtZc
12 5.84 H5ckel 0001101100110011 12 9.30 8.86 Mçbius syn-tEtZcZc
13 6.03 H5ckel 0001101100110101 13 9.34 13.06 Mçbius anti-cEtZtEc 9b
14 6.05 H5ckel 0001010110011011 14 11.20 10.25 Mçbius anti-tZtZcZc
15 6.22 Mçbius 0001001100110011 15 11.20 10.25 Mçbius anti-cZcZxZc
16 6.24 H5ckel 0011001111001111 16 11.74 11.56 H5ckel syn-cEtZtEc
17 6.37 H5ckel 0001111001100101 17 12.38 9.53 Mçbius syn-cZtZcZc
18 6.38 H5ckel 0001010011001111 18 12.38 9.53 Mçbius syn-cZcZtZc
19 6.84 H5ckel 0001011100011011 19 14.25 13.96 Mçbius syn-cZtEcEc
20 6.85 H5ckel 0001101100010111 20 16.20 15.00 Mçbius syn-cEcZcZc
21 6.87 H5ckel 0010100110110011 21 23.49 24.35 Mçbius anti-cZcEcEc
22 6.88 H5ckel 0010100110011011 22 23.80 27.58 H5ckel anti-tEtEtEt
23 7.09 Mçbius 0001101100011111 23 27.10 33.46 H5ckel syn-tEtEcEt
24 7.30 H5ckel 0001101100011011 24 28.27 33.01 H5ckel anti-tEcEcEt
25 7.30 Mçbius 0001011000110011 25 30.73 34.84 Mçbius anti-cEcZcEt


[a] B3LYP/6-31G*. [b] 0=Z, 1=E. [c] KMLYP/6-31G*. [d] For notation see Scheme 1. [e] Compound number.
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ether is not complete even after reaction times of more than
several weeks and the reaction mixture has to be purified by
preparative GC.[45,46] To avoid the use of hexamethylphos-
phoramide (HMPTA)[47] we used an ultra sound generator
(cell disruptor) to accelerate the heterogeneous reaction and
were able to reduce the reaction time to three days. TDDA
was irradiated with a tenfold excess of syn-TCOD in ben-
zene with a high-pressure mercury lamp for 20 min in a
quartz photoreactor. Four products were isolated and char-
acterized: the metathesis product with the solvent benzene
(1),[40] two metathesis products with syn-TCOD (2 and 3)
and a ladderane (4). Compounds 2 and 3 were crystallized
and their structures were unambiguously identified by NMR
and X-ray analysis as the Cs and C2 symmetrical isomers of
1,3-cyclohexadiene products. In 2, two crystallographically
independent molecules are found, of which one is disor-
dered. However, in one of the two independent molecules
the configuration could be unambiguously elucidated. The
X-ray data are also in agreement with NOE spectra. There
is a distinct NOE relationship of protons Ha and Hb in 3 and
no correlation in 2 (Figure 4). Unfortunately we were not


able to isolate any fully ring-opened [16]annulenes. Most
probably syn-TCOD adds to TDDA in a [2+2]cycloaddition
to form the ladderane 4, which undergoes [2+2]cyclorever-
sion and electrocyclic ring-opening to the 1,3-cyclohexa-
dienes 2 and 3. (Scheme 2)


It is known that the photostationary equilibrium in the
electrocyclic reaction of 1,3-cyclohexadiene to 1,3,5-hexa-
triene is shifted towards the ring-opened product upon irra-
diation with shorter wavelength.[48,49] We therefore irradiat-
ed TDDA and syn-TCOD with a low-pressure mercury
lamp (254 nm) and obtained a complex mixture of isomers
in a total combined yield of 50%.


Beside the products identified after longer wavelength ir-
radiation, we also isolated five ring-opened [16]annulene
compounds (1:1 addition products of TDDA and syn-TCOD
according to MS and fully conjugated according to 1H and
13C NMR spectroscopy). The separation was achieved after
removing the 1,3-cyclohexadiene structures 2 and 3 by
Diels–Alder reaction with tetracyanoethylene (TCNE) and
subsequent HPLC on a silica gel column. Three of these iso-
mers were crystallized and their structure was determined
by X-ray analysis.


The structures 5 (anti-tZtEcZt), 6 (anti-tZcZcZt) and 7
(syn-tZtZtZt) are identical (Figure 5) with the entries 6, 7,
and 10 in the list of the most stable isomers (Table 2) that
had already been calculated at the B3LYP/6-31G* level of
density functional theory. Structure 5 has only approximate
Mçbius topology. One of the torsional angles in the polyene
bridge deviates with 124.48 (DFT) or 112.18 (X-ray) from
planarity. The structure has no element of symmetry and
therefore is chiral. Both enantiomers were found in the unit
cell. Compound 5 is stable in dichloromethane and can be
exposed to diffuse daylight at room temperature for several
months without decomposition.


Structure 6 has a perfect Mçbius topology. Both ends of
the bianthraquinodimethane unit are connected by a poly-
ene bridge (similar to the model in Figure 2) in such a way
that the inner side of the anthracene units is connected to
the outer surface and vice versa. The implications on the
stereochemistry are interesting. Any attempt to determine
the prochirality (Re, Si) of the central double bond in the
bridge according to Prelog and Helmchen[50] leads to an end-
less loop. Because of the C2 axis that bisects the double
bond, both faces are homotopic. As C2 is a chiral point
group, the molecule should be chiral. The unit cell indeed
includes both enantiomers. We have been able to separate
both enantiomers by HPLC on a chiral stationary phase
(Chiralcel OD) using CH3OH/H2O (90:10) as solvent. The
CD spectra are given for both isomers in Figure 6.


Structure 7 has Cs symmetry and H5ckel topology. The
central double bond in the bridge forms a torsional angle of


Figure 4. Crystal structures of compounds 2 (left) and 3 (right), isolated
after irradiation of TDDA and syn-TCOD with light of l>300 nm.


Scheme 2. Reaction of TDDA with syn-TCOD upon irradiation with a
low-pressure mercury lamp.
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1038 with the two neighboring double bonds. Therefore the
conjugation is almost completely interrupted and in contrast
to 6, which forms red rhombic crystals, compound 7 is color-
less. The Mçbius annulene 6 exhibits an additional band
that extends into the visible region and has a stronger ab-
sorption compared to 7 (Figure 7).


Two other isomers were isolated, but their structure could
not be unequivocally elucidated. One of these compounds
(8), which is unsymmetrical and has a syn relationship of the
two quinoid hydrogen atoms, undergoes a clean reaction to
the ring-closed 1,3-cyclohexadiene 2 within several hours.
According to symmetry considerations and semiempirical
calculations the syn-tZcZcEt structure (the global minimum
of all isomers) is the only unsymmetrical compound within
the ten most stable isomers that is able to undergo a ther-
mochemically (Woodward–Hoffmann) allowed ring closure


to 2. We therefore assign this
compound to the syn-tZcZcEt
structure 8, which has Mçbius
topology. We isolated a fifth an-
nulene structure in very small
amounts that is anti with re-
spect to the quinoid hydrogens
and C2 symmetric and therefore
must be either 9a anti-tEcZcEt
or anti-cEtZtEc 9b. Unfortu-
nately the yield is not large
enough to unambiguously
assign the conformation.


Does the twist make a differ-
ence? (Theoretical investiga-
tions): To analyze the proper-
ties of our Mçbius annulenes
we performed theoretical calcu-
lations at the B3LYP/6-31G*
and KMLYP/6-31G* of density


functional theory. The latter method provided more reliable
results in the case of several [4n+2]annulenes than the fre-
quently used B3LYP functional.[51] However, applied on our
bianthraquinodimethane-modified [16]annulenes KMLYP/6-
31G* did not give more accurate geometries when com-
pared with the X-ray structures of 5 and 6. The mean devia-
tion of the B3LYP/6-31G* calculated bond lengths in 5 rela-
tive to the X-ray structure is 0.0093 V, and 0.0165 V for the
KMLYP-computed geometry. The corresponding mean devi-
ations for 6 are 0.010 V (B3LYP/6-31G*) and 0.013 V
(KMLYP/6-31G*). The mean difference of the energies of
the 25 B3LYP and KMLYP optimized structures also is
small (1.91 kcalmol�1). Data for the calculated bond lengths


Figure 5. Crystal structures of three ring-opened [16]annulenes 5 (anti-tZtEcZt), 6 (anti-tZcZcZt), and 7 (syn-
tZtZtZt).


Figure 6. CD spectra of both enantiomers of the Mçbius structure 6.


Figure 7. UV/Vis spectra of the Mçbius annulene 6 and the H5ckel annu-
lene 7.
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and dihedral angles of compounds 5–8 and 9a and 9b are
given in Tables 3 and 4.


One of the most interesting questions concerning the
twisted annulenes is whether there is a significant relation-
ship between topology (H5ckel or Mçbius) and geometry,
energy and magnetic properties or in other words: Does the
twist change the properties? Numerous calculations on
Mçbius structures notwithstanding, a thorough and system-
atic study has not been made so far. To address the conse-
quences of a twist in the p system, we first analyzed the
data of the parent [16]annulene and then turned to the ques-
tion if this relationship is also valid for our bianthraquinodi-
methane-stabilized [16]annulenes. Purely based on statistics,
there are 2250 conceivable cis/trans isomers of [16]an-
nulenes, many of which are not minima on the energy hyper-
surface, because they are highly strained. We used a Monte
Carlo algorithm to generate the [16]annulene isomers (see


Computational Methods), and optimized the 153 most
stable structures at the B3LYP/6-31G* level of theory (the
25 most stable isomers are listed in Table 2). Interestingly,
among these structures, which have relative energies up to
19.66 kcalmol�1, there are more Mçbius (85) than H5ckel
isomers (68). However, in agreement with experiment the
most stable isomers are H5ckel structures. There are two in-
dependent X-ray structures available for the global mini-
mum.[52,53] The second most stable isomer was detected by
NMR spectroscopy.[25,27] With a relative energy of 5.14 kcal
mol�1, the energetically most favorable Mçbius compound
has little chance to be experimentally detected if a rapid
equilibrium of all isomers is assumed. The Mçbius structure
proposed by Rzepa et al.[17] with a relative energy of
7.1 kcalmol�1 is number 24 in the ranking list of the most
stable isomers and the Mçbius isomer for which a strong ar-
omaticity was predicted by Schleyer and Castro[21] is ranked


number 137 with a relative
energy of 15.8 kcalmol�1. The
energy data confirm our initial
assumption that a successful
synthesis of a stable parent
[16]annulene with Mçbius top-
ology is very unlikely and that
the twist has to be stabilized by
proper substitution.


The large set of computed
geometries provides a solid
basis for the statistical analysis
of the properties. Most interest-
ing are those properties that
have been related to aromatici-
ty, such as bond-length equali-
zation[54] (HOMA,[55] Julg[56]),
maximum deviation from pla-
narity, aromatic stabilization
energy[57] (isomerization staili-
zation energy; ISE[58]), magnet-
ic susceptibility,[59–61] and
NICS.[62,63] All of these methods
have drawbacks that have been
extensively discussed in the lit-
erature. We refrain here from
following up this discussion.
The most straightforward ap-
proach to avoid the problems
inherent to each method is to
apply all methods to the same
data set and to do a principal
component analysis (PCA).
PCA is a powerful statistical
method to reduce the dimen-
sionality and redundancy to
find patterns in data of high di-
mensionality. It has found ap-
plication in fields such as com-
munication theory, face recog-


Table 3. B3LYP/6-31G* calculated bond lengths rn of Mçbius compound 6 and its isomers 8, 9a, 5, 7, and 9b.
Note that the bonds are numbered not the atoms. Note also that because of the bianthraquinodimethane units
there are four different pathways to describe a [16]annulene periphery in each structure.


r1 r2a r2b r3a r3b r4a r4b r5 r6 r7 r8
r9 r10 r11 r12 r13 r14a r14b r15a r15b r16a r16b


8 1.3656 1.4872 1.4945 1.4137 1.4242 1.4830 1.4855 1.3643 1.4448 1.3603 1.4595
1.3609 1.4513 1.4398 1.3596 1.3621 1.4808 1.4818 1.4150 1.4225 1.4888 1.4962


9a 1.3721 1.4842 1.4942 1.4139 1.4271 1.4773 1.4798 1.3658 1.4376 1.3599 1.4557
1.3609 1.4557 1.4376 1.3599 1.3658 1.4773 1.4798 1.4139 1.4271 1.4842 1.4942


5 1.3683 1.4976 1.4948 1.4187 1.4177 1.4823 1.4859 1.3542 1.4721 1.3579 1.4454
1.3572 1.4575 1.4580 1.3608 1.3607 1.4831 1.4841 1.4226 1.4169 1.4959 1.4927


6 1.3621 1.4960 1.4901 1.4208 1.4153 1.4846 1.4854 1.3626 1.4435 1.3607 1.4561
1.3618 1.4561 1.4435 1.3607 1.3626 1.4846 1.4855 1.4207 1.4153 1.4960 1.4901


7 1.3649 1.4952 1.4952 1.4165 1.4199 1.4835 1.4866 1.3575 1.4547 1.3490 1.4846
1.3423 1.4846 1.4547 1.3490 1.3575 1.4835 1.4866 1.4165 1.4199 1.4952 1.4952


9b 1.3944 1.4752 1.4870 1.4191 1.4309 1.4710 1.4767 1.3721 1.4485 1.3649 1.4295
1.3789 1.4295 1.4485 1.3649 1.3721 1.4710 1.4767 1.4191 1.4309 1.4752 1.4870


Table 4. B3LYP/6-31G* calculated dihedral angles dn of the single bonds in Mçbius compound 6 and its iso-
mers 8, 9a, 5, 7, and 9b. For the numbering see Table 3. The dihedral angles are defined by the atoms of the
numbered bond and the two neighboring carbon atoms.


d1 d2a d2b d3a d3b d4a d4b d5 d6 d7 d8


d9 d10 d11 d12 d13 d14a d14b d15a d15b d16a d16b


8 �174.9 115.5 �112.6 �0.3 �6.7 �132.4 136.1 �173.6 168.9 �0.9 �45.5
�3.6 �22.0 �166.6 170.2 156.5 �127.5 132.8 �1.7 �10.0 111.5 �106.8


9a �175.7 �117.8 111.8 3.4 11.0 132.0 �138.7 16.0 167.1 �168.0 35.2
6.4 35.2 167.1 �168.0 �156.5 132.0 �138.7 3.4 11.0 �117.8 111.8


5 �163.7 114.8 �115.9 5.8 �4.0 �137.1 136.3 �174.3 124.4 �12.0 173.3
175.6 �38.8 150.5 �16.4 �9.3 �139.0 141.1 3.3 �7.3 118.9 �117.4


6 148.7 �108.7 109.6 �4.7 2.4 129.8 �128.2 2.8 167.9 1.3 �34.9
�3.4 �34.9 167.9 1.3 �167.4 129.8 �128.2 �4.7 2.4 �108.7 109.6


7 0.0 114.0 �116.1 6.5 �1.9 �136.0 133.4 2.2 �153.1 4.2 103.1
0.0 �103.1 153.1 �4.2 �176.3 136.0 �133.4 �6.5 1.9 �114.0 116.1


9b �154.6 �133.2 124.0 8.5 12.3 136.9 �146.7 28.6 29.4 164.3 �163.9
2.6 �163.9 29.4 164.3 �147.0 136.9 �146.7 8.5 12.3 �133.3 124.0
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nition, image compression, GC-MS, and 2D-NMR spectro-
scopy. Katritzky et al. used PCA to quantify the aromaticity
of a set of heterocyclic compounds.[64,65]


PCA can be used to extract significant information, leav-
ing noise behind. Noises in our case are, for example, local
effects disturbing the interpretation of NICS, the influence
of the benzene rings in determining the magnetic suscepti-
bility contribution as well as the bond-length equalization of
the [16]annulene periphery, the mutual influence of bond-
length equalization and out-of-plane distortion of the p


system, and numerous other effects interfering with or even
obscuring the effect we are interested in, which is the twist
in the p system.


The errors and misinterpretations that arise if one relies
on a single method and applies it on a single structure can
be illustrated with an example from a recent paper of
Castro, Karney, Schleyer et al.[30] They calculated the mag-
netic susceptibility exaltation (L) of our Mçbius compound
6 by using the incremental system of Dauben et al.[62, 63] and
obtain a strongly negative value of �30.0 cgsppm, which is
about the value of naphthalene. Hence according to L our
Mçbius compound 6 would be very aromatic. However, L is
mainly determined by the four perfectly aromatic benzene
rings and not only by the [16]annulene periphery, which is
the key question. To deduct the strong contribution from
the four benzene rings they correct for their large negative
value (Lbenzene=�13.7 cgsppm) and end up with a very large
positive value of +19.6 cgsppm for the [16]annulene sub-
unit. Thus, our Mçbius compound would be extremely anti-
aromatic in its 16-electron periphery (compare, for example,
with the strongly antiaromatic heptalene: L=++6). This is in
disagreement with their main conclusion that the Mçbius
compound 6 is “nonaromatic”.


We avoid these problems by applying several methods on
a set of very similar structures: the 153 most stable isomers
of the parent [16]annulene and the 25 most stable isomers
of our bianthraquinodimethane-modified [16]annulenes. For
example, in the latter case the influence of the benzene
rings largely cancel and local effects are eliminated in the
PCA analysis. The first step in PCA is to calculate the corre-
lation matrix that provides information on the linear de-
pendence of the methods (relative energy, maximum devia-
tion of dihedral angles from planarity, HOMA, Julg, mag-
netic susceptibility, NICS) (Table 5).


It is interesting to note that the relative energy does not
correlate strongly with any of the aromaticity parameters.
Aromaticity, evidently, does not play an important (or at
least not a systematic) role in stabilizing the structures. With
a correlation of 0.999, the two methods representing the
bond-length equalization (HOMA and Julg) correlate per-
fectly. The same is true for the two magnetic parameters,
the magnetic susceptibility (MAGS) and NICS (correlation:
0.969). Both MAGS and NICS methods provide almost ex-
actly the same information for our data set. Geometry and
magnetic properties, however, correlate more weakly
(HOMA/NICS: �0.651). Our findings thus are in agreement
with those of Katritzky et al.[64] The next step in PCA is the


diagonalization of the correlation matrix. The largest eigen-
vectors (based on the size of the eigenvalues) are the most
important parameters describing the system. The eigenvec-
tors (principle components, PCs) are linear combinations of
the parameters used in the initial analysis (see Table 6).


For visualization, the PC<s are plotted as a function of
each other. In Figure 8 (top) the most important (PC1) is
plotted as a function of the second most important principle
component (PC2). Both components account for 95.7% of
the variance.


The plot is a text book example of the clustering capabili-
ty of the PCA method. Without using the information on
the topology of the structures in the analysis, the PCA plot
clearly separates two classes of structures the H5ckel
(Figure 8, gray) and the Mçbius isomers (Figure 8, black;
the colors were assigned after the PCA analysis!). Following
the traditional interpretation of the aromaticity parameters,
the most aromatic structures are on the top right part of the
plot and the most antiaromatic isomers are located top left.
The global minimum synthesized by Schrçder[24] and Sond-
heimer[23] is clearly located on the antiaromatic side, which
is in agreement with the 1H NMR spectrum (d=10.4 ppm
for the “inner” protons and 5.4 ppm for the “outer” pro-
tons). The most aromatic isomer is the Mçbius structure cal-
culated by Castro, Karney, and Schleyer.[21] Evidently, there
is a continuum between aromatic and antiaromatic struc-
tures.


Having analyzed the parent [16]annulenes we turned to
the question if our bianthraquinodimethane-modified


Table 5. Correlation matrix for the PCA analysis of the 153 most stable
isomers of the parent [16]annulene. The parameters used are Erel (rela-
tive energy), Tmax (maximum deviation of dihedral angles from planari-
ty), HOMA (bond-length equalization index), Julg (bond-length equali-
zation index), MAGS (magnetic susceptibility), and NICS (nucleus inde-
pendent shift).


Erel Tmax HOMA Julg MAGS NICS


Erel 1.000 0.314 �0.075 �0.054 �0.209 �0.246
Tmax 0.314 1.000 �0.218 �0.218 �0.330 �0.399
HOMA �0.075 �0.218 1.000 0.999 �0.721 �0.651
Julg �0.054 �0.218 0.999 1.000 �0.725 �0.653
MAGS �0.209 �0.330 �0.721 �0.725 1.000 0.969
NICS �0.246 �0.399 �0.651 �0.653 0.969 1.000


Table 6. Principal components of the PCA analysis for the 153 most
stable isomers of the parent [16]annulene. The following parameters
were used: Tmax (maximum deviation of dihedral angles from planarity),
HOMA (bond-length equalization index), Julg (bond-length equalization
index), MAGS (magnetic susceptibility), and NICS (nucleus independent
shift).


PC1 PC2 PC3 PC4 PC5


Tmax 0.063 �0.807 0.588 0.004 �0.003
HOMA 0.495 0.321 0.392 �0.087 0.701
Julg 0.495 0.320 0.382 �0.008 �0.711
MAGS �0.513 0.229 0.375 �0.736 �0.044
NICS �0.493 0.302 0.463 0.671 0.034
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[16]annulenes would exhibit similar properties. This is
indeed the case. The PCA analysis with the two most impor-
tant PC<s is plotted in Figure 8 (bottom). Again, the H5ckel
and the Mçbius structures are clearly clustered on the basis
of the aromaticity probes. Hence, the twist also makes a dif-
ference in our bianthraquinodimethane-modified annulenes.
The experimentally isolated and characterized compounds
are indicated with their structure number. The Mçbius struc-
ture 6 that we isolated and characterized by X-ray analysis
and the global minimum 8 are located within the cluster of
aromatic Mçbius compounds. Structures 5 and 7 (character-
ized by X-ray analysis) are rather nonaromatic because they
are located very close to the dividing line of both topologies.
The most aromatic is structure 9b. Unfortunately, we have
so far not been able to elucidate its conformation, which
could be either 9a or 9b. On an absolute scale, the aroma-
ticity of our benzoannelated [16]annulenes is reduced; how-
ever, the Mçbius twisted isomers are clearly more aromatic
than the nontwisted structures, as this is the case with the
parent [16]annulenes.


Conclusions


Heilbronner<s prediction that a planar [4n]annulene “…can
be twisted into a closed shell Mçbius strip perimeter without
loss in p electron energy” is only valid at the level of
H5ckel molecular orbital theory. In the parent [4n]an-
nulenes, any Mçbius aromatic stabilization does not over-
come the strain induced by the twist. Other effects, such as
strain energy determine the topology. The three most stable
isomers of the parent [16]annulene are not twisted.


By inserting a bianthraquinodimethane unit into the ring
we were able to stabilize the twist. Structures with Mçbius
topology are now more stable than H5ckel isomers and we
were able to isolate and characterize the first three Mçbius
annulenes.


By using a principle component analysis with five differ-
ent aromaticity parameters on a set of 153 parent [16]an-
nulene isomers, we were able to confirm previous assump-
tions that [4n]annulenes with a Mçbius twist exhibit proper-
ties that can be assigned to aromaticity. We applied the
same analysis also to 25 isomers of our bianthraquinodi-
ACHTUNGTRENNUNGmethane-modified [16]annulene and observe the same func-
tional relationship between the aromaticity parameters and
the topology. The Mçbius isomers exhibit enhanced aroma-
ticity relative to the H5ckel structures. Thus, the benzoanne-
lation may reduce the aromaticity but not to zero as stated
previously.[30]


Experimental Section


Single-crystal structure analysis : All data were measured using an STOE
Imaging Plate Diffraction System (IPDS-1). Structure solutions were per-
formed with direct methods using SHELXS-97. Structure refinement was
done against F2 using SHELXL-97. All non-hydrogen atoms were refined
with anisotropic displacement parameters. The C�H hydrogen atoms in
compound 2, 3, 5, and 7 were positioned with idealized geometry and
were refined with isotropic displacement parameters using a riding
model. In compound 6 the hydrogen atoms were refined with varying co-
ordinates and varying isotropic displacement parameters. In compound 2
two crystallographically independent molecules are found of which one
shows some disordering and therefore, was refined using a split model.
Details of data collection and structure refinement are given in Table 7.


Synthesis of syn-TCOD : Sodium (6.5 g) was added to mercury (650 g) in
small portions under an argon atmosphere at room temperature. The
sodium amalgam was cooled to room temperature and diethyl ether
(250 mL) was added. The mixture was sonicated with an ultrasonic probe
(cell disruptor 250 W, 50% output) for 30 min at 5 8C under argon and
3,4-cis-dichlorocyclobutene (5 mL) was added. The mixture was sonicated
at 5–10 8C for 2–7 d (the reaction was monitored by GC (column temper-
ature 30 8C). The reaction was allowed to run until all 3,4-cis-dichlorocy-
clobutene was converted to tricyclooctadiene). The mixture was filtrated
with Celite and the diethyl ether was evaporated carefully first at 30 8C
(800 mbar) and then 0 8C (200 mbar). A flow of argon was passed
through the yellowish liquid until no diethyl ether was detected in the
NMR spectrum. The syn-tricyclooctadiene (1.5 g, 68%) was stored in
benzene (10 mL). 1H NMR (500 MHz, CDCl3/TMS): d=6.03 (s, 4H),
3.13 ppm (s, 4H).


Preparation of compounds 2–4 : A suspension of TDDA (100 mg,
0.28 mmol), TCOD (300 mg, 2.88 mmol), and naphthalene (20 mg,
0.15 mmol) was irradiated with a 700 W high-pressure mercury lamp in a
quartz photoreactor and agitated with a flow of argon. After 10–20 min


Figure 8. Principle component analysis (PCA) of [16]annulenes by using
the parameters Tmax (maximum deviation of dihedral angles from pla-
narity), HOMA (bond-length equalization index), Julg (bond-length
equalization index), MAGS (magnetic susceptibility) and NICS (nucleus
independent shift) based on the B3LYP/6-31G* optimized geometries
(see text). a) PCA of the 153 most stable isomers of parent [16]annulene.
The two theoretically predicted Mçbius isomers and the two experimen-
tally known structures are labeled. b) PCA of the 25 most stable isomers
of Mçbius stabilized [16]annulenes. Compounds 5–8 have been isolated
and characterized by X-ray crystallography or NMR spectroscopy. An
unambiguous assignment of one of the isomers to 9a or 9b was not ach-
ieved.
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irradiation, the solvent was evaporated and the residue was dissolved in
dichloromethane and passed through a short column of silica gel. By
using preparative HPLC (90:10 heptane/dichloromethane) three isomers
were separated and characterized: 1,3-cyclohexadiene structure 2 (Cs


symmetry; 12 mg, 9.4%), 1,3-cyclohexadiene structure 3 (C2 symmetry;
8 mg, 6.3%) and ladderane 4 (2 mg, 1.6%). For a copy of the HPLC
chromatogram (UV detector, 254 nm) see the Supporting Information.
Single crystals of 2 and 3 were obtained from a heptane/dichloromethane
mixture.


Data for compound 2 (Cs symmetry): 1H NMR (500 MHz, CDCl3/TMS):
d=7.61 (d, J=7.0 Hz, 2H), 7.26 (d, J=7.0 Hz, 2H), 7.21 (dd, J=7.0,
7.0 Hz, 2H), 7.16 (m, 2H), 7.13 (dd, J=7.0, 7.0 Hz, 2H), 7.01 (d, J=
7.0 Hz, 2H), 6.91 (dd, J=7.5, 7.5 Hz, 2H), 6.86 (dd, J=7.5, 7.5 Hz, 2H),
5.92 (d, 10.5 Hz, 2H), 5.67 (d, J=10.5 Hz, 2H), 5.14 ppm (d J=10.5 Hz,
2H), 3.40 ppm (m, 2H); 13C NMR (125.8 MHz, CDCl3/TMS): d=141.40
(Cq, C=C bridgehead), 141.08 (Cq, CR2=CHR), 140.27 (Cq), 138.58 (Cq),
137.6 (Cq), 134.47 (Cq), 131.13 (CH, olefinic), 127.42 (CH, arom), 127.33
(CH, cyclohexadiene), 127.28 (CH, arom), 125.21 (CH, arom), 125.16
(CH, arom), 125.12 (CH, arom), 124.90 (CH, arom), 124.86 (CH, arom),
124.68 (CH, arom), 123.15 (CH, cyclohexadiene), 40.75 ppm (CH, ali-
phatic); MS (70 eV): m/z (%): 456 (100) [M+].


Data for compound 3 (C2 symmetry): 1H NMR (500 MHz, CDCl3/TMS):
d=7.53 (m, 4H), 7.26 (d, J=7.0 Hz, 2H), 7.15 (d, J=7.0 Hz, 2H), 7.11
(d, J=7.0 Hz, 2H), 7.06 (m, 2H), 7.02 (m, 2H), 6.99 (dd, J=7.0, 1.3 Hz,
2H), 5.92 (d, J=10.0 Hz, 2H), 5.66 (dd, J=10.0, 1.5 Hz, 2H), 5.54 (dd,
J=10.0, 2.8 Hz, 2H), 3.67 ppm (dd, J=7.0 Hz, 2H); 13C NMR
(125.8 MHz, CDCl3/TMS): d=140.68 (Cq, C=C bridgehead), 140.48 (Cq,
CR2=CHR), 140.40 (Cq), 140.05 (Cq), 137.17 (Cq), 134.88 (Cq), 129.28
(CH, olefinic), 127.96 (CH, cyclohexadiene), 127.18 (CH, arom), 126.52
(CH, arom), 126.36 (CH, arom), 125.89 (CH, arom), 125.50 (CH, arom),
125.03 (CH, arom), 124.48 (CH, arom), 122.38 (CH, arom), 121.86 (CH,
cyclohexadiene), 36.99 ppm (CH, aliphatic); MS ACHTUNGTRENNUNG(70 eV): m/z (%): 456
(100) [M+].


Data for compound 4 (ladderane): 1H NMR (500 MHz, CDCl3/TMS): d=
7.85 (dd, 2H), 7.45 (dd, 2H), 7.40 (dd, 2H), 7.33 (dd, 2H), 7.22 (dd, 2H),
6.10 (dd, 2H), 7.02 (dd, 2H), 6.67 (dd, 2H), 6.50 (s, 2H; olefinic), 4.31
(dd, 2H), 3.27 (dd, 2H), 2.86 ppm (dd, 2H); 13C NMR (125.8 MHz,
CDCl3/TMS): d=144.20 (Cq, C=C bridgehead), 143.38 (Cq, CR2=CHR),
138.11 (Cq), 137.78 (Cq), 137.56 (Cq), 134.47 (Cq), 129.27 (CH, olefinic),


129.12 (CH, arom), 128.78 (CH,
arom), 128.45 (CH, arom), 128.31
(CH, arom), 128.08 (CH, arom),
126.90 (CH, arom), 126.7 (CH, arom),
125.37 (CH, arom), 125.12 (CH,
arom), 124.12 (CH, arom), 121.60
(CH, arom), 46.76 (CH, aliphatic),
39.10 (CH, aliphatic), 29.71 ppm (CH,
aliphatic); MSACHTUNGTRENNUNG(70 eV): m/z (%): 456
(100) [M+].


Preparation of compounds 5–9 : A sol-
ution of TDDA (100 mg, 0.28 mmol),
TCOD (300 mg, 2.88 mmol) and naph-
thalene (20 mg, 0.15 mmol) was irradi-
ated with a 15 W low-pressure mercu-
ry lamp in a quartz photoreactor and
agitated with an argon gas flow. After
24 h of irradiation, the solvent was
evaporated and the solid residue was
dissolved in dichloromethane and
passed through a short column of
silica gel. The combined yield of iso-
mers was 50%. For separation of the
products a semipreparative HPLC
column and a mixture of 95:5 of hep-
tane and dichloromethane was used.
For a copy of the HPLC chromato-
gram (UV detector, 254 nm) see Sup-
porting Information. The cyclohexa-


diene compound 2 (Cs symmetry), Mçbius compound 6 (C2 symmetry),
and Mçbius compound 8 (C1 symmetry) have very close retention times.
Isolation of 6 was only possible after removal of 2 by titration with
TCNE. The cyclohexadiene isomer reacts faster and forms a polar [4+2]
adduct, which can be easily separated. Compound 8 is thermolabile and
has to be separated at low temperatures. Single crystals of 5, 6, and 7
were obtained by the diffusion method from heptane/dichloromethane.


Data for compound 5 (Mçbius C1): Yield: 8 mg; 1H NMR (500 MHz,
CDCl3/TMS): d=7.83 (m, 4H), 7.44 (dd, J=5.5, 3.4 Hz, 2H), 7.20 (dd,
J=7.5, 7.5 Hz, 4H), 7.09 (m, 4H), 6.72 (dd, J=9.4, 6.9 Hz, 2H; olefinic),
6.41 (dd, J=6.9, 1.7 Hz, 2H; olefinic), 6.22 ppm (d, 4H; olefinic);
13C NMR (125.8 MHz, CDCl3/TMS): d=139.81 (Cq, C=C bridgehead),
138.09 (Cq, CR2=CHR), 136.98 (Cq), 136.52 (Cq), 135.90 (Cq), 135.5 (Cq),
132.97 (CH, olefinic), 132.72 (CH, olefinic), 128.72 (CH, arom), 128.65
(CH, arom), 127.75 (CH, olefinic), 126.78 (CH, arom), 126.14 (CH,
arom), 125.01 (CH, arom), 124.81 (CH, arom), 124.77 (CH, arom), 123.97
(CH, arom), 123.84 ppm (CH, olefinic); UV/Vis (CHCl2): lmax (e)=250
(19528), 300 nm (15199); MS (70 eV): m/z (%): 456 (100) [M+].


Data for compound 6 (Mçbius C2): Yield: 6 mg; 1H NMR (500 MHz,
CDCl3/TMS): d=7.709 (ddd, 3J ACHTUNGTRENNUNG(1-H,2-H)=7.5 Hz, 4J ACHTUNGTRENNUNG(1-H,3-H)=1.3 Hz,
5J ACHTUNGTRENNUNG(1-H,4-H)=0.5 Hz, 2H; 1-H), 7.516* (m, 2H; 8-H), 7.209* (m, 2H; 4-
H), 7.201* (m, 2H; 5-H), 7.184 (ddd, 3J ACHTUNGTRENNUNG(2-H,1-H)=7.5 Hz, 4J ACHTUNGTRENNUNG(2-H,4-H)=
1.3 Hz, 2H; 2-H), 7.098 (ddd, 3J ACHTUNGTRENNUNG(3-H,2-H)=7.5 Hz, 3J ACHTUNGTRENNUNG(3-H,4-H)=7.5 Hz,
4J ACHTUNGTRENNUNG(3-H,1-H)=1.3 Hz, 2H; 3-H), 7.009 (ddd, 3J ACHTUNGTRENNUNG(7-H,6-H)=7.4 Hz, 3J ACHTUNGTRENNUNG(7-


Table 7. Selected crystal data and results of the structure refinements for compounds 2, 3, 5, 6 and 7.


2 3 5 6 7


formula C36H24 C36H24 C36H24 C36H24 C36H24


Mr [gmol�1] 456.55 456.55 456.55 456.55 456.55
crystal system monoclinic monoclinic monoclinic monoclinic monoclinic
space group P21/c P21/c P21/c C2/c P21/c
a [V] 8.6822(7) 10.1574(8) 9.6883(7) 16.280(2) 8.9779(5)
b [V] 29.245(3) 8.7109(6) 16.5449(12) 10.959(1) 29.007(2)
c [V] 19.284(2) 28.100(2) 15.3416(9) 14.373(2) 9.3982(5)
b [8] 101.43(1) 100.07(1) 100.90(1) 110.41(2) 94.09(1)
V [V3] 4799.4(7) 2448.0(3) 2414.7(3) 2403.5(2) 2441.3(3)
T [K] 170 170 150 173 150
Z 8 4 4 4 4
1calcd [gcm


�3] 1.264 1.239 1.256 1.262 1.242
2q range [8]8 3–46 3–48 3–52 2–55 3–45
m ACHTUNGTRENNUNG(MoKa) [mm�1] 0.07 0.07 0.07 0.07 0.07
measured reflns 25066 14086 9917 28913 7739
Rint. 0.0953 0.0535 0.0771 0.0813 0.0759
independent reflns 6826 3651 4658 2766 3150
observed reflns [I>2s(I)] 4850 3064 2757 2356 1773
parameters 723 326 326 212 326
R1 [I>2s(I)] 0.0872 0.0495 0.0542 0.0400 0.0599
wR2 (all data) 0.2212 0.1341 0.1397 0.1132 0.1488
Goof 1.105 1.070 0.959 1.046 0.951
residual electron density [eV�3] 0.49/�0.39 0.26/�0.19 0.23/�0.20 0.25/�0.22 0.34/�0.19
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H,8-H)=7.4 Hz, 4J ACHTUNGTRENNUNG(7-H,5-H)=2.0 Hz, 2H; 7-HA), 7.003 (ddd, 3J ACHTUNGTRENNUNG(6-H,7-
H)=7.4 Hz, 3J ACHTUNGTRENNUNG(6-H,7-H)=7.4 Hz, 4J ACHTUNGTRENNUNG(6-H,8-H)=2.0 Hz, 2H; 6-HB), 6.486
(dd, 3J(11-H,12-H)=12.5 Hz, 4J(11-H,13-H)=1.5 Hz, 2H; 11-H), 6.118
(dd, 3J(12-H,11-H)=12.5 Hz, 3J(12-H, 13-H)=11.9 Hz, 2H; 12-H), 5.940
(dd, 3J(14-H,13-H)=4.7 Hz, 4J(14-H,14’-H)=1.9 Hz, 2H; 14-H),
5.690 ppm (dddd, 3J(13-H,12-H)=11.9 Hz, 3J(13-H,14-H)=4.7 Hz, 4J(13-
H,14’-H)=1.9 Hz, nJ=0.9 Hz, 2H; 13-H); *chemical shifts were assigned
from HSQC spectra; 13C NMR (125.8 MHz, CDCl3/TMS): d=140.67 (10-
C), 139.92 (9-C), 139.36 (10b-C), 138.93 (9a-C), 138.34 (9b-C), 135.91
(10a-C), 128.09 (1-C), 127.79 (12-C), 127.04 (14-C), 126.42 (6-C), 126.27
(8-C), 126.15 (4-C), 125.97 (3-C), 125.41 (2-C), 125.24 (7-C), 124.89 (11-
C), 122.05 ppm (5-C); UV/Vis (CH2Cl2): lmax (e)=253 (26231), 312
(17251), 400 nm (br, 2946); MS (70 eV): m/z (%): 456 (100) [M+].


Data for compound 7 (H/ckel Cs):
1H NMR (500 MHz, CDCl3/TMS):


d=7.733 (ddd, 3J ACHTUNGTRENNUNG(8-H,7-H)=7.5 Hz, 4J ACHTUNGTRENNUNG(8-H,6-H)=1.3 Hz, 5J ACHTUNGTRENNUNG(8-H,5-H)=
0.6 Hz, 2H; 8-H), 7.609 (ddd, 3J ACHTUNGTRENNUNG(1-H,2-H)=7.3 Hz, 4J ACHTUNGTRENNUNG(1-H,3-H)=1.5 Hz,


5J ACHTUNGTRENNUNG(1-H,4-H)=0.6 Hz, 2H; 1-H), 7.332 (ddd, 3J ACHTUNGTRENNUNG(5-H,6-H)=7.3 Hz, 4J ACHTUNGTRENNUNG(5-
H,7-H)=1.5 Hz, 2H; 5-H), 7.114 (m, 2H; 4-H), 7.087 (ddd, 3J ACHTUNGTRENNUNG(7-H,8-
H)=7.5 Hz, 3J ACHTUNGTRENNUNG(7-H,6-H)=7.3 Hz, 4J ACHTUNGTRENNUNG(7-H,5H)=1.5 Hz, 2H; 7-H), 7.043
(ddd, 3J ACHTUNGTRENNUNG(6-H,7-H)=7.3 Hz, 3J ACHTUNGTRENNUNG(6-H,5-H)=7.5 Hz, 4J ACHTUNGTRENNUNG(6-H,8-H)=1.3 Hz,
2H; 6-H), 7.005 (ddd, 3J ACHTUNGTRENNUNG(2-H,1-H)=7.3 Hz, 3J ACHTUNGTRENNUNG(2-H,3-H)=7.3 Hz, 4J ACHTUNGTRENNUNG(2-
H,4-H)=1.5 Hz, 2H; 2-H), 6.978 (ddd, 3J ACHTUNGTRENNUNG(3-H,2-H)=7.3 Hz, 3J ACHTUNGTRENNUNG(3-H,4-
H)=7.5 Hz, 4J(3-H,1-H,=1.5 Hz, 2H; 3-H), 6.624 (dd, 3J(12-H,11-H)=
11.0 Hz, 3J(12-H,13-H)=10.8 Hz, 2H; 12-H), 6.260 (dd, 3J(11-H,12-H)=
11.0 Hz, 4J(11-H,13-H)=1.3 Hz, 2H; 11-H), 6.238 (ddd, 3J(14-H,14’-H)=
11.0 Hz, 3J(14-H,13-H)=2.4 Hz, 4J(14-H,13’-H)=1.1 Hz, 2H; 14-H),
5.875 ppm (dddd, 3J(13-H,12-H)=10.8 Hz, 3J(13-H,14-H)=2.4 Hz, 4J(13-
H,14’-H)=1.1 Hz, 4J(13-H,11-H)=0.9 Hz, 2H; 13-H); 13C NMR
(125.8 MHz, CDCl3/TMS): d=139.76 (9-C)*, 138.19 (10-C)*, 137.93 (10a-
C)*, 137.65 (9b-C)*, 137.47 (9a-C)*, 136.31 (10b-C)*, 131.52 (13-C),
129.83 (14-C), 128.45 (8-C), 128.02 (12-C), 127.94 (1-C), 126.44 (3-C),
126.06 (6-C), 125.41 (5-C), 125.23 (7-C), 124.60 (2-C), 123.29 (4-C),
122.00 ppm (11); * assignement according to a CSGT B3LYP/6–31G* cal-
culation; UV/Vis (CH2Cl2): lmax (e)=259 (17027), 299 nm (16334); MS
(70 eV): m/z (%): 456 (100) [M+].


Data for compound 8 (Mçbius C1, global minimum): 1H NMR (500 MHz,
CDCl3/TMS): d=7.75 (dd, 2H), 7.37 (dd, 2H), 7.20 (dd, 2H), 7.15 (m,
2H), 7.12 (m, 2H), 6.94 (dd, 2H), 6.80 (t, 2H), 6.72 (dd, 1H; olefinic),
6.25 (d, 1H; olefinic), 6.15 (t, 1H; olefinic), 5.97 (d, 1H; olefinic), 5.90
(dd, 1H; olefinic), 5.85 (dd, 1H; olefinic), 5.78 (dd, 1H; olefinic),
5.72 ppm (dd, 1H; olefinic); MS ACHTUNGTRENNUNG(70 eV): m/z (%): 456 (100) [M+]. The
compound isomerizes at room temperature to give the Cs symmetric cy-
clohexadiene structure 2.


Data for compound 9 (Mçbius C2):
1H NMR (500 MHz, CDCl3/TMS):


d=7.75 (dd, 2H), 7.37 (dd, 2H), 7.20 (dd, 2H), 7.15 (m, 2H), 7.12 (m,
2H), 6.94 (dd, 2H), 6.80 (t, 2H), 6.72 (dd, 1H; olefinic), 6.25 (d, 1H; ole-
finic), 6.15 (t, 1H; olefinic), 5.97 (d, 1H; olefinic), 5.90 (dd, 1H; olefinic),
5.85 (dd, 1H; olefinic), 5.78 (dd, 1H; olefinic), 5.72 pm (dd, 1H; olefin-
ic); MS (70 eV): m/z (%): 456 (100) [M+]. The data are not sufficient to
distinguish between the two possible conformations 9a and 9b.
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Introduction


The origins of biological homochirality have intrigued re-
searchers since Pasteur�s discovery of the optical activity of
biomolecules.[1] In 1953, Frank proposed that evolution of
high asymmetry from a small imbalance of enantiomers
could be achieved by a combination of autocatalytic and in-
hibition processes.[2] This was
first experimentally accomplish-
ed by Soai and co-workers.[3]


Their original zinc addition ex-
periment has been widely used
to explain the origins of homo-
chirality.


The circular polarization in
star formation regions may
have led to the initial asymmetry of organic molecules such
as sugars and amino acids.[4] In fact, extraterrestrial amino
acids have been found on the Murchison meteorite with
enantiomeric excesses (ees) of up to 9%.[5] The finding has
led to speculation on the origins of homochirality by a proc-
ess mediated by amino acids.[6–8] Furthermore, extraterrestri-
al sugars are also present on the Murchison meteorite.[9] In


our earlier studies on the amino acid catalyzed formation of
carbohydrates such as 2a and 3,[10] we found a remarkably
high asymmetric amplification in the formation of the
hexose product 3 (Reaction (1)).[11] In addition, a positive
nonlinear effect that is dependent on the reaction conditions
has been observed in the amino acid catalyzed a-aminoxyla-
tion of propionaldehyde.[7]


Hence, amino acids may have been the seed for the evolu-
tion of homochirality of carbohydrates. However, Frank�s
scheme is not applicable to Reaction (1) since the catalyst is
not catalyzing its own formation. In fact, the amino acid is
catalyzing the asymmetric formation of a sugar in a fashion
similar to the way in which enzymes have asymmetrically as-
sembled carbohydrates for millions of years.[12–13] Thus, there
is a need to find an alternative mechanism for the origins of
homochirality that is not based on autocatalysis. Bearing
this in mind, and given the intense interest in the origins of
homochirality, we became interested in finding a reaction
model that could provide new insights on the origin of
asymmetric amplification in amino acid catalyzed reactions.
Here, we propose and demonstrate a novel alternative for
the evolution of homochirality that forges a direct relation-


Keywords: amino acids · asymmet-
ric amplification · homochirality ·
kinetic resolution · sugars
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ship between the chirality of sugars and amino acids. This
process provides a mechanism by which a racemic mixture
of an amino acid can catalyze the formation of an organic
molecule with an enantiomeric excess.


Results and Discussion


We first investigated the (S)-proline-catalyzed asymmetric
formation of aldose precursor 2b (Reaction (2)).[13d]


In initial experiments, we performed the amino acid cata-
lyzed asymmetric synthesis of 2b using different levels of
enantioenriched (S)-proline as the catalyst (Figure 1). Nota-
bly, we found a significant
asymmetric amplification of the
enantiomeric excess in the
amino acid catalyzed asymmet-
ric formation of b-hydroxyalde-
hyde 2b, even though, a single
proline molecule takes part in
the formation of aldose precur-
sors 2 according to the pro-
posed mechanisms and transi-
tion states of previously report-
ed proline-catalyzed enantiose-
lective aldol reactions.[10,11, 13,14]


The results indicated to us
that the asymmetric amplification in the amino acid cata-
lyzed reactions was plausibly caused by chiral product 2b.
We therefore decided to test an alternative and novel ex-
planation for the origins of homochirality that is consistent
with transition state theory. The model is based on the in-
trinsic ability of chiral organic molecules such as sugars and
b-hydroxyaldehydes 2,[15] which are formed by amino acid


catalysis, to react at different rates with the (S)- or (R)-
amino acid and consequently “auto” kinetically resolve the
catalyst without forming a new catalyst species (Scheme 1).


This sugar-assisted kinetic resolution leads to asymmetric
amplification of the chiral organic product in the next cata-
lytic cycle because the free amino acid has a higher optical
activity (Figure 2).


The product-assisted auto-kinetic resolution scheme is
also applicable to sequential (Pn+1=Sn+1) and two parallel
amino acid catalyzed reactions where the amino acid de-


Figure 1. Relation between the enantiomeric excess of (S)-proline and
that of the newly formed tetrose 2b (&) in the catalytic asymmetric dime-
rization of propionaldehyde.


Scheme 1. Different reaction rates of (S)- and (R)-proline with sugars 2.


Figure 2. Proposed model for the catalytic asymmetric amplification.
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rived products Pn+1 or Pn+2 synergistically contributes to the
asymmetric amplification of one of the products. The theory
can be tested with a racemic amino acid as the catalyst. In
this case, the presence of a chiral sugar P1 with enantiomeric
excess should be able to kinetically resolve the amino acid
catalyst, which subsequently catalyzes the formation of opti-
cally active product P2. This plausible scenario would sug-
gest that a chiral sugar could have set the seed for the evolu-
tion of homochirality of sugars and amino acids. To further
test our theory of a sugar-assisted kinetic resolution of an
amino acid catalyst, we chose the racemic proline-catalyzed
a-aminoxylation of cyclohexanone 4 that furnishes the cor-
responding racemic a-aminoxylated ketone 5 as the model
reaction (Reaction (3)).[16]


This proline-catalyzed reaction exhibits no asymmetric
amplification and only one proline molecule takes part in
the transition state.[16d,e] In an initial experiment, we added
aldose precursor 2b with 98% ee (1 mmol), which had been
obtained by (S)-proline catalysis (Reaction (2)),[13d] to a mix-
ture of racemic proline (10 mol%) in DMSO (1 mL)
(Table 1, entry 1). After the mixture had been stirred for 1h,
the reaction mixture became homogeneous and cyclohexa-
none 4 (1 mmol) was added. Next, nitrosobenzene
(0.5 mmol) in DMSO (1 mL) was slowly added by syringe
pump to the reaction mixture. The reaction was quenched
by directly purifying the reaction mixture by silica-gel
column chromatography. Remarkably, product 5 was isolat-
ed in 57% yield with 27% ee (Table 1, entry 1). Thus, a
product-assisted kinetic resolution of the amino acid catalyst
by the aldehyde 2b had occurred. The added aldose precur-
sor 2b was recovered with 97% ee as determined by chiral-
phase GC analyses. Notably, increasing the pre-mixing time
of 2b with racemic proline to 4 h increased the ee of 5 to
66% ee (Table 1, entry 2). In addition, no product 5 was fur-
nished without a catalytic amount of racemic proline. The
addition of different aldose precursors 2a–d, which had
been furnished by (S)-proline catalysis, to the racemic pro-
line-catalyzed model reaction (vide infra) furnished the opti-
cally active ketone product 5 in all cases (Table 1). Of the
investigated aldose precursors, 2b and 2d reacted fastest
with (R)-proline and created the highest concentration of
free (S)-proline, which led to the highest asymmetric induc-
tion of ketone 5. We also performed the premixing of the
simplest sugars glyceraldehyde and tetroses 2 with proline
under prebiotic conditions, which was followed by removal
of the water and a-aminoxylation of 4. In all cases, a sugar-
assisted kinetic resolution of the amino acid catalyst had oc-


curred, and optically active ketone 5 was furnished. To fur-
ther establish that the sugars 2 were responsible for the in
situ kinetic resolution and not just any chiral additive,[17] we
investigated the racemic proline-catalyzed a-aminoxylation
reaction in the presence of several natural chiral molecules
(Table 2).


We found that the enzyme-like kinetic resolution of the
amino acid exclusively occurred in the presence of natural
C-3 and C-4 sugars or aldose precursor 2, which can be
formed by proline catalysis. None, of the other chiral natural
products 7–10 were able to resolve the amino acid catalyst.
Hence, a free aldehyde moiety is essential for the kinetic
resolution of the amino acid. Moreover, the C-6 sugar glu-
cose 8, which is preferentially in its pyranose form, was
unable to kinetically resolve the amino acid catalyst. This is
in accordance with the fact that the tetroses 2 f and 2g have
a faster equilibrium between the furananose form and the
open form, which have a free reactive aldehyde moiety, than
the pyranose ring of glucose 8. Next, we performed the ex-
periment with different levels of enantiomeric purity of te-
trose 2b (Table 3).


Notably, even though 2b with low optical activity was
added, the racemic proline catalyzed the formation of opti-
cally active ketone 5. Thus, the optical purity of the tetrose
2 does not have to be high to create an imbalance between


Table 1. Product-assisted in situ kinetic resolution of racemic proline.


Entry Sugar d.r.[a] ee [%][b] Product Yield [%][c] ee [%][d]


1 4:1 98 5 57 27


2 2b 4:1 98 5 51[e] 66[e]


3 4:1 99 5 26 5


4 4:1 >99 5 48 10


5 >19:1 >99 5 55 27


6 >19:1 >99 5 45[f] �5


7 >19:1 >99 5 24[f] �2


8 >98 5 47 7


[a] The diastereomeric ratio (d.r.) (anti :syn) determined by NMR analy-
ses. [b] The ee determined by chiral-phase GC analyses. [c] Yield of pure
product isolated. [d] The ee determined by chiral-phase HPLC analyses.
[e] The mixture was premixed for 4 h. [f] The mixture was premixed in
water for 15 min.
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the two enantiomers of the amino acid. In fact, this small
imbalance of enantiomeric excess of the amino acid catalyst
is enough to give rise to asymmetric amplification
(Figure 1). The kinetic resolution of the amino acids is plau-
sible due to a combination of inhibition and reaction be-
tween sugars 2 and the proline catalyst.[18] For example, stir-
ring racemic proline in the presence of glyceraldehyde 2h or
tetrose 2e for 1 h followed by the a-aminoxylation reaction
(vide infra) did not give ketone 5. 1HNMR analysis of the
reaction between glyceraldehyde 2h and (S)-proline in
[D6]DMSO showed that complete conversion to the corre-
sponding oxazolidinone I had occurred within this time. The
clear shift of the oxazolidinone C-2 ring-proton at d=


5.16 ppm (d, J=3.9 Hz) and the higher field shift of the
methyl groups of the acetonide at d=1.35 and 1,27 ppm, re-
spectively, established the formation of I. Notably, perform-
ing the same experiment with (R)-proline furnished the cor-
responding diasteromeric oxazolidinone II with a clear shift
of the C-2 ring-proton at d=5.12 ppm (d, J=5.0 Hz) and
the higher field shift of the methyl groups of the acetonide
at d=1.31 and 1.26 ppm, respectively.


We next mixed racemic proline together with aldehyde 2g
and found that the ratio between oxazolidinones I and II
was 1:1.5 (Figure 3). Thus, (R)-proline forms the oxazolidi-
none at a faster rate than (S)-proline.


Moreover, kinetic experiments revealed that the (S)-pro-
line-catalyzed a-aminoxylation reaction in the presence of
the (S)-proline-derived tetrose 2b was faster than the corre-
sponding (R)-proline-catalyzed reaction (Figure 4). Conse-
quently, optically active ketone (2R)-6 is formed in the race-
mic proline-catalyzed reaction in Tables 1–3.


Table 2. Influence of chiral aldose precursors, sugars, amino acids, a-hy-
droxy acids and nucleotides on the racemic proline catalyzed reaction.


Entry Additive d.r.[a] ee
[%][b]


Product Yield
[%][c]


ee
[%][d]


1 2b 4:1 98 5 51[e] 66
2 ent-2e >19:1 >99 5 45[f] �5
3 ent-2 f >19:1 >99 5 24[f] �2
4 2g >98 5 47 7


5 >98 5 6 17


6 >99 5 64 0


7 d-glucose 8 >99 5 47[f] <1
8 d-glucose 8 >99 5 49[g] <1
9 (S)-alanine 9 >99 5 59 0
10 d-2-deoxy-thymi-


dine 10
>99 5 64 0


[a] The d.r. (anti :syn) determined by NMR analyses. [b] The ee deter-
mined by chiral-phase GC analyses. [c] Yield of pure product isolated.
[d] The ee determined by chiral-phase HPLC analyses. [e] The mixture
was premixed for 4 h. [f] The mixture was premixed in water for 15 min.
[g] The mixture was premixed in water for 48 h at 120 8C.


Table 3. Influence of the ee of 2b in the product-assisted in situ kinetic
resolution of racemic proline.


Entry Sugar d.r.[a] ee [%][b] Product Yield [%][c] ee [%][d]


1 2b 4:1 98 5 57 27
2 2b 4:1 86 5 55 24
3 2b 4:1 70 5 41 20
4 2b 3:1 48 5 67 10
5 2b 3:1 15 5 72 3.5


[a] The d.r. (anti :syn) determined by NMR analyses. [b] The ee deter-
mined by chiral-phase GC analyses. [c] Yield of pure product isolated.
[d] The ee determined by chiral-phase HPLC analyses.


Figure 3. The 1H NMR spectra of the C-2 protons of the oxazolidinones I
and II, respectively, formed by mixing racemic proline with glyceralde-
hydes 2h in [D6]DMSO. The ratio between I and II is 1:1.5.
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Conclusion


In summary, we have shown that sugar product 2-assisted ki-
netic resolution as well as inhibition of an amino acid cata-
lyst is the origin of the significant amplification of enantio-
meric excess in the amino acid catalyzed formation of carbo-
hydrates. The reaction scheme is complementary to the
model of autocatalysis and provides a mechanism in which
an optically inactive amino acid can mediate the formation
of organic molecules with enantiomeric excesses in the pres-
ence of a sugar product with low enantiomeric excess. Thus,
we have found that the optical enrichment of products de-
rived by amino acid catalysis may be influenced by the
action of simple sugars and amino acids. The symbiotic be-
havior of these additives, in combination with the likely
presence of each in the prebiotic milieu, suggests that their
cooperative action could have contributed to the early ach-
ievement of highly enantioenriched products under prebiotic
conditions and may be an explanation for the origin of ho-
mochirality where the initial asymmetry may have been set
by an amino acid or sugar.


Experimental Section


General : Chemicals and solvents were either purchased puriss p.A. from
commercial suppliers or purified by standard techniques. For thin-layer
chromatography (TLC), Merck 60 F254 silica gel plates were used, and
compounds were visualized by irradiation with UV light and/or by treat-
ment with a solution of phosphomolybdic acid (25 g), Ce ACHTUNGTRENNUNG(SO4)2·H2O
(10 g), concentrated H2SO4 (60 mL), and H2O (940 mL) followed by
heating or by treatment with a solution of p-anisaldehyde (23 mL), con-
centrated H2SO4 (35 mL), acetic acid (10 mL), and ethanol (900 mL) fol-
lowed by heating. Flash chromatography was performed by using Merck
60 silica gel (particle size 0.040–0.063 mm), 1H NMR and 13C NMR spec-
tra were recorded on a Varian AS 400 instrument. Chemical shifts are
given in d relative to tetramethylsilane (TMS), the coupling constants J
are given in Hz. The spectra were recorded in CDCl3 as solvent at room


temperature, TMS served as internal standard (d=0 ppm) for 1H NMR
spectra, and CDCl3 was used as internal standard (d=77.0 ppm) for
13C NMR spectra. GC was carried out using a Varian 3800 GC instru-
ment. Chiral GC-column used: CP-Chirasil-Dex CB 25 mQ0.32 mm. Op-
tical rotations were recorded on a Perkin Elemer 241 Polarimeter (l=
589 nm, 1 dm cell). Optical rotations were recorded on a Perkin Elemer
241 Polarimeter (l=589 nm, 1 dm cell). High-resolution mass spectra
were recorded on an IonSpec FTMS mass spectrometer with a DHB-
matrix.


(S)-Proline-catalyzed asymmetric synthesis of (2S, 3S)-3-hydroxy-2-meth-
ylpentanal (2b): Propionaldehyde (1 mL, 13.7 mmol) was added to a vial
containing (S)-proline (30 mg, 0.26 mmol) and DMSO (2 mL). The reac-
tion was left to stir at 4 8C for 16 h. The reaction mixture was readily pu-
rified by silica-gel chromatography (pentane/EtOAc 3:1) to furnish pure
2b in 68% yield with 98% ee. Analytical data of this compound are iden-
tical in every aspect to previously reported values.[13d] The ee was deter-
mined by GC analysis of the acetal derived from 2,2-dimethylpropane-
1,3-diol according to the method of Yamamoto et al.[19] GC: Tdet=275 8C,
flow=1.8 mLmin�1, ti=100 8C, hold 35 min, tf=200 8C rate=80 8Cmin�1,
hold 10 min, major isomer: tr=35.514 min, minor isomer tr=35.778 min.
The cross-aldol adducts 2c and 2d were synthesized according to Mac-
Millan�s[13d] and our[10] procedures by utilizing (S)-proline (10 mol%) as
the catalyst.


Typical experimental procedure for the proline-catalyzed asymmetric
synthesis of (2S, 3S)-3-hydroxy-2-methylpentanal (2b): Propionaldehyde
(1 mL, 13.7 mmol) was added to a vial containing proline (30 mg,
0.26 mmol, the ee of the proline was varied according to Figure 1) and
DMSO (2 mL). The reaction was left to stir at 4 8C for 16 h. The reaction
mixture was readily purified by silica-gel chromatography (pentane/
EtOAc 3:1) to furnish pure 2b. The ee was determined as described
above.


Typical experimental procedure for the racemic proline-catalyzed synthe-
sis of 5 in the presence of aldose precursors 2 : A solution of aldose pre-
cursors 2 (1 mmol, with an ee according to Tables 1 and 2) or glyceralde-
hyde 2g (0.75 mmol) and racemic (R),(S)-proline (6 mg, 10 mol%) in
DMSO (1 mL) was left to stir for 1–2 h. Next, cyclohexanone 4 (1 mmol)
was added to the homogeneous reaction mixture followed by slow addi-
tion with a syringe pump over 1 h of a solution of nitrosobenzene (54 mg,
0.5 mmol) in DMSO (1 mL). Next the reaction mixture was let to stir for
an additional 0.5 h (3 h when tetrose 2a was used). The reaction was
quenched by putting the reaction mixture directly on a silica-gel column
(pentane/EtOAc 10:1), which furnished the pure 5 and 2 after chroma-
tography. Analytical data of 5 are identical to previously reported value-
s.[16a,d] The ee was determined by chiral-phase HPLC analysis (Diacel
Chiralpak AD, n-Hex/iPrOH 90:10, flow rate 0.5 mLmin�1, l=254 nm):
minor isomer: tr=27.208 min, major isomer: tr=31.791 min.


Typical experimental procedure for the racemic proline-catalyzed synthe-
sis of 5 in the presence of sugars 2 or glucose : A solution of erythrose,
threose 2 (0.25 mmol, with an ee according to Table 1 and Table 2), or
glucose (2 mmol) and racemic (R),(S)-proline (6 mg, 10 mol%) in H2O
(1 mL) was left to stir for 15 min. The water was removed under reduced
pressure and DMSO was added (1 mL). Next, cyclohexanone 4 (1 mmol)
was added to the homogeneous reaction mixture followed by slow addi-
tion with syringe pump over 1 h of a solution of nitrosobenzene (54 mg,
0.5 mmol) in DMSO (1 mL). The reaction mixture was then left to stir
for an additional 0.5 h (3 h when tetrose 2a was used). The reaction was
quenched by putting the reaction mixture directly on a silica-gel column
(pentane/EtOAc 10:1), which furnished pure 5 and 2 after chromatogra-
phy. Analytical data of 5 are identical to previously reported values.[16a,d]


The ee was determined by chiral-phase HPLC analysis (Diacel Chiralpak
AD, n-Hex/iPrOH 90:10, flow rate 0.5 mLmin�1, l=254 nm): minor
isomer: tr=27.208 min, major isomer: tr=31.791 min.


Typical experimental procedure for the racemic proline-catalyzed synthe-
sis of 5 in the presence of a chiral derivative: A solution of chiral natural
product (1 mmol, with an ee according to Table 2) and racemic (R),(S)-
proline (6 mg, 10 mol%) in DMSO (1 mL) was left to stir for 1–2 h.
Next, cyclohexanone 4 (1 mmol) was added to the homogeneous reaction
mixture followed by slow addition with syringe pump over 1 h of a solu-


Figure 4. Relationship between the time and the asymmetric formation of
6 for the (S)-proline-catalyzed reaction (*, black), (S)-proline-catalyzed
reaction in the presence of tetrose 2b (~, blue) and (R)-proline-catalyzed
reaction in the presence of tetrose 2b (&, red).
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tion of nitrosobenzene (54 mg, 0.5 mmol) in DMSO (1 mL). The reaction
mixture was then left to stir for an additional 0.5 h (3 h when tetrose 2a
was used). The reaction was quenched by putting the reaction mixture di-
rectly on a silica-gel column (pentane/EtOAc 10:1), which furnished pure
5 and 2 after chromatography. Analytical data of 5 are identical to previ-
ously reported values.[4] The ee was determined by chiral-phase HPLC
analysis (Diacel Chiralpak AD, n-Hex/iPrOH 90:10, flow rate
0.5 mLmin�1, l=254 nm): minor isomer: tr=27.208 min, major isomer:
tr=31.791 min.


Typical experimental procedure for the kinetic study of the (S)-proline-
catalyzed formation of ketone 5 (Figure 4, *, black): A solution of nitro-
sobenzene (54 mg, 0.5 mmol) in DMSO (1 mL) was slowly added with sy-
ringe pump to a homogeneous mixture containing (S)-proline (6 mg,
10 mol%), cyclohexanone (1 mmol), and DMF (0.155 mmol, 12 ml, inter-
nal standard) in DMSO (1 mL). Aliquots (25 mL) were taken out from
the homogeneous reaction mixture and diluted with CDCl3 and the prog-
ress of the reaction was monitored by 1H NMR analyses. The ratio of the
area of the quintet at d=4.35 ppm corresponding to the CHONHAr
proton of 5 and the area of the broad singlet at d=7.93 ppm correspond-
ing to a formamide proton of DMF (A5/Ainternal standard) was directly corre-
lated to the known calibration curve and gave the product formation as a
function of time.


Typical experimental procedure for the kinetic study of the (S)-proline-
and (R)-proline-catalyzed formation of ketone 5 in the presence of te-
trose 2b (Figure 4, ~, blue and &, red, respectively): A solution of tetrose
2b (1 mmol, 98% ee) and (S)- or (R)-proline (6 mg, 10 mol%) in DMSO
(1 mL) was left to stir for 1 h. The reaction mixture became homogene-
ous after it had been stirred for 2 min. Next, cyclohexanone 5 (1 mmol)
and DMF (0.155 mmol, 12 mL, internal standard) was added, followed by
slow addition with a syringe pump over 1 h of a solution of nitrosoben-
zene (54 mg, 0.5 mmol) in DMSO (1 mL). Aliquots (25 mL) were taken
out from the homogeneous reaction mixture and diluted with CDCl3, and
the progress of the reaction was monitored by 1H NMR analyses. The
ratio of the area of the quintet at d=4.35 ppm corresponding to the
CHONHAr proton of 5 and the area of the broad singlet at d=7.93 ppm
corresponding to formamide proton of DMF (A5/Ainternal standard) was di-
rectly correlated to the known calibration curve and gave the product
formation as a function of time.


Typical experimental procedure for the NMR experiments between glyc-
eraldehyde 2g and proline : A solution of glyceraldehyde 2h
(0.347 mmol, >98% ee) and (S)- or (R)-proline (0.087 mmol) in DMSO
(1 mL) was left to stir for 1 h in [D6]DMSO (1 mL). Next, 1H NMR anal-
ysis was performed, which showed that all (S)- or (R)-proline had reacted
with aldehyde 2g and formed the corresponding oxazolidinones I or II,
respectively.


Typical experimental procedure for the NMR experiments between glyc-
eraldehydes 2g and racemic proline : A solution of glyceraldehyde 2h
(0.043 mmol, >98% ee) and (S),(R)-proline (0.087 mmol) in DMSO
(1 mL) was left to stir for 15 min in [D6]DMSO (1 mL). Next, 1H NMR
analysis was performed, which showed that the ratio between the corre-
sponding oxazolidinones I and II was 1.53.
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Diffraction
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Introduction


Single molecular magnets[1] are currently attracting a great
deal of attention because of spectacular quantum phenom-
ena observed by microscopic methods. For practical applica-
tions a large overall magnetic moment of a singular cluster
as well as a strong magnetic exchange of interacting centers
are desirable. The former requirement can be satisfied in a
simple case by involving magnetic centers with large mo-
ments. Thus typical single molecular magnets are composed


from 3d transition ions and organic or inorganic bridging
and coordinating ligands. Unfortunately, for all known
single molecular magnets the quantum phenomena can be
observed only at low temperatures (<10 K) since the cou-
pling strengths are not strong enough in comparison to ther-
mal energies at ambient conditions. If one wants to intro-
duce intercluster interactions and to study their impact on
the phenomena mentioned, in particular, the competition
between intra- und intercluster interactions, one has to
switch to chemical systems in which the clusters are less ef-
fectively isolated and insulated by organic ligands. Alkali
oxometalates of the transition elements consisting of oligo-
meric complex oxoanions, which contain magnetic centers of
diverse spin moments, would match these requirements. Re-
cently, we succeeded in obtaining a novel sodium oxocobal-
tate,[2] which contains the tetrameric mixed-valent Co4O10


anion. Its magnetic properties are rather unusual; it shows
significant magnetic exchange interactions already at room
temperature (see Figure 1). The temperature dependence of
c can be rationalized by assuming strong antiferromagnetic
intracluster exchange interactions between CoII and CoIII


ions dominating the high-temperature magnetic behavior.


Abstract: Na10Co4O10 was investigated
by neutron powder diffraction at 230,
70, and 4 K. The crystal structure, de-
termined previously by X-ray diffrac-
tion on single crystals, was confirmed.
Na10Co4O10 orders magnetically below
37 K. All observed magnetic reflections
could be indexed by integers (hkl) with
respect to the chemical unit cell and
the magnetic propagation vector q=0.
The refinement was performed in the
Shubnikov space group C2/c and indi-
cated a collinear antiferromagnetic
spin structure. The determined spin ar-
rangement is consistent with the mag-
netic intratetramer interactions sug-


gested previously from the analysis of
magnetic susceptibility data: the mag-
netic moments of the central CoIII ions
of the Co4O10 tetramer lie parallel to
each other and couple in an antiparal-
lel fashion to the terminal CoII mo-
ments. The Rietveld analysis shows
that the net moments of 0.64 mB per tet-
ramer form ferromagnetic layers paral-
lel to the ab plane. Adjacent layers are
coupled antiferromagnetically along c.


The spins are aligned in the ac plane
along the line connecting adjacent CoII


and CoIII ions of the tetramer. We have
determined unusually low values for
the ordered magnetic moments of
2.43(5) mB and 2.11(6) mB for CoIII and
CoII, respectively. The occurrence of
spontaneous magnetization below 37 K
indicates a slight canting of 2.28 of the
antiferromagnetic structure. A repre-
sentation analysis shows that a weak
ferromagnetic component along b is
compatible with the determined anti-
ferromagnetic structure.
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Below 38 K intercluster interactions become important and
lead to cooperative effects. The interaction between the cen-
tral CoIII ions is much weaker, and could be roughly quanti-
fied only in an indirect way through measurements on
Na6Co2O6


[3] where a virtually identical surrounding of Co3+


ions is observed. To extend and corroborate that explana-
tion, in this work we present our investigations on the mag-
netic structure of Na10Co4O10 obtained by neutron diffrac-
tion, which in particular shed light on the role of intra- and
intercluster interactions in the magnetic properties of transi-
tion metal oxides.


Experimental Section


Polycrystalline samples of Na10Co4O10 (�5 g) were obtained
by the azide/nitrate route[4] through procedures described in
our previous papers.[2,5] The powder was placed into a cylin-
drical vanadium container and loaded into a standard
helium flow cryostat. Neutron diffraction measurements
were done with the D2B (high resolution) and D20 (high
flux) powder diffractometers at the ILL in Grenoble. The
high intensity mode was used at D2B to collect data at 230,
70, and 4 K, the wavelength was 1.594 M. Data sets cover a
range in 2q up to 1608 and have an angular resolution of
0.058. The temperature dependence of the magnetic Bragg
reflections was measured on the instrument D20. The Riet-
veld method[6] was used to refine the crystal and magnetic
structure. The analysis of the data was performed by using
the FullProf package.[7,8] The magnetic structure was drawn
with Atoms.[9]


Results


Chemical structure : The neutron powder diffraction data
collected at 300 and 70 K were used to refine the chemical
structure in the space group C2/c. In total 59 parameters
were refined with respect to the Na10Co4O10 phase. These


are 10 profile parameters for scale, lattice constants a, b, c,
and b, half-width parameters U, V, W, one profile shape pa-
rameter and at lower diffraction angles two parameters ac-
counting for asymmetries in the line shape. The remaining
48 parameters determine the three fractional coordinates
and one isotropic temperature factor for each of the 12 sites.
The occupancy factors were all fixed to one. A fraction of
about 2% (weight) of NaCoO2 (space group R3̄) was deter-
mined by simultaneously refining a second phase. The back-
ground was calculated by linear interpolation between given
points. Table 1 and Table 2 list the relevant structural pa-


rameters determined from the 230 K data together with the
residuals indicating the quality of the fit. All fits agree very
well with the collected data confirming former analyses of
X-ray diffraction patterns. The data collected at 70 K were
treated in a similar way and the results were consistent with
those from the 230 K data set. Figure 2, which shows the
Rietveld fit using the data collected at 230 K, allows a visu-
alization of the quality of the refinement.


Magnetic structure : The prominent structural feature is the
tetrameric oxoanion (Figure 3). Within this unit there are
two edge-sharing tetrahedra to which two CoO3 triangles
are attached, through one vertex each. The observed mag-
netic reflections could be indexed by integers (hkl) with re-
spect to the chemical unit cell, and the magnetic propaga-


Figure 1. Magnetic susceptibility of Na10Co4O10 represented as c versus T
and cT versus T, ZFC (&, *) and FC (^, ~), respectively.


Table 1. Lattice parameters and residuals of corresponding refinements
for Na10Co4O10.


230 K 70 K 4 K


space group C2/c
a [M] 14.8697(4) 14.8527(4) 14.8524(4)
b [M] 8.0791(2) 8.0639(2) 8.0630(2)
c [M] 11.3955(3) 11.3809(3) 11.3810(3)
b [8] 104.639(2) 104.693(2) 104.640(2)
cell volume [M3] 1324.55(6) 1318.52(6) 1318.32(5)
Rp [%] 7.90 7.03 6.13
Rwp [%] 8.52 7.81 6.65
RBragg [%] 3.78 2.97 2.79
c2 1.20 1.21 0.74


Table 2. Atomic parameters for Na10Co4O10 at 230 K. The thermal pa-
rameter B is defined by the temperature factor exp ACHTUNGTRENNUNG{�Bq2/2} with q the
reciprocal lattice vector.


Atom x y z Biso


Co1 0.2616(6) 0.8829(13) 0.2292(7) 1.03(13)
Co2 0.0485(5) 0.8657(11) 0.0584(7) 0.91(14)
Na1 0.9886(4) 0.6066(8) 0.8760(4) 1.27(10)
Na2 0.1055(4) 0.6693(7) 0.2904(5) 1.15(10)
Na3 0.1065(4) 0.9075(7) 0.8090(5) 0.88(9)
Na4 0.1621(5) 0.1663(8) 0.0371(6) 1.57(12)
Na5 0.1978(4) 0.5927(7) 0.0184(5) 1.37(11)
O1 0.0192(3) 0.0804(4) 0.1072(3) 1.48(8)
O2 0.3745(2) 0.8885(5) 0.1929(3) 0.92(6)
O3 0.1747(3) 0.8660(5) 0.0750(3) 1.11(7)
O4 0.2230(3) 0.8731(5) 0.3672(3) 1.29(5)
O5 0.9958(3) 0.6792(4) 0.0902(4) 1.46(7)
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tion vector becomes q=0. The clear and strong presence of
the (001) reflection and the absence of the (100) and (010)
reflections limit the possible spin arrangements. The CoIII


ions are located at z=0.05 and 0.95 or at z=0.45 and 0.55,
while the CoII ions are positioned at z=0.2 and 0.3 as well
as at z=0.7 and 0.8. Thus, overall there are planes at z�0
and 0.5 occupied by CoIII and planes at z�0.25 and 0.75 oc-
cupied by CoII. It should be noted that the two central CoIII


ions of one oxoanion are located on the same z plane. A fer-
romagnetic coupling of the spins of the CoIII ions as suggest-
ed in reference [2] is strongly indicated, because an antifer-
romagnetic arrangement of these spins would give rise to a
zero net moment on the CoIII planes so that mainly the CoII


spins could contribute to the (001) reflection. For the latter
only one spin arrangement is possible with a (001) reflection
and no intensity at (100) and (010). This spin order, howev-
er, does not reproduce satisfactorily the observed pattern
and has to be ruled out. The appearance of the (001) reflec-
tion suggests that all CoIII ions located close to z=0 have
moments parallel to each other, while those located around
z=0.5 have a moment in the opposite direction. This fixes
all mutual spin orientations of CoIII ions within the chemical
unit cell. However, the coupling between CoIII and CoII re-
mains open. Refinements were performed with two models
for the magnetic structure. In the first model we used the
spin configuration for the CoIII introduced above and the an-
tiferromagnetic coupling between CoII and CoIII. In the
second model this latter coupling was chosen to be ferro-
magnetic. Refinements were done simultaneously for the
chemical and the magnetic structure. Initially, all three com-
ponents of the moments for both CoII and CoIII were refined
independently. The first model gives an excellent agreement
between the calculated and the measured powder pattern,
whereas the second could not describe the experimental
data at all. It turned out from the refinements using the first
model that the y component of the moments was very low
and could be fixed to zero within the error. Moreover the
refinements indicated approximately a collinear spin struc-
ture. Finally, the moments were constrained to the ac plane,
which allowed only a collinear structure. The refinement is
shown in Figure 4 and the results are listed in Tables 1, 3,
and 4. The obtained spin arrangement is invariant under the
magnetic space group C2/c. The intratetramer spin arrange-
ment is shown in Figure 3 and the intertetramer couplings of
the net moments inside the unit cell are displayed in
Figure 5. The latter couplings are ferromagnetic in the ab
plane. Adjacent planes order antiferromagnetically. Further-
more we have looked at the temperature behavior of the
magnetic structure. No indication was found for further
magnetic phase transitions. In Figure 6 we show the temper-
ature variation of the reduced sublattice magnetization M/
M0. The latter was determined from the magnetic Bragg
peak intensity Im using M/M0= (Im/I0)


1/2 with I0 taken as the
magnetic Bragg intensity at 4 K. The data are consistent
with a continuous second-order phase transition. An analysis
of the critical behavior turned out to be unsatisfactory due
to the insufficient amount of data and statistics close to the
transition point. One can estimate from the data that the
transition temperature is around 38 K.


Discussion


First we will consider the spin arrangement within the tet-
ramer. The magnetic structure indicates antiferromagnetic


Figure 2. Experimental (circles) and calculated (full line) neutron powder
diffraction pattern including difference plot (lower part) of Na10Co4O10


measured at 230 K. Bragg positions of the nuclear reflections are indicat-
ed by bars. The second row of bars marks reflection positions for the
NaCoO2 impurity.


Figure 3. Structure of magnetic moments within the Co4O10 oligomer.
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coupling between CoII and CoIII within one tetramer. This
supports earlier results obtained from the analysis of sus-
ceptibility data which are discussed in reference [2]. There,
a strong antiferromagnetic CoII–CoIII superexchange interac-
tion was suggested and a model fit to the data yielded a cou-
pling strength of 2J=�81 cm�1. Furthermore, our present
analysis shows a ferromagnetic spin alignment between the
central CoIII ions. This coupling is expected to be weaker[2]


and a susceptibility study on Na6Co2O6,
[3] which contains


Co2O6 dimers that are exactly the inner parts of the tetra-
mers, has confirmed that.


To understand the three-dimensional magnetic ordering
below 38 K one has to take into account superexchange
paths at longer distances. A coupling of CoII–CoII with an in-
teratomic distance of 4.1 M along b could be possible, which
would give rise to ordered magnetic chains or even planes if
a weak ferromagnetic intratretamer CoIII–CoIII interaction
becomes active. To form the three-dimensional magnetic lat-
tice, a coupling of Co ions belonging to different planes has
to be present as well, like, for example, the one between
CoIII ions, having a path directed along c with a distance of
4.9 M. It should be noted that the three-dimensional order
can be established by crossover behavior in the presence of
weak interactions.[10] Since crossovers are driven by the di-
vergence of the correlation length in the low-dimensional


Figure 4. Experimental (circles) and calculated (full line) neutron powder
diffraction pattern including difference plot (lower part) of Na10Co4O10


measured at 4 K. Bragg positions of the nuclear and magnetic reflections
are indicated by the first and second row of bars, respectively. The last
row belongs to the NaCoO2 impurity.


Table 3. Atomic parameters for Na10Co4O10 at 4 K. See Table 2 for defi-
nition of B.


Atom x y z Biso


Co1 0.2643(4) 0.8836(9) 0.2296(5) 0.18(10)
Co2 0.0490(4) 0.8640(8) 0.0574(5) 0.34(10)
Na1 0.9890(3) 0.6073(7) 0.8737(4) 0.73(8)
Na2 0.1053(4) 0.6710(6) 0.2899(5) 1.13(9)
Na3 0.1072(3) 0.9049(5) 0.8088(4) 0.42(7)
Na4 0.1629(4) 0.1668(6) 0.0383(4) 0.91(9)
Na5 0.1991(3) 0.5921(7) 0.0172(4) 0.92(8)
O1 0.0200(2) 0.0801(4) 0.1084(3) 0.93(6)
O2 0.3746(2) 0.8863(4) 0.1911(3) 0.69(5)
O3 0.1747(2) 0.8657(5) 0.0741(3) 0.65(6)
O4 0.2224(2) 0.8718(4) 0.3671(3) 0.91(5)
O5 0.9959(2) 0.6788(3) 0.0897(3) 0.62(5)


Table 4. Magnetic moments obtained from refinement with a residual
Rm=5.02 at 4 K. Spherical coordinates q and f indicate orientation of
moment with respect to the y axis and x axis, respectively.


Site/Moments [mB] jM j f q Mx My Mz


Co1 2.11(6) 63.6(8)8 908 1.95(6) 0 1.43(4)
Co2 �2.43(5) 63.6(8)8 908 �2.25(4) 0 �1.65(5)


Figure 5. Arrangement of the net spins per tetramer within one unit cell.
Each symbol + or � denotes orientation of the net spin of the tetramer.


Figure 6. Reduced magnetization as a function of temperature, derived
from magnetic Bragg intensities at (1 �2 0) using M/M0= (Im/I0)


1/2.
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system at least one intertetramer coupling has to be of sig-
nificant strength to cause long-range order around 37 K.


Let us finally try to determine the mechanism by which
the magnetic coupling between the tetramers and thus the
long-range magnetic order is induced. Of the two principal
candidates, exchange interactions and magnetic dipole–
dipole interactions, the latter can be quantitatively estimat-
ed. Placing a S=1 spin at the centers of a pair of nearest-
neighbor tetramers and using the formula given in Equa-
tion (1)[12]


Edip ¼
m0


4p
g2mB


2S2


r3
ð1Þ


we obtain an interaction energy Edip=0.01 cm�1. Inserting
this into the mean field formula given in Equation (2)[13]


Tc ¼
SðS þ 1ÞzEdip


3kB


with z=8 being the number of neighboring tetramers, yields
an ordering temperature of 0.07 K. Even considering the
very approximate nature of this estimate, magnetic dipole–
dipole interactions can clearly be ruled out as the driving
mechanism for the magnetic order. This leaves exchange in-
teractions. The shortest Co2+–Co2+ distance between adja-
cent tetramers in Na10Co4O10 is 4.1 M along the b axis. This
is a very close approach, and either direct or superexchange
antiferromagnetic interactions of the order of a few cm�1


could result. In a mean-field model a Jinter of �5 cm�1 be-
tween the tetramers is required to lead to a three-dimen-
sional ordering temperature of 37 K.


Next we will shortly discuss the sizes of the ordered
moment of 2.11 mB and 2.43 mB, which have been determined
for CoII and CoIII, respectively. Both values are well below
the values of 3 mB and 4 mB, respectively, expected for a spin-
only moment for the isolated ions. This could be related to
an ordered magnetic state in which the moments are not
fully ordered at low temperature. This view may be support-
ed by the observed difference between the field-cooled (fc)
and zero-field-cooled (zfc) susceptibility.[2] The qualitative
temperature behavior of the susceptibility in the ordered
state below 37 K shows some resemblance with that of spin
glasses.[11] In the latter the fc susceptibility stays nearly con-
stant and is well above czfc. One could speculate that the re-
duced ordered moment is attributed to the occurrence of
frustration among the exchanges.


A comparison of the results obtained here by neutron dif-
fraction with those derived previously from magnetic[2] and
calorimetric measurements is very revealing. In Figure 7 we
show the results of magnetic and heat capacity measure-
ments on a polycrystalline sample of the title compound
below 50 K. We have the clear signature of a magnetic or-
dering transition at (37�1) K. The similarity to Figure 6, in
which the sublattice magnetization is plotted, clearly indi-
cates that all the three discontinuities are the result of
three-dimensional magnetic order. But the order determined


by neutron diffraction is antiferromagnetic, whereas the
magnetic data show a non-zero spontaneous magnetization.
This apparent contradiction can be resolved by some quanti-
tative considerations.


As pointed out above the intratetramer spin arrangement
derived from high-temperature magnetic susceptibility
measurements[2] is consistent with the finding from the mag-
netic neutron diffraction, and as a result the tetramer
ground state of Na10Co4O10 is S=1. However, the spontane-
ous magnetization below 37 K shown in Figure 7 and the ob-
servation of magnetic hysteresis at 4.5 K (not shown) are
not compatible with the antiferromagnetic order. A quanti-
tative analysis of the magnetic data obtained with the small-
est external field of 7.7 G yields an ordered moment of M=


0.0125 mB per tetramer. This is much smaller than the satura-
tion moment Msat=gS=2 mB, calculated for a tetramer with
S=1 and g=2. It is also much smaller than the ordered
moment of 0.64 mB per tetramer determined for the magneti-
cally ordered structure by neutron diffraction. This strongly
indicates that we are dealing with a canted antiferromagnet,
and based on the ordered moment of 0.64 mB per tetramer
we calculate a canting angle of 2.28. This canting is not ac-
cessible to magnetic diffraction by unpolarized neutrons.


It is now instructive to highlight the crystallographic sym-
metry with respect to the antiferromagnetic structure deter-
mined by neutron diffraction and the weak ferromagnetism
observed in the magnetic measurements. We present here a
short representation analysis as described in reference [14]
for the case where the magnetic and chemical cells are iden-
tical. In the frame of this analysis the transformation behav-
ior of the observed antiferromagnetic and ferromagnetic
modes has to be associated with irreducible representations
of the space group. In a first step we choose the 2y rotation
axis in (0, y, 1/4); the 21y screw axis in (1/4, y, 1/4); and a
center of symmetry �1 in (0, 0, 0) as the generating symme-
try elements of the space group C2/c. Table 5 lists the coor-
dinates of the general Wyckoff position 8f and the Bravais


Figure 7. Heat capacity (solid line) and magnetic moment of Na10Co4O10


measured in an applied field of 7.7 G in field-cooled (squares) and zero-
field-cooled (circles) measurement mode. The dotted line denotes the
magnetic ordering temperature of (37�1) K.
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sublattices are numbered by (1) to (8). The equations of
transformation now become:


2ySix,z=Sjx,z, with Bravais numbers (i)(j)= (1)(2); (5)(6);
(3)(4); (7)(8)


2ySiy =Sjy, with Bravais numbers (i)(j)= (1)(2); (5)(6);
(3)(4); (7)(8)


21ySiy=Sjy, with Bravais numbers (i)(j)= (1)(6); (2)(5);
(3)(8); (4)(7)


21ySix,z=Sjx,z, with Bravais numbers (i)(j)= (1)(6); (2)(5);
(3)(8); (4)(7)


ACHTUNGTRENNUNG1Six,y,z=Sjx,z, with Bravais numbers (i)(j)= (1)(3); (2)(4);
(5)(7); (6)(8)


The last two columns in Table 5 indicate the antiferromag-
netic structure for CoII and CoIII as obtained from our neu-
tron diffraction data. Now one considers the transformation
properties of the x, y, z components of the G+-labeled
linear spin combination G+ =S1–S2+S3–S4+S5–S6+S7–S8


corresponding to the found spin structure for CoII and CoIII


under the generating symmetry elements (e.g. 2yG
+


x=G+
x).


The results of these transformations for G+
x, G+


y, and G+
z


are quoted in Table 6 together with the transformation be-


havior for the components of the ferromagnetic vector F+ =


S1+S2+S3+S4+S5+S6+S7+S8. These directly determine
the associated irreducible representations, in our case
G1 ACHTUNGTRENNUNG(+ + +) and G4ACHTUNGTRENNUNG(� � +). In the approximation of a mag-
netic hamiltonian of the order of two in terms of the spins,
only products of base vectors belonging to the same repre-
sentation are allowed to enter the hamiltonian as invariants.
In our case G+


x can couple with G+
z and F+


y and no cou-
pling is possible with another ferromagnetic component.


Since our neutron diffraction analysis showed the presence
of antiferromagnetic modes G+


x and G+
z, only a ferromag-


netic ordering along the y direction is possible.


Conclusion


In conclusion, our neutron powder diffraction experiments
allowed us to determine the collinear three-dimensional
long-range antiferromagnetic order in Na10Co4O10. The in-
tratetramer spin arrangement confirmed the results of
former susceptibility measurements. The intertetramer cou-
plings could be determined from the Rietveld refinement
unambiguously. The ordered moments are well below the
values for the corresponding free ions. The presence of a
ferromagnetic component in the spin structure as observed
in magnetization measurements is confirmed by a represen-
tation analysis of the magnetic structure. Na10Co4O10 is very
likely to possess weak ferromagnetism along b in addition to
its basic antiferromagnetic structure with spins in the ac
plane.
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Table 5. Symmetry related coordinates for Wyckoff position 8f (IT) in
C2/c. The observed af + � + � + � + � and � + � + � + � +


modes for CoII and CoIII, respectively will be denoted by G+ henceforth.


Bravais sublattices CoII CoIII


1 x y z + �
2 �x y �z+1/2 � +


3 �x �y �z + �
4 x �y z+1/2 � +


5 x+1/2 y+1/2 z + �
6 �x+1/2 y+1/2 �z+1/2 � +


7 �x+1/2 �y+1/2 �z + �
8 x+1/2 �y+1/2 z+1/2 � +


Table 6. Transformation properties of the base vectors of G+ and F+


modes.


Basis vectors


2y 21y �1
representation
G1 + + + G+


x, G
+
z, F


+
y


G4 � � + G+
y, F


+
x, F


+
z
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Optical, Redox, and NLO Properties of Tricyanovinyl Oligothiophenes:
Comparisons between Symmetric and Asymmetric Substitution Patterns
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Introduction


Linear p-conjugated oligomers (e.g., oligothiophenes) are
the focus of intense research because they exhibit a variety
of interesting optical, electrical, and photoelectrical proper-
ties.[1,2] These molecules have been applied as organic semi-
conductors in electronics,[3] emitters and photovoltaic cells
in photonics,[4] and their rich nonlinear optical responses
have been used for the construction of electrooptical devi-
ces.[5] In general, one of the most advantageous features of
organic functional materials is the ease of processing and
the tunability of their intrinsic properties through “simple”
chemical modifications. The rational design of the chemical
architectures of linearly conjugated oligothiophenes con-
cerns itself principally with the functionalization of the two
a-terminal positions and with the p-conjugation chain
length (i.e., the number of conjugated thiophene rings). The


Abstract: A series of tricyanovinyl
(TCV)-substituted oligothiophenes was
synthesized and investigated with a
number of physical methods including
UV/Vis, IR, and Raman spectroscopy,
nonlinear optical (NLO) measure-
ments, X-ray diffraction, and cyclic vol-
tammetry. Mono- or disubstituted
oligomers were prepared by the reac-
tion of tetracyanoethylene with mono-
or dilithiated oligomers. The compara-
tive effects of the symmetric and asym-
metric substitutions in the electronic
and molecular properties have been
addressed. These oligomers display
dramatic reductions in both their opti-
cal and electrochemical band gaps in
comparison with unsubstituted mole-


cules. The analysis of the electronic
properties of the molecules was assist-
ed by density functional theory calcula-
tions, which are in excellent agreement
with the experimental data. TCV sub-
stitution influences the energies of the
frontier orbitals, especially with respect
to the stabilization of LUMO orbitals.
X-ray structural characterization of a
monosubstituted oligomer exhibits p-
stacking with favorable intermolecular
interactions. NLO results agree with
the role of the intramolecular charge-


transfer feature in the asymmetric sam-
ples. These results furthermore exalt
the role of conformational flexibility in
the disubstituted compounds and
reveal an unexpected nonlinear optical
activity for symmetric molecules. Re-
garding the electronic structure, the in-
terpretation of the vibrational data re-
flects the balanced interplay between
aromatic and quinoid forms, finely
tuned by the chain length and substitu-
tion pattern. The electronic and struc-
tural properties are consistent with the
semiconducting properties exhibited by
these materials in thin film transistors
(TFTs).
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substitution of the b sites of the thiophene building blocks
improves their processability (namely, inclusion of solubiliz-
ing groups), a matter of special importance in the case of
large oligomers.


Some oligothiophenes have been designed to exhibit in-
tramolecular charge transfer (ICT),[6] achieved by means of
a,a’-substitution with electron-donating (D) or electron-ac-
cepting (A) moieties, namely, push–pull D-p-A oligothio-
phenes. Much less attention has been devoted to their sym-
metric homologues, A-p-A molecules,[7] although they can
show noticeable two-photon absorption properties. Mole-
cules with a large two-photon absorption cross section are in
great demand for a variety of applications (two-photon ex-
cited fluorescence microscopy,[8] optical limiting,[9] three-di-
mensional optical data storage,[10] etc.). Interestingly, if these
optical properties could be combined with other relevant
electrical features (such as ambipolar conductivities, as dis-
played in a symmetric dicyanomethylene-substituted quinoi-
dal oligothiophene),[11] new materials could emerge with ad-
ditional technological potential.


It is our main purpose in this work to provide an under-
standing of the molecular and electronic properties of two
groups of linearly conjugated oligothiophenes with different
chain lengths (trimers (3T) and hexamers (6T)) with either
D-p-A or A-p-A substitution patterns. Each group consists
of the following: 1) an unsubstituted oligothiophene in
which the oligothienyl core acts both as the mediating p-
system and as donor (D); 2) a monosubstituted tricyanovin-
yl (TCV) oligomer, in which TCV is the acceptor (A) to


create a D-p-A system; and 3) a disubstituted TCV oligomer
of the form A-p-A. A variety of physical methods were used
to better understand the properties of these molecules, in-
cluding spectroscopic (UV/Vis electronic absorption, and vi-
brational IR and Raman), electrochemical (cyclic voltamme-
try), and solid state (single-crystal X-ray diffraction) techni-
ques. In addition, this information has been augmented with
that provided by the nonlinear optical experiments, and sup-
ported or analyzed by using theoretical data (i.e., quantum-
chemical density functional theory calculations).


It has been demonstrated that the use of tricyanovinyl ac-
ceptors in ICT-conjugated molecules induces a dramatic en-
hancement of the first-order hyperpolarizability.[12] Howev-
er, the implementation of tricyanovinyl substitution within
oligothiophenes has only recently been addressed.[13] These
studies have focused on the synthesis, physical studies and
semiconducting properties of the disubstituted TCV-oligo-
thiophenes. For example, the implementation of TCV-3T-
TCV in organic field-effect transistor (OFET) devices leads
to a reasonably good electron mobility and an on/off ratio
of 0.023 cm2V�1 s�1 and 106, respectively. On the other hand,
TCV-6T-TCV unexpectedly displays an inversion of the ma-
jority of charge carriers with a hole mobility of 1O
10�4 cm2V�1 s�1.[13c] This seemingly puzzling behavior
prompted us to perform the present work with the main
scope of obtaining a better understanding of the molecular
structure/property relationships in these new materials re-
garding their electronic and optical properties. The interest
and significance of the work rely on the accurate analysis of
the molecular level features, and is based on a multidiscipli-
nary approach consisting of spectroscopic techniques, elec-
trochemistry, solid-state characterization, and quantum
chemistry. In addition, NLO properties of these materials
were studied in terms of comparisons between A !D!A
and D!A charge-transfer patterns. To our knowledge, such
an investigation has yet to be reported. Analyses of this
type are important in the design and understanding of new
materials for organic-based devices covering a broad range
of electrooptical applications.


Results and Discussion


Synthesis of oligomers : The synthesis of the unsubstituted
and disubstituted oligomers TCV-3T-TCV and TCV-6T-TCV
has been reported previously.[13a] A similar approach was uti-
lized for the synthesis of monosubstituted oligomers and is
outlined in Scheme 1. Dibutylterthiophene (3T) or tetrabu-
tylsexithiophene (6T) were each treated with one equivalent


Scheme 1. Synthesis of TCV-3T and TCV-6T
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of n-butyllithium at low temperature in an attempt to obtain
monolithiated species. The resulting anions were treated
with tetracyanoethylene to afford TCV-3T and TCV-6T in
low to moderate yields. Low yields are attributed to the for-
mation of dilithiated species, as evidenced by the presence
of disubstituted oligomers in thin-layer-chromatography ex-
periments. However, the amounts of disubstituted oligomers
formed in these reactions were not quantified.


Electronic spectra and orbital topologies : Figure 1 displays
the normalized absorption spectra of the substituted com-
pounds, with the values summarized in Table 1. The spec-
trum of TCV-3T shows an intense band with a maximum at
571 nm (2.17 eV), which is associated with a one-electron
HOMO!LUMO transition calculated at 2.29 eV (oscillator
strength, f=0.85) at the DFT/B3LYP/6–31G** level of
theory. The frontier orbitals of
TCV-3T (Figure 2) indicate that
its HOMO is mainly located
over the terthienyl core, while
the LUMO is concentrated
mostly within the TCV moiety.
As a result, this HOMO!
LUMO excitation has a large
3T!TCV charge-transfer char-
acter, in which the thiophene
unit linked to the acceptor acts
as the overlapping path of the
transition, and accounts for the
large intensity. For the disubsti-
tuted compound, the lowest
energy band, also correspond-
ing to a HOMO!LUMO one-
electron excitation, is measured
at 583 nm (2.13 eV) and calcu-
lated at the same energy
(2.13 eV).


A second weaker and broad
band centered at 318 nm
(3.90 eV) in TCV-3T can
emerge from the overlapping of
the HOMO�2!LUMO and
HOMO!LUMO+1 excitations
calculated at 3.21 eV (f=0.15)
and at 3.62 eV (f=0.07), re-
spectively. The second lowest
energy band in TCV-3T-TCV at
320 nm (3.88 eV) is calculated
at 3.37 eV with a different
origin than that of the mono-
substituted case, namely
HOMO�1!LUMO+1 excita-
tion. This effect will be ex-
plained later when the MO
level crossing in Figures 2 and 3
is accounted for.


Figure 1. Absorption spectra in CH2Cl2 of a) TCV-3T, b) TCV-3T-TCV,
c) TCV-6T, d) TCV-6T-TCV.


Table 1. Physical properties of tricyanovinyl oligothiophenes.[a]


Electronic Data[b] Electrochemical Data[c]


lmax [nm (eV)] Oxidation E8 [V] Reduction E8 [V]


3T[d] 336 (3.69) 1.11[e] [f]


6T[d] 411 (3.02) 0.81, 0.97, 1.94[e,g] [f]


TCV-3T 571 (2.17) 1.39[e] �0.45, �1.13
TCV-6T 624 (1.99) 0.90, 1.12 �0.44, �1.11
TCV-3T-TCV[d] 583 (2.13) 1.72[e] �0.36[g] , �1.33[g,h]


TCV-6T-TCV[d] 628 (1.97) 1.04, 1.27 �0.45[g] , �1.13[g]


[a] Butyl-substituted oligomers. [b] Measured in anhydrous dichloromethane. [c] Potentials vs. Ag/AgCl in
0.1m TBAPF6/CH2Cl2 solution. [d] Values from reference 13a. [e] Irreversible process; Epa value provided.
[f] No observable reduction processes under the experimental conditions. [g] Number of transferred electrons
n=2. [h] Irreversible process; Epc value provided.


Figure 2. B3LYP/6–31G** molecular orbital diagram of the coupling between TCV-H and 3T fragments. The
HOMO data of TCV-H in red indicate no mixing with the frontier orbital of 3T. Double-headed arrows indi-
cate the extension of the coupling.
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Figure 2 displays the MO diagram describing the interac-
tion between TCV-H (tricyanoethane) and the terthiophene
unit. Both the HOMO and LUMO energies are stabilized in
TCV-3T in comparison with those of 3T (much more dra-
matically in the case of the LUMO). The attachment of a
second TCV group results in a further stabilization
ACHTUNGTRENNUNG(�0.6 eV) for both frontier orbitals of TCV-3T (Figure 3).
Let us now quantitatively account for the main reasons for
this behavior. To this end, it is necessary to consider the en-
ergies and topologies of the doubly occupied HOMO and
the empty LUMO frontier orbitals of the two coupling moi-
eties (Figure 2). Given a pair of interacting groups, the
extent of the interaction of their orbitals depends on two
main factors: 1) the values of the linear combination of
atomic orbital (LCAO) coefficients and the symmetry of
the MO term (which defines the bonding or antibonding
character) of the connecting C atoms, and 2) the relative
energy position (energy difference) of the two interacting
levels.


Considering the HOMO of TCV-H, the largest interaction
is expected to take place with the doubly occupied p molec-
ular orbitals of 3T of similar energies (i.e., near �8.8 eV);
hence, the interaction of the TCV-H HOMO with the
HOMO of 3T is expected to be negligible. The opposite is
expected to occur for the interaction between the LUMO of
TCV-H and the HOMO of 3T, since they are much closer in
energy. The coupling between the HOMO of 3T and the
LUMO of TCV-H thus results in:


1) A doubly occupied level
(HOMO of TCV-3T) due to
their bonding interaction,
with a moderate stabiliza-
tion by 0.6 eV relative to
the HOMO of 3T.


2) An empty molecular orbital
due to their antibonding
combination, with an energy
level above the LUMO of
TCV-H offset by 0.6 eV. The
latter orbital becomes the
LUMO of the coupled
system, thus justifying its
strong stabilization with re-
spect to the LUMO of 3T.


3) The relative energies also
determine that the LUMO
of 3T couples with the
LUMO+1 of TCV-H, lead-
ing to an unoccupied
LUMO+1 orbital of TCV-
3T, the topology and energy
of which resemble those of
the LUMO of 3T.


4) This orbital connection
allows us to relate the
HOMO!LUMO+1 band
at 3.90 eV in TCV-3T with


the HOMO!LUMO band in nonsubstituted 3T, found
at 3.70 eV.[6b,12,13]


Furthermore, this description shows the effect of substitu-
tion of a conjugated backbone with a strong acceptor group
in terms of inclusion of a new energy level in the former
HOMO–LUMO energy gap of the unsubstituted system
(i.e., this description could be named molecular doping
when seen in the light of the similarity with the doping pro-
ACHTUNGTRENNUNGcess in inorganic semiconductors). The next LUMO+2 orbi-
tal, however, is not the term corresponding to the antibond-
ing LUMO(3T)/LUMO+1 ACHTUNGTRENNUNG(TCV-H) combination, but the
result of the bonding coupling between the next two orbi-
tals, LUMO+1(3T)/LUMO+2 ACHTUNGTRENNUNG(TCV-H). At higher energies,
the orbital mixing is increasingly extensive.


This theoretical description reveals that no significant role
is played by the 3T LUMO in the LUMO of TCV-3T. Fur-
thermore, it highlights two interesting points: 1) the HOMO
of TCV-3T is mainly accounted for by the terthienyl core
(3T HOMO energy of �5.209 eV and TCV-3T HOMO
energy of �5.865 eV); and 2) the LUMO of TCV-3T is
mainly accounted for by the tricyanovinyl unit (TCV-H
LUMO energy of �4.078 eV and TCV-3T LUMO energy of
�3.506 eV). Furthermore, as a result of the interaction be-
tween the HOMO of 3T and the LUMO of TCV-H, a cer-
tain 3T!TCV electron-density polarization can be antici-
pated to occur. This is a consequence of the partial occupa-
tion of the empty orbital of the acceptor at the expense of


Figure 3. B3LYP/6–31G** molecular orbital diagram of the coupling between TCV-H and TCV-3T fragments.
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the fully occupied HOMO of 3T. This fact outlines the
donor–acceptor interaction that accounts for the ground-
state electronic structure of this molecule and will have im-
portant consequences on the electrochemical and vibrational
properties (vide infra). Another interesting distinction is
that the HOMO!LUMO photoelectron excitation really
corresponds to a virtual displacement of the electron density
from one side of the molecule to the other, that is, a charge-
transfer (CT) exciton with seemingly effective electron–hole
separation. The HOMO�1!LUMO+1 corresponds, howev-
er, to a chain-centered Frenkel exciton in analogy to the
HOMO!LUMO exciton character observed in nonsubsti-
tuted oligothiophenes.


If one now takes the TCV/TCV-3T pair in Figure 3 into
account, the same type of coupling as previously described
(HOMO of TCV-3T, �5.865 eV and LUMO of TCV-H,
�4.078 eV) must be considered in order to construct a con-
sistent MO energy sequence. It should be noted that the
HOMO electron density of the disubstituted system results
from a partial filling of the empty TCV-H by part of the oc-
cupied HOMO of the monosubstituted molecule. As a
result, the HOMO orbital topology of TCV-3T-TCV closely
resembles that of TCV-3T, but with the electron density con-
centrated on the terthiophene core (Figure 4) due to the
competition of two electron-withdrawing groups towards the
3T core. This partially prevents a sizeable 3T$TCV interac-
tion in TCV-3T-TCV, as compared with that noticed in
TCV-3T. The LUMO of TCV-3T-TCV (Figure 4) now origi-
nates from the LUMO of TCV-3T (rather than from the
HOMO of 3T in the case of TCV-3T). Consequently, it
turns out that: 1) the HOMO–LUMO energy difference in
the disubstituted molecule is only slightly changed with re-
spect to the HOMO–LUMO gap in TCV-3T; and 2) the
LUMO of TCV-3T-TCV is quite different from that of
TCV-3T, as noticed from the further spreading of the
LUMO of TCV-3T-TCV over
the entire molecule.


Additionally, this analysis of
the MO energy diagram shows
an increasing crossing of MO
levels (note that for TCV-3T-
TCV the LUMO orbital does
not meet its origin in the anti-
bonding combination of the
TCV-3T HOMO and TCV-H
LUMO, but from the bonding
interaction between the respec-
tive upper LUMO and
LUMO+1). This effect also
leads to a diminishing energy
difference between successive
empty levels, which will have
important implications in the
electrochemical properties. The
above predictions are nicely
confirmed by the experimental
data, which accounts for the


large red shift in the wavelength of the HOMO–LUMO
band from 336 nm in 3T to 571 nm in TCV-3T and the much
more moderate shift to 583 nm in TCV-3T-TCV.


In the hexamer homologues, a similar diagram of bond-
ing/antibonding levels is relevant, but with an additional
consideration (Figure 5). The increase of the conjugation
path from three thiophene units to six leads to a destabiliza-
tion of the HOMO by �0.7 eV. This fact implies that the
two interacting terms (i.e. , HOMO of 6T and LUMO of
TCV-H) are now much closer in energy than in the case of
the analogous trimer. The final HOMO–LUMO energy gap
is therefore significantly lowered as a consequence of the
highly extended p-conjugated path. A similar trend is theo-
retically expected for the optical bands for both parent tri-
ACHTUNGTRENNUNGmers and hexamers upon successive grafting of TCV moiet-
ies, though displaced towards lower energies in the case of
the longer molecules.


Figure 4. Orbital topologies calculated at the B3LYP/6–31G** level of
calculation for the HOMOs (below) and the LUMOs (above) of TCV-3T
(left) and TCV-3T-TCV (right).


Figure 5. B3LYP/6–31G** absolute energy values for the molecular orbitals around the energy gap. Arrows
denote the HOMO!LUMO transition with oscillator strengths.
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These DFT/B3LYP/6–31G** predictions complement ex-
perimental data similar to the wavelength progressions of
the HOMO–LUMO bands for the 6T!TCV-6T!TCV-6T-
TCV (411!624!628 nm) and 3T (336!571!583 nm)
series. Another consequence of the increment of electron
correlation (p conjugation) in longer oligothiophenes is the
mixing of configurations describing the photon excitations.
This mixing may be at the origin of the distinct nature of
the main components that describe the two absorptions near
320 nm in TCV-3T/TCV-3T-TCV and 407 nm in TCV-6T/
TCV-6T-TCV.


Electrochemical analysis : Figure 6 shows the redox proper-
ties of the TCV-substituted oligomers (see Table 1 for po-
tential values). The data for the disubstituted oligomers


were reported previously.[13a] Addition of one TCV group to
the a-position of the 3T chain results in the appearance of
two reversible one-electron reductions, and pushes the irre-
versible electrochemical oxidation of 3T (1.11 V)[14] to
higher potential (1.39 V). These phenomena reflect the dual
behavior of the TCV group regarding both the reduction
(acting as an acceptor) and the oxidation (acting as an elec-
tron-withdrawing unit) processes.


KoopmansR approach[15] enabled us to relate the absolute
HOMO–LUMO energies with the electrochemical oxida-
tion–reduction potentials (see Figures 2–4). In this way, re-
duction reactions can be visualized as the addition of elec-
trons in the empty LUMO, whereas oxidation reactions
remove electrons from the fully occupied HOMO. The fea-
ture of the LUMO of TCV-3T, which is mainly described by
the original empty LUMO of TCV-H, explains the appear-
ance of reductions upon substitution of the cathodically in-
active 3T. On the other hand, the 3T!TCV charge polariza-
tion in the HOMO removes electron density from the oligo-
thienyl chain and electron extraction becomes more energet-


ic, that is, the electron-withdrawing nature of the TCV plays
a role in the anodic processes due to the stabilized HOMO
energy levels.


Oxidation of TCV-3T is likely to be followed by a dimeri-
zation reaction through coupling at the free a-carbon posi-
tion. This process was confirmed by the coincidence of the
potential values of the two reverse peaks associated with the
irreversible oxidation of TCV-3T, and the two reverse peaks
related with the two one-electron reversible oxidations of
the dimerized molecule TCV-6T-TCV. These two reversible
oxidations in the disubstituted hexamer are at higher poten-
tials with respect to TCV-6T, due to the presence of two
electron-withdrawing centers. In TCV-6T, the two anodic
processes are also reversible, thus accounting for the high
stability of the generated radical cation, and the fact that no
dimerization is observed on the CV timescale.


The reduction features in the disubstituted systems are
both net two-electron processes (direct formation of di-
ACHTUNGTRENNUNGanions), contrary to the two one-electron reductions in the
case of the monosubstituted compounds. This is theoretically
supported in Figures 3 and 4 by the occurrence of two
almost degenerate empty levels (LUMO and LUMO+1) in
TCV-6T-TCV, while these two levels are �0.5 eV apart in
TCV-3T-TCV. This separation accounts for the observation
of two shoulders in the first electron reduction of TCV-3T-
TCV. The one-step dianion formation can be viewed qualita-
tively as due to the predominance of the TCV-acceptor
character of these two orbitals in the disubstituted systems,
while the number of thiophene units plays a secondary role.
Evidently, the potentials required for the total generation of
the successive dianions show a dependence on the chain
length. The origin of this dependence is not an intrinsic mo-
lecular feature, but a consequence of the more effective mit-
igation of electrostatic repulsions in a larger system.


KoopmansR theorem can also be applied toward some ad-
ditional comparisons: 1) Oxidations are shifted to higher po-
tentials upon TCV substitution and reflects the stabilization
of HOMO energy levels. 2) TCV-3T-TCV is the easiest mol-
ecule within the series to reduce and is in agreement with
the theoretical results (vide supra). 3) Lengthening of the
chains in the disubstituted samples stabilizes/destabilizes ox-
idation/reduction in agreement with the predicted destabili-
zations of both frontier orbitals of TCV-3T-TCV and TCV-
6T-TCV.


X-ray crystallographic analysis : Single crystals of TCV-3T
were obtained and the solid-state structure solved. Structur-
al data have already been reported for TCV-3T-TCV, and
will be used here for comparisons.[13a] Although each mole-
cule in TCV-3T-TCV adopts a transoid orientation of the
sulfur atoms of adjacent thiophene rings, a cisoid/transoid
(58:42 ratio) disorder exists which affects the outermost ring
of TCV-3T. Gas-phase B3LYP/6–31G** calculations reveal
a very small energy difference between the two conforma-
tions observed in TCV-3T, which agrees with: 1) the occur-
rence of an almost 50:50 distribution of conformers, and 2)
the conformational flexibility as deduced from the nonlinear


Figure 6. Cyclic voltammograms of a) TCV-3T, b) TCV-3T-TCV, c) TCV-
6T, d) TCV-6T-TCV in 0.1m TBAPF6/CH2Cl2, n=100 mVs�1. Data for
disubstituted molecules are taken from reference [13a].
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optical experiments in the presence of an intense electro-
magnetic field (vide infra).


Molecules in both systems are nearly flat, with mean devi-
ations from planarity (least-square analysis) of 0.153 and
0.115 S in TCV-3T-TCV, and even more planar in the mono-
ACHTUNGTRENNUNGsubstituted molecule, with deviations of 0.068 and 0.065 S.
Both systems p-stack with similar average stacking of 3.57
and 3.55 S for TCV-3T and TCV-3T-TCV, respectively (see
Figure 7). The TCV-3T molecules pack in such a way that


nearest neighbor molecules in the stack have the center thio-
phene ring pointing in opposite directions. The tricyanovinyl
groups associate in regions between the p stacks. As for in-
tramolecular parameters, theory (i.e. , gas phase) reproduces
the experimental values (i.e. , solid state) of TCV-3T quite
well (see Figure 13 below): 1) Conjugated C�C/C=C thienyl
bond lengths are calculated with an averaged deviation of
0.010 S. Theory/experiment differences for the TCV frag-
ment are more pronounced, probably due to the interplay of
intermolecular interactions promoted by the CN groups in
the solid phase. 2) On the other hand, solid-state packing
must force molecules to be more planar than calculations
actually predict. Theory correctly evaluates, however, the di-
hedral angle trends. For example, the angle closest to the
TCV is calculated to be 10.08, while that observed experi-
mentally is 12.18. Meanwhile, the distortion affecting the
outer dihedral of the unsubstituted ring is overestimated by
calculations (408 by DFT//B3LYP/6–31G** versus 16.08 for
the experimental value).


Nonlinear optical properties : The nonlinear optical response
of tricyanovinyl thiophenes, determined by electric-field-in-
duced second-harmonic generation (EFISHG), is gathered
in Table 2, along with the results of theoretical calculations
performed on these molecules. A comparison of the experi-


mental and theoretical hyperpolarizabilities of TCV-3T and
TCV-6T reveals that reasonable agreement exists. It must be
noted that the mb(0) values have been calculated on the
lowest energy conformations and are therefore larger than
those measured in solution where some conformational dis-
order is expected.


Furthermore, we have found that the calculation of cou-
pled perturbed Hartree–Fock (CPHF) hyperpolarizabilities
on DFT geometries of NLO-phores with heterocyclic sulfur
donors yields somewhat overestimated values.[16] According
to TD-DFT calculations, most of the NLO response in
TCV-3T and TCV-6T arises from the lowest energy excita-
tion. This excitation causes a one-electron transition from
the HOMO, which spreads over the oligothiophene unit to
the LUMO, located on the TCV moiety (see Figures 2–4).
The lengthening of the oligothiophene chain, going from
TCV-3T to TCV-6T, causes a bathochromic shift of the
lowest energy absorption and a larger dipole-moment
change (Dm12) on excitation, while the transition dipole
moment (m12) remains unchanged. According to the two
level approach (b(0)/m2


12 Dm12/E
2
12), the larger dipole-


moment change in TCV-6T is responsible for most of the
enhanced hyperpolarizability of this compound.


The large hyperpolarizabilities of symmetrical compounds
TCV-3T-TCV and TCV-6T-TCV cannot be explained on the
basis of the most stable conformers due to their high sym-
metry. Compound TCV-6T-TCV is centrosymmetric and
hence has zero hyperpolarizability. In a similar way TCV-
3T-TCV, while not centrosymmetric, has a very small dipole
moment in both the ground and first excited states and, con-
sequently, the lowest energy excitation causes a small
dipole-moment change and a low hyperpolarizability
(Table 2). To explain the hyperpolarizability of these com-
pounds, we must consider that the high electric fields em-
ployed in EFISH experiments stabilize those conformations
that have a larger dipole moment.[17] It is therefore possible
that the EFISH technique samples molecules in conforma-
tions that are not stable in the absence of an electric field.


Through the use of theoretical calculations, we have de-
termined that the conformations with the largest dipole mo-
ments are those with a syn arrangement of the thiophene
rings (displayed here). The syn conformers were optimized
at the B3LYP/6–31G** level restricted to a nonplanar C2


Figure 7. Packing of TCV-3T viewed down the p-stacking axis (transoid
conformation is shown exclusively for clarity).


Table 2. Nonlinear optical properties of tricyanovinyl oligothiophenes.


Experimental[a] Theoretical
mb[b] mb(0)[b,c] E12


[eV][d]
m12


[D][d]
Dm12


[D][d]
mb(0)[b,e]


TCV-3T 1460 852 2.29 9.9 19.1 1534
TCV-6T 5070 2586 1.64 9.9 55.0 3676
TCV-3T-TCV 650 369 2.13 13.4 0.54 2
syn-TCV-3T-TCV 2.21


2.51
10.05
3.18


5.90
5.50


1004


TCV-6T-TCV 2900 1464 1.77 15.35 0 0
syn-TCV-6T-TCV 1.73


1.84
9.07
5.52


23.01
24.28


4251


[a] In CH2Cl2. [b] 10�48 esu. [c] Calculated using a two level model.
[d] TD-B3LYP/6–31G**. [e] HF/6–31G**.
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symmetry. For TCV-3T-TCV this geometrical arrangement
resulted in an increase in the dipole moment from 1.63 to
13.27 Debye, with the energy rising only by 1.63 kcalmol�1


with respect to the most stable anti conformation. In a simi-
lar way, the energy of the syn conformation of TCV-6T-TCV
was 2.81 kcalmol�1 above the most stable anti conformation,
but the dipole moment increased from 0.0 to 20.15 Debye.
The calculated nonlinear optical behavior of these com-
pounds corresponds to that of two-dimensional V-shaped
chromophores.[18] The large hyperpolarizabilities calculated
for these conformers by using the CPHF method support
the experimental values. The lowest-energy electronic ab-
sorptions, responsible for the nonlinear optical response,
cause the transition of one electron from the HOMO locat-
ed on the oligothiophene chain to the lowest unoccupied or-
bitals placed on the tricyanovinyl moieties (Figures 8 and 9).


The transition from the
HOMO (a symmetry) to the
LUMO (b symmetry) calculat-
ed at 2.21 eV (TCV-3T-TCV)
or 1.73 eV (TCV-6T-TCV), re-
spectively, has B symmetry and
therefore contributes to the off-
diagonal component of the hy-


perpolarizability (bzyy). The transition from the HOMO (a)
to the LUMO+1 (a) calculated at 2.51 eV (TCV-3T-TCV)
or 1.84 eV (TCV-6T-TCV) has A symmetry and contributes
to bzzz. It is worth noting that bzyy is much larger than bzzz,
mainly due to the larger transition dipole moment associat-
ed with the HOMO!LUMO transition compared with
HOMO!LUMO+1 transition. Oligothiophenes with a
rigid or esterically (i.e. , conformationally) constrained syn
geometry can therefore be proposed as efficient donors in
two-dimensional NLO chromophores. Unfortunately, the
EFISH experiments described here sample the projection of
the hyperpolarizability on the ground-state dipole moment
that is approximated as bz=bzxx+bzyy+bzzz. We therefore
have no conclusive experimental evidence about the two-di-
mensional character of these chromophores.


Vibrational properties and molecular structures : The mecha-
nism of charge transfer in these systems can be visualized in
terms of extreme canonical forms as a one-electron 3T!
TCV transference (Scheme 2), which necessarily proceeds
through the generation of a quinoid-like form (zwitterionic
state) within the terthienyl path at the expense of the aro-
matic-like form (apolar state). It is therefore expected that
the largest charge flux and IR intensities (permanent dipole-
moment changes) to be associated with atomic motions (C=
C/C�C stretchings) that mostly mimic this aromatic!qui-
noid structural evolution. The same aromatic!quinoid in-
terplay concept accounts for the strongest Raman features
in polyconjugated molecules, since this coordinate consti-


Figure 8. Molecular orbitals of TCV-3T-TCV involved in the nonlinear
optical response.


Figure 9. Molecular orbitals of TCV-6T-TCV involved in the nonlinear
optical response.


Scheme 2. Resonant forms involved in the ICT process for the prototypical case of TCV-3T
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tutes the easiest way to polarize p electrons through the in-
tervention of an electromagnetic field (radiation-induced
dipole moments).


The very similar IR and Raman profiles of TCV-3T in
Figure 10 is a further confirmation of the occurrence of a
very effective intramolecular 3T!TCV charge polarization


in the ground electronic state, in full agreement with its high
NLO response. Indeed, the same mechanism of C=C/C�C
polarization (already outlined in the previous section) by
the presence of two TCV groups is likely to be present in
TCV-3T-TCV according to the IR/Raman comparison, al-
though the resemblance is not as noticeable as in the mono-
substituted case (i.e., the different molecular symmetry is
expected to play a role).


Raman spectra of aromatic oligothiophenes are dominat-
ed by a few lines the number of which is almost independent
of the number of atoms in the chain. This observation is the
result of the existence of a very effective electron–phonon
mechanism (coupling between particular C=C/C�C stretch
vibrations and the lowest lying electronic excitations).[19] Ef-
fective conjugation coordinate (ECC)[20] theory provided a
molecular view of this phenomenon according to the follow-
ing guidelines: 1) A vibrational mode (ECC mode, in-phase
symmetric C=C/C�C stretching of the whole conjugated
path) exists that mimics the aromatic!quinoid evolution,
which is strongly enhanced in the Raman spectrum. 2) The
frequency of this mode shifts downward upon increasing
conjugated length or increasing quinoidization. This phe-
nomenum is illustrated in Figure 11 by comparing the
redox-dependent Raman spectra of a,a’-dimethyl sexithio-
phene (DMSxT)[19,21,22] with the spectra of the tricyanovinyl-
disubstituted oligothiophenes. One-electron oxidation of the
full aromatic DMSxT leads to a “softened” C�C bond
length (aromatic!quinoid transition), while the divalent
form strongly inverts the pattern with a clear prevalence of


the quinoid structure spreading over the entire sexithienyl
spine.


In agreement with ECC predictions, the strongest bands
shift downward from 1477 cm�1 in neutral DMSxT to
1438 cm�1 in DMSxTC+ and to 1415 cm�1 in DMSxT2+ . Ac-
cordingly, the ECC mode of TCV-6T-TCV (1433 cm�1) com-
pares best to that of DMSxTC+ (1438 cm�1), whereas the col-
lective stretch for TCV-3T-TCV (1418 cm�1) compares best
to that of DMSxT2+ (1415 cm�1). Therefore, the oligothienyl
backbones of the two disubstituted molecules show sizeable
quinoidal character depending on the chain length. This
structural effect results from the p-mediated tricyanovinyl
withdrawal effect (the interacting 3T HOMO and TCV-H
LUMO are both of p nature). The p-mediated character of
this interaction should be stressed because it can potentially
affect the whole oligothiophene spine beyond the rings di-
rectly connected to the TCV and in contrast to what should
be expected in the case of s-mediated acceptors. These spec-
troscopic findings further support the interpretation of the
MO frontier orbital interactions upon successive addition of
TCV moieties.


Figure 12 compares the Raman spectra of 6T (ECC;
1467 cm�1), TCV-6T (ECC; 1440 cm�1) and TCV-6T-TCV
(ECC; 1433 cm�1), and illustrates the frequency downshift
upon addition of one and two TCV groups. For the terthien-
yl series, the ECC mode appears at 1462 cm�1 in 3T,
1440 cm�1 (weak) in TCV-3T, and 1418 cm�1 in TCV-3T-
TCV. These spectroscopic data indicate that the most rele-
vant features of the molecular structure are its planarization
and quinoidization (Figure 13). These two properties are
well supported by theoretical calculations since: 1) Gas-
phase-optimized geometries reveal the consecutive planari-
zation upon addition of one and two TCV groups. For exam-
ple, 3T has calculated dihedral angles between rings of 408 ;
TCV-3T has dihedral angles of 108 and 408 for the angle
closest to and furthest from the TCV group, respectively;
and for TCV-3T-TCV the two dihedrals are calculated near
198. 2) In terms of bond-length-alternation data (BLA, aver-
age values between the successive CC conjugated bond


Figure 10. Solid-state vibrational spectra: a) IR (solid line) and Raman
(dotted line) spectra of TCV-3T, b) IR (solid line) and Raman (dotted
line) spectra of TCV-3T-TCV. lexc of 1064 nm for the Raman experi-
ments.


Figure 11. Comparison between the Raman spectra in solid state (l exci-
tation of 1064 nm) of a) neutral DMSxT, b) DMSXT+ C, c) TCV-6T-TCV,
d) DMSXT+2, and e) TCV-3T-TCV.
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lengths, which are positive for aromatic oligomer chains and
close to zero upon increasing quinoidization) the BLA de-
creases in the order 0.0584!0.0405!0.0278 S for the 3T!
TCV-3T!TCV-3T-TCV sequence, in agreement with the
spectroscopic findings.


It must be stressed that a splitting of the ECC mode is ob-
served in the asymmetric molecule TCV-3T in accordance
with the existence of two “structurally” different thienyl
moieties, depending on the proximity to the acceptor
(Figure 13). Thus, the BLAs of the thiophenes connected to
the TCV in the mono- and disubstituted terthienyls are very
similar (0.0035 and 0.0028 S, respectively), also according to
the appearance of the lines at 1416 cm�1 and 1418 cm�1, re-
spectively, in the Raman spectra of both systems. As a
result, the line at 1440 cm�1 in TCV-3T, although weaker,
more readily accounts for the quinoid-like structure of the
whole terthiophene moiety. Bands around 1390 cm�1 arise
from b ACHTUNGTRENNUNG(CH2)/bACHTUNGTRENNUNG(CH3) modes of the butyl chains, which are
strongly coupled with oligothienyl backbone CC stretching


vibrations that describe the ECC dynamic; this coupling
might explain their anomalous large intensity.


Apart from the effect of quinoidization, which is the rele-
vant structural effect on TCV$3T interaction, vibrational
spectra provide us with another perspective of the features
of the charge polarization in the ground electronic state.
This is because the frequency associated with the stretching
mode of the cyano groups, n(CN) around 2200 cm�1, is very
sensitive to the total charge borne by the nitriles and trans-
ferred by the electron-rich oligothienyl spine.[23,24] The larger
the negative charge over the CN group, the lower the wave-
number of its stretching mode. The n(CN) mode in noncon-
jugated dicyano methane is recorded at around 2270 cm�1,
therefore measurement of this band at 2218 cm�1 in TCV-3T
and at 2221 cm�1 in TCV-3T-TCV is a manifestation of the
significant charge transfer towards the three CN groups
from the conjugated thienyl path. The 3 cm�1 difference be-
tween our two chromophores means that the charge transfer
does not saturate within the terthienyl chain (i.e., stronger
p-withdrawing groups might induce larger ICT), and that
the addition of a second TCV group moderately decreases
the total amount of charge on the CN groups with respect
to the monosubstituted system. This finding is supported by
the theoretical MTlliken atomic charges over the TCV
moiety, which for TCV-3T is �0.264 e (�0.177, �0.176, and
�0.210 e for each CN group) and for TCV-3T-TCV is
�0.220 e (�0.166, �0.162, and �0.202 e for each CN group).
From this line of reasoning, even smaller differences regard-
ing the n(CN) bands in the sexithienyl parents are expected
(2216 and 2215 cm�1 in TCV-6T and TCV-6T-TCV).


This spectroscopic description is consistent with the quan-
titative red shifts of the charge transfer band in our samples
(namely, 571!583 nm with the 3 cm�1 in TCV-3T!TCV-
3T-TCV and 624!628 nm with the 1 cm�1 in TCV-6T!
TCV-6T-TCV) and is useful for the analysis of the acceptor
actuation. To evaluate the effect of the ICT on the donor
moiety, the ECC frequency downshift analysis predicts a


Figure 12. Comparison between the Raman spectra (lexc of 1064 nm) of
a) 6T, b) TCV-6T, and c) TCV-6T-TCV.


Figure 13. B3LYP/6–31G** optimized geometries for the three investigated trimers. Relevant dihedral angles are shown. For TCV-3T, the right-hand
scheme corresponds to experimental data.
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moderate quinoidization of the terthienyl backbone upon
monosubstitution. Furthermore, quinoidization becomes
more pronounced in the doubly substituted compound. This
is not in support of an increased overall ICT, however, since
the electron-donation capacity of the thienyl chain is now
shared by the two competing electron acceptors.


Conclusions


This investigation compares the molecular and electronic
properties of mono- and disubstituted tricyanovinyl (TCV)
oligomers with three or six thiophene rings. Specifically, we
have addressed how these properties and intramolecular p-
donor and p-acceptor interactions are tuned as a function of
the symmetric and asymmetric patterns. These key features,
which have direct consequences on their performance in
electrooptical applications, are addressed by the analysis of
the their spectroscopic (UV/Vis absorption, IR and Raman),
electrochemical, solid state and nonlinear optical properties.
An understanding of the electronic and molecular properties
is supported with the help of quantum chemistry (DFT
theory).


The tricyanovinyl!oligothiophene interaction is mediat-
ed by the electronic coupling of the empty LUMOs of TCV-
H and the HOMO of 3T. The bonding interaction between
both terms enables us to explain the large red shift of the
HOMO–LUMO lowest energy band upon addition of one
TCV unit, which remains nearly unaffected upon disubstitu-
tion. The electrochemical and vibrational properties are also
consistent with this MO description. The TCV samples dis-
play amphoteric redox behavior with a noticeable low elec-
trochemical gap for the monosubstituted system with six thio-
phenes. It turns out that the best scenario for simultaneous
injection/extraction of electrons is found for TCV-6T (based
on electrochemical data). This property, combined with its
strong low-energy optical absorption, represents a promising
feature highly desirable in, for example, photon-to-charge
conversion devices (solar cells). Unexpectedly, nonlinear op-
tical results reveal the symmetric samples to be active and
have been rationalized on the basis of the conformational
flexibility of these compounds. The symmetric samples, how-
ever, display high NLO response due to the intramolecular
charge transfer character of the S0!S1 excitation.


The analysis of the vibrational data reflects the interplay
between the aromatic and quinoid canonical forms in the
description of their electronic structure. This is a common
feature in the chemistry of polyconjugated heterocycles. In-
teresting here, however, is that both canonical forms are
suitably balanced, interchanging their weights according to
the TCV functionalization and chain dimension. The under-
standing of these key issues, in particular electronic struc-
ture, is fundamentally important in the design and imple-
mentation of new organic materials. To the general reader,
this paper combines physical methods with modern theoreti-
cal approaches to better understand advanced molecules


and materials, which will play a prominent role in the future
technological scenario.


Experimental Section


Synthesis : Synthetic procedures were carried out under an inert atmos-
phere of nitrogen. Tetrahydrofuran was distilled from Na/benzophenone
and anhydrous dichloromethane was purchased from Acros and used as
received. Oligomers 3T[13a] and 6T[14] were prepared as previously de-
ACHTUNGTRENNUNGscribed. Tetracyanoethylene and n-butyllithium (2.5m in hexanes) were
purchased from Aldrich and used as received. NMR spectra were record-
ed on a JEOL Eclipse 300 MHz instrument. The chemical shifts are re-
ported in ppm and referenced to the residual chloroform peak (d=
7.26 ppm). Mass spectra were obtained on a Finnigan MAT 95 mass spec-
trometer. Elemental analyses were performed by Quantitative Technolo-
gies, Inc., Whitehouse, NJ.


TCV-3T: n-Butyllithium (0.58 mL, 1.5 mmol) was added over 30 min to a
dry two-necked round-bottom flask containing 3T (0.528 g, 1.46 mmol)
and THF (10 mL) at �78 8C. The reaction mixture was warmed to 0 8C
and was stirred for 0.5 h. The suspension was then cooled back to �78 8C,
and tetracyanoethylene (0.224 g, 1.75 mmol) was added in one portion,
resulting in an immediate color change from yellow to dark green. Di-
chloromethane (8 mL) was added to the reaction after 30 min, and the
mixture was neutralized with 0.05m HCl. The solvents were then re-
moved by rotary evaporation. The crude solid was then dissolved in di-
chloromethane, and the mixture was dried with MgSO4 and concentrated.
The crude solid was purified by column chromatography (silica gel, tol-
uene) to afford 0.350 g (51.8%) of TCV-3T as a dark olive-green solid.
1H NMR (300 MHz, CDCl3): d=8.00 (d, J=4.4 Hz, 1H), 7.42 (dd, J=
1.1, 5.2 Hz, 1H), 7.36 (d, J=4.4 Hz, 1H), 7.24 (dd, J=1.1, 3.7 Hz, 1H),
7.11 (dd, J=3.8, 5.1 Hz, 1H), 2.84 (t, J=7.8 Hz, 2H), 2.74 (t, J=8.0 Hz,
2H), 1.48 (m, 8H), 0.97 ppm (m, 6H); HREIMS: m/z calcd: 461.1054;
found: 461.1089 [M]+ ; elemental analysis calcd (%) for C25H23N3S3: C
65.04, H 5.02, N 9.10; found: C 65.40, H 5.01, N 8.98.


TCV-6T: The oligomer was prepared from 6T (0.300 g, 0.417 mmol), n-
butyllithium (0.17 mL, 0.43 mmol), and tetracyanoethylene (0.065 g,
0.51 mmol) by using the general procedure as described above for the
synthesis of TCV-3T. The crude solid was purified by column chromatog-
raphy (silica gel, toluene) to afford 79 mg (23%) of TCV-6T as a dark
purple solid. 1H NMR (300 MHz, CDCl3): d=8.05 (d, J=4.7 Hz, 1H),
7.36 (d, 4.7 Hz, 1H), 7.32 (dd, J=1.1, 5.2 Hz, 1H), 7.16 (m, 4H), 7.07 (m,
2H), 2.77 (m, 8H), 1.51 (m, 16H), 0.99 ppm (m, 12H); HREIMS: m/z
calcd: 819.1938; found: 819.1898 [M]+ ; elemental analysis calcd (%) for
C45H45N3S6: C 65.89, H 5.53, N 5.12; found: C 65.87, H 5.10, N, 4.83.


Spectroscopic measurements : UV/Vis absorption measurements were re-
corded on an Ocean Optics USB2000 fiber optic spectrometer. FT-IR
spectra were performed using an ATR cell incorporated in a Bruker
Equinox 55 FT-IR interferometer, and the FT-Raman spectra were meas-
ured using an FT-Raman accessory kit (FRA/106-S) of the same appara-
tus. A continuous-wave Nd-YAG laser working at 1064 nm was employed
for excitation. A germanium detector operating at liquid nitrogen tem-
perature was used. Raman scattering radiation was collected in a back-
scattering configuration with a standard spectral resolution of 4 cm�1. In
order to avoid possible damage to the samples upon laser radiation, laser
power was kept to a level lower than 100 mW and 1000–3000 scans were
averaged for each spectrum.


X-ray crystallographic data collection and refinement : Crystal data and
other details of the structure analysis are summarized in Table 3. A red-
purple single crystal of TCV-3T (0.085 mmO0.060 mmO0.025 mm) was
placed onto the tip of a 0.1 mm diameter glass capillary and mounted on
a Siemens SMART Platform CCD diffractometer for a data collection at
173(2) K. A preliminary set of cell constants was calculated from reflec-
tions harvested from three sets of 20 frames. These initial sets of frames
were oriented such that orthogonal wedges of reciprocal space were sur-
veyed. This produced initial orientation matrices determined from 30 re-
flections. The data collection was carried out by using MoKa radiation
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(l=0.71073 S) with a graphite monochromator, a frame time of 60 s, and
a detector distance of 4.893 cm. A randomly oriented region of reciprocal
space was surveyed to the extent of one sphere and to a resolution of
0.84 S. Four major sections of frames were collected with 0.308 steps in
w at four different f settings and a detector position of �288 in 2q. The
intensity data were corrected for absorption and decay using the program
SADABS. The minimum and maximum transmission values obtained
from the absorption correction were 0.7638 and 1.0000. Final cell con-
stants were calculated from the xyz centroids of 2816 strong reflections
from the actual data collection after integration using the program
SAINT. The structure was solved using SHELXS-97 and refined using
SHELXL-97. The space group C2/c was determined based on systematic
absences and intensity statistics. A direct-methods solution was calculated
which provided most non-hydrogen atoms from the E-map. Full-matrix
least-squares/difference Fourier cycles were performed which located the
remaining non-hydrogen atoms. All non-hydrogen atoms were refined
with anisotropic displacement parameters. All hydrogen atoms were
placed in ideal positions and refined as riding atoms with relative isotrop-
ic displacement parameters. The final full matrix least squares refinement
converged to R1=0.0582 and wR2=0.1651 (F2, all data). CCDC-276900
contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
ACHTUNGTRENNUNGgraphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Cyclic voltammetry measurements : Room-temperature electrochemical
measurements were performed with a BAS 100B electrochemical ana-
lyzer using methods previously described.[25] Potentials are reported
versus aqueous Ag/AgCl and are not corrected for the junction potential.
The E8’ value for the ferrocenium/ferrocene couple for concentrations
similar to those used in this study was 0.46 V for dichloromethane solu-
tions at a glassy carbon electrode.


EFISH measurements : Measurements were performed with a nonlinear
optics spectrometer from SOPRA. The fundamental light at 1.907 mm
was the first Stokes peak of a hydrogen Raman cell pumped by the
1.064 mm light from a Q-switched Nd:YAG laser (Quantel YG 781, 10
pps, 8 ns, pulse). That light was passed through a linear polarizer and fo-
cused on the EFISH cell. The polarizing dc voltage (parallel to the light
polarization) used in this cell was 6 kV. The output light from the cell
was passed through an interference filter to select the second harmonic
light (0.954 mm), which was finally detected with a R642 photomultiplier
from Hamamatsu. Static mb(0) values were deduced from the experimen-
tal values using a two-level dispersion model.


Theoretical methodology : Density functional theory (DFT) calculations
were carried out by means of the Gaussian 98 program[26] running on a
SGI Origin 2000 supercomputer. We used the BeckeRs three-parameter
exchange functional combined with the LYP correlation functional
(B3LYP).[27] It has already been shown that the B3LYP functional yields
similar geometries for medium-sized molecules as MP2 calculations do
with the same basis sets.[28,29] We also made use of the standard 6–31G**
basis set.[30] Optimal geometries were determined on isolated entities in
the vacuum. All geometrical parameters were allowed to vary indepen-


ACHTUNGTRENNUNGdently apart from planarity of the rings, unless otherwise stated. Vertical
electronic excitation energies were computed by using the time-depen-
ACHTUNGTRENNUNGdent DFT (TDDFT) approach[31–33] and excited-state dipole moments
were calculated using the RHOCI density. Molecular hyperpolarizabili-
ties were calculated by using the CPHF analytical derivative method.
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Introduction


One of the rich areas of metallocene chemistry is that of fer-
rocenophanes. Particularly interesting are those compounds
in which the ferrocene units are fixed in a mutually coplanar
geometry. This criterion is met ideally by the binuclear
[m.m]ferrocenophanes [0.0]ferrocenophane [{FeACHTUNGTRENNUNG(C5H4)2}2]
(I) and [2.2]ferrocenophane-1,13-diyne [{FeACHTUNGTRENNUNG(C5H4)2}2ACHTUNGTRENNUNG(C�C)2]
(II), and to a lesser extent by the [1.1]ferrocenophanes [{Fe-
ACHTUNGTRENNUNG(C5H4)2}2X2] (III) (X=CR2).


[1,2] Only a few heteroatom-


bridged compounds III (X=BMe2
�, GaMe, GaCH ACHTUNGTRENNUNG(SiMe3)2,


SiMe2, SnBu2, PbPh2, PMen; Men=menthyl) have been re-
ported. They contain Group 13, 14, or 15 atoms in 1 and 12
position.[3] The existence of the carousel-like diradical [{Fe-


Abstract: The trinuclear ferroceno-
phane [{Fe ACHTUNGTRENNUNG(h5-C5H4)3}2Ga2] (3) featur-
ing two sp2-hybridized gallium atoms in
bridging positions between three ferro-
cene-1,1’-diyl units represents a novel
type of ferrocene derivative. Com-
pound 3 is obtained by thermal treat-
ment of 1,1’-bis(dimethylgallyl)ferro-
cene (1) in nondonor solvents or in di-
ethyl ether as solvent and subsequent
thermal decomplexation. The [1.1]fer-
rocenophane [{FeACHTUNGTRENNUNG(h5-C5H4)2}2ACHTUNGTRENNUNG{GaMe}2]
(2) is an intermediate in the formation
of 3. The reaction of 3 with an excess
of trimethylgallium leads back to 1 and
proves the reversibility of the multistep
reaction sequence. Theoretical calcula-
tions reveal a carousel-type D3h struc-
ture for 3. The compound can best be


described as being composed of three
only weakly interacting ferrocenediyl
units covalently connected by gallium
atoms without any p-bond contribution
in the Ga�C bonds. Owing to steric
constraints 3 cannot be reduced to the
dianion 32�, which would feature a
Ga�Ga bond. Compound 3 represents
a stereochemically rigid difunctional
Lewis acid allowing the formation of
the adducts 3a–3d possessing linear
donor-aceptor-aceptor-donor arrange-
ments. Crystal structure data for 3a–3d


show a symmetry-reduced chiral ferro-
cenophane core (D3h!D3). A polymer-
ic rodlike structure is observed for 3b
and 3d caused by p-stacking effects
(3b) or by a difunctional donor–accept-
or interaction (3d). In solution, the
chirality of the adducts is lost by rapid
interconversion of the enantiomers. A
cyclic voltammogram of 3b in pyridine
reveals three quasi-reversible oxidation
steps at �356, �154, and 8 mV, indicat-
ing only weak electron delocalization
in the cationic species. The redox po-
tentials of the pyridine adduct 3b are
compared with those of other pyridine-
stabilized gallyl-sustituted ferrocene
derivatives and with ferrocene itself.
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tron localization function) · metal-
locenes · organogallium compounds
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ACHTUNGTRENNUNG(C5H4)2}3C2] (IV), which is based on the tri(cyclopentadi-
ACHTUNGTRENNUNGenyl)methyl system has been postulated as an interesting
target molecule but was never prepared.[2] Traces of the tri-
nuclear iron sandwich complex [Td2Fe3], which is based on
the triindene trianion (Td), have been detected by mass
spectrometry.[4]


Herein, we will describe the synthesis, characterization,
and some chemistry of the trinuclear gallium-bridged ferro-
cenophane [{Fe ACHTUNGTRENNUNG(C5H4)2}3Ga2] in which three ferrocene-1,1’-
diyl units are held together by gallium atoms.


Results


Synthesis and structure of 3: The trinuclear ferrocenophane
[{Fe ACHTUNGTRENNUNG(C5H4)2}3Ga2] (3) was prepared from 1 or 2 under con-
comitant formation of trimethylgallium by several slightly
different pathways. In the first variant 3 was prepared from
a suspension of 1,1’-bis(dimethylgallyl)ferrocene (1)[5] in p-
xylene under elimination of trimethylgallium at 150 8C. In a
second variant 3 was prepared by using the [1.1]ferroce-
nophane [{Fe ACHTUNGTRENNUNG(h5-C5H4)2}2ACHTUNGTRENNUNG{GaMe}2] (2)[3b] as a starting mate-
rial (Scheme 1). Third, 3 was formed by a solid-state decom-
position of 1 or 2 at 200 8C in vacuo. The same reaction se-
quence has been observed in the mass spectrometer: The
condensation product 3+ was detected in the mass spectrum
of 1 and 2, the 1+ and 2+ peaks were not observed. In a
fourth variant, 3 was prepared via the diethyl ether adduct
3a (vide infra), which was formed from 1 in toluene/diethyl
ether solution under concomitant formation of the diethyl
ether adduct of trimethylgallium (see Scheme 3). This reac-
tion took place when a solution of 1 in a mixture of toluene
and diethyl ether was heated to 130 8C in a closed flask.
When dried in vacuo 3a decomposed to give 3 in the form
of an amorphous orange powder. Compound 3 is rather air
sensitive and sparingly soluble in nondonor solvents. It has
been characterized by NMR spectroscopy, EI mass spec-
trometry, and elemental analysis. The NMR spectrum was
recorded in [D6]DMSO; it is evident that the spectrum
shows data for the DMSO adduct 3c. Experiments for the
crystallization of base-free 3 have failed so far.


In a series of experiments we could show that the reaction
sequence from 1 via 2 to 3 is fully reversible (Scheme 1).
Compound 3 reacts in a closed flask at 100 8C with a small
excess of trimethylgallium under formation of 2 and with a
larger excess under formation of 1. In an earlier publication
we already reported that 2 reacts with excess trimethylgalli-
um under similar conditions to give 1.[3b]


Quantum-chemical calculations carried out for 3 at the
B3LYP/6-31G(d) level of theory led to the molecular struc-
ture shown in Figure 1.[6] Table 1 summarizes selected calcu-


lated distances and angles. The structure of 3 shows that
three ferrocene-1,1’-diyl units are linked together by two
galliumACHTUNGTRENNUNG(iii) centers to form a D3h structure. The Ga�Ga sep-
aration is 3.38 P, which is shorter than twice the van der
Waals radius of gallium (1.87 P[7]); the nonbonding distance
between the Fe centers is 5.47 P. Both gallium atoms have a
trigonal-planar coordination geometry (C-Ga-C angle sum:
3608 ; C-Ga-C angles: 1208 ; Ga�C bonds: 1.95 P). The six
cyclopentadienyl ligands of the three ferrocene-1,1’-diyl
units are arranged in an eclipsed, almost coplanar manner.
The main structural features are given by the rotation (a),
the tilt (b) and the dip angle (g) (Figure 2). The parameters
for 3 are a=08, b=38, and g=08 (av).


Owing to the short Ga�Ga separation in 3 and owing to
the suitable geometric constellation for the gallium p orbi-
tals to overlap the question arises whether there is a bond-
ing interaction between the two gallium atoms. Different
MO analyses based on the natural bond orbitals (NBO)[8]


and the electron localization function (ELF)[9] of 3 clearly


Scheme 1. Formation of 3.


Figure 1. Molecular structure and numbering scheme of 3 as calculated at
the B3LYP/6-31G(d) level of theory.


Table 1. Calculated(B3LYP/6–31G(d)) geometry parameters for 3.


Distances [P] Angles [8]


Ga(1)�C(1) 1.95 C(1)-Ga(1)-C(6A) 120
Ga(1)�C(16) 1.95 C(1)-Ga(1)-C(11) 120
Ga(1)�C(21) 1.95 C ACHTUNGTRENNUNG(6 A)-Ga(1)-C(11) 120
Fe(1)�Fe(2) 5.47 Cp–Cp rotation (a) 0
Fe(1)�Fe(3) 5.47 Cp–Cp tilt (b) 3
Fe(2)�Fe(3) 5.47 dip angle (g) 0
Ga�Ga 3.38 � C-Ga-C 360


www.chemeurj.org K 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 5471 – 54805472



www.chemeurj.org





show no electron density in the center of the molecule, that
is, between the two gallium atoms. The Wiberg bond order
between the gallium atoms is 0.04. Thus, a bonding interac-
tion along the Ga�Ga vector can be excluded. Another im-
portant conclusion must be drawn from the MO calcula-
tions: there is no p-electron density present in the (ferroce-
nediyl)carbon–gallium bonds. These results are illustrated in
Figure 3 (left side) by an ELF representation of a Ga-Ga-Fe


plane in 3 and by an MO picture of the HOMO in Figure 5.
No essential p-electron delocalization from the ferrocenedi-
yl units to the Ga atoms takes place and consequently no


electron density is available for a Ga�Ga interaction. The
final bonding description of three electronically isolated fer-
rocene units held together by two gallium atoms is further
substantiated by a comparison of the calculated Kohn–Sham
orbitals of ferrocene and of 3 : The HOMO energies are
identical for both systems (�5.2 eV).


One could expect that the reduction of 3 to 32� results in
the formation of a Ga�Ga bond.[10] To prove the possibility
of this type of Ga�Ga bond formation, an MO analysis has
been performed on the model compound 1,5-digallabicyclo-
ACHTUNGTRENNUNG[3.3.3]undecane (4), in which the three 1,1’-ferrocendiyl-
groups of 3 have been substituted by -(CH2)3- spacers. The
neutral compound 4 exhibits no Ga�Ga bonding interaction.
However, strong bonding interactions are found in the di-
ACHTUNGTRENNUNGanion 42� (Scheme 2). The LUMO of 4 describes the bond-


ing situation necessary to form the Ga�Ga bond. If two
electrons are added to 4 the former LUMO becomes the
new HOMO of the reduced species (Figure 4). Note that
the Ga�Ga separation changes from 2.83 P in the neutral
compound to 2.36 P in the dianion.


The possibility for a comparable two electron reduction of
3 to 32� under formation of a Ga�Ga bond has been investi-
gated on the basis of theoretical calculations. The most im-


Figure 2. Definition of structural parameters in 3.


Figure 3. ELF plots of 3 and 32�, showing the Ga-Ga-Fe plane. The elec-
tron pairs of the Ga�C bonds are polarized towards the C atoms due to
the difference in electronegativity.


Scheme 2. Reduction of 4.


Figure 4. Molecular orbitals of 4 and 42�.
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portant conclusions can be drawn from the molecular orbital
pictures in Figure 5 and from the ELF plots in Figure 3. The
LUMO of 3 describes the bonding situation necessary to


form a Ga�Ga bond. However, if two electrons are added
they are not positioned in the LUMO but in the LUMO+1,
which becomes the new HOMO, while the previous LUMO
remains the LUMO of the reduced species 32�. The ELF
analysis of 32� clearly shows that the two additional elec-
trons are pointing away from the Ga�Ga center (see
Figure 3, right side), which results in a pyramidalization at
the Ga atoms and a lengthening of the Ga�Ga distance. An
explanation for the lack of Ga�Ga bond formation is given
by the fact that the Ga�Ga distance of 3 (3.38 P) is much
longer than a typical Ga�Ga s bond (2.47–2.52 P); a pro-
nounced shortening of this distance is impossible due to the
rigidity of the carousel-frame.


Synthesis and structure of coordination compounds 3a–d :
The three-coordinate gallium atoms in 3 allow the formation
of molecular and supramolecular coordination com-
pounds.[3b,5] With monodentate donor molecules D, com-
plexes of the type 3·2D are formed; linear bidentate donors
give rodlike polymeric complexes of the type (3·D)1. The
most straightforward method to synthesize such donor–ac-
ceptor complexes is the combination of the respective donor
and acceptor molecules (Scheme 3, [Eq. (1)]). Compound
3a (D=Et2O) is rather thermolabile and decomposes al-
ready at room temperature under formation of 3 and of di-
ethyl ether (Scheme 3, [Eq (2)]), complexes 3b (D=pyri-
dine), 3c (D=DMSO) and 3d (D=pyrazine) represent
thermally stable compounds. The easy transformation of the
ferrocenyllgalane 1 into the ferrocenophane 2 and into the
ferrocenophane 3 (Scheme 1) offers additional pathways for
the formation of 3a–d (Scheme 3, [Eq. (3) and (4)]). Thus,
when 1 or 2 were dissolved in a mixture of toluene and the
respective donor and were then warmed up to 130 8C in a
closed flask until a clear solution had formed, the adducts
3a–d could be isolated as X-ray quality crystals after cooling


to room temperature. In the remaining solution, the donor
adducts of trimethylgallium could be detected by NMR
spectroscopy. Another variant started with a suspension of
2a, 2b, or 2d in toluene. Heating to 150 8C resulted in the
formation of 3a or 3b and of the respective donor adduct of
trimethylgallium (Scheme 3, [Eq. (5)]). Utilizing the easy ex-
change of donor molecules, 3b could also be prepared from
the donor complexes 3a or 3c and excess pyridine at 130 8C.
Similarly, the donor adduct 3c was prepared by starting
from complexes 3a or 3b. From a synthetic point of view
the preparation of 3a–d is most easily performed starting
from 1 as the ferrocenylgallium component.


The compounds 3a–d have been characterized by using
X-ray crystal structure analysis, NMR spectroscopy, mass
spectrometry, elemental analysis, cyclic voltammetry, and
spectroelectrochemistry. They are only sparingly soluble in
nondonor solvents. The solubility of 3a, 3b, and 3d in
DMSO stems from the formation of the adduct 3c. The
NMR spectra were recorded in [D6]DMSO; thus, the spec-
tra show data for the DMSO adduct 3c and for the free
donor molecules. In the mass spectra of 3a–d the peaks of
the molecular ions [3·2D]+ could not be detected; instead,
the fragments 3+ and D+ have been observed.


Drawings of the molecular structures of 3a–d in form of a
thermal ellipsoid plots are given in Figure 6 and Figure 7.
Table 2 summarizes selected bond lengths and angles. The
drawings of 3a–d show that three ferrocene-1,1’-diyl units
are linked together by two donor-stabilized gallium ACHTUNGTRENNUNG(iii) cen-
ters to form the expected carousel structure. The pyramidal-
ization of the gallium centers results in a deviation of the
CpACHTUNGTRENNUNG(centroid)-C(Cp)-Ga units from linearity and in a distor-
tion of the ferrocene-1,1’-diyl units. Owing to the pyramidal-
ization of the gallium centers the Ga�Ga separation is


Figure 5. Molecular orbitals of 3 and 32�.
Scheme 3. Formation of the adducts 3a–d.
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greater than in 3. The six cyclopentadienyl ligands of the
three ferrocene-1,1’-diyl units deviate from a mutually co-
planar arrangement in such a way that they are tilted rela-
tive to the Ga�Ga axis. The clockwise or counter-clockwise
orientation gives rise to components having a slightly twist-
ed and thus chiral structure. The rotation angles a (see
Figure 2) can be used to measure of the amount of twist.


The diethyl ether complex 3a crystallizes in the monoclin-
ic space group C2/c. The Ga�Ga separation is 3.72 P which
is roughly double the van der Waals radius of gallium
(1.87 P); the average nonbonding distance between the Fe
centers is 5.49 P. The gallium centers have a slightly distort-


ed trigonal-pyramidal coordination geometry (C-Ga-C angle
sum: 3578 ; C-Ga-O angles: 97.84(6), 94.36(6), 93.67(6)8 ;
Ga�C bonds: 1.9461(16), 1.9499(16), 1.9516(16) P). The
Ga�O bond lengths of 2.1551(12) P are comparable to
those of the digallaferrocenophane diethyl ether adduct 2a
(2.153(2) P).[3b] The C(Cp)�Ga bonds, with reference to the
Cp ring plane, are bent away from the iron centers by g=


48. A slight deviation of the Cp ligands within the ferrocene-
1,1’-diyl units from a mutually parallel arrangement is ob-
served (b=38). The rotation angle a is 58.


The pyridine complex 3b crystallizes as [3b·1.5 toluene]
in the monoclinic space group C2/c.[11] It shows a disorder of
toluene molecules. A drawing of the structure without the
disordered toluene molecules is given in Figure 6. The ferro-
cenophane framework parameters are comparable to those
of 3a. The Ga�N bond lengths of 2.143(14) P are similar to
those of 2b (2.144(5) P).[3b] The angles in 3b are a=118,
b=48, and g=48. The C-Ga-C angle sum is 3558. Therefore,
complex 3b is more twisted (greater a) and more pyrami-
dalized (lower C-Ga-C angle sum) than 3a. A polymeric
rodlike structure is observed for 3b caused by p-stacking in-
teractions between the pyridine molecules. The distance be-
tween the pyridine ring-planes is 3.45 P.


The DMSO complex 3c crystallizes as [3c·DMSO] in the
orthorombic space group Pbca. The crystals show a disorder
of DMSO molecules at two positions. A drawing of the mo-
lecular unit of [3c·DMSO] is given in Figure 6. The DMSO
molecules coordinate at the gallium atoms of 3 through
their oxygen atoms. This corresponds well to the fact that
oxygen donors are stronger Lewis bases with respect to
GaIII centers than sulfur atoms.[12] The angles in 3c are a=


158, b=38 and g=38. The C-Ga-C angle sum is 3578.
Depending on the preparation method the rodlike poly-


meric pyrazine complex 3d crystallizes in different pseudo-
polymorphic modifications. Exemplary ferrocenophane
framework parameters are given for one modification which
crystallizes as [3d·0.75 toluene] in the triclinic space group
P1̄. It shows a disorder of toluene molecules. A drawing of a


Figure 6. Molecular structures of 3a, 3b, and 3c (thermal ellipsoids at 50% probability).


Figure 7. Part of the polymeric structure of 3d (thermal ellipsoids at 50%
probability).
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part of the structure without the disordered toluene mole-
cules is given in Figure 7. The Ga�N bond lengths of
2.280(3) P are slightly longer then those of 2d
(2.1854(14) P).[3b] The angles in 3d are a=148, b=48 and
g=48. The C-Ga-C angle sum is 3568.


Recently we reported that the complex 2b reacts with
excess trimethylgallium under formation of 1 and the pyri-
dine adduct of trimethylgallium.[3b] Similarly, the complexes
3a–c react with excess trimethylgallium under formation of
1 or 2, respectively, and the corresponding donor adducts of
trimethylgallium. It is concluded from these experiments
that the reversibility according to Scheme 1 can also be ob-
served in systems containing the donor adducts of 1, 2, and
3.


Electrochemistry of 3b: A cyclic voltammogram of 3b was
recorded by using pyridine as solvent and tetrabutylammo-
nium fluoride (TBAPF) as the supporting electrolyte.
Quasi-reversible oxidation potentials are observed at
E1/2(1)=�356 mV, E1/2(2)=�154 mV, and E1/2(3)=8 mV
(versus ferrocene/ferrocenium), with a peak separation of
90 mV (Figure 8). The differences in the oxidation potentials
(DE1/2ACHTUNGTRENNUNG(2�1)=202 mV (3b+/3b2+) and DE1/2ACHTUNGTRENNUNG(3�2)=162 mV
(3b2+/3b3+)) indicate only a partial electron delocalization
in the cationic species (presumably, class II in the Robin
and Day classification[1]). The DE1/2ACHTUNGTRENNUNG(2�1) value is compara-
ble to that observed for 2b.[3b]


Oxidation of ferrocenophanes might result in changes of
optical properties due to inter-valence charge-transfer inter-
actions.[13] Spectroelectrochemical studies performed with
solutions of 3b have not shown any charge-transfer effect.
The optical properties of 3b+ , 3b2+ , and 3b3+ are compara-
ble to those of the parent ferrocene[14] and indicate the pres-
ence of nearly isolated ferrocenediyl units.


Dynamic behavior of 3c in solution : Both the 1H and the
13C NMR spectrum of 3c display only one set of signals for


the a-CH and one set for the b-
CH units of the three ferro-
cene-1,1’-diyl fragments. This
observation indicates an aver-
aged, highly symmetrical struc-
ture in solution. It is assumed
that there occurs a rapid inter-
conversion of the enantiomers
as well as a rapid motion of the
donor molecules and of the fer-
rocenophane fragment around
the Ga�Ga axis.


To analyze the interconver-
sion of the enantiomeres in
more detail we have computed
the model complex 3·2NH3


within D3h and alternatively
within D3 geometry. The latter


refers to the N-donor-stabilized adducts 3c and 3d. A picto-
rial representation is summarized in Figure 9.


The calculated structures (RI-BP86/SV(P) level[15]) pre-
sume the following aspects: lowering the symmetry (D3h!
D3) shrinks the N�Ga bond lengths and reduces the strain
under formation of sp3-hybridized Ga centers. The energy
profit due to symmetry lowering is rather small, and
amounts to �2.7 kcalmol�1 (without zero-point energy cor-
rection). This gives credit to the belief that at room temper-
ature the donor adduct 3c and in general all complexes of 3
undergo strong tumbling, as documented by the effects
measured in the solution-NMR spectra.


Discussion


A novel route to [1.1]ferrocenophanes has been found with
the synthesis of the gallium-bridged ferrocenophane [{Fe-
ACHTUNGTRENNUNG(C5H4)3}2Ga2] (3) and of its donor adducts 3a–d. The syn-


Figure 8. Cyclic voltammogram of a solution of 3c in pyridine (0.1m
NBu4PF6).


Table 2. Selected distances [P] and angles [8] for 3a–d.


3a 3b·1.5 toluene 3c·DMSO 3d·0.75 toluene


distances
Ga(1)�C(1) 1.9516(16) 1.968(19) 1.952(2) 1.963(4)
Ga(1)�C(16) 1.9461(16) 1.965(17) 1.958(2) 1.943(4)
Ga(1)�C(21) 1.9499(16) 1.973(17) 1.957(2) 1.961(4)
Ga(1)�N/O 2.1551(12) 2.143(14) 2.0984(13) 2.280(3)
Ga�Ga 3.72 3.87 3.80 3.81
Fe(1)�Fe(2) 5.45 5.40 5.47 5.46
Fe(1)�Fe(3) 5.45 5.40 5.36 5.41
Fe(2)�Fe(3) 5.51 5.58 5.48 5.38
angles
C(1)-Ga(1)-C(16) 118.61(7) 117.9(8) 121.10(9) 120.43(15)
C(1)-Ga(1)-C(21) 118.85(7) 116.8(7) 117.34(9) 118.39(16)
C(16)-Ga(1)-C(21) 120.03(7) 120.6(8) 118.07(9) 117.35(15)
N/O-Ga(1)-C(1) 97.84(6) 98.1(7) 98.10(7) 93.87(12)
N/O-Ga(1)-C(16) 94.36(6) 95.0(6) 95.05(7) 97.33(12)
N/O-Ga(1)-C(21) 93.67(6) 98.8(7) 95.53(7) 98.45(12)
Cp–Cp rotation (a) 5 11 15 14
Cp–Cp tilt (b) 4 4 3 4
dip angle (g) 4 4 3 4
� C-Ga-C 357 355 357 356


www.chemeurj.org K 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 5471 – 54805476


P. Jutzi et al.



www.chemeurj.org





thetic strategy depends on rather weak C(ferrocenyl)–galli-
um and C ACHTUNGTRENNUNG(methyl)–gallium bonds, so that substituent ex-
change reactions can take place easily. Thus, heating of
[Fe(C5H4GaMe2)2] (1) leads under elimination of trimethyl-
gallium in quantitative yields to the formation of 3 via the
[1.1]ferrocenophane [{FeACHTUNGTRENNUNG(C5H4)2}2ACHTUNGTRENNUNG{GaMe}2] (2). Donor ad-
ducts of 3 are formed under comparable conditions starting
from donor adducts of 1. Highly stereo- and regiospecific
substitution reactions at the gallium atoms are necessary to
transform 1 into 3. A plausible reaction sequence for the
formation of the stable intermediate 2 is shown in Scheme 4.
The weakness of the Ga�C(ferrocenediyl) bridge bond and


the chance for the formation of a bridging methyl group in a
reactive intermediate or transition state are the prerequisite
for the extrusion of trimethylgallium and the concomitant
formation of a novel Ga�C(ferrocenediyl) bond.[16] The for-
mation of 3 proceeds via intermediates resembling that
shown in brackets in Scheme 4. Owing to the complexity of
these transformations, reversibility of reaction sequences
(proof-reading) seems to be necessary. Not surprisingly in
this context, the ferrocenophane 3 can be transformed back
to 1 in the presence of excess trimethylgallium at tempera-
tures of about 100 8C (see Scheme 1). Comparable activation
barriers for the forward and the backward reactions, the
large excess of one reactant (trimethylgallium) and/or the
low solubility and easy crystallization of one of the products
have been shown to be responsible for the selective product
formation. These are criteria for reactions performed under
the concept of “dynamic covalent chemistry”.[17]


Compound 3 is an example of a stereochemically rigid di-
functional Lewis acid.[18] It is the first molecule containing
two Lewis acidic main-group element centers fixed in a
manner that allows Lewis bases to be bonded along a linear
base-acid-acid-base vector. These geometric constraints
result in a high synthetic potential for the formation of com-
plexes such as 3b and 3d, which crystallize in the form of
supramolecular rods. Further examples of such compounds
will be presented in a forthcoming publication.


While the base-free 3 is an achiral compound, the coordi-
nation of donor molecules results in a left-hand or right-
hand twist of the carousel structure and therefore in the for-
mation of chiral species as shown by the presence of two
enantiomers in the solid-state structures of 3a–d. The


amount of twist can be meas-
ured by the rotation angles a.
The conformational isomeriza-
tion of 3a–d can be compared
to the situation found in atropi-
someric molecular propellers
like in some triarylboranes.[19]


The dynamic structure of ad-
ducts of 3 in solution is based
on the fast interconversions of
the observed enantiomers. The
solid-state structures of 3a–d
will be discussed in detail in a
forthcoming publication, to-
gether with the structures of
further coordination com-
pounds of 3.


The electronic communica-
tion in multiferrocenyl systems
has been studied already in
great detail.[1] In general, the
electronic coupling depends on
the rigidity of the ferrocene-
containing framework, on the
distance between the iron cen-
ters, and on the degree of elec-


Figure 9. Plot of the equilibrium geometries of 3·2NH3 within D3h (left)
and D3 (right) geometries, calculated at RI-BP86/SV (P) level. Bond
lengths are in Angstrçms, bond angles in degrees. Hydrogen atoms are
omitted for clarity, N=NH3.


Scheme 4. Postulated reaction sequence for the formation of 2.
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tron mobility in the respective bridging unit. In the class of
ferrocenophanes (see Figure 1), the [0.0]ferrocenophane I is
a strongly interacting system, whereas the [1.1]ferroce-
nophanes of type II are only weakly interacting.[1] Also com-
pound 3b, which is a type IV ferrocenophane with the two
carbon bridges substituted by two pyridine-gallium units,
represents a weakly interacting system. This is concluded
from electrochemical and spectroelectric measurements,
which are the most widely used tools to investigate the elec-
tronic communication.[14]


It is worth mentioning that the electronic behavior of 3b
differs from that observed for the pyridine adduct of trifer-
rocenylgallium.[20] Whereas 3b exhibits three separate oxida-
tion steps in the cyclic voltammogram (see Figure 9 and
Figure 10), the ferrocenyl units of triferrocenylgallium are
oxidized simultaneously. This difference is attributed to the
fact that all ferrocenyl groups of triferrocenylgallium are
freely rotating and thus fully independent, while those of 3b
are fixed in a carousel-type structure and thus are capable
of some weak electronic communication.


On the basis of the CV data for 3b measured in the pres-
ent work and of the CV data described in two earlier publi-
cations, the first oxidation potentials of ferrocene and of the
so far known pyridine-gallium substituted ferrocene deriva-
tives are compared (Figure 10). The ferrocene derivatives
[Fe(C5H4GaMe2·Py)2] (1·2Py),[5] [Fe ACHTUNGTRENNUNG({GaMe(Py)H4C5}2Fe)]
(2b),[3b] and [Fe({Ga(Py)H4C5}3Fe)] (3b) are oxidized more
easily than the parent ferrocene. The electron-donating abil-
ity decreases in the direction 1·2Py>3b>2b. Thus, starting
from the parent ferrocene as reference the substitution of
hydrogen atoms for pyridine-stabilized diorganogallyl
groups causes an easier oxidation of the ferrocene deriva-
tive. The easier oxidation of 3 compared with 2 still lacks a
plausible explanation.


The ferrocenophane 3 is the first representative of a new
class of compounds and offers several aspects for further de-
tailed studies of the parent compound and of its derivatives.


From a synthetic point of view the preparation of a mole-
cule representing a “molecular-level carousel” is challeng-
ing. In this context, the ferrocenophane 3 or a properly sub-
stituted derivative has to be fixed in a framework structure
with the help of suitable donor centers. It is worth investi-
gating whether the ferrocenophane-rotation within such a
framework can be controlled by external stimuli.[21]


Experimental Section


General comments: All manipulations were carried out under a purified
argon atmosphere using standard Schlenk techniques. The solvents were
commercially available, purified by conventional means, and distilled im-
mediately prior to use. The NMR spectra were recorded in [D6]DMSO
using a Bruker Advance DRX 500 spectrometer (1H 500.1 MHz; 13C
125.8 MHz). Chemical shifts are reported in ppm and were referenced to
the solvent resonances as internal standard. The mass spectra (EI) were


recorded on a VG Autospec mass
spectrometer. Only characteristic frag-
ments and isotopes of the highest
abundance are listed. The elemental
analyses were performed by the Mi-
croanalytical Laboratory of the Uni-
versitBt Bielefeld. The cyclic voltam-
mogram was recorded on an EG&G
potentiostat, Model 273A, controlled
by M 250/270 software. The supporting
electrolyte was tetrabutylammonium
fluoride (TBAPF), which was pur-
chased from Fluka and used without
further purification. The electrolyte
concentration was 0.1m. The voltam-
metric measurements were performed
using a platinum-disk electrode (d=
2 mm), which was polished prior to
use. Potentials were calibrated by the
method of GagnW and are quoted
versus the ferrocenium–ferrocene
couple as internal standard.[22] A plati-
num wire was used as a counter elec-
trode.


Starting materials: 1,1’-Bis(dimethyl-
gallyl)ferrocene (1)[5] and the digalla-
ACHTUNGTRENNUNG[1.1]ferrocenophane 2[3b] were pre-
pared by using literature procedures.


Preparation of 3: Method a: Compound 1 (200 mg, 0.52 mmol) or 2
(200 mg, 0.37 mmol) was mixed with p-xylene (3 mL) in a Schlenk flask.
In the tightly closed flask, the suspension was heated for 15 min to
150 8C. After the mixture was cooled to room temperature and the super-
natant solvent was decanted, the residue was washed with hexane and
dried in vacuo to give 3 (80 mg, 0.12 mmol; 69%) as an orange solid.
Method b: Compound 1 (200 mg, 0.52 mmol) or 2 (200 mg, 0.37 mmol)
was heated in vacuo for 2 h to 200 8C without melting. The resulting solid
was washed with n-hexane to remove impurities, resulting from thermal
decomposition. The residue was dried in vacuo to give 3 (50 mg,
0.07 mmol; 40%) as an orange solid. Method c: In a Schlenk flask 1
(200 mg, 0.29 mmol) was treated with diethyl ether (1 mL) and toluene
(3 mL) at room temperature. The reaction mixture was heated for 5 min
to 130 8C and then cooled to +6 8C. After one day an orange, crystalline
solid had formed, which was washed with n-hexane and dried in vacuo to
give 3 (55 mg, 0.08 mmol; 43%) as an orange powder.


Figure 10. First oxidation potentials (in pyridine) of substituted ferrocenes (functional groups printed in bold
letters). For 2b and 3b also the second (and third) oxidation potential is shown.
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3 : 1H NMR ([D6]DMSO): d=4.20 (s, 12H; ring-C2/5-H or -C3/4-H),
4.30 ppm (s, 12H; ring-C2/5-H or -C3/4-H); 13C NMR ([D6]DMSO): d=
69.2 (ring-C2/5 or -C3/4), 74.9 ppm (ring-C2/5-H or -C3/4-H); MS: m/z
(%): 692 (3) [M+]; elemental anaysis calcd (%) for C30H24Fe3Ga2 (M=


691.51 gmol�1): C 52.11, H 3.50; found: C 51.79, H 3.51.


Preparation of 3a–d: Method a: In a Schlenk flask, 1 (300 mg,
0.78 mmol), or 2 (210 mg, 0.39 mmol), or 3 (180 mg, 0.26 mmol) were
treated with toluene (3 mL) and the respective donor (1 mmol). In the
tightly closed flask, the reaction mixture was heated to 130 8C for 5 min.
After the mixture was cooled to room temperature, a crystalline solid
formed over a few days. The solid was washed with n-hexane and dried
in vacuo. Yields are given for this method. Method b: In a Schlenk flask,
2a or 2b (0.4 mmol) were treated with toluene (3 mL). The reaction mix-
ture was heated to 130 8C for 5 min in the tightly closed flask. After the
mixture was cooled to room temperature, a crystalline solid formed over
a few days. The solid was washed with n-hexane and dried in vacuo to
give 3a or 3b, respectively.


Crystals of 3b and 3c contain cocrystallized solvent molecules. When
they were dried in vacuo solvent was removed and the crystals decom-
posed to an amorphous solid.


3a : 1H NMR ([D6]DMSO): d=1.08 (t, 3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 12H; Et2O),
3.37, (q, 3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 8H; Et2O), 4.20 (s, 12H; ring-C2/5-H or -C3/4-
H), 4.30 ppm (s, 12H; ring-C2/5-H or -C3/4-H); 13C NMR ([D6]DMSO):
d=15.1 (Et2O), 64.9, (Et2O), 69.2 (ring-C2/5 or -C3/4), 74.9 ppm (ring-
C2/5 or -C3/4); 3a is thermolabile and decomposes already at room tem-
perature.[23]


3b : Yield 76 mg (0.11 mmol, 42%) 3b. 1H NMR ([D6]DMSO): d=4.20
(s, 12H; ring-C2/5-H or -C3/4-H), 4.30 (s, 12H; ring-C2/5-H or -C3/4-H),
7.38 (s, 4H; pyridine), 7.78 (s, 2H; pyridine), 8.55 ppm (s, 4H; pyridine);
13C NMR ([D6]DMSO): d=69.2 (ring-C2/5 or -C3/4), 74.9 (ring-C2/5 or
-C3/4), 123.9 (pyridine), 125.3 (pyridine), 150.3 ppm (pyridine); MS: m/z
(%): 692 (22) [M+�2 pyridine], 79 (100) [pyridine+]; elemental anaysis
calcd (%) for C40H34Fe3Ga2N2 (M=849.71 gmol�1): C 56.54, H 4.03, N
3.30; found: C 56.17, H 3.93, N 3.27; CV: E1/2(1)=�356 mV, E1/2(2)=
�154 mV, E1/2(3)=8 mV (peak separation 90 mV).


3c : Yield 85 mg (0.10 mmol, 38%) 3c. 1H NMR ([D6]DMSO): d=2.49 (s,
12H; DMSO), 4.20 (s, 12H; ring-C2/5-H or -C3/4-H), 4.30 ppm (s, 12H;
ring-C2/5-H or -C3/4-H); 13C NMR ([D6]DMSO): d=39.5 (CH3 in
DMSO), 69.2 (ring-C2/5 or -C3/4), 74.9 ppm (ring-C2/5 or -C3/4); MS:
m/z (%): 692 (1) [M+�2DMSO], 78 (2) [DMSO+]; elemental analysis
was not successful due to tenacious retainment of fractional amounts of
solvent.


3d : Yield 137 mg (0.17 mmol, 64%) 3d. 1H NMR ([D6]DMSO): d=4.20
(s, 12H; ring-C2/5-H or -C3/4-H), 4.30 (s, 12H; ring-C2/5-H or -C3/4-H),
8.66 ppm (s, 4H; pyrazine). 13C NMR ([D6]DMSO): d=69.2 (ring-C2/5
or -C3/4), 74.9 (ring-C2/5 or -C3/4), 145.2 ppm (pyrazine). MS: m/z (%):
692 (2) [M+�pyrazine], 80 (4) [pyrazine+]; elemental analysis was not
successful due to tenacious retainment of fractional amounts of solvent.


Reaction of 3 and 3a–c with trimethylgallium: Method a: Trimethylgalli-
um ((pyrophoric!) 100 mg, 0.9 mmol) was added to a suspension of 3
(30 mg, 43 mmol) in [D8]toluene (0.5 mL) in a NMR tube. The reaction
mixture was heated to 100 8C in the tightly closed tube until all compo-
nents had dissolved. On cooling the mixture to room temperature, 1
formed as an orange microcrystalline solid. The supernatant solution was
decanted, and the solid residue was washed with hexane, and identified
by using NMR spectroscopy. Method b: Trimethylgallium ((pyrophoric!)
50 mg, 0.45 mmol) was added to a suspension of 3 (30 mg, 43 mmol) in
[D8]toluene (0.5 mL) in a NMR tube. The reaction mixture was heated to
100 8C in the tightly closed tube until all components had dissolved. On
cooling the mixture to room temperature, 2 formed as an orange micro-
crystalline solid. The supernatant solution was decanted, and the solid
residue was washed with hexane, and identified by using NMR spectro-
scopy. Only GaMe3 could be identified in the reaction mixture by NMR
spectroscopy.


The coordination compounds 3a–c react with trimethylgallium in a simi-
lar manner. The donor adduct of GaMe3 and uncoordinated GaMe3 were
identified in the reaction mixture.


Acknowledgement


The support of this work by the Deutsche Forschungsgemeinschaft, the
UniversitBt Bielefeld and the Fonds der Chemischen Industrie is grateful-
ly acknowledged. We thank Professor Lorberth, University of Marburg
for a gift of trimethylgallium.


[1] For metal-metal interactions in linked metallocenes see: S. Barlow,
D. OYHare Chem. Rev. 1997, 97, 637–669.


[2] Review on [m.m]ferrocenophanes: U. T. Mueller-Westerhoff,
Angew. Chem. 1986, 98, 700; Angew. Chem. Int. Ed. Engl. 1986, 25,
702–717.


[3] a) M. Scheibitz, R. F. Winter, M. Bolte, H.-W. Lerner, M. Wagner,
Angew. Chem. 2003, 115, 954; b) A. Althoff, P. Jutzi, N. Lenze, B.
Neumann, A. Stammler, H.-G. Stammler, Organometallics 2003, 22,
2766–2774; c) W. Uhl, I. Hahn, A. Jantschak, T. Spies, J. Organo-
met. Chem. 2001, 637–639, 300–303; d) D. L. Zechel, D. A. Foucher,
J. K. Pudelski, G. P. A. Yap, A. L. Rheingold, I. Manners, J. Chem.
Soc. Dalton Trans. 1995, 1893–1899; e) A. Clearfield, C. J. Simmons,
H. P. Withers, D. Seyferth, Inorg. Chim. Acta 1983, 75, 139–144;
f) G. Utri, K.-E. Schwarzhans, G. M. Z. Allmaier, Z. Naturforsch. B
1990, 45, 755–762.


[4] T. Katz, W. Slusarek, J. Am. Chem. Soc. 1980, 102, 1058–1063.
[5] A. Althoff, P. Jutzi, N. Lenze, B. Neumann, A. Stammler, H.-G.


Stammler, Organometallics 2002, 21, 3018–3022.
[6] Software used: Gaussian98 (RevisionA.7), M. J. Frisch, G. W.


Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman,
V. G. Zakrzewski, J. A. Montgomery, R. E. Stratmann, J. C. Burant,
S. Dapprich, J. M. Millam, A. D. Daniels, K. N. Kudin, M. C. Strain,
O. Farkas, J. Tomasi, V. Barone, M. Cossi, R. Cammi, B. Mennucci,
C. Pomelli, C. Adamo, S. Clifford, J. Ochterski, G. A. Petersson,
P. Y. Ayala, Q. Cui, K. Morokuma, D. K. Malick, A. D. Rabuck, K.
Raghavachari, J. B. Foresman, J. Cioslowski, J. V. Ortiz, B. B. Stefa-
nov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. Gomperts,
R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A.
Nanayakkara, C. Gonzalez, M. Challacombe, P. M. W. Gill, B. G.
Johnson, W. Chen, M. W. Wong, J. L. Andres, M. Head-Gordon,
E. S. Replogle, J. A. Pople, Gaussian, Inc., Pittsburgh, PA, 1998. .


[7] G. H. Robinson, Acc. Chem. Res. 1999, 32, 773–782.
[8] Software used: NBO Version 3.1, A. E. Reed, L. A. Curtiss, F. Wein-


hold, Chem. Rev. 1988, 88, 899–926.
[9] A. D. Becke, K. E. Edgecombe, J. Chem. Phys. 1990, 92, 5397–5403.


[10] The formation of a B�B one-electron sigma-bond on reduction of
diborylated naphthalene has been described: J. D. Hoefelmeyer,
F. P. Gabbai, J. Am. Chem. Soc. 2000, 122, 9054–9055.


[11] We have reported about this compound in a preliminary communi-
cation: P. Jutzi, N. Lenze, B. Neumann, H.-G. Stammler, Angew.
Chem. 2001, 113, 1470–1473; Angew. Chem. Int. Ed. 2001, 40, 1424–
1427.


[12] G. E. Coates, J. Chem. Soc. 1951, 2003–2013.
[13] S. C. Jones, S. Barlow, D. OYHare, Chem. Eur. J. 2005, 11, 4473–


4481.
[14] Spectroelectrochemical studies performed by Prof. Dr. M. D. Ward,


University of Sheffield.
[15] Software used: TURBOMOLE, Programm Package for ab initio


Electronic Structure Calculations, Version 5.7: a) R. Ahlrichs, M.
BBr, M. HBser, H. Horn, C. Kçlmel, Chem. Phys. Lett. 1989, 163,
165–169; b) A. SchBfer, H. Horn, R. Ahlrichs, J. Chem. Phys. 1992,
97, 2571–2577; c) K. Eichkorn, O. Treutler, H. [hm, M. HBser, R.
Ahlrichs, Chem. Phys. Lett. 1995, 242, 652–660; d) K. Eichkorn, F.
Weigend, O. Treutler, R. Ahlrichs, Theor. Chem. Acc. 1997, 97, 119–
124.


[16] Detailed DFT calculations on a ferrocenylborane condensation reac-
tion with a H atom in a bridging position have been described in:
J. B. Heilmann, M. Scheibitz, Y. Qin, A. Sundararaman, F. JBkle, T.
Kretz, M. Bolte, H.-W. Lerner, M. C. Holthausen, M. Wagner,
Angew. Chem. 2006, 118, 934–939; Angew. Chem. Int. Ed. 2006, 45,
920.


Chem. Eur. J. 2006, 12, 5471 – 5480 K 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5479


FULL PAPERGallium-Bridged Ferrocenophane



www.chemeurj.org





[17] Review on dynamic covalent chemistry: S. J. Rowan, S. J. Cantrill,
G. R. L. Cousins, J. K. M. Sanders, J. F. Stoddart, Angew. Chem.
2002, 114, 938–993; Angew. Chem. Int. Ed. 2002, 41, 898–952.


[18] F. P. Gabbai, A, Schier, J. Riede, Angew. Chem. 2003, 115, 2318–
2321; Angew. Chem. Int. Ed. 2003, 42, 2218–2221.


[19] J. F. Blount, P. Finocchiaro, D. Gust, K. Mislow, J. Am. Chem. Soc.
1973, 95,7019–7029.


[20] P. Jutzi, D. Meyer, unpublished results.
[21] a) Artificial molecular machines: V. Balzani, A. Credi, F. M. Raymo,


J. E. Stoddart, Angew. Chem. 2000, 112, 3484–3530; Angew. Chem.
Int. Ed. 2000, 39, 3348–3391; b) artificial molecular rotors: G. S.


Kottas, L. I. Clarke, D. Horinek, J. Michl, Chem. Rev. 2005, 105,
1281–1376.


[22] R. R. GagnW, C. A. Koval, G. C. Lisensky, Inorg. Chem. 1980, 19,
2854–2855.


[23] A single crystal was coated with a layer of hydrocarbon oil, attached
to a glass fiber, and cooled to 173 K for an X-ray structure determi-
nation. Because of the thermolability of 3a no elemental analysis
could be performed.


Received: February 16, 2006
Published online: May 8, 2006


www.chemeurj.org K 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 5471 – 54805480


P. Jutzi et al.



www.chemeurj.org






DOI: 10.1002/chem.200600244


Remarkable Interplay of Redox States and Conformational Changes in a
Sterically Crowded, Cross-Conjugated Tetrathiafulvalene Vinylog
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Concepci3 Rovira,[b] and Jos5 Vidal-Gancedo[b]


Introduction


The 1,3-dithiol-2-ylidene unit has been extensively modified
to provide analogues of the famous p-electron donor tetra-
thiafulvalene (TTF). Derivatives with one 1,3-dithiol-2-yli-
dene group attached to aromatic/heteroaromatic frame-
works,[1] are poorer electron donors than TTF. On the other
hand, vinylogous bis(1,3,-dithioles) 1[2–8] have attracted more
attention, because they are stronger electron donors with re-
duced on-site Coulombic repulsion. Consequently they pos-
sess a smaller difference (DE) between the first and second
oxidation potentials, which represent the sequential forma-
tion of cation radical and dication species. For derivatives
with longer conjugated spacers (both olefinic[2,6] and acety-
lenic[9]) the terminal dithiole units reach a separation dis-
tance at which they behave as independent redox centers
under electrochemical conditions and the waves coalesce
into a single, two-electron process. A different set of deriva-


Abstract: Derivatives of 9-[2-(1,3-di-
thiol-2-ylidene)ethylidene]thioxanthene
have been synthesized using Horner–
Wadsworth–Emmons reactions of (1,3-
dithiol-2-yl)phosphonate reagents with
thioxanthen-9-ylidene-acetaldehyde
(5). Further reactions lead to the steri-
cally crowded cross-conjugated “vinyl-
ogous tetrathiafulvalene” derivative 9-
[2,3-bis-(4,5-dimethyl-1,3-dithiol-2-yli-
dene)-propylidene]thioxanthene (10).
X-ray crystallography, solution electro-
chemistry, optical spectroscopy, spec-
troelectrochemistry, and simultaneous
electrochemistry and electron para-
magnetic resonance spectroscopy, com-
bined with theoretical calculations per-
formed at the B3LYP/6-31G(d) level,
elucidate the interplay of the electronic
and structural properties in these mole-


cules. For compound 10, multistage
redox behavior is observed: the overall
electrochemical process can be repre-
sented by 10!10C+!102+!104+ with
good reversibility for the 10!10C+!
102+ transformations. At the tetraca-
tion stage there is the maximum gain
in aromaticity at the dithiolium and
thioxanthenium rings. Theory predicts
that for 10, 10C+ , and 102+ the trans iso-
mers are more stable than the cis iso-
mers (by ca. 2–18 kJmol�1), whereas
for 104+ the cis isomer becomes more
stable than the trans isomer (by ca.
25 kJmol�1) [trans and cis refer to the


arrangement of the two dithiole moiet-
ies with respect to the central =C(R)�
C(H)= fragment]. These data explain
the detection in cyclic voltammograms
of both trans and cis isomers of 10 and
10C+ during the reduction of 104+ at
fast scan rates (>100 mVs�1) when the
cis–trans isomerization is not complet-
ed within the timescale of the experi-
ment. The X-ray structure of the
charge-transfer complex (CTC) of 10
with 2,4,5,7-tetranitrofluorene-9-dicya-
nomethylenefluorene (DTeF) [stoichi-
ometry: 10C+ · ACHTUNGTRENNUNG(DTeF)2C�·2PhCl] reveals
a twisted conformation of 10C+ (driven
by the bulky thioxanthene moiety) and
provides a very rare example of segre-
gated stacking of a fluorene acceptor in
a CTC.
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tives, which also give a two-electron wave, comprise shorter
length vinylogs, in which bulky substituents (usually aryl
groups, although Me and CO2Et groups were used as well)
are attached to the spacer (2a–j), leading to substantial con-
formational changes upon oxidation.[10–12] This last set of sys-
tems provide very interesting examples of “inverted poten-
tials”,[13] whereas the less distorted structure 2k (R=CN)
undergoes two one-electron oxidation processes.[12]


Another structural modification to the vinylogous scaf-
fold, which leads to intriguing and more complex multielec-
tron oxidation processes, involves the attachment of one or
two redox-active pendant group(s). Very few derivatives of
this type have been synthesized and their properties have
not been explored in depth: examples are the bis(ferrocen-
yl) derivative 2 l[14] and the 1,3-dithiol-2-ylidene[15,16] and 1,3-
diselenol-2-ylidene cross-conjugated dendralene systems
3.[17] The aim of the present work was to develop this topic


by incorporation of the 9-thioxanthene modulus into p-ex-
tended 1,3-dithiol-2-ylidene structures and to elucidate their
structural, redox, and optoelectronic properties in detail.
Herein we describe new conjugated vinylogous systems
(e.g., 8) and the cross-conjugated derivative 10. We also dis-
cuss theoretical DFT studies for different oxidation states of
molecules 8 and 10, which in the latter case strongly support
our interpretation of the remarkable electrochemistry ob-
served for this compound.


Results and Discussion


Synthesis : The reaction sequence shown in Scheme 1 provid-
ed our target compounds. 9-Methylenethioxanthene (4) was
obtained in 80% yield from thioxanthen-9-one by a
Grignard reaction with methyl magnesium bromide, as de-


Scheme 1. Reagents and conditions: i) POCl3, DMF, 0 8C; then add 4, DMF, 0 8C to 60 8C; ii) 6, THF, nBuLi, �78 8C; then add 5, THF, �78 8C to 20 8C;
iii) POCl3, DMF, 0 8C; then add 8, DMF, 0 8C to 60 8C; iv) 6, THF, nBuLi, �78 8C; then add 9, THF, �78 8C to 20 8C; v) 7, THF, nBuLi, �78 8C; then add
5, THF, �78 8C to 20 8C; vi) 11, nBuLi, THF, �78 8C; then add ClCO2Me, 20 8C; vii) 12, LiAlH4, THF, �78 8C to 20 8C.
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scribed in the literature.[18] The reaction of 4 with phospho-
rus oxychloride in N,N-dimethylformamide (DMF) gave
compound 5 in 58% yield. Reaction of 5 with the anion gen-
erated from phosphonate ester reagents 6[19] and 7[20] under
Horner–Wadsworth–Emmons conditions gave the 1,3-di-
thiol-2-ylidene derivatives 8 and 11, respectively, as red
solids in approximately 60% yields. By analogy with the
preparation of 5, compound 9 was obtained from 8 in 95%
yield. It is worth noting that this reaction is regiospecific, oc-
curring at the methylene carbon atom attached to the more
strongly electron-donating dithiole ring. The aldehyde group
of compound 9 then underwent a further olefination reac-
tion with reagent 6 to yield the dendralene product 10 as a
dark red solid in 23% yield.
Access to more highly-functionalized derivatives of 11


was established by deprotonation of the hydrogen attached
to the dithiole ring by using n-butyllithium in tetrahydrofur-
an (THF) at �78 8C, followed by in situ trapping of the lithi-
ated species with methyl chloroformate to give the methyl
ester derivative 12 (80% yield), which was reduced with
lithium aluminium hydride to the hydroxymethyl derivative
13 (70% yield).


Solution electrochemical studies : Cyclic voltammetry (CV)
data for compounds 8 and 11–13, all with only one dithiole
unit, show an irreversible or quasireversible oxidation at
high potentials, which is presumably a two-electron process
(Figure S1 in the Supporting Information). This is typical
electrochemical behavior for extended-TTF systems,[21]


which undergo a drastic change in their geometry during the
oxidation due to the “inverted potentials” for the first and
second single-electron oxidation steps.[13] For extended
TTFs, in which two dithiol-2-ylidene moieties are separated
by a dihydro-9,10-anthracenediylidene bridge, a tremendous
gain in aromaticity during the formation of the dication fa-
cilitates the two-electron transfer process. Similarly, for com-
pounds 8 and 11–13 such a 2e� oxidation process to yield
the dication state produces an aromatic thioxanthenium
cation moiety. Theoretical calculations for compound 8
reveal a large geometry change during the oxidation process
8!82+ and planarization and aromatization of the thioxan-
thene moiety, thus supporting the observed electrochemical
behavior (see Theoretical Calculations section).
Most intriguing electrochemical behavior was expected


for compound 10, which combines the structure of extended
TTFs with an ethylene bridge (which are stronger donors
than compounds 8 and 11–13 with only one dithiole moiety,
and which can be oxidized in either a 2e� process or two
consecutive 1e� processes depending on their structures and
CV conditions) and a thioxanthene-9-ylidene fragment at-
tached to the bridge. To study the electrochemical proper-
ties of compound 10, we performed CV experiments in both
dichloromethane (CH2Cl2) and acetonitrile (MeCN). In
CH2Cl2 two consecutive single-electron oxidation waves
were observed (Figure 1 and Figure S2 in the Supporting In-
formation). Both waves correspond to a reversible single-
electron oxidation process, based on the difference between


the anodic and cathodic peak potentials (DEpa�pc~0.06 V)
and currents (ipa� ipc), thus resulting in the radical cation
(10C+) and the dication (102+) species, respectively. This
electrochemical behavior is similar to that of TTF vinylogs
unsubstituted at the vinyl positions.[2–4,7,8] For TTF vinylogs
that are symmetrically substituted in the =C(R)�C(R)=
fragment (2a–h), for which large conformation changes are
expected upon oxidation, the situation depends on the steric
and electronic effects of the substituents R, as well as on the
solvent used (coalescence of the two single-electron waves
was observed when CH2Cl2 was replaced by more polar
MeCN).[10] In the case of bulky aryl subsituents (R=o-Ph,
1-naphthyl, 1-pyrenyl) the oxidation generally proceeds as
two consecutive single-electron processes, whereas for R=


Me or p-Ph the two redox waves coalesce, resulting in a
one-step two-electron oxidation. (Decoalescence was ob-
served for para-substituted phenyls with strong electron-do-
nating groups like Me2N- or MeO-.


[5,10,11]) It should be
noted that unsymmetrically substituted dendralene-type
TTF vinylogs also showed two single-electron oxidation
waves.[16,17]


On increasing the potential to ~1.3 V (vs. Ag/Ag+ refer-
ence electrode), a third, partly reversible two-electron oxi-
dation wave was observed to form the tetracation 104+ (Fig-
ure 2a). At low scan rate of 30 mVs�1 the overall electro-
chemical process can be described as 10!10C+!102+!104+ ,
which on the reverse scan and on further cycling demon-
strated good reversibility for the 10!10C+!102+ transfor-
mations. However, when the scan rate was increased to
100 mVs�1, after the oxidation of 10 to 104+ , an additional
cathodic peak on the reverse scan was observed with an Epc
that is more negative than Eox1pc (Figure 2b). Further cycling
revealed the appearance of an additional reversible redox
process at more negative potentials than the first oxidation
Eox11=2. This wave is clearly visible in the deconvoluted CV
traces (Figure 2b). This behavior is retained, and even be-
comes more pronounced, when the scan rate was further in-
creased to 300 mVs�1 (Figure 2c), 600, and 2000 mVs�1 (Fig-
ures S3 and S4 in the Supporting Information).
To understand this fascinating electrochemical behavior


we considered the geometrical structure of compound 10.


Figure 1. Cyclic voltammogram of compound 10 in CH2Cl2, 0.2m
Bu4NPF6, scan rate 100 mVs


�1 (first two cycles shown).
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Although TTF vinylogs that are unsubstituted or symmetri-
cally disubstituted (at the central =C(R)�C(R)= fragment)
generally exist with trans arrangements of the dithiole moi-
eties,[10,11] the geometry of the unsymmetrical structure 10
can be substantially dictated by the bulky thioxanthene
moiety. For example, TTF vinylogs of type 2, in which two
dithiole rings are linked through the aliphatic bridge [2, R=


Ph or substituted phenyls; R1=Me; (R2+R2)=�S ACHTUNGTRENNUNG(CH2)nS�,
n=3–14] adopt a cis conformation of the dithiole frag-


ments.[22] Therefore, it is not evident as to whether com-
pound 10 exists as the trans or cis isomer.[23] Unfortunately,
crystals of 10 suitable for single-crystal X-ray diffraction
analysis were not obtained.


We performed density functional theory (DFT) calcula-
tions for both trans and cis isomers of compound 10 in dif-
ferent oxidation states (neutral, radical cation, dication, and
tetracation). The details of these studies for compounds 8
and 10 are given below in the “Theoretical Calculations”
section. At this point we will mention the relevant results
for trans-10 and cis-10 that shed light on the observed CV
data (Figure 2). Calculations of the energies at both B3LYP/
6-31G(d) and B3LYP/6-311G ACHTUNGTRENNUNG(2df,p)//B3LYP/6-31G(d) levels
of theory gave qualitatively the same results. The theory
predicts that in the neutral (10) and dication (102+) states
the trans isomers are more stable than the cis- isomers, al-
though the difference in energy between the isomers is
small (2.1–5.3 kJmol�1). In the radical cation state, trans-
10C+ is considerably more stable (by 16.4–18.0 kJmol�1) than
the cis isomer (Figure 3). The opposite situation was found
for 104+ , in which the cis isomer is more stable (by 24.7–
25.3 kJmol�1) than the trans isomer (Figure 3).
In the light of these theoretical calculations, the observed


CVs (Figures 1 and 2) can be rationalized as follows. In the
neutral state compound 10 exists as the more stable trans
isomer, and this configuration is retained when 10 is oxi-


Figure 2. Cyclic voltammograms of compound 10 in CH2Cl2, 0.2m
Bu4NPF6; four consecutive scans at scan rates of a) 30, b) 100, and c)
300 mVs�1. Insets show the deconvoluted CVs.


Figure 3. Calculated relative energies of cis versus trans isomers of com-
pound 10 for the neutral, radical cation, dication and tetracation states at
A) B3LYP/6-311G ACHTUNGTRENNUNG(2df,p)//B3LYP/6-31G(d) and B) B3LYP/6-31G(d)//
B3LYP/6-31G(d) levels of theory. Unrestricted Hartree–Fock formalism
was applied for the radical cations and restricted formalism was used for
the neutral, dication, and tetracation states.
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dized to 10C+ or 102+ (CV in Figure 1). However, oxidation
to the tetracation results in isomerization into the more
stable cis-104+ . Subsequent electrochemical reduction to the
neutral state (10) on the back scan proceeds differently at
low and at high scan rates. At low scan rate of 30 mVs�1,
the reduction of cis-104+ is accompanied by its isomerization
from the cis to the more thermodynamically stable trans
isomer, so the shape of the CV oxidation waves in the h10/
10C+/102+i region at further scans, as presented in Figure 2a,
is similar to that shown in Figure 1.
When the rate of the reverse scan is increased, the cis–


trans isomerization is incomplete within the timescale of the
CV experiment, and, therefore, a certain amount of com-
pound 10 still exists in the cis configuration. This leads to
the additional peaks (Epc and Epa) below the first oxidation
potential Eox11=2 (Figure 2b,c and Figures S3 and S4 in the Sup-
porting Information), which we attribute to the reduction/
oxidation processes for the cis-10C+/10 isomers.
To further support this interpretation, two additional CV


experiments were performed at high scan rate (300 mVs�1)
starting from different potentials. On scanning from +0.7 V
(trans-102+ state) to negative potentials, the first voltammo-
gram was “normal” in the h10/10C+/102+i region, similar to
that in Figure 1. On further scans, after oxidation of the spe-
cies into cis-104+ , the CV became similar to that in Fig-
ACHTUNGTRENNUNGure 2c, showing an additional peak for the cis-10/cis-10C+ iso-
mers below the Eox11=2 wave for the trans-isomer (Figure 4a).
In contrast to these data, when the CV experiment was
started at 1.4 V (cis-104+ state), the first scan already dem-
onstrated two closely-spaced 10/10C+ redox processes from
both trans and cis isomers. Similar CVs were obtained for
the three subsequent cycles (Figure 4b).
In MeCN the CV similarly shows two consecutive reversi-


ble single-electron oxidation waves with Eox11=2=�0.118 V and
Eox21=2=++0.024 V vs. Ag/Ag+ , corresponding to the 10!10C+
!102+ transformations. Thus, changing the solvent from
CH2Cl2 to MeCN results in a decrease in the difference be-
tween the first and the second oxidation potentials DEox2�ox1


from 0.28 V to 0.14 V, that is, in a decrease of the thermody-
namic stability of the 10C+ radical ion (characterized by dis-
proportionation constant Kdispr= [D] ACHTUNGTRENNUNG[D


2+]/ ACHTUNGTRENNUNG[DC+]2, D=donor,
Table 1). These data agree with the solvent effects reported
previously for other TTF vinylogs substituted at the vinyl
positions.[10] On further oxidation in MeCN, compound 10
showed a third irreversible oxidation peak at +0.84 V
(Table 1, Figure S7 in the Supporting Information).


Spectroelectrochemical studies : Spectroelectrochemical ex-
periments (SEC) in CH2Cl2 and MeCN were performed to
establish the spectroscopic signatures of the radical cation,
dication, and tetracation species generated from compound
10. In CH2Cl2, compound 10 had two absorptions at lmax=
389 and 410 nm with a shoulder at �450 nm. On oxidation,
by applying a positive potential, these bands decreased, with
the concomitant growth of low-energy absorptions of the
10C+ radical ion at lmax=589, 703, and 830 nm (Figure 5a),
with a clear isobestic point at 494 nm. Similar absorption
features for other TTF vinylogs have been reported in the
literature.[10]


An increase in the potential resulted in the disappearance
of the absorption of 10C+ and the appearance of a new peak
at lmax=447 nm with a low intensity broad band centered at
645 nm from 102+ (isobestic point at 523 nm; Figure 5b). A
further increase in the potential resulted in a blue shift in


the absorption, which now
peaked at 330 nm (Figure 5c).
This hypsochromic shift ob-
served in the range from 1.3 V
to 1.6 V is entirely consistent
with the 102+!104+ transfor-
mation, and the clean isobestic
point (392 nm) leaves no room
for the presence of the 10C3+


radical ion in the system. Such
a species should display a bath-


Figure 4. Cyclic voltammograms of compound 10 in CH2Cl2, 0.2m
Bu4NPF6; four consecutive scans at scan rate of 300 mVs


�1: a) starting at
+0.70 V, scan to negative; b) starting at +1.40 V, scan to negative.


Table 1. Redox potentials of compounds 8 and 10.


Solvent Eox11=2 [V]
ACHTUNGTRENNUNG(DEpa�pc [mV])


Eox21=2 [V]
ACHTUNGTRENNUNG(DEpa�pc [mV])


Eox3pa [V] DEox2�ox1 [V] Kdispr [m
�1][c]


8[a] MeCN 0.84[d]


10[b] CH2Cl2 �0.003 (65) +0.278 (62) 1.33 0.281 176Q10�3


10[b] MeCN �0.118 (64) +0.024 (66) 0.84 0.142 5.84Q10�3


[a] Measured against Ag/AgCl reference electrode, scan rate 100 mVs�1. [b] Measured against Ag/Ag+ refer-
ence electrode, scan rate 100 mVs�1. Fc/Fc+ couple as an internal standard showed potentials +0.130 V
(CH2Cl2) and +0.079 V (MeCN) against this electrode in our experiments. [c] Estimated by equation
DEox2�ox1=Eox21=2�Eox11=2=�0.0591 logKdispr. [d] Two electrons.
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ochromic shift compared to 102+ . The spectral evolutions
during the electrochemical oxidation 10!10C+!102+!104+
are represented in Figures 5 and 6.
Similar SEC experiments performed in MeCN demon-


strated analogous spectral changes for the transformations
10!10C+!102+ , with absorption maxima for 10C+and 102+
at similar wavelengths to those in CH2Cl2 (Figures S8 and S9
in Supporting Information).


EPR studies : The electrochemical oxidation of 10 “in situ”
in the EPR spectrometer cavity gave an intense, symmetri-


cal EPR signal with fine structure and is assigned to 10C+ .
The spectrum recorded at E=0.4 V (vs. Ag/AgCl) in a solu-
tion of 0.2m Bu4NPF6 in CH2Cl2 is shown in Figure 7. On in-
creasing the potential to E=0.7 V the signal disappeared
due to the formation of 102+ . This behavior is consistent
with the CV and spectroelectrochemical studies presented
above.


Although it was not possible to simulate the EPR spec-
trum in optimal conditions because the signal did not show
good resolution, the simulation (Figure 7) is good enough to
establish that the spin distribution is delocalized over the
whole molecule; that is, 10C+ should be viewed as a p-ex-
tended system. The hyperfine coupling constants obtained
for the different protons from the best simulation are:
a(1H)=5.8 G, a(1H)=1.75 G, a(4H)=0.32 G, a(4H)=
0.35 G, and a ACHTUNGTRENNUNG(12H)=0.46 G; g factor=2.00695 and line
width=0.35 G. There are two protons with higher coupling


Figure 5. Spectroelectrochemistry of compound 10 in CH2Cl2, 0.2m
Bu4NPF6: a) 10


0!10C+ , b) 10C+!102+ , and c) 102+!104+ (1 mm quartz
cell, transmission mode, potentials are vs. Ag wire).


Figure 6. Three-dimensional representation of the SEC experiment for
compound 10 in CH2Cl2, 0.2m Bu4NPF6, 1 mm quartz cell, transmission
mode; potentials are versus Ag wire.


Figure 7. EPR spectrum of electrochemically generated 10C+ in CH2Cl2/
0.2m Bu4NPF6 solution (top) and its simulation (bottom).
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constants that can be ascribed to the ones on the bridgeRs
double bonds. Most probably the one on the bridge of the
vinylogous TTF skeleton has the highest coupling, approach-
ing 6 G, which is of similar order to the coupling shown by
other vinylogous TTF derivatives.[4] The protons of the four
methyl TTF substituents have the same coupling constant
and those in the aromatic rings are divided in two sets of
four equivalent protons with similar constants.
Radical cations derived from 11, 12, and 13 have been


generated electrochemically following the same process, in a
solution of 0.2m Bu4NPF6 in CH2Cl2. The EPR spectra ob-
tained in some cases were not symmetric, revealing the pres-
ence of more than one radical. In general, the pattern is a
spectrum with two or more lines centered at g=2.0070. Sim-
ilarly to 10, an increase in the potentials above that for gen-
eration of radical cation species resulted in disappearance of
the EPR signals due to further oxidation to the EPR silent
dication. The different shapes of the EPR spectra relative to
that observed for 10C+ could be related to the facile oxida-
tive dimerization of dithiafulvalenes to form TTF vinyl-
ogs.[11,24]


Charge-transfer complexation with 2,4,5,7-tetranitro-9-dicya-
nomethylenefluorene : The strong electron donor 10 inter-
acts with p-electron acceptors to form charge-transfer com-
plexes (CTC) and radical-ion salts. Complexation of 10 with
2,4,5,7-tetranitrofluorene-9-dicyanomethylenefluorene
(DTeF) in polar solvents resulted in the appearance of three
low energy absorption bands [lmax 588, 703, 827 nm (in nitro-
methane, Figure 8a), 585, 701, 824 nm (in acetonitrile, Fig-
ure S10 in the Supporting Information)], characteristic for
the 10C+ radical ion (see Figure 5a and Figures S5, S6, S8,
and S9 in the Supporting Information). In addition to the
absorption from 10C+ in these solutions, broad absorption
bands in the NIR region were also observed: one band is at
about l=1000–1200 nm (overlapping with an absorption of


the 10C+ radical ion) and the second, less intense broad band
is at l=1300–2300 nm (centered at ca. 1590 nm). Similar
low-energy absorptions in the NIR region were previously
observed for radical anions and CTCs of the fluorene ac-
ceptors. Thus, the CTC DTeF–TTF in CH2Cl2 showed a
broad absorption band at 900–2000 nm, centered at about
1200 nm, and similar absorption in the NIR region was ob-
served on electrochemical reduction of D–A (D=donor
A=acceptor) dyad 14 to its radical ion state D–AC� in SEC
experiments (lmax=1220 nm).


[25] This indicates that complex-
ation of donor 10 and acceptor DTeF results in a full elec-
tron transfer to form 10C+ and DTeFC� species in solution
(and is probably the first example of full electron transfer
for fluorene CTCs in solution). In the solid state it is known
that fluorene acceptors and TTF-type donors form CTCs
with different degrees of charge transfer (from neutral or
partial charge transfer[26,27] to full electron transfer in radical
ion salts).[21,28]


Studies of the solvent effect on charge transfer complexa-
tion between 10 and DTeF showed an appearance of three
long-wavelength bands characteristic of the 10C+ radical ion
in tetrahydrofuran, ethyl acetate, chloroform, and dichloro-
methane: see Figure 8a and Figures S10 and S11 in Support-
ing Information. On decreasing the solvent polarity, the in-
tensity of the lowest energy NIR band increased significant-
ly (relative to the bands of 10C+ at ~600–800 nm) with a
blue shift from 1590 nm in nitromethane to 1460 nm in di-
chloromethane (Figure 8a).


Figure 8. UV/Vis/NIR absorption spectra of the CTC between 10 and
DTeF a) in nitromethane (solid line; lmax=588, 703, 827, ~1000 sh,
1590 nm) and dichloromethane (dashed line; lmax=586, 694, 820 sh,
1460 nm) and b) in the solid state (for CTC 10· ACHTUNGTRENNUNG(DTeF)2·2PhCl in KBr
pellet (vs. KBr); lmax=602, 713, 848, ~1000 sh nm).
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The lowest energy absorption at ~1460–1590 nm could
arise from the charge transfer in CTC 10C+ ·DTeFC� or, possi-
bly, from the mixed valence state between the neutral and
radical anion states of the acceptor DTeF0·DTeFC�. We note
for acceptor 15, containing two nitrofluorene moieties con-
nected by a flexible bridge, the electrochemical reduction in
SEC experiments showed formation of a mixed valence
state A�s-AC� (broad absorption at 1400–2500 nm with
lmax=1950 nm, in DMF) proceeding to the diradical dianion
state AC��s-AC� (800–1200 nm with lmax=960 nm).


[29]


In the solid state, CTC of 10 with DTeF grown from chloro-
benzene showed the composition 10· ACHTUNGTRENNUNG(DTeF)2·2PhCl by
single-crystal X-ray analysis (see the next section). The ab-
sorption spectrum of this complex in KBr pellets again
showed three bands characteristic for the 10C+ radical ion to-
gether with an intense broad absorption centered at ~1000–
1100 nm (assigned to the fluorene anion radical) and a low
intensity broad absorption at ~1500–1800 nm (Figure 8b).
The solid-state IR spectrum of 10· ACHTUNGTRENNUNG(DTeF)2·2PhCl (in KBr
pellets) showed nC�N=2182.5 cm


�1 (and a second weak
signal at 2162 cm�1). This value is significantly lower than
that of neutral DTeF (nC�N=2233 cm


�1 and a shoulder at
2226 cm�1) (lit.[21] nC�N=2233 cm


�1) and similar to that of
the radical anion salt Li+ ·DTeFC� (2185 cm�1).[25] These data
point to a radical ion structure 10C+ · ACHTUNGTRENNUNG(DTeF)2C�·2PhCl.


X-ray crystallographic studies of 8 and 10· ACHTUNGTRENNUNG(DTeF)2·2PhCl :
In the X-ray crystal structure of
8 (Figure 9) the dithiolebuta-
diene moiety is disordered be-
tween two orientations with oc-
cupancies 88.4(1)% and
11.6(1)%, which differ in the
configuration around the C7=
C8 bond and can be (roughly)
described as related by the
mirror plane of the thioxan-
thene moiety. The thioxanthene
unit is folded with the benzene
rings forming an interplanar
angle of 143.08. The butadiene
moiety is slightly distorted from
planarity by twists of 4.4, 3.1,
and 8.08 around the C1=C6,
C6�C7, and C7=C8 bonds, re-
spectively.
We could not grow single


crystals of neutral compound 10
suitable for X-ray analysis. The crystals of the CTC obtained
by co-crystallization of 10 and acceptor DTeF in chloroben-
zene were exceedingly small and twinned. Thus the quality
of X-ray diffraction data was rather poor, but sufficient to
provide clear evidence of the stoichiometry of the complex
as 10· ACHTUNGTRENNUNG(DTeF)2·2PhCl and the general conformation and
packing motif, although not of the accurate bond lengths.
The asymmetric unit comprises one formula unit. Both SEC
experiments and CTC between 10 and DTeF in solutions


(vide supra) establish the radical cation nature for the donor
(10C+) in the crystal and hence the 10C+ · ACHTUNGTRENNUNG(DTeF)2C�·2PhCl for-
mulation of the complex. The radical cation is nonplanar
due to steric overcrowding (Figure 10a), which indeed is un-
avoidable in any of its oxidation states, 10, 10C+ , or 102+ (see
calculations below). The thioxanthene system (B) is folded
along the S3···C10 vector, its benzene rings form a dihedral
angle of 1438, and the S5 atom is disordered. The angle be-
tween two planar 1,3-dithiol-2-ylidene moieties (A and C) is
648, that between moiety A and the C5-C9-C10-C11-C17
plane is 738 (Figure 10a).


Two symmetrically independent DTeF moieties, E and F,
have a 1� charge and one unpaired electron between them.
The low precision of the data does not establish whether
DTeFC� and DTeF0 occupy specific sites or are randomly dis-
tributed. Both moieties adopt similar, somewhat warped,
conformations, typical for DTeF itself[30] and all its deriva-
tives, due to steric repulsion between the nitro groups in 4-
and 5-positions. However, warping does not prevent the
DTeF units from assembling into an infinite stack, in a ···E-
E-F-F-E-E-F-F··· succession (Figure 10a). The fluorene


Figure 9. X-ray molecular structure of 8 (thermal ellipsoids at the 50%
probability level) and the mode of disorder (insert).


Figure 10. a) Fragment of the crystal structure of 10· ACHTUNGTRENNUNG(DTeF)2·2PhCl, showing one asymmetric unit and inver-
sion equivalents of molecules E and F (primed). Disorder is not shown. b) Overlap of DTeF molecules, viewed
down the a axis.
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mean planes of the two independent units (and hence of all
DTeF units in the triclinic crystal structure) are parallel
within experimental error and normal to the direction of the
stack (crystal axis x). Within a stack, the adjacent units E
and F are related by a local (noncrystallographic) inversion
center (1=4 0


1=2), whereas the pairs EE and FF are related by
crystallographic inversion centers (00 1=2) and (


1=2 0
1=2), re-


spectively, or their equivalents. Thus each contact in the
stack is of a head-to-tail kind, with the exocyclic C=C bond
of one molecule perfectly overlapped by the five-membered
ring of the other molecule (Figure 10b). The mean interpla-
nar separation E–F of 3.05 S is characteristic for “long-
bonded p dimers”, which are often formed by spontaneous
self-association of various organic radicals, and are stable
both in solution and in the solid state.[31] Along a stack, such
separations alternate with longer E–E and F–F separations
of approximately 3.3 S, which are still shorter than
“normal” van der Waals contacts of 3.4–3.5 S.
It is known that nitrosubstituted fluorene acceptors readi-


ly form CTCs with electron donors,[26,32] including numerous
TTF-family donors.[21d,25,27,28] X-ray structures are known for
many of these CTCs of different stoichiometries,[25,27] but in
all cases the fluorene acceptors form alternating stacks with
the donor molecules [DADA (1:1), DAADAA (1:2) or
DADAA (2:3) motifs] typical for semiconductive CTCs. The
only exception is a three-component (1:1:1) CTC of 3,3’-di-
ethylthiazolinocarbocyanine with TCNQ and 9-dicyano-
methylene-2,4,7-trinitrofluorenone (DTF).[33] This structure
contains a mixed stack of two different acceptors, presuma-
bly TCNQC� ions and DTF molecules alternating
[A1A2A1A2] with nearly uniform interplanar separations of
about 3.3 S. To the best of our knowledge, 10·
ACHTUNGTRENNUNG(DTeF)2·2PhCl is the first definitive example of a CTC with
stacks consisting only of a fluorene acceptor.[34] Such ar-
rangement may be facilitated by the awkward conformation
of the 10C+ radical ion, which precludes effective stacking
(p–p overlap) with a planar moiety. Thus 10C+ and two inde-
pendent PhCl molecules (one of them disordered) occupy
channels between the acceptor columns (additional packing
diagrams are shown in Figure S22 in the Supporting Infor-
mation).


Theoretical calculations : We performed quantum chemical
calculations of the geometries and electronic structures of
compounds 8 and 10 in different oxidation states (neutral,
radical cation, dication, and tetracation) by DFT methods.
The geometries of 8, 8C+ , 82+ , 10, 10C+ , 102+ , and 104+ were
optimized at the B3LYP/6-31G(d) level of theory, and the
electronic structures were calculated at the B3LYP/6-311G-
ACHTUNGTRENNUNG(2df,p) level for B3LYP/6-31G(d) optimized geometries
(Figures S12–S21 and Tables S1–S11 in the Supporting Infor-
mation).
The geometry of the thioxanthene fragment provides a


good indication of the charge on this moiety: it has a strong-
ly folded conformation when neutral, whereas it is planar
when positively charged.[35] In the neutral state of molecule
8 the thioxanthene moiety adopts a nonplanar saddle-shape


and the butadiene chain is only slightly twisted around the
central=CH�CH= bond (Figure 11a), which is similar to the
conformation in the X-ray structure (Figure 9). Only minor


conformational changes accompany its oxidation to 8C+ (Fig-
ure 11b; some planarization of the thioxanthene moiety)
and the charge and the spin density are nearly symmetrically
distributed between the dithiole and thioxanthene moieties
(Table 2). On the other hand, in the dication state 82+ the
thioxanthene moiety is fully planarized and both the dithio-
lium ring and the butadiene bridge are twisted with respect
to the thioxanthene plane, with a dihedral angle of ~658
(Figure 11c). Mulliken charge population analysis of the di-
cation state reveals that both the dithiole and thioxanthene
moieties have almost equal positive charges (+0.98 and
+1.02, respectively; Table 2), with negligibly small charge
on the central=CH�CH= bridge (�0.04).
The HOMO in 8 is delocalized between the dithiole


moiety and the butadiene chain forming bonding orbitals on
the double C=C bonds of the butadiene bridge. These orbi-


Figure 11. B3LYP/6-31G(d) optimized geometries of a) 8, b) 8C+ , and c)
82+ .
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tals are antibonding in the LUMO, whereas the LUMO in
total is substantially shifted onto the thioxanthene moiety
(Figure 12).


In the optimized geometries of both trans- and cis-10 iso-
mers, in the neutral states the thioxanthene moiety adopts a
nonplanar saddle-shaped conformation, similar to 8 (Fig-
ACHTUNGTRENNUNGures 13a and 14a). The steric effect of the bulky thioxan-
thene moiety forces the vinylogous TTF fragment in trans-
10 to be nonplanar, with folding along the central C�C
bond of the butadiene bridge by ~408 with additional distor-
tion of the dithiole moieties, the planes of which form a di-
hedral angle of ~308. Nonplanarity of the vinylogous TTF
fragment in cis-10 is evidently due to steric repulsion be-
tween the dithiole moieties.
The thioxanthene moiety retains its saddle-shaped confor-


mation in both the trans and cis isomers of the 10C+ radical
ion, although there is a tendency for planarization, which is
more pronounced for cis-10C+ than trans-10C+ (Figures 13b
and 14b). The difference in positive charge localization on
the thioxanthene moieties in cis- and trans-10C+ (+0.29 and
+0.11, respectively, Table 2) reflects these features. In trans-


10C+ the positive charge and spin density are predominantly
delocalized on the vinylogous TTF moiety (A+C, Table 2).
For trans-102+ the thioxanthene moiety becomes more


planar than in the neutral or radical cation states, although
its folded conformation still remains to a certain extent,
whereas for cis-102+ it is almost planar (Figures 13c and
14c). These geometrical differencies between the isomers
are in good agreement with the differences in their charge
distribution: the positive charge on the thioxanthene moiety
is greater for cis-102+ (+0.81) than for trans-102+ (+0.58)
(B, Table 2).
In 104+ , the thioxanthene moiety is planar for both cis


and trans isomers (Figures 13d and 14d), carrying positive


Table 2. Charge distribution between the dithiole and thioxanthene
moieties[a] in radical cation, dication, and tetracation states of compounds
8 and 10 according to B3LYP/6-311G ACHTUNGTRENNUNG(2df,p)//B3LYP/6-31G(d) calcula-
tions.


A B C


8C+ +0.50 +0.50 –
82+ +0.98 +1.02 –
trans-10C+ +0.45 +0.11 +0.44
trans-102+ +0.84 +0.58 +0.58
trans-104+ +1.07 +1.71 +1.22
cis-10C+ +0.45 +0.29 +0.26
cis-102+ +0.85 +0.81 +0.34
cis-104+ +0.89 +1.69 +1.42


[a] The sums of Mulliken atom charges on the fragments A, B, and C are
given.


Figure 12. B3LYP/6-311G ACHTUNGTRENNUNG(2df,p)//B3LYP/6-31G(d) frontier orbitals for
the neutral state of compound 8.


Figure 13. B3LYP/6-31G(d) optimized geometries of a) trans-10, b) trans-
10C+ , c) trans-102+ , and d) trans-104+ .


www.chemeurj.org N 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 5481 – 54945490


M. R. Bryce et al.



www.chemeurj.org





charges of +1.56 and +1.59, respectively (+1.69 and +1.71
for moieties B, Table 2). The central =CH�C(=)�CH= exo-
cyclic bridge between the redox-active dithiole and thioxan-
thene units is only partly charged for both cis- and trans-
104+ ions (+0.19 and +0.11, respectively). For trans-104+ ,
relative to its lower oxidation states, the orientation of the
vinylogous TTF moiety is substantially changed, becoming
nearly orthogonal to the thioxanthene moiety (Figure 13).
There are no such drastic changes in the relative orienta-
tions of these moieties for cis-10 depending on the oxidation
state (Figure 14).
The calculated bond lengths in the central exocyclic frag-


ments of compounds 8 (a, b, c) and 10 (a, b, c, d, e) at differ-
ent oxidation states are collated in Table 3. For neutral mol-
ecule 8 there is good agreement between the calculated
values and the X-ray diffraction experiment: bonds a and c
are essentially double C=C bonds with the length of b
(1.438 S) close to the standard 1.455(11) S for a single
C ACHTUNGTRENNUNG(sp2)�C ACHTUNGTRENNUNG(sp2) bond in a planar (conjugated) butadiene
system[36] (Table 3). On oxidation to 8C+ , all three bonds
almost equalize indicating pronounced p delocalization
along the bridge, whereas further oxidation to 82+ results in


the bridge�CH=CH� unit with an essentially double central
bond (b=1.353 S).
Nonplanarity of the vinylogous TTF moiety in 10 arising


from steric hindrance, as discussed above, diminishes the
conjugation between the dithiole moieties and their conjuga-
tion with the thioxanthene moiety. As a result, the length of
the bond b is increased from 1.438 S in 8 to 1.464–1.470 S
in 10, which is similar to the length of bond d (1.467 S) be-
tween the dithiole units (Table 3). The same steric influence
of the bulky thioxanthene moiety hinders the shortening of
bond b to the normal double C=C bond length, which is
somewhat longer than that in 82+ (b=1.353, 1.431, and
1.378 S for 82+ , trans-102+ , and cis-102+ , respectively). The
precision of the X-ray experiment is unsufficient for mean-
ingful comparison.


Conclusions


We have used Horner–Wadsworth–Emmons reactions of
(1,3-dithiol-2-yl)phosphonate reagents to prepare novel vi-
nylogous p-electron donors, notably the sterically crowded
cross-conjugated derivative 9-[2,3-bis-(4,5-dimethyl-1,3-di-
thiol-2-ylidene)-propylidene]thioxanthene (10). Detailed
electrochemical and spectroscopic properties, X-ray analysis,
and DFT calculations are reported. Compound 10 displays
multistage redox behavior in solution with a fascinating and
subtle interplay of electronic and structural properties at the
different redox states. The overall electrochemical process
can be represented by 10!10C+!102+!104+ with good re-
versibility for the 10!10C+!102+ transformations. The tet-
racation stage is characterized by aromaticity of the dithioli-
um and thioxanthenium rings. An unexpected feature is that


Figure 14. B3LYP/6-31G(d) optimized geometries of a) cis-10, b) cis-10C+ ,
c) cis-102+ , and d) cis-104+ .


Table 3. B3LYP/6-31G(d) calculated bond lengths [a–e in S] in the cen-
tral butadiene fragment of compounds 8 and 10 at different oxidation
states.


a b c d e


8 1.360
1.358(2)[a]


1.438
1.439(3)[a]


1.367
1.359(2)[a]


–
–


–
–


8C+ 1.398 1.399 1.406 – –
82+ 1.450 1.353 1.485 – –
trans-10 1.370 1.470 1.363 1.467 1.354
trans-10C+ 1.409 1.478 1.365 1.415 1.391
trans-102+ 1.465 1.431 1.408 1.414 1.401
trans-104+ 1.481 1.448 1.422 1.411 1.419
cis-10 1.376 1.464 1.363 1.467 1.354
cis-10C+ 1.419 1.447 1.382 1.437 1.380
cis-102+ 1.475 1.386 1.464 1.439 1.385
cis-104+ 1.502 1.410 1.461 1.419 1.408


[a] Experimental (X-ray crystal structure, major conformer).
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at fast scan rates both trans and cis isomers of 10 and 10C+


were observed during the reduction of 104+ [trans and cis
refer to the arrangement of the two dithiole moieties with
respect to the central =C(R)�C(H)= fragment] due to in-
complete isomerization of the cis structure within the time-
scale of the experiment. A very twisted structure of 10C+ has
been observed in the X-ray crystal structure of the charge-
transfer complex 10C+ · ACHTUNGTRENNUNG(DTeF)2C�·2PhCl (DTeF=2,4,5,7-tet-
ranitrofluorene-9-dicyanomethylenefluorene). For future
work the synthetic methodology should be adaptable to re-
lated vinylogous and cross-conjugated p systems, which will
be designed to probe further the fundamental structural and
electronic properties of these fascinating compounds.


Experimental Section


Thioxanthen-9-ylideneacetaldehyde (5): Phosphorus oxychloride (5.8 mL,
62.17 mmol) was added slowly to DMF (20 mL) cooled to 0 8C in an ice
bath. A solution of 4[18] (2.176 g, 10.36 mmol) in DMF (30 mL) was
slowly added to this mixture. The mixture was warmed to room tempera-
ture and was maintained at 60 8C overnight, then poured into iced water
and neutralized to pH 7 with 10% sodium hydroxide solution. The solu-
tion was extracted with chloroform, and the organic phase was dried over
MgSO4 and evaporated. The residue was subjected to chromatography
on silica (eluent CH2Cl2/hexane, 4:1 v/v) to afford compound 5 (1.44 g,
58%), a yellow solid. M.p. 108–110 8C; 1H NMR (300 MHz, CDCl3): d=
9.83 (d, J=7.8 Hz, 1H; CHO), 7.68 (m, 1H), 7.56 (dd, J=7.5, 1.2 Hz,
2H), 7.50 (m, 1H), 7.47–7.32 (m, 4H), 6.42 ppm (d, J=7.8 Hz, 1H);
13C NMR (75 MHz, CDCl3): d=193.29, 152.65, 134.12, 134.02, 132.14,
131.64, 129.83, 129.61, 129.35, 127.72, 127.66, 126.68, 126.52, 126.24,
126.21 ppm. MS (CI+ ): m/z (%): 239 (100) [M]+ ; UV/Vis (CHCl3):
lmax=386 nm; elemental analysis calcd (%) for C15H10OS (238.05): C
75.60, H 4.23; found: C 75.46, H 4.30.


9-[2-(4,5-Dimethyl-1,3-dithiol-2-ylidene)ethylidene]thioxanthene (8): n-
Butyllithium (1.6m in hexanes, 6 mL, 9.6 mmol) was added to a stirred
solution of reagent 6 (2.12 g, 8.72 mmol), in dry THF (75 mL) at �78 8C,
and the mixture was stirred for 30 min. Compound 5 (2.07 g, 8.72 mmol)
dissolved in THF (75 mL) was added slowly and the mixture was left to
warm to room temperature overnight. Solvents were removed in vacuo
and the residue was purified by chromatography on silica gel (eluent
CH2Cl2), and then on alumina (eluent CH2Cl2/hexane, 1:1 v/v) to afford
compound 8 (2.0 g, 65%) as red crystals. M.p. 193–195 8C. 1H NMR
(400 MHz, CDCl3): d=7.52 (dd, 1H; J=8.0 MHz, 1.2 MHz), 7.50 (dd,
J=8.0 , 1.2 Hz, 1H), 7.40 (m, 1H), 7.34 (m, 1H), 7.28–7.24 (m, 2H),
7.22–7.15 (m, 2H), 6.52 (d, J=11.8 Hz, 1H), 6.34 (d, J=11.8 Hz, 1H),
1.97 (s, 3H; CH3), 1.93 ppm (s, 3H; CH3);


13C NMR (100 MHz, CDCl3):
d=140.23, 138.64, 134.32, 133.74, 131.96, 130.07, 129.46, 127.24, 127.07,
126.99, 126.93, 126.65, 126.32, 126.09, 125.35 122.21, 121.95, 109.12, 13.92,
13.57 ppm; MS (EI): m/z (%): 352 (100) [M]+ ; UV/Vis (CHCl3): lmax=
423 nm; elemental analysis calcd (%) for C20H16S3 (352.04): C 68.14, H
4.57; found: C 67.86, H 4.57.


2-(4,5-Dimethyl-1,3-dithiol-2-ylidene)-3-thioxanthen-9-ylidenepropional-
dehyde (9): Phosphorus oxychloride (1.74 mL, 18.75 mmol) was added
slowly to DMF (10 mL) cooled in an ice bath at 0 8C. A solution of com-
pound 8 (1.1 g, 3.12 mmol) in DMF (15 mL) was slowly added to this
mixture. The mixture was warmed to room temperature and was main-
tained at 60 8C overnight. The reaction mixture was poured into iced
water and neutralized to pH 7 with 10% sodium hydroxide solution. The
solution was extracted with chloroform, and the organic phase was dried
over MgSO4 and evaporated. The residue was subjected to chromatogra-
phy on silica (eluent, dichloromethane/hexane 1:1 v/v). After evapora-
tion, acetone was added and the resulting crude solid was filtered and
washed with acetone to give compound 9 (1.13 g, 95%) as yellow crystals.
M.p. 242–244 8C; 1H NMR (500 MHz, CDCl3): d=8.88 (s, 1H; CHO),


7.73 (d, J=8.0 H, 1Hz), 7.44 (d, J=8.0 Hz, 2H), 7.37 (d, J=8.0 Hz, 1H),
7.34 (dd, J=7.5, 7.5 Hz, 1H), 7.27 (dd, J=7.5, 7.5 Hz, 1H), 7.19 (dd, J=
7.5, 7.5 Hz, 1H), 7.13 (dd, J=7.5, 7.5 Hz, 1H) 6.53 (s, 1H; CH), 2.26 (s,
3H; CH3), 2.21 ppm (s, 3H; CH3);


13C NMR (125 MHz, CDCl3): d=
183.78, 137.25, 136.07, 135.35, 134.28, 133.72, 132.70, 130.07, 128.78,
127.94, 127.42, 127.30, 127.23, 126.96, 126.45, 125.47, 124.34, 123.37,
116.86, 13.74, 13.41 ppm; IR (KBr): ñ=2900, 1684, 1653, 1627, 1458,
1419, 1380, 1259, 858, 762, 739, 621, 543 cm�1; MS (EI): m/z (%): 380
(89) [M]+ , 155 (100) [M�225]+ ; UV/Vis (CHCl3): lmax=429 nm; elemen-
tal analysis calcd (%) for C21H16OS3 (380.04): C 66.28, H 4.24; found: C
66.25, H 4.14.


9-[2,3-Bis-(4,5-dimethyl-1,3-dithiol-2-ylidene)propylidene]thioxanthene
(10): Following the procedure described for 8, compound 6 (0.319 g,
1.31 mmol), nBuLi (0.9 mL, 1.44 mmol), and compound 9 (0.50 g,
1.31 mmol) were reacted. After evaporation and chromatography on
silica (eluent, dichloromethane), recrystallization from hexane gave com-
pound 10 (0.15 g, 23%) as a red powder. M.p. 201–203 8C; 1H NMR
(300 MHz, C6D6): d=7.95–7.87 (m, 2H), 7.33–7.26 (m, 2H), 7.07–6.93
(m, 2H), 6.93–6.83 (m, 2H), 6.70 (s, 1H; ACHTUNGTRENNUNG-CH=), 6.24 (s, 1H; ACHTUNGTRENNUNG-CH=), 1.37
(s, 3H; CH3), 1.333 (s, 3H; CH3), 1.324 (s, 3H; CH3), 1.30 ppm (s, 3H;
CH3);


13C NMR (75 MHz, C6D6): d=137.96, 137.40, 134.26, 133.70,
133.25, 132.87, 129.29, 128.21, 127.89, 127.59, 127.13, 127.11, 126.88,
126.44, 126.04, 125.79, 124.82, 123.53, 122.54, 120.40, 118.58, 110.54, 13.21,
13.02, 12.99, 12.59 ppm. MS (EI): m/z (%): 494 (100) [M]+ ; MS (CI+ ):
m/z (%): 495 (100) [M+H]+ ; UV/Vis (CHCl3): lmax=389, 410 nm; ele-
mental analysis calcd (%) for C26H22S5 (494.03): C 63.11, H 4.48; found C
63.07, H 4.60.


Complex 10· ACHTUNGTRENNUNG(DTeF)2·2PhCl was obtained by mixing hot solutions of
donor 10 and acceptor DTeF in chlorobenzene and storing the resulting
solution of the CTC at room temperature.


9-[2-(4-Methyl-1,3-dithiol-2-ylidene)ethylidene]thioxanthene (11): By
analogy with the preparation of 8, compound 7 (0.80 g, 3.48 mmol),
nBuLi (2.4 mL, 3.83 mmol), and compound 5 (0.83 g, 3.48 mmol) were
stirred overnight. After evaporation and chromatography on silica
(eluent, dichloromethane), and then on alumina (eluent CH2Cl2/hexane,
1:1 v/v), compound 11 was obtained (0.657 g, 56%) as yellow powder.
M.p. 163–165 8C; 1H NMR (200 MHz, CDCl3): d=7.53 (m, 2H), 7.41 (m,
2H), 7.35–7.13 (m, 4H), 6.62 (2d, J=11.8 Hz, 1H; CH=CH, two iso-
mers), 6.35 (d, J=11.8 Hz, 1H; CH=CH), 5.85 (s, 1H; H-dithiole), 2.08
2.05 ppm (2s; CH3, two isomers);


13C NMR (100 MHz, CDCl3): d=


140.23, 138.64, 134.32, 133.74, 131.96, 130.08, 129.46, 127.24, 127.07,
126.99, 126.92, 126.65, 126.32, 126.09, 125.35, 122.21, 121.95, 109.12,
(13.91, 13.96 ppm; CH3, two isomers); MS (EI+ ): m/z (%): 338 (100)
[M]+ ; UV/Vis (CHCl3): lmax=391 nm; elemental analysis calcd (%) for
C19H14S3 (338.03): C 67.41, H 4.17; found: C 67.26, H 4.45.


5-Methyl-2-(2-thioxanthen-9-ylideneethylidene)-1,3-dithiole-4-carboxylic
acid methyl ester (12): n-Butyllithium (1.6m in hexane, 3.77 mL,
6.03 mmol) was added to a stirred solution of compound 11 (1.85 g,
5.48 mmol) in dry THF (1000 mL) under N2 at �78 8C. The reaction mix-
ture was stirred for 2 h. Methyl chloroformate (0.43 mL, 5.48 mmol) was
added and the mixture was stirred and left to warm to room temperature
overnight. The solvents were removed in vacuo and the residue was puri-
fied by chromatography on silica (eluent, dichloromethane/hexane; ini-
tially 3:1 v/v, then 1:1 v/v) to afford compound 12 (1.74 g, 80%) as yellow
crystals. M.p. 97–99 8C; 1H NMR (300 MHz, CDCl3): d= (7.52 (2dd, J=
7.8, 7.8 Hz, 1H; two isomers), 7.47 (2d, J=7.5 Hz, 1H; two isomers),
7.42 (m, 1H), 7.35 (m, 1H), 7.31–7.17 (m, 4H), 6.54, 6.48 (2d, J=
11.7 Hz, 1H; CH=CH, two isomers), 6.31, 6.25 (2d, J=11.7 Hz, 1H;
CH=CH, two isomers), 3.81, 3.78 (2s, 3H; CH3, two isomers), 2.42,
2.38 ppm (2s, 3H; CH3, two isomers);


13C NMR (125 MHz, CDCl3): d=
138.12, 136.22, 133.86, 133.84, 131.99, 131.95, 129.49, 129.46, 127.39,
127.37, 127.33, 127.30, 126.99, 126.96, 126.40, 126.35, 126.16, 126.11,
126.07, 126.01, 125.50, 125.37, 125.33, 110.85, 110.76, (52.73, 52.61;
CO2CH3, two isomers), (16.32, 15.99 ppm; CH3 two isomers);


[37] MS (EI):
m/z (%): 396 (100) [M]+ ; UV/Vis (CHCl3): lmax=406 nm; C21H16O2S3
(396.03): C 63.61, H 4.07; found: C 63.38, H 4.03.


[5-Methyl-2-(2-thioxanthen-9-ylideneethylidene)-1,3-dithiol-4-yl]metha-
nol (13): Lithium aluminium hydride (0.688 g, 18.14 mmol) was added to
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a stirred solution of compound 12 (1.80 g, 4.53 mmol) in dry THF
(100 mL) under N2 at �78 8C, and the resultant mixture was stirred for
2 h at 20 8C. After the addition of dropwise sodium sulphate decahydrate
(in excess; to destroy unreacted LiAlH4), the mixture was stirred for
30 min, then filtered through Celite while washing with methanol. Evapo-
ration of the filtrate gave compound 13 (1.17 g, 70%) as yellow crystals.
M.p. 88–90 8C; 1H NMR (200 MHz, CDCl3): d=7.58–7.49 (m, 2H), 7.47–
7.41 (m, 1H), 7.40–7.15 (m, 5H), 6.58, 6.57 (2d, J=11.6 Hz, 1H; CH=


CH, two isomers), 6.37, 6.33 (2d, J=11.6 Hz, 1H; CH=CH, two isomers),
4.40, 4.37 (2s, 2H; CH2, two isomers), 2.07, 2.03 ppm (2s, 3H; CH3, two
isomers); 13C NMR (100 MHz, [D6]DMSO): d= (141.81, 141.75), 138.24,
133.74, 133.03, (131.33, 131.30), 130.74, 130.15, 129.75, (129.54, 129.37),
(128.28, 128.27), 128.07, 127.62, (127.45, 127.36), (127.08, 127.04), 126.51,
(125.77, 125.73), 124.17, 123.46, (108.77, 108.70), (57.10, 56.93; CH2 two
isomers), (14.04, 13.72 ppm; CH3, two isomers);


[37] MS (EI): m/z (%): 368
(100) [M]+ ; MS (CI+ ): m/z (%): 369 (100) [M+H]+ ; UV/Vis (CHCl3):
lmax=417 nm; elemental analysis calcd (%) for C20H16OS3 (368.04): C
65.18, H 4.38; found: C 65.11, H 4.42.


Electrochemistry and spectroelectrochemistry : Electrochemical experi-
ments were carried out with a BAS-CV50W electrochemical workstation
with positive feedback compensation. Cyclic voltammetry was performed
in a three-electrode cell equipped with a platinum disk (Ø 1.6 or 1.0 mm)
as working electrode, platinum wire as a counter electrode, and a nona-
queous Ag/Ag+ reference electrode (0.01m AgNO3 in dry MeCN). The
potential of the reference electrode was checked against the ferrocene/
ferrocenium couple (Fc/Fc+) before and after the experiments, which
showed the following average potentials against the reference electrode:
+0.079 V (vs. Ag/Ag+ in MeCN), +0.130 V (vs. Ag/Ag+ in CH2Cl2).
CVs were recorded in CH2Cl2 or MeCN with tetrabutylammonium hexa-
fluorophosphate (Bu4NPF6) as a supporting electrolyte. Experiments in
MeCN and CH2Cl2 were performed in dry HPLC-grade solvents, deoxy-
genated by Ar bubbling. The CV for compound 8 was measured versus
Ag/AgCl reference electrode (Figure S1 in the Supporting Information).


Spectroelectrochemical measurements in CH2Cl2 and MeCN were per-
formed on a Genesys 10 spectrophotometer in a 1 mm quartz cell using a
Pt grid as the working electrode, Pt wire as the counter electrode, and
Ag wire as the reference electrode, with 0.2m (in CH2Cl2) or 0.1m (in
MeCN) Bu4NPF6 as supporting electrolyte. BAS-CV50W electrochemical
workstation was used as a potentiostat in SEC experiments.


UV/Vis/NIR and IR spectra : Electron absorption spectra were recorded
on Perkin–Elmer Lambda 900 UV/VIS/NIR spectrophotometer in either
10 mm or 1 mm quartz cells. Solid-state UV/Vis/NIR spectra for CTC
were recorded in KBr pellets versus KBr pellet. Infrared spectra of DTeF
and its CTC with 10 were recorded on Perkin–Elmer 1600 Series FTIR
spectrophotometer in KBr pellets.


Electron paramagnetic resonance : EPR spectra were obtained in an X-
band spectrometer (Bruker ESP 300 E) equipped with a field-frequency
(F/F) lock accessory and built-in NMR Gaussmeter. A rectangular
TE102 cavity was used for the measurements. The signal-to-noise ratio of
the spectra was increased by accumulation of scans by using the F/F lock
accessory to guarantee large field reproducibility. Precautions to avoid
undesirable spectral distortions and line broadenings, such as those aris-
ing from microwave power saturation and magnetic field over modula-
tion, were also taken into account. To avoid dipolar line broadening from
dissolved oxygen, solutions were always carefully degassed with argon.
Electrochemical oxidation was performed “in situ” in the spectrometer
cavity using a specially designed quartz cell connected to an EG&G
Model 263 A Potentiostat/Galvanostat.


X-ray crystallography : X-ray diffraction experiments were carried out on
a Bruker three-circle diffractometer with a SMART 6000 CCD area de-
tector, by using graphite-monochromated MoKa radiation (l=0.71073 S)
and a Cryostream (Oxford Cryosystems) open-flow N2 cryostat. The
structure was solved by direct methods and refined by full-matrix least-
squares against F2 of all reflections, by using SHELXTL v. 6.12 software
(Bruker AXS, Madison WI, USA, 2001).


Crystal data for 8 : C20H16S3, Mr=352.51, T=120 K, monoclinic, space
group P21/n (No. 14, nonstandard setting), a=9.590(1), b=7.659(1), c=
23.140(3) S, b=101.06(1)8, V=1668.1(4) S3, Z=4, 1cald=1.404 gcm


�3,


m=0.44 mm�1, 22899 reflections with 2q�608, 4785 unique, Rint=0.041,
R(F)=0.041 [3833 data with F2�2s(F2)], wR(F2)=0.140 (all data).
Crystal data for 10· ACHTUNGTRENNUNG(DTeF)2·2PhCl : Crystals of 10· ACHTUNGTRENNUNG(DTeF)2·2PhCl grew as
thin plates, non-merohedrally twinned by about 1808 rotation around the
c* axis (=major face normal), and were poor diffractors, giving the mean
I/s(I) ratio of only 2.1, hence the low precision of the structure. Mr=


1536.34, T=120 K, triclinic, space group P1̄ (No. 2), a=12.678(4), b=
15.627(5), c=17.274(5) S, a=75.80(1), b=87.18(1), g=83.03(1)8, V=


3293(2) S3, Z=2, 1cald=1.550 gcm
�3, m=0.34 mm�1, 17397 reflections


with 2q�508, 11076 unique, Rint=0.29, R(F)=0.180 [2725 data with F2�
2s(F2)], wR(F2)=0.446 (all data).


CCDC-298158 (8) and CCDC-298159 (10· ACHTUNGTRENNUNG(DTeF)2·2PhCl) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.


Computational procedures : The ab initio computations of molecules 8
and 10 were carried out with the Gaussian 03[38] package of programs at
density-functional theory (DFT) level using PopleRs 6–31G or 6–311G
split valence basis sets supplemented by one or two d-polarization func-
tions on heavy atoms and p-polarization functions on hydrogen atoms (or
without them). DFT calculations were carried out using BeckeRs three-
parameter hybrid exchange functional[39] with Lee–Yang–Parr gradient-
corrected correlation functional (B3LYP).[40] Thus, the geometries were
optimized with B3LYP/6–31G(d) and the energies and electronic struc-
tures were then calculated for single point at the B3LYP/6–311G ACHTUNGTRENNUNG(2d,p)
level. Restricted Hartree–Fock formalism was applied for geometry opti-
mization and electronic structures calculations for neutral, dication, and
tetracation states and spin unrestricted formalism was used in the case of
radical cations. Contours of HOMO and LUMO orbitals were visualized
using Molekel v.4.3 program.[41] No constraints of bonds/angles/dihedral
angles were applied in the calculations and all the atoms were free to op-
timize.
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Introduction


Coordination compounds containing naphthalene-1,8-dithio-
late (A) or the structurally related ligands naphthoACHTUNGTRENNUNG[1,8-cd]-
ACHTUNGTRENNUNG[1,8]dithiole-4,5-dithilolate (B), naphthalene-1,4,5,8-tetra-
thiolate (C), 3,4,7,8-tetrachloro-naptho ACHTUNGTRENNUNG[1,8-cd]ACHTUNGTRENNUNG[1,8]dithiole-
4,5-dithiolate (D), 2,3,4,7-tetrachloro-naphthalene-1,4,5,8-
tetrathiolate (E) and naphthacene-5,6,11,12-tetrathiolate (F)
are rare relative to coordination compounds containing
other bidentate dithiolates, such as benzene-1,2-dithiolate or


ethane-1,2-dithiolate. Teo and co-workers used oxidative ad-
dition of the proligands tetrathionaphthalene (TTN), tetra-
chlorotetrathionaphthalene (TCTTN) and tetrathiotetracene
(TTT) to a variety of low-valent metal substrates to demon-
strate the diverse structural variations obtainable from this
set of ligands.[1–8] Of particular relevance to the work pre-
sented here are those compounds in which two metal cen-
tres are bridged by two sulfur atoms of the naphthalene or
tetracene dithiolate ligands mentioned above, giving rise to
complexes with M2S2 cores. For example, the tetra-iron spe-
cies [{(CO)3Fe}2(C){Fe(CO)3}2],


[2] the polymeric nickel and
cobalt systems [{Ni}2(C){Ni}2],


[2]


[{(CO)2Co}2(C){Co(CO)2}2],
[2] the dinuclear iridium and


cobalt compounds [{(PPh3)(CO)BrIr}(B)ACHTUNGTRENNUNG{IrBr(CO)-
ACHTUNGTRENNUNG(PPh3)}],


[4] [{(h5-C5H5)Co}(D){Co ACHTUNGTRENNUNG(h5-C5H5)}],
[7] both of


which have been shown crystallographically to contain a
metal–metal bond, and the nickel complex [{(h5-


Abstract: Homo- and heterobimetallic
complexes of the form [(PPh3)2(m


2-1,8-
S2-nap)ACHTUNGTRENNUNG{MLn}] (in which (1,8-S2-nap)=
naphtho-1,8-dithiolate and {MLn}=
{PtCl2} (1), {PtClMe} (2), {PtClPh} (3),
{PtMe2} (4), {PtIMe3} (5) and
{Mo(CO)4} (6)) were obtained by the
addition of [PtCl2ACHTUNGTRENNUNG(NCPh)2], [PtClMe-
ACHTUNGTRENNUNG(cod)] (cod=1,5-cyclooctadiene),
[PtClPhACHTUNGTRENNUNG(cod)], [PtMe2ACHTUNGTRENNUNG(cod)],
[{PtIMe3}4] and [Mo(CO)4ACHTUNGTRENNUNG(nbd)]
(nbd=norbornadiene), respectively, to
[Pt ACHTUNGTRENNUNG(PPh3)2(1,8-S2-nap)]. Synthesis of
cationic complexes was achieved by the
addition of one or two equivalents of a
halide abstractor, Ag ACHTUNGTRENNUNG[BF4] or Ag-
ACHTUNGTRENNUNG[ClO4], to [{Pt ACHTUNGTRENNUNG(m-Cl)(m-h2 :h1-C3H5)}4],
[{Pd ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(h3-C3H5)}2], [{IrCl ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(h5-
C5Me5)}2] (in which C5Me5=Cp*=
1,2,3,4,5-pentamethylcyclopentadienyl),
[{RhCl ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(h5-C5Me5)}2], [PtCl2-


ACHTUNGTRENNUNG(PMe2Ph)2] and [{Rh ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(cod)}2] to
give the appropriate coordinatively un-
saturated species that, upon treatment
with [(PPh3)2Pt(1,8-S2-nap)], gave com-
plexes of the form [(PPh3)2(m


2-1,8-S2-
nap) ACHTUNGTRENNUNG{MLn}][X] (in which {MLn}[X]=
{Pt ACHTUNGTRENNUNG(h3-C3H5)} ACHTUNGTRENNUNG[ClO4] (7), {Pd ACHTUNGTRENNUNG(h3-C3H5)}-
ACHTUNGTRENNUNG[ClO4] (8), {IrCl ACHTUNGTRENNUNG(h5-C5Me5)} ACHTUNGTRENNUNG[ClO4] (9),
{RhCl ACHTUNGTRENNUNG(h5-C5Me5)} ACHTUNGTRENNUNG[BF4] (10), {Pt-
ACHTUNGTRENNUNG(PMe2Ph)2} ACHTUNGTRENNUNG[ClO4]2 (11), {Rh ACHTUNGTRENNUNG(cod)}-
ACHTUNGTRENNUNG[ClO4] (12); the carbonyl complex
{Rh(CO)2} ACHTUNGTRENNUNG[ClO4] (13) was formed by
bubbling gaseous CO through a solu-
tion of 12. In all cases the naphtho-1,8-
dithiolate ligand acts as a bridge be-


tween two metal centres to give a four-
membered PtMS2 ring (M= transition
metal). All compounds were character-
ised spectroscopically. The X-ray struc-
tures of 5, 6, 7, 8, 10 and 12 reveal a bi-
nuclear PtMS2 core with Pt···M distan-
ces ranging from 2.9630(8)–3.438(1) A
for 8 and 5, respectively. The napS2


mean plane is tilted with respect to the
PtP2S2 coordination plane, with dihe-
dral angles in the range 49.7–76.18 and
the degree of tilting being related to
the Pt···M distance and the coordina-
tion number of M. The sum of the
Pt(1)coordination plane/napS2 angle, a,
and the Pt(1)coordination plane/
M(2)coordination plane angle, b, a+b,
is close to 1208 in nearly all cases. This
suggests that electronic effects play a
significant role in these binuclear sys-
tems.


Keywords: bimetallic complexes ·
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C5H5)Ni}(D){Ni ACHTUNGTRENNUNG(h5-C5H5)}]
[7] containing no Ni···Ni bond. In


broader terms, the synthesis and study of binuclear transi-
tion-metal complexes containing bridging dithiolate ligands
has seen a recent surge of interest. Apart from the interest-
ing structural aspects of this chemistry, much of this re-
newed attention is due to the generation of potentially cata-
lytically active species. The reactivity and general properties
of a metal centre may be tailored to suit a certain catalytic
application by the presence of a second metal centre in
close proximity to the first. In this way, a substrate molecule
may react more efficiently in a cooperative manner with the
two bonded or nonbonded metal centres.[9–29] We have stud-
ied sterically constrained naphthalene systems[30] and have
prepared a range of compounds containing bidentate S,S li-
gands.[31] We recently prepared a number of dinuclear Ir ACHTUNGTRENNUNG(iii)
dimers by the oxidative addition of naphthoACHTUNGTRENNUNG[1,8-cd]-
ACHTUNGTRENNUNG[1,2]dithiole and related systems to [{Ir ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(cod)}2] (cod=
1,5-cyclooctadiene), giving compounds that contain an Ir–Ir
bond.[32] In addition, we have synthesised a dimeric Pt(ii)
compound [{(PPh3)Pt(1,2-S2-biphen)}2] by the oxidative ad-
dition of dibenzo ACHTUNGTRENNUNG[1,2]dithiine to [Pt ACHTUNGTRENNUNG(PPh3)4].


[33] This led us
to consider the development of bimetallic systems by reac-
tion of (readily prepared) [(PPh3)2Pt(m


2-1,8-S2-nap)] with
suitable substrates. Here, we describe the results of studies
with a range of metal fragments that illustrate the opportu-
nities in this field. All the new complexes were fully charac-
terised, principally by multi-element NMR spectroscopy,
and in selected cases, by single-crystal X-ray diffraction
studies.


Results and Discussion


Neutral complexes : [(PPh3)2Pt(1,8-S2-nap)] was reacted with
the Pt(ii) precursors [PtCl2ACHTUNGTRENNUNG(NCPh)2], [PtClMe ACHTUNGTRENNUNG(cod)],
[PtClPhACHTUNGTRENNUNG(cod)] and [PtMe2 ACHTUNGTRENNUNG(cod)] (Scheme 1) at room tem-
perature in dichloromethane, yielding [(PPh3)2Pt(m


2-1,8-S2-
nap) ACHTUNGTRENNUNG{PtCl2}] 1, [(PPh3)2Pt(m


2-1,8-S2-nap) ACHTUNGTRENNUNG{PtClMe}] 2,
[(PPh3)2Pt(m


2-1,8-S2-nap) ACHTUNGTRENNUNG{PtClPh}] 3 and [(PPh3)2Pt(m
2-1,8-


S2-nap)ACHTUNGTRENNUNG{PtMe2}] 4, respectively,
in good-to-essentially quantita-
tive yields (79–97%). The
1H NMR spectra (Table 1) of 1–
4 are as expected. The single
methyl resonance of complex 2
appears as a broad doublet [2J-
ACHTUNGTRENNUNG(1H,195Pt)=77, 4J ACHTUNGTRENNUNG(1H,31P)=
4 Hz] at d(H)=0.28 ppm (d),
and the two equivalent methyl
groups of complex 4 appear as
a broad singlet [2J ACHTUNGTRENNUNG(1H,195Pt)=
76 Hz] at d(H)=�0.16 ppm (s).
The 31P{1H} NMR spectra
(Table 2) of 1 and 4 show single
phosphorus environments with


appropriate platinum satellites, whereas the spectra of 2 and
3 are the more-complex AX type. This confirms that the
two platinum-bound PPh3 ligands are inequivalent, with 2J-
ACHTUNGTRENNUNG(31P(A),


31P(X)) coupling constants of 7 and 9 Hz for 2 and 3,
respectively. In both complexes there is an additional small
3J ACHTUNGTRENNUNG(31P(X),


195Pt) coupling constant of 61 Hz (Table 2). The IR
spectra for the above complexes were mostly uninformative,
though the spectrum of complex 1 shows two distinct n ACHTUNGTRENNUNG(Pt–
Cl) stretches at 317 and 280 cm�1, which is consistent with
cis-PtCl2 geometry. For complex 1, the positive-ion mass
spectrum showed peaks centred at m/z=1176 corresponding
to [M]+ , as well as peaks consistent with [M�Cl]+ and
[M�2Cl]+ . The expected molecular ion in the ESI+ mass
spectrum for compound 2 was not observed, however, fur-
ther analysis of the spectral data revealed mass peaks corre-
sponding to [M�Cl�Me]+ . The fast-atom-bombardment
(FAB) mass spectroscopy data for complex 3 is more con-
clusive and shows mass peaks for [M]+ , [M�Cl]+ , [M�Ph]+


and [M�Cl�Ph]+ , whereas for 4, mass peaks were observed
for [M�Me]+ and [M�2Me]+ .


The reactions of [(PPh3)2Pt(1,8-S2-nap)] with the platinum
tetramer [{PtMe3I}4] and [Mo(CO)4ACHTUNGTRENNUNG(nbd)] (nbd=norborna-
diene) (Scheme 2) were carried out in toluene at room tem-
perature to give [(PPh3)2Pt(m


2-1,8-S2-nap)ACHTUNGTRENNUNG{PtMe3I}] 5 (94%)


Scheme 1. Ligand-exchange reactions of Pt(ii) species with
[(PPh3)2Pt(1,8-S2-nap)].
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as a yellow powder and [(PPh3)2Pt(m
2-1,8-S2-nap){Mo(CO)4}]


6 (95%) as bright-red crystals. The 1H NMR data for 5
(CDCl3) (Table 1) show the phenyl and naphthyl aromatic
protons within the expected range, as well as two methyl
proton environments at d(H)=1.25 [2J ACHTUNGTRENNUNG(1H,195Pt)=72 Hz]


and �0.11 ppm [2J ACHTUNGTRENNUNG(1H,195Pt)=
76 Hz] corresponding to the
two axial methyl groups trans
to the sulfur atoms of the (1,8-
S2-nap) ligand and one equato-
rial methyl group trans to the
iodide ligand, respectively (see
crystal structure, Figure 1). The
31P{1H} NMR (CDCl3) spectrum
(Table 2) has a single phospho-
rus environment with platinum
satellites. The FAB mass spec-
trum of 5 showed the expected
[M]+ ion as well as the frag-
mentation peaks for [M�Me]+ ,
[M�2Me]+ , [M�3Me]+


[M�4Me]+ , [M�I]+ and
[M�3Me�I]+ . Microanalytical
data (Table 3) was high for
both carbon and hydrogen, but
following the addition of 0.5
molecules of toluene to the pro-
posed molecular formula (used
in the preparation and seen in
the 1H NMR spectrum), the mi-
croanalytical data were within
specified limits.


The NMR and IR data for
the molybdenum tetracarbonyl
complex [(PPh3)2Pt(m


2-1,8-S2-
nap){Mo(CO)4}] 6 are consis-
tent with the proposed structur-
al assignment. In the FAB mass
spectrum the expected [M]+


ion and mass peaks due to the
sequential loss of one, two,
three and four carbonyl ligands
were observed.


Mono- and dicationic com-
plexes : Compounds
[(PPh3)2Pt(m


2-1,8-S2-nap){Pt ACHTUNGTRENNUNG(h
3-


C3H5)}]ACHTUNGTRENNUNG[ClO4] 7 and
[(PPh3)2Pt(m


2-1,8-S2-nap){Pd ACHTUNGTRENNUNG(h
3-


C3H5)}]ACHTUNGTRENNUNG[ClO4] 8 were prepared
by adding the appropriate
amount of halide abstractor, in
this case Ag ACHTUNGTRENNUNG[ClO4], to the
metal–allyl precursors in either
MeCN or a mixture of MeCN
and THF. Stirring overnight in
the dark gave clear, pale-yellow


or colourless solutions of [M ACHTUNGTRENNUNG(C3H5) ACHTUNGTRENNUNG(MeCN)2] ACHTUNGTRENNUNG[ClO4] (M=Pd
or Pt) to which solid [(PPh3)2Pt(1,8-S2-nap)] was added
(Scheme 3). The products were isolated as pale-yellow solids
in high yield (90%, 7 and 92%, 8). The room-temperature
1H NMR (CD2Cl2) spectrum (Table 1) of 7 shows the phenyl


Table 1. 1H NMR data for complexes 1–13.


Complex 1H NMR data [d in ppm]


1[a] 8.11–7.24 (m, 36H; aromatic)
2[b] 8.01–7.09 (m, 36H; aromatic), 0.28 (brd, 2J ACHTUNGTRENNUNG(1H,195Pt)=77, 4J ACHTUNGTRENNUNG(1H,31P)=4 Hz, 3H; Me)
3[a] 8.22–7.05 (m, 36H; aromatic), 6.51 (m, 5H; Ph)
4[b] 7.83–6.93 (m, 36H; aromatic), �0.15 (s, 2J ACHTUNGTRENNUNG(1H,195Pt)=76 Hz, 3H; Me)
5[b] 7.83–6.80 (m, 36H; aromatic), 1.25 (s, 1J ACHTUNGTRENNUNG(1H,195Pt)=72 Hz, 6H; 2Me),


�0.11 (s, 1J ACHTUNGTRENNUNG(1H,195Pt)=76 Hz, 3H; Me)
6[b] 7.82–6.95 (m, 36H; aromatic)
7[c] 8.08–7.13 (m, 36H; aromatic);


isomer 1: 4.91 (m, 1H; allyl), 3.93 (m, 2J ACHTUNGTRENNUNG(1H,195Pt)=23 Hz, 1H; allyl),
2.26 (m, 2J ACHTUNGTRENNUNG(1H,195Pt)=69 Hz, 2H; allyl);
isomer 2 : 4.42 (m, 2H; allyl), 3.74 (m, 2J ACHTUNGTRENNUNG(1H,195Pt)=24 Hz, 2H; allyl),
2.72 (m, 2J ACHTUNGTRENNUNG(1H,195Pt)=69 Hz, 2H; allyl)


8[b] 8.09–7.01 (m, 36H; aromatic);
isomer 1: 5.91 (m, 1H; allyl), 4.09 (m, J ACHTUNGTRENNUNG(1H,1H)=7 Hz, 1H; allyl), 4.09 (d, 2H; allyl),
2.72 (d, J ACHTUNGTRENNUNG(1H,1H)=13 Hz, 2H; allyl);
isomer 2 : 4.91 (s, 2H; allyl), 3.96 (s, J ACHTUNGTRENNUNG(1H,1H)=7 Hz, 2H; allyl), 3.45 (J ACHTUNGTRENNUNG(1H,1H)=14 Hz)


9[b] 8.09–6.98 (m, 36H; aromatic), 0.90 (s, 15H; C5Me5)
10[b] 8.09–6.94 (m, 36H; aromatic), 0.97 (s, 15H; C5Me5)
11[b] 8.31–6.89 (m, 36H; aromatic), 1.59 (m, 12H; 4Me)
12[b] 8.11–7.05 (m, 36H; aromatic), 4.23–4.14 (brm, 4H; (cod) olefinic),


2.59–1.95 (brm, 8H; (cod) aliphatic)
13[b] 8.13–7.15 (m, 36H; aromatic)


[a] 1H NMR spectra (270.2 MHz) measured in [D6]DMSO. [b] 1H NMR spectra (270.2 MHz) measured in
CDCl3. [c]


1H NMR spectra (270.2 MHz) measured in CH2Cl2.


Table 2. 31P {1H} NMR data for complexes 1–13.


Complex Chemical shifts [ppm] Coupling constants [Hz]
d(PX) d(PA)


1J(31PX,
195Pt) 1J(31PA,


195Pt) 2J ACHTUNGTRENNUNG(31PX,
31P) 2J ACHTUNGTRENNUNG(31PA,


31P) 3J(31P,195Pt)


1[a] 13.3 – 3552 – – – –
2[b] 22.1 14.4 4000 3503 7 7 61
3[a] 18.8 14.6 3963 3507 9 9 61
4[b] 16.4 – 3256 – – – –
5[b] 13.5 – 3242 – – – –
6[b] 17.8 – 3103 – – – –
7[c] 16.2 15.2 3202 3237 – – 38(PA), 42(PX)
8[b] 18.9 17.9 3190 3196 – – –
9[b] 19.3 – 2559 – – – –
10[b] 15.9 – 3065 – – – –
11[b] 18.0 �11.2 3183 3187 – – –
12[b] 18.3 – 3258 – – – –
13[b] 17.57 – 3272 – – – –


[a] 31P{1H} NMR spectra (109.4 MHz) measured in [D6]DMSO. [b] 31P{1H} NMR spectra (109.4 MHz) mea-
ACHTUNGTRENNUNGsured in CDCl3. [c]


31P{1H} NMR spectra (109.4 MHz) measured in CH2Cl2/[D6]benzene.


Scheme 2. Reactions of [(PPh3)2Pt(1,8-S2-nap)] with [{PtMe3I}4] and [Mo(CO)4 ACHTUNGTRENNUNG(nbd)].
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and naphthyl aromatic protons within the usual range as
well as two sets of three complex multiplets for the allyl
group in a ratio of approximately 2:1. The first set with the
lowest intensity occurs at d(H)=4.91, 3.93 [2J ACHTUNGTRENNUNG(1H,195Pt)=
23 Hz] and 2.26 ppm [2J ACHTUNGTRENNUNG(1H,195Pt)=69 Hz]. The second set
with the higher intensity in the corresponding order are ob-
served at d(H)=4.42, 3.74 [2JACHTUNGTRENNUNG(1H,195Pt)=24 Hz] and
2.72 ppm [2J ACHTUNGTRENNUNG(1H,195Pt)=69 Hz]. The 31P{1H} NMR spectra
(CH2Cl2/[D6]benzene) (Table 2) of 7 consists of two singlets
with two sets of platinum satel-
lites. The resonances appears at
d(P)=15.2 [1J(31P,195Pt)=3237,
3J(31P,195Pt)=38 Hz] and
16.2 ppm [1J(31P,195Pt)=3202,
3J(31P,195Pt)=42 Hz]. We be-
lieve that the multiple NMR
signals in both the 1H and
31P{1H} NMR spectra are due to
the orientation of the allyl
group (Figure 1). Variable-tem-
perature NMR studies of com-
pound 7 were inconclusive be-
cause the high-boiling-point
polar solvents, such as dimethyl
sulfoxide and dimethyl formamide, in which 7 dissolved
caused substantial decomposition and the chlorinated sol-
vents in which 7 was readily soluble, for example, dichloro-
methane and chloroform, reached their boiling points
before coalescence of the two positional isomers was ob-
served. The palladium analogue [(PPh3)2Pt(m


2-1,8-S2-
nap){Pd ACHTUNGTRENNUNG(h3-C3H5)}] ACHTUNGTRENNUNG[ClO4] 8 displayed similar NMR (CDCl3)
behaviour at room temperature, with two sets of three allyl
resonances at d(H)=5.91, 4.09 [J ACHTUNGTRENNUNG(1H,1H)=7 Hz] and
2.72 ppm [JACHTUNGTRENNUNG(1H,1H)=13 Hz] and d(H)=4.91, 3.96 [J-
ACHTUNGTRENNUNG(1H,1H)=7 Hz] and 3.45 ppm [JACHTUNGTRENNUNG(1H,1H)=14 Hz]. The two


singlets in the 31P{1H} NMR (CDCl3) spectrum are displayed
at d(P)=17.9 and 18.9 ppm with 1J(31P,195Pt) coupling con-
stants of 3196 and 3190 Hz, respectively. However, for 8, co-
alescence of the two positional isomers was observed in the
31P{1H} NMR spectra at 60 8C in [D6]DMSO, giving rise to a
single peak at d(P)=17.7 ppm with a 1J(31P,195Pt) coupling
constant of 3230 Hz. Interestingly, the X-ray structures of 7
and 8 reveal the allyl group in two opposite orientations
(see below), which supports our interpretation of the NMR


data. Other examples of confor-
mational or orientational iso-
mers of palladium–allyl com-
plexes were observed by con-
ducting dynamic 1H NMR stud-
ies of species, such as binuclear
palladium–allyl complexes bear-
ing bridging pyrazolide li-
gands,[46] as well as a series of
bimetallic palladium/platinum
complexes of the general for-
mula [(dppe)Pd ACHTUNGTRENNUNG(m-SR)2M(h3-
C3H4R’)] ACHTUNGTRENNUNG[ClO4] (dppe=bisdi-


phenylphosphinoethane, (m-SR)=SPh, p-SC6H4Me, SEt or
1/2 SACHTUNGTRENNUNG(CH2)2S, M=Pd or Pt and R’=H or Me).[24] The posi-
tive ESI mass spectra of 7 and 8 clearly showed [M�ClO4]


+


at m/z=1146 and 1057, respectively.
By using a similar method to that above, [(PPh3)2Pt(m


2-
1,8-S2-nap) ACHTUNGTRENNUNG{IrCl ACHTUNGTRENNUNG(h


5-C5Me5)}]ACHTUNGTRENNUNG[ClO4] 9 and [(PPh3)2Pt(m
2-1,8-


S2-nap)ACHTUNGTRENNUNG{RhCl ACHTUNGTRENNUNG(h5-C5Me5)}] ACHTUNGTRENNUNG[BF4] 10 were isolated in high
yield (92%) as bright-yellow and bright-orange solids, re-
spectively (Scheme 4). The 1H NMR and 31P{1H} NMR


(CDCl3) spectra (Tables 1 and 2, respectively) of compounds
9 and 10 are as anticipated.


Compounds [(PPh3)2Pt(m
2-1,8-S2-nap){PtACHTUNGTRENNUNG(PMe2Ph)2}]-


ACHTUNGTRENNUNG[ClO4]2 11 (Scheme 5) and [(PPh3)2Pt(m
2-1,8-S2-nap){Rh-


ACHTUNGTRENNUNG(cod)}] ACHTUNGTRENNUNG[ClO4] 12 (Scheme 6) were prepared analogously to
the above compounds and their NMR data are summarised
in Tables 1 and 2. Compound [(PPh3)2Pt(m


2-1,8-S2-nap){Rh-
ACHTUNGTRENNUNG(cod)}] ACHTUNGTRENNUNG[ClO4] 12 was prepared as described above and as a
dichloromethane solution subjected to an atmosphere of
carbon monoxide gas (CO) at room temperature and pres-
sure for 3 h, which gave a pale-orange solution. Filtration of


Figure 1. The two possible positional isomers of 7 and 8 that give rise to
multiple NMR signals in both 1H and 31P{1H} spectra (M=Pt or Pd).


Scheme 3.


Scheme 4.
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the reaction mixture through a small Celite pad to remove a
very small quantity of black precipitate, reduction of the fil-
trate volume, followed by the addition of hexane and a fur-
ther reduction in volume yielded the dicarbonyl species
[(PPh3)2Pt(m


2-1,8-S2-nap){Rh(CO)2}] ACHTUNGTRENNUNG[ClO4] 13 (essentially
quantitative yield, 99%) (Scheme 6). Microanalytical data
(Table 3) for all of the complexes 1–13 were within specified
limits for the proposed structures. IR data were as expected,
revealing the appropriate vibrations due to aromatic groups
and counterions.


Molecular structures : The crystal structures of 5–8, 10 and
12 are shown in Figures 2–6, with selected bond lengths and
angles given in Table 4. All of the structures reveal the ex-


pected square-planar geometry about Pt(1) centre, though
there are some fairly large distortions that reflect the steri-
cally demanding environments in some of the complexes.
The Pt(1)�S and Pt(1)�P bond lengths lie within fairly
narrow ranges [2.3549(15)–2.386(2) and 2.273(2)–
2.2958(15) A, respectively] with no special trends being evi-
dent. There is a wide variation in the Pt(1)···M distance and


in the tilt or “hinge” of the
NapS2 (C10S2) mean plane with
respect to the Pt(1)S2P2 mean
plane. For comparison, the
mononuclear complexes
[(PPh3)2(m


2-1,8-Se2-nap)] and
[(PMe3)2(m


2-1,8-S2-nap)] have
tilt angles[31] of 45–508, with the
majority of the binuclear com-
plexes reported here having
larger tilting of the napS2 plane
from the coordination plane.
There are probably two effects
at work here; essentially repul-
sive Pt···M interaction and the


Scheme 5.


Scheme 6.


Table 3. Microanalytical data for complexes 1–13 (calculated values in parentheses).


Complex %C %H %S


1 ACHTUNGTRENNUNG[(PPh3)2Pt(m
2-1,8-S2-nap){Pt(Cl)2}] 47.26 (46.98) 2.57 (3.09) 5.32 (5.45)


2 ACHTUNGTRENNUNG[(PPh3)2Pt(m
2-1,8-S2-nap) ACHTUNGTRENNUNG{PtClMe}] 48.73 (48.85) 2.94 (3.40) 5.40 (5.55)


3 ACHTUNGTRENNUNG[(PPh3)2Pt(m
2-1,8-S2-nap) ACHTUNGTRENNUNG{PtClPh}] 51.72 (51.30) 3.03 (3.39) 5.11 (5.27)


4 ACHTUNGTRENNUNG[(PPh3)2Pt(m
2-1,8-S2-nap){Pt(Me)2}] 50.33 (50.79) 3.57 (3.73) 5.42 (5.65)


5 ACHTUNGTRENNUNG[(PPh3)2Pt(m
2-1,8-S2-nap){Pt(Me)3I}]·0.5PhMe 47.22 (47.65) 3.56 (3.74) 4.93 (4.85)


6 ACHTUNGTRENNUNG[(PPh3)2Pt(m
2-1,8-S2-nap){Mo(CO)4}] 53.28 (53.72) 2.84 (3.25) 5.80 (5.74)


7 ACHTUNGTRENNUNG[(PPh3)2Pt(m
2-1,8-S2-nap){Pt ACHTUNGTRENNUNG(h


3-C3H5)}] ACHTUNGTRENNUNG[ClO4] 47.27 (47.25) 3.10 (3.32) 5.07 (5.15)
8 ACHTUNGTRENNUNG[(PPh3)2Pt(m


2-1,8-S2-nap){Pd ACHTUNGTRENNUNG(h
3-C3H5)}] ACHTUNGTRENNUNG[ClO4] 50.83 (50.87) 3.36 (3.57) 5.50 (5.54)


9 ACHTUNGTRENNUNG[(PPh3)2Pt(m
2-1,8-S2-nap){Ir ACHTUNGTRENNUNG(h


5-C5Me5)Cl}] ACHTUNGTRENNUNG[ClO4] 49.34 (49.01) 3.41 (3.75) 4.51 (4.67)
10 ACHTUNGTRENNUNG[(PPh3)2Pt(m


2-1,8-S2-nap){Rh ACHTUNGTRENNUNG(h5-C5Me5)Cl}] ACHTUNGTRENNUNG[BF4] 53.31 (52.95) 3.98 (4.05) 4.79 (5.05)
11 ACHTUNGTRENNUNG[(PPh3)2Pt(m


2-1,8-S2-nap){Pt ACHTUNGTRENNUNG(PMe2Ph)2}] ACHTUNGTRENNUNG[ClO4] 46.83 (47.12) 3.47 (3.70) 3.91 (4.06)
12 ACHTUNGTRENNUNG[(PPh3)2Pt(m


2-1,8-S2-nap){Rh ACHTUNGTRENNUNG(cod)}] ACHTUNGTRENNUNG[ClO4] 51.87 (52.14) 4.10 (3.96) 4.96 (5.26)
13 ACHTUNGTRENNUNG[(PPh3)2Pt(m


2-1,8-S2-nap){Rh(CO)2}]ACHTUNGTRENNUNG[ClO4] 49.13 (49.34) 2.90 (3.11) 5.33 (5.49)


Figure 2. Crystal structure of [(PPh3)2Pt(m
2-1,8-S2-nap) ACHTUNGTRENNUNG{PtMe3I}]·1.5CHCl3


5. The CHCl3 solvent molecules are omitted for clarity.


Figure 3. Crystal structure of [(PPh3)2Pt(m
2-1,8-S2-nap){Mo(CO)4}] 6.
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steric demands of the various ligands. The observation that
the mononuclear system and the binuclear Pt/Pd–allyl
system 8 have similar hinge angles suggests that the orbitals
on sulfur that are being used to coordinate to the second
metal are not particularly stereochemically active in the
mononuclear complex or, perhaps more accurately, are read-
ily available for coordination to a second metal. It is inter-
esting to plot the Pt(1)···M distance against the hinge angle
(Figure 7), which shows a fairly good linear relationship.
Compounds 5, 6 and 10 (compounds with larger Pt(1)···M
separations) appear to have larger Pt(1)···M distances than
may be anticipated from extrapolation of the graph for 7, 8
and 10. This may be due to the higher coordination number
at M in the former group imposing extra steric demands
beyond the Pt···M interaction. Compound 7 has a longer
Pt···Pt distance [3.1252(5) A] than the analogous 8 [Pt···Pd
of two independent molecules=2.9817(8) and 2.9630(8) A],
which is as expected when one considers their atomic radii.
Darensbourg and co-workers[47] examined the angle between
the coordination planes of the two metals in
[(NiN2S2)W(CO)4] systems and found them to be in the
range 37.5–738. In the systems described here the hinge
angles of the two coordination planes are in the range 41.8–
71.68. There is a fairly linear relationship between the two
sets of interplanar angles a and b, that is, as the Pt(1)coordi-
nation plane/napS2 angle, a, increases the Pt(1)coordination
plane/M(2)coordination plane angle, b, decreases. The over-
all consequence is that a+b is close to 1208 in nearly all
cases; that is, for most of the binuclear complexes studied
here, the naphthalene moiety and the two metal-coordina-
tion planes are distributed equally about the central S···S
vector. The exception is 10, in which the Rh�Cl bond ap-
pears to be stereochemically active (bulky) and, thus, causes
a contraction in a+b. These structural observations suggest
that the majority of the systems studied here are not under
steric control, the geometric features are still heavily influ-
enced by electronic considerations about the central sulfur
atoms, and the napS2 group behaves cooperatively with the


Figure 4. Crystal structure of (upper) [(PPh3)2Pt(m
2-1,8-S2-nap){Pt ACHTUNGTRENNUNG(h


3-
C3H5)}] ACHTUNGTRENNUNG[ClO4]·0.5H2O 7 and (lower) [(PPh3)2Pt(m


2-1,8-S2-nap){Pd ACHTUNGTRENNUNG(h
3-


C3H5)}] ACHTUNGTRENNUNG[ClO4]·CH2Cl2 8. The solvent molecules and [ClO4] counter ions
are omitted for clarity.


Figure 5. Crystal structure of [(PPh3)2Pt(m
2-1,8-S2-nap) ACHTUNGTRENNUNG{RhCl ACHTUNGTRENNUNG(h5-C5Me5)}]-


ACHTUNGTRENNUNG[BF4]·CH2Cl2·Et2O 10. The solvent molecules and the [BF4] counter ion
are omitted for clarity.


Figure 6. Crystal structure of [(PPh3)2Pt(m
2-1,8-S2-nap){Rh ACHTUNGTRENNUNG(cod)}] ACHTUNGTRENNUNG[ClO4]


12. The perchlorate counterion is omitted for clarity.
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second metal to enable the best orbital overlap of the vari-
ous substituents about the sulfur atom.


As mentioned above, in 7 and 8 the allyl group has a
choice of orientations, and this gives rise to dynamic NMR
spectra for these compounds. The structures of 7 and 8 dem-
onstrate elegantly (although fortuitously) this difference, re-
vealing the two static extremes (Figure 8).


Conclusion


This work illustrates clearly the ease with which sulfur
donor atoms in ligands may increase their coordination
number, and suggests that M···M interactions and steric con-
straints on the metals fragments must be understood fully
before the properties of these systems can be designed. The
planar nature of the napS2 ligand has allowed us to interrog-
ate the relationship between different metric parameters
and suggests that the stereochemical control of the core
sulfur atoms in this and related systems must be considered


carefully. This has implications in catalysis and in under-
standing effects in biologically relevant molecules. We antic-
ipate that the formation of binuclear complexes from napS2


could be extended to a wide range of metals and that these
could provide valuable structural insights for more-complex
systems.


Experimental Section


General : Unless otherwise stated, manipulations were performed under
an oxygen-free nitrogen or argon atmosphere by using standard Schlenk
techniques and glassware. Solvents were dried, purified and stored ac-


Table 4. Bond lengths [A] and angles [8] for complexes [(PPh3)2(m
2-1,8-S2-nap) ACHTUNGTRENNUNG{MLn}][X]. Numbers in square brackets are the values for crystallographi-


cally independent molecules present in these structures.


5 6 7 8 10 12


ACHTUNGTRENNUNG{MLn}[X] ACHTUNGTRENNUNG{PtIMe3} {Mo(CO)4] {PtACHTUNGTRENNUNG(h3-C3H5)} ACHTUNGTRENNUNG[ClO4] {Pd ACHTUNGTRENNUNG(h3-C3H5)}ACHTUNGTRENNUNG[ClO4] ACHTUNGTRENNUNG{RhCl ACHTUNGTRENNUNG(h5-C5Me5)} ACHTUNGTRENNUNG[BF4] {Rh ACHTUNGTRENNUNG(cod)} ACHTUNGTRENNUNG[ClO4]
Pt(1)�P(1) 2.299(2) 2.282(2) 2.281(2) 2.278(2) [2.297(2)] 2.286(3) 2.2958(15) [2.2990(16)]
Pt(1)�P(2) 2.273(2) 2.287(2) 2.292(2) 2.292(2) [2.279(2)] 2.285(3) 2.2877(17) [2.3063(14)]
Pt(1)�S(1) 2.386(2) 2.363(2) 2.364(2) 2.343(2) [2.345(2)] 2.366(3) 2.3877(17) [3.1012(5)]
Pt(1)�S(9) 2.366(2) 2.365(2) 2.382(2) 2.367(2) [2.367(2)] 2.370(3) 2.3549(15) [2.3710(17)]
C(1)�S(1) 1.757(9) 1.775(8) 1.809(9) 1.782(9) [1.793(9)] 1.748(11) 1.800(7) [1.775(7)]
C(9)�S(9) 1.782(9) 1.792(8) 1.776(8) 1.782(9) [1.775(9)] 1.800(11) 1.785(7) [1.787(7)]
S(1)···S(9) 3.06(1) 3.11(1) 3.09(1) 3.12(1) [3.12(1)] 2.98(1) 2.99(1) [3.08(1)]
M�S(1) 2.489(2) 2.564(2) 2.337(2) 2.354(2) [2.345(2)] 2.371(3) 2.3494(15) [2.3269(17)]
M�S(9) 2.430(2) 2.585(2) 2.345(2) 2.370(2) [2.367(2)] 2.376(3) 2.3380(17) [2.3544(16)]
planarity about Pt(1) S(1) +0.121


S(9) �0.172
S(1) �0.147
S(9) +0.139


S(1) +0.035
S(9) �0.039


S(1) +0.052 [0.038]
S(9) �0.084 [�0.072]


S(1) +0.092
S(9) �0.083


S(1) �0.023 [�0.113]
S(9) +0.017 [+0.014]


(napS2 to Pt)[a] 76.1 64.4 61.5 51.5 [49.7] 70.3 62.4 [58.9]
PtP2S2 to MS2


[b] 43.1 58.1 61.8 69.4 [71.6] 41.8 56.4 [58.0]
Sum of a and b 119.2 122.5 123.3 120.9 [121.3] 112.1 118.8 [116.9]
Pt···M 3.438(1) 3.364(1) 3.1252(5) 2.9817(8) [2.9630(8)] 3.430(1) 3.1388(5) [3.1012(5)]
P(1)-Pt-P(2) 99.42(8) 99.87(8) 98.90(7) 97.90(8) [98.23(8)] 98.73(9) 97.30(6) [97.64(5)]
S(1)-Pt-S(9) 80.09(8) 82.20(7) 81.23(8) 83.10(7) [83.04(8)] 78.06(9) 81.60(5) [81.53(5)]
S(1)-M-S(9) 76.84(7) 74.25(7) 82.59(7) 82.78(8) [82.76(8)] 77.84(10) 82.78(6) [82.40(5)]


[a] Angle between the best planes of the C10S2 group and the PtP2S2 coordination plane. [b] Angle between the Pt(1)P2S2 and MS2 coordination planes.


Figure 7. Plot of Pt(1)···M separation (A) versus the angle between the
Pt(1)P2S2 and napS2 mean planes (8) for complexes 5–8, 10 and 12.


Figure 8. Top: Plot of the angle a between the best planes of the C10S2


group and the PtP2S2 coordination plane versus the angle b between the
Pt(1)P2S2 and MS2 coordination planes. Bottom: The definitions of the
angles a and b.
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cording to common procedures.[34] All other reagents were purchased
from Aldrich, BDH or Lancaster and were used as received, except indi-
vidual starting compounds: [Pt(Cl)2 ACHTUNGTRENNUNG(NCPh)2],


[35] [PtClMe ACHTUNGTRENNUNG(cod)],[36]


[PtClPh ACHTUNGTRENNUNG(cod)],[37] [Pt(Me)2 ACHTUNGTRENNUNG(cod)],
[38] [{PtMe3I}4],


[39] [Mo(CO)4 ACHTUNGTRENNUNG(nbd)],
[40]


[{Pt ACHTUNGTRENNUNG(m-Cl)(m-h2 :h1-C3H5)}4],
[41] [{Pd ACHTUNGTRENNUNG(m-Cl)ACHTUNGTRENNUNG(h3-C3H5)}2],


[42] [{IrCl ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(h5-
C5Me5)}2],


[43] [{RhCl ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(h5-C5Me5)}2],
[43] cis-[PtCl2 ACHTUNGTRENNUNG(PMe2Ph)],


[44] [{Rh-
ACHTUNGTRENNUNG(m-Cl)ACHTUNGTRENNUNG(cod)}2]


[45] and [(PPh3)2Pt(m
2-1,8-S2-nap)].


[30] The 31P and 1H NMR
spectra were recorded by using a Jeol GSX 270MHz spectrometer. The
IR spectra (KBr discs) were recorded by using a Perkin–Elmer System
2000 FTIR spectrophotometer. Microanalyses were performed by the St
Andrews University service within this Department. FAB and EI mass
spectrometry was performed by the Swansea Mass Spectrometer Service.


ACHTUNGTRENNUNG[(PPh3)2Pt(m2-1,8-S2-nap) ACHTUNGTRENNUNG{PtCl2}] 1: [PtCl2 ACHTUNGTRENNUNG(NCPh)2] (0.078 g, 0.165 mmol)
was added as a solid in a single portion to a stirred solution of
[(PPh3)2Pt(1,8-S2-nap)] (0.150 g, 0.165 mmol) in dichloromethane
(10 cm3). After 30 min of stirring a yellow solid started to precipitate
from the clear, yellow solution. Stirring was continued for a further 5 h
and the yellow solid was collected by suction filtration, washed with di-
chloromethane (3 cm3) and then diethyl ether (2T10 cm3) and then dried
in vacuo overnight. Yield: 0.179 g, 92%; FAB+ MS: m/z : 1176 [M]+ ,
1140 [M�Cl]+ , 1106 [M�2Cl]+ .


ACHTUNGTRENNUNG[(PPh3)2Pt(m2-1,8-S2-nap) ACHTUNGTRENNUNG{PtClMe}] 2 : This was prepared in the same
manner as compound 1 by using [(PPh3)2Pt(1,8-S2-nap)] (0.100 g,
0.11 mmol) and [PtClMe ACHTUNGTRENNUNG(cod)] (0.039 g, 0.11 mmol). The mixture was
stirred for 45 min to give a yellow solution. After heating briefly to
reflux and cooling, the mixture was stirred for a further 2 h to give a
dark-orange solution. A yellow solid was precipitated from the reaction
mixture by the dropwise addition of hexane (10 cm3), this material was
collected by suction filtration, washed with hexane (2T10 cm3) and dried
in vacuo. Yield: 0.123 g, 97%; ESI+ MS: m/z : 1140 [M�Me]+ , 1105
[M�Me�Cl]+.


ACHTUNGTRENNUNG[(PPh3)2Pt(m2-1,8-S2-nap) ACHTUNGTRENNUNG{PtClPh}] 3 : This was prepared in the same
manner as compound 2 by using [(PPh3)2Pt(1,8-S2-nap)] (0.102 g,
0.11 mmol) in dicholoromethane (10 cm3) and [PtClPh ACHTUNGTRENNUNG(cod)] (0.047 g,
0.11 mmol). Yield: 0.111 g, 82%; FAB+ MS: m/z : 1217 [M]+ , 1140
[M�Ph]+ , 1105 [M�Ph�Cl]+ .


ACHTUNGTRENNUNG[(PPh3)2Pt(m2-1,8-S2-nap) ACHTUNGTRENNUNG{PtMe2}] 4 : This was prepared in the same
manner as compound 1 by using [(PPh3)2Pt(1,8-S2-nap)] (0.101 g,
0.11 mmol) and [PtMe2ACHTUNGTRENNUNG(cod)] (0.037 g, 0.11 mmol). The mixture was stir-
red for a total of 3 h to give an orange solution. Yield: 0.099 g, 79%;
FAB+ MS: m/z : 1119 [M�Me]+ , 1104 [M�2Me]+ .


ACHTUNGTRENNUNG[(PPh3)2Pt(m2-1,8-S2-nap) ACHTUNGTRENNUNG{PtMe3I}] 5 : [{PtMe3I}4] (0.060 g, 0.16 mmol)
was added in one portion to a stirred solution of [(PPh3)2Pt(1,8-S2-nap)]


(0.150 g, 0.16 mmol) in toluene (10 cm3). The mixture was stirred for
60 min to give a dark-orange solution. After stirring for a further 3 h the
solution became pale yellow. The reaction mixture was reduced in
volume to ca. 3 cm3 under reduced pressure, hexane (20 cm3) was then
added to the stirred reaction mixture to precipitate a bright-yellow solid.
This material was collected by suction filtration, washed with hexane (2T
10 cm3) and dried in vacuo. Yield: 0.198 g, 94%; FAB+ MS: m/z : 1277
[M]+ , 1262 [M�Me]+ , 1247 [M�2Me]+ , 1232 [M�3Me]+ 1217
[M�4Me]+ , 1151 [M�I]+ and 1105 [M�3Me�I]+ .


ACHTUNGTRENNUNG[(PPh3)2Pt(m2-1,8-S2-nap){Mo(CO)4}] 6 : [Mo(CO)4ACHTUNGTRENNUNG(nbd)] (0.054 g,
0.18 mmol) was added in one portion to a stirred solution of
[(PPh3)2Pt(1,8-S2-nap)] (0.149 g, 0.16 mmol) in toluene (20 cm3). The mix-
ture was stirred for 60 min to give a dark-red solution. After stirring for a
further 3 h a red precipitate started to form, the mixture was stirred for a
total of 18 h. The reaction mixture was heated to approximately 708C to
redissolve the precipitate before filtration through a Celite plug to
remove a small quantity of black insoluble material. Toluene (2T10 cm3)
was used to wash the Celite until the washings were colourless. The red
filtrate was stored at �148C overnight and the resulting red crystalline
material was collected by suction filtration, washed with hexane (2T
10 cm3) and dried in vacuo. Yield: 0.174 g, 95%; IR (KBr): ñ(CO)=2003
(vs), 1894 (s), 1862 (s), 1833 cm�1 (s); FAB+ MS: m/z : 1118 [M]+ , 1090
[M�CO]+ , 1062 [M�2CO]+ , 1034 [M�3CO]+ 1006 [M�4CO]+ .


ACHTUNGTRENNUNG[(PPh3)2Pt(m2-1,8-S2-nap){Pt ACHTUNGTRENNUNG(h3-C3H5)}] ACHTUNGTRENNUNG[ClO4] 7: [{Pt ACHTUNGTRENNUNG(m-Cl)(m-h2 :h1-
C3H5)}4] (0.049 g, 0.045 mmol) was added in one portion to a stirred solu-
tion of Ag ACHTUNGTRENNUNG[ClO4] (0.038 g, 0.18 mmol) in a mixture of acetonitrile
(15 cm3) and THF (15 cm3). The mixture was stirred in the dark for 24 h
to give a yellow solution. Solid [(PPh3)2Pt(1,8-S2-nap)] (0.167 g,
0.18 mmol) was added in one portion to give a very pale-yellow solution
with a colourless suspension. The reaction mixture was stirred for a fur-
ther 60 min before being filtered through a Celite plug to remove the
precipitated AgCl, and was subsequently washed through with THF (2T
10 cm3). The yellow filtrate was evaporated to ca. 5 cm3 under reduced
pressure and the product was precipitated by the addition of diethyl
ether (30 cm3). The yellow powder was collected by suction filtration,
washed with diethyl ether (2T10 cm3) and dried overnight in vacuo.
Yield: 0.205 g, 90%; MS: m/z : 1145 [M�ClO4]


+, 1105 [M�ClO4�C3H5]
+.


ACHTUNGTRENNUNG[(PPh3)2Pt(m2-1,8-S2-nap){Pd ACHTUNGTRENNUNG(h3-C3H5)}] ACHTUNGTRENNUNG[ClO4] 8 : This was prepared in a
similar fashion to 7. Yield: 0.186 g, 95%; ESI MS: m/z : 1057 [M�ClO4]


+ .


ACHTUNGTRENNUNG[(PPh3)2Pt(m2-1,8-S2-nap){Ir ACHTUNGTRENNUNG(h5-C5Me5)Cl}] ACHTUNGTRENNUNG[ClO4] 9 : This was prepared in
a similar fashion to 7 by using [{IrCl ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(h5-C5Me5)}2] (0.073 g,
0.09 mmol). Yield: 0.232 g, 92%; ESI MS: m/z : 1273 [M�ClO4]


+ , 1011
[M�ClO4�PPh3]


+ , 975 [M�ClO4�Cl�PPh3]
+ .


Table 5. Crystallographic data for complexes 5–8, 10 and 12.


5 6 7 8 10 12


formula C49H45IP2Pt2S2·
1.5CHCl3


C50H36MoO4P2PtS2·
1.5C7H8·C2H3N


C49H41P2Pt2S2·
ClO4·0.5H2O


C49H41ClO4P2PdPtS2


CH2Cl2·C4H10O·
0.5H2O·0.25CH4O


C56H51BClF4P2PtRhS2·
CH2Cl2·C4H10O


C54H48P2PtRhS2·
ClO4


diffractometer/T [K] Smart/125 Smart/125 Smart/125 Mercury/93 Smart/125 Mercury/93
Mr 1456.04 1297.13 1254.52 1253.36 1429.33 1220.43
crystal system monoclinic triclinic orthorhombic triclinic triclinic monoclinic
space group P2(1)/n P1̄ Pbca P1̄ P1̄ P2(1)
a [A] 10.8932(10) 12.654(3) 15.863(2) 15.2190(11) 11.001(3) 15.0777(11)
b [A] 12.0067(11) 13.790(3) 20.611(3) 18.7733(16) 16.362(4) 15.4616(11)
c [A] 39.946(4) 20.304(4) 27.618(4) 19.8316(17) 17.235(5) 20.6820(15)
a [8] 73.927(4) 65.635(5) 86.442(5)
b [8] 90.294(2) 83.938(4) 74.953(5) 76.542(5) 90.4802(19)
g [8] 65.563(4) 73.777(4) 79.274(5)
V [A3] 5224.5(8) 3099.2(12) 9030(2) 4888.0(7) 2963.7(14) 4821.3(6)
Z 4 2 8 4 2 4
1calcd [gcm


�3] 1.851 1.390 1.846 1.703 1.602 1.681
m [mm�1] 6.345 2.619 6.459 3.535 2.949 3.496
total reflns 30285 15692 37615 28962 14760 37530
ind. reflns 9495 8808 6476 16250 8316 17502
final R1/wR2 [I>2s(I)] 0.0435/0.0984 0.0486/0.1245 0.0332/0.0622 0.0535/0.1027 0.0543/0.1020 0.0313/0.0726
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ACHTUNGTRENNUNG[(PPh3)2Pt(m2-1,8-S2-nap){Rh ACHTUNGTRENNUNG(h5-C5Me5)Cl}] ACHTUNGTRENNUNG[BF4] 10 : This was prepared
in a similar fashion to 7 by using Ag ACHTUNGTRENNUNG[BF4] (0.032 g, 0.16 mmol) in THF
(20 cm3) and [{RhCl ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(h5-C5Me5)}2] (0.051 g, 0.08 mmol) in one por-
tion. Yield: 0.192 g, 92%; ESI+ MS: m/z : 1184 [M�BF4]


+ , 922
[M�BF4�PPh3]


+ , 886 [M�BF4�Cl�PPh3]
+ .


ACHTUNGTRENNUNG[(PPh3)2Pt(m2-1,8-S2-nap){Pt ACHTUNGTRENNUNG(PMe2Ph)2}] ACHTUNGTRENNUNG[ClO4] 11: This was prepared in
a similar fashion to 7. [PtCl2 ACHTUNGTRENNUNG(PMe2Ph)2] (0.074 g, 0.13 mmol) was added
in one portion to a stirred solution of Ag ACHTUNGTRENNUNG[ClO4] (0.056 g, 0.27 mmol) in
THF (15 cm3). The mixture was stirred in the dark overnight to give a
colourless solution. Yield: 0.182 g, 86%; ESI MS: m/z : 1481 [M�ClO4]


+ ,
1381 [M�2ClO4]


+ .


ACHTUNGTRENNUNG[(PPh3)2Pt(m2-1,8-S2-nap){Rh ACHTUNGTRENNUNG(cod)}]ACHTUNGTRENNUNG[ClO4] 12 : This was prepared in a
similar fashion to 7. [{Rh ACHTUNGTRENNUNG(m-Cl)ACHTUNGTRENNUNG(cod)}2] (0.030 g, 0.06 mmol) was added in
one portion to a stirred solution of Ag ACHTUNGTRENNUNG[ClO4] (0.025 g, 0.12 mmol) in
THF (15 cm3). The mixture was stirred in the dark overnight to give a
yellow solution. Yield: 0.136 g, 93%; ESI MS: m/z : 1121 [M�ClO4]


+ ,
1013 [M�ClO4�C8H12]


+.


ACHTUNGTRENNUNG[(PPh3)2Pt(m2-1,8-S2-nap){Rh(CO)2}] ACHTUNGTRENNUNG[ClO4] 13 : Carbon monoxide was
bubbled through a stirred dichloromethane (30 cm3) solution of
[(PPh3)2Pt(m


2-1,8-S2-nap){RhACHTUNGTRENNUNG(cod)}] [ClO4] 12 (prepared as above)
(0.205 g, 0.17 mmol) for 3 h to give a pale-orange solution. The volume
of the reaction mixture was reduced to ca. 5 cm3 whereupon hexane
(20 cm3) was added. The reaction mixture was reduced in volume further
to ca. 15 cm3, causing the product to precipitate as a pale-orange/yellow
solid that was collected by suction filtration, washed with diethyl ether
(2T10 cm3) and dried overnight in vacuo. Yield: 0.194 g, 99%; IR (KBr):
ñ(CO)=2077 (vs), 2016 cm�1 (vs); ESI MS: m/z: 1012 [M�ClO4�2CO]+.


Crystal-structure analyses : Single crystals of compounds 5 and 7 suitable
for X-ray diffraction studies were obtained by layering a CHCl3 solution
with hexane; 8, 10 and 12 were obtained by vapour diffusion of diethyl
ether into CH2Cl2 solutions, whereas 8 was obtained from hot toluene.


Data for the X-ray characterisation experiments are given in Table 5 with
bond lengths and angles in Table 4. Data were collected by using a
Bruker SMART (sealed tube) system at 125 K or a Rigaku MM007
(high-brilliance rotating anode/confocal optics) Mercury ccd system
working at 93 K; both using MoKa radiation (l=0.71073 A). All refine-
ments were performed by using SHELXTL (Version 6.10, Bruker AXS,
2004). CCDC 297463–297468 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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Introduction


The protonation of aliphatic and alicyclic hydrocarbons,
both in the gas phase and in solution, has attracted attention
for several decades. Benchmark gas-phase protonation stud-


ies in this field are those of Tal�roze and Lubyumova[1] on
methane, followed by seminal experiments on large linear
alkanes by Field et al.,[2,3] and smaller linear and branched
alkanes by Hiraoka and Kebarle.[4–6] Classical studies by
Olah et al.[7] and Hogeveen[8] on the protonation of aliphatic
hydrocarbons in superacids date back to the late 1960s and
early 1970s. A few years ago, Fokin, Schreiner et al.[9] stud-
ied experimentally and computationally the activation of
moderately strong C�C and tertiary C�H bonds in cage hy-
drocarbons such as adamantane (C10H16, 1H) by weak to
moderately strong electrophiles and strongly oxidizing spe-
cies. All of these processes are fundamental to understand-
ing the activation of C�H and C�C bonds.[10] We have also
dealt with bond activation through protonation of organic
species RX (X=halogen, OH, OMe) as a source of carbeni-
um ions R+ .[11]


Quantum-mechanical methods are extremely valuable
(“sometimes mandatory”) tools for the treatment of gas-
phase ion–molecule reactions.[12] Because of their relevance
to our present work, we mention relatively recent studies on
the protonation of propane[13] and isobutane.[14]


In 2001, Esteves, Mota et al reported the results of an ab
initio study (at the MP2 ACHTUNGTRENNUNG(full)/6-31GACHTUNGTRENNUNG(d,p) level, without fre-
quency calculations at correlated levels) on the structure
and energetics of the possible species obtained by protona-


Abstract: 1) Protonation at all possible
sites of adamantane (C10H16) was stud-
ied at the MP2/6-311++G ACHTUNGTRENNUNG(3df,2p)//
MP2/6-311++G ACHTUNGTRENNUNG(d,p) level. This pro-
vided values of the changes in the ther-
modynamic state functions for these
processes. Whenever direct comparison
was possible, the agreement with ex-
perimental data was very good. 2) By
the same means, the reaction paths
linking the various species obtained in


these reactions were analyzed.
3) Fourier transform ion cyclotron res-
onance (FT-ICR) spectroscopy was
used to determine the rate constants
for proton transfer from 16 protonated
reference bases to adamantane in the


gas phase. Also, the rate constants for
the formation of ionic products in
these reactions were determined.
4) The experimental reaction rates
were successfully predicted and refined
on the basis of a simple mechanistic
model based on the reaction profiles
indicated above. 5) Our results hint at
the potential usefulness of this ap-
proach for mechanistic studies.
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tion of 1H.[15] Their results, as well as our longstanding in-
volvement in the study of the stability of adamantyl deriva-
tives, including neutral compounds[16] and cations (1- and 2-
adamantyl, respectively, 1-Ad+ and 2-Ad+),[11,17] generated
our interest in the protonation of 1H.


Herein we present the results of a computational and ex-
perimental study on this process. Because protonation can
occur on several sites of the adamantane molecule, we de-
termined the structure and thermodynamic state functions
for the various protonated adamantane isomers at the MP2/
6-311++G ACHTUNGTRENNUNG(3df,2p)//MP2/6-311++GACHTUNGTRENNUNG(d,p)level of theory.[18]


This information was then used to predict the kinetics of
proton transfer from sixteen protonated reference bases
BrefH


+ to 1H. These reactions were studied experimentally
by means of Fourier transform ion-cyclotron resonance (FT-
ICR) spectroscopy.[19] We compare the predicted and experi-
mental data and discuss some mechanistic implications of
the results.


Experimental and Methods Section


Computational details : Calculations were carried out using the computer
program packages Gaussian98[20] and Gaussian03.[21]


The 1H molecule presents two different H- and C-protonation sites and
only one kind of C�C sites. First, the structures of the species obtained
by H, C, and C�C protonation of 1H were optimized at the MP2/6-31G-
ACHTUNGTRENNUNG(d,p) level. The possible reaction pathways linking these structures were
explored at the same level by means of the QST3 method.[22] The various
structures identified as stationary points on the potential energy surface
of the (1H,H+) manifold, that is, the set of different isomeric structures
of protonated adamantane, were refined and their harmonic vibrational
frequencies determined at the MP2/6-311++G ACHTUNGTRENNUNG(d,p) level. Finally, single-
point energy calculations on these optimized structures were performed
at the MP2/6-311++G ACHTUNGTRENNUNG(3df,2p) level. Raw computational energetic re-
sults and optimized structures are available as Supporting Information.


To our knowledge, no empirical correction factors for anharmonicity ef-
fects, suitable for the zero-point vibrational energy (ZPVE), vibrational


contribution to the molar heat capacity at constant volume CV, and entro-
py S8298, are available for MP2/6-311++G ACHTUNGTRENNUNG(d,p) harmonic vibrational fre-
quencies.[23a] This is most unfortunate, because some of the “bonds” in
the protonated species have very low vibrational frequencies which con-
tribute significantly to the heat capacity and entropy, and thus need to be
accurately known. We have attempted to obviate this difficulty by using
the following method.


Harmonic vibrational wavenumbers for cognate species, namely, 1H, 1-
Ad+ , 2-Ad+ , and (tert-C4H9···H2)


+ were determined at both the MP2/6-
31G(d) and MP2/6-311++G ACHTUNGTRENNUNG(d,p) levels (see Supporting Information).
The linear correlations between the data obtained at both levels allowed
us to estimate the MP2/6-31G(d) harmonic vibrational wavenumbers for
the various species. To these values, the corrections of Radom and
Scott[23] were applied and used for the estimation of the corresponding
enthalpies H298 and Gibbs energies G298. In three species (1H2a


+ , 1H2b
+ ,


1H2c
+ , see below), the frequencies of the two torsional modes of the HH


moieties are very low (see Supporting Information). Therefore, we took
their total contributions to ZPVE, CV, and S8298 as equal to those pertain-
ing to a freely rotating dihydrogen molecule, namely, 0.592 kcalmol�1


(RT), 1.984 calmol�1K�1 (R), and 3.15 calmol�1 K�1.[24] We estimate the
uncertainties originating in this treatment of low-frequency modes at
about 0.7 kcalmol�1 (for details, see Supporting Information).


Experimental section : All products were commercial and of the highest
purity available. Adamantane (Aldrich) was sublimed twice. Malononi-
trile (Fluka) was sublimed twice. Methyl trifluoroacetate (Aldrich) con-
tained a trace of ethyl trifluoroacetate, which was removed by distillation
through a Perkin Elmer adiabatic spinning-band annular still (100 theo-
retical plates). (CF3)2CHOH was stored over and distilled from P4O10.
All other products (Aldrich) were used without further purification.
Methane (99.999%) was obtained from Praxair. It was passed through a
copper coil cooled with liquid nitrogen. Argon (�99.998%) was obtained
from Aldrich, and helium (�99.999%) from Air Liquide.


The study was performed on a modified Bruker CMS-47 FT-ICR mass
spectrometer already used in previous studies.[11g,25] The spectra were ac-
quired by using an IonSpec Omega Data Station (IonSpec Corp., Irvine,
CA).


Mixtures of 1H (nominal pressure in the range 5W10�9 to 1.5W10�7 mbar)
and a reference base Bref (nominal pressures in the range (1–5)W
10�7 mbar) were introduced into the high-vacuum section of the instru-
ment. Argon or helium (pressure between 6W10�7 and 2W10�6 mbar) was
added in all cases. Electron ionization (nominal energy below 20 eV) of
the gaseous mixtures generally led to the formation of BrefH


+ . In a few
cases, methane was added as proton source. Ions were allowed to cool
for periods of about 5 s and then BrefH


+ was selected by using broadband
pulses and soft ejection shots. The temperature of the cell, as measured
with a platinum resistor was 323 K.


Gauge sensitivities Sr relative to N2 for the various Bref were obtained ac-
cording to Bartmess and Georgiadis,[26] by using for each compound the
polarizability a ACHTUNGTRENNUNG(ahc), calculated by Miller�s method.[27] The relative gauge
sensitivity of 1H was experimentally determined at the FT-ICR laborato-
ry of the Nice-Sophia Antipolis University by using a Leybold VISCO-
VAC VM 210 spinning-rotor viscosity gauge.[28] The value obtained
(7.89�0.32) agrees within 4% with that (7.58) estimated by the Bart-
ACHTUNGTRENNUNGmess–Georgiadis method.


The decay of the abundances of these ions was monitored for times rang-
ing from 5 to 100 s, depending on the system. At the same time, the
growth of the ion signals at m/z 135 (1-Ad+ and 2-Ad+), 136 (13C iso-
topomers of these ions), and 137 (protonated 1H and 13C isotope peaks
of 1-Ad+ and 2-Ad+) were monitored.


Computational Results


Energy minima : We found four stable structures for proto-
nated adamantane on the potential energy surface of the
(1H,H+) system: three weakly bound adducts between H2


Abstract in Spanish: 1) Se ha estudiado la protonaci n de
todos los posibles centros b"sicos del hidrocarburo adaman-
tano (C10H16) al nivel MP2/6-311++G ACHTUNGTRENNUNG(3df,2p)//MP2/6-
311++GACHTUNGTRENNUNG(d,p) y se han obtenido valores de las variaciones
de funciones termodin"micas de estado para los procesos
mencionados. Se ha encontrado una excelente concordancia,
en los casos en los que ha podido compararse con datos ex-
perimentales. 2) Se ha aplicado el mismo m/todo al estudio
de los mecanismos de reacci n que enlazan las distintas espe-
cies formadas. 3) Se han determinado las constantes de velo-
cidad de transferencia prot nica, en fase gaseosa, con 16
bases de referencia protonadas al adamantano, utilizando la
Resonancia Ciclotr nica de Iones con Transformada de Fou-
rier. 4) Se han predicho y optimizado con /xito las velocida-
des de reacci n, utilizando un modelo sencillo basado en los
perfiles de reacci n indicados m"s arriba. 5) Los resultados
obtenidos sugieren que la metodolog6a aplicada puede ser
ffltil para estudios mecan6sticos.
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and the adamantyl ion (1H2
+


a, 1H2
+


b and 1H2
+


c), and one
C-adamantonium ion (1H2


+
d) formed by protonation of a


C�C bond (between C1 and C2, Figure 1). These species
(Figure 2) are formed through reactions (1x) where x=a–d.


1H þ Hþ ! 1H2
þ


x DrH
�
mð1xÞ, DrG


�
mð1xÞ ð1xÞ


Species 1H2
+


a is a van der Waals (ion–dipole-induced)
complex between 1-adamantyl cation and dihydrogen, while
1H2


+
b and 1H2


+
c are two isomeric, nearly degenerate com-


plexes between 2-adamantyl cation and dihydrogen. Our re-
sults strongly support those reported in ref. [15]. Ion 1H2


+
c


was not described in this reference, however. A more de-
tailed analysis of the origins of these species is given below.


Reliable experimental standard enthalpies of formation
are available for 1H, 1-Ad+ ,[29,30] and 2-Ad+ [11g] in the gas
phase. This allows us to compare computational and experi-
mental data for reactions (2a) and (2b).


1H þ Hþ ! 1-Adþ þ H2 DrH
�
mð2aÞ, DrG


�
mð2aÞ ð2aÞ


1H þ Hþ ! 2-Adþ þ H2 DrH
�
mð2bÞ, DrG


�
mð2bÞ ð2bÞ


The calculated results (Table 1) show excellent agreement
with the experimental data and thus lend credence to the re-
sults obtained in cases where the available data are only


computational. In this and other tables, the reported values
of DrH8m and DrG8m are computed at the standard tempera-
ture of 298.15 K. We also report DrEm, the electronic-plus-
nuclear change in the process. This is the change in energy
without inclusion of the translational, rotational and vibra-
tional contributions.


The changes in the standard thermodynamic state func-
tions for reactions (1a)–(1d) computed at this level are sum-
marized in Table 2.


Formally, species 1H2
+


a (the most stable of all four), 1H2
+


b,
and 1H2


+
c are products of H protonation of 1H. 1H2


+
d is an


adamantonium ion, generated by C protonation of a C�C
bond. Interestingly, the ranking of stabilities of these ions
depends on the energetic criterion chosen. Thus, in terms of
DrEm or DrH8m, the order in stability is 1H2


+
a>1H2


+
d>


1H2
+


b	1H2
+


c, but 1H2
+


a>1H2
+


b	1H2
+


c>1H2
+


d in terms


Figure 1. The structure of adamantane (1H) as optimized at the MP2/6-
311++G ACHTUNGTRENNUNG(d,p) level (bond lengths in X). Equivalent secondary and terti-
ary carbon atoms are numbered 2 and 1, respectively.


Figure 2. The four stable structures formed by protonation of adaman-
tane: 1H2


+
a, 1H2


+
b, 1H2


+
c and 1H2


+
d. Bond lengths (X) obtained at the


MP2/6-311++G ACHTUNGTRENNUNG(d,p) level.


Table 1. Experimental and calculated[a] values of the standard enthalpy,
Gibbs energy, and electronic-plus-nuclear energy changes [kcalmol�1] for
reactions (2a) and (2b).


Reaction DrH8m ACHTUNGTRENNUNG(calcd) DrH8m ACHTUNGTRENNUNG(exptl) DrG8m ACHTUNGTRENNUNG(calcd) DrEm ACHTUNGTRENNUNG(calcd)


2a �171.5 �171.4�0.9[b,c] �173.9 �170.7
2b �161.0 �161.7�1.4[b,d] �164.3 �160.3


[a] MP2/6-311++G ACHTUNGTRENNUNG(3df,2p)//MP2/6-311++G ACHTUNGTRENNUNG(d,p) values. [b] Using
DfH8m[1H(g)]=�31.95�0.89 kcalmol�1.[29] [c] DfH8m ACHTUNGTRENNUNG[1-Ad+(g)]=162.3�
0.3 kcalmol�1, from ref. [30] and references therein. [d] DfH8m ACHTUNGTRENNUNG[2-
Ad+(g)]=171.9�1.1 kcalmol�1, from ref. [11g] and references therein.


Table 2. Calculated[a] values of the standard enthalpy, Gibbs energy, and
electronic-plus-nuclear energy changes [kcalmol�1] for reactions (1a)–
(1d).


Reaction DrH8m ACHTUNGTRENNUNG(calcd) DrG8m ACHTUNGTRENNUNG(calcd) DrEm ACHTUNGTRENNUNG(calcd)


1H+H+!1H2
+


a (1a) �171.0 �169.8 �171.7
1H+H+!1H2


+
b (1b) �160.6 �159.8 �161.4


1H+H+!1H2
+


c (1c) �160.6 �159.8 �161.4
1H+H+!1H2


+
d (1d) �162.0 �157.0 �165.4


[a] MP2/6-311++G ACHTUNGTRENNUNG(3df,2p)//MP2/6-311++G ACHTUNGTRENNUNG(d,p) values.
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of DrG8m. This situation reflects the fact that the van der
Waals adducts have appreciably larger molar entropies (but
lower zero-point vibrational energies) than the C-adamanto-
nium ion. This is a consequence of the looseness of the com-
plexes leading to five vibrational modes of low frequency
(see Supporting Information).


Reaction (3a) is the decomposition of ion 1H2
+


a to yield
1-adamantyl cation and dihydrogen.


1H2
þ


a ! 1-Adþ þ H2 DrEm, DrH
�
m, DrG


�
m ð3aÞ


The quantities DrEm(3a), DrH8m(3a), and DrG8m(3a) can
be obtained from the data for reactions (1a) and (2a). They
are found to respectively amount to 1.1, �0.4, and
�4.5 kcalmol�1. This implies that, while the interaction be-
tween the 1-adamantyl and dihydrogen moieties in 1H2


+
a is


feebly stabilizing, population of the vibrational levels at
298 K favors its dissociation. A similar situation prevails in
the cases of reactions (3b) and (3c).


1H2
þ


b ! 2-Adþ þ H2 DrEm, DrH
�
m, DrG


�
m ð3bÞ


1H2
þ


c ! 2-Adþ þ H2 DrEm, DrH
�
m, DrG


�
m ð3cÞ


Here we obtain DrEm(3b)=1.1, DrH8m(3b)=�0.4,
DrG8m=�5.0 kcalmol�1 and DrEm(3c)=1.1, DrH8m(3c)=
�0.4, DrG8m(3c)=�5.0 kcalmol�1.


Consider now the protonation of 1H by a protonated ref-
erence base BrefH


+ [reaction (4)].


1H þ BrefH
þ ! 1H2


þ
x þ Bref ð4Þ


As can be deduced from the above discussion, the prod-
ucts obtained depend on the acidity of BrefH


+ . More pre-
cisely, bases with a gas-phase basicity GB of 158 kcalmol�1


or less should be able to lead to all the stable species 1H2
+


x


mentioned above. Also, because species 1H2
+


x (x=a, b, c)
can so readily decompose to yield cations 1-Ad+ and 2-Ad+,
it is to be expected that these isomeric ions will be the main
species experimentally observed. However, as shown below,
it is by no means obvious that species 1H2


+
d will decompose


so easily.


Transition states and reaction paths : In addition to the pre-
vious protonated adamantane structures, there are two more
C-protonated species. They were also reported in refer-
ence [15] We also confirm their structures, which are shown
in (Figure 3) as 1H2


+
e and 1H2


+
f.


The energetics for reactions (1e) and (1f) are summarized
in Table 3.


Exploration of the potential energy surfaces by the QST3
method showed that these structures are transition states
linking several of the previously found stable isomers. The
energetics of reactions (5) and (6) are given in Table 3 and
Figure 4.


1H2
þ


d ! 1H2
þ


eðTSÞ ! 1H2
þ


a ð5Þ


1H2
þ


d ! 1H2
þ


fðTSÞ ! 1H2
þ


b ð6Þ


Salient features of these results follow:


Reaction (5):


1) The Gibbs activation energy DrG
�0
m (5) for reaction (5) of


9.0 kcalmol�1 is too high to be overcome by thermal ex-
citation at temperatures close to 298 K. However, the re-
action between 1H and BrefH


+ may have sufficient
excess energy to permit the barrier in Figure 4 to be sur-
mounted. In this case, the final products would be the 1-
adamantyl cation and dihydrogen because (as shown
below) isomer 1H+


a is nearly isoenergetic with 1-Ad+ +


H2.
2) Ions BrefH


+ derived from bases with GB<143 kcalmol�1


(see Tables 1 and 3) can in principle lead to direct pro-
ACHTUNGTRENNUNGtonation of a tertiary carbon atom. The species formed
in this case is 1H2


+
e, and the formation of 1H2


+
a (fol-


lowed by its decomposition) would be observed again.
3) From the structural point of view, the difference in sta-


bility between 1H2
+


a and 1H2
+


e can be understood by
considering the structures of 1H and 1-Ad+ (Figure 5).
A salient feature is the flattening of the pyramid
C1C2C2’C2’’, as measured by the reduction of the angle
a (Figure 5 and Table 4). This reduction originates in the
nearly sp2 hybridization of C1 in 1-Ad+ . In the case of
1H2


+
a the value of a is very close to that in 1-Ad+ . On


the other hand, there is practically no difference between
the a values for 1H and 1H2


+
d. In the latter case, the rel-


atively tight bonding of the two hydrogen atoms to C1
seems to act as a source of destabilization. Indeed, the
imaginary frequency (201.6 cm�1) corresponds to a tor-
sional motion of the incipient dihydrogen molecule
breaking the relatively strong bond between C1 and its


Figure 3. Structures formed by direct C protonation of 1H (bond lengths
in X).


Table 3. Experimental and calculated[a] values of the standard enthalpy,
Gibbs energy, and electronic-plus-nuclear energy changes [kcalmol�1] for
reactions (1e) and (1f).


Reaction DrH8m ACHTUNGTRENNUNG(calcd)[a] DrG8m ACHTUNGTRENNUNG(calcd) DrEm ACHTUNGTRENNUNG(calcd)


1H+H+!1H2
+


e (1e) �154.1 �148.0 �156.3
1H+H+!1H2


+
f (1f) �151.3 �145.3 �153.3


[a] MP2/6-311++G ACHTUNGTRENNUNG(3df,2p)//MP2/6-311++G ACHTUNGTRENNUNG(d,p) values.
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two directly bound hydrogen atoms (C�H stretching fre-
quencies of ca. 1900 cm�1).


Overall, these results follow the same trends already
found for proponium and butonium cations, that is, the van
der Waals complexes of H2 and tertiary or secondary carbe-
nium ions are more stable than the respective tertiary or


secondary H-carbenium
ions.[14,15] Interestingly, it was
experimentally found that the
most stable structures of both
protonated propane and isobu-
tane correspond to the van der
Waals (ion-induced dipole)
complexes between alkyl ions
and H2.


[6] Also shown was the
preferential protonation in the
C�C bond of n-alkane mole-
cules containing 9–30 C
atoms.[3] The protonation of iso-
butane, isopentane, and other
isoalkanes in superacid media,
in contrast to n-alkanes, gave a
tertiary alkyl cation and dihy-
drogen as the predominant pro-
ducts.[7d] The present results
suggest that whenever possible,
protonation preferentially
occurs at tertiary C�H bonds
instead of C�C bonds or pri-
mary and secondary C�H
bonds (and secondary C�H
bonds are preferred over C�C
bonds or primary C�H bonds).


Reaction (6):


1) One of the main contributors to the driving force in reac-
tion (6) is the considerable stability of 2-Ad+ , a nonclass-
ical carbenium ion portrayed in Figure 6, [31] in which the


“nonclassical feature” is emphasized by bold lines. The
energetic barrier for reaction (6) is some 3 kcalmol�1


higher than that for reaction (5), irrespective of the ener-
getic property taken as descriptor of stability. Thus, one
can expect again that this reaction will take place only
when the energy released by the formation of the colli-
sion complex is sufficient or (more likely) when the acid-
ity of BrefH


+ is high enough to efficiently overcome this
barrier.


Figure 4. MP2/6-311+G ACHTUNGTRENNUNG(3df,2p)//MP2/6-311+G ACHTUNGTRENNUNG(d,p) energetics diagram of the reaction channels starting
from C�C-protonated 1H species 1H2


+
d. All values in kcalmol�1.


Figure 5. Definition of the angle a in adamantane hydrocarbon and 1-
adamantyl cation (h is the distance from C1 to the plane defined by
carbon atoms C2C2’C2’’; d is the distance between C1 and any of C2,
C2’, C2’’).


Table 4. Values of the angle a [8] defined in Figure 5.


Species a Species a


1H 19.4 1H2
+


a 8.0
1H2


+
e 16.1 1-Ad+ 7.9 Figure 6. Optimized MP2/6-311++G ACHTUNGTRENNUNG(d,p) structure of 2-adamantyl


cation. The nonclassical feature is highlighted.
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2) Detailed examination of the evolution from 1H2
+


d to
1H2


+
b through 1H2


+
f indicates that the hydrogen atoms


constituting the dihydrogen molecule bound to 2-ada-
mantyl cation in 1H2


+
b are those pre-existing in neutral


1H, and that the hydrogen atom close to the correspond-
ing secondary carbon atom in 1H2


+
b is precisely the one


“trapped” between C1 and C2 in 1H2
+


d.


Origins of ions 1H2
+
b and 1H2


+
c : As shown in Table 2,


these species are almost degenerate. They both should read-
ily decompose to yield dihydrogen and 2-adamantyl cation.
Species 1H2


+
b ultimately originates in the decomposition of


1H2
+


d formed by protonation of a C1�C2 bond. On the
other hand, 1H2


+
c is formed by H protonation of a secon-


dary hydrogen atom on the same C2 (for numbering, see
Figure 1). The activation barrier for the reaction 1H2


+
c!


1H2
+


b amounts to 5.5 kcalmol�1 in terms of DrEm. This value
is rather high when compared to those for reactions (3b)
and (3c) (essentially barrierless) and strongly suggests that
species 1H2


+
b and 1H2


+
c will decompose rather than inter-


convert. The origin of this barrier is as follows:
Figure 2 shows that the nonclassical features of 1H2


+
b and


1H2
+


c only have one carbon atom in common, namely, the
same C2 pertaining to the above-mentioned C1�C2 bond.
The barrier essentially reflects the skeletal rearrangement
involved in the isomerization process.


Experimental Results and Discussion


Experimental kinetic results : The experimental study of pro-
tonation reaction (4) by the above-mentioned method shows
that for a given pressure of Bref the rate of disappearance of
BrefH


+ cleanly follows pseudo-first-order kinetics, as given
by [Eq. (8a)] where IBrefH+ is the intensity of the BrefH


+ ion,
and t reaction time.


ðIBrefHþÞt ¼ ðIBrefHþÞ0 expð�k1tÞ ð8aÞ


Values of k1 were obtained as the slope of the logarithmic
form of this equation. The second-order rate constants k2


were obtained by dividing k1 by the partial particle density
(moleculescm�3) of 1H and using at least six different pres-
sures.


Similarly, the rate of formation of the product ions with
m/z 135 (and 136) follows pseudo-first-order kinetics, de-
ACHTUNGTRENNUNGscribed by an expression such as Equation (8b).


ðI135Þt ¼ ðI135Þlim½1�expð�k2tÞ� ð8bÞ


Representative experimental results are shown in
(Figure 7), and full details are given in the Supporting Infor-
mation. The experimental constants k1 and k2 are given in
Table 5.


The ion gauge was calibrated by measuring the rate con-
stant for reaction (9)[32,33] which is reported to be (2.30�
0.29)W10�9 cm3molecule�1 s�1.[34]


½CH3OH�Cþ þ CH3OH ! CH3O
C þ CH3OH2


þ ð9Þ


Figure 7. Example of experimental kinetic plots for the reaction between
adamantane and H3O


+ . Bref is H2O. P(1H)=7.8W10�9 mbar, P ACHTUNGTRENNUNG(H2O)=
3.4W10�7 mbar, P(Ar)=1.9W10�6 mbar.


Table 5. Experimental reaction rate constants for reaction (4) and the formation of 1-Ad+ and 2-Ad+ .


Bref GB ACHTUNGTRENNUNG(Bref)
[a] k1


[b] 11
[c] k2


[b] 12
[d]


CH4 124.4 25.3�1.5 1.000�0.060 24.9�1.5 0.984�0.060
C2H4


[e] 155.7 19.3�1.4 0.939�0.066 19.6�1.4 0.953�0.060
ACHTUNGTRENNUNG(CF3)2CHOH 156.8 10.3�0.5 0.919�0.047 10.2�0.5 0.911�0.046
H2O 157.7 18.6�1.3 0.777�0.053 18.1�1.3 0.759�0.059
C2H5Cl[f] 159.4 7.94�0.33 0.539�0.022 7.68�0.31 0.522�0.020
CF3CH2OH 160.1 5.08�0.21 0.395�0.016 4.84�0.20 0.378�0.015
1,2,3,4-C6H2F4 160.8 3.41�0.21 0.296�0.017 3.32�0.20 0.288�0.017
CF3COOH 162.7 3.29�0.20 0.264�0.016 3.23�0.20 0.261�0.016
H2C(CN)2 165.9 2.27�0.12 0.149�0.008 2.17�0.11 0.156�0.008
CCl3CH2OH 167.0 1.48�0.06 0.128�0.05 1.44�0.09 0.124�0.05
CF3CO2CH3 169.6 0.61�0.03 0.051�0.02 0.60�0.03 0.050�0.002
CF3CO2C2H5 174.0 0.49�0.04 0.025�0.002 0.47�0.03 0.024�0.002
CH3CN 178.8 0.27�0.02 0.0153�0.009 0.26�0.02 0.0150�0.009
HCO2C2H5 183.7 0.17�0.02 0.012�0.001 0.16�0.01 0.011�0.001
CH3COCH3 186.9 0.071�0.006 0.0047�0.0004 0.070�0.006 0.0047�0.0004
CH3COOCH3 189.0 0.0046�0.0009 0.0033�0.0006 0.0050�0.0009 0.0036�0.0007


[a] From ref. [38] unless otherwise stated. [b] In units of 10�10 cm3 molecule�1 s�1. [c] Defined as 1= (k1/kcoll)/ ACHTUNGTRENNUNG(k1/kcoll)max.
[32a,b] [d] Defined as 1= (k2/


kcoll)/ ACHTUNGTRENNUNG(k2/kcoll)max.
[32a,b] [e] This is formal, as ethyl cation was generated from CH4. [f] From reference [39].
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This is the average value of the experimental rate constants
reported in the literature (see Supporting Information). This
value is consistent with the collision rate constant kcoll(4)=
2.04W10�9 cm3molecule�1 s�1 estimated by the ADO
model.[35a] The correction factor thus derived under our
working conditions was 2.43�0.24 (considering a 10% un-
certainty in the experimental rate constant).[35b] The ob-
served rate constant for reaction (10) was corrected with
this factor and the corresponding sensitivity factors Sr (rela-
tive to nitrogen) for methanol (1.76�0.02)[36] and 1H
(7.89�0.32, see above).


CH5
þ þ 1H ! CH4 þ 1H2


þ
x ð10Þ


This leads to a value of (2.53�0.26)W
10�9 cm3molecule�1 s�1, which we assume corresponds to the
collision rate for this reaction kcoll(10). The kcoll(10) calculat-
ed on the basis of the Langevin model[35] is 2.57W
10�9 cm3molecule�1 s�1. The experimental and calculated
values are thus extremely close. Note that quadrupolar mo-
ments lead to kcoll values larger than those predicted by the
Langevin model[37] but the high symmetry (Td) of 1H makes
this molecule devoid of nonzero quadrupolar and octupolar
moments.


The experimental results are summarized in Table 5,
which lists experimental values of k1 for reaction (4) and k2


for the formation of ions with m/z 135 (and the m/z 136 and
137 isotopic peaks) through decomposition of 1H2


+
x.


The average relative uncertainties in 1 values are estimat-
ed at 10–15% (twice the standard deviation). However, for
very slow reactions, they are larger, reaching 20% for the
three most basic references. Reassuringly, the experimental
1 values for k1 and k2 agree within 5% for all the Bref. The
reason is that the most abundant ions (by far under our
working conditions, see below) obtained from the decompo-
sition of the 1H2


+
x species are the isomeric 1-Ad+ and 2-


Ad+ . They have m/z intensities of 135 (100%), 136
(10.8%), 137 (0.06%).


Expected and observed thermokinetic pattern for protona-
tion of 1H : Having evaluated computationally the gas-phase
basicities of the different basic sites of 1H, it is tempting to
use these results to estimate its rate of protonation in the
gas phase.


Consider the proton transfer between base M and refer-
ence base Bref [reaction (11)].


M þ ½BrefH�þ ! ½MH�þ þ Bref DrG
�
mð11Þ ð11Þ


Some years ago, an important paper by Bouchoux
et al.[32a] drew attention to the fact that a correlation of the
form of Equation (12) is observed between the experimental
rate constant for this reaction k2 and the standard Gibbs
energy change for reaction (11) DrG8m(11) [Eq. (12)], where
kcoll is the collision rate constant, and DrG8a is an apparent
activation energy for reaction (11), which is expected to be
small and independent of the base Bref, DrG8m(11) the differ-


ence between the gas-phase basicities of Bref and M
[DrG8m(11)=GB ACHTUNGTRENNUNG(Bref)�GB(M)], and 1 the “reaction effi-
ciency” of the process.


1 ¼ k2=kcoll ¼ 1=½1 þ expðDrG
�
mð11Þ þ DrG


�
aÞ=RT� ð12Þ


Although reaction (11) occurs at low pressure and thus
under single-collision conditions for which a temperature
cannot be maintained by gas collisions, Bouchoux et al. as-
cribed an effective temperature T* to the collision complex,
in a manner similar to that of Cooks[32c–e] in the kinetic
method. An effective temperature of about 550 K appears
to describe adequately most experimental results. Bouchoux
et al. parameterized Equation (12) in terms of parameters
that depend only on the properties of M and not on the
nature of the base and thus suggested the use of Equa-
tion (13) as a general expression for the study of the rela-
tionship between 1 and DrG8m(11).


1 ¼ a=½1 þ exp½bðDrG
�
mð11Þ þ cÞ�


¼ a=½1 þ exp½bðGBðBrefÞ�GBðMÞ þ cÞ�
ð13Þ


It was found that, in general, the normalization factor a is
equal to 0.90�0.05 and b=1/RT* amounts to 0.92�
0.23 kcal�1mol. c=DrG8a is in the range 0.6–1.4 kcalmol�1.


Let us assume that GB(M) is unknown. Fitting the experi-
mental 1 values for proton transfer from series of protonat-
ed reference bases BrefH


+ to M through Equation (13) pro-
vides a means for its determination. This method has been
quite successful, particularly when standard methods fail.[32b]


Here we apply this treatment to the protonation of ada-
mantane by a series of reference bases Bref. We use the com-
puted values of DrG8m(1a), DrG8m(1b), DrG8m(1c), and
DrG8m(1d) to estimate GB(1H). The previous discussion
shows that 1H acts as a molecule with different basic sites.
Thus, trying to apply Equation (13) to all of them introduces
such a large number of adjustable parameters that the treat-
ment becomes meaningless. Therefore, we devised a model
that considerably simplifies the situation. The basic assump-
tions are as follows:


1) We treat 1H as isotropic and assume that, in principle,
collisions with all hydrogen atoms and C�C bonds are
equally possible. Therefore, out of 28 possible collision
sites, four involve hydrogen atoms bound to tertiary
carbon atoms, 12 involve hydrogen atoms bound to sec-
ondary carbon atoms, and 12 collisions will be with C�C
bonds.


2) Considering that DrG8m(1b), DrG8m(1c), and DrG8m(1d)
are similar, we take their average of 158.4 kcalmol�1 as
an “average gas-phase basicity” for two of the basic sites
(hydrogen atoms bound to secondary carbon atoms and
C�C bonds).


3) DrG8m(1a), which describes attack at a hydrogen atom
bound to a tertiary carbon atom, is 170.4 kcalmol�1 and
is significantly different from the “average GB” value.
This is taken as the second apparent basicity of 1H.
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4) Protonated bases BrefH
+ generated from bases with GB


values of less than approximately 153 kcalmol�1 are thus
expected to react practically at collision rates with any of
the basic sites of 1H.


5) Proton donors BrefH
+ generated from bases with GB


values of about 165 kcalmol�1 or less will react practical-
ly at collision rates only with the hydrogen atoms bound
to tertiary carbon atoms.


On account of the above, we used Equation (14) for a
simplified treatment of the experimental data wherein 11


and 12 are respectively given by Equations (14a) and (14b).


1 ¼ 11 þ 12 ð14Þ


11 ¼ ð6=7Þ=f1 þ exp½bðGBðBrefÞ�GB1ð1HÞÞ þ c1�g ð14aÞ


12 ¼ ð1=7Þ=f1 þ exp½bðGBðBrefÞ�GB2ð1HÞÞ þ c2�g ð14bÞ


The coefficients 6/7 and 1/7 are normalization factors (equal
to 24/28 and 4/28, respectively). On account of the experi-
mental results given in Table 3, we took a=1.0. Then we op-
timized the values of b, c1=DrG8aACHTUNGTRENNUNG(14a), and c2=DrG8aACHTUNGTRENNUNG(14b),
and found b=1.009�0.078 (corresponding to T*=500�
39 K), c1=0.76�0.09, and c2=�0.76�0.78 kcalmol�1. These
results seem quite reasonable considering the computational
results and the range of usual values for T*. Furthermore,
the magnitudes and signs of, as well as the uncertainties in,
c1 and c2 indicate that they are consistent with processes in-
volving low activation barriers and quite comparable to the
uncertainties inherent to the estimated values of GB1(1H)
and GB2(1H).


The 11, 12, and 1= (11+12) functions displayed in Figure 8
correspond to a=1.0 and to the optimized values of b, c1,


and c2. Also presented are the experimental data points for
the rates of proton transfer from the various protonated ref-
erence bases to 1H. The correlation is rather satisfactory
(R2=0.995).


There is a formal similarity between some results of this
work and the classical, time-honored reaction rate constant
versus pKa profiles.[40] They are quite useful for mechanistic
studies in solution. We believe that this modified extension
to the gas phase also holds some promise.


Conclusions


By using ab initio calculations, thermodynamic data for the
protonation of adamantane in the gas phase were obtained.
Whenever a comparison was possible, the agreement with
experimental data was good.


By the same means, we have analyzed the reaction paths
followed by the various species obtained in the protonation
processes.


Fourier transform ICR spectrometry was used to deter-
mine the rate constants for proton transfer from 16 pro-
ACHTUNGTRENNUNGtonated reference bases to 1H in the gas phase. Also deter-
mined were the rate constants for the formation of ionic
products in these reactions.


The experimental reaction rates were successfully predict-
ed (see Figure 8) according to a simple mechanistic model
based on the relative basicities of the different protonation
sites of adamantane and in the reaction path followed by
the species thus generated.


There is a formal similarity between some results of this
work and the classical, time-honored reaction rate constant
versus pKa profiles. They are quite useful for mechanistic
studies in solution. We believe that this modified extension
to the gas phase also holds some promise.
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Toward the Complete Prediction of the 1H and 13C NMR Spectra of Complex
Organic Molecules by DFT Methods: Application to Natural Substances


Alessandro Bagno,*[a] Federico Rastrelli,[a] and Giacomo Saielli[b]


Introduction


There is hardly any doubt that NMR spectroscopy is an es-
sential tool for all branches of chemistry. The scope of NMR
spectroscopy encompasses both structure and dynamics, but
the most widespread use concerns the determination of the
structure of both organic and inorganic species. The charac-
terization of naturally occurring substances through 1H and
13C NMR spectroscopy is one of the major applications due
to the richness of information that can be obtained, includ-
ing information on through-bond and through-space connec-
tivities as well as chemical shifts and coupling constants.
Very often, application of available pulse sequences yields
most C�H connectivities, leading to cogent indication of the
molecular structure (often complemented by NOE-derived
data). Even though we see a steady advancement in NMR
techniques, this information may not lead to an unambigu-
ous structure: among many possible causes there are diffi-


culties in resolving crowded spectral regions, in determining
small long-range couplings, or in assigning them. As a result,
the confirmation of the proposed structure through X-ray
analysis or total synthesis is required, but these avenues are
not always available. The scope of the problem is best ap-
preciated by the recent review by Nicolaou and Snyder, de-
voted to structural misassignments in natural-product chem-
istry.[1] Indeed, even the spectrum of a molecule as simple
and well-known as a-pinene has been revised.[2]


While automated routines, based on database queries or
other predictor systems,[3–5] have become increasingly popu-
lar and successful, their scope is limited to structures similar to
those for which the system has been validated, but “unusual”
molecules (often a valuable asset in natural-product chemis-
try) may not be properly treated by using these approaches.
On the other hand, there is unmatched progress in the


computational modeling of NMR parameters.[6–10] Such cal-
culations, most often by DFT methods, have proved very ef-
fective at predicting nuclear shieldings and coupling con-
stants of essentially all NMR-active nuclei. Quite naturally,
organic biomolecules such as proteins, nucleic acids,[11] and
carbohydrates[12] have been the object of such investigations.
Particular emphasis was placed by ourselves[13–15] and by Bi-
fulco and co-workers,[16–20] as well as others,[21] on the model-
ing of organic and naturally occurring molecules through
the calculation of 1H and 13C NMR spectra.
For natural products with challenging NMR spectra we


face four major problems: a) These molecules possess a
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large and complex molecular backbone, often with unprece-
dented features; b) flexible molecules may exist in many
conformations, thus greatly increasing the effort needed; c)
their spectral assignment relies largely on 1H and 13C NMR
spectra with most signals lying within very crowded regions
for each functionality; d) 1H chemical shifts are generally
prone to solvent effects.
The question is whether the accuracy of quantum chemis-


try is adequate for this task. With regard to the size prob-
lem, important advancements have been made by Helgak-
er[22] for couplings and by Ochsenfeld[23] for chemical shifts,
but a thorough validation is still needed. Most of the effort
has, thus, been devoted to the evaluation of modern DFT
methods for predicting NMR spectra containing several
closely spaced signals and that are influenced by solvent ef-
fects.
A crucial issue to be addressed is the way in which the ac-


curacy of computed chemical shifts and coupling constants
is assessed. Very often, in the literature, a plot of calculated
versus experimental data is presented, and the accuracy
judged according to whether: a) there is a linear correlation
between the two; b) a statistical parameter such as the cor-
relation coefficient is sufficiently high; c) the mean absolute
error is minimal; d) the slope is close to unity and the inter-
cept is close to zero. This approach is certainly a valid one
when only the major features are sought, for example, when
the whole chemical shift range of a given nucleus is being
studied. In such cases (especially with heteronuclei), any
given molecule contains only one or very few nuclei of inter-
est and the spread of chemical shifts is so large that statisti-
cal errors are likely to be smaller than the Dd between
chemical shifts of individual molecules. This is, however, not
necessarily a good guide for assessing the accuracy of calcu-
lated 13C and especially 1H shifts as these nuclei resonate in
a relatively small range, and particularly as organic mole-
cules contain dozens of such atoms in very similar chemical
environments. Thus, no experimental NMR spectroscopist
would be interested in sorting out an olefinic and an aro-
matic carbon or hydrogen atom by calculation, except in
special instances. The crucial concern of structural or syn-
thetic chemists is the assignment of carbon and proton sig-
nals belonging to similar functional groups the chemical
shift of which is influenced by subtle differences in structure
and environment. If quantum-chemical calculations are to
be of any use in structure elucidation of complex organic
molecules, they should be able to provide computed param-
eters affected by a smaller error than the smallest Dd being
looked for (often <0.1 ppm for 1H). As a consequence, stat-
istical arguments may overlook or hide the fact that a suc-
cessful calculation must provide chemical shifts in the cor-
rect order, in addition to the value of the other indicators.
Some of these issues have been discussed in detail by Bal-
dridge and Siegel.[24] For this reason, we have devoted great
attention to the evaluation problem. Since, as just men-
tioned, the ordering of a given pair of signals may be re-
versed by extremely small inaccuracies, this is the challenge
that computational chemistry has to face.


Thus, we have proceeded to calculate the NMR parame-
ters of a series of natural substances to establish whether
computational methods can provide a complementary ap-
proach to spectroscopic structure determination. In this
work we have restricted our study to relatively rigid mole-
cules, for which a single conformation can be reasonably as-
sumed to represent the dynamic structure in solution.


Experimental and Computational Section


Unless otherwise stated, the structure of the molecules investigated was
firstly preoptimized at the AM1 level and further optimized at the
B3LYP/6-31G ACHTUNGTRENNUNG(d,p) level. In almost all cases, the final steps of the optimi-
zation had to be run by using the GDIIS algorithm.[25] When more than
one conformer was conceivable, the choice was based on the experimen-
tally observed NOESY correlations reported in the literature. The opti-
mized structure was then used to calculate NMR properties (isotropic
shielding constants s and spin–spin coupling constants J). Most of these
calculations have been performed at the B3LYP/cc-pVTZ level, as in our
previous works.[13–15] In addition to this, other levels of theory have been
tested; when a different method was used to calculate the NMR proper-
ties of the molecule, the shielding constant of the reference tetramethylsi-
lane (TMS) was also recalculated with the same method by using the
same geometry. Chemical shifts were calculated as d=sref�s, where sref
is the shielding constant of 1H or 13C in the reference compound TMS.
Calculated coupling constants were restricted to the Fermi contact
term,[13] calculated by the finite-perturbation method. In order to account
for solvent effects we adopted the Integral Equation-Formalism Polariza-
ble Continuum Model (IEF-PCM) method.[26] Calculations with Gaussian
03[27] employed the B3LYP[28] and the PBE1PBE[29] hybrid density func-
tionals or the MP2 ab initio method, with the 6-31G ACHTUNGTRENNUNG(d,p) and cc-pVTZ
Gaussian basis sets. Calculations with ADF[30] employed the Becke 88–
Perdew 86 (BP)[31] pure functional with the triple-zeta, polarized TZP
and TZ2P Slater basis sets as defined in the package.


For experimental NMR studies on strychnine the sample had a concen-
tration of approximately 100 mm in CDCl3. NMR measurements were
carried out at 298 K on a Bruker Avance DMX 600 spectrometer equip-
ped with a 5 mm TXI xyz-gradient inverse probe. J ACHTUNGTRENNUNG(C,H) coupling con-
stants were measured through heteronuclear J-resolved and non-decou-
pled HSQC experiments. We measured the J ACHTUNGTRENNUNG(H,H) couplings by means
of standard J-resolved spectroscopy; when assignment was ambiguous,
we employed a doubly-selective J-resolved pulse sequence based on a
modification of the scheme reported in the literature[32] (see Supporting
Information for details).


Results and Discussion


As mentioned above, several statistical parameters are avail-
able to judge the quality of a calculation but none of them,
if taken alone, is fully satisfactory. As will be seen later,
most calculations concern chemical shifts rather than cou-
plings, and these have been analyzed in greater detail. For
each system we present the parameters a and b of the linear
regression dcalcd=a+bdexptl ; the correlation coefficient, r2 ;
the mean absolute error (MAE) defined as �n jdcalcd�dexptl j /
n ; the corrected mean absolute error, CMAE,[18] defined as
�n jdcorr�dexptl j /n, where dcorr= (dcalcd�a)/b and therefore cor-
rects for systematic errors. For coupling constants the above
formulae may be used by replacing d with J.
In addition, we also compare calculated and experimental


chemical shifts by means of bar-graph spectra, connected by
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dotted lines to visualize any inversion in the order of the
resonances, thus providing an intuitive guide to appreciating
the quality of calculated data. All tables with numerical
values of calculated and experimental NMR parameters are
collected in the Supporting Information.
The structures of all substances investigated are presented


in Scheme 1.


Strychnine : Strychnine, a well-characterized alkaloid of the
Strychnos genus, was chosen as a test example to investigate
the applicability of the protocol because its NMR parame-
ters are well understood (it is often used to test new pulse
sequences) and is also a fairly rigid molecule.
The 1H NMR spectrum in CDCl3 was assigned by Carter


and co-workers[33] and was later corrected by Chazin et al.[34]


For 13C NMR chemical shifts for strychnine see for example
ref. [35]. We have calculated the NMR properties at the fol-
lowing levels of theory: A) B3LYP/cc-pVTZ; B) PBE1PBE/
cc-pVTZ; C) BP/TZP; D) BP/TZ2P (Table 1).


The PBE1PBE functional
slightly increases the agreement
for 13C chemical shifts but does
not significantly affect the re-
sults for the 1H chemical
shifts.[36] Pure functionals com-
bined with the Slater basis sets
(methods C and D above) yield
slightly worse results. The cor-
relation between calculated and
experimental chemical shifts is
shown in Figure 1. In this
Figure and those that follow, it
is important to point out two
facts: a) The general correlation
is very satisfactory, in the sense
that all signals originating from


Scheme 1. Structures and numbering of natural products investigated:
a) Strychnine; b) corianlactone with three-dimensional structure; c) daph-
nipaxinin; d) boletunone B: originally proposed structure (left); revised
structure (right).


Table 1. Correlation and fitting parameters of calculated NMR properties of strychnine.[a]


Method a b r2 MAE[b] CMAE[c]


d(1H)
B3LYP/cc-pVTZ (A) �0.27�0.05 1.07�0.01 0.9977 0.12 0.07
PBE1PBE/cc-pVTZ (B) �0.36�0.05 1.09�0.01 0.9974 0.16 0.08
BP/TZP (C) 0.06�0.09 1.02�0.02 0.9923 0.16 0.14
BP/TZ2P (D) �0.01�0.09 1.03�0.02 0.9933 0.16 0.13
d ACHTUNGTRENNUNG(13C)
A 5�1 1.01�0.01 0.9979 5.7 1.4
B 2�1 1.02�0.01 0.9985 3.2 0.9
C 9�1 0.97�0.01 0.9953 7.1 1.9
D 9�1 0.98�0.01 0.9960 7.6 1.8
A nJ ACHTUNGTRENNUNG(H,H) 0.17�0.09 0.93�0.01 0.9940 0.6 0.4
A 1J ACHTUNGTRENNUNG(C,H) �29�6 1.12�0.04 0.9741 12.5 1.4
A nJ ACHTUNGTRENNUNG(C,H)[d] 0.5�0.2 0.82�0.03 0.9190 2.6 2.4


[a] Linear fitting parameters refer to dcalcd=a+bdexptl. [b] Mean average error: MAE=�n jdcalcd�dexptl j /n.
[c] Corrected mean average error: CMAE=�n jdcorr�dexptl j /n (see text). For coupling constants replace d with
J. [d] Experimental values from ref. [41], method I.


Figure 1. Correlation between calculated and experimental 1H chemical
shifts of strychnine. Methods: A (&); B (&); C (*); D (*). For clarity, re-
sults obtained with methods B, C, and D are shifted along the y axis by 1,
2, and 3 ppm, respectively. For each set of data the linear fitting is also
reported as a dashed line.


Figure 2. Correlation between calculated and experimental 13C chemical
shifts of strychnine. Methods: A (&); B (&); C (*); D (*). For clarity, re-
sults obtained with methods B, C, and D are shifted along the y axis by
30, 60, and 90 ppm, respectively. For each set of data the linear fitting is
also reported as a dashed line.
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different functional groups fall into their own distinctive re-
gions. Thus, the overall reliability of these calculations is
borne out. b) Whenever two data points can be connected


by a segment with negative slope, those signals appear in re-
verse order than they would in the experimental spectrum,
that is, a misassignment would be made. We note that a few


Figure 3. Calculated versus experimental J ACHTUNGTRENNUNG(H,H) coupling constants in
strychnine. Linear fitting is shown as a dashed line.


Figure 4. Calculated versus experimental direct 1J ACHTUNGTRENNUNG(C,H) coupling con-
stants in strychnine. Linear fitting is shown as a dashed line.


Figure 5. Calculated versus experimental long-range nJ ACHTUNGTRENNUNG(C,H) coupling
constants in strychnine. Linear fitting is shown as a dashed line.


Figure 6. Calculated (method A) and experimental 1H spectrum of
strychnine: a) Aromatic region; b) olefinic region; c) aliphatic region. In-
versions between calculated and experimental resonances are highlight-
ed.
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of these cases do occur, however, only for closely spaced
points, hence presumably originating from nuclei in the
same functional group.
With method A the order is correct for 14 (out of 22) 1H


NMR signals, but four pairs are interchanged with respect
to the experimental ordering: H-12,H-23b (Dd=0.14 ppm);
H-14,H-11a (Dd=0.04 ppm); H-20b,H-11b (Dd=0.05 ppm);
H-17b,H-17a (Dd=0.01 ppm). The first signal of each pair
has a calculated value that is too much deshielded, while the
second one is in good agreement with the experimental
data.
Most of the 21 13C NMR signals (Figure 2) are also in


agreement with literature data,[35] except for the pairs C-5,C-
21; C-20,C-7; and C-18,C-13 that are calculated in reverse
order. Again we note that the two signals of these pairs are
quite close in the experimental spectrum: d 1.6, 1.0, and
2.1 ppm, respectively. Also, the wrong prediction for C-13
(CH) and C-18 (CH2) would be very easy to correct.
We have also calculated (method A) all JACHTUNGTRENNUNG(H,H) and


J(C,H) coupling constants (Figures 3–5). Most experimental
J ACHTUNGTRENNUNG(H,H) couplings[33,34,37] have been recently corrected and
agree better with our calculated values: thus, 2J(H-17a,H-
17b) was reported[34] to be 15.5 Hz and was revised to
10.3 Hz;[38] (calcd �11.6 Hz). Similarly, 2J(H-20a,H-20b) was
revised to 14.3 Hz[37] against 14.7 (calcd �14.0 Hz); 2J(H-
23a,H-23b) was revised to 13.7 Hz[39] against 14.2 Hz (calcd
�13.0 Hz). Some new J ACHTUNGTRENNUNG(H,H) couplings of strychnine have
been recently determined by an indirect deconvolution
(post-processing) method, including a remarkable 5J(H-
20a,H-23a) of 1.80 Hz (calcd 2.04 Hz).[40] We have measured
the same previously unreported proton couplings of strych-
nine with our new pulse sequence obtaining similar but
slightly higher values (see Supporting Information) together
with an additional coupling constant, 5J(H-15b,H-22), close
to our experimental resolution of 1.0 Hz (calcd 0.7 Hz).
As mentioned in the introduction, only the Fermi-contact


term was calculated. In this context, we note that diamag-
netic and paramagnetic spin–orbit contributions to long-


range C–H coupling constants
might be significant for aromat-
ic spin systems, but they are
negligible in aliphatic spin sys-
tems.[14] Our own measured
1J(C,H) coupling constants
appear to be systematically un-
derestimated by approximately
15–20 Hz. Nevertheless the cor-
relation shown in Figure 4 is
satisfactory. Recently, long-
range nJ ACHTUNGTRENNUNG(C,H) coupling con-
stants of strychnine have been
measured with two new meth-
ods.[41] There is a good correla-
tion between the calculated
values and both experimentally
derived values except for a few
cases: 3J(C-16,H-17a) is found


Figure 7. Calculated (method A) and experimental 13C spectrum of
strychnine: a) Low-field region; b) high-field region. Inversions between
calculated and experimental resonances are highlighted.


Table 2. Correlations and fitting parameters of 1H and 13C chemical shifts of corianlactone.[a]


Geometry[b] a b r2 MAE CMAE


d(1H)
X-ray (A) �0.3�0.3 0.93�0.08 0.9268 0.50 0.23
X-ray, H opt (B) �0.1�0.2 0.91�0.06 0.9521 0.40 0.16
X-ray, H opt + PCM (B’) �0.1�0.2 1.00�0.06 0.9631 0.16 0.13
B3LYP/6-31G ACHTUNGTRENNUNG(d,p) (C) �0.05�0.2 0.90�0.06 0.9513 0.41 0.19
B3LYP/6-31G ACHTUNGTRENNUNG(d,p) + PCM (C’) �0.1�0.2 0.98�0.04 0.9805 0.16 0.11
MP2/cc-pVDZ (E) 0.2�0.2 0.87�0.06 0.9370 0.26 0.21
MP2/cc-pVDZ + PCM (E’) 0.2�0.1 0.95�0.03 0.9898 0.10 0.09
d ACHTUNGTRENNUNG(13C)
A 6�2 0.99�0.02 0.9942 5.9 3.1
B 7�2 0.98�0.02 0.9956 6.2 2.7
B’ 6�1 1.02�0.02 0.9964 7.2 2.3
C 3�1 1.03�0.01 0.9985 5.3 1.6
C’ 1�1 1.07�0.01 0.9990 6.4 1.2
E 3.2�0.7 1.041�0.007 0.9994 6.1 1.1
E’ 1.5�0.5 1.078�0.007 0.9993 7.2 1.0


[a] See footnotes to Table 1. [b] B3LYP/cc-pVTZ always used for NMR calculations. The prime indicates that
NMR properties have been calculated by using the PCM solvation model (see text).


www.chemeurj.org H 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 5514 – 55255518


A. Bagno et al.



www.chemeurj.org





to be 5.5–5.6 Hz,[41] while the
calculated value is only 0.45 Hz.
The second case is 3J(C-10,H-
12), determined as 5.8 Hz
(calcd 1.29 Hz). The correlation
coefficient between calculated
and experimental data by
Keeler when method I of
ref. [41] is used is slightly better
and these new values correlate
significantly better with our cal-
culations with respect to previ-
ously available ones.[42–45]


In Figures 6 and 7 we show
the simulated 1H and 13C NMR
spectra (9.4 T) of strychnine ob-
tained by using the calculated
and experimental parameters.
The aromatic 1H region is well-
reproduced even if the H-4
proton is too much deshielded;
coupling patterns are also pre-
served. The apparent broad
triplet of the H-22 vinylic
proton is seen to arise from an
unresolved complex coupling of
H-22 with H-14, H-20a, H-23a,
and H-23b. The crowded ali-
phatic region, spanning across
3 ppm, is predictably the most
difficult as discussed above.
However, coupling patterns
seem to be preserved (as far as
one can judge graphically). In
particular, calculated proton
spin–spin coupling constants
are very well correlated with
the experimental values.
The strychnine case shows


that a good level of accuracy
can be attained by DFT calcu-
lations, even though some
shortcomings remain that con-
cern essentially only chemical
shifts. Indeed, in some cases
where a disagreement is noted
the peaks are so close that,
probably, factors such as con-
centration and temperature
may alter the experimental
data.
We now turn our attention to


some recently discovered mole-
cules, for which the structures
have been determined by
means of NMR spectroscopy
and for which some ambiguities


Figure 8. 1H NMR spectra of corianlactone. Experimental (middle); method A (top); B’ (bottom).


Figure 9. 1H NMR spectra of corianlactone. Experimental (middle); method C (top); E’ (bottom).


Chem. Eur. J. 2006, 12, 5514 – 5525 H 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5519


FULL PAPERSpectral Prediction



www.chemeurj.org





have emerged in the literature.
Since the modeling of coupling
constants is much more satisfac-
tory than that of chemical
shifts, we will focus on the
chemical shifts only, except in
specific cases. Also, the perti-
nent spectra were often ob-
tained in more polar solvents
than chloroform, so that solvent
effects will also be tested.


Corianlactone : Corianlactone is
a new sesquiterpene recently
isolated and characterized by
Sun and co-workers from Cor-
iaria nepalensis.[46] Its structure
has been determined by NMR
spectroscopy in [D5]pyridine
and by X-ray diffraction; it is
rigid, sterically congested, and
features 12 1H and 15 13C sig-
nals. In our calculations we
have used the following
models: A) X-ray geometry;[47]


B) X-ray geometry for the skel-
eton but with the coordinates


Figure 10. 13C NMR spectra of corianlactone, full range. Experimental (middle); method C (top); E’ (bottom).


Figure 11. 13C NMR spectra of corianlactone between 40 and 80 ppm. Experimental (middle); method C (top); E’ (bottom).
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of hydrogen atoms optimized with B3LYP/6-31G ACHTUNGTRENNUNG(d,p); C)
fully optimized geometry at B3LYP/6-31G ACHTUNGTRENNUNG(d,p) in vacuo; D)
fully optimized geometry (B3LYP/6-31G ACHTUNGTRENNUNG(d,p)) with solvent
reaction field of pyridine (e=12.5); E) fully optimized ge-
ometry (MP2/cc-pVDZ) in vacuo. NMR properties have
always been calculated at the B3LYP/cc-pVTZ level, both in
vacuo and with the reaction field of pyridine (indicated by a
prime). In Table 2 we report the correlation parameters for
chemical shifts, which span over d 2.9 and 44 ppm for the 1H
and 13C NMR data.
The results from the X-ray structure A) are very poor es-


pecially for the proton chemical shifts; little improvement is
observed when the hydrogen atom positions are minimized
(B). A substantial improvement occurs when the solvent
effect on the hydrogen-relaxed X-ray structure is introduced
(B’). Still, H-14a and H-3b deviate by about 0.5 ppm; also,
H-14b and H-4 are reversed (Figure 8).
Since the experimental data have been recorded in pyri-


dine, we have also optimized
the structure in pyridine at the
PCM-B3LYP/6-31G ACHTUNGTRENNUNG(d,p) level
(Table 2(D)), but the minimized
structures are almost indistin-
guishable, that is, if there is a
solvent effect on the structure it
is not modeled by the reaction
field method. Therefore, by
using the structure optimized in
vacuo (C), we have calculated
the NMR properties both in
vacuo and in pyridine. There is
no significant improvement
when the NMR properties are
calculated in vacuo; however,
the improvement is substantial
when the NMR properties are
calculated by using the solvent
reaction field (C’). In this case,
the only two protons which
appear to be less well-correlat-
ed are H-14a and H-14b which
are both calculated too much
shielded.
Since the C-14 methylene


group is close to a carbonyl
group, we expect the geometry
(and electronic structure) to be
affected by its p electrons.
Subtle effects related to electron correlation are not always
correctly modeled by DFT; to check for this, we optimized
the geometry at the ab initio MP2/cc-pVDZ level
(Table 2(E)). The distance between the C-15 carbonyl
oxygen atom and the C-14 atom changes from 2.94
(B3LYP) to 2.83 O (MP2) (exptl 2.76 O). As can be seen in
Figure 9, the calculation of NMR properties including the
solvent reaction field on the MP2 structure (E’) improves
the agreement also for the H-14a and H-14b protons facing


the carbonyl group. Unfortunately, even at this level the H-
14b and H-4 proton chemical shifts are still reversed.
The 13C chemical shifts are also in better agreement with


experiment when calculated on the MP2 structure; little
effect of the reaction field is observed. In Figure 10 we show
the comparison between calculated and experimental 13C
NMR spectra across the full chemical shift range, while an
enlarged region is shown in Figure 11. Even at level E’ the
C-4 and C-14 chemical shifts (Dd=0.3 ppm) are reversed
(again, this inconsistency should be easily addressed experi-
mentally). The solvent effect is much less important, as ex-
pected. The choice of geometry is the only important factor
and, as expected, the MP2 geometry gives better results
than the B3LYP one. This example highlights the need for
accurate methods for sterically crowded molecules where
electron correlation effects may be important to obtain the
correct structure. In addition, solvent effects have to be in-
cluded to obtain a good agreement.


Table 3. Correlations and fitting parameters of NMR chemical shifts of
daphnipaxinin.[a]


Structure a b r2 MAE CMAE


d(1H)
A �0.2�0.2 1.06�0.09 0.9028 0.17 0.13
A’ �0.2�0.2 1.11�0.06 0.9543 0.14 0.11
d ACHTUNGTRENNUNG(13C)
A 3�1 1.009�0.008 0.9986 3.9 1.6
A’ 2.1�0.7 1.030�0.006 0.9993 4.7 1.2


[a] See footnotes to Table 1.


Figure 12. 1H NMR spectra of daphnipaxinin. Experimental (middle); method A (top); A’ (bottom).
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Daphnipaxinin : Daphnipaxinin was isolated by Yue and co-
workers and is the first alkaloid of the genus Daphniphyllum
with an unprecedented hexacyclic fused skeleton.[48] The
structure was determined mainly by using NMR data (in
[D4]MeOH) since it was not possible to obtain high-quality
crystals for X-ray analysis. The proposed structure[48] was op-
timized at the B3LYP/6-31G ACHTUNGTRENNUNG(d,p) level. NMR properties (18
1H and 21 13C signals) were calculated in vacuo (Table 3(A))
and with the solvent reaction field of methanol (e=32.63)
(A’). Correlation parameters (Table 3) do not indicate a
fully satisfactory correlation for protons, while the situation
is remarkably better for carbon atoms.
Concerning protons, the disagreement between gas-phase


calculated and experimental results is large only for H-2
(calcd d 4.20, exptl 3.17 ppm) and H-16b (calcd d 2.17, exptl
2.89 ppm). The remaining shifts are in very good agreement
with experiment (excluding H-2 and H-16b protons, r2 be-
comes 0.9968). These two protons are close to the hydrogen-
bonding sites of this molecule (the amino and keto groups,
respectively). In fact, when using the PCM method the
agreement is improved only for the H-2 proton (Figure 12).
The situation is again much better for 13C, with a very good
correlation between experimental and calculated resonances
(Figure 13). These observations suggests that, when hydro-
gen bonds or other specific interactions with the solvent
occur, a full dynamic treatment of the solvent molecules
should be considered,[49,50] but such an approach is not yet
feasible for molecules of this size.


Boletunone B : Finally we present the case of boletunone B,
a fungal metabolite recently isolated from the mushroom
Boletus calopus by Yoo and co-workers.[51] This is a repre-
sentative example of situations that may arise in this con-


text. The structure firstly proposed on the basis of NMR evi-
dence was soon revised by Steglich and co-workers,[52] still
based mainly on NMR data in [D6]DMSO. Thus, we have
calculated the 1H and 13C spectra (12 and 15 signals, respec-
tively) both for the original proposal (Table 4(B1)) and the
revised structure (B2). Drawing on the previous results, the
geometries have been optimized at the B3LYP/6-31G ACHTUNGTRENNUNG(d,p)
level in the gas phase, and the NMR properties calculated
with B3LYP/cc-pVTZ, in the gas phase and with the solvent
reaction field of DMSO (e=46.7), denoted with a prime as
before (Table 4).
The fit parameters (Table 4) indicate that a better correla-


tion is obtained by using the revised structure (B2). Howev-
er, some 1H chemical shifts are still not in perfect agree-
ment, for example, the geminal protons H-11a,b. In particu-
lar, H-11b is more deshielded (Figure 14). The 13C spectrum
calculated by using the revised structure is also in better
agreement with the experimental spectrum than the one cal-
culated by using the originally proposed structure (see
Figure 15). An inversion of resonances still occurs (C-4 and
C-11) but the two signals differ by only 2.5 ppm.
One of the arguments given in support of the revised


structure over the original proposal[52] was that methyl pro-
tons H-13 are unusually shielded (0.94 ppm) compared with
the chemical shift of 1.57 ppm exhibited by the same methyl
group in the structurally related boletunone A (not dis-
cussed here). According to Steglich and co-workers this dif-
ference can be accounted for by the revised structure B2
(Table 4), where the methyl group lies above a conjugated
system. However, the calculated chemical shift of the H-13
proton is, for both B1 and B2, in very close agreement with
the experimental data: we obtain d 1.02 ppm for the revised
structure (B2) and d 1.08 ppm for the original proposal (B1)
(see Supporting Information). Thus, this difference appears
too small to favor one structure or the other. Therefore,
subtle details of the geometry cannot be ignored when un-
usual structures occur, as we have found in the case of cor-
ianlactone. Another argument against the original proposal,
according to Steglich and co-workers, is that in structure B1


Figure 13. 13C NMR spectra of daphnipaxinin. Experimental (middle);
method A (top); A’ (bottom).


Table 4. Correlations and fitting parameters of the 1H and 13C chemical
shifts of the two proposed structures of boletunone B.[a]


Structure a b r2 MAE CMAE


d(1H)
B1[b] 0.2�0.2 0.99�0.08 0.9439 0.31 0.29
B1’ 0.1�0.2 1.07�0.06 0.9675 0.36 0.22
B2[c] 0.1�0.1 1.04�0.04 0.9856 0.24 0.16
B2’ 0.1�0.1 1.11�0.04 0.9844 0.39 0.15
d ACHTUNGTRENNUNG(13C)
B1 6�2 0.98�0.02 0.9944 5.3 3.9
B1’ 5�2 1.01�0.02 0.9952 6.0 3.7
B2 4�2 1.03�0.01 0.9986 6.2 1.8
B2’ 3�2 1.05�0.01 0.9984 7.2 1.9


[a] B3LYP/cc-pVTZ//B3LYP/6-31G ACHTUNGTRENNUNG(d,p); the prime indicates that NMR
properties have been calculated by using the PCM solvation model. See
also the footnotes to Table 1. [b] Original structure.[51] [c] Revised struc-
ture.[52]
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there should be a relatively strong vicinal 3J ACHTUNGTRENNUNG(H-3,H-7) cou-
pling. Indeed, our calculated value of 6.9 Hz, obtained by
using the originally proposed structure, should have been
easily detected in the spectrum.


We have also optimized the
structures at the MP2/cc-pVDZ
level, but the changes in geom-
etry were very small and NMR
properties were very similar.
The disagreement for protons
H-11 may be explained by the
fact that DMSO is a strong hy-
drogen-bond acceptor and is
likely to interact with the hy-
droxyl group on the C-7 atom;
this specific interaction may
affect H-11b, lying on the same
side as the OH. Clearly, the
above considerations on specif-
ic solvent effects apply here as
well.
We have also calculated all


coupling constants for structure
B1; some of the experimentally
observed couplings and calcu-
lated values are reported in
Table 5. Together with the pre-
viously mentioned 3J ACHTUNGTRENNUNG(H-3,H-7),
we also note that the observa-
ble correlation 2JACHTUNGTRENNUNG(C-4,H-5a)
was calculated to be larger in
structure B2 than in B1.


Conclusions and Outlook


DFT calculations can attain a considerable degree of accura-
cy in the prediction of the 13C and 1H NMR spectra of com-
plex organic molecules such as naturally occurring substan-
ces. In most cases the correct ordering of 1H and, especially,
of 13C signals is predicted. When experimental spectra are
recorded in polar solvents, the modeling of solvent by
means of a reaction field generally leads to a substantial im-
provement. The importance of geometry optimization is
also highlighted; an ab initio method such as MP2 is shown


Figure 15. 13C NMR spectra of boletunone B. Experimental (middle); cal-
culated for the original structure B1’ (top); revised structure B2’
(bottom).


Figure 14. 1H NMR spectra of boletunone B. Experimental (middle); calculated for the original structure B1’
(top); revised structure B2’ (bottom).


Table 5. Selected coupling constants of boletunone B.


Jexptl [Hz]
[a] Jcalcd [Hz]


[b]


B1 B2


not observed[c] J ACHTUNGTRENNUNG(H-3,H-7) 6.4 0.0
H-2 (d, 3.6) J ACHTUNGTRENNUNG(H-2,H-3) 1.9 3.8
H-5a (dd, 11.5, 6.8) J(H-5a,H-5b) �10.9 �10.6


J ACHTUNGTRENNUNG(H-5a,H-4) 5.6 6.1
H-5b (dd, 11.5, 11.5) J(H-5b,H-5a) �10.9 �10.6


J ACHTUNGTRENNUNG(H-5b,H-4) 10.6 11.4
observed[d] 3J ACHTUNGTRENNUNG(C-3,H-5a) 6.8 5.5
observed[d] 2J ACHTUNGTRENNUNG(C-4,H-5a) �0.8 �1.7
observed[d] 3J(C-12,H-5a) 8.6 6.9


[a] From refs. [51] and [52]. [b] B3LYP/cc-pVTZ//B3LYP/6-31G ACHTUNGTRENNUNG(d,p),
Fermi contact term only. [c] Not observed in the correlation spectrum.
[d] Observed in the correlation spectrum but value not determined.
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to perform better than DFT in critical cases. While some
shortcomings remain, they are probably related to the need
for a wider sampling of conformations in flexible molecules,
a better treatment of specific solvent effects, or possibly to
minor factors like concentration and temperature effects.
Nevertheless, such calculations can considerably aid in the
assignment of crowded, poorly resolved, or unusual spectra,
without recourse to external sources like database lookup.


Acknowledgements


This work was financially supported by the University of Padova (Pro-
getto di ricerca di Ateneo CPDA045589).


[1] a) K. C. Nicolaou, S. A. Snyder, Angew. Chem. 2005, 117, 1036–
1069; Angew. Chem. Int. Ed. 2005, 44, 1012–1044.


[2] S.-G. Lee, Magn. Reson. Chem. 2002, 40, 311–312.
[3] M. J. P. Ferreira, V. P. Emerenciano, G. A. R. Linia, P. Romoff,


P. A. T. Macari, G. V. Rodrigues, Prog. Nucl. Magn. Reson. Spec-
trosc. 1998, 33, 153–206.


[4] For a recent entry to this approach see: J. Junker, W. Maier, T.
Lindel, M. Kçck, Org. Lett. 1999, 1, 737–740.


[5] C. A. Hunter, M. J. Packer, C. Zonta, Prog. Nucl. Magn. Reson.
Spectrosc. 2005, 47, 27–39.


[6] T. Helgaker, M. JaszuÇski, K. Ruud, Chem. Rev. 1999, 99, 293–352.
[7] J. Vaara, J. Jokisaari, R. E. Wasylishen, D. L. Bryce, Prog. Nucl.


Magn. Reson. Spectrosc. 2002, 41, 233–304.
[8] R. H. Contreras, V. Barone, J. C. Facelli, J. E. Peralta, Annu. Rep.


NMR Spectrosc. 2003, 51, 167–260.
[9] Calculation of NMR and EPR Parameters (Eds.: M. Kaupp, M.


BShl, V. G. Malkin), Wiley-VCH, Weinheim, 2004.
[10] Special Issue on “Theoretical Methods in Magnetic Resonance”


(Ed.: M. BShl), Magn. Reson. Chem. 2004, 42, S1–S206.
[11] D. A. Case, Calculation of NMR and EPR Parameters (Eds.: M.


Kaupp, M. BShl, V. G. Malkin), Wiley-VCH, Weinheim, 2004.
[12] a) F. Cloran, Y. Zhu, J. Osborn, I. Carmichael, A. S. Serianni, J. Am.


Chem. Soc. 2000, 122, 6435–6448; b) J. Czernek, J. Lang, V. SklenTř,
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Introduction


Ultraviolet (UV) photocatalysts have been developed and
applied in the efficient use of solar light and in environmen-
tal cleaning on both local and global scales.[1–3] TiO2, one of
the best-known UV photocatalysts, has been widely used be-
cause of its lack of toxicity, relative inexpensiveness, high ac-
tivity, and chemical stability.[4–6] In general, photocatalytic
reactions are initiated by the generation of electron-hole
pairs upon irradiation with UV light, the energy of which is
greater than the band-gap energy for TiO2 of 3.2 eV (l <


387 nm).[7] However, these UV photocatalysts show poor ab-
sorption of visible light, which constitutes 45% of solar
energy and 90% of indoor light, and can make use of only
3–4% of solar energy due to the large band-gap energy of


3.2 eV. Thus, a great deal of effort has been directed towards
the development of visible-light-driven photocatalysts that
can efficiently utilize solar and/or indoor light in the envi-
ronmental and energy fields.[8–10] Several types of visible-
light-driven photocatalysts have been developed. For exam-
ple, Khan et al. reported a chemically modified (CM) n-
TiO2 synthesized by flame pyrolysis of Ti metal sheets.[11]


Ohno et al. reported S-doped TiO2, which adopted rutile
and anatase structures under high- and low-temperatures,
respectively.[9] Anpo et al. prepared second-generation TiO2


photocatalysts by an advanced metal ion implantation
method.[2,12] Kisch et al. reported amorphous microporous
metal oxides of titanium (AMM-Ti) modified with platinu-
m(iv) chloride (PtIV/AMM-Ti).[13] In addition, nitrogen-
doped TiO2 (TiO2�XNX), as reported by Sato[14] and Asahi
et al. ,[15] can be easily prepared and has therefore attracted
a great deal of interest. Thus, there have been a number of
studies regarding the preparation of TiO2�XNX


[16, 17] and its
band-gap energy structure[8,16,18–21] associated with the re-
sponse in the visible-light region. Models of the band-gap
energies of TiO2�XNX and raw, undoped TiO2 are shown in
Figure 1. Figure 1a shows the band-gap energy structure of
the anatase-type UV-driven photocatalyst, while Figure 1b,
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reported by Asahi et al.,[15] shows the narrowed band-gap
structure obtained by mixing of N 2p and O 2p orbitals. Fig-
ure 1c, reported by Nakamura et al.,[19] shows the midgap
energy level formed slightly above the valence band. The
schemes represented in Figure 1b and c are both used in en-
gineering for visible-light-driven photocatalyst materials.
Mechanisms to achieve responsiveness to visible light are
still under investigation, and no complete interpretation has
yet been formulated. Thus, the mechanisms of reactions of
specific compounds (such as TCE) with TiO2�XNX may help
in delineating the mechanistic aspects of reactivity in the
visible-light region.
The volatile chlorinated organic compound (VCOC) tri-


chloroethylene (TCE; CHClCCl2) has been used as an in-
dustrial solvent for degreasing and dry cleaning, and has
become one of the most common environmental contami-
nants.[22–24] There have been a number of studies of the pho-
tocatalytic oxidation of TCE with TiO2 under UV irradia-
tion,[1,25, 26] and a practical reaction plant has also been re-
ported.[27] Cl and O radicals play important roles in the pho-
tocatalytic oxidation of TCE under UV irradiation, and con-
tribute significantly to the generation of dichloroacetyl
chloride (DCAC).[22,28–32] DCAC generated during the pho-
tocatalytic oxidation of TCE is converted into phosgene
under UV irradiation.[28,31,32] The main gas-phase by-prod-
ucts/intermediates during the photocatalytic oxidation of
TCE under UV irradiation are thus known to be DCAC and
phosgene.[31] However, only DCAC is adsorbed on TiO2.


[4]


In the present study, we have photocatalytically oxidized
trichloroethylene (TCE) under irradiation with visible light
using N-doped TiO2 photocatalysts, and have investigated
the mechanisms that underpin the degradation reaction. In
addition, we have also investigated the species adsorbed on
TiO2 during the photocatalytic oxidation of TCE with
regard to the mechanisms involved.


Results


Preparation and characterization of N-doped TiO2 : In the
case of Si-TiO2�XNX films, the crystalline forms before and
after doping with nitrogen were characterized as being of
anatase-type, with a crystalline size of 11 nm.
Figure 2A shows a comparison of the UV/Vis diffuse re-


flectance spectra of TiO2�XNX and undoped TiO2. The pre-
pared TiO2�XNX photocatalysts, in the form of powders or


thin films, were very vivid yellow in color, and showed a
shift to longer wavelengths in accordance with color. Figure
2B shows plots of the modified Kubelka–Munk function
versus the photon energy, from which the band-gap energies
can be obtained.[33] The band-gap energy for TiO2�XNX can
be seen to be 2.95 eV, corresponding to the visible-light
region, whereas that for undoped TiO2 is 3.2 eV.
While the N 1s X-ray photoelectron spectrum of


TiO2�XNX shown in Figure 3 features a peak at 399.95 eV,
known to be attributable to adsorbed NO or N in Ti-O-N,[34]


no weak peak attributable to Ti�N bonding can be seen at
396 eV due to the noise, as shown in the upper trace in Fig-
ure 3A. In the case of undoped TiO2 powder, neither peak is
observed, as shown in the lower trace in Figure 3A. Peaks
for Ti 2p3/2 and Ti 2p1/2 observed at 458.6 eV and 464.3 eV
(Figure 3B), respectively, are known to be due to Ti4+ in


Figure 1. Models of the band-gap energy structures of TiO2�XNX for re-
sponses in the visible-light region. See text for details.


Figure 2. A): UV/Vis diffuse reflectance spectra of the samples. B): Plot
of the modified Kubelka–Munk function versus the photon energy of the
samples. a) After doping with nitrogen; b) commercial UV photocatalyst
(ST-01). Doping conditions: 10 min at 873 K under a stream of ammonia
gas.


Chem. Eur. J. 2006, 12, 5526 – 5534 E 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5527


FULL PAPER



www.chemeurj.org





pure anatase titania form.[2] Sato et al. reported that the
peak at 396 eV in the N 1s spectrum is directly associated
with the formation of Ti�N bonding.[16] However, whether
the peak at 399.95 eV in the N 1s spectrum of TiO2�XNX is
due to adsorbed NO or N in Ti-O-N is still under investiga-
tion. Although we tentatively assign the N 1s peak at
399.95 eV to N in Ti-O-N, based on the previous reports of
Nakamura et al.[19] and Gole et al.[35] and the results of elec-
tron spin resonance (ESR) studies (Figure 4), it is our inten-
tion to investigate the assignment of peaks in the N 1s spec-
trum in detail in the near future. The ESR spectra shown in
Figure 4 indicate changes in the intensities for TiO2�XNX


powders under irradiation with visible light (l �430 nm)
and in the dark. The signals with g values of less than 2.0
are known to be due to trapped electrons,[36–39] while those
with g values in the range from 2.00 to 2.03 are known to be
due to trapped holes.[36–42] All signals intensified markedly
upon irradiation with visible light, and the concentrations of
the trapped holes were about fourfold higher than those of
the trapped electrons. These spectra represent important re-
sults indicating the increased intensity in the visible-light
region for TiO2�XNX. In addition, ESR measurements under
irradiation with visible light revealed differences between


TiO2�XNX and the undoped oxide upon the absorption of
photons, such as the formation of electron-hole pairs.


Gas-phase products of the photocatalytic oxidation of TCE :
The infrared absorption spectra shown in Figure 5 indicate
the by-products and concentration changes during the
course of photocatalytic oxidation of TCE (1.8J
10�4 molL�1) with TiO2�XNX powders under irradiation with
visible light. The characteristic peaks in the TCE gas-phase
spectrum (Figure 5a), appearing at 3170, 3100, 1595, 1560,
1254, 1246 (shoulder), 944, 848, and 780 cm�1, disappeared
completely after irradiation with visible light for 105 min
(Figure 5d). New bands appeared due to gas-phase species
such as phosgene (COCl2), CO, and HCl during the photo-
catalytic oxidation of TCE under irradiation with visible
light and the infrared absorbance intensity of CO2 also in-


Figure 3. A): N 1s X-ray photoelectron spectra of TiO2�XNX (upper
trace) and TiO2 powders (lower trace). B): X-ray photoelectron spectrum
of Ti 2p peaks of TiO2�XNX powders.


Figure 5. Infrared spectra of photocatalytic oxidation of TCE (1.8J
10�4 molL�1) at different reaction times with TiO2�XNX powders: a) gas-
phase spectrum of TCE; b)–d) by-product spectra during photocatalytic
degradation of TCE. Four successive experiments were carried out with
the same TiO2�XNX powders. The infrared bands are assigned to the fol-
lowing gas-phase photoproducts: COCl2, CO, CO2, and HCl, as shown in
Table 1. The phosgene concentration generated in Figure 5d was 1.10J
10�5 molL�1.


Figure 4. ESR spectra (gray) under visible light (l�430 nm) and (black)
in the dark for TiO2�XNX powders. Doping conditions: 10 min at 873 K
under a stream of ammonia gas.
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creased. Infrared bands due to phosgene (1.10J
10�5 molL�1), the main by-product, were observed near
1832, 1820, 1789, 1684, 856, and 848 cm�1, corresponding to
those reported previously.[4] Bands due to HCl were ob-
served between 3066 and 2675 cm�1, and CO bands were ob-
served at 2172 and 2115 cm�1. However, DCAC, which was
the major by-product observed in the photocatalytic oxida-
tion of TCE under UV irradiation, was not observed.
On the other hand, the photoproducts of TCE photooxi-


dation with visible-light-driven photocatalysts (TiO2�XNX)
and with UV-driven photocatalysts under UV irradiation
were the same, that is, DCAC and phosgene were the main
intermediates. This indicates that the differences in the pho-
toproducts observed between visible light and UV irradia-
tion were due to the difference in photon energy.
The plots in Figure 6 show the changes in the concentra-


tions of TCE and the by-products observed in the infrared
spectra during photocatalytic oxidation of TCE at different


reaction times. These plots include only the main by-prod-
ucts and have been obtained from the intensities of the gas-
phase infrared bands, specifically the bands at 944 cm�1 for
TCE, 2360 cm�1 for CO2, 2171 cm


�1 for CO, and 1832 cm�1


for phosgene. Each plot has been normalized at the begin-
ning or end of the reaction for ease of comparison. The
curve for phosgene formation corresponds remarkably well
to that for TCE consumption. This indicates that TCE pho-
tooxidation is closely associated with the formation of phos-
gene under irradiation with visible light, as reported previ-
ously for the formation of DCAC under UV irradia-
tion.[22,32,43]


In Table 1, the gas-phase photoproducts of photocatalytic
oxidation of TCE under UV irradiation and under irradia-
tion with visible light, as detected by infrared spectroscopy,
mass spectrometry, and the inspection tube method, are
compared with results reported in the literature. Phosgene,
which is formed from DCAC under UV irradiation,[25,31,32, 44]


and molecular chlorine (Cl2) were observed under irradia-
tion with visible light as well as UV. However, DCAC, the


major intermediate produced by the photocatalytic oxida-
tion of TCE under UV irradiation, was not observed in
either the FT-IR spectrum or the mass spectrum under irra-
diation with visible light. Thus, the mechanism of photode-
gradation of TCE under irradiation with visible light is
probably different from that under UV irradiation.


Species adsorbed on TiO2 during photocatalytic oxidation :
DCAC and phosgene have been reported to be the species
adsorbed on the surface of TiO2 during photocatalytic oxida-
tion of TCE under UV irradiation.[31] Previously, we report-
ed that only DCAC was adsorbed on the TiO2 during this
process; the adsorbed DCAC is subsequently converted to
adsorbed phosgene by photooxidation under UV irradia-
tion.[4]


On the other hand, the results described in the previous
section indicate that phosgene was the major by-product
during photocatalytic oxidation of TCE under irradiation
with visible light. As the photocatalytic reaction occurs on
the surface of TiO2, we investigated the species adsorbed on
the surface of TiO2 during the photooxidation of TCE to de-
termine the mechanism of its photodegradation. To this end,
photocatalytic oxidation of TCE was performed using thin
films of Si-TiO2�XNX under irradiation with visible light.
The infrared spectra in Figure 7 show the results of the


photocatalytic oxidation of TCE using thin films of Si-
TiO2�XNX to investigate the species adsorbed on TiO2. As
shown in Figure 7b, COCl2, CO, CO2, H2O, and HCl as gas-
phase and adsorbed species were observed during the pho-
tocatalytic oxidation of TCE (Figure 7a) under irradiation
with visible light. The observed by-products are the same as
those observed during photocatalytic oxidation of TCE with
TiO2�XNX powders. After removal of the gas-phase species
from within the infrared cell by purging with dry air or N2,
only an adsorbed species giving rise to bands at 1608 and
1238 cm�1 remained as the main surface species, as detected
by in situ FT-IR spectroscopy (Figure 7c), which corre-
sponds to standard adsorbed phosgene as shown in the


Figure 6. Changes in the concentrations of TCE and products at room
temperature as a function of illumination time with visible light. These
plots were obtained from the intensity changes in the infrared spectra
and have been normalized for ease of comparison.


Table 1. Gas-phase products of photocatalytic oxidation of TCE with dif-
ferent light sources and different analysis equipment in the present and
previous studies.


UV-BLB Visible light (l�420 nm) (this
work)


FT-IR literature[a] DCAC, COCl2 not reported
CO, CO2, HCl


this work DCAC, COCl2 COCl2, CO, CO2, HCl
CO, CO2, HCl


GC-
MS


literature[b] DCAC, COCl2,
HCl, Cl2


not reported


CO2, CHCl3, CCl4,
C2HCl5, C2Cl4,
C2Cl6


this work DCAC, COCl2 COCl2, CO2, CHCl3, C2HCl5
CO2, CHCl3,
C2HCl5


inspection tube
(this work)


Cl2 Cl2


[a] Ref. [45]. [b] Refs. [46–48].
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lower trace of the inset in Figure 7. No significant changes,
such as a band shift or the appearance of a new band in the
infrared spectrum, were observed on using different purging
gases, that is, dry air or N2. Likewise, the use of BaF2 win-
dows had no effect on the detection of adsorbed species
after the removal of gas-phase species by purging with dry
air or N2. Therefore, the species adsorbed on TiO2 during
the photooxidation of TCE under irradiation with visible
light was considered to be phosgene.
In our previous study, we showed that gas-phase phosgene


accelerates the photocatalytic oxidation of TCE and volatile
non-chlorinated organic compounds under UV irradiation
due to chlorine radicals dissociated from molecular Cl2 and
phosgene.[22] Therefore, we examined the effect of adsorbed
phosgene on the photocatalytic oxidation of TCE using thin
films (Si-TiO2�XNX and Si-TiO2) under irradiation with visi-
ble light and under UV irradiation. The plots in Figure 8
show the changes in the concentration of TCE on the TiO2


surface upon its photocatalytic oxidation (starting concen-
tration 3.6J10�4 molL�1) in the presence of adsorbed phos-
gene (introduced concentration for adsorption: 2.22J
10�5 molL�1) or adsorbed DCAC (introduced concentration
for adsorption: 6.67J10�5 molL�1) under UV irradiation
and in the presence of adsorbed phosgene under irradiation
with visible light. Line A in Figure 8 shows the photooxida-
tion of TCE with commercial UV photocatalysts under irra-
diation with visible light. Lines B and E indicate standard
photocatalytic oxidations of TCE without the adsorbed spe-
cies under visible light and under UV irradiation, respective-
ly. While adsorbed DCAC on the TiO2 surface did not accel-
erate the degradation of TCE under UV irradiation, as
shown by line D, adsorbed phosgene accelerated the degra-


dation reaction, as shown by lines F and C, with apparent
quantum yield ratios of about 1.3 in both cases, compared to
lines E and B, respectively. These results indicate that phos-
gene adsorbed on TiO2 accelerates the photocatalytic oxida-
tion of TCE under irradiation with visible light as well as
under UV irradiation. The apparent quantum yield ratio be-
tween UV and visible light activation in the photocatalytic
oxidation of TCE was about 176 (Figure 8). In analysis of
the XPS data (Table 2), although the relative amount of


chlorine in the adsorbed phosgene is only a quarter of that
in the adsorbed DCAC, the decrease in TCE concentration
is faster with adsorbed phosgene than with adsorbed DCAC.
Therefore, we conclude that, apart from Cl radicals, active
species that accelerate the degradation reaction of TCE
stem from the adsorbed phosgene. Further detailed studies
are required to fully characterize the active species involved
under irradiation with visible light.


Figure 7. Infrared spectra of photocatalytic oxidation of TCE with thin
films of Si-TiO2�XNX : a) spectrum of gas-phase and adsorbed starting
TCE; b) spectrum of gas-phase and adsorbed product species during pho-
tocatalytic oxidation of TCE; c) spectrum of only adsorbed species after
removal of the gas-phase species with dry air under the conditions shown
in (b). The infrared bands of adsorbed species following photooxidation
of TCE in (c) are assigned to adsorbed phosgene. The inset shows the in-
frared spectra of (top) gas-phase and adsorbed phosgene and (bottom)
adsorbed phosgene alone. The relative humidity during acquisition of
spectrum (b) was about 2.1%.


Figure 8. Changes in the concentration of TCE by photocatalytic oxida-
tion with different adsorbed species under irradiation with visible light
and under UV irradiation (initial concentration of TCE 3.6J
10�4 molL�1). Under visible light: A) control (TCE photooxidation using
a commercial UV-photocatalyst), B) without adsorbed species (initial
photocatalytic oxidation of TCE), C) with adsorbed phosgene. Under
UV: D) with adsorbed DCAC, E) without adsorbed species (initial pho-
tocatalytic oxidation of TCE), F) with adsorbed phosgene. The intro-
duced concentrations for adsorption were DCAC 6.67J10�5 molL�1 and
phosgene 2.22J10�5 molL�1).


Table 2. Results of quantitative analysis of species adsorbed on the TiO2


surface by XPS.


Analyzed samples Analyzed ele-
ments [%]


C
1s


O
1s


Cl
2p


standard adsorbed DCAC 16.1 80.1 3.7
adsorbed DCAC produced from photocatalytic oxida-
tion of TCE under UV-BLB


13.4 82.7 4


standard adsorbed phosgene 9.5 89.6 0.95
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Discussion


The role of oxygen radicals (CO) and Cl radicals (CCl) in the
photocatalytic oxidation of TCE under UV irradiation :
Electron-hole pairs are generated by excitation when the
surface of TiO2 is irradiated with photons [Eq. (1)]. Subse-
quently, the hole (h+) and the electron (e�) oxidize and
reduce chemical species, such as OH groups and oxygen, re-
spectively, on the surface of the TiO2 [Eqs. (2) and (3);
VB=valence band; CB=conduction band]. Surface reac-
tions with holes and electrons form OH radicals and super-
oxide ions (O2


�),[23,34] and the latter subsequently react with
holes to form oxygen radicals (CO) [Eq. (4)].[49]


TiO2G
hn
HhþðVBÞ þ e�ðCBÞ ð1Þ


hþðVBÞ þ OH� ! COH ðoxidation reactionÞ ð2Þ


e�ðCBÞ þ O2 ! O2
� ðreduction reactionÞ ð3Þ


hþðVBÞ þ O2
� ! 2CO ðoxidation reactionÞ ð4Þ


The O radicals initiate the oxidation reaction of TCE on
the TiO2 surface, as shown in Equations (5) and (6).[31]


Under UV irradiation, the subsequent reactions produce by-
products, principally phosgene and DCAC.


C2HCl3 ðTCEÞ þ O2
UV


TiO2
��!CC2HCl3O þ CO ð5Þ


CC2HCl3O!COCl2 ðphosgeneÞþCHCl2CClO ðDCACÞ
þCOþCO2þHClþCHCl3þC2HCl5


ð6Þ


Under UV irradiation, molecular chlorine (Cl2), generated
by several pathways in the decomposition of TCE, under-
goes repeated photolysis and formation, as shown in Equa-
tion (7).[22,50,51] The Cl radicals thus formed initiate a chain
reaction, and produce DCAC from the decomposition reac-
tion of TCE under UV irradiation as sown in Equations
(7)–(11).[22,28, 29]


Cl2G
hn
H2CCl ð7Þ


CCl2CHCl ðTCEÞ þ CCl! CCCl2CHCl2 ð8Þ


CCCl2CHCl2 þ O2 ! COOCCl2CHCl2 ð9Þ


COOCCl2CHCl2 ! COCCl2CHCl2 þ 1=2O2 ð10Þ


COCCl2CHCl2 ! CHCl2COCl ðDCACÞ þ CCl ð11Þ


The DCAC produced from the reactions in Equa-
tions (7)–(11) generates phosgene as the major by-product
by way of the reactions given in Equations (12)–(15).[22, 25]


CHCl2COCl ðDCACÞ þ COH! CCCl2COCl þ H2O ð12Þ


CCCl2COCl þ O2 ! COOCCl2COCl ð13Þ


COOCCl2COCl! COCCl2COCl þ 1=2O2 ð14Þ


COCCl2COCl! COCl2 ðphosgeneÞ þ CCOCl ð15Þ


CCOCl! CO þ CCl ð16Þ


Consequently, in the photocatalytic oxidation under UV
irradiation, TCE is converted to DCAC, and this, in turn, is
subsequently converted to phosgene. O radicals formed by
reaction with holes and Cl radicals generated by photon en-
ergies in excess of about 3.2 eV play important roles in the
above mechanisms for the formation of phosgene and
DCAC. OH radicals also contribute to the formation of
phosgene by way of Equations (12)–(15).


Proposed mechanism for photocatalytic oxidation of TCE
with TiO2�XNX under irradiation with visible light : The OH
radicals photogenerated according to Equation (2) initiate
the oxidation of TCE on the TiO2 surface under UV irradia-
tion [Eq. (17)], which, in turn, leads to subsequent reactions
that produce OCClCHClOH and Cl radicals [Eqs. (18)–
(20)].[25,44] These reaction processes are considered to be the
same under irradiation with visible light.


CCl2CHCl ðTCEÞ þ COH! CCCl2CHClOH ð17Þ


CCCl2CHClOH þ O2 ! COOCCl2CHClOH ð18Þ


COOCCl2CHClOH! COCCl2CHClOH þ 1=2O2 ð19Þ


COCCl2CHClOH! OCClCHClOH þ CCl ð20Þ


The Cl radicals generated according to Equation (20) are
deactivated in the photooxidation of TCE under irradiation
with visible light, as are the O radicals, because DCAC is
not detected under these conditions, as shown in Table 1.
The Cl radicals are converted to molecular chlorine (Cl2) ac-
cording to Equation (7), because the rate of formation of
molecular Cl2 from Cl radicals is much faster (by a factor of
3.8J1021) than the rate of the reverse reaction generating Cl
radicals (kCl2 = 3.1J1011 cm3mol�1 s�1, kTCE = 8.1J
10�11 cm3mol�1 s�1).[29,52] The O radicals are likewise convert-
ed to molecular O2.


In addition, the OCClCHClOH generated from reaction
according to Equation (20) subsequently reacts with OH
radicals under irradiation with visible light, because OH rad-
icals have very strong oxidizing ability. We thus propose the
following reaction mechanism [Eqs. (21)–(25)] for the gener-
ation of phosgene, the main by-product, under irradiation
with visible light.


OCClCHClOH þ COH! CCClOHCOCl þ H2O ð21Þ


CCClOHCOCl þ O2 ! COOCClOHCOCl ð22Þ


COOCClOHCOCl! COCClOHCOCl þ 1=2O2 ð23Þ


COCClOHCOCl! CCOOH þ COCl2 ðphosgeneÞ ð24Þ


CCOOH! CO2 þ CH ð25Þ
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The gas-phase phosgene, the major by-product, becomes
adsorbed on the TiO2 surface. Although the H radical is a
well-known free radical,[53] further studies are required to
clearly delineate the role of H radicals in the photocatalytic
oxidation of TCE under irradiation with visible light. The
mechanisms responsible for other by-products, such as
CHCl3 and C2HCl5, will also be investigated in future stud-
ies.


Structures of adsorbed species on the TiO2 surface : Several
types of structures for adsorbates on the surfaces of metal
compounds have been reported.[54–57] With regard to the sur-
face structures I and II, Hair reported that structure II gives


rise to bands at 1630 and 1220 cm�1, while structure I yields
bands at 1570 and 1330 cm�1 due to a splitting of degenerate
vibrations.[54] Moreover, the difference in the COO vibra-
tional frequencies, Dn = (nas � ns), gives an indication of
stability. That is to say, stronger bonds are associated with
greater Dn values.[55] As shown in Figure 7c, bands due to an
adsorbed species are observed at 1608 and 1238 cm�1 during
the photocatalytic oxidation of TCE under irradiation with
visible light, which can be assigned to the COO asymmetric
stretching vibration and the COO symmetric stretching vi-
bration, respectively.[4]


The species obtained upon adsorption of phosgene was
seen to be stable during photocatalytic reaction for 120 min
under UV irradiation or during heating for 60 min at 473 K
in air. Thus, we consider phosgene to be strongly adsorbed
by reaction with water or OH groups on the TiO2 surface
(structure III), which is at variance with a previous report
that chemical adsorption was temperature-dependent.[58]


The surface of TiO2 usually bears chemically or physically
adsorbed hydroxyl groups or water, as shown in structure
III.[34] Gas-phase H2O and adsorbed OH groups are strongly
linked with the photocatalytic activity. Amama et al. of our
research group reported that humidity decreased the photo-
catalytic activity in the photocatalytic oxidation of TCE.[23]


Equation (26) shows the process of adsorption of phosgene
onto the TiO2 surface.
Furthermore, while carboxylate compounds on the surface


reduce the photooxidation rate,[59] the rate of photocatalytic


oxidation in the presence of adsorbed phosgene is accelerat-
ed, as in activation by bidentate carbonate compounds.[4]


Thus, adsorbed phosgene on the TiO2 surface is suggested to
be in the form of a bidentate carbonate compound, as
shown by structure IV. This structure may serve to improve
the photocatalyst surface with regard to enhancing photoca-
talytic activity under irradiation with visible light as well as
under UV irradiation.


Mechanisms of reactivity of TiO2�XNX in the visible-light
region : The band-gap energy of the nitrogen-doped TiO2


was found to be 2.95 eV, as mentioned in the relevant sec-
tion above. The changes in intensity under irradiation with
visible light was measured by ESR spectroscopy. The Cl and
O radicals may be deactivated by photon energies over
3.2 eV, because DCAC was not generated during the photo-
catalytic oxidation of TCE with TiO2�XNX. The OH radicals
were activated at band-gap energies of both 3.2 eV and
2.95 eV. Thus, the energy band for TiO2 may not be nar-
rowed upon doping with nitrogen, but may involve an isolat-
ed band above the valence band, as shown in Figure 9.


Experimental Section


Materials : Trichloroethylene (TCE, 99.5%) and ammonia solution (NH3,
28%) were purchased from Junsei Chemical Co., Ltd. (Tokyo, Japan).
For the preparation of the sol, titanium(iv) isopropoxide (98%), absolute
ethanol, and HCl were also purchased from Junsei Chemical Co., Ltd.
(Tokyo, Japan). TiO2 powder (ST-01) and the sol (STS-01) used in the
thin film (Si-TiO2), a commercial UV photocatalyst, were obtained from
Ishihara Sangyo Kaisha, Ltd. (Tokyo, Japan) in the anatase crystalline
form. Dry air or N2 (ultra-high purity, 99.9995%) was used to remove
gas-phase species from within an infrared cell.


Preparation and characterization of N-doped visible-light-driven TiO2


photocatalysts: To analyze gas-phase species, TiO2 powders were pre-
pared as starting materials by evaporation of the volatiles from the sol
prepared from titanium(iv) isopropoxide. Doping with nitrogen so as to
obtain visible light-driven TiO2 photocatalysts (TiO2�XNX) was performed
under a flow of ammonia for 10 min at 873 K in a cylindrical tubular fur-
nace.


Thin films on silicon wafers (Si-TiO2�XNX) were prepared to perform re-
actions aimed at identifying the species adsorbed on the surface of the


Figure 9. Schematic band structure for N-doped TiO2 (anatase) prepared
in the present study and radicals activated in each energy level by ab-
sorption of photon energy. VB: valence band; CB: conduction band.
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TiO2. Silicon wafers were dipped into the sol prepared from titanium(iv)
isopropoxide, and then exposed to a stream of NH3 for 5 min at 773 K in
a cylindrical tubular furnace.


Crystalline forms were ascertained by X-ray diffraction analysis (XRD;
Rigaku, Tokyo, Japan) before and after nitrogen doping. The optical
properties of the samples were measured with a UV/Vis spectrophotome-
ter (JASCO, Tokyo, Japan). X-ray photoelectron spectroscopy (XPS) was
used to characterize TiO2 surfaces doped and undoped with nitrogen.
Electron spin resonance (ESR; JEOL, Tokyo, Japan) was used to meas-
ure the changes in intensity and the extent of electron-hole pair forma-
tion under irradiation with visible light (l �430 nm; 500 W Hg lamp,
USH-500D); UV light was prevented from reaching the sample by
means of a colored glass filter (Y-43, Toshiba, Shizuoka, Japan).


Photocatalytic oxidation of TCE and analysis of the photoproducts ob-
tained from surface species : The cell used in the IR measurements con-
sisted of a cylindrical Pyrex glass batchwise reactor (60.5 mL) with IR-
transparent BaF2 windows at both ends. The visible-light-driven TiO2


photocatalysts and UV-driven TiO2 photocatalysts (ST-01) were used in
powder form to analyze the gas-phase photoproducts, while silicon
wafers coated with TiO2 (Si-TiO2�XNX, Si-TiO2) were used to study the
reactions involving the adsorbed species.


The visible-light source used was an HQI-TS/D250 W (total visible light
intensity = 5.6 mWcm�2 ; Toshiba, Tokyo, Japan); an optical high-path
filter (l � 420 nm; Fuji Film, Tokyo, Japan) was used to cut out UV
light. The UV source used as a reference consisted of eight fluorescent
black light blue lamps (UV-BLB; total intensity = 3.8 mWcm�2,
FL20S.BLB, Toshiba, Tokyo, Japan) with a peak wavelength of 352 nm
(300–425 nm).


The gas-phase photoproducts formed during the photocatalytic oxidation
of TCE were analyzed by FT-IR spectroscopy (Perkin-Elmer Spectrum
GX FT-IR system; Nicolet 800 FT-IR spectrometer) and by gas chroma-
tography-mass spectrometry (GC/MS; Hewlett Packard 6890/5973, Hew-
lett Packard, Palo Alto, CA). An inspection tube (Gastec, Kanagawa,
Japan) was used to measure molecular chlorine (Cl2). Adsorbed species
on the surface of TiO2 (Si-TiO2�XNX) were analyzed by means of in situ
FT-IR measurements after removal of the gas-phase species by purging
with dry air or N2. In addition, XPS was used for a quantitative analysis
of the adsorbate on the TiO2 after analysis of the surface species by FT-
IR.
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Abstract: Five bis(tert-butylnitroxide)
diradicals connected by a silole (7a–d)
or a thiophene (12) ring as a coupler
were studied. Compound 12 crystallizes
in the orthorhombic space group Pna21
with a = 20.752(5), b = 5.826(5), and
c = 34.309(5) (. X-ray crystal struc-
ture determination, electronic spectros-
copy, variable-temperature EPR spec-
troscopy, SQUID measurements and
DFT computations (UB3LYP/6-31+
G*) were used to study the molecular
conformations and electronic spin cou-
pling in this series of molecules.
Whereas compounds 7b, 7c, and 7d
are quite stable both in solution and in
the solid state, 7a and 12 undergo a
partial electronic rearrangement to
both a diamagnetic quinonoidal form
and a monoradical species owing to the
fact that they correspond to the open
form of a p-conjugated Kekul@ struc-


ture. In the solid state, magnetic meas-
urements indicate that the diradicals
are all antiferromagnetically coupled,
as expected from their topology. These
interactions are best reproduced by
means of a “Bleaney–Bowers” model
that gives values of J = �142.0 cm�1


for 7a, �1.8 cm�1 for 7b, �1.3 cm�1 for
7c, �4.2 cm�1 for 7d, and �248.0 cm�1


for 12. The temperature dependence of
the EPR half-field transition in frozen
dichloromethane solutions is consistent
with singlet ground states and thermal-
ly accessible triplet states for diradicals
7b, 7c, and 7d with DET–S values of
3.48, 2.09, and 8 cm�1, respectively. No


evidence of a populated triplet state
was found for diradicals 7a and 12.
Similarities between the DET–S and J
values (DET–S = �2 J) clearly show the
intramolecular origin of the observed
antiferromagnetic interaction. Analyses
of the data with a “Karplus–Conroy”-
type equation enabled us to establish
that the silole ring, as a whole, allows a
more efficient magnetic coupling of the
two nitroxide radicals attached to its
2,5-positions than the thiophene ring.
This superiority probably originates
from the nonaromaticity of the silole
which thus permits a better magnetic
interaction through it. DFT calcula-
tions also support the experimental re-
sults, indicating that the magnetic ex-
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the carbon p system of the silole.
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Introduction


Organosilicon-based molecules have attracted much atten-
tion because of their unique optoelectronic properties and
their importance in applications such as photoresists, photo-
conductors, nonlinear optical materials, and light-emitting
devices.[1–4] Such interesting properties mainly originate
from the unusual types of conjugation that are encountered
in polysilanes (sACHTUNGTRENNUNG(SiSi)-type),[5] in compounds in which oligo-
silanylene units are alternating with carbon p systems (s-
ACHTUNGTRENNUNG(SiSi)-p type, Figure 1b),[6] and in compounds in which sila-


nylene units are alternating with carbon p systems (s*(Si)-
p* type, Figure 1c).[7] In general, the attachment of a silicon
atom to a p system is not an innocent act since its presence
induces appreciable electronic perturbations, which have
been exploited by organic chemists for a long time. Among
others, the Birch reduction of aromatic rings may be ade-
quately directed by organosilicon substituents since they sta-
bilize transient radical anions on the carbon atom to which
they are bound.[8]


Another interesting example of the electronic perturba-
tion induced by the presence of a silicon atom is found in
five-membered heteropentacycles: while furan (X = O),
pyrole (X = NR), and thiophene (X = S) derivatives are
colorless, silacyclopentadiene or silole (X = SiR2) deriva-
tives are highly colored compounds because of the lowest
HOMO–LUMO gap of the series. This characteristic origi-
nates from an unusual low-lying LUMO level associated
with s*–p* conjugation (Figure 1c) arising from the interac-
tion between the s* orbital of the two exocyclic s bonds on
the silicon atom and the p* orbital of the butadiene moiety,
as exemplified in Figure 2 for 2,3,4,5-tetraphenyl-1,1-di-
ACHTUNGTRENNUNGmethylsilole (1).[7] Consequently, siloles have a high electron
affinity and the fast electron mobility makes them molecules


of choice to build highly efficient light-emitting layers for
electroluminescent devices.[2,9–12]


Bearing in mind the remarkable properties of silicon-con-
taining molecules, several works in the field of molecular
magnetism have been devoted to the syntheses and charac-
terization of model compounds based on paramagnetic cen-
ters (organic radicals or paramagnetic metal ions) linked by
organosilicon units.[3,9, 13–20] The connection of spin-bearing
moieties through silicon-containing units was achieved in
such a way that the magnetic interaction may take place
through the molecular skeleton via the set of conjugated
bonds available in such systems following two different ap-
proaches involving either the use of silanylene or disilan-
ACHTUNGTRENNUNGylene units as spin couplers. These studies revealed that
1) the silicon atom, when it is part of a single pathway
spacer, can act as a magnetic coupler, 2) as in other hetero-
ACHTUNGTRENNUNGatom-containing couplers, the nature of the magnetic ex-
change depends on the connectivity of the paramagnetic
centers, and finally 3) the strength of the magnetic interac-
tion strongly depends on the orbital overlap between the si-
lanylene or disilanylene coupler and the spin-bearing p sys-
tems. However, while several studies of systems with para-
magnetic centers connected through the 2,5-positions of het-
eropentacycles, such as thiophene, pyrrole or furan, have
been reported, none of them were dedicated to siloles until
we briefly described the synthesis and properties of the
silole-based diradical 7d (Scheme 1) in a preliminary com-
munication. Our objectives were: 1) to study the silole as a


Figure 1. Different types of conjugation between two aromatic rings
through organosilicon units. a) Through-space overlap of the aromatic p-
orbitals in the butterfly-shaped diarylsilane family. b) s ACHTUNGTRENNUNG(SiSi)–p conjuga-
tion in the diaryldisilane family. c) s*(Si)–p* conjugation in the planar di-
arylsilane family.


Figure 2. HOMO and LUMO orbitals (6-31G* level) of 2,3,4,5-tetraphen-
yl-1,1-dimethylsilole (1) showing the s*–p* conjugation in the excited
state.
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magnetic coupler, to determine what kind of magnetic inter-
action is mediated through it, and the role of the silicon
atom in the magnetic exchange when it is incorporated into
such a kind of ring; 2) to study the photoexcited state of the
silole coupler, and 3) to try to use it as an access to photoex-
cited high-spin states following the strategy described by
Teki et al. in the case of the anthracene coupler.[21–23] Com-
pound 7d, which belongs to the pseudo-disjoint diradical
class, allowed us to partially address the last two points: the
silole coupler possesses a photoexcited triplet state, but the
diradical did not show any high-spin photoexcited state.[24]


However, the very weak intramolecular antiferromagnetic
interaction observed in this compound, mainly originating
from its doubly disjoint character, prevented us from clearly
determining whether the silole ring mediates magnetic inter-
actions and whether the magnetic exchange pathway in-
volves the silicon atom or not since the spin-density delocal-
ization on the silole ring is very low in these systems.


To complete the study of the silole ring as a magnetic
relay and to determine the role of the silicon atom in the
magnetic exchange in such a five-membered coupler, we
present herein a series of diradicals incorporating either the
silole or the thiophene ring as a coupler, in which the rela-
tive position of the nitroxide radicals on the pendant aryl
substituents (para versus meta, Scheme 1) has been changed
to increase the spin density on the silole bridge. The synthe-
sis as well as the structural and electronic characterization
of this series of diradicals is presented here in detail. Their
magnetic behavior has been investigated both in the solid


state and in dilute solutions, and the experimental data has
been complemented by DFT calculations to shed some light
on magnetic interactions mediated by this peculiar silicon-
containing organometallic unit.


Results and Discussion


Synthesis : 2,5-Diaryl-3,4-diphenylsiloles were prepared as
outlined in Scheme 2 by an adaptation of the general proce-
dure described by Tamao and Yamaguchi.[2,25] It involves the
intramolecular reductive cyclization of bis(phenylethynyl)di-
methylsilane (2) followed by a Pd-catalyzed crosscoupling
reaction[26,27] between organozinc derivative 3 and an ade-
quately functionalized aryl bromide. The arylhydroxyl-
ACHTUNGTRENNUNGamines 4a–d were synthesized by a stepwise procedure start-
ing from aryl dibromides that were first monolithiated with
n-butyllithium at low temperature and then treated with 2-
methyl-2-nitrosopropane.[28,29]Because the following step in-
volves reagent 3, which is sensitive to the slightly acidic
NOH groups, all hydroxylamine derivatives had to be pro-
tected with trimethylsilyl (TMS) groups, giving compounds
5a–d, before they could be used in the reaction. The TMS
protecting group was chosen because it is easily removed
during the hydrolysis step without the need to use a nucleo-
philic agent that might lead to unwanted ring-opening reac-
tions of the silole ring. The subsequent Pd-catalyzed cross-
coupling reaction between 3 and 5a–d followed by hydroly-
sis afforded bishydroxylamines 6a,b, and d in good yields.


Scheme 1. Silole- and thiophene-bridged diradicals.
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Unfortunately, owing to its low stability, bishydroxylamine
6c could not be obtained under such synthetic conditions.
The silole derivatives 6a,b, and d were further oxidized to
the corresponding tert-butylnitroxide and nitronyl nitroxide
diradicals with freshly prepared silver oxide as the oxidizing
agent. As mentioned above, the low stability of 6c forced us
to synthesize diradical 7c by a slightly different approach
that involved the coupling reaction of 3 with excess dibro-
monaphthalene (to avoid the formation of silole-naphtha-
lene oligomers) to afford dibromosilole 6’. Compound 7c
was obtained in good yields from a one-pot reaction that in-
cluded lithiation, intermediate formation of the bishydroxyl-


amine, and oxidation. The crude nitroxides were all purified
over aluminum oxide or silica gel.


Compound 12 was synthesized and studied as a model
compound for comparison. The synthesis of symmetrically
disubstituted thiophene-bridged diradicals followed an adap-
tation of the procedure previously described by Takahashi
et al. This involves the successive Pd-catalyzed crosscoupling
reaction of arylbromides with thienylzinc chloride.[30] As
outlined in Scheme 3 for diradical 12, the first step involves
the cross-coupling reaction of thienylzinc chloride with the
tert-butyldimethylsilylACHTUNGTRENNUNG(TBDMS)-protected N-(4-bromophen-
yl)-N-tert-butylhydroxylamine (4a-TBDMS) to afford 8 in


Scheme 2. i) 4 equiv Np/Li, THF; 4 equiv [ZnCl2 ACHTUNGTRENNUNG(tmeda)]; ii) 3 equiv Me3SiCl, 3 equiv Et3N, THF; iii) [PdCl2ACHTUNGTRENNUNG(PPh3)2], THF; iv) 0.1m HCl; v) Ag2O,
CH2Cl2; vi) TMEDA, nBuLi, tBuNO, Et2O; vii) 0.1m HCl; viii) Ag2O, CH2Cl2.


Scheme 3. i) nBuLi, THF; ZnCl2; ii) 4a-TBDMS, [PdCl2 ACHTUNGTRENNUNG(PPh3)2], THF; iii) nBuLi, THF; [ZnCl2 ACHTUNGTRENNUNG(tmeda)]; iv) 4a-TBDMS, [PdCl2 ACHTUNGTRENNUNG(PPh3)2], THF; v) aq.
HF, THF; vi) PbO2, CH2Cl2.
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73% yield. Organozinc chloride 9, prepared from lithiated 8
and ZnCl2, was allowed to react with 4a-TBDMS as in the
first step to give 10 in 33% yield. Removal of the protecting
TBDMS with HF in aqueous THF quantitatively yielded
bishydroxylamine 11, which was subsequently oxidized with
lead dioxide in dichloromethane to afford diradical 12 as
black needle-shaped crystals upon evaporation of the sol-
vent with a 67% yield.


Geometries of the silole-bridged diradicals 7a–d : The deter-
mination of the conformational preferences of these diradi-
cals is of utmost importance for the understanding of their
magnetic behavior. Because crystals suitable for an X-ray
structure determination could only be obtained for 7d (Fig-
ure 3a),[19] we turned to density functional theory (DFT) cal-


culations with the UB3LYP functional to obtain information
about the molecular conformations for the rest of the diradi-
cals.[31–33] Owing to the size of the molecules, geometry opti-
mizations without symmetry constraints were performed
with the 6-31G basis set to the standard convergence criteria
as implemented in Gaussian98.[34]Such calculations were fol-
lowed by single-point runs using a 6-31+G* basis with tight
convergence and the ultrafine integration grid to obtain ac-
curate energies and spin densities. Structurally characterized
silole-bridged diradical 7d served as a benchmark to test
how well the experimentally determined geometry is repro-
duced by the calculations. Some relevant bond lengths,
angles, and torsion angles are collected in Table 1 and are
also compared to the mean values for the core SiC4 ring of


other purely organic siloles obtained from the CSD data-
base.[35] Geometrical parameters of 7d, obtained from X-ray
analysis are, in general, very well reproduced, including the
bond and torsion angles. The well-known over-estimation of
bond lengths by density functional methods, especially mani-
fest in the carbon–heteroatom bonds, does not exceed 3.3%
in any case.


The bond lengths and angles of the silole moiety and
phenyl rings in the other diradicals are very similar to those
of 7d. Moreover, the geometrical parameters of the radical
substituents are in the range of the data reported for other
tert-butylnitroxide radicals. Therefore, this discussion will
focus on the torsion angles between the aromatic spin-bear-
ing units, the phenyl rings, and the central silole group,
which are collected in Table 2. Coordinates of the minimum
geometries for 7a to 7d are included in the Supporting In-
formation (Tables S1 to S4). These torsion angles should de-
termine the degree of delocalization/spin polarization of the


Figure 3. a) X-ray structure of 7d. b) Optimized UB3LYP/6-31G geome-
try of 7c.


Table 1. Selected bond lengths [(], angles and torsion angles [8] for 7d.


X-ray
structure


Optimized
geometry


CSD data[a]


N�O 1.283 1.324 –
N�C ACHTUNGTRENNUNG(CH3)3 1.500 1.522 –
N�PhA[b] 1.418 1.428 –
C�C in PhA 1.366 to 1.397 1.392 to 1.412 –
PhA�silole 1.480 1.480 –
C�C in PhB 1.362 to 1.391 1.398 to 1.409 –
PhB�silole 1.498 1.494 –
Si�CH3 1.854 1.916 1.869
Si�C2/C5 1.873 1.914 1.876
C=C 1.354 1.369 1.358
C�C 1.501 1.520 1.497
PhB�C=C�PhB 8.8 2.0 –
PhA�C�C�PhB 4.2 6.0 –
PhA�C�Si�CH3 50.9 and �74.2 54.9 and �71.9 –
C�C=C 116.0 116.1 –
C=C�Si 107.9 108.4 –
CH3�Si�CH3 108.4 109.8 –
CH3�Si�C2/C5 109.7 and 118.4 109.8 and 111.5 –
PhA�N�C ACHTUNGTRENNUNG(CH3)3 126.5 126.5 –
PhA�N�O 116.2 116.7 –
C ACHTUNGTRENNUNG(CH3)3�N�O 117.3 116.8 –
silole�PhA 47.2 53.2 –
silole�PhB 60.4 55.7 –
(CH3�Si�CH3)�silole 82.5 85.9 –
PhA�


ACHTUNGTRENNUNG(CNO) 17.0 14.3 –


[a] Average data for 14 independent molecules in 12 structures, only
structures not containing coordinated transition metals were considered.
[b] See Scheme 1 for the labeling of the aromatic rings.


Table 2. Torsion angles [8] in diradicals 7.[a]


7a 7b 7c 7d (opt.) 7d (X-ray)


silole�PhA[b] 41.1 41.3 72.9/71.0 53.2 47.2
silole�PhB 58.7 59.1 53.8/54.0 55.7 60.4
(CH3�Si�CH3)�silole 85.2 85.5 87.7 85.9 82.5
PhA/C�


ACHTUNGTRENNUNG(CNO) 3.1/2.9 6.4/6.5 74.3/76.5 14.3 17.0
PhA�C3N2 – – – – –
PhA�PhC – 33.6 – – –


[a] Only one entry if both values are identical. [b] See Scheme 1 for the
labeling of the aromatic rings.
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unpaired electrons from the radical moieties onto the silole
core of the molecule.


All compounds have a propeller-like arrangement of the
four phenyl rings, as found in the crystal structure of 7d
(Figure 3a) and also reported for other tetraphenyl-substi-
tuted siloles,[2,19] while the two methyl substituents on the sil-
icon atom are nearly perpendicular to the mean plane of the
SiC4 ring. Therefore, the molecular geometries approach C2


symmetry, even though the optimizations were performed
without any constraints. The torsion angles of the nonsubsti-
tuted phenyl rings at the 3- and 4-positions of the central
silole ring are larger than those of the radical-bearing
phenyl rings in the 2- and 5-position owing to the larger
steric interactions with two neighboring rings in the former
as compared with just one for the latter ring. An exception
is found for diradical 7c, in which the larger size of the aro-
matic groups, caused by the additional fused rings D, enfor-
ces a torsion angle between the naphthyl and silole ring
which is 20—-308 larger than in the others, leading to an
almost perpendicular arrangement of the two rings (Fig-
ure 3b). The same degree of steric hindrance is also seen be-
tween the naphthyl and nitroxide groups in 7c, leading to
large torsion angles of 74.38 and 76.58, while in the cases of
7a and 7b, the phenyl ring and radical-bearing units are
almost coplanar, and only a slight deviation from planarity
is found in 7d with torsion angles of 17.08 and 14.38 for the
X-ray and optimized geometries, respectively. The torsion
angle between both phenyl rings in the biphenyl unit of 7b
is 33.68.[35]


Geometry of the thiophene-bridged diradical 12 : Crystals of
12 obtained by slow evaporation of a dichloromethane solu-
tion were subjected to X-ray diffraction analysis at 150 K.
Compound 12 crystallizes in the orthorhombic crystal
system in the Pna21 space group (Figure 4). The crystal lat-


tice structure consists of pairs of independent molecules A
and B forming an herringbone pattern along the b axis (see
Figure S1 in the Supporting Information). An examination
of the molecular structure shows that the mean plane of the
terminal phenyl rings is tilted relative to the central thio-
phene ring by 5.08 and 8.58 for molecule A, and 11.88 and
7.28 for molecule B, respectively. These values, as well as
the bond lengths of the p system, are in the range of those
reported for the related 2,5-diarylthiophenes crystal struc-


tures SUSNEZ[36] and FEJRUH.[37] The torsion angles be-
tween the nitroxide moiety and the phenyl ring are 20.98
and 3.28 for molecule A and 23.18 and 1.88 for molecule B,
respectively. While the first torsion angle values are not un-
common in phenyl-substituted nitroxide radicals (see
above), the second ones are unusual,[38,39]and closer to the
range of values reported for benzoquinonimine-N-oxide de-
rivatives (3.38).[40, 41] To check whether this structure reflects
either a benzenoid or a quinonoid form in the crystal lattice,
the 2,5-diphenylthienyl bond lengths for 12, crystal struc-
tures SUSNEZ,[36] FEJRUH (benzenoid forms),[37]


VIZBUB[42] and QIPQAH (quinonoid forms)[43] were com-
pared (see Figure S2 and Table S5 in the Supporting Infor-
mation). Interestingly, the bond lengths in the thiophene
ring are not greatly affected by the structural modifications
that accompany the transformation from a benzenoid form
to a quinonoid form. More pronounced is the elongation of
the C3�C4 and C4�C5 bonds in the adjacent phenyl rings
that reaches �10% and the concomitant shortening of the
C2�C3 and C5�C6 bonds (�5%). Therefore, since the
bond lengths found for compound 12 are closer to the range
of values measured for benzenoid forms, we assume that the
diradical probably adopts this structure in the crystal.


Electronic absorption spectra : The UV/Vis spectra of freshly
prepared diradicals and their parent hydroxylamines were
measured in chloroform. The resulting data are summarized
in Table 3, which also contains the data on silole 1 for com-


parison. For all silole derivatives, the spectra are dominated
by a broad absorption at l�350–420 nm that is characteris-
tic of the p–p* transition originating from the silole ring.[2]


The diradicals are characterized by two additional absorp-
tion bands at l�300 nm and 450 nm attributed to the Ar–
NO p–p* and N�O n–p* transitions, respectively. From an
examination of the peak positions of the p–p* transitions
(Table 3), it follows that these transitions are affected by
three factors: 1) by the nature of the aryl groups in the 2,5-
positions (phenyl versus naphthyl), 2) by the electron-with-
drawing effects induced by the substituents, and 3) by the
substituent position relative to the silole ring. Therefore, the
conversion of the NOH groups to NOC leads to a bathochro-
mic shift of the silole ring p–p* transition in every case. A
minor red-shift of 2 nm is also observed for diradicals 7d
with the nitroxide groups in a meta orientation with respect
to the silole ring. Although they are connected in a para ori-
entation, which should promote larger electronic effects of


Figure 4. ORTEP view of 12 (50% probability).


Table 3. UV/Vis absorption spectral data for dihydroxylamines 6 and di-
radicals 7.[a]


Compound 1 6a 7a 6b 7b 6c 7c 6d 7d


p–p*Ar–NO
[b] – – 300 – 323 – 296 – 285


p–p*silole 359 366 420 391 400 351 363 360 362
n–p*NO – – 448 – 451 – 450 – 450


[a] 10�3
m solutions in CHCl3. [b] Transition lmax values given in nm.
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the substituents, 7b and 7c only show a moderate red-shift
of 9 and 12 nm, respectively, compared to the 54 nm of di-
ACHTUNGTRENNUNGradical 7a, which thus exhibits the largest shift in the series.
Such differences might be ascribed to the different torsion
angles as revealed by the molecular structures (Table 2).
Thus, changing a biphenyl (7b) to a naphthyl (7c) ring does
not seem to markedly affect the overall electronic effects in-
duced by the oxidation of the hydroxyl groups because the
combination of torsion angles and distances lowers p-conju-
gation. Diradical 12, with a lower steric hindrance and
larger conjugation, however, shows more drastic changes
upon oxidation. The unique sharp absorption band observed
at 344 nm for the bishydroxylamine, experiences a large red-
shift to yield a very broad absorption at 391 nm, whereas
three new absorption bands appear at 444, 479, and 551 nm.
These modifications strongly suggest that diradical 12 under-
goes an electronic reorganization in solution (vide infra).
The structural stability of the silole diradicals was also
checked by UV/Vis spectroscopy. With the exception of 7a,
the spectra of all the siloles remained identical for more
than two weeks in solution and for several months in the
solid state. In contrast, four new absorption bands at 309,
364, 401, and 570 nm appear in the spectrum of 7a when the
diradical remains in solution for one day. These new absorp-
tion bands are similar to those observed for 12, indicating
that both diradicals experience the same electronic reorgani-
zation. Actually, a similar behavior was observed for diradi-
cals that correspond to an open-shell resonant form of a
closed-shell structure.[44] Basically, diradicals that are con-
nected through the para position of a phenyl ring of a more
extended p system quickly undergo an electronic rearrange-
ment of their backbone leading to diamagnetic quinonoidal
structures.[30,40,41, 45–48] From the spectroscopic point of view,
quinonoidal structures are characterized by p–p* transitions
at about 320, 404 (C=N+-O�),[41,49] and 550 nm (terpheno-
quinone).[30]The data strongly suggests that diradicals 7a and
12 undergo an electronic rearrangement to adopt quinonoi-
dal structures, as previously found in related systems.


Electron paramagnetic resonance spectra : EPR spectra of
the diradicals in degassed dichloromethane solutions were
measured in the temperature range 4–298 K. At 298 K, the
spectra of siloles 7a–d and 12 (Figure 5a) show a well-re-
solved symmetrical pattern con-
sisting of five lines with intensi-
ties close to 1:2:3:2:1 attributed
to hyperfine coupling between
two equivalent nitrogen nuclei.
The values found for the appa-
rent hyperfine coupling con-
stants with the N atom
(Table 4) are, as expected, one
half of the related constant
found for monoradical deriva-
tives (vide infra). Moreover, the
spectra of such bisnitroxide di-
ACHTUNGTRENNUNGradicals indicate that, in each


case, the exchange coupling parameter J is substantially
larger than the nitrogen hyperfine coupling constant (jJ j@
aN). In accordance with the UV/Vis data (vide supra), the
spectra of degassed solutions of diradicals 7b–d remain un-
changed for at least two weeks when stored in the dark,
while the spectra of 7a and 12 recorded after one day show
several modifications indicative of a structural/electronic re-
arrangement in solution. Such modifications include an al-
teration of the relative peak intensities of the quintet and
the appearance of a new hyperfine structure in the two
outer lines and the central line that might be attributable to
the concomitant presence of the diradical and a monoradical
that have similar chemical structures. As previously de-
ACHTUNGTRENNUNGscribed by Forrester et al. ,[46] the formation of monoradical
species derived from bisnitroxides in solution might origi-
nate from the abstraction of an hydrogen atom from the sol-
vent by the reactive bisnitrones that result from the quino-
noidal rearrangement of the parent diradicals (Scheme 4).
As a result, a monoradical hydroxylamine is generated,


Figure 5. Room-temperature EPR spectra (in CH2Cl2) of diradical 7a :
a) freshly dissolved and b) after three days in solution.


Table 4. Apparent hyperfine coupling constants [Gauss] and diradical pu-
rities [%] obtained by simulation of EPR spectra of freshly prepared
dilute solutions.


Diradical 7a 7b 7c 7d 12


aN 5.65 5.81 6.84 6.59 5.97
diradical purity 90 95 97 97 89


Scheme 4. Quinonoidal rearrangement of diradical 7a.
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which gives rise to the additional structured signals that are
observed in the EPR spectrum overlapped to the diradical
signal. For 7a, no further evolution is noticed in the EPR
spectra after three days and the resulting pattern can be
fully simulated as a mixture of 83% diradical of 7a and
17% of a para-substituted phenyl-tert-butylnitroxide mono-
radical with the following hyperfine coupling constants: aN


= 11.4 G, aHortho = 2.08 G and aHmeta = 0.85 G (Fig-
ure 5b).[50] Similar hyperfine coupling constants were found
for diradical 12 after three days in solution. From the simu-
lated spectra, a mixture of �25% of monoradical and 75%
of diradical was obtained. Interestingly, this composition re-
mains almost constant until the disappearance of the EPR
signal is observed after a period of three weeks in solution.


EPR spectra of freshly prepared diradicals 7a–d and 12 in
glassy matrices at 100 K gave broad signals that show a fine
structure. These signals correspond to the intermolecular
DMS = 1 transition of diradicals and originate from the
weak dipolar coupling of the two unpaired electrons
(Figure 6). The determination of zero-field splitting (ZFS)


parameters from the simulation of the DMS = 1 signals[51]


could only be carried out for diradicals 7a,c,d, and 12
(Table 5) because dipolar interactions in diradical 7b are


weak compared to the hyperfine coupling constants. The
average interspin distances were estimated to be 10 ( for
diradicals 7a and 12 and 13 ( for diradical 7c using the
point-dipole approximation.[52] A comparison of the average
interspin distances with the distance between the two NO
groups obtained from the DFT-optimized geometries
(NO···NO: 15.3 ( for 7a and 12, and 15.2 ( for 7c) leads to
the conclusion that the spin delocalization through the aro-
matic rings is much more effective in 7a and 12 than in 7c
or 7d. Moreover, the D parameter of 7c is even smaller
than that of 7d in which the distance between the NO


groups is slightly smaller.[19] This result is in agreement with
the large torsion angles that are found for 7c (Table 2) that
disrupts p conjugation and decreases spin delocalization.


Decreasing the temperature below 80 K allows the obser-
vation of a signal at a field of �1715 G that is attributed to
the DMS = 2 transition in the thermally populated triplet
state of diradicals 7b–d. This half-field signal is not observed
for 7a and 12, even when large signal amplification and high
concentrations are used. On further lowering of the temper-
ature, a pronounced increase in the intensity of the DMS =


1 transition is noticed for diradicals 7b–d, whereas a differ-
ent behavior is observed for 7a and 12. For the latter com-
pounds, the signal intensity decreases to a minimum at 35 K
for 7a and at 50 K for 12, and then slightly increases down
to the lowest temperatures attainable. It is worth noting that
the increase of the DMS = 1 signal at very low temperatures
is more pronounced with aged samples. Since the intensity
of the DMS = 1 transition is proportional to the molar para-
magnetic susceptibility of the sample, this behavior might
originate from the simultaneous presence of either the di-
ACHTUNGTRENNUNGradical species, in which antiferromagnetic interactions take
place between the unpaired electrons, and the monoradical
species; as suggested by the isotropic room temperature
spectrum (vide supra).


To determine the nature and the strength of magnetic
coupling between the spin-bearing moieties in diradicals
7b–d, the intensity of the DMS = 2 transition was measured
as a function of the temperature between 4 and 30 K in
frozen dichloromethane. In each case, as the temperature
was decreased, the DMS = 2 signals, attributed to the triplet
state, increased in intensity. A plot of the dependence of the
intensity of this signal versus the reciprocal of the absolute
temperature (Curie plot) is given in Figure 7 for diradical


7b. The observed deviation of the intensity from the Curie
Law strongly suggests that diradicals 7b–d exist in a singlet
ground state with an accessible thermally populated triplet
state.


Figure 6. Typical EPR spectrum obtained in frozen dichloromethane at
4 K for diradicals 7a,c,d, and 12.


Table 5. EPR parameters used for the simulation of the DMS = ++1 sig-
nals of diradicals in frozen solution at 100 K.[a]


Diradical gx gy gz D ACHTUNGTRENNUNG[Gauss] E ACHTUNGTRENNUNG[Gauss]


7a 2.005 2.005 2.005 30 0
7c 2.005 2.005 2.005 12.5 0
7d 2.008 2.005 2.002 16 0
12 2.005 2.005 2.005 31 0


[a] In dichloromethane glass.


Figure 7. Temperature dependence of the EPR signal intensities of the
DMS = 2 transition for diradical 7b in frozen dichloromethane. The
dashed curve shows the evolution of the signal using the spin-pair Blea-
ney–Bowers model (see text). The dotted line shows the variation of the
signal expected for uncorrelated spins.
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To evaluate the singlet–triplet energy gap, DET–S/kB, the
Curie plots for diradicals 7b–d were analyzed with the Blea-
ney–Bowers model [Eq. (1)], which describes the magnetic
behavior of isolated diradicals.[53] The best fit of the experi-
mental data to Equation (1), where C is a constant to fit the
sample intensity, and DET–S is the singlet–triplet energy gap,
indicates that the energy separation between the accessible
thermally populated triplet state and the singlet ground
state are 3.5, 2.1, and 5.6 cm�1 for diradicals 7b, 7c, and 7d,
respectively.


IESR ¼ C
T


�
1


3þ exp
�


DET�S


kBT


�
�


ð1Þ


Magnetic susceptibility measurements :[54] The magnetic
properties of diradicals 7a–d and 12 were also investigated
on polycrystalline samples in the temperature range of 2 to
300 K. The temperature dependence of the molar magnetic
susceptibility, cM, for compounds 7a, 7c, and 12 is given in
Figure 8 in the form of a plot of cMT versus T since they are
representative of the two types of magnetic behavior that
are observed for this series of diradicals. For diradicals 7b–
d, the cMT value of �0.63 cm3Kmol�1 remains constant
from 300 K down to �20 K and a slight decrease at lower
temperatures is observed. Such behavior is indicative of
very weak antiferromagnetic interactions between the spin
carriers. In contrast, cMT values of 0.33 cm3Kmol�1 and
0.28 cm3Kmol�1 were found at 300 K for compounds 7a and
12, respectively. Such values are well below the expected
contribution of two noncorrelated S = 1=2 spins
(0.75 cm3Kmol�1). Moreover, the cMT values rapidly de-
crease as the temperature is lowered, finally reaching a pla-
teau value of 0.06 cm3Kmol�1 below 28 K for 7a and
0.10 cm3Kmol�1 below 55 K for 12. For these two com-
pounds, rather strong antiferromagnetic interactions are op-
erative between the two radical units. In the lower tempera-
ture domain, the observation of non-zero cMT values is as-
cribed to the presence of a minor fraction of monoradical
species in the samples that result from the structural/elec-
tronic rearrangement and hydrogen abstraction of 7a and
12, as shown by the EPR and the UV/Vis studies described
above.


The magnetic behavior of compounds 7b–d has been ana-
lyzed by a modified dimer model with the spin Hamiltoni-
an.[53,55] The corresponding expression for cMT is given by
Equation (2):


cMT ¼ f
�
2Ng2b2


kB


1
3þ expð�2J=kBTÞ


�
ð2Þ


where J represents the exchange parameter, g is the isotrop-
ic Land@ constant, b is the Bohr magneton, and kB is the
Boltzmann constant. A purity factor, f, was introduced to ac-
count for the possible presence of diamagnetic fractions
caused by the instability of these diradicals.[56] The best fit to


the experimental data yielded J = �1.8 cm�1 with f = 0.84
for 7b, J = �1.3 cm�1 with f = 0.81 for 7c, and J =


�4.2 cm�1 and f = 0.96 for 7d. The introduction of a Weiss
constant, q, in the analytical expression did not significantly
modify the resulting parameters. These exchange parameters
are very similar to the singlet–triplet gaps (DET–S = �2 J)
obtained from the glassy matrix EPR studies and, therefore,
they can be attributed to an intramolecular interaction
taking place between the two radical units.The magnetic be-
havior for compounds 7a and 12 has also been analyzed by
a dimer model, but including a paramagnetic contribution


Figure 8. Temperature dependence of the experimental (&) and calculat-
ed (c) cMT behavior for a) 7a, b) 7c, and c) 12.
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arising from monoradical S = 1=2 species. The rather low
values observed for cMT at 300 K suggest the presence of a
nonmagnetic fraction and, therefore, the ratios of di- and
monoradicals have been taken as relative to the whole
sample. The expression used to analyze the experimental
data is given by Equation (3):


cMT ¼ a
�


2Ng2b2


kB½3þ expð�2J=kBTÞ


�
þ b


�
Ng2b2


2kB


�
ð3Þ


where a and b refer to the molar fraction of di- and mono-
radical species, respectively. The best fit of the experimental
data, taking g = 2, for 7a yielded an exchange parameter
J = �142	0.3 cm�1 with a sample composition in magnetic
species of 51% of diradical and 15% of monoradical. For
compound 12, the resulting parameter was: J = �248	
1 cm�1 with a sample composition of 39% of diradical and
25% of monoradical.


Theoretical calculation of spin densities and exchange pa-
rameters: The atomic spin densities calculated in single-
point runs at the UB3LYP/6-31+G* level are collected in
Table 6 for tert-butylnitroxides 7a–d. Spin densities on the
tert-butyl group are not included because they are very
small and comparable to values observed both experimen-
tally or deduced by calculation for other radicals of the
same kind.[38,57–59]


The spin density on the spin-bearing units is as expected,
with a large positive spin density on the NO groups. The
spin density then spreads out onto the adjacent phenyl ring
A (see Scheme 1) on account of the direct delocalization of
the unpaired electron onto the phenyl ring in the latter, and
follows the sign alternation principle.[57,58] The only excep-
tion is found for naphthyl-substituted 7c, in which the large
NO–naphthyl torsion angles of 74.38 and 76.58 prevent de-
localization of the unpaired electron from the NO group,
therefore leading to spin densities on the A ring of the
naphthyl group that are one order of magnitude smaller
than in the other tert-butylnitroxides 7a, 7b, and 7d, while
the fused ring D carries an even smaller spin density. Fur-
thermore, in the biphenyl-substituted compound 7b, only
ring C, directly connected to the NO group, carries a spin
density comparable to 7a and 7d, while on ring A, the spin
density is smaller by a factor of � five owing to the Ph–Ph
torsion angle of 33.68, which prevents further delocalization
of the unpaired electron from ring C to ring A. This diradi-
cal is another example of conformational effects modulating
the spin density distribution in this series of compounds.


The spin density on the silicon atom is small (<0.01) in
all cases and the sign systematically depends on the position
(meta versus para) where the spin-bearing moiety is attach-
ed to the aromatic ring. It also correlates with the amount
of spin density on the phenyl ring A attached to the central
silole ring. In cases with little spin density on ring A, either


because it only originates from
spin polarization or owing to
conformational constraints that
prevent efficient delocalization
of the unpaired electron (7b
and 7c), the spin density on the
silicon atom is very small
(<0.002). In contrast, in radicals
7a and 7d, which have larger
spin densities on phenyl ring A,
the spin density on the Si atom
is larger by a factor of three to
five (7a : 0.0054, 7d : �0.0051
(X-ray), �0.0061 (optimized)).
The spin density on the methyl
substituents on the silicon atom
and the 3- and 4-phenyl rings B
is very small and approaches
zero in all compounds. Interest-
ingly, no clear correlation be-
tween the sign and magnitude
of the spin density and confor-
mational preference can be
drawn for the carbon atoms of
the silole ring, especially in
those cases with no imposed
symmetry (7a–d). In general,
there is little unpaired spin on
the carbon atoms (<0.01 in
almost all cases); however, the


Table 6. Mullikan atomic spin densities for 7a–d calculated at the UB3LYP/6-31+G* level.


Atom[a] 7a 7b 7c 7d[b] 7d[b]


Optimized Optimized Optimized X-ray Optimized
geometry geometry geometry structure geometry


N 0.3757/0.3747 0.3719/0.3785 0.4304/0.4326 0.4017 0.4020
O 0.4714/0.4728 0.4809/0.4765 0.5206/0.5235 0.4764 0.4789
C4 in PhC �0.1200/�0.1185
C3/C5 in PhC 0.1352/0.1320


0.1264/0.1285
C2/C6 in PhC �0.0631�0.0687


�0.0712/�0.0671
C1 in PhC 0.1175/0.1177
C4 in PhA �0.1306/�0.1293 �0.0240/�0.0226 �0.0233/�0.0320 0.1461 0.1634
C3/C5 in PhA 0.1257/0.1261 0.0226/0.0220 0.0349/0.0307 �0.0588 �0.0652


0.1306/0.1325 0.0222/0.0220 0.0165/0.0307 �0.1351 �0.1487
C2/C6 in PhA �0.0679/�0.0687 �0.0127/�0.0138 �0.0111/�0.0085 0.1196 0.1238


�0.0653/�0.0650 �0.0123/�0.0121 �0.0070/�0.0063 0.1270 0.1346
C1 in PhA 0.1228/0.1181 0.0232/0.0219 0.0204/0.0152 �0.0607 �0.0696
C7 in PhD 0.0073/0.0059
C8 in PhD �0.0053/�0.0041
C9 in PhD 0.0073/0.0057
C10 in PhD �0.0026/�0.0021
Si 0.0054 0.0012 0.0017 �0.0051 �0.0061
Si�CH3 �0.0013/�0.0001 �0.0001/0.0000 �0.0001/0.0000 0.0008 0.0005
Silole�C2/C5 0.0277/�0.0062 �0.0025/�0.0003 �0.0001/0.0146 0.0069 0.0093
Silole�C3/C4 0.0125/0.0395 0.0045/0.0062 0.0084/�0.0218 �0.0085 �0.0081
C1 in PhB �0.0060/�0.0062 �0.0009/0.0016 0.0001/0.0008 0.0003 �0.0010
C2/C6 in PhB 0.0044/0.0042 0.0008/0.0007 0.0000/0.0000 �0.0001 0.0002


0.0039/0.0038 0.0007/0.0007 �0.0002/0.0001 �0.0043 �0.0059
C3/C5 in PhB �0.0019/�0.0018 �0.0004/�0.0003 0.0001/0.0000 �0.0006/ 0.0035/


�0.0013/�0.0012 �0.0002/�0.0001 0.0002/0.0000 0.0028 �0.0002
C4 in PhB 0.0032/0.0033 0.0007/0.0006 �0.0001/0.0001 0.0004 �0.0002


[a] See Scheme 1 for the labeling scheme. [b] Only one value is reported because the two halves of the mole-
cule are identical on account of to its C2 symmetry.
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magnitude and sign are in some cases different for the C2/
C5 and C3/C4 atoms, even though all molecules possess
near-C2 symmetry. This might be caused by subtle differen-
ces in the conformations of the two halves of the molecules
or by a slight contamination of the triplet states by close-
lying higher spin states, as is apparent in the deviation of Ŝ2


from the expected value of 2.0 (7a : 2.0292, 7b : 2.0284, 7c :
2.0100, 7d : 2.0211 (X-ray), 2.0215 (optimized)).


To test if the computational methods used are able to cor-
rectly reproduce both the sign and magnitude of the ex-
change parameter J determined experimentally for 7d, the
energies of the broken-symmetry singlet and high-spin trip-
let states of 7d were determined at the X-ray structure coor-
dinates and optimized geometry with high accuracy
(UB3LYP, 6-31+G* basis set, tight convergence, ultrafine
grid). The values calculated for J of �0.55 cm�1 (X-ray) and
�0.39 cm�1 (optimized) from the S–T gap without spin pro-
jection using a Hamiltonian of Ĥ = �2JŜ1SL2 are somewhat
smaller than the experimental values (J = �4.2 cm�1,
SQUID, microcrystalline powdered sample and �5.6 cm�1,
EPR, frozen solution); however, they do confirm the weak
antiferromagnetic coupling mediated by the silole ring in
7d.


Magnetic coupling mechanism in silole-bridged diradicals:
There are two main issues associated with the experimental
results described here: first, how do nitroxide radicals inter-
act magnetically when linked by a silole ring? Second, what
is the role of the silicon atom in mediating the magnetic in-
teraction when incorporated in the silole ring? With respect
to the first issue, some work has recently been dedicated to
the study of systems with paramagnetic centers connected
through the 2,5-positions of heteropentacycles such as
furans, pyrroles and thiophenes, since these systems with
non-alternant conjugation may lead the way to a large
number of intramolecular magnetic exchange possibili-
ties.[48,60–62] Among them, the thiophene ring has been shown
to act more efficiently than the benzene ring itself since it is
more electron-rich and it is sterically less demanding than
the latter.[61] The influence of the spin-bearing sites connect-
ed to five-membered rings has also been extensively studied.
For instance, the connection of two meta-phenylnitrene
units leads to systems termed as pseudo-disjoint because
spin-bearing units are connected to the central ring through
sites bearing minimal spin density (Scheme 5a). These sys-


tems usually display singlet ground states with low-lying ex-
cited multiplet states. On the other hand, the attachment of
two para-phenylnitrene units provide a connection through
spin-bearing sites that leads to localized quinonoidal diradi-
cal systems because they actually correspond to an open-
shell form of a Kekul@ p-conjugated molecule (Scheme 5b).


With respect to this classification, we will divide the mole-
cules described herein into two main categories. Diradical
7d will be classified in the pseudo-disjoint category and the
others will be classified into the non-pseudo-disjoint one.
Obviously, in all cases, antiferromagnetic interactions be-
tween the paramagnetic centers are expected both from a
valence-bond and spin-polarization point of view
(Scheme 6). However, a careful examination of their mag-


netic properties will be useful to address the second ques-
tion concerning the role of silicon in the mediation of mag-
netic interactions in the silole coupler.


As mentioned above, the pseudo-disjoint category only in-
cludes diradical 7d, which displays weak intramolecular an-
tiferromagnetic interactions in the solid state as well in a
frozen solution.[19] At first glance, the nearly planar confor-
mation around the silicon atom in the silole linker accounts
for the different behavior with respect to the flexible dini-
trene 13 (Scheme 7) for which no magnetic interaction was


observed.[63] Though the spin density on the silicon atom is
quite low in all cases (Table 6), this observation suggests
that it might be involved in the exchange interaction path-
way. Since the exchange interaction can either be mediated
by the p system of the silole ring or by a s pathway involv-
ing the silicon atom, the calculations were repeated for theScheme 5.


Scheme 6. Expected magnetic interaction in silole-bridged diradicals on
the basis of the spin-polarization mechanism. Grey circles depict regions
with positive spin density.


Scheme 7.
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singlet and triplet states of model compound 14 in which the
silicon atom was replaced by a sp3-hybridized carbon atom,
while otherwise retaining the X-ray structure without geom-
etry relaxation. A value of J = �0.54 cm�1 was obtained,
which is almost identical to the one calculated for the
parent compound. Though the energy differences are very
small, we feel that they can accurately be reproduced within
a series of compounds and give some evidence that the ex-
change interaction is mainly mediated by the p system of
the silole ring.[57,64,65]


With regard to the second category (non-pseudo-disjoint),
two classes of molecules, named here as Class A and
Class B, can be distinguished both from magnetic measure-
ments and bonding considerations.


Class A diradicals: The first class of compounds includes di-
ACHTUNGTRENNUNGradicals 7a and 12 that correspond to the open-shell reso-
nant form of a classical Kekul@ p-conjugated molecules.[66]


In such systems, the spin coupling is often sufficient to
induce pairing of the single electrons leading to closed-shell
structures. This is indeed the case with 7a and 12, which ex-
hibit rather strong antiferromagnetic interactions and expe-
rience a structural/electronic rearrangement to the corre-
sponding quinonoidal structure. The experimental exchange
parameter for these diradicals is very large (J = �142 cm�1


for 7a and J = �248 cm�1 for 12), thus underlining a strong
dependence of the exchange interactions on the nature of
the central heterocycle. At least three factors may be in-
voked to explain such a difference: conformation, spin den-
sity, and heteroatom effect. Conformational and spin density
effects are already known to play an important role in the
magnetic exchange modulation for TMM-type diradi-
cals.[64,67] It has been shown that the exchange coupling pa-
rameter can be closely correlated to the average side-ring
torsion angles (fav) via a “Karplus–Conroy-type” equation
[Eq. (4)], where the A term is related to the coupler and the
spin density on the spin-containing group and the B term
corresponds to the through-space antiferromagnetic interac-
tion.


J ¼ A cos2½fav
 þ B ð4Þ


If we assume that the through-space antiferromagnetic inter-
action is negligible (vide supra), and that the spin density
carried by the side groups is similar for both compounds
(see magnetic measurements above), then the A ACHTUNGTRENNUNG(7a):A(12)
ratio should give an estimate of the ability of the central
heterocycle to mediate antiferromagnetic interactions
[Eq. (5)].


Að7 aÞ
Að12Þ ¼ Jð12Þcos2½favð7 aÞ



Jð7 aÞcos2½favð12Þ

ð5Þ


For average torsion angles of 41.18 for 7a and 12.38 for 12,
we find a value of 0.96 for the A ACHTUNGTRENNUNG(7a):A(12) ratio, whereas
the J ACHTUNGTRENNUNG(7a):J(12) ratio is 0.57. This result indicates that both


the silole ring and the thiophene ring intrinsically act as an-
tiferromagnetic couplers with the same efficiency. The pres-
ence of the additional phenyl rings at the 3,4-positions of
the silole ring for 7a induces torsion angles for the spin-
bearing units that are responsible for the low value of the
exchange parameter compared to 12. On the other hand,
the increased stability of 12 probably originates from the ar-
omatic character of the thiophene compared to the silole
unit. Indeed, as shown for phenyl-conjugated Kekul@-type
dinitrenes,[65] the tendency to maintain the aromaticity tends
to favor the diradical structure over the quinonoidal one.


Class B diradicals: The second class of compounds, which in-
cludes diradicals 7b and 7c, also corresponds to the open-
shell resonant form of Kekul@ p-conjugated molecules. The
main difference between these siloles and 7a is that they
have been designed to disfavors a quinonoidal rearrange-
ment, either by inserting or by fusing an additional phenyl
ring to the structure. The magnetic studies revealed weak
antiferromagnetic interactions for this class of diradicals
with an exchange parameter of J = �1.8 cm�1 and J =


�1.3 cm�1 for 7b and 7c, respectively. This can be attributed
to both the large separation (7b) and the large torsion
angles (7c) between the spin bearing units. It is therefore
not surprising to find very small values of spin density on
the silicon atom by DFT calculations [Eq. (6)].


J ¼ A cos2½�av
cos2½�0
av
 þ B ð6Þ


Since the distance between the radical centers is very similar
in diradicals 7a and 7c, we have checked if the exchange
modulation observed for these diradicals is governed by
conformational considerations. Modification of Equation (4)
to take account of the average torsion angle between the
phenyl ring and the tBuNO group (f’av) [Eq. (6)] allows the
A ACHTUNGTRENNUNG(7a):A ACHTUNGTRENNUNG(7c) ratio to be determined. Using the torsion
angles from Table 2, and setting B to zero we find that the
A ACHTUNGTRENNUNG(7a):A ACHTUNGTRENNUNG(7c) ratio, which reflects the magnetic coupling
ability of the silole, is equal to 1.05 whereas the J ACHTUNGTRENNUNG(7a):J ACHTUNGTRENNUNG(7c)
ratio is equal to 94.7. For this class of diradical, too, the ex-
change mechanism appears to mainly involve the p system
of the silole ring.


Conclusion


To study the ability of the silole ring to act as a magnetic
coupler and to determine the role of the silicon atom in the
magnetic exchange in such molecules, we have synthesized
and investigated the magnetic properties of a series of dirad-
icals in which the two spin-bearing units are linked by a
non-alternant silole ring. The thiophene-coupled diradical
12 was also synthesized to provide a comparison with this
well-known heteropentacycle. While compounds 7b, 7c, and
7d are quite stable in solution and in the solid state, 7a and
12 undergo partial electronic rearrangement to both a dia-
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magnetic quinonoidal form and a monoradical species on
account of the fact that they correspond to the open-shell
form of a p-conjugated Kekul@ structure. Geometry optimi-
zations of silole-bridged diradicals at the UB3LYP/6-31G
level accurately reproduce the experimental geometry avail-
able for comparison. Spin densities calculated with the
larger 6-31+G* basis set and the same functional compare
quite well with other reported calculations. Such spin densi-
ties along with the structural data obtained from the geome-
try optimizations, show how different mechanisms give rise
to the spin density distribution (direct delocalization versus
spin polarization) combined with conformational constraints
determine the spin density at the core of the molecules.
Thus, the connection across the 2,5-positions of spin-bearing
units leads to intramolecular antiferromagnetic interactions
that are modulated by the conformation of the molecules
leading to singlet ground states. The weak antiferromagnetic
exchange interaction between the two radical moieties,
which is found experimentally in compound 7d, could also
be confirmed by theoretical calculations. An exchange pa-
rameter unaltered by substitution of silicon by carbon in a
model compound suggests that the interaction mainly pro-
ceeds via the p-system of the silole ring. Finally, analyses of
the data with a “Karplus–Conroy”-type equation allowed us
to establish that the silole ring, as a whole, leads to a stron-
ger exchange interaction between the two nitroxide radicals
attached to its 2,5-positions than the thiophene ring. This in-
creased efficiency probably originates from the non-aroma-
ticity of the silole thus improving the magnetic interaction
through it.


Experimental Section


Materials and methods : All reactions were routinely carried out under
argon using standard Schlenck techniques. Solvents were distilled prior to
use. THF was dried over sodium/benzophenone and distilled under
argon. All commercial reagents were used as received. Bis(phenyleth-
ACHTUNGTRENNUNGynyl)dimethylsilane[68] was obtained by the reaction of dimethyldichloro-
silane and phenylethynyllithium, which was prepared from nBuLi and
phenylacetylene in ether. 1H, 13C, and 29Si NMR spectra were recorded
on a Bruker Advance 200DPX spectrometer, the FT-IR spectra on a
Thermo Nicolet Avatar320 spectrometer, the UV/Vis spectra on a Seco-
mam Anthelie instrument, and the MS spectra on a Jeol JMS-DX300
spectrometer in a m-nitrobenzyl alcohol matrix. Elemental analyses were
performed at the Service Central de Microanalyse of the CNRS, Vernai-
son (France). The ESR spectra were recorded on X-band Bruker Elexsys
spectrometer. Magnetic measurements down to 2 K were carried out in a
Quantum Design MPMS-5S SQUID susceptometer. All magnetic investi-
gations were performed on polycrystalline samples. The molar suscepti-
bility was corrected for the sample holder and for the diamagnetic contri-
bution of all atoms by means of PascalZs tables.[55,69]


1-[N-tert-butyl-N-(trimethylsiloxy)amino]-4-bromobenzene (5a): An
excess of triethylamine (21 mL, 150 mmol) was added to a solution of 1-
[N-tert-butyl-N-(hydroxylamino]-4-bromobenzene (4a,[29] 12.2 g,
50 mmol) in THF (100 mL). Chlorotrimethylsilane (19 mL, 150 mmol) in
THF (50 mL) was added to the reaction mixture. After the mixture had
been stirred at 45 8C for 20 h, the solvents were evaporated to yield a res-
idue that was treated with pentane (200 mL) and then filtered. The fil-
trate was evaporated in vacuum to yield 5a as an orange oil (14.1 g,
89%). 1H NMR (CDCl3, 298 K): d = 0.01 (s, 9H), 1.10 (s, 9H), 7.16 (d,


J ACHTUNGTRENNUNG(H,H) = 8 Hz, 2H), 7.37 ppm (d, J ACHTUNGTRENNUNG(H,H) = 8 Hz, 2H); 13C{1H} NMR
(CDCl3, 298 K): d = 0.20, 26.48, 61.06, 118.11, 127.11, 130.76,
150.68 ppm; 29Si NMR (CDCl3, 298 K): d = 22.23 ppm; IR (CHCl3): ñ =


1360 cm�1 (N�O); MS (FAB+ ): m/z : 316 [M+H]+ .


1-[N-tert-butyl-N-(trimethylsilyloxy)amino]-4-bromobiphenyl (5b): This
compound was prepared starting from 1-[N-tert-butyl-N-(hydroxyl-
ACHTUNGTRENNUNGamino]-4-bromobiphenyl 4b[28] in a manner similar to the synthesis of
compound 5a (90%). 1H NMR (CDCl3, 298 K): d = 0.03 (s, 9H), 1.16 (s,
9H), 7.30 (d, J ACHTUNGTRENNUNG(H,H) = 8 Hz, 2H), 7.56–7.60 ppm (m, 6H); 13C{1H}
NMR (CDCl3, 298 K): d = 0.25, 26.63, 61.25, 121.44, 125.86, 128.84,
132.17, 136.46, 140.32, 151.29 ppm; 29Si NMR (CDCl3, 298 K): d =


21.85 ppm; IR (CHCl3): ñ = 1361 cm�1 (N�O); MS (FAB+ ): m/z : 392
[M+H]+ .


1-[N-tert-butyl-N-(trimethylsilyloxy)amino]-4-bromonaphthalene (5c):
This compound was prepared starting from 1-[N-tert-butyl-N-(hydroxyl-
ACHTUNGTRENNUNGamino]-4-bromonaphthalene 4c in a manner similar to the synthesis of
compound 5a (95%). 1H NMR (CDCl3, 298 K): d = 0.04 (s, 9H), 1.10 (s,
9H), 5.46 (s, 1H), 7.79 (d, J ACHTUNGTRENNUNG(H,H) = 8 Hz, 1H), 8.18 (d, J ACHTUNGTRENNUNG(H,H) = 8 Hz,
1H), 8.53–8.56 ppm (m, 1H); 29Si NMR (CDCl3, 298 K): d = 21.94 ppm;
IR (CHCl3): ñ = 1361 (N�O); MS (FAB+ ): m/z : 366 [M+H]+ .


1-[N-tert-butyl-N-(trimethylsiloxy)amino]-3-bromobenzene (5d): This
compound was prepared starting from 1-[N-tert-butyl-N-(hydroxyl-
ACHTUNGTRENNUNGamino]-3-bromobenzene 4d in a manner similar to the synthesis of com-
pound 5a (89%). 1H NMR (CDCl3, 298 K): d = 0.02 (s, 9H), 1.13 (s,
9H), 7.49–7.12 ppm (m, 4H); 13C{1H} NMR (CDCl3, 298 K): d = 0.19,
26.54, 61.31, 121.47, 124.17, 128.07, 127.93, 128.95, 153.18 ppm; 29Si NMR
(CDCl3, 293 K): d = 22.51 ppm; IR (CHCl3): ñ = 1361 (N�O); MS
(FAB+ ): m/z : 316 [M+H]+ .


Silole 6a: A mixture of lithium (0.2 g, 29 mmol) and naphthalene (3.71 g,
29 mmol) in THF (30 mL) was stirred at room temperature under argon
for 5 h to form a deep green solution of lithium naphthalenide. To the
mixture was added bis(phenylethynyl)dimethylsilane (2, 2 g, 7.7 mmol) in
THF (20 mL). After stirring for 10 min, the reaction mixture was cooled
to 0 8C and [ZnCl2 ACHTUNGTRENNUNG(tmen)] (tmen = N,N,N’,N’-tetramethylenediamine)
(7.82 g, 29 mmol) was added as a solid to form organozinc derivative 3.
After stirring for an hour at room temperature, a solution of 5a (4.82 g,
15.3 mmol) in THF (20 mL) and [PdCl2ACHTUNGTRENNUNG(PPh3)2] (0.28 g, 0.4 mmol) were
added successively. The mixture was heated under reflux and stirred for
24 h. After hydrolysis with HCl (1m), the mixture was extracted with
Et2O. The combined organic layers were washed with brine, dried over
MgSO4, and concentrated. The resulting residue was subjected to column
chromatography (neutral aluminum oxide, pentane/dichloromethane
80:20) to give 2.68 g (4.57 mmol) of 6a (56%). M.p. 198 8C (decomp);
1H NMR ([D6]DMSO, 298 K): d = 0.51 (s, 6H), 1.13 (s, 18H), 5.37 (s,
2H), 6.81–6.87 (m, 8H), 7.00–7.05 ppm (m, 10H); 13C{1H} NMR
([D6]DMSO, 298 K): d = �2.67, 26.83, 60.18, 124.60, 127.14, 128.33,
128.41, 130.22, 135.48, 139.84, 141.02, 149.29, 153.81 ppm; 29Si NMR
([D6]DMSO, 298 K): d = 7.46 ppm; IR (CCl4): ñ = 3589 (O–H),
1359 cm�1 (N�O); UV/Vis (CCl4): lmax (log e): 366 nm (1347, p!p*
silole); HRMS (FAB+ ): m/z : calcd for C38H45N2O2Si [M+H]+ : 589.3250;
found 589.3198; anal. calcd for C38H44N2O2Si: C 77.51, H 7.53; N, 4.76, Si
4.77; found: C 77.55, H 7.59; N, 4.82, Si 4.51.


Silole 6b : This compound was prepared starting from compound 5b in a
manner similar to the synthesis of compound 6a (78%). M.p. 172 8C
(decomp); 1H NMR ([D6]DMSO, 298 K): d = 0.53 (s, 6H), 1.16 (s, 18H),
6.88–6.98 (m, 4H), 6.99–7.08 (m, 8H), 7.20–7.42 (m, 10H), 7.52–7.58 ppm
(m, 6H); 13C{1H} NMR ([D6]DMSO, 298 K): d = �2.86, 26.43, 61.15,
125.25, 125.26, 126.30, 126.82, 127.37, 128.56, 129.90, 130.24, 132.27,
132.37, 132.61, 137.54, 138.88, 139.47, 141.51, 154.69 ppm; 29Si NMR
([D6]DMSO, 298 K): d = 8.18 ppm; IR (CCl4): ñ = 3590 (O-H),
1359 cm�1 (N-O); UV/Vis (CCl4): lmax (log e) = 391 nm (2.106, p!p*
silole); HRMS (FAB+ ): m/z : calcd for C50H53N2O2Si [M+H]+ : 741.3877;
found 741.3875; elemental analysis (%) calcd for C50H52N2O2Si: C 81.04,
H 7.07, N, 3.78, Si 3.79. found: C 80.95, H 7.09, N, 3.85, Si 3.67.


Silole 6d : This compound was prepared starting from compound 5d in a
manner similar to the synthesis of compound 6a (63%). M.p. 130 8C
(decomp); 1H NMR ([D6]DMSO, 298 K): d = 0.48 (s, 6H), 0.97 (s, 18H),
5.20 (s, 2H), 6.76–6.83 (m, 8H), 7.00–7.14 ppm (m, 10H); 13C{1H} NMR
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([D6]DMSO, 298 K): d = �3.21, 26.72, 59.92, 80.03, 122.57, 124.94,
125.49, 127.06, 127.315, 127.93, 128.35, 129.07, 130.18, 135.38, 139.04,
139.39, 141.99, 151.29, 154.30 ppm; 29Si NMR ([D6]DMSO, 298 K): d =


7.82 ppm; IR (CCl4): ñ = 3589.7 (O�H), 1363.2 cm�1 (N�O); UV/Vis
(CHCl3): lmax (loge) = 360 nm (4.83, p!p* silole); HRMS (FAB+ ):
m/z : calcd for C38H45N2O2Si [M+H]+ : 589.3250; found 589.3243; elemen-
tal analysis calcd (%) for C38H44N2O2Si: C 77.51, H 7.53, N 4.76, Si 4.77;
found: C 77.47, H 7.58, N 4.74, Si 4.56.


Silole 6’: This compound was prepared by a Pd0-catalyzed crosscoupling
reaction between 1,4-dibromonaphtalene (6 equiv) and organozinc deriv-
ative 3 in a manner similar to the synthesis of compound 6a (40%). M.p.
228–230 8C; 1H NMR ([D6]DMSO, 298 K): d = 0.30 (s, 6H), 6.78–6.94
(m, 10H), 7.54–7.68 (m, 8H), 8.08–8.12 (m, 2H), 8.23–8.28 ppm (m, 2H);
13C{1H} NMR ([D6]DMSO, 298 K): d = �3.66, 126.05, 126.59, 126.83,
127.40, 127.49, 127.52, 127.84, 129.62, 130.11, 130.50, 132.35, 134.31,
138.42, 139.58, 143.41, 155.90 ppm; 29Si NMR (([D6]DMSO, 298 K): d =


11.63 ppm; UV/Vis (CHCl3): lmax (loge) = 351 nm (4.975, p!p* silole);
HRMS (FAB+ ): m/z : calcd for C38H28Br2Si [M]+ : 670.0327; found
670.0349; elemental analysis calcd (%) for C38H28Br2Si: C 67.87, H 4.20,
Si 4.18; found: C 67.98, H 4.09, Si 4.03.


Silole diradical 7a: To a solution of 6a (0.77 g, 1.31 mmol) in CH2Cl2
(40 mL) was added freshly prepared Ag2O (0.64 g, 2.73 mmol). The mix-
ture was stirred for 45 min at 0 8C and filtered. The solvent was removed
under vacuum and the resulting deep red solid was purified by column
chromatography (neutral aluminum oxide, pentane/dichloromethane
80:20) to give 7a (0.6 g, 1.01 mmol; 78%). M.p. 151 8C; IR (CCl4): ñ =


1359 cm�1 (N�O); UV/Vis (CHCl3): lmax (log e) = 300 (4.28, p!p* aryl-
nitroxide), 420 (1.365, p!p* silole), 448 nm (n!p* N�O); HRMS
(fab+ ): m/z : calcd for C38H44N2O2Si [M+2H]+ : 588.3172; found
588.3168.


Silole diradical 7b : This compound was prepared starting from com-
pound 6b in a manner similar to the synthesis of compound 7a (78%).
M.p. 211–213 8C; IR (CCl4): ñ = 1354 cm�1 (N�O); UV/Vis (CHCl3):
lmax (log e) = 323 (5.351, p!p* arylnitroxide), 400 (5.412, p!p* silole),
451 nm (n!p* N�O); HRMS (FAB+ ): m/z : calcd for C50H52N2O2Si
[M+2H]+ : 740.3798; found 740.3787.


Silole diradical 7c : To a suspension of silole 6’ (0.37 g, 0.55 mmol) in di-
ethyl ether (100 mL) was added 0.41 mL (2.57 mmol) of N,N,N’,N’-tetra-
methylethylenediamine. The mixture was cooled to �78 8C, and a 2m sol-
ution of n-butyllithium in hexane (1.3 mL, 2.57 mmol) was then added
under argon. The mixture was stirred for 90 min, warmed to room tem-
perature, stirred for a further 90 min, and then was cooled to 0 8C. A sol-
ution of 2-methyl-2-nitrosopropane (340 mg, 3.8 mmol) in diethyl ether
(10 mL) was added, and the mixture was stirred overnight at ambient
temperature under argon. It was then treated with saturated aqueous am-
monium chloride solution (10 mL). The organic layers were combined
and concentrated under reduced pressure. Addition of pentane yielded a
white precipitate of hydroxylamine that was washed several times with
pentane to yield the crude product. The hydroxylamine was sensitive to
both moisture and air, so it was used directly to prepare the nitroxide.
The white solid was dissolved in freshly distilled dichloromethane
(10 mL) and freshly prepared Ag2O (700 mg, 3 mmol) was added. The
mixture was stirred for 60 min at 0 8C, and the solid Ag2O was removed
by filtration. The filtrate was concentrated under reduced pressure and
chromatographed (silica gel, ethyl acetate/pentane 3:2) to yield silole 7c
as a reddish orange solid (37%). M.p. 129–132 8C; IR (CCl4): ñ =


1357 cm�1 (N�O); UV/Vis (CHCl3): lmax (log e) = 293 (5.304, p!p* ar-
ylnitroxide), 363 (5.096, p!p* silole), 456 nm (n!p* N�O); HRMS
(fab+ ): m/z : calcd for C46H48N2O2Si [M+2H]+ : 688.3485; found
688.3476.


Silole diradical 7d : This compound was prepared starting from com-
pound 6d in a manner similar to the synthesis of compound 7a (78%).
M.p. 124–127 8C; IR (CCl4): ñ = 1363.2 cm�1 (N�O); UV/Vis (CHCl3):
lmax (loge) = 283 (5.31, p!p* arylaminoxide), 361 nm (5.01, p!p*
silole); HRMS (FAB+ ): m/z : calcd for C38H45N2O2Si [M+3H]+ :
589.3250; found 589.3251.


N-tert-butyl-N-(tert-butyl-dimethylsilyloxy)amino-4-phenyl-2-thiophene
(8): A solution of 4a-TBDMS[29] (3.58 g, 0.01 mol) in THF (20 mL) and


[Pd ACHTUNGTRENNUNG(PPh3)4] (0.058 g) were added to a solution of thienylzinc chloride[30]


(0.01 mol) in dry diethyl ether (20 mL). The mixture was then stirred at
50 8C for 16 h, quenched with a saturated NH4Cl solution and extracted
with diethyl ether. The combined extracts were dried over MgSO4. Evap-
oration of the solvents and chromatography of the residue (silica gel,
pentane) afforded 8 as a white waxy solid (73%). M.p. 56 8C; 1H NMR
(CD2Cl2, 298 K): d = �0.02 (br s, 6H), 0.97 (s, 9H), 1.18 (s, 9H), 7.10
(dd, 1J ACHTUNGTRENNUNG(H,H) = 3.4 Hz, 2J (H,H) = 3.6 Hz, 1H), 7.25–7.47 (m, 4H),
7.53 ppm (d, J ACHTUNGTRENNUNG(H,H) = 8.6 Hz, 2H); 13C{1H} NMR (CD2Cl2, 298 K): d =


�4.50, 18.25, 26.38, 61.31, 122.52, 124.41, 125.96, 131.20, 143.29,
152.18 ppm; 29Si NMR (CDCl3, 298 K): d = 23.95 ppm; IR (KBr): ñ =


3103, 3070 (aromatic C�H), 2990–2852 (aliphatic C�H), 1600, 1575 (C=
C), 1387 cm�1 (N�O); HRMS (FAB+ ): m/z : calcd for C20H31NOSSi
[M]+ : 361.1896; found 361.1904.


Bis[N-tert-butyl-N-(tert-butyl-dimethylsilyloxy)amino-4-phenyl]-2,5-thio-
phene (9): A 1.33m solution of nBuLi in hexanes (5.3 mL, 7.03 mmol)
was added dropwise to a stirred solution of 8 (2.48 g, 6.86 mmol) in dieth-
yl ether (25 mL) at 0 8C. The mixture was stirred for 1 h, and the resulting
solution was added to [ZnCl2 ACHTUNGTRENNUNG(tmeda)] (1.766 g, 6.99 mmol) dissolved in
THF (10 mL) at 0 8C. The mixture was allowed to warm gradually to
room temperature to afford the zinc derivative 9 as a light yellow solu-
tion. A solution of 4a-TBDMS (2.45 g, 6.86 mmol) and [Pd ACHTUNGTRENNUNG(PPh3)4]
(0.040 g, 35 mmol) in THF (30 mL) was added to the zinc derivative 9
and the reaction mixture was stirred for 18 h at 50 8C. After the usual
workup and silica gel chromatography (pentane), 10 was recovered as a
white solid (33%). M.p. 130–131 8C; 1H NMR (CD2Cl2, 298 K): d =


�0.03 (s, b, 12H), 0.98 (s, 18H), 1.17 (s, 18H), 7.31 (s, 2H), 7.57 (d, J-
ACHTUNGTRENNUNG(H,H) = 8.5 Hz, 4H), 7.37 ppm (d, J ACHTUNGTRENNUNG(H,H) = 8.5 Hz, 4H); 13C{1H}
NMR (CD2Cl2, 298 K): d = �4.49, 18.24, 26.30, 26.35, 61.43, 123.83,
124.67, 126.01, 131.09, 143.29, 151.11 ppm; 29Si NMR (CD2Cl2, 298 K): d
= 23.95 ppm; IR (KBr): ñ = 3071, 3028 (aromatic C�H), 2980–2856 (ali-
phatic C�H), 1600, 1575 (C=C), 1387 cm�1 (N�O); UV/Vis (CHCl3): lmax


(loge) = 348 nm (4.519, p!p* thiophene); HRMS (FAB+ ): m/z : calcd
for C36H58N2O2SSi2 [M]+ : 638.3758; found 638.3760.


Bis[N-tert-butyl-4-phenylhydroxylamine]-2,5-thiophene (11): A 22.6m
aqueous solution of HF (0.13 mL, 3 mmol) was added to a stirred solu-
tion of 10 (0.798 g, 1.25 mmol) in THF (10 mL) at room temperature.
After 1 h, the reaction mixture was evaporated under a vacuum to yield
the bishydroxylamine as a white solid (99%). M.p. 104 8C (decomp);
1H NMR ([D6]DMSO, 298 K): d = 1.14 (s, 18H), 7.29 (d, J ACHTUNGTRENNUNG(H,H) =


8.5 Hz, 4H), 7.47 (s, 2H), 7.61 (d, J ACHTUNGTRENNUNG(H,H) = 8.5 Hz, 4H), 8.50 ppm (s, b,
2H); 13C{1H} NMR ([D6]DMSO, 298 K): d = 26.82, 60.91, 125.06, 125.14,
125.47, 130.43, 142.81, 150.76 ppm; IR (KBr): ñ = 3230 (O�H), 3029 (ar-
omatic C�H), 2971–2870 (aliphatic C�H), 1600, 1542 (C=C), 1387 cm�1


(N�O); UV/Vis (CHCl3): lmax (log e) = 348 nm (4.519, p!p* thio-
phene); HRMS (FAB+ ): m/z : calcd for C24H30N2O2S [M]+ : 410.2028;
found 410.1965; elemental analysis calcd (%) for C24H30N2O2S: C 70.21,
H 7.36, N 6.82, S 7.81; found: C 70.25, H 7.40, N 6.79, S 7.80.


Bis[N-tert-butylaminoxyl-4-phenyl]-2,5-thiophene (12): Further oxidation
with PbO2 (2-fold excess) in dichloromethane at room temperature for
2 h gives a deep red solution that was filtered and evaporated under a
vacuum. The resulting deep-red solid was crystallized by diffusion of
hexane in dichloromethane to give 12 as black needle-shaped crystals
(45%). M.p. 104 8C (decomp); IR (KBr): ñ = 3069, 3028 (aromatic C�
H), 2997–2853 (aliphatic C�H), 1601, 1580 (C=C), 1349 cm�1 (N�O); lmax


(loge) = 322 (4.167, p!p* arylnitroxide, terphenoquinone), 391 (4.477,
p!p* thiophene), 444 (4.167), 479 (4.072), 551 nm (3.875, p!p* terphe-
noquinone); elemental analysis calcd (%) for C24H28N2O2S: C 70.56, H
6.91, N 6.86, S 7.85; found: C 70.13, H 7.11, N 6.81, S 7.88. A single crys-
tal of approximate dimensions 0.40]0.03]0.03 mm3 was mounted on a
Nonius k-CCD diffractometer with MoKa radiation (0.71069 () and
cooled to 150 K. The diffracted intensities were collected within the
range 3.55<q<24.718. The structural determination by direct methods
and the refinement of atomic parameters based on full-matrix least-
squares on F2 were performed with the SHELX-97 programs.[70] The posi-
tions of hydrogen atoms were all calculated. Results: 2[C24H28N2O2S1]: a
= 20.752(5), b = 5.826(5), c = 34.309(5) (, V = 4148(4) (3, 1calcd =


1.308, system orthorhombic, space group Pna21, 99.8% completeness to
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q = 24.708, 24363 collected reflections of which 7020 unique (Rint =


0.15) for 523 refined parameters, Robs = 0.056, wR2obs = 0.091, (D/s)max


= 0.002, largest max. difference peak and hole 0.40/�0.256 eA�3.


CCDC-286386 contains the supplementary crystallographic data for 12.
These data can be obtained free of charge from the Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Theoretical calculations : All calculations were performed with the Gaus-
sian98 package on a CompaqES40 parallel computer at the Max-Planck-
Institut fKr Bioanorganische Chemie.[34] The UB3LYP exchange-correla-
tion functional and a 6-31G basis set were used for the geometry optimi-
zations owing to the size of the molecules. To obtain accurate spin densi-
ties and energies for the calculation of the exchange coupling constant,
calculations were then repeated at the minimum geometries with a 6-
31+G* basis set, a tight convergence criterion with the limit set to 10�8


and the ultrafine integration grid. No spin projection was used in the cal-
culation of the exchange parameter, as advocated by Ruiz et al.[71] The
spin Hamiltonian used to calculate the energy differences was Ĥ =


�2JŜ1Ŝ2. The exchange parameter is then obtained as J = 1=2 ACHTUNGTRENNUNG(ES�ET).
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Single and Double pH-Driven Cu2+ Translocation with Molecular
Rearrangement in Alkyne-Functionalized Polyamino Polyamido Ligands


Annalisa Aurora,[a] Massimo Boiocchi,[b] Giacomo Dacarro,[c] Francesco Foti,[c]


Carlo Mangano,[c] Piersandro Pallavicini,*[c] Stefano Patroni,[c] Angelo Taglietti,[c] and
Robertino Zanoni[a]


Introduction


Open and cyclic diamino-diamido ligands have been known
for almost 30 years.[1] They have been studied in detail be-


cause of their unique features: 1) they are poor ligands in
slightly acidic or neutral aqueous solution (in their LH2


form) but at sufficiently high pH interaction with an appro-
priate M2+ metal ion switches them to a powerful binding
system: the two amido protons are released giving the li-
gands a diamino-diimido dinegative four-donor set capable
of forming very stable, neutral, [ML] square-planar com-
plexes (see Scheme 1A);[2] 2) they are selective: among
first-row transition-metal cations only Ni2+ and Cu2+


(thanks to their particularly high charge/dimension ratio and
crystal field stabilization energy (CFSE)) are capable of pro-
moting the endoergonic deprotonation of the amido groups
to form [ML] complexes; 3) when coordinated by the dineg-
ative donor set in these ligands, Ni2+ and Cu2+ can be oxi-
dized to the unusual +3 oxidation state: the strong in-plane
donor–metal interactions and the dinegative charge of the
ligand promote the process, which is electrochemically re-
versible in a number of solvents, including water;[3] 4) they
allow facile synthetic modifications: the most commonly em-


Abstract: A new series of ligands, con-
taining one (L1H2–L4H2) or two
(L5H4–L6H4) 1,4,8,11-tetraaza-5,7-
dione units and functionalized with a
propargyl group on the C atom be-
tween the C=O moieties, has been syn-
thesized. Protonation constants for the
ligands and formation constants of
their Cu2+ complexes have been deter-
mined in water, and the coordination
geometry of the complexes existing at
various pH values has been investigat-
ed by coupled pH-metric and spectro-
photometric titrations. Ligands capable
of simple uptake of Cu2+ with the for-
mation of neutral, square-planar com-
plexes containing the �2-charged di-
ACHTUNGTRENNUNGamino-diimido donor sets and ligands


containing further coordinating groups
(quinoline or pyridine) capable of
single and double cation translocation
have been investigated. The role of the
substituents on the amino groups and
the structural role played by the prop-
argyl group have been examined as re-
gards Cu2+ complexation and translo-
cation. In the double-translocating
ligand L6H4, when the two Cu2+ ions
move inside the diamino-diamido
donor set, the slim propargyl group
allows an unprecedented folding of the


whole ligand with apical coordination
of one pyridine to form a five-coordi-
nate, square-pyramidal Cu2+ ion. The
crystal and molecular structures of this
unusual [L6Cu2] complex have been
determined by X-ray diffraction. Final-
ly, oxidation of Cu2+ to Cu3+ has been
studied by cyclic voltammetry in water,
which revealed that the redox reaction
occurs only when the copper cation is
within the diamino-diimido compart-
ment. Moreover, both functionalization
of the primary amines with bulky sub-
stituents and apical coordination of
Cu2+ make access to the 3+ oxidation
state more difficult and disrupt the re-
versibility of the electrochemical pro-
ACHTUNGTRENNUNGcess.
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ployed diACHTUNGTRENNUNGamino-diamido ligands contain the 1,4,8,11-tetra-
aza-5,7-dione framework (as in the examples shown in
Scheme 1), which can be easily monofunctionalized in the 6-
position with a huge variety of molecular groups (R in
Scheme 1).
In addition the primary or secondary amines can be deriv-


atized, and the ligands obtained maintain their unique coor-
dinative features. Photochemical[4] and electrochemical sen-
sors[5] for Ni2+ and Cu2+ have been built using this frame-
work. Moreover, recently some of the authors of this article
in collaboration with Fabbrizzi et al. have demonstrated that
owing to the intrinsically pH-switchable nature of these li-
gands, appending two further coordinating groups to the pri-
mary amines (e.g. pyridines, quinolines, bipyridines) results
in either open[6] or cyclic[7] molecules in which intramolecu-
lar Ni2+ [6a–b] or Cu2+ [6c–d,7] translocation is driven by pH.
Notably, we and Fabbrizzi[7] have shown that in a system


in which double Cu2+ translocation is observed, the imida-


zolate anion can be taken up and released as a result of the
cationMs movement, opening the path to pH-driven molecu-
lar machines capable of acting as receptors that can be open
and closed on command. Focusing on Cu2+ translocation,
we and Fabbrizzi have demonstrated[6c] that appending a
pyridine group to the 1,4,8,11-tetraaza-5,7-dione framework
gives a system in which cation translocation is accompanied
by molecular folding, with Cu2+ being unusually five-coordi-
nate even inside the diamino-diimido compartment
(Scheme 2, form A2), thanks to the chelating effect exerted
by the pyridine group. In contrast, when two ligands of this
kind are merged within a single macrocyclic structure, fold-
ing of the pyridine groups is not observed and double trans-
location inside the diamino-diimido compartments gives two
truly square planar Cu2+ ions[7] (Scheme 2, form B2).
Our goals include the ability to control the shape of a


molecule when one or more cations change position inside it
on command and to tune the coordination number and ge-
ometry of the moving cations in their different positions. In
the long term, our aim is to prepare self-assembled mono-
layers (SAMs) of these molecular systems on conducting or
semiconducting surfaces. The overall shape and charge of
the molecular systems, the coordination number and geome-
try of the metal center(s), and the metal–metal distance
inside a single molecule can strongly influence interesting
properties of the functionalized surface, including conductiv-
ity, electrical capacity, and color.[8] Along these lines, we
have now synthesized the L1H2–L6H4 series of new ligands
based on the 1,4,8,11-tetraaza-5,7-dione framework and fea-
turing the propargyl group between the carboxy moieties.
Propargyl is a very useful functional group for the prospec-
tive further step of preparing SAMs of these molecules on
Si surfaces.[8b] In addition, HC�C�CH2� is short relative to
the groups we have previously appended in the same posi-
tion: it imparts only a modest hydrophobicity to the func-
tionalized ligands and, owing to its cylindrical nature, it
exerts little steric hindrance. Accordingly, we wanted to un-
derstand how the limited bulkiness of propargyl influences
the overall shape of the copper complexes and the Cu2+ co-
ordination geometry in the various positions between which
the cation(s) is allowed to move. We have thus undertaken a
detailed characterization of the complexes, and of the spec-
tral and electrochemical properties of all of these ligands to-
wards Cu2+ in water, and examined the pH-driven translo-
cating capabilities of L4H2 and L6H4. The coordination con-
stants of the Cu2+ complexes formed by all of the ligands in
water solution in the pH range 2–12 have been calculated
and the coordination number and geometry of the com-
plexes have been established. Moreover, the crystal and mo-
lecular structures of the diimino-diimido Cu2+ complexes of
L1H2 and L6H4 have been determined by X-ray diffraction.


Results and Discussion


Complexation processes in non-translocating systems : After
determining the protonation constants of all of our ligands


Scheme 1. Formation equilibria for the neutral complexes with one or
two metal cations in ligands containing one or two 1,4,8,11-tetraaza-5,7-
dione units; M2+ = Ni2+ or Cu2+ .
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(see Supporting Information, Table S1), we examined the
complexation tendencies of L1H2–L3H2 and L5H4 towards
Cu2+ in aqueous solutions (0.05m NaNO3) containing ligand
and one (L1H2–L3H2) or two equivalents (L5H4) of [Cu-
ACHTUNGTRENNUNG(CF3SO3)2]. Excess HNO3 was also added and potentiomet-
ric titrations were carried out by addition of standard
NaOH. Data refinement (Hyperquad package[9]) allowed us
to determine the formation constants of the species existing
in the 2–12 pH range. The logarithmic values of the con-
stants and the formation equilibria to which they are re-
ACHTUNGTRENNUNGferred are listed in Table 1.
L1H2 is the simplest ligand of the set we examined: it is


acyclic and its two amino groups are unsubstituted (pri-
mary). From the formation constants listed in Table 2 and
the protonation constants in Table S1 (see Supporting Infor-
mation), a distribution diagram (% of species with respect
to total L1H2 versus pH) may be drawn (Figure 1A), show-
ing that only two dominant species exist in the 2–12 pH
range, the diprotonated ligand [L1H4]


2+ and the neutral,
square-planar complex with deprotonated amido groups
[L1Cu]. The protonation and formation constants of the
species that we have identified in the pH 2–12 range and, as
a consequence, the resulting distribution diagram are similar
to those previously described for plain 1,4,8,11-tetraaza-5,7-
dione and for its 6-benzyl analogue.[10]


It must be stressed that the [L1H2Cu]
2+ complex, though


existing in the pH range examined, is unstable and reaches a
concentration of only 20%. This is in accord with its forma-
tion constant, which is low (7.60 log units) considering that


it is a diamino ligand coordinat-
ing a single Cu2+ ion. This
value is comparable with the
logb2 value of 7.51 reported in
the literature for methyl-
ACHTUNGTRENNUNGamine[11] and indicates that the
two primary amines, separated
by a chain of nine atoms,
are not profiting from any
chelate effect. The hydroxide-
coordinated compound
[L1H2Cu(OH)]+ forms in an
even lower quantity (<15%)
and can be considered to be
forming from [L1H2Cu] by
depro ACHTUNGTRENNUNGtonation of one of the
water molecules that complete
the coordination sphere of the
Cu2+ ion (pKa = 6.46). In con-
trast, the [L1Cu] species is a
square-planar, neutral complex
with two deprotonated amido
groups on the ligand frame-
work, as described in Scheme 1
for R = �CH2C�CH. This is
clearly demonstrated by the
visible band of the complex,
which is centered at 518 nm


Scheme 2. Equilibria involved in the pH-driven translocation plus folding of one Cu2+ ion and in the transloca-
tion of two Cu2+ ions.
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(e = 60m�1 cm�1; see Figure S1 in the Supporting Informa-
tion for a UV/Vis spectrum recorded at pH 8.5) and imparts
a characteristic pink color to the complex. As previously de-
scribed in the literature, the unusually high energy (at least
for a Cu2+ amino complex) of this band is due to the
square-planar geometry of the complex and to the particu-
larly strong in-plane ligand–metal interactions exerted by
the diamino-diimido donor set, which give rise to an unusu-
ally large separation in the d orbitals involved in the d–d
transition.[1] The wavelength of the maximum absorption
compares well with that reported for 1,4,8,11-tetraaza-5,7-
dione (lmax = 516 nm) and 6-benzyl-1,4,8,11-tetraaza-5,7-
dione (lmax = 520 nm).[10] Moreover, the crystal and molecu-
lar structure found by X-ray diffraction confirms what is
found in solution (see Figure S2 in the Supporting Informa-
tion) and shows that in [L1Cu] the Cu2+ ion is four-coordi-
nate and almost perfectly square-planar, with only a very
slight pyramidal distortion. The four nitrogen donor atoms
lie in the same plane, and the Cu2+ ion is displaced by only


0.146(1) O from it. The N�Cu
distances are in the range nor-
mally observed for tetraaza
macrocycle complexes, and the
two N ACHTUNGTRENNUNG(imido)�Cu distances
(1.937(2) O) are shorter than
the two N ACHTUNGTRENNUNG(amino)�Cu distances
(2.026(2) O), owing to the
harder character of the donor
atom and to the partial sp2


character of the two nitrogen atoms related to the delocali-
zation of the �1 charge on the oxygen atom of each amide.
Observation of the crystal structure may suggest an apical
interaction between the alkyne group and Cu2+ ; however,
the C(6)�Cu(1) and C(7)�Cu(1) distances are 2.805(4) and
2.737(4) O, respectively, and suggest that the interaction be-
tween the metal center and the �C�CH group is negligible.
Moreover, IR spectra (KBr pellets) of solid samples of
[L1Cu] and UV/Vis spectra (powder spread on paper)
reveal a normal alkyne band (2108 cm�1) and lmax =


516 nm.
When the macrocyclic ligand L2H2 is taken into consider-


ation, the distribution diagram (Figure 1B) shows that in
this case the predominating species are the same as for
L1H2/Cu


2+ : the diprotonated ligand [L2H4]
2+ and the neu-


tral square-planar complex [L2Cu]. Aside from the obvious
macrocyclic effect exerted by the bis-deprotonated four-
atom donor set in [L2Cu], even when the ligand is using
only its two secondary amines, the �NH�ACHTUNGTRENNUNG(CH2)3�NH�
group exerts a chelate effect. These two combined effects
result in a higher stability constant for the metal-containing
species, so that [L2H4]


2+ exists only up to pH 6 (instead of
pH 7 in the case of [L1H4]


2+), and also higher percentages
of complexes with nondeprotonated amides are allowed
([L2H2Cu(OH)]+ reaches 65% at pH 5.3). The absorption
spectrum of [L2Cu], measured at pH 8 (~100% of the neu-
tral complex) displays the expected “pink” band, with lmax


= 512 nm (e = 70m�1 cm�1), confirming the square-planar
nature of this species (see Figure S3 in the Supporting Infor-
mation for a UV/Vis spectrum recorded at pH 8.5).
In the case of the ligand L3H2, the amino groups are of


the secondary type as in L2H2 but the system is acyclic.
Moreover, the benzyl groups add bulkiness and lipophilicity
to the vicinal amines and, as has already been noted in the
previous section, this is reflected in the protonation con-
stants. The same can be said of the complexation constants,
which are ~1 log units lower than those for the open L1H2


ligand. However, the lower protonation and complexation
constants balance each other to give a distribution diagram
almost identical to that of L1H2: changing a primary amine
into a secondary one (with a bulky substituent) in an acyclic
ligand thus does not result in a significant change of the pH
range of existence for the dominant species. Also, the in-
plane coordination of the diamino-diimido donor set is not
particularly affected by the presence of the benzyl substitu-
ents: [L3Cu] displays an absorption band with lmax =


516 nm (e = 76m�1 cm�1, see Figure S4 in the Supporting In-


Table 1. Formation constants (and relevant equilibria) for the species present in solution for ligands L1H2–
L3H2+Cu2+ (1:1 molar ratio) and L5H4+Cu2+ (1:2 molar ratio). Uncertainties are reported in parentheses.


L1H2 L2H2 L3H2 L5H4


LH2+Cu2+Ð ACHTUNGTRENNUNG[LH2Cu]
2+ 7.60 ACHTUNGTRENNUNG(0.01) 8.34 ACHTUNGTRENNUNG(0.01) 5.97 ACHTUNGTRENNUNG(0.01)


LH2+Cu2+ +H2OÐ ACHTUNGTRENNUNG[LH2Cu(OH)]+ +H+ 1.14 ACHTUNGTRENNUNG(0.01) 4.59 ACHTUNGTRENNUNG(0.01) 0.06 ACHTUNGTRENNUNG(0.01)
LH2+Cu2+Ð ACHTUNGTRENNUNG[LCu]+2H+ �4.71 ACHTUNGTRENNUNG(0.01) �1.21 ACHTUNGTRENNUNG(0.01) �4.99 ACHTUNGTRENNUNG(0.02)
LH4+2Cu2+Ð ACHTUNGTRENNUNG[LH4Cu2]


4+ 11.39ACHTUNGTRENNUNG(0.01)
LH4+2Cu2+ +2H2OÐ ACHTUNGTRENNUNG[LH4Cu2(OH)2]


2+ +2H+ �0.84ACHTUNGTRENNUNG(0.01)
LH4+2Cu2+Ð ACHTUNGTRENNUNG[LCu2]+4H+ �14.18ACHTUNGTRENNUNG(0.01)


Table 2. Crystal data for investigated crystals.


ACHTUNGTRENNUNG[L1Cu]·2 ACHTUNGTRENNUNG(H2O) ACHTUNGTRENNUNG[L6Cu2]·9 ACHTUNGTRENNUNG(H2O)


formula C10H20CuN4O4 C68H102Cu4N20O17


Mr 323.85 1725.86
color violet violet
dimensions [mm] 0.75Q0.55Q0.35 0.25Q0.18Q0.14
crystal system orthorhombic monoclinic
space group Pbnm (no. 62) C2/c (no. 15)
a [O] 9.499 (4) 26.866 (8)
b [O] 10.480(4) 14.464(4)
c [O] 13.403(6) 24.638(10)
b [8] – 125.57(5)
V [O3] 1334.3(10) 7787.8(72)
Z 4 4
1calcd [gcm


�3] 1.612 1.472
m MoKa [mm�1] 1.654 1.156
scan type w–2q scans w scans
q range [8] 2–30 2–25
measured reflections 2018 7008
unique reflections 2018 6823
Rint


[a] – 0.0999
strong reflections [IO>2s(IO)] 1713 2220
R1, wR2 (strong data)[b] 0.0282, 0.0726 0.0962, 0.1728
R1, wR2 (all data)[b] 0.0372, 0.0768 0.2883, 0.2350
GOF[c] 1.053 0.936
refined parameters 104 537
max/min residuals [eO�3] 0.39/�0.37 0.60/�0.48


[a] Rint=� jFo
2�Fo


2
ACHTUNGTRENNUNG(mean) j /�Fo


2. [b] R1=� j jFo j� jFc j j /� jFo j , wR2=
[�[w ACHTUNGTRENNUNG(Fo


2�Fc
2)2]/[�wACHTUNGTRENNUNG(Fo


2)2]]1/2, in which w=1/ ACHTUNGTRENNUNG[s2Fo
2+(aP)2+bP] and P=


[(Max ACHTUNGTRENNUNG(Fo
2,0)+2Fc


2)2]/3. [c] GOF= [�[w ACHTUNGTRENNUNG(Fo
2�Fc


2)2]/ ACHTUNGTRENNUNG(n�p)]1/2, in which n is
the number of reflections and p the total number of refined parameters.
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formation for a spectrum recorded at pH 8), indicating that
the in-plane coordination is as efficient as that in [L1Cu].
Finally, the case of ligand L5H4 should be taken into con-


sideration. This molecule is cyclic and contains two 1,4,8,11-
tetramine-5,7-dione units, meaning that it is capable of in-
corporating two Cu2+ ions. The four amino groups are of
the secondary type, and are similar to those found in L3H2


as regards the type and bulkiness of their substituents. The
logarithmic formation constant of [L5H4Cu2]


4+ , the complex
in which the ligand is neutral and coordinates the two Cu2+


ions with its secondary amino groups, is roughly twice the
logarithmic formation constant of [L3H2Cu]


2+ . For obvious
geometric reasons, the two amino groups bound to the same
aromatic ring cannot converge on the same Cu2+ ion, and
the data also indicate that the ligand is too large and the dis-
tance between the two secondary amines belonging to the
same tetraamino-dione framework is too long for a macro-
cyclic or chelate effect to be exerted. From the data listed in
Table 1, log K for water deprotonation to give the resulting
hydroxide complexes is calculated to be �5.91 for
[L5H4Cu(OH)]+ and �12.23 for [L5H4Cu(OH)2]


2+ . This in-


dicates that the two hydroxide anions in the latter complex
are probably not bridging the two coordinated Cu2+ ions, as
this would result in a significantly easier water deprotona-
tion process (for example, a pKa value of 4.58 was found for
water deprotonation in a bis-tren bis-Cu2+ cage complex, in
which a bridging coordination mode was proposed for the
hydroxide[12]). Finally, the deprotonation of the four amido
groups and the coordination of the two Cu2+ ions is a more
difficult process in the formation of [L5Cu2], whose forma-
tion constant is significantly lower than double the forma-
tion constant of [L3Cu]. This is probably connected to the
energy spent in rearranging the large macrocycle L5H4 to
give the double square-planar complex [L5Cu2] and in the
unfavorable geometry dictated by the meta-xylyl spacers
that separate the two di ACHTUNGTRENNUNGamino-diimido donor sets. This
latter effect is also reflected in the absorption band of
[L5Cu2], which is shifted towards longer wavelengths (lmax


= 527 nm, e = 140m�1 cm�1, see Figure S5 in the Supporting
Information for a spectrum measured at pH 11.0). As a
result of the lower stability of the tetraamino tetraimido di-
metallic complex, its formation starts and is completed at


Figure 1. Distribution diagrams (% of species versus pH, water) for the systems: A) L1H2/Cu
2+ 1:1 molar ratio at a concentration of 10�3m ; B) L2H2/


Cu2+ 1:1 molar ratio at a concentration of 10�3m ; C) L3H2/Cu
2+ 1:1 molar ratio at a concentration of 10�3m ; and D) L5H4/Cu


2+ 1:2 molar ratio (10�3m
and 2Q10�3m, respectively). The protonation constants of the species not containing metal are reported in Table S1 in the Supporting Information. The
formation constants of the metal-containing species and relative equilibria are reported in Table 1.
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about one unit of pH higher than in the L3H2 case (Fig-
ure 1D). However, the shape of the distribution diagram is
similar to those found for all the non-translocating species.
Only two species predominate in the 2–12 pH range: the
one with the fully protonated amino groups [L5H8]


4+ , and
the one in which the amido protons are released and each
Cu2+ is coordinated by a bis ACHTUNGTRENNUNG(amino)-bis ACHTUNGTRENNUNG(imido) donor set,
the neutral [L5Cu2].


Single and double cation translocation with molecular re-
ACHTUNGTRENNUNGarrangement : We and Fabbrizzi have demonstrated[6a] that
pH-controlled single Ni2+ translocation takes place in a
system with almost the same framework as L4H2, but with a
benzyl group instead of propargyl. However, we also
found[6c] that when Cu2+ is used inside the same ligand, an
overall molecular rearrangement is obtained: [LH2Cu]


2+ is
formed at 4.0<pH<6.0, the Cu2+ ion is in the bis(amino-
quinoline) compartment (trigonal-bipyramidal geometry,
blue color, lmax = 616 nm), and when the pH is raised
above 6.0 the amido groups deprotonate. The diamino-di-
ACHTUNGTRENNUNGimido neutral complex [LCu] is formed (prevalent at pH>


7.8, >95% at pH 9.2) but its geometry is square-pyramidal,
as indicated by the absorption band (lmax = 552 nm). In this
case, the chelate effect and tendency of Cu2+ to adopt five-
coordination overwhelm the intrinsic square-planar geome-
try imposed by the diamino-diimido donor set in the bis-de-
protonated 1,4,8,11-tetraamino-5,7-dione framework, and
the system folds to allow coordination of one pyridine in the
apical position with the Cu2+ center. These two complexes
are depicted as A1 and A2 in Scheme 2. On the other hand,
we and Fabbrizzi also found[7] that in a macrocyclic ligand
that can be considered as a system containing two ligand
units of the same kind, a neat cation translocation is also ob-
served with Cu2+ : at 2.0<pH<6.1 the [LH4Cu2]


4+ complex
is prevalent (each Cu2+ is trigonal-bipyramidal, blue color,
lmax = 660 nm, coordination sphere completed by water
molecules), and at basic pH the cations are translocated
with deprotonation of the amido groups to give the pink
[LCu2] complex (prevalent at pH>9.4, >95% at pH>10.2),
in which each the Cu2+ center is authentically square-planar
(lmax = 515 nm). We put forward the hypothesis that the
large benzyl groups were too bulky to allow folding of the
entire macrocyclic framework for apical coordination of the
pyridine groups. The two complexes are shown as B1 and
B2 in Scheme 2.
On the basis of this information, we studied and com-


pared the translocating properties of the ligands L4H2 and
L6H4 towards Cu


2+ . The solution behavior of the propargyl-
substituted L4H2 ligand was studied by the usual potentio-
metric titration methods, using dioxane/water (4:1) as sol-
vent. Figure 2 displays the distribution diagram for the 1:1
L4H2/Cu


2+ system and the visible spectra relative to the pre-
dominating species, from which it can be seen that transloca-
tion and rearrangement take place under pH control.
The [L4H2Cu]


2+ species is the complex in which the Cu2+


ion is coordinated by the neutral ligand with its two amino-
quinoline bidentate units. This species is the prevalent one


in solution at 4.5<pH<6.5 reaching about 90% at pH 5.45,
and it is indicated as C1 in Scheme 3. Its absorption spec-
trum (recorded on a 10�3m solution in both ligand and [Cu-
ACHTUNGTRENNUNG(CF3SO3)2], with pH set at 5.5 by microadditions of standard
HNO3; see Figure 2B) features an absorption maximum at
670 nm (e = 55m�1 cm�1). As has been reported in the liter-
ature for the analogous benzyl-substituted complex (A1 in
Scheme 2),[6c] this spectrum indicates that in [L4H2Cu]


2+ the
copper cation is five-coordinate, and adopts a trigonal-bipyr-
amidal geometry in which the fifth coordination position is
occupied by a water molecule. Water deprotonation is ob-
served on raising the pH above 6, with [L4H2Cu(OH)]+


reaching its maximum (55%) at pH 7.0 (pKa = 6.59). Fur-
ther increase in pH causes the two amido protons to be re-


Figure 2. A) Distribution diagram (% of species versus pH) for the
system L4H2/Cu


2+ 1:1 molar ratio at a concentration of 10�3m (solid
lines) in water/dioxane 1:4 v/v. The protonation constants of the species
not containing metal are reported in Table S1 in the Supporting Informa-
tion. The formation constants of the metal-containing species and rele-
vant equilibria are: [L4H3]


+ +Cu2+Ð ACHTUNGTRENNUNG[L4H3Cu]
3+ , logK = 14.36 ACHTUNGTRENNUNG(�0.01);


L4H2+Cu2+Ð ACHTUNGTRENNUNG[L4H2Cu]
2+ , logK = 10.03 ACHTUNGTRENNUNG(�0.01); L4H2+CuÐ


[L4H2Cu(OH)]+ +H+ , logK = 3.44ACHTUNGTRENNUNG(�0.01); L4H2+Cu2+Ð ACHTUNGTRENNUNG[L4Cu]+
2H+, logK = �3.91. Black triangles are relative to the absorbance at
570 nm (i.e., at the maximum of absorption of [L4Cu]). The ascending
value of this absorbance in the pH 4–7 range is due to the fact that the
band relative to [L4H2Cu]


2+ has a non-negligible absorption at this wave-
length (see also Figure 3B). B) Molar absorption spectra for [L4H2Cu]


2+


(recorded at pH 5.5) and for [L4Cu] (recorded at pH 10.0)
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leased and the Cu2+ ion to translocate inside the diamino-
diimido compartment, leading to the formation of the neu-
tral [L4Cu] complex in above 95% yield at pH>8.6. Ac-
cordingly, translocation of the Cu2+ ion takes place on
changing the pH from 5 to 9, for example, or vice versa.
However, in this complex, the Cu2+ ion is not square-
planar: its visible absorption (recorded on a 10�3m solution
in both ligand and [Cu ACHTUNGTRENNUNG(CF3SO3)2], with pH set at 10.0 by mi-
croadditions of standard KOH; see Figure 2B) is centered
at lmax = 570 nm (e = 78m�1 cm�1), indicating apical coordi-
nation of one of the quinoline groups to the Cu2+ center
and the displacement of the copper cation from the plane
formed by the four nitrogen atoms of the diamino-diimido
donor set, as was observed for Cu2+ with the analogous
benzyl-containing ligand (Scheme 2, form A2). The [L4Cu]
complex can thus be assigned to be C2 (see Scheme 3) and
according to the scheme, translocation of the copper cation
takes place under pH control. However it also involves a
more complicated overall molecular rearrangement: Cu2+


does not simply change coordinative compartments because
one quinoline group always remains bound to it. Figure 2 A
also shows (black triangles) the profile of the absorption at
570 nm versus pH, which superimposes nicely with the for-
mation profile of its parent species [L4Cu].
Notably, in this translocating system, deprotonation of the


amide groups and coordination of Cu2+ by the diamino-di-
ACHTUNGTRENNUNGimido donor set takes place at a pH remarkably higher than
in the non-translocating systems. For example, in the system
with L3H2/Cu


2+ in a 1:1 molar ratio, [L3Cu] is present at
more than 95% at pH 7, whereas to attain the same per-
centage for [L4Cu] requires pH 8.6. This difference is due to
the competitive effect of the two chelating aminoquinoline
units, that is, to the formation of the stable [L4H2Cu]


2+ com-


plex. As discussed in the previ-
ous section, competition of the
related species in the case of
L3H2 is negligible because
[L3H2Cu]


2+ is not very stable.
Quite surprisingly, double


Cu2+ translocation with re-
ACHTUNGTRENNUNGarrangement can also be ob-
served on changing the pH for
the system made of L6H4/Cu


2+


in a 1:2 molar ratio. For this
system, potentiometric titra-
tions carried out in water al-
lowed us to determine the for-
mation constants and the distri-
bution diagram (Figure 3A; see
caption for the logK values and
the formation equilibria in-
volved) of the species present
in solution as a function of pH.
The important species involved
in the translocation process are
[L6H4Cu2]


4+ and [L6Cu2].
[L6H4Cu2]


4+ is the species in
which the ligand is in its neutral form, and coordinates two
Cu2+ ions, each one with the tridentate chelating diamino-
pyridine units; it is indicated as D1 in Scheme 3. This spe-
cies has a blue color and displays an absorption spectrum
with lmax = 660 nm (e = 128m�1 cm�1; see Figure 3B), typi-
cal of pentacoordinate trigonal-bipyramidal Cu2+ (the re-
maining two coordinating positions are occupied by water
molecules), similar to what we and Fabbrizzi have previous-
ly found[7] with the benzyl-substituted analogue ligand (B1
in Scheme 2). This 2Cu2+/neutral ligand species is prevalent
in the 2.6<pH<4.9 interval, reaching its maximum (93%)
at pH 3.5. This is different from what was found for the
meta-xylyl analogue L5H4: in that case, the absence of the
pyridine nitrogen atom does not allow any kind of chelating
effect; thus, the [L5H4Cu2]


4+ species is not very stable. The
corresponding logarithmic formation constants, 11.39 for
[L5H4Cu2]


4+ and 25.31 for [L6H4Cu2]
4+ , can be directly


compared and reflect this difference.
The high stability of the Cu2+-diaminopyridine moiety is


also reflected in the existence of the hydroxide-coordinated
species [L6H4Cu2(OH)]3+ and [L6H4Cu2(OH)2]


2+ , which are
prevalent up to pH 9.1, and in which the Cu2+ ions are still
in the diaminopyridine tridentate compartments. The pKa


values of only 4.84 and 7.49 calculated for the first and
second deprotonation of water indicate that at least one of
the OH� ions is probably bridging between the two copper
cations, in accord with the previously demonstrated capabili-
ty of the very similar complex B1 to bind a variety of bridg-
ing anions.[7] In the visible absorption spectra, these species
display almost no shift of the absorption bands relative to
D1 (see Figure 3B). As a consequence of the stability of the
Cu2+-diaminopyridine moiety, the deprotonation of the
amido groups and the translocation of the Cu2+ ions with


Scheme 3. Scheme for the pH-driven translocation plus rearrangement of one or two Cu2+ ions.
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formation of the diamino-diimido neutral complex [L6Cu2]
(D2 in Scheme 3) is pushed to a very basic zone. This com-
plex begins to form at pH>8.1 and reaches >95% at
pH 9.8, while the corresponding species for the non-translo-
cating ligand L5H4 (i.e., [L5Cu2]) begins to form at pH 6.0
and goes over 95% at pH 7.7. Owing to the very effective
chelating action of the diaminopyridine units in the large
macrocyclic system L6H4, the formation of the diamino-di-
ACHTUNGTRENNUNGimido complex is even more difficult than in the single-
translocating L4H2 ligand, in which simple bidentate units
chelate the Cu2+ ion.
Even if [L6Cu2] has the same formulation as species B2 in


Scheme 2, its absorption spectrum strongly indicates that its


geometry is different. In particular, it has a visible spectrum
with lmax = 575 nm (e = 90m�1 cm�1; see Figure 3B), which
is thus centered at too long a wavelength maximum for even
a distorted square-planar arrangement of the diamino-diimi-
do donor set. Accordingly, each Cu2+ should be pentacoor-
dinate and square-pyramidal, as has been found in the cases
of A2 and C2. Thus, the unusual geometrical arrangement
of [L6Cu2] can be hypothesized as D2 in Scheme 3: on
changing pH from 4 to 10, for example, the whole molecular
system rearranges and folds with translocation, allowing
each pyridine unit to apically coordinate one Cu2+ ion. As
expected, plotting the absorbance versus pH taken at lmax


both for [L6Cu2] and [L6H4Cu2]
4+ results in profiles that su-


perimpose correctly on the distribution curves of the relative
species (Figure 3A, black and white triangles).
Translocation plus folding is indeed confirmed by the


crystal and molecular structure determined by X-ray diffrac-
tion of a single crystal of [L6Cu2] (Figure 4). Each Cu2+ ion
lies outside of the plane defined by the diamino-diimido
donor set by 0.341(5) O for Cu(1) and 0.322(6) O for Cu(2),
and both metal centers are coordinated apically by one pyri-
dine, with Cu�N distances (2.264(9) O for Cu(1) and
2.288(10) O for Cu(2)) that confirm the interaction with the
apical N atoms. Therefore each metal center is pentacoordi-
nate and has a distorted square-pyramidal geometry.
Quite interestingly, translocation plus folding is allowed in


the systems coordinating one single Cu2+ ion (see A1 and
A2 in Scheme 2 and C1 and C2 in Scheme 3), independent
of the nature of the substituent between the C=O groups
(i.e., benzyl or propargyl): molecular modeling (Hyperchem


Figure 3. A) Solid lines represent the % of species versus pH for the spe-
cies existing in the pH 2–12 range for the system comprising 10�3m L6H4


and 2Q10�3m Cu2+ (i.e., 1:2 molar ratio). The protonation constants of
the species not containing metal are reported in Table S1 in the Support-
ing Information. The formation constants of the metal-containing species,
with relevant equilibria are: L6H4+2Cu2+Ð ACHTUNGTRENNUNG[L6H4Cu2]


4+ , logK = 25.31;
L6H4+2Cu2+Ð ACHTUNGTRENNUNG[L6H4Cu2(OH)]3+ +H+ , logK = 20.47; L6H4+2Cu2+


Ð ACHTUNGTRENNUNG[L6H4Cu2(OH)2]
2+ +2H+ , logK = 12.98; L6H4+2Cu2+ÐACHTUNGTRENNUNG[L6Cu2]+


4H+, logK = �5.23. White triangles represent the absorbance versus pH
measured at 570 nm, lmax for the [L6Cu2] species. The slight absorbance
increase in the 2<pH<8 region is due to the fact that [L6H4Cu2]


4+ (and
its hydroxide complexes) also has a non-negligible absorbance at this
wavelength. Black triangles represent the absorbance versus pH mea-
ACHTUNGTRENNUNGsured at 650 nm, lmax for the [L6H4Cu2]


4+ species; in this case the residu-
al absorbance observed at pH>8 is also due to the fact that [L6Cu2] has
a non-negligible absorbance at this wavelength. B) Absorption spectra
for [L6H4Cu2]


4+ , [L6H4Cu2(OH)]3+ , [L6H4Cu2(OH)2]
2+ , and [L6Cu2],


mea ACHTUNGTRENNUNGsured at various pH values (at which the relative species reaches its
maximum percentage).


Figure 4. Structure of the [L6Cu2] complex (ORTEP view, ellipsoids are
drawn at the 30% probability level, hydrogen atoms and solvent water
molecules omitted for clarity). Both metal centers exhibit a distorted
square-pyramidal coordination sphere. Selected bond lengths [O] and
angles [8]: Cu(1)�N(1) 2.032(9), Cu(1)�N(2) 1.937(10), Cu(1)�N(3)
1.943(10), Cu(1)�N(4) 2.052(10), Cu(1)�N(5) 2.264(9), Cu(2)�N(6)
2.063(10), Cu(2)�N(7) 1.929(11), Cu(2)�N(8) 1.964(11), Cu(2)�N(9)
2.055(10), Cu(2)�N(10) 2.288(10); N(1)-Cu(1)-N(2) 84.08(39), N(1)-
Cu(1)-N(4) 94.91(37), N(1)-Cu(1)-N(5) 105.38(35), N(2)-Cu(1)-N(3)
92.12(41), N(2)-Cu(1)-N(5) 115.55(41), N(3)-Cu(1)-N(4) 82.36(38), N(3)-
Cu(1)-N(5) 97.07(39), N(4)-Cu(1)-N(5) 80.45(40), N(6)-Cu(2)-N(7)
81.62(51), N(6)-Cu(2)-N(9) 95.19(43), N(6)-Cu(2)-N(10) 95.55(37), N(7)-
Cu(2)-N(8) 93.22(51), N(7)-Cu(2)-N(10) 118.01(42), N(8)-Cu(2)-N(9)
84.07(45), N(8)-Cu(2)-N(10) 104.40(41), N(9)-Cu(2)-N(10) 78.44(44).
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6.0 package) suggests that on coordination of one pyridine
group, the benzyl or propargyl substituent is on the other
side of the plane (defined by the four nitrogen donors) from
the coordinating heterocycle, with no reciprocal interaction.
Different behavior is found for the larger macrocyclic sys-
tems in which double cation translocation takes place. With
the bulky benzyl substituent, folding is not allowed and true
square-planar coordination is found for each Cu2+ ion (B2,
Scheme 2), whereas the slim �CH2�C�CH fragment allows
folding, apical coordination of the pyridines, and conse-
quently molecular folding with translocation. The dimen-
sions of the substituent between the two C=O groups are
crucial. In the crystal structure of [L6Cu2], each �CH2�C�
CH group is folded away with respect to the plane of the di-
amino-diimido donor set binding to the closest metal center,
and the terminal alkyne carbon atom is near the �CH2�
CH2� moiety that connects the �NH� and �N�� groups in
the 1,4 positions of the other diamino-diimido framework.
Bond lengths as short as 2.61(5) O for the C(34) proton and
one proton of C(1) and 2.75(2) O for the C(31) proton and
one proton of C(15) may be calculated for the two terminal
alkyne carbons: substituting the �C�CH group with a ben-
zene ring would thus result in serious steric crowding be-
tween the�CH2�CH2� chains and the benzyl protons.


Crystal and molecular structure of [L6Cu2]: The crystal and
molecular structure of the Cu2+ complex as hydrate crystals
[L6Cu2]·9H2O has been obtained from an X-ray diffraction
study and is shown in Figure 4. The N ACHTUNGTRENNUNG(imido)�Cu distances
are 1.944(10) O (av) and the N ACHTUNGTRENNUNG(amino)�Cu distances
2.050(11) O (av). Delocalization of the negative charge of
the N ACHTUNGTRENNUNG(imido) atoms over the carboxyl groups makes the N-
ACHTUNGTRENNUNG(imido)�C ACHTUNGTRENNUNG(carboxy) distance, 1.293(10) O (average), signifi-
cantly shorter than the other N�C bond lengths (1.472(5) O,
average). The [L6Cu2] complex shows the four N atoms of
each diamino-diimido donor set to be almost coplanar: the
mean deviation from the N4 best plane are 0.06(1) O for
N(1)-N(2)-N(3)-N(4) and 0.04(1) O for N(6)-N(7)-N(8)-
N(9). However, the two metal centers are significantly out
of the amine best planes by 0.341(5) O for Cu(1) and
0.322(6) O for Cu(2). The distances to the apical N-
ACHTUNGTRENNUNG(pyridine) atoms are 2.264(9) for Cu(1) and 2.288(10) O for
Cu(2) and are in agreement with that already found for an
axial N ACHTUNGTRENNUNG(pyridine) donor atom.[10] The metal centers are defi-
nitely pentacoordinate and have a distorted square-pyrami-
dal geometry, the apical N ACHTUNGTRENNUNG(pyridine) atoms being far away
from the normal to the plane of the basal donor set. The
molecular folding of the [L6]4� ligand, which allows penta-
coordination for the two metal centers, places the two pyri-
dine rings at a distance that is compatible with weak face-
to-face p-stacking interactions; the centroid–centroid sepa-
ration is 3.60(2) O and the shorter interatomic distances are
between N(5) and C(27) (3.14(1) O) and between N(10) and
C(13) (3.20(1) O). Finally, various hydrogen-bonding inter-
actions occur: the O(2), O(3), and O(4) carboxy-oxygen
atoms of the [L6Cu2] complex are proton acceptors in O�
H···O interactions with water molecules. The quality of the


[L6Cu2] crystal did not allow us to define the positions of all
the water protons, and only the OACHTUNGTRENNUNG(water)···OACHTUNGTRENNUNG(carboxy)
donor–acceptor distances can be clearly defined; they range
between 2.67(2) and 3.04(2) O. Also the N(6) and N(9) sec-
ondary amines are proton donors for water molecules and
the N�H···O ACHTUNGTRENNUNG(water) features are: N···O 2.97(2)–3.172(2) O,
H···O 2.10(2)–2.42(2) O, N�H···O 159(1)–139(1)8. The other
two secondary amines, N(1) and N(4), are proton donors for
the O(1) carboxy-oxygen atom of an adjacent molecule. The
N�H···O ACHTUNGTRENNUNG(carboxy) interactions have the following features:
N···O 3.00(1)–3.05(1) O, H···O 2.09(1)–2.17(1) O, N�H···O
171(1)–162(1)8, and produce an infinite chain of [L6Cu2]
complexes that extends along the b crystallographic axis.


Electrochemical oxidation of Cu2+ centers to Cu3+ : The
electrochemical properties of the Cu2+ complexes of ligands
L1H2–L6H4 were examined in water (water/dioxane 1:4 in
the case of L4H2), by means of cyclic voltammetry experi-
ments. Measurements carried out on solutions prepared by
simply mixing free ligand and [CuACHTUNGTRENNUNG(CF3SO3)2] in 1:1 (L1H2–
L4H2) or 1:2 (L5H4 and L6H4) molar ratios resulted in flat
profiles, indicating that no oxidation took place in the po-
tential window examined (from �500 to +1500 mV versus
SCE). To observe the appearance of an oxidation wave
(Cu3+/Cu2+ couple) it was necessary to add enough standard
KOH to deprotonate the amido groups and reach pH values
at which, according to the distribution diagrams, the neutral
Cu2+–amino-imido complexes are formed at >95%. This
behavior is expected, because oxidation of Cu2+ to Cu3+ is
not observed (at least in the electrochemical window al-
lowed in water) in the complexes formed by Cu2+ with
amino/heterocycle ligands, while it is known[3] that it can re-
versibly take place when Cu2+ is coordinated by the diami-
no-diimido donor set of the deprotonated 1,4,8,11-tetraami-
no-5,7-dione framework. Figure 5A displays the CV profile
obtained for L1H2+Cu2+ at pH 8.0, at which value [L1Cu]
is formed in 99% yield. The CV profile is reversible, with
E1/2 = 755 mV versus SCE (DE = 140 mV). This value
compares well with those previously reported for the analo-
gous [LCu] complexes with open ligands LH2 (Scheme 1A,
left) either 1,4,8,11-tetraaza-5,7-dione (R = H in Scheme
1A, left, E1/2 = 700 mV versus SCE) or 6-benzyl-1,4,8,11-
tetraaza-5,7-dione (R = benzyl in Scheme 1A, left, E1/2 =


740 mV versus SCE).[10] Similar behavior is found for L2H2,
with a reversible CV profile with full current intensity found
at pH 7.8, with [L2Cu] formed at about 99% yield. However
Cu2+ is oxidized to Cu3+ at a lower potential (657 mV
versus SCE), as expected from the macrocyclic stabilization
effect on high oxidation states of the encircled metal.[3c]


Ligands L3H2–L6H4 have the common feature of having
secondary amino groups with large CH2-phenyl or CH2-pyr-
idyl substituents. This has a dramatic effect on the oxidation
process. In the case of [L3Cu], no pyridine is contained in
the ligand framework; the complex is square-planar (lmax =


516 nm), but in the CV profile only an oxidation wave is ob-
served, with no reduction. The peak potential is about
900 mV versus SCE. This value is compatible with the po-
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tential values observed for the oxidation peaks of [L1Cu]
and [L2Cu], and is consistent with the observation that in
the amino-imido complexes of Cu2+ , the oxidation potential
of the Cu3+/Cu2+ couple is directly proportional to the max-
imum of the d–d absorption band.[13] As regards the nonre-
versible profile observed, the hypothesis may be put forward
that the large benzyl groups cause unfavorable steric crowd-
ing in the complex of the small Cu3+ ion, which is d8, low-
spin, and square-planar,[3c] and is stabilized in particular by
diamino-diimido donor sets capable of tightly encircling the
metal cation.[14] Moreover, decomposition of Cu3+ com-
plexes inside amino-imido ligands has been proposed to
occur through base-promoted deprotonation of an amine
group and the formation of a transient N=C double
bond.[14,15] This may be favored in our ligands by conjugation
with the aromatic ring.
When the [L5Cu2] complex is taken into consideration,


not even an irreversible oxidation wave is observed before
water discharge. Indeed, this may be expected considering
that the [L5Cu2] complex absorbs at 527 nm, indicating sig-
nificant distortion from perfect square-planar coordination


of the Cu2+ ions, which shifts the oxidation potential outside
the potential window allowed by the solvent (water).[13]


Finally, when the imino-imido complexes of the translo-
cating systems [L4Cu] and [L6Cu2] are taken into considera-
tion, similar behavior is found. Irreversible oxidation is ob-
served near the solvent discharge (~1300 mV versus SCE.
See Figure 5B for the case of [L6Cu2]; pH 10.2) Axial coor-
dination in Cu2+ diamino-diimido complexes has been
shown to favor oxidation to Cu3+ ,[3c] but at the same time, in
our complexes this imparts such a displacement of the Cu2+


ion from the N4 plane that the two effects balance in a shift
of the oxidation potential near the anodic limit of solvent
discharge. Moreover, irreversibility must take into account
both the promotion of decomposition pathways of the Cu3+


complex (that should be more significant at the particularly
basic pH necessary to form the deprotonated complexes in
these two ligands) and the ligand rearrangements following
oxidation, as the d8 Cu3+ ion is square planar and, conse-
quently, the square-pyramidal arrangement shown in
Figure 5, for example, must be disrupted.


Conclusion


Some general conclusions about the behavior of the
1,4,8,11-tetraamino-5,7-dione framework either as a simple
ligand for Cu2+ or inside translocating systems for Cu2+


may be drawn from this work, based on a set of new ligands
containing this framework and a propargyl moiety as the
substituent on the C atom between C=O groups. In non-
translocating systems (L1H2–L3H2 and L5H4), the propargyl
group facilitates the solubilization of ligands and complexes
in water, but does not have any additional effect on Cu2+


complexation. Also the incorporation of secondary amine
groups does not lead to significant differences in the com-
plexation properties of these ligands, in particular with re-
spect to the pH of formation of the neutral complexes with
deprotonated amido groups. However, the maximum of the
d–d absorption band is significantly shifted towards longer
wavelengths when the substituent on the secondary amines
is bulky and two tetraaminodione units are included in a
macrocyclic framework, which reflects hindered access to
perfect square-planar coordination of the Cu2+ ion in the
complexes. The effect of secondary amines is dramatic on
the oxidation of the complexed Cu2+ ion to Cu3+ : with the
exception of the [L2Cu] complex of the macrocyclic ligand
L2H2, which profits from the macrocyclic effect and displays
a reversible oxidation at a potential lower than [L1Cu],
equipping the amine with bulky groups such as benzyl pre-
vents reversibility. Moreover, inclusion of the ligand with
secondary bulky substituents in a large macrocyclic frame-
work (L5H4) pushes the irreversible oxidation process out
of the water electrochemical window. When systems in
which cation translocation can take place are examined, the
role of the substituent on the carbon atom between the two
C=O groups is negligible in open ligands. Owing to the flexi-
bility of the ligand framework, the folding of a methyl-het-


Figure 5. Cyclic voltammetry profiles obtained in water (0.1m KNO3) for
A) [L1Cu] at pH 8.0 and B) [L6Cu2] at pH 10.2. Scan rate = 200 mVs�1.
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erocycle arm always follows translocation of Cu2+ from the
amino-heterocycle compartment to the diamino-diimido
one. A square-pyramidal coordination geometry is obtained
for Cu2+ in [L4Cu] as in its analogues with bulkier substitu-
ents instead of propargyl. On the other hand, the dimen-
sions of the substituent are critical when large, cyclic,
double-translocating systems like [L6H4] are taken into con-
sideration. The slim propargyl group allows folding of the
ligand framework to follow translocation from the diamino-
pyridine compartments to the diamino-diimido ones, so that
apical coordination of the pyridine to Cu2+ and square-pyra-
midal coordination are obtained in the [L6Cu2] complex,
while in the same ligand with benzyl instead of propargyl,
folding is prevented by the bulkiness of the substituent, and
truly square-planar Cu2+ is obtained. Finally, the electro-
chemical oxidation of Cu2+ to Cu3+ is made irreversible by
apical coordination of a heterocycle in the diamino-diimido
complexes, and the oxidation peak is pushed close to the
limits of the water electrochemical window.


Experimental Section


Syntheses : Benzaldehyde, 2-quinoline carboxaldehyde, isophtalaldehyde,
and 2,6-pyridine dicarboxaldehyde were purchased from Aldrich or
Fluka, and used as supplied. 2-Propargyldiethyl malonate was prepared
according to reference [16], and the crude yellow oil was further purified
by distillation under reduced pressure through a microdistillation appara-
tus fitted with a short Vigreux column, (b.p. 51 8C at 5Q10�2 mbar), re-
sulting in a colorless oil. 1,3-(2’-Aminoethylamino)propane was prepared
according to reference [17].


N,N’-Bis-(2-aminoethyl)-2-prop-2-ynylmalonamide (L1H2): 2-Propargyl-
diethyl malonate (15.0 g, 75.7 mmol) was dissolved in a large excess of
ethylenediamine, previously distilled from CaH2. The mixture was stirred
under nitrogen at room temperature for a week. The ethylenediamine
was evaporated under vacuum and the crude white product was repeat-
edly washed with diethyl ether, resulting in a white powder that was
dried under vacuum (84% yield). 1H NMR (CDCl3): d = 7.7 (br; CO-
NH-), 3.4 (m, 5H; CO-CH(R)-CO + CO-NH-CH2), 2.8 (m, 6H; C�C-
CH2- + -CH2-NH2), 2.12 ppm (s, 1H; HC�C-); MS (ESI): m/z : 227
[L1H2+H+]; elemental analysis calcd (%) for C10H18N4O2: C 53.08, H
8.02, N 24.75; found: C 53.01, H 8.08, N 24.72.


6-Prop-2-ynyl-1,4,8,11-tetraazacyclotetradecane-5,7-dione (L2H2): 2-
Propargyldiethyl malonate (10.0 g, 50.5 mmol) and 1,3-(2’-aminoethyl-
ACHTUNGTRENNUNGamino)propane (8.0 g, 0.05 mmol) were dissolved in anhydrous ethanol
(100 mL). The mixture was refluxed for three days under nitrogen. After
the mixture was allowed to cool to room temperature, the solvent was
concentrated on a rotary evaporator and the mixture was left standing at
0 8C until a yellow precipitate formed. The product was collected by fil-
tration and washed with chilled ethanol (2Q5 mL) and diethyl ether (2Q
10 mL), to yield a white solid (20%). 1H NMR (CDCl3): d = 7.8 (br,
2H; CO-NH-), 3.4–3.5 (m, 5H; CO-CH(R)-CO + CO-NH-CH2), 2.7–2.8
(m, 10H; C�C-CH2- + -CH2-NH-CH2), 2.08 (s, 1H; HC�C-), 1.68 ppm
(t, 2H; -CH2-CH2-CH2-); MS (ESI): m/z : 267 [L2H2+H+]; elemental
analysis calcd (%) for C13H22N4O2: C 58.62, H 8.32 N 21.02; found: C
58.59, H 8.35, N 20.99.


N,N’-Bis-(2-benzylaminoethyl)-2-prop-2-ynylmalonamide (L3H2): A solu-
tion of L1H2 (0.453 g, 2 mmol) in methanol (20 mL) was added dropwise
to a solution of benzaldehyde (0.410 g, 4.0 mmol) in methanol (30 mL) at
room temperature. After one night the mixture was reduced in situ with
an excess of NaBH4 (added in portions as a solid at room temperature)
and further refluxed for 2 h. The solvent was then evaporated under
vacuum, and the crude product was treated with KOH (0.1m, 50 mL) and
extracted with dichloromethane (3Q50 mL). The combined organic
phases were dried over Na2SO4 and filtered. Evaporation of the solvent


on a rotary evaporator gave the product as a white solid in 87% yield.
1H NMR (CDCl3): d = 7.1–7.2 (m, 10H; H of the benzene rings), 3.80
(s, 4H; NH-CH2-benzene), 3.2–3.5 (m, 5H; CO-CH(R)-CO + CO-NH-
CH2), 2.74–2.76 (m, 6H; C�C-CH2- + -CH2-NH-CH2-benzene), 1.9–
2.0 ppm (br; HC�C- + amine protons); MS (ESI): m/z : 407 [L3H2+H+


]; elemental analysis calcd (%) for C24H30N4O2: C 70.91, H 7.44, N 13.77;
found: C 70.93, H 7.46, N 13.74.


2-Prop-2-ynyl-N,N’-bis-{2-[(quinolin-2-ylmethyl)amino]ethyl}malonamide
(L4H2): The ligand was prepared by the same procedure used for L3H2,
using ethanol as solvent, starting with L1H2 (0.452 g, 2.0 mmol) and 2-
quinoline carboxyaldehyde(0.628 g, 4.0 mmol). The product was obtained
in 82.6% yield as a yellowish solid. 1H NMR (CDCl3): d = 8.12 (d, 2H),
8.03 (d, 2H), 7.76 (d, 2H), 7.70 (t, 2H), 7.51 (t, 2H), 7.36 (d, 2H; H of
the quinoline rings), 4.02 (s, 4H; NH-CH2-quinoline), 3.2–3.5 (m, 5H,
CO-CH(R)-CO + CO-NH-CH2), 2.8–2.9 (m, 6H, C�C-CH2- + -CH2-
NH-CH2-quinoline), 2.0 ppm (s, HC�C-); MS (ESI): m/z : 509 [L4H2+


H+]; elemental analysis calcd (%) for C31H36N6O3Cl2
(L4H2·H2O·CH2Cl2): C 60.88, H 5.93, N 13.73; found: C 60.85, H 5.95, N
13.70.


8,26-Diprop-2-ynyl-3,6,10,13,21,24,28,31-octaazatricyclo[31.3.1.1*15,19*]-
ACHTUNGTRENNUNGoctatriaconta-1(36),15,17,19(38),33(37),34-hexaene-7,9,25,27-tetraone
(L5H4): A solution of L1H2 (226 mg, 1 mmol) in acetonitrile (40 mL) and
methanol (5 mL) was added dropwise to a solution of isophtalaldehyde
(134 mg, 1 mmol) in acetonitrile (60 mL) at room temperature. A white
precipitate immediately began to form and the mixture was further stir-
red overnight. The white solid was collected by suction filtration, redis-
solved in methanol (60 mL) and treated at room temperature with excess
NaBH4 (added in portions as a solid). The mixture was then kept at
reflux overnight, the solvent was removed on a rotary evaporator, and
the solid product mixture was treated with KOH (0.1m, 50 mL). The
aqueous solution obtained was extracted with CHCl3 (3Q50 mL) and the
organic portions were gathered and dried over Na2SO4. After filtration,
chloroform was removed on a rotary evaporator, to leave the product as
a white solid in 86% yield. 1H NMR (CDCl3): d = 7.68 (t, 4H; CO-NH-
CH2); 7.44 (s, 2H; benzene H), 7.25 (t, 2H; benzene H), 7.12 (d, 4H;
benzene H), 3.79 (s, 8H; NH-CH2-arene), 3.3–3.4 (m, 10H; CO-CH(R)-
CO + CO-NH-CH2), 2.7–2.8 (m, 12H; C�C-CH2- + -CH2-NH-CH2),
1.8–1.9 ppm (br; HC�C- + amine protons); MS (ESI): m/z : 657 [L5H4+


H+]; elemental analysis calcd (%) for C36H48N8O4: C 65.83, H 7.36, N
17.05; found: C 65.80, H 7.38, N 17.01.


8,26-Diprop-2-ynyl-3,6,10,13,21,24,28,31,37,38-decaazatricyclo-
ACHTUNGTRENNUNG[31.3.1.1*15,19*]octatriaconta-1(36),15,17,19(38),33(37),34-hexaene-
7,9,25,27-tetraone (L6H4): Ligand L6H4 was prepared by the same proce-
dure used for L5H4, by reacting L1H2 (226 mg, 1 mmol) with pyridine-
2,6-dicarbaldehyde (135 mg, 1 mmol) to yield the product in 84% yield.
1H NMR (CDCl3): d = 7.90 (t, 4H; CO-NH-CH2), 7.65 (t, 2H; pyridine
H), 7.18 (d, 4H; pyridine H), 3.72 (s, 8H; NH-CH2-pyridine), 3.4–3.6 (m,
10H; CO-CH(R)-CO + CO-NH-CH2); 2.9–3.0 (m, 12H; C�C-CH2- +


-CH2-NH-CH2), 1.9 ppm (br; HC�C- + amine protons); MS (ESI): m/z :
659 [L6H4+H+]; elemental analysis calcd (%) for C34H50N10O6 (L6H4+


2H2O): C 58.77, H 7.25, N 20.15; found: C 58.75, H 7.26, N 20.14.


Potentiometric titrations : Protonation equilibria of ligands L1H2–L3H2,
L5H4, and L6H4 were studied in water containing NaNO3 (0.05m), ther-
mostatted at 25 8C, with a Radiometer automatic titrating system (Titra-
lab TIM900) kept under a nitrogen atmosphere. In a typical experiment,
30–50 mL of a 10�3m ligand solution was treated with 1.0m standard
HNO3 in a molar quantity corresponding to the moles of ligand multi-
plied by the number of basic groups (amines+quinolines or pyridines)
augmented by 2. Titrations were run by additions of 10–20 mL portions of
standard 0.1m NaOH, collecting 80—100 points for each titration. Com-
plexation equilibria were studied by means of titrations run under the
same conditions, except that the starting solution also contained [Cu-
ACHTUNGTRENNUNG(CF3SO3)2] in a 1:1 (L1H2–L3H2) or 2:1 (L5H4, L6H4) molar ratio with
respect to the ligand. Prior to each potentiometric titration, a titration ac-
cording to the Gran method[18] was run to determine the E8 of the glass
electrode under the chosen conditions. Protonation data (emf versus
volume of added base) were processed with the Hyperquad package[9] to
determine protonation constants. After determination of the protonation
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constants, emf versus volume of added base data obtained in the pres-
ence of Cu2+ were used to determine the formation constants of the
metal–ligand species. Potentiometric titrations for L4H2 (both in the ab-
sence and in the presence of [Cu ACHTUNGTRENNUNG(CF3SO3)2] in a 1:1 molar ratio) were
run in dioxane/water (8:2 v/v) under the same conditions.


Spectrophotometric titrations : Coupled spectrophotometric/pH-metric ti-
trations were run with a procedure and under conditions similar to that
described for the potentiometric titrations. However, in this case, stand-
ard base was added manually, by means of a 10 or 20 mL Rainin pipet-lite
pipette. After each addition, a portion of the solution was transferred
into a quartz cuvette and its absorption spectrum recorded. After the
spectrum was recorded, the solution was transferred back to the bulk ti-
trated solution. The spectra recorded after each addition were associated
with a pH value measured in the bulk solution by means of a glass elec-
trode.


Electrochemistry : Cyclic voltammetric measurements were run in a
three-electrode cell, using a saturated calomel electrode (SCE) as the ref-
erence, a glassy carbon electrode as the working electrode, and a plati-
num wire as the counter electrode. Water containing NaNO3 (0.1m) was
used as solvent (in the case of CV run on Cu2+ L4H2 complexes, dioxane/
water 8:2 v/v was used as the solvent, NaNO3 as the background electro-
lyte, and a Ag/AgCl electrode as the reference). Ligand+metal solutions
were at concentrations �0.001m. The pH was regulated by means of mi-
croadditions of standard base or acid, and checked with a glass electrode
dipped in the electrochemical solution before any mea ACHTUNGTRENNUNGsurements. Scan
rates were in the 50–400 mVs�1 range.


Instrumentation : UV/Vis spectra were run with a diode array HP8452
spectrophotometer and with a Varian Cary 1000 SCAN spectrophotome-
ter. Electrochemistry was obtained with a BAS 100B/W instrument. Mass
spectra were recorded on a Finnigan MAT TSQ 700 instrument, NMR
spectra on a Bruker AMX 400. IR spectra were taken on a Mattson 5000
instrument. Automatic potentiometric titrations were run with a Radio-
meter Titralab TIM900 apparatus with dedicated software.


X-ray crystallographic studies : Diffraction data were collected at ambient
temperature by using an Enraf–Nonius CAD4 four-circle diffractometer
with graphite-monochromatized MoKa radiation (l = 0.7107 O). Crystal
data for {[L1Cu]·2H2O} and {[L6Cu2]·9H2O} complexes are reported in
Table 2. Data reductions (including intensity integration, background,
Lorentz, and polarization corrections) were performed with the WinGX
package.[19] Absorption effects were evaluated with the psi-scan
method[20] and absorption correction was applied to the data (min./max.
transmission factors were 0.376/0.560 for [L1Cu] and 0.789/0.853 for
[L6Cu2]).


Crystal structures were solved by direct methods (SIR 97)[21] and refined
by full-matrix least-square procedures on F2 using all reflections
(SHELXL 97).[22] Anisotropic displacement parameters were refined for
all non-hydrogen atoms. For both complexes, hydrogen atoms bonded to
the ligand moiety were placed at calculated positions with the appropri-
ate AFIX instructions and refined by using a riding model. Hydrogen
atoms of water molecules were located in the DF map and refined with
soft restraint on the O�H distance. The quality of the crystal of complex
[L6Cu2] did not allow us to define the position of hydrogen atoms
bonded to the O(8), O(9), and O(10) water oxygen atoms. Furthermore,
the C(32)-C(33)-C(34) propargyl group and the O(9) atom in the [L6Cu2]
crystal result were disordered over two alternative positions with the
same statistical probability.


CCDC-278522 and CCDC-278523 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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… fits any bolt, the catASiumM
toolbox offers tools for various
applications. This tool box has
been developed by using a simple
and convergent strategy to synthe-
size one of the most comprehen-
sive family of chiral bisphosphine
ligands. In their Full Paper on
page 5001 ff., J. Holz, A. Monsees,
A. Bçrner et al. describe how this
methodology, which can be easily
scaled up for industrial require-
ments, was used for the construc-
tion of closely related bisphospho-
lanes, differing in the size of the
natural bite angles and s-donor
properties of the phosphine.


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


Protein Structure Mimetics
In their Full Paper on page 4965 ff. , N. Metzler-Nolte, H.-B.
Kraatz, S. I. Kirin, V. Rapić et al. describe the synthesis of
di- to pentapeptides containing ferrocene amino acid (Fca)
as an organometallic amino acid. Depending on the substi-
tution pattern, these compounds exhibit turn-like peptide
structures that are stable in solution and in the solid state.
The helical chirality of the ferrocene is governed solely by
the chirality of the amino acid attached to the N terminus
of Fca. The degree of substitution of both cyclopentadiene
rings determines the hydrogen-bonding pattern.


Hydrogelation of Amphiphiles
In their Full Paper on page 5068 ff. , P. K. Das and co-
workers describe the hydrogelation of an amino acid-based
amphiphile. Intermolecular hydrogen bonding, p–p stack-
ing, and hydrophobic interactions were found to be respon-
sible for the gelation.


Organosilicon Chemistry
In their Concept article on page 4954 ff., S. E. Denmark
and J. D. Baird describe the development of the use of orga-
nosilanes in cross-coupling reactions. This method has
proven to be a viable, synthetically useful, and, in some
cases, superior alternative to the more traditional cross-cou-
pling methods. Harnessing the utility of silanols in cross-
coupling reactions has enabled the mild preparation of a
diverse array of products.
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Palladium-Catalyzed Cross-Coupling Reactions of Silanolates: A Paradigm
Shift in Silicon-Based Cross-Coupling Reactions


Scott. E. Denmark* and John D. Baird[a]


Introduction


The palladium-catalyzed cross-coupling of organometallic
nucleophiles with organic electrophiles is among the most
important in the panoply of modern synthetic methods for
the formation of carbon–carbon bonds.[1] A variety of org-
ACHTUNGTRENNUNGanometallic donors have been conscripted into useful serv-
ice, the most common of which are organostannanes,[2] orga-
noboranes,[3] and organozinc[4] reagents. Less commonly
used, but synthetically promising, are silicon-bearing organic
donors. The ground-breaking work of Hiyama[5] and
ACHTUNGTRENNUNGHatanaka has been extended and developed into a practical


and versatile reaction.[6] The cross-coupling of organosilicon
reagents features many advantages including the ease of
preparation and purification of silanes, their low-molecular
weight, and high stability. Moreover, the process generates
environmentally benign byproducts.


Unlike the Stille and Negishi reactions, which require no
activation, or the Suzuki reaction, which requires only heat-
ing with mild bases, silicon-based cross-coupling reactions
often require heating in the presence a fluoride source. Be-
cause of the low polarizability of the C�Si bond the silicon
function must undergo nucleophilic activation[5,6] to induce
migration of a transferable group (TG) onto the organopal-
ladium species (transmetalation). Under conditions of fluo-
ride activation, the intermediacy of a pentacoordinate sili-
ACHTUNGTRENNUNGconate is proposed that is capable of transferring an unsatu-
rated group in the transmetalation step (Scheme 1).


Despite the absence of detailed mechanistic studies, the
reigning dogma in the field posited that pentacoordinate sil-
iconates were required for the transmetalation and that en-
hancing the ease or rate of formation of this intermediate
should lead to enhanced reaction rates. This hypothesis led
to the introduction of more electrophilic silane moieties as
donors, such as polyhalosilanes[5] and polyalkoxysilanes.[7]


An alternative strategy for enhancing the formation of pen-
tacoordinate siliconates without making recourse to hetero-
ACHTUNGTRENNUNGatom-substituted silanes was introduced in these laborato-


Abstract: This paper chronicles the conceptual develop-
ment, proof of principle experiments, and recent advan-
ces in the palladium-catalyzed cross-coupling reactions
of the conjugate bases of organosilanols. The discovery
that led to the design and refinement of this process
represents a classical illustration of how mechanistic
studies can provide a fertile ground for the invention of
new reactions. On the basis of a working hypothesis
(which ultimately proved to be incorrect) and the desire
to effect silicon-based cross-coupling without the agency
of fluoride activation, a mild and practical palladium-
catalyzed cross-coupling of alkenyl-, aryl-, and heteroar-
yl silanolates has been developed. The mechanistic un-
derpinnings, methodological extensions, and the success-
ful applications of this technology to the synthesis of
complex molecules are described.
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Scheme 1. The proposed mechanism of Pd-catalyzed cross-coupling.
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ries with the demonstration that silacyclobutanes are also
competent precursors for silicon-based cross-coupling reac-
tions under fluoride activation.[8] The design was based upon
the concept of “strain release Lewis acidity”[9] to increase
the equilibrium concentration of the hypercoordinate spe-
cies. However, mechanistic studies demonstrated that the
actual reaction precursor is a silanol generated in situ by flu-
oride-assisted ring cleavage.[10] Subsequently, it was shown
that the oxygen atom (from hydrated TBAF·3H2O) is cru-
cial to the success of the reaction and fluoride-activation has
been demonstrated for many types of organooxysilanes, in-
cluding silanols, silyl ethers, polysiloxanes, as well as other
all-carbon precursors (2-pyridyl-, 2-thienyl-, benzyl- and tri-
allylsilanes).[11] Despite the generality and reaction scope of
fluoride-activated cross-coupling reactions, these conditions
still present many drawbacks, such as the high cost of organ-
ic soluble fluoride sources, the corrosive nature of fluoride
which etches glass reaction vessels, and the evident incom-
patibility with silicon protecting groups. Consequently, the
broad application of silicon-based cross-coupling reactions
has not materialized.


Fluoride-Free Activation


To overcome the limitations associated with fluoride, we
sought to develop a cross-coupling process that possessed all
the advantages of silicon-based donors, but which did not re-
quire a fluoride source for activation.[12] Following the
Hiyama–Hatanaka paradigm that a pentacoordinate silicon-
ACHTUNGTRENNUNGate is required for the crucial transmetalation, we envisioned
that simple deprotonation of the silanol might open a new
pathway for activation (Scheme 2).


In this proposal, the conjugate base of the silanol serves
two roles. First, the silanolate I could displace the halide on
the organopalladium–X species to generate a palladium
silan ACHTUNGTRENNUNGolate complex II. The crux of the new hypothesis is that
another silanolate molecule might activate the palladium si-


lanolate complex through the formation of a pentacoordi-
nate siliconate III, which should be able to undergo trans-
metalation. With this mechanistic construct in mind, a varie-
ty of Brønsted bases (2.0 equiv) in different solvents were
used to deprotonate (E)-1-heptenyldimethylsilanol (1) in-
cluding MeLi, NaH, KH, and KOtBu and the resulting silan-
ACHTUNGTRENNUNGolate was combined with 1-iodonaphthalene and [Pd ACHTUNGTRENNUNG(dba)2]
(0.05 equiv).[13] Of those bases surveyed, KH (in DME)
proved optimal affording complete conversion of (E)-1 in
15 min. However, with less reactive silanols the reduction of
the aryl iodide is a competitive side process. Presumably, the
excess KH is responsible, and it was thus hypothesized that
a superior base would be strong enough to deprotonate the
silanol (pKa=9–11), but not strong enough to induce unde-
sirable base-promoted side reactions, bind palladium, and
function as a competitive inhibitor, or serve as a hydride
source.


To overcome these challenges, the soluble and inexpen-
sive base KOSiMe3 was investigated for the in situ forma-
tion of the requisite silanolate. The use of two equivalents
of KOSiMe3 in DME at room temperature effects the cross-
coupling of both (E)-1 as well as (Z)-1 with a variety of aryl
iodides in short reaction times and with high stereospecifici-
ty (Scheme 3). The mildness and synthetic potential of this
method is exemplified in the cross-coupling of substrates
bearing silicon protecting groups for the preparation of (E)-
and (Z)-6.


Concurrent with our work, Hiyama, Mori et al. reported
the fluoride-free cross-coupling of silanols in which silver(i)
oxide effects the cross-coupling of a variety of aryl- and al-
kenylsilanols.[14] The need for heating and extended reaction


Scheme 2. Proposed mechanism for the fluoride-free cross-coupling of si-
lanols. Scheme 3. Fluoride-free cross-coupling of alkenyl silanols.
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times prompted the examina-
tion of other silicon reagents.
By the use of the more reac-
tive silanediol or ACHTUNGTRENNUNG-triol, the re-
actions generally proceed to
completion in 12 h to afford
the desired cross-coupling
products in good yields.[15] The
mechanism of this reaction is
proposed to involve nucleo-
philic activation of silicon by
the oxygen atom of the Ag2O,
as well as silver-promoted
halide extraction from the or-
ganopalladium halide.[16]


Mechanistic Interlude


Although the KOSiMe3-based
cross-coupling of alkenylsilanols proved to be synthetically
useful, the mechanistic hypothesis for this mode of activa-
tion was by no means verified. To establish the proposed
dual role of the silanolate, a series of kinetic experiments
has been performed to elucidate the reaction order with re-
spect to each component in the cross-coupling of (E)-1 with
2-iodothiophene.[17]


The reaction displays the expected zeroth-order depen-
ACHTUNGTRENNUNGdence on 2-iodothiophene and first-order dependence on
palladium.[18] However, the rate dependence on silanolate
concentration is more revealing.


The order in potassium silanolate (E)-1 was determined
under two conditions to rule out other possible kinetic sce-
narios; first under catalytic conditions in which 0.05 equiv-
alents of palladium (with respect to iodide) was employed,
and secondly, with a stoichiometric amount of palladium in
which one equivalent (with respect to iodide) was used.
Under catalytic conditions (0.05 equiv of palladium) two dif-
ferent regimes are seen. When the silanolate loading is
below one equivalent (relative to iodide), the reaction ex-
hibits first-order dependence in silanolate; however, when
the silanolate loading is greater than one equivalent, zero-
order behavior in silanolate is seen. This break in rate de-
pendence is usually associated with a change in mechanism
or rate-limiting step. Remarkably, when these experiments
are conducted with one equivalent of palladium (relative to
the aryl iodide) first-order behavior in silanolate is ob-
served!


According to the proposed mechanism (Scheme 4), the
turnover-limiting step of the catalytic cycle is one of the fol-
lowing three events: formation of complex II, formation of
complex III, or transmetalation from III. The possibility that
oxidative addition of the palladium catalyst into the aryl–
iodide bond is turnover-limited is ruled out by the zeroth-
order rate dependence on the 2-iodothiophene. Likewise,
turnover-limiting reductive elimination is highly unlikely,
since reductive elimination from dialkylpalladium(ii) species


are known to be fast and irreversible.[19] If formation of II is
turnover-limiting, the expected kinetic consequence would
be first-order silanolate dependence which is consistent with
the observed results under catalytic palladium loading. If
formation of III is turnover-limiting, under catalytic palladi-
um loadings the reaction would exhibit first-order silanolate
behavior, because the palladium is saturated in the form of
II. However, when a stoichiometric amount of palladium
(relative to aryl iodide) is employed the expected kinetic
consequence would be second-order in silanolate (the palla-
dium is saturated in the form of aryl-Pd-I). From the above
experiments, the first-order behavior in silanolate under
stoi ACHTUNGTRENNUNGchiometric palladium loading clearly rules out the possi-
bility that formation of III is turnover-limiting. Furthermore,
this result eliminates the possibility that complex III is in-
volved, because a second-order rate dependence on silano-
late should be observed as the silanolate concentration is in-
creased. The third possibility under the proposed mecha-
nism would be transmetalation from III, but this possibility
can be discounted because intermediate III does not lie on
the reaction pathway.


With the elimination of complex III as an intermediate, it
follows that the transmetalation must occur directly from
the breakdown of II. The fact that transmetalation occurs
through a tetracoordinate, covalently bound palladium sila-
nolate is a surprise and introduces an unprecedented mecha-
nism. This conclusion deviates from the Hiyama–Hatanaka
paradigm, and clearly contradicts the dogma in silicon-based
cross-coupling reactions that the reaction must proceed
through a pentacoordinate siliconate.[20] The revised mecha-
nism involves formation of the palladium silanolate complex
V, direct intramolecular transmetalation to the palladium(ii)
species VI, and reductive elimination to afford the product
(E)-7 (Scheme 5).


That the reaction proceeds through the formation of a
palladium silanolate complex V, and not through the forma-
tion of a pentacoordinate siliconate not only violates the


Scheme 4. Proposed mechanism and kinetic consequences for each step.
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tenet that a pentacoordinate siliconate is required for trans-
metalation, but also implicates a key role for the Si-O-Pd
linkage.[21] The remarkable rate of the transmetalation from
V is most likely entropic in origin, as the Si-O-Pd moiety
connects both the migrating unsaturated group and the aryl-
palladium species and renders the process intramolecular.
This observation is also surprising in light of the mechanism
of the fluoride-promoted cross-coupling of silanols, in which
the turnover-limiting step is an intermolecular transmetala-
tion from a fluoride-complexed disiloxane (pentacoordinate
silicon species).[22]


This watershed discovery enabled a fundamental rethink-
ing of the mechanism and provided opportunities for reac-
tion design. First, the discovery that a metal silanolate is the
active species implies that the reactivity and solubility of the
silanolate will depend strongly on the identity of the cation.
Second, this finding also stimulated a reevaluation of the
nature and amount of the Brønsted base used to form the
metal silanolate. A suitable base for the reaction need only
generate the desired metal silanolate, and several simple
bases have been demonstrated as successful activators for si-
lanols, including NaOtBu, NaH, Cs2CO3, and KOSiMe3. The
applications of these bases in various coupling processes is
summarized below.


Activation by Sodium tert-Butoxide


The formation of sodium silanolates by treatment of silanols
with NaOtBu is a general method for the cross-coupling of
many types of silanols. This Brønsted base has been particu-
larly useful for the cross-coupling of heterocyclic silanolates,
such as indolyl-2-silanols.[23] Indoles are well represented
within the fields of pharmaceutical, materials, and natural
products chemistry; however, the use of 2-indolylmetals in
cross-coupling reactions suffers from rather harsh conditions
(stannanes[24]) or competitive protiodeborylation (boronic
acids[25]).


N-Boc(2-indolyl)dimethylsilanol (8) is easily prepared[26]


and suitable conditions for the cross-coupling of 8 with 4-ni-


troiodobenzene are the use of
NaOtBu (2.0 equiv), [Pd2-
ACHTUNGTRENNUNG(dba)3]·CHCl3 (5 mol%), and
CuI (1.0 equiv).[23] The cross-
coupling reactions proceed
faster and more cleanly in the
presence of CuI. Interestingly,
initial reactions with TBAF or
KOSiMe3 led to rapid protio-
desilylation. A variety of sub-
strates including electron-rich,
electron-poor, and 2-substitut-
ed aryl iodides react smoothly
under these conditions
(Scheme 6).


The more electron-rich N-methyl(2-indolyl)dimethylsilan-
ACHTUNGTRENNUNGol (16) illustrates the effect of other nitrogen substituents.
Under the same conditions used for the cross-coupling of 8,
a variety of electron-donor-substituted aryl iodides react
smoothly with 16 at room temperature (Scheme 7). Howev-
er, iodides bearing electron-withdrawing groups afford the
desired products in lower yields. By changing to aryl bro-
mides and employing 1,4-bis(diphenylphosphino)butane
(dppb) the desired products are formed in good yields from
these substrates.


Other heterocyclic silanols are viable substrates for cross-
coupling under NaOtBu activation. For example, 3,4,5-tri-
substituted isoxazoles can be prepared by a sequential pro-
ACHTUNGTRENNUNGcess involving a [3+2] cycloaddition and subsequent cross-
coupling of the isoxazolyl silanol (Scheme 8).[27] The isoxa-
zole core is constructed by a cycloaddition between an alky-
nyldimethylsilyl ether and an in situ prepared aryl nitrile
oxide. The silicon function plays two roles in that it controls
the regioselectivity of the [3+2] cycloaddition,[28] and it en-
ACHTUNGTRENNUNGables further functionalization through the cross-coupling


Scheme 5. Experimentally derived mechanism of silanolate cross-coupling.


Scheme 6. Cross-coupling of N-Boc(2-indolyl)silanol.
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reaction. Optimal conditions
for the coupling employ
2.5 equivalents of NaOtBu, 5
mol% of [Pd2ACHTUNGTRENNUNG(dba)3]·CHCl3 in
either toluene or dioxane at
80 8C. Other activators such as
KOSiMe3, Cs2CO3, or K3PO4


give significant amounts of
protiodesilylation.


The cross-coupling of
sodium silanolates generated
with NaOtBu is illustrated in a
recently completed total syn-
thesis of the antifungal agent
papulacandin D (31).[29] Cross-


coupling between the sterically hindered glucal-2-silanol 32
and aryl iodide 33 was envisioned for the construction of the
C-aryl glycoside core (Scheme 9). This cross-coupling reac-
tion poses significant synthetic challenges, because the aryl
iodide is electron-rich and bears substituents at both ortho-
positions and the sterically encumbered glucal silanol 32 is
expected to be a sluggish coupling partner.[30] Further, the
cross-coupling conditions must enable activation of the
silan ACHTUNGTRENNUNGol function without affecting either of two silicon pro-
tecting groups in 32. Treatment of the protected silanol with
NaOtBu, [Pd2 ACHTUNGTRENNUNG(dba)3]·CHCl3 and the aryl iodide affords the
2-arylglucal 34 in 82% yield.[31] The compatibility of the
sodium silanolate with delicate functionality and different
silicon protecting groups highlights the mildness of this
method.


The observation that competing protiodesilylation is
atten ACHTUNGTRENNUNGuated under NaOtBu activation (compared to, for ex-
ample, KOSiMe3) led to the examination of the stability of
the sodium silanolate as well as alternative methods for its
preparation.


Activation by Sodium Hydride


The demonstration that a strong base such as NaOtBu
serves only to deprotonate the silanol led to the reinvestiga-
tion of NaH to generate the metal silanolate irreversibly. Al-
though NaH had been tested in initial studies, the inadver-
tent use of two equivalents of NaH promoted the reduction
of the aryl iodide.[13] Accordingly, the sodium silanolate of
N-Boc(2-indolyl)dimethylsilanol (8) was generated with a
stoichiometric amount of NaH and then was tested in a
cross-coupling reaction. In situ generated Na+8� couples
smoothly with 4-iodoanisole in the presence of [Pd2-
ACHTUNGTRENNUNG(dba)3]·CHCl3 in toluene at 80 8C in the absence of CuI.[32]


Other aryl iodides that were problematic under NaOtBu ac-
tivation, such as those containing esters and nitriles, proved
to be excellent substrates (Scheme 10).


The cross-coupling of other in situ prepared heterocyclic
silanolates such as N-Boc(2-pyrrolyl)-, 2-thienyl-, and 2-fur-


Scheme 7. Cross-coupling of N-methyl(2-indolyl)silanol (16).


Scheme 8. Synthesis and cross-coupling of isoxazolylsilanols.


Scheme 9. Preparation of the sugar core of papulacandin D.
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yldimethylsilanolate proceed smoothly at room temperature
with electron-poor aryl iodides, while those bearing elec-
tron-donating groups generally require mild heating
(Scheme 11).[32] It is worth noting that the cross-coupling of
N-Boc(2-pyrrolyl)boronic acids is known to suffer from pro-
tiodeborylation as well as a competing homodimerization
side process not observed in this reaction.[25]


Aryl bromides are also suitable substrates for the cross-
coupling of 2-thienyl- and 2-furylsilanolates under catalysis
by the palladacycle 49[33] (Scheme 12). The reactions pro-
ceed to completion within 3 h at 50 8C in toluene.


Because the sodium silanol ACHTUNGTRENNUNGate is believed to be the active
silicon species in the reaction, Na+8� was independently
prepared, isolated, and characterized as a white solid by
treating the silanol with a stoichiometric quantity of NaH.
The independently prepared silanolACHTUNGTRENNUNGate reacted with compa-
rable rate and yield to the in situ prepared silanolate. Stor-
ing the silanol as its active sodium salt also provides two dis-
tinct advantages: 1) the reaction procedure is simplified by
simply charging the reaction vessel with silanolate for the


cross-coupling reaction, and 2) silanols are known to dimer-
ize to their corresponding (unreactive) disiloxanes in the
presence of acid or base, and storage as the salt inhibits this
process.


Activation by Cesium Carbonate


The use of the mild, inorganic base, Cs2CO3 has been devel-
oped for the cross-coupling of aryl silanols via their cesium
silanolates.[34] In contrast to the cross-coupling of alkenyl
and heteroaryl silanolates, aryl silanolates are less reactive
partners and typically require more forcing conditions. The
cross-coupling of electron-rich arylsilanols with aryl iodides
is accomplished using Cs2CO3·3H2O (2.0 equiv) in toluene
at 90 8C in the presence of allylpalladium chloride dimer
(APC; 5 mol%) and Ph3As (10 mol%) (Scheme 13). The
analogous cross-coupling of aryl bromides proceeds with
10 mol% of dppb instead of Ph3As.[35]


The effect of the metal counterion in the cross-coupling
of the (4-methoxyphenyl)dimethyl silanolate is negligible.[36]


The Na, K, Rb, and Cs salts reacted at similar rates under
the standard conditions with bromobenzene (conversion
after 1 h: Na, 55%; K, 80%; Rb, 81%; Cs, 88%). The
slower rate of the sodium salt, is due to poor solubility of
the silanolate in toluene.


Activation by Potassium Trimethylsilanolate


The base KOSiMe3 is one of the mildest activators in that it
effects the cross-coupling of silyl moieties already containing
an oxygen function, such as silanols, silyl ethers and disilox-
anes. Accordingly, a strategy for the sequential cross-cou-
pling of differentially functionalized 1,4-bissilylbutadienes
that relies on the two distinct mechanisms for silicon based
cross-coupling could be developed (Scheme 14).[37] One end


Scheme 11. Cross-coupling of in situ generated heterocyclic silanolates
with aryl iodides.


Scheme 10. Cross-coupling of in situ prepared indolyl-2-silanolate.


Scheme 12. Cross-coupling heterocyclic silanolates with aryl bromides.


www.chemeurj.org � 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 4954 – 49634960


S. E. Denmark and J. D. Baird



www.chemeurj.org





of the 1,4-bissilylbutadiene
bears a silanol that is convert-
ed to the active potassium sila-
nolate with KOSiMe3. The
other end bears a benzyl silane
which is inert under these con-
ditions, but which can be acti-
vated upon exposure to fluo-
ride.[38]


Under activation by
KOSiMe3, the silanol exhibits
reactivity of typical alkenyl si-
lanols and couples smoothly
with a wide range of substitut-
ed aryl iodides in the presence
of [Pd ACHTUNGTRENNUNG(dba)2] in dioxane at
room temperature to afford
the dienylsilane products in
good yields (Scheme 15). The
presence of electron-withdrawing or ACHTUNGTRENNUNG-donating groups on
the aryl iodide have little effect on the rate of the reaction,
but aryl iodides bearing ortho-substituents react more
slowly.


Under fluoride activation the silanol is unmasked from
the benzyl silane and the subsequent cross-coupling pro-


ceeds smoothly with various
aryl iodides in good yields
(Scheme 16). For some prob-
lematic substrates, a 2-thien-
yl[39] group can be used in
place of the benzyl group on
the silane as well. This synthet-
ic strategy underscores the im-
portance of mechanistic under-
standing in reaction design, as
the two distinct mechanisms
are complementary and further
highlight the versatility of sili-
con cross-coupling reagents.


The synthetic utility of 1,4-
bissilylbutadienes has been
demonstrated in the total syn-
thesis of RK-397, a member of
a large family of polyene mac-
rolides exhibiting antifungal
activity.[40] Retrosynthetic anal-
ysis revealed that the polyene
chain could be accessed rapid-
ly through the sequential
cross-coupling of a 1,4-bissilyl-
butadiene to prepare the tet-
raene portion of the known
polyene phosphonate 74
(Scheme 17).


In situ preparation of the
sodium silanolate by stoichio-


metric deprotonation with NaH and treatment with the
THP-protected ether 77 in the presence of [Pd2-
ACHTUNGTRENNUNG(dba)3]·CHCl3 provided the desired product in 77% yield
(Scheme 18).[41] Unmasking the silanol under TBAF activa-
tion and cross-coupling with ethyl (E)-3-iodopropenoate 75
and [Pd ACHTUNGTRENNUNG(dba)2] afforded the key tetraene 79 in 79% yield.


Scheme 13. Aryl silanolate cross-coupling with aryl iodides and bromides.


Scheme 14. Sequential cross-coupling of 1,4-bissilylbutadienes.


Scheme 15. TMSOK activation of silanol unit in 1,4-bissilylbutadienes.
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Conclusion and Outlook


Although the development of silicon-based cross-coupling
reagents has lagged behind the initially more successful tin-,
zinc-, and boron-based reagents, the cross-coupling of org-
ACHTUNGTRENNUNGanosilanes has proven to be a viable, synthetically useful,
and, in some cases, superior alternative to the more tradi-
tional cross-coupling methods. Harnessing the utility of
silan ACHTUNGTRENNUNGols in cross-coupling reactions has enabled the mild
preparation of a diverse array of products. Their ease of syn-
thesis, stability, and low molecular weight make silanols an
ideal class of reagents for cross-coupling reactions. Key
milestones in the development of the fluoride-free cross-
coupling of silanols include the discovery of Ag2O and
KOSiMe3 as activators, elucidation of the new mechanism,
the use of sodium alkoxide bases to solve the problem of
protiodesilylation of heterocyclic silanolates, and the use of
metal silanolates directly by stoichiometric deprotonation.
Mechanistic studies on the fluoride-free cross-coupling of si-
lanols have revealed a new pathway for the activation of si-
lanols which usurps the longstanding notion that pentacoor-
dinate silicates are required for successful cross-coupling of
organosilanes. Understanding these advances through mech-
anistic insight, and placing them within the context of this
new paradigm in silicon cross-coupling has enabled new re-
actions and synthetic strategies. The amalgamation of the
original Hiyama–Hatanaka paradigm for fluoride-promoted
reactions (proceeding through a pentacoordinate silicate)
coupled with the new non-fluoride activation paradigm (tet-
racoordinate palladium-silanolate) has enabled the sequen-
tial cross-coupling of 1,4-bissilylbutadienes by exploiting the
two distinct methods of silane activation. Furthermore, the
ability to use the stable, storable silanolates directly in the
reaction simplifies the reaction protocol and eliminates the
problem of disiloxane formation sometimes observed upon
long-term storage of silanols.


Although the initial efforts to develop a non-fluoride
method of activation were predicated on an intriguing pro-
posal that ultimately proved to be incorrect, the results have
provided a far more interesting and promising direction for
further research. With a clearer picture of the detailed
mechanism for this process, a new vista in the cross-coupling
of organosilicon reagents is emerging. Future studies include
the design of more active metal silanolates used to form the
palladium silanolate intermediate that can more easily un-
dergo group transfer in the key transmetalation step. This
goal may be realized by tuning the electronic nature of the
nontransferable groups on the silicon atom to enhance the
polarizability of the C�Si bond. Clearly the role of the
oxygen atom on the silanol is crucial to the success of the re-
action. Mechanistic elucidation has revealed that the trans-
metalation event is an intramolecular process orchestrated
through the formation of a covalent Si-O-Pd linkage. The
design of ligands for palladium that take advantage of the
intramolecularity of the transmetalation and assist in this
process are currently being studied. Moreover, detailed
mechanistic studies aimed at understanding the elemental


Scheme 16. Fluoride-activated cross-coupling of 1-silylbutadienes.


Scheme 17. Retrosynthetic analysis for the tetraene portion of RK-397.


Scheme 18. Sequential cross-coupling for the preparation of tetraene
ester 79.
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steps in the transmetalation of palladium silanolates as well
as the potential similarities to the transmetalation process
for organoboranes are under way.


Still more exploratory directions are envisioned in the use
of silanolates as precursors for the generation of organome-
tallic species derived from other elements. Efforts directed
toward understanding and developing the migration of the
transferable groups from silicon to other (transition) metals
such as copper, nickel, rhodium, gold, and mercury are
under active study. Other limitations that need to be ad-
dressed are the scope of transferable group and the electro-
phile in this reaction. The cross-coupling of aliphatic silanol-
ACHTUNGTRENNUNGates has yet to be realized and the use of aryl triflates and
aryl chlorides remains underdeveloped. Nonetheless, the
cross-coupling of silanolates has emerged as a powerful syn-
thetic method and this new paradigm holds great promise
for further study and development.
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Introduction


The ability to control the secondary structure of peptides is
one of the key requirements for the systematic design of


functional peptide materials that can either be responsive to
external stimuli or have properties[1] desirable for applica-
tions in bioelectronics or biophotonics. In addition, it in-


Abstract: We present a detailed struc-
tural study of peptide derivatives of 1’-
aminoferrocene-1-carboxylic acid (fer-
rocene amino acid, Fca), one of the
simplest organometallic amino acids.
Fca was incorporated into di- to penta-
peptides with d- and l-alanine residues
attached to either the carboxy or
amino group, or to both. Crystallo-
graphic and spectroscopic studies (cir-
cular dicroism (CD), IR, and NMR) of
about two dozen compounds were used
to gain a detailed insight into their
structures in the solid state as well as
in solution. Four derivatives were char-
acterized by single-crystal X-ray analy-
sis, namely Boc-Fca-Ala-OMe (16),
Boc-Fca-d-Ala-OMe (17), Boc-Fca-b-
Ala-OMe (18), and Boc-Ala-Fca-Ala-
Ala-OMe (21) (Boc= tert-butyloxycar-
bamyl). CD spectroscopy is an ex-
tremely useful tool to elucidate the hel-


ical chirality of the metallocene core.
Unlike in all other known ferrocene
peptides, the helical chirality of the fer-
rocene is governed solely by the chiral-
ity of the amino acid attached to the N
terminus of Fca. Depending on the
degree of substitution of both cyclo-
pentadiene (Cp) rings, different hydro-
gen-bonding patterns are realized.
1H NMR and IR spectroscopy, together
with the results from X-ray crystallog-
raphy, give detailed information re-
garding not only the hydrogen-bonding
patterns of the compounds, but also the
equilibria between different conform-
ers in solution. Differences in chemical
shifts of NH protons in dimethyl sulf-


oxide ([D6]DMSO) and CDCl3, that is,
the variation ratio (vr), is used for the
first time as a measure of the hydro-
gen-bonding strength of individual
CO···HN bonds in ferrocenoyl pep-
ACHTUNGTRENNUNGtides. In dipeptides with one intramolec-
ular hydrogen bond between the pend-
ant chains, for example, in dipeptide
16, an equilibrium between hydrogen-
bonded and open forms is observed, as
testified by a vr value of around 0.5.
Higher peptides, such as tetrapeptide
21, are able to form two intramolecular
hydrogen bonds stabilizing one single
conformation in CDCl3 solution (vr
�0). Due to the low barrier of Cp-ring
rotation, new and unnatural hydrogen-
bonding patterns are emerging. The
systematic work described herein lays a
solid foundation for the rational design
of metallocene peptides with unusual
structures and properties.


Keywords: amino acids · bioorga-
nometallic chemistry · ferrocene ·
hydrogen bonds · peptides
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creases our understanding of naturally occurring proteins
and enzymes.[2]


The use of molecular scaffolds is a common strategy to
impart a specific secondary structure to a peptide backbone.
For example, bipyridine–peptide conjugates adopt a b-sheet
conformation upon the addition of Cu2+ , which coordinates
to the bipy group and brings about significant structural
changes that ultimately lead to the interstrand hydrogen-
bonding and sheet formation. Other scaffolds hold great
promise to induce specific turns, such as heterocyclic sys-
tems that impose rigidity to the peptide backbone. In this
context, ferrocene derivatives are widely used as a redox-
active scaffold.[3] The two cyclopentadiene (Cp) rings are
separated by about 3.3 N, which is ideal for interstrand hy-
drogen-bonding interactions, as was first proposed by Her-
rick and co-workers.[4] The particular choice of the ferrocene
scaffold influences the ability to form hydrogen-bonded as-
semblies. For example, conjugates of ferrocenecarboxylic
acid (FcCOOH) often give rise to one-dimensional hydro-
gen-bonded chains, whereas ferrocene-1,1’-dicarboxylic acid
can give rise to a hydrogen-bonded b-sheet-like structure or
even engage in chiral helical arrangements (Figure 1).[5–10]


Recently, the use of more-rigid cystamine cyclopeptides
based on ferrocene-1,1’-dicarboxylic acid and ferrocene-1,1’-
diamine building blocks have allowed the isolation of sys-
tems able to engage in well-defined intermolecular hydro-
gen-bonding.[11] A derivative of ferrocene-1,1’-dicarboxylic
acid was used as a transition-state analogue in an antibody-
catalyzed Diels–Alder reaction.[12] The same group reported
an early synthesis of 1’-aminoferrocene-1-carboxylic acid
(“ferrocene amino acid”; Fca).[12a,13]


We reported recently on the efficient synthesis of Fca,[14a]


which can be readily coupled to amino acids and peptides to
give the corresponding Fca bioconjugates,[15] and induces the
formation of a peptide turn. We have also reported on other
Fca derivatives.[14b–d] We now expand our initial investiga-
tions and demonstrate the use of Fca to impose specific sec-
ondary-structural elements onto the peptide and present sys-
tematic spectroscopic (circular dicroism (CD), NMR, and
IR) as well as crystallographic conformational analysis.


Results and Discussion


Synthesis : Syntheses of compounds 2, 3, 5, and 7–10, which
serve as reference compounds in the following discussions,
are depicted in Scheme 1. Activation of ferrocenecarboxylic
acid 1 by 1-hydroxybenzotriazole (HOBt)/N-(3-dimethyla-
minopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) in
solution followed by coupling with CH3NH2 or H-Ala-OMe
gave N-methylferrocenecarboxamide 2 and Fc-CO-Ala-
OMe 3, respectively. Ester 3 was hydrolyzed quantitatively
into the free acid 4 according to the procedure published by
Kraatz and co-workers,[8c] and was then coupled to H-Ala-
OMe to give Fc-CO-Ala-Ala-OMe 5.


Figure 1. The ferrocene-derived peptide family. Arrows point from the C
to the N termini of the peptides.


Scheme 1. Synthesis of the reference compounds. a) 1. EDC/HOBt,
CH2Cl2, 2. CH3NH2·HCl/NEt3, CH2Cl2; b) 1. EDC/HOBt, CH2Cl2, 2. H-
Ala-OMe·HCl, CH2Cl3; c) NaOH, dioxane/H2O; d) 1. ClCOOEt/NEt3,
acetone, 2. NaN3, H2O; e) Ac2O; f) tBuOH; g) 1. HCl (gas)/EtOAc, 2.
EDC/HOBt, CH2Cl2, 3. Boc-Ala-OH, CH2Cl2.
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Alternatively, ferrocenecarboxylic acid 1 can be converted
to the azide 6 in the presence of Et3N, ClCOOEt, and
NaN3.


[13] N-protected amides 7 (25%) and 8 (68%) were ob-
tained by Curtius rearrangement of the azide 6 in Ac2O or
tBuOH solutions, respectively. Deprotection of Boc-NH-Fc
8 (Boc= tert-butyloxycarbamyl) was performed by the
action of gaseous HCl in EtOAc. The resulting hydrochlor-
ide was treated with excess NEt3 and coupled with Boc-Ala-
OH to give 61% of Boc-Ala-NH-Fc 9, which was treated
analogously to compound 8 to obtain dipeptide Boc-Ala-
Ala-NH-Fc 10 in quantitative yield.
The syntheses of the peptide analogues 12 and 15 are de-


picted in Scheme 2. The starting compounds 11 and 13 were


prepared by the procedures described previously.[14a] Cou-
pling of 11 with CH3NH2 by using the HOBt/EDC protocol
results in formation of the diamide 12. Hydrolysis of ester
13 gave 1’-(tert-butoxycarbonylamino)ferrocene-1-carboxy-
late (14, Boc-Fca-OH), which was transformed into the
amide-carbamate 15 in a manner described for the prepara-
tion of compound 12.
The preparation of the Fca-peptide conjugates 16–28


starting from Boc-Fca-OH 14 is summarized in Scheme 3.
Firstly, the acid terminus of Fca was activated by HOBt and
EDC and coupled with l-, d-, b-Ala, and H-Ala-Ala-OMe
resulting in the formation of the C-terminal peptide conju-
gates 16 (74%), 17 (75%), 18 (79%), and 19 (76%), respec-
tively.
Peptides 16 and 17 can be N-modified after Boc-deprotec-


tion of the organometallic core, followed by coupling with
Boc-Ala-OH and Boc-d-Ala-OH to give the tripeptides 20
(72%) and 23 (72%), respectively. In a similar manner, di-
peptide 17 was coupled with Boc-Ala-OH to yield tripeptide
24 (78%), and tripeptide 19 was coupled with Boc-(Ala)y-
OH, resulting in formation of the tetrapeptide 21 (y=1) and
the pentapeptide 22 (y=2), respectively. The peptide can be
elongated from the C- or the N-terminal side, followed by
coupling with the desired amino-acid derivative. To demon-
strate this approach, compound 25 was prepared from tri-
peptide 20, and tetrapeptide 26 was prepared from 23. N-
Deprotection of compound 25, followed by coupling with


Boc-d-Ala-OH by using O-(benzotriazole-1-yl)-N,N,N’,N’-
tetramethyl-uronium hexafluorophosphate (HBTU)/HOBt
results in formation of the pentapeptide 27. Analogously, N-
terminal-coupling of Boc-d-Ala-OH with compound 26 re-
sults in formation of the pentapeptide 28.


Crystallographic analysis : Single crystals suitable for X-ray
analysis were obtained for four compounds in this study.
Peptides 16 and 21 were crystallized by slow diffusion of
pentane into a solution of the compounds in chloroform
(g=10 mgmL�1). Slow evaporation of an ether/heptane sol-
vent mixture (3:1, g=2 mgmL�1) was successful for 17 and
18. ORTEP diagrams of these compounds are shown in Fig-
ures 2–5. Although the intramolecular hydrogen-bonding
patterns differ significantly (see below), the structures show
a similar intermolecular hydrogen-bonding pattern. All four
compounds crystallize in the P212121 space group and build


Scheme 2. Synthesis of the peptide analogues. a) 1. EDC/HOBt, CH2Cl2,
2. CH3NH2·HCl/NEt3, CH2Cl2; b) NaOH, H2O/MeOH.


Scheme 3. Syntheses of Fca peptides. a) 1m NaOH; b) 1. EDC/HOBt or
HBTU/HOBt, CH2Cl2, 2. H-(Aaa)x-OMe·HCl/NEt3, CH2Cl2; c) HCl
(gas)/EtOAc or TFA; d) 1. EDC/HOBt or HBTU/HOBt, CH2Cl2, 2.
Boc-(Aaa)y-OH/NEt3, CH2Cl2. X-ray structures were obtained for com-
pounds marked *.


www.chemeurj.org 	 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 4965 – 49804968


N. Metzler-Nolte, H.-B. Kraatz, S. I. Kirin, V. Rapić et al.
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chains along the crystallographic c (16, 17, and 21) or b axis
(18), connected through one hydrogen bond, as exemplified
for dipeptide 16 in Figure 6.


The tetrapeptide 21 displays the peptide substituents in
the 1 and 2’ positions and has two intramolecular interstrand
hydrogen bonds (Figure 5).[15] Detailed conformational anal-
ysis revealed that the 1,2’-disubstituted ferrocene peptides
can differ by the relative orientation of the NH and CO
groups that are attached directly to the Cp rings: These
groups can “point in” towards the cleft between the two
substituents or “point out”.[5b] Accordingly, different hydro-
gen bonds may form between the two peptide strands. This
approach gives four possible conformers for a given 1,2’-di-


Figure 2. Crystal structure of dipeptide 16 showing l,M stereochemistry
with one 8-membered hydrogen-bonded ring. (l : l-Ala, M : helical chiral-
ity of Fc core.)


Figure 3. Crystal structure of dipeptide 17 showing d,P stereochemistry
with one 8-membered hydrogen-bonded ring. (d : d-Ala, P : Fc helical
chirality.)


Figure 4. Crystal structure of dipeptide 18 showing P conformation with
one hydrogen bond forming an 8-membered ring. Peptide 18 is a racemic
(M/P) mixture, the P isomer was selected by chance.


Figure 5. Crystal structure of tetrapeptide 21 showing l,P,l,l stereochem-
istry with 9- and 11-membered hydrogen-bonded rings (three l-Ala units
forming a P helical conformer of Fc).


Figure 6. Crystal packing of dipeptide 16, viewed down the crystallo-
graphic a axis.
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ACHTUNGTRENNUNGsubstituted ferrocene peptide, as shown for tetrapeptide 21
(Figure 7).


Initially, conformer 21B was expected, with an 8-mem-
bered ring next to the ferrocene moiety. This conformer
could be called “b-sheet-like”, as it resembles a b-sheet with
antiparallel strands and would facilitate the use of peptides
derived from Fca as b-sheet models. However, surprisingly,
conformer 21C was found in the crystal of 21, with two hy-
drogen bonds forming one 9-membered and one 11-mem-
bered ring (Figures 5 and 7). The stereochemistry of 21 is
l,P,l,l, in which the three l describe the stereochemistry of
the Ala residues and P describes the helical chirality of the
ferrocene moiety.
Although the enantiomeric dipeptides 16 and 17 were


crystallized from different solvents (see above), the same
conformation was obtained. They represent the first exam-
ples in which the “b-sheet-like” conformer B was found in
the solid state (Figures 2, 3, and 8). The stereochemistry is
l,M for 16 and d,P for 17, with one 8-membered intramolec-
ular hydrogen bond. The similar P conformer was obtained
for the b-alanine derivative 18 (Figure 4). Because 18 is
achiral, a racemic mixture of M and P helical isomers was
formed. Both isomers crystallized separately from this mix-
ture and for the X-ray analysis a crystal of the P isomer was
selected by chance.
Bond lengths and angles measured in the X-ray structures


of 16–18 and 21 are within the expected range. A number of
more significant structural parameters is collected in Table 1
and explained in Figure 9. In all four compounds, the two
Cp rings are almost parallel to each other and consequently,
the tilt angles are very small, q<48. The w angles are close
to the ideal value for a 1,2’-conformation (3608/5=728) in
all cases. A more interesting parameter is provided by the
dihedral angle b and the pyramidalization of the amide ni-


trogen atoms. In tetrapeptide 21, both amide groups are
almost coplanar with the corresponding Cp rings (b~68) and
the amide nitrogen atoms are not pyramidalized. This indi-
cates the lack of steric strain of the ferrocene moiety, result-
ing in a favorable overlap between the p-systems of the
amide and Cp groups. However, dipeptides 16–18 have
some strain. At the -CO-NH-Cp side a clear indication is
the large dihedral angle bNH>208. At the Cp-CO-NH- side,
bCO is greater than 208 only in b-Ala compound 18. In l-Ala
conjugate 16 and d-Ala compound 17 the bCO is about 108,
however, the sum of angles around the amide nitrogen atom


Figure 7. Possible intramolecular hydrogen-bonding pattern in tetrapep-
tide 21. The numbering scheme for the specification of ring size in the
hydrogen-bonded species is exemplified for conformer A.


Figure 8. Possible hydrogen-bonding pattern in dipeptide 16. The pattern
D has no intramolecular hydrogen bonds and would exist as an “open
isomer”. The numbering scheme for the specification of ring size in the
hydrogen-bonded species is exemplified for conformer A.


Table 1. Selected parameters in the crystal structures of 16–18 and 21.


Parameter 16 17 18 21


N51�O1[N] [a] 2.90 2.90 2.81 –
N51�O2[N] [a] – – – 2.91
N1�O52[N] [a] – – – 2.81
N1�O51[N] [b] 2.86 2.86 2.91 –
N52�O1[N] [b] – – – 2.96
q [8] 2.0 1.9 3.8 3.0
bNH [8] 29.6 29.7 23.5 6.3
bCO [8] 9.3 9.3 33.9 5.4
w [8] 85.1 85.0 77.9 60.7
angle sum around N1 [8] 359.7 359.8 357.9 359.2
angle sum around N2 [8] – – – 359.9
angle sum around N51 [8] 352.1 353.9 358.5 359.4
angle sum around N52 [8] – – – 359.9


[a] Intramolecular hydrogen bond. [b] Intermolecular hydrogen bond.
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N51 is only about 3538. It can be concluded that the two hy-
drogen bonds in tetrapeptide 21 are easily formed and do
not cause any sterical strain. On the contrary, dipeptides 16–
18 have to accommodate some sterical hindrance to gain
stabilization energy from the formation of one “b-sheet-
like” hydrogen bond.


CD spectroscopy : As established from the crystallographic
analyses of dipeptides 16–18 and tetrapeptide 21, intramo-
lecular hydrogen bonds are present in the solid state. This
raises the question of whether the hydrogen-bonded struc-
ture persists in solution. CD spectroscopy was used for con-
formational analysis of the ferrocene peptides 16–28 in
CH3CN solution. CD signals between 300–600 nm are char-
acteristic for metal-centered transitions. In particular, the
band at 480 nm was described as a strong indication for a
helically chiral ferrocene moiety.[5b] Molar ellipticities, [q],
were used to facilitate a comparison between different com-
pounds.
The CD spectra of ferrocene dipeptides 16–18 and the tri-


peptide 19, all substituted at the C terminus only, are dis-
played in Figure 10. As expected, the CD spectra of enan-
tiomers 16 and 17 are a mirror image of each other. The
l,M-derivative 16 displays a negative CD signal for the
lowest-energy band at about 500 nm, whereas this signal is


positive for d,P-17. Dipeptide 18, containing the achiral b-
alanine subunit, displays no CD signal in the ferrocene
region because a racemic mixture of M and P conformers is
present. Tripeptide 19, with two l-Ala subunits on the C ter-
minus of the Fca, shows a different pattern with significantly
weaker CD signals than those of 16.
The CD spectra of higher Fca peptides are shown in


Figure 11 with the examples of compounds 20, 23, 24, and
28. All spectra of the ferrocene peptides 20–28 are qualita-
tively alike in the region above 400 nm with one signal cen-
tered at 480 nm, and differ significantly from the dipeptide
16 in Figure 10. This indicates that the solution conforma-
tions of ferrocene peptides 20–28 are similar, although dif-
ferent from that of 16. However, an important finding is
that the helical chirality of Fca peptides is dominated only
by the chirality of the N-terminal amino acid on Fca: Boc-
Ala-Fca-Ala-OMe 20 displays a positive CD signal at about
480 nm that changes to negative in Boc-d-Ala-Fca-Ala-OMe
23 (Figure 11). On the other hand, the same change on the
C terminus of Fca has no effect on the helicity of the central
ferrocene core (20!24). The chirality of the outer Ala has
no influence on the helical chiraliy of the ferrocene. In addi-
tion, a non-monotonous correlation between the magnitude
of the CD signal and the number of Ala subunits was ob-
served. Generally, the intensity of the CD signals increases
as the length of the oligopeptides increases (20 or 23!28).
Notably, CD spectra give rise to relatively broad signals.


Thus, signals arising from compounds that are structurally
related, but slightly different, such as those studied here,
will not be resolved. Also, dynamic equilibria are impossible
to detect by CD spectroscopy alone.


NMR spectroscopy : 1H NMR spectroscopy is a useful tool
that enables us to describe the hydrogen bonding in our Fc
peptides in solution in a more quantitative way. In general,
the chemical shift of the amide protons should be higher in
hydrogen-bonded structures than in the non-hydrogen-
bonded state. However, because the equilibrium between


Figure 9. Tilt angle q is the dihedral angle between the two Cp rings; w is
the dihedral angle between the two ring-bound substituents: C ACHTUNGTRENNUNG(ipso)-Cp-
ACHTUNGTRENNUNG(centroid)-Cp ACHTUNGTRENNUNG(centroid)-C ACHTUNGTRENNUNG(ipso); b is the dihedral angle between the Cp
ring and the -NHR (bNH) or -COR’ (bCO) substituent.


Figure 10. CD spectra (CH3CN) of the dipeptides 16–18 and the tripep-
tide 19.


Figure 11. CD spectra (CH3CN) of tripeptides 20, 23, and 24, as well as
pentapeptide 28.
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these states is too fast for the NMR timescale, we do not ob-
serve separate signals for these states. Rather, an average
value for d is observed at shifts higher than expected for the
putative non-hydrogen-bonded species. To assign d values to
a specific conformer of a particular Fc peptide, we make use
of reference compounds that cannot engage in hydrogen
bonding, and that have NH groups in chemical environ-
ments similar to the Fca peptides with intramolecular hydro-
gen bonding. In general, it can be expected that an equilibri-
um between intramolecular hydrogen-bonded and non-hy-
drogen-bonded conformers is present in solution. The posi-
tion of this equilibrium is strongly solvent dependent. Non-
polar aprotic solvents, such as CHCl3 or CH2Cl2, favour
intramolecular hydrogen-bonded structures, whereas polar
solvents, such as DMSO, disrupt hydrogen bonding by com-
peting with the hydrogen-bonding sites. For our studies, we
compared NMR measurements in [D6]DMSO to those
taken in CDCl3. The resulting chemical shift differences Dd
are used as a measure for the populations in the hydrogen-
bonded and non-hydrogen-bonded states.[17]


As reference compounds, we chose simple Fc-carboxylic
acid and Fc-amino derivatives FcCO-X (X= -NHMe (2),
-Ala-OMe (3)) and Y-NHFc (Y=Ac- (7), Boc- (8), Boc-
Ala- (9)), which are unable to engage in intramolecular hy-
drogen bonding. In CDCl3, compounds 2, 3, and 7–9 exhibit
chemical shifts of the amide protons at positions below d of
7.00 ppm. In [D6]DMSO, chemical shifts of d>7.00 ppm for
the amide protons are observed, indicative of intermolecular
hydrogen bonding to the DMSO molecules.
If the Dd of the NH proton of a putative hydrogen-


bonded system is smaller than the Dd of the reference com-
pound, which is free of intramolecular hydrogen bonding,
the system engages in intramolecular hydrogen bonding.
The ratio of the Dd values for the Fc peptide and its refer-
ence compound of each amide proton, the variation ratio


(vr), is particularly useful for measuring the extent to which
the amide proton is engaged in intramolecular hydrogen
bonding (vr=Dd of substrate/Dd of reference).[17] Weak hy-
drogen bonds will have large values for vr. This is rational-
ized by the fact that DMSO will readily disrupt the intramo-
lecular hydrogen bonding, causing a large Dd for the amide
proton, which is of the same magnitude as that for the non-
hydrogen-bonded reference compound. Thus, vr values close
to unity are expected. In the case of strong intramolecular
hydrogen bonding, addition of DMSO will also cause dis-
ruption of the intramolecular hydrogen bond, however, the
Dd between CHCl3 and DMSO will be significantly smaller
than that of the reference compound, resulting in a vr value
close to zero. This also addresses the position of the equili-
brium between the hydrogen-bonded and non-bonded state.
For vr values close to zero, the position of the equilibrium is
shifted significantly towards the hydrogen-bonded state,
whereas vr values close to unity indicate a shift to the non-
hydrogen-bonded state (Table 2).
A good example to demonstrate this approach is dipep-


tide 16. Figure 8 shows three potential intramolecular hydro-
gen-bonded conformers and one open conformer. In con-
former 16A, CO and NH groups attached directly to the Fc
moiety are engaged in hydrogen bonding, resulting in a 6-
membered ring. Conformer 16B has a hydrogen bond be-
tween the amide Fc-CO-NH and the CO-NH-Fc, forming
an 8-membered hydrogen-bonded ring. In conformer 16C,
the distal C=O group engages in hydrogen bonding with the
NH-Fc group giving a 9-membered ring. In CDCl3 solution,
compound 16 exhibits two amide resonances: at d=


6.77 ppm for the NHAla and at d=6.40 ppm for the NHFca


group. In [D6]DMSO, the resonances at d=8.04 ppm
(NHAla) and 8.43 ppm (NHFca) are observed. The differences
in chemical shift for the two amide protons in the two sol-
vents are Dd=1.27 ppm for the NHAla and Dd=2.03 ppm


Table 2. Chemical shifts (d), chemical shift differences (Dd), and variation ratios (vr) of the amide protons for selected compounds.


Compd Formula d (CD3Cl)
[a] d ([D6]DMSO)[a] Dd vr=Dd substrate/


Dd standard (standard)


2 Fc-CO-NH-Me[b] 5.73 (br s) 7.73 (d) 2.00
3 Fc-CO-Ala-OMe 6.22 (br s) 8.07 (d) 1.85
5 Fc-CO-Ala1-Ala2-OMe 6.27 (d), 6.86[c] (d) 7.71 (d), 8.28 (d) 1.44, 1.42
7 Ac-NH-Fc 6.49 (br s) 9.28 (s) 2.79
8 Boc-NH-Fc 5.55 (br s) 8.50 (s) 2.95
9 Boc-Ala-NH-Fc 5.55 (br s), 6.83 (br s) 7.00 (d), 9.28 (s) 1.45, 2.45
10 Boc-Ala2’-Ala1’-NH-Fc 5.09 (d), 6.78 (d),


8.04 (br s)
7.03 (d), 8.00 (d),
9.35 (s)


1.94, 1.22,
1.31


12 Ac-Fca-NH-Me[c] 7.48 (br s), 6.23 (br s) 9.20 (s), 7.46 (d) 1.72, 1.23 0.62 (7), 0.61 (2)
15 Boc-Fca-NH-Me 5.88 (br s), 6.47 (br s) 8.42 (s), 7.62 (d) 2.54, 1.55 0.86 (8), 0.58 (2)
16 Boc-Fca-Ala-OMe 6.40 (s), 6.77 (s) 8.43 (br s), 8.04 (d) 2.03, 1.27 0.69 (8), 0.69 (3)
19 Boc-Fca-Ala1-Ala2-OMe 7.28 (br s), 7.01 (s),


6.90 (br s)
8.43 (br s), 7.71 (d),
8.29 (d)


1.15, 0.7,
1.39


0.39 (8), 0.49 (5),
0.98 (5)


20 Boc-Ala1’-Fca-Ala1-OMe 5.13 (d), 9.12 (s),
7.81 (d)


7.04 (d), 9.24 (s),
8.01 (d)


1.91, 0.12,
0.20


1.32 (9), 0.05 (9),
0.11 (3)


21 Boc-Ala1’-Fca-Ala1-Ala2-OMe 5.17 (d), 9.86 (br s),
7.96 (br s), 7.11 (d)


7.25 (d), 10.02 (s),
7.77 (d), 8.59 (d)


2.08, 0.16,
�0.20, 1.48


1.43 (9), 0.07 (9),
�0.14 (5), 1.04 (5)


22 Boc-Ala2’-Ala1’-Fca-Ala1-Ala2-OMe 5.28 (s), 7.20 (br s),
9.78 (br s), 8.06 (br s),
7.03 (br s)


7.00 (d), 8.12 (d),
9.61 (s), 7.87 (d),
8.53 (d)


1.72, 0.92,
�0.17, �0.19,
1.50


1.19 (9), 0.75 (10),
�0.07 (9), �0.13 (5),
1.05 (5)


[a] 5U10�3 to 2U10�4m. [b] Fc� ferrocenyl. [c] Fca�1’-aminoferrocene-1-carboxylic acid.
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for the Fc-NH group. For each of the two amide protons it
is important to choose an appropriate reference compound
that has comparable amide groups, but cannot engage in in-
tramolecular hydrogen bonding. The ideal reference com-
pound for the NH-Fc amide in 16 is compound 8. A good
reference compound for the AlaNH group is compound 3,
which has an Fc-CO-Ala-OMe. Both amides NH have the
identical value for vr of 0.69, indicating the presence of
medium-strength hydrogen bonds in compound 16.
Tetrapeptide 21 is another good example to illustrate our


approach. In CDCl3, 21 displays four amide resonances at
d=5.17 (NHAla1’), 9.86 (NHFca), 7.96 (NHAla1), and 7.11 ppm
(NHAla2). In [D6]DMSO, the resonances shift to d=7.25 ppm
for NHAla1’, 10.02 ppm for NHFca, 7.77 ppm for NHAla1, and
8.59 ppm for NHAla2. The chemical shift of both proximal
NH protons (NHFca and NHAla1) moves strongly downfield
in CDCl3 solutions if both Cp rings are substituted by amino
acids, because of the formation of intramolecular hydrogen
bonds that involve these two protons. This hydrogen bond-
ing is disrupted in DMSO and as a consequence the order
of the Ala1 and Ala2 amide protons is reversed. The chemi-
cal shift differences Dd for the four amide resonances in 21
are 2.08, 0.16, �0.20, and 1.48 ppm. To evaluate the vr for
the C-terminal Ala NH resonances we used reference com-
pound 5, whereas we choose reference compound 9 for the
N-terminal side. For the presented order of amide resonan-
ces we obtained the following vrVs: 1.43, 0.07, �0.14, 1.04.
The vr values for the proximal NH groups of 0.07 and �0.14
indicate that the amides directly attached to the Fc group
are engaged in strong intramolecular hydrogen bonding in
CDCl3.


IR spectroscopy: In the previous section it was emphasized
that the conformational equilibrium between the specific in-
tramolecular hydrogen-bonded and hydrogen-bond-free iso-
mers is too fast on the NMR timescale to be detected as dis-
tinct NH signals. However, it is slow enough to be detected
by IR spectroscopy and can be used as additional support
for the existence of hydrogen-bonded and non-hydrogen-
bonded isomers. In addition, IR spectroscopy allows us to
approximate the population ratio of these two states from
the relative intensities of the IR bands, which should be con-
sistent with vr values[14] On the other hand, IR spectra are
more difficult to assign in detail than 1H NMR spectra.
Therefore, we will use some of the simpler compounds as
examples in the following discussion.
IR spectra of our compounds were recorded in dichloro-


methane solutions (c=10�2mL�1). In accordance with
1H NMR data, reference compounds of the type Fc-COX (2,
3) and YNH-Fc (7, 8) showed only non-hydrogen-bonded
NH signals in the amide A range of 3436–3465 cm�1. The IR
spectrum of dipeptide 5 with two Ala units exhibited NH
stretching vibrations n(NH) at 3426 and 3309 cm�1. Upon di-
lution from 5 to 2.5 mm, the second band assigned to the hy-
drogen-bonded state gradually weakened and disappeared,
indicating an intermolecular hydrogen-bonded species. In
contrast, the IR spectra of YNH-Fc-types 9 and 10 displayed


two amide A bands at 3425/3336 and 3423/3336 cm�1, re-
spectively, however, the intensity ratio of these absorption
bands remained unchanged upon dilution, indicating that in
compounds 9 and 10 medium-strength intramolecular hydro-
gen bonds involving the NH-Fc group are present. Again,
this corresponds well to the NMR data presented in Table 2.
NMR data of peptide analogue 12 suggested a conforma-


tional equilibrium of two conformers A (6-membered hy-
drogen-bonded ring) and B (8-membered hydrogen-bonded
ring), in analogy to dipeptide 16. Okamura et al.[13b] per-
formed IR analysis of this compound in dilute CH2Cl2 solu-
tion in comparison with the non-hydrogen-bonded reference
compounds 2 and 7 and assigned the band at lower wave-
number to hydrogen-bonded amide NH. The absorption at
higher wavenumber was assigned to non-hydrogen-bonded
amide NH of the forms A and B. The intensity ratio of the
two is close to unity, suggesting the presence of equal
amounts of these two conformers.[13b] This finding is in ac-
cordance with the vr values of 0.61 and 0.62 that were de-
rived for 12A and 12B.
We carried out a similar IR analysis of analogue 15 by


using non-hydrogen-bonded compounds 2 and 8 as referen-
ces. We observed two n(NH) bands at 3460 and 3433 cm�1


(corresponding to bands at 3465 and 3436 cm�1 in 2 and 8),
which are assigned to free non-hydrogen-bonded amide pro-
tons of B and A, respectively. Instead of two distinct hydro-
gen-bonded NH absorptions as in compound 12, we ob-
served only a single broad absorption centered at 3357 cm�1.
However, the intensities of the free and hydrogen-bonded
signals were approximately equal, corroborating our findings
from NMR analysis of a medium-strength intramolecular
hydrogen bond being present in peptide analogue 15. The
IR spectrum of compound 13 displays a single amide A
band at 3433 mcm�1, indicating a hydrogen-bond-free struc-
ture.
IR spectra of the dipeptides 16 and 17 show an amide A


band typical of non-hydrogen-bonded NH at 3433 cm�1 and
one hydrogen-bonded NH at 3327 cm�1, of approximately
equal intensity. This result supports those from our NMR
measurements. Both NMR and IR analyses indicate that in-
tramolecular hydrogen bonding in the tripeptide 19 is stron-
ger than that of the related dipeptide 16, because the IR
band is slightly shifted to lower wavenumbers and its vr
ratio is slightly higher than that found in compound 16.
Our NMR analysis demonstrated that the higher peptides


20–22 belong to another structural type with very strong hy-
drogen bonds forming a 9-membered and an 11-membered
ring. Expectedly, the IR spectra of these oligopeptides were
very similar. They contained one relatively narrow band in
the range 3426–3438 cm�1, assigned to non-hydrogen-
bonded NH and three broad signals at 3355–3373, 3283–
3322, and 3251 cm�1 corresponding to intramolecular hydro-
gen bonding. The first absorption may be attributed to the
weak or medium intramolecular hydrogen-bonded NH sub-
units of Ala1’, Ala2’, and Ala2. We assign the other absorp-
tions to the strongly hydrogen-bonded NHFca group.
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Electrochemistry : The electrochemical behavior of com-
pounds 16, 17, and 23–28 was studied by cyclic voltammetry
(CV). All ferrocene-containing amino-acid and peptide con-
jugates discussed in this study exhibit a reversible electro-
chemical one-electron oxidation. For Fca peptide deriva-
tives, the half-wave potentials E1/2 are observed within a
range of 476–533 mV vs Ag/AgCl, with peak-to-peak sepa-
ration DEp of 63 to 98 mV, and with a Faradic current ratio
of close to unity. Importantly, we do not observe any amino-
acid- or peptide-specific trends. Such behavior has been
noted before for ferrocene amino-acid conjugates.[5] All ex-
perimental values are listed in Table 3.


Conclusions


Fca is one of the simplest organometallic amino acids based
on the ferrocene skeleton. We have provided a synthetic ap-
proach to amino-acid and peptide conjugates of Fca, giving
the desired compounds in good to excellent yields. We used
standard peptide-coupling techniques and two different syn-
thesis strategies: The first strategy uses attachment of amino
acids or dipeptides directly to either the C or N terminus of
Fca. The second strategy includes coupling of one amino
acid to Fca, its deprotection, and subsequent coupling of the
second amino acid. This second strategy can also be applied
to both Fca termini.
By using this synthetic approach, di- to pentapeptides


containing Fca as an organometallic amino acid were ob-
tained by peptide chemistry in solution. Depending on the
substitution pattern, these compounds exhibit turn-like pep-
tide structures that are stable in solution and in the solid
state. Characterization of the hydrogen-bonding patterns in
solution is particularly challenging and we have used a com-
bination of various spectroscopic techniques to obtain de-
tailed information about solution conformations. To distin-
guish between possible conformers we used a nomenclature
that indicates the relative orientation of the amide groups
directly bound to the ferrocene core (Figures 7 and 8). A
more detailed description of a general nomenclature for
metallocene-based peptides has been proposed recently.[5b]


The X-ray structures of dipeptides 16–18 and the tetra-
peptide 21 have been obtained and were examined in detail.


The dipeptides show a conformer B in the solid state, with
one intramolecular interstrand hydrogen bond. In contrast,
conformer C with two intramolecular hydrogen bonds is
found in the crystal of the tetrapeptide 21.
Helical chirality of the metallocene core, a very important


property of the Fca peptides, was studied by X-ray crystal-
lography and CD spectroscopy. The representative examples
16 and 21 differ not only in their hydrogen-bonding pattern
(see previous paragraph), but also in helical chirality. Dipep-
tide 16 was found to be in the M,l stereochemistry in the
solid state. The CD spectrum of 16 shows a negative band at
about 500 nm. For 21, however, the crystal structure reveals
an l,P,l,l stereochemistry and the CD spectrum shows a
positive signal at about 480 nm. CD spectroscopy has been
used previously to elucidate the metal-centered chirality in
peptide derivatives of ferrocene-1,1’-dicarboxylic acid.[5b,7b]


Hirao and co-workers showed that peptides made from hy-
drogen bonding l-amino acids on both Cp rings induces P
chirality of the metallocene core. In a recent paper, one of
our groups could show that equilibrium mixtures of M and
P helicity exist if amino acids of different chirality are at-
tached to either ring in such systems.[9c] For Fca peptides,
the situation is different again, as shown herein. Metallo-
cene chirality is purely dependent on the chirality of the
first amino acid attached to the Fca amino group.


1H NMR spectra were used to further elucidate the hydro-
gen-bonding pattern. Monosubstituted Fc derivatives were
used as reference points of non-hydrogen bonded structures.
The variation ratio vr was established, which reflects the
ability of the Fca-peptide conjugates to engage in hydrogen
bonding and, thus, provides information regarding the hy-
drogen-bond strength in the peptide conjugates. A vr value
close to zero is indicative for strong hydrogen bonding. It is
no surprise that the ability to maintain a conformation is
linked to the length of the peptide chain. Thus, short Fca
peptides, such as 16–18, are unable to establish more than
one single hydrogen bond in solution. As a consequence,
they exist as a mixture of conformers in solution. The longer
Fca-peptides 20–28 can form two intramolecular hydrogen
bonds between the pendant peptide chains, resulting in a
single conformer in the solid state as well as in solution.
Results of IR spectroscopy generally confirm the findings


from NMR spectroscopy. However, IR spectroscopy oper-
ates on a faster time scale than NMR spectroscopy. Hence,
signals for free protons (>3400 cm�1, sharp signals) and hy-
drogen-bonded amide protons (<3400 cm�1 and broader)
are clearly resolved. Integration of the amide IR signals
gives the ratio of free and hydrogen-bonded species directly.
This ratio correlates well with the parameter vr as defined
for 1H NMR spectroscopy for all systems investigated in this
study.
A number of organometallic amino acids have been syn-


thesized previously, such as ferrocenylalanine and (ferro-
cene-1,1’-diyl)bisalanine.[5a] Some of those compounds were
incorporated into peptides, mostly by solution chemistry.[18]


The peptides described herein differ from these systems in
that each Cp ring of the metallocene backbone is connected


Table 3. Solution electrochemical results for compounds 16, 17, 23–28.[a]


Compound E1/2 DEp Ia/Ic
[b]


16 481 73 1.1
17 488 75 1.0
23 502 78 1.1
24 533 62 1.0
25 471 81 1.0
26 488 73 1.1
27 476 98 1.1
28 483 74 1.1


[a] Conditions: 1 mm in MeCN; glassy carbon working electrode (BAS),
Pt counter, Ag/AgCl reference, 0.1m TBAP; E in mV; errors in the meas-
ured potentials are �5 mV from five independent measurements. [b] Ia/
Ic= ratio of anodic to cathodic peak current.
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directly to either the amino or carboxylic acid. The energetic
barrier for rotation of the two Cp rings is small. This pro-
vides a degree of flexibility to such systems that is not ach-
ievable with the more-common organic peptide mimetics.
Janda and co-workers made use of this low rotational barri-
er in disubstituted ferrocenes to generate catalytic antibod-
ies for endo- and exo-stereoselective Diels–Alder reactions
from one single ferrocene hapten.[12] Therefore, oligopepti-
des derived from Fca possess special properties and may
form unique secondary and tertiary structures. The system-
atic work described herein lays a solid foundation for the ra-
tional design of such unique metallocene peptides.


Experimental Section


Most of the syntheses were carried out under argon. The CH2Cl2 used for
synthesis and FTIR was dried (P2O5), distilled over CaH2, and stored
over molecular sieves (4 N). EDC, HOBt, HBTU (Aldrich), and Ala
(Merck) were used as received. Products were purified by preparative
thin layer chromatography (TLC) on silica gel (Merck, Kieselgel 60
HF254) by using the mixtures CH2Cl2/EtOAc and CH2Cl2/MeOH. Melting
points were determined by using a Buechi apparatus. Infrared spectra
were recorded as CH2Cl2 solutions between NaCl windows or as KBr
disks by using a Bomem MB 100 mid FTIR, a Bruker Equinox55 FTIR,
or a Perkin–Elmer model 1605 FTIR spectrometer. The 1H and 13C NMR
spectra were recorded in CDCl3 and [D6]DMSO solutions with Me4Si as
internal standard by using a Varian EM 360, Varian Gemini 300 spec-
trometer. NMR spectra were determined by using a Bruker AM 360
spectrometer, 1H at 360.14 MHz and 13C at 90.56 MHz. High field 1D-
and 2D-NMR spectra were recorded by using Bruker DRX 500 or
Bruker Avance-500 spectrometers, 1H at 500.13 MHz. Spectral assign-
ment for peptide oligomers was carried out by using standard 2D-NMR
spectroscopy. Peak positions are reported in ppm relative to TMS and
are referenced by using the residual undeuterated solvent signal. UV/Vis
spectra were measured by using a Varian CARY 100 instrument in 1-cm
quartz Suprasil cells thermostated at 20 8C. Absorption maxima, lmax, and
molar absorption coefficients, emax, are given in nm and m


�1 cm�1, respec-
tively. Mass spectra (MS) were run on MAT 8200 (EI, FAB) or Hewe-
lett–Packard HP 5989 (ESI). Only characteristic fragments with possible
composition are given in brackets. For fragments containing metals, only
the isotopomer with highest intensity was described. Crystallographic
analyses were performed by using a Bruker SMART-CCD difractometer.
CD spectra were recorded as CH3CN solutions (c=1m) by using a CD-
spectropolarimeter Jasco-810 in 1-cm quartz Suprasil cells under inert at-
mosphere thermostated at 20 8C. Ellipticity maxima, lmax, are given in
nm. Molar ellipticity coefficients, [q], were calculated as [q]=100Uq/cUl,
in which ellipticity [q] is in degrees, concentration c is in molL�1 and
pathlength l is in cm, to give units for [q] of degmM�1 cm�1.[19] Elemental
analyses were determined in-house. The numbering of Ala subunits is
presented in Table 2.


Synthesis of N-methylferrocenecarboxamide (2): EDC (367 mg,
1.91 mmol) and HOBt (266 mg, 1.91 mmol) were added to a suspension
of ferrocenecarboxylic acid 1 (400 mg, 1.74 mmol) in dichloromethane
(7 mL). After stirring for 1 h at RT, the mixture was cooled to 0 8C and
CH3NH2 (3.48 mmol) (obtained from CH3NH2·HCl by treatment with
Et3N in CH2Cl2, pH~8) was added. The mixture was stirred for 1 h at
RT, washed thrice with saturated solution of NaHCO3, 10% aqueous so-
ACHTUNGTRENNUNGlution of citric acid, and H2O, then dried over Na2SO4, and evaporated in
vacuo. TLC purification of crude product with CH2Cl2/EtOAc (5:1) gave
orange crystals (321 mg, 76%). M.p 178.1–179 8C;[13b] 1H NMR
([D6]DMSO): d=7.73 (d, J=3.7 Hz 1H; NH), 4.75 (s, 2H; H-2, H-5, Fc),
4.32 (s, 2H; H-3, H-4, Fc), 4.15 (s, 5H; Cpunsubst.), 2.70 ppm (d, J=4.5 Hz,
3H; CH3);


1H NMR (CDCl3): d=5.73 (br s, 1H; NH), 4.66 (br s, 2H; H-
2, H-5, Fc), 4.36 (s, 2H; H-3, H-4, Fc), 4.22 (s, 5H; Cpunsubst.), 3.02 ppm


(br s, 3H; CH3);
13C NMR ([D6]DMSO): d=168.7 (CO), 76.4 (C-1, Fc),


69.1 (C-2 C-5, Fc), 68.7 (Cpunsubst.), 67.5 (C-3 C-4, Fc), 25.3 ppm (CH3);
IR (CH2Cl2): ñ=3465 (m, N-H free), 1657 cm�1 (s, (C=O).


Synthesis of Fc-CO-Ala-OMe (3): Ferrocenecarboxylic acid 1 (300 mg,
1.30 mmol) was activated by using standard EDC/HOBt method. After
stirring for 1 h at RT, the mixture was cooled to 0 8C and Ala-OMe
(2.61 mmol) (obtained from H-Ala-OMe·HCl by treatment with Et3N in
CH2Cl2, pH~8) was added. The reaction mixture was stirred for 1 h at
RT, and worked-up as described for compound 2. TLC purification of
crude product with CH2Cl2/EtOAc (10:1) gave orange crystals (352 mg,
85%). M.p 162–165 8C;[20] 1H NMR ([D6]DMSO): d=8.07 (d, J=7.11 Hz,
1H; NH), 4.90 (s, 1H; H-5, Fc), 4.79 (s, 1H; H-2, Fc), 4.44–4.32 (m, 3H;
CHAla, H-3, H-4, Fc), 4.22 (s, 5H; Cpunsubst.), 3.60 (s, 3H; OCH3),
1.37 ppm (d, J=7.3 Hz, 3H; CH3Ala);


1H NMR (CDCl3): d=6.22 (br s,
1H; NH), 4.76 (br s, 2H; H-2, H-5, Fc), 4.68 (s, 1H; CHAla), 4.38 (s, 2H;
H-3, H-4, Fc), 4.26 (s, 5H; Cpunsubst.), 3.80 (s, 3H; OCH3), 1.49 ppm (d,
J=5.7 Hz, 3H; CH3Ala);


13C NMR ([D6]DMSO): d=173.6 (COFc), 169.2
(COOCH), 75.7 (C-1, Fc), 70.3 (C-2, Fc), 70.3 (C-5, Fc), 69.6 (Cpunsubst.),
68.7 (C-3, Fc), 68.3 (C-4, Fc), 52.0 (OCH3), 47.8 (CHAla), 17.1 ppm
(CH3Ala); IR (CH2Cl2): ñ=3436 (m, N-H free), 1741 (s, C=O, COOCH3),
1657 cm�1 (s, C=O, CONH).


Synthesis of Fc-CO-Ala-Ala-OMe (5): Hydrolysis of peptide 3 (100 mg,
0.32 mmol) in dioxane/water (1:1) mixture (10 mL) at 0 8C in the pres-
ence of NaOH (25 mg, 0.64 mmol) resulted in the formation of the free
acid Fc-CO-Ala-OH (4). Compound 4 was isolated in 95% yield by acid-
ification of the solution with 2% HCl to pH 2, followed by extraction
with EtOAc (3U30 mL). The organic layer was dried over anhydrous
Na2SO4, filtered, and the solvent was removed under reduced pressure to
give an orange residue. IR (CH2Cl2): ñ=3433 (m, N-H free), 3100–2900
(br, OH, COOH), 1731 (s, C=O, COOH), 1655 cm�1 (s, CONH).


The free acid 4 (96 mg, 0.32 mmol) was reacted with Ala-OMe
(0.63 mmol) (obtained from Ala-OMe·HCl by treatment with Et3N in
CH2Cl2, pH~8), EDC (67 mg, 0.35 mmol), and HOBt (49 mg, 0.35 mmol)
in dichloromethane. After stirring for 90 min at RT, the reaction mixture
was subjected to the aqueous work-up described above for 2. TLC purifi-
cation of crude product with CH2Cl2/EtOAc (10:1) gave a yellow solid
(60 mg, 50%). M.p 122–125 8C (124–126 8C[20]); 1H NMR ([D6]DMSO):
d=8.28 (d, J=6.8 Hz, 1H; NHAla2), 7.71 (d, J=7.7 Hz, 1H; NHAla1), 4.90
(s, 1H; H-5, Fc), 4.79 (s, 1H; H-2, Fc), 4.46 (m, 1H; CHAla2), 4.43 (m,
3H; CHAla1, H-3, H-4, Fc), 4.18 (s, 5H; Cpunsubst.), 3.62 (s, 3H; OCH3),
1.32 (d, J=1.2 Hz, 3H; CH3Ala2) 1.30 ppm (d, J=1.9 Hz, 3H; CH3Ala1);
1H NMR (CDCl3): d=6.86 (d, 1H; NHAla2), 6.27 (d, 1H; NHAla1), 4.82
(m, 1H; CHAla2), 4.75 (s, 2H; H-2, H-5, Fc), 4.55 (m, 1H; CHAla1), 4.35 (s,
2H; H-3, H-4, Fc), 4.20 (s, 5H; Cpunsubst.), 3.75 (s, 3H; OCH3), 1.50 (d,
J=6.8 Hz, 3H; CH3Ala2) 1.44 ppm (d, J=7.1 Hz, 3H; CH3Ala1);


13C NMR
([D6]DMSO): d=172.6 (COFc), 172.1 (COAla1), 169.9 (COOCH3), 74.8
(C-1, Fc), 70.2 (C-2 C-5, Fc), 69.7 (Cpunsubst.), 68.0 (C-3 C-4, Fc), 51.9
(OCH3), 48.1 (CHAla2), 48.0 (CHAla1), 18.3 (CH3Ala2), 17.3 ppm (CH3Ala1);
IR (CH2Cl2): ñ=3426 (m, N-H free), 3309 (w, N-H assoc.), 1742 (s, C=O,
COOCH3), 1682 (s), 1650 cm


�1 (s, C=O, CONH).


Synthesis of ferrocenecarboxazide (6): Ferrocenecarboxylic acid 1
(400 mg, 1.74 mmol) was suspended in water (0.3 mL) and sufficient ace-
tone was added to dissolve it. After cooling to 0 8C, triethylamine
(202 mg, 2.0 mmol) in acetone (3.3 mL) was added. While maintaining
the temperature at 0 8C, a solution of ethyl chloroformate (241.6 mg,
2.23 mmol) in the same solvent (0.9 mL) was added and the mixture was
stirred for 30 min at 0 8C. Thereafter, a solution of sodium azide (173 mg,
2.63 mmol) in water (0.5 mL) was added. The mixture was stirred for 1 h
(0 8C), poured into excess of ice water, and extracted with dichlorome-
thane. The extracts were washed with 5% aqueous solution of NaHCO3,
a saturated solution of NaCl, dried over Na2SO4, and evaporated in
vacuo at RT to dryness to leave red crystals (332 mg, 75%). M.p. 101–
102 8C; 1H NMR (CDCl3): d=4.83 (s, 2H; H-2, H-5, Fc), 4.52 (s, 2H; H-
3, H-4, Fc), 4.27 ppm (s, 5H; Cpunsubst.) ; IR (CH2Cl2): ñ=2138 (s, N3),
1687 cm�1 (s, C=O, CON3).


Synthesis of N-acetylferrocenamine (7): A solution of ferrocenecarboxa-
zide (6) (332 mg, 1.3 mmol) in acetic anhydride (9 mL) was heated at
100 8C for 3 h.[11a] After cooling, the reaction mixture was diluted with
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water (40 mL) and extracted with dichloromethane. After aqueous work-
up, the organic layer was evaporated to dryness giving a red oil, which
after TLC purification with dichloromethane/ethyl acetate (10:1) gave
orange crystals (78 mg, 25%). M.p. 158–167 8C;[13b] 1H NMR
([D6]DMSO): d=9.28 (s, 1H; NH), 4.54 (s, 2H; H-2, H-5, Fc), 4.10 (s,
5H; Cpunsubst.), 3.93 (s, 2H; H-3, H-4, Fc), 1.90 ppm (s, 3H; CH3);
1H NMR (CDCl3): d=6.49 (br s, 1H; NH), 4.93 (br s, 2H; H-2, H-5, Fc),
4.36 (s, 5H; Cpunsubst.), 4.22 (s, 2H; H-3, H-4, Fc), 1.99 ppm (s, 3H; CH3);
13C NMR ([D6]DMSO): d=168.0 (COCH3), 95.7 (C-1’, Fc), 68.9
(Cpunsubst.), 63.8 (C-3’ C-4’, Fc), 60.8 (C-2’ C-5’, Fc), 23.6 ppm (CH3); IR
(CH2Cl2): ñ=3436 (m, N-H free), 1684 cm�1 (s, C=O, COCH3).


Synthesis of tert-butyl ferrocenylcarbamate (8): A solution of ferrocene-
carboxazide 6 (400 mg, 1.6 mmol) in tBuOH (10 mL) was heated at 60 8C
for 2 h.[14a] The reaction mixture was evaporated to dryness and purified
by preparative chromatography in dichloromethane/ethyl acetate (25:1),
giving orange crystals of 8 (320 mg, 68%), m.p. 142–145 8C and N,N’-di-
ferrocenylurea (60 mg, 9%), m.p. 167–173 8C. 1H NMR ([D6]DMSO): d=
8.50 (br s, 1H; NH), 4.44 (s, 2H; H-2’, H-5’, Fc), 4.08 (s, 5H; Cpunsubst.),
3.89 (s, 2H; H-3’, H-4’, Fc), 1.45 ppm (s, 9H; C ACHTUNGTRENNUNG(CH3)3);


1H NMR
(CDCl3): d=5.55 (br s, 1H; NH), 4.60 (br s, 2H; H-2’, H-5’, Fc), 4.24 (s,
5H; Cpunsubst.), 4.11 (br s, 2H; H-3’, H-4’, Fc), 1.50 ppm (s, 9H; C ACHTUNGTRENNUNG(CH3)3);
IR (CH2Cl2): ñ=3436 (m, N-H free), 1723 cm�1 (s, C=O, COOtBu).


Synthesis of Boc-Ala-NH-Fc (9): A suspension of 8 (500 mg, 1.66 mmol)
in ethyl acetate (20 mL) was cooled to 0 8C and treated with gaseous HCl
for 2 h. After stirring at RT for 4 h, mixture was evaporated in vacuo to
dryness to leave yellow solid ferrocenylammonium chloride (370 mg,
94%). The hydrochloride (238 mg, 1.06 mmol) was treated with Et3N in
CH2Cl2 (pH~8) and coupled with Boc-Ala-OH (189 mg, 2.11 mmol) by
using the standard EDC/HOBt method. After stirring for 1 h at RT, the
mixture was subjected to the standard aqueous work-up, followed by
TLC purification (CH2Cl2/EtOAc, 10:1) to give yellow crystals (232 mg,
60%). M.p. 68–70 8C; 1H NMR ([D6]DMSO): d=9.28 (s, 1H; FcNH),
7.00 (d, J=6.8 Hz, 1H; NHAla), 4.61 (s, 2H; H-2’, H-5’, Fc), 4.09 (s, 5H;
Cpunsubst.), 3.93 (s, 3H; CHAla, H-3’, H-4’, Fc), 1.39 (s, 9H; C ACHTUNGTRENNUNG(CH3)3),
1.20 ppm (d, J=7.08 Hz, 3H; CH3Ala);


1H NMR (CDCl3): d=6.83 (br s,
1H; FcNH), 5.55 (br s, 1H; NHAla), 5.20–4.10 (m, 9H; Fc-H), 3.95 (br s,
1H; CHAla), 1.47 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.28 ppm (d, J=6.2 Hz, 3H; CH3Ala);
13C NMR ([D6]DMSO): d=171.5 (COAla), 155.3 (COOtBu), 95.6 (C-1’,
Fc), 78.2 (C ACHTUNGTRENNUNG(CH3)3), 68.9 (Cpunsubst.), 63.9 (C-3’, Fc), 63.8 (C-4’, Fc), 60.9
(C-2’, Fc), 60.6 (C-5’, Fc), 50.4 (CHAla), 28.4 (CACHTUNGTRENNUNG(CH3)3), 18.0 ppm
(CH3Ala); IR (CH2Cl2): ñ=3425 (m, N-H free), 3336 (vw, N-H assoc.),
1697 cm�1 (s, C=O, COOtBu).


Synthesis of Boc-Ala-Ala-NH-Fc (10): Boc-Ala-NH-Fc (9) (362 mg,
0.41 mmol) was deprotected by treating with gaseous HCl. The resulting
Ala-NH-Fc·HCl was worked-up with Et3N as described previously and
coupled with Boc-Ala-OH (157 mg, 0.83 mmol) activated with HOBt/
EDC. The mixture was stirred for 90 min at RT and worked-up in a usual
manner. Purification by TLC (CH2Cl2/EtOAc, 10:1) gave yellow crystals
(172 mg, 94%). M.p. 172–175 8C; 1H NMR ([D6]DMSO): d=9.35 (s, 1H;
FcNH), 8.00 (d, J=6.9 Hz, 1H; NHAla1), 7.03 (d, J=6.8 Hz, 1H; NHAla2),
4.60 (d, J=4.5 Hz, 2H; H-2’, H-5’, Fc), 4.25 (m, 1H; CHAla2), 4.08 (s, 5H;
Cpunsubst.), 3.95 (m, 3H; CHAla1, H-3’, H-4’, Fc), 1.39 (s, 9H; C ACHTUNGTRENNUNG(CH3)3),
1.26 (d, J=7.0 Hz, 3H; CH3Ala2), 1.19 ppm (d, J=6.9 Hz, 3H; CH3Ala1);
1H NMR (CDCl3): d=8.04 (br s, 1H; FcNH), 6.78 (br s, 1H; NHAla1), 5.09
(d, J=5.3 Hz, 1H; NHAla2), 4.81 (br s, 1H; H-2’, Fc), 4.67 (br s, J=4.5 Hz,
1H; H-5’, Fc), 4.48 (m, 1H; CHAla2), 4.19 (s, 6H; Cpunsubst. , CHAla1), 4.05
(br s, 2H; H-3’, H-4’, Fc), 1.48 (s, 9H; CACHTUNGTRENNUNG(CH3)3), 1.42 ppm (m, 6H;
CH3Ala2, CH3Ala1);


13C NMR ([D6]DMSO): d=172.0 (COAla2), 170.2
(COAla1) 154.73 (COOtBu), 94.7 (C-1’, Fc), 77.6 (C ACHTUNGTRENNUNG(CH3)3), 68.3
(Cpunsubst.), 63.3 (C-3’ C-4’, Fc), 60.3 (C-2’, Fc), 60.0 (C-5’, Fc), 49.3
(CHAla2), 48.2 (CHAla1), 27.7 (CACHTUNGTRENNUNG(CH3)3), 17.7 (CH3Ala2), 17.5 ppm
(CH3Ala1); IR (CH2Cl2): ñ=3423 (m, N-H free), 3336 (m, N-H assoc.),
1698 cm�1 (s, C=O, COOtBu).


Synthesis of Ac-Fca-NHMe (12): Ac-Fca (11)[14a] (230 mg, 0.80 mmol)
was activated as described for 1 and MeNH2 (obtained from MeNH2·HCl
(108 mg, 1.60 mmol) by treatment with Et3N in CH2Cl2, pH~8) was
added. After stirring for 1 h at RT, the reaction mixture was worked-up
in a usual manner and purified by TLC (CH2Cl2/EtOAc, 10:1) to give


orange crystals (81 mg, 43%). M.p. 128–130 8C;[15]1H NMR ([D6]DMSO):
d=9.20 (s, 1H; NHFca), 7.46 (d, J=3.8 Hz, 1H; NHCH3), 4.69 (s, 2H; H-
2, H-5, Fc), 4.54 (s, 2H; H-2’, H-5’, Fc), 4.24 (s, 2H; H-3, H-4, Fc), 3.91
(s, 2H; H-3’, H-4’, Fc), 2.68 (d, J=4.4 Hz, 3H; NHCH3), 1.90 ppm (s,
3H; COCH3);


1H NMR (CDCl3): d=7.48 (br s, 1H; NHFca), 6.23 (br s,
1H; NHCH3), 4.63 (brs, 2H; H-2, H-5, Fc), 4.52 (br s, 2H; H-2’, H-5’,
Fc), 4.36 (s, 2H; H-3, H-4, Fc), 4.09 (s, 2H; H-3’, H-4’, Fc), 2.94 (s, 3H;
NHCH3), 2.10 ppm (s, 3H; COCH3); IR (CH2Cl2): ñ=3459 (m, N-H
free), 3431 (m, N-H free), 3339 (w, N-H assoc.), 3272 (w, N-H assoc),
1680 cm�1 (s, C=O, COCH3).


Synthesis of Boc-Fca-NHMe (15): Amide-carbamate 15 was prepared
starting from MeNH2 (obtained by the action of Et3N on MeNH2·HCl
(117 mg, 1.74 mmol)) and 14 (activated with HOBt (182 mg, 1.30 mmol)
and EDC (250 mg, 1.30 mmol)) in dichloromethane. The mixture was
stirred for 30 min at RT. After the aqueous work-up, the crude product
was purified by TLC (CH2Cl2/EtOAc, 5:1) to give orange crystals
(283 mg, 91%). M.p. 128–130 8C; 1H NMR ([D6]DMSO): d=8.42 (s, 1H;
NHFca), 7.62 (d, J=4.5 Hz, 1H; NHCH3), 4.66 (s, 2H; H-2, H-5, Fc), 4.43
(s, 2H; H-2’, H-5’, Fc), 4.21 (s, 2H; H-3, H-4, Fc), 3.86 (s, 2H; H-3’, H-4’,
Fc), 2.68 (d, J=4.5 Hz, 3H; NHCH3), 1.45 ppm (s, 9H; C ACHTUNGTRENNUNG(CH3));
1H NMR (CDCl3): d=6.47 (br s, 1H; NHCH3), 5.88 (br s, 1H; NHFca),
4.71–4.23 (m, 8H; Fn), 3.09 (s, 3H; NHCH3), 1.49 ppm (s, 9H; C ACHTUNGTRENNUNG(CH3));
IR (CH2Cl2): ñ=3460 (m, N-H, FcNHCO free), 3433 (m, N-H, FcCONH
free), 3367 (w, N-H, FcNHCO assoc.), 3357 (w, N-H, FcNHCO assoc.),
1680 cm�1 (s, C=O, COCH3).


General synthesis of the ferrocene dipeptides 16–18 : 1’-(tert-Butoxycar-
bonyl-amino)ferrocene-1-carboxylate (14, Boc-Fca-OH) (200 mg,
0.58 mmol) was activated by using EDC (167 mg, 0.87 mmol) and HOBt
(117 mg, 0.87 mmol), and H-Aaa-OMe (1.16 mmol, obtained from H-
Aaa-OMe·HCl by treatment with Et3N in CH2Cl2, pH~8) was added.
The mixture was stirred for 30 min. After the standard aqueous work-up,
the crude products were purified by TLC (CH2Cl2/EtOAc, 10:1) to give
orange crystalline materials after standing in the refrigerator.


Boc-Fca-Ala-OMe (16): Orange powder (182 mg, 74%). M.p. 61–64 8C;
1H NMR ([D6]DMSO): d=8.43 (br s, 1H; NHFca), 8.04 (d, J=5.6 Hz, 1H;
NHAla), 4.75 (s, 1H; H-2, Fn), 4.70 (s, 1H; H-5, Fn), 4.49 (m, 1H; CHAla),
4.40 (m, 2H; H-2’, H-5’, Fn), 4.25 (s, 2H; H-3, H-4, Fn), 3.92 (m, 2H; H-
3’, H-4’, Fn), 3.64 (s, 3H; OCH3), 1.45 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.38 ppm (d, J=
7.2 Hz, 3H; CH3Ala);


1H NMR (CDCl3): d=6.77 (s, 1H; NHAla), 6.40
(NHFca), 4.79 (br s, 1H; CHAla), 4.68–4.00 (m, 8H; Fc-H), 3.79 (s, 3H;
OCH3), 1.49 ppm (br s, 12H; CACHTUNGTRENNUNG(CH3)3, CH3Ala);


13C NMR ([D6]DMSO):
d=173.4 (COOCH3), 168.9 (COFca), 153.1 (COOtBu), 98.0 (C-1’, Fn),
78.7 (C ACHTUNGTRENNUNG(CH3)3), 75.6 (C-1, Fn), 71.3 (C-2 C-5, Fn), 68.9 (C-3’ C-4’, Fn),
65.4 (C-3 C-4, Fn), 61.1 (C-2’ C-5’, Fn), 51.7 (OCH3), 47.7 (CHAla), 28.04
(C ACHTUNGTRENNUNG(CH3)3), 16.8 ppm (CH3Ala); IR (CH2Cl2): ñ=3433 (m, N-H free), 3327
(m, N-H assoc.), 1731 (s, C=O, COOCH3), 1714 (s, C=O, COOtBu),
1655 cm�1 (s, C=O, CONH); EIMS: m/z : 430 (17) [M]+ , 374 (16)
[M�H2CC ACHTUNGTRENNUNG(CH3)2]


+ , 356 (32) [M�tBuOH]+ , 330 (86)
[H2NCpFeCpCOAlaOMe]+ , 300 (19) [M�COAlaOMe]+ , 130 (35)
[COAlaOMe]+ , 57 (100); ESI-MS (MeOH): m/z : 883.4 [2M+Na]+ ; ele-
mental analysis calcd (%) for C20H26O5N2Fe (430.1): C 55.84, H 6.09, N
6.51; found: C 55.89, H 6.11, N 6.53.


Boc-Fca-d-Ala-OMe (17): Orange powder (183 mg, 75%). M.p. 61–
63 8C; IR (CH2Cl2): ñ=3433 (m, N-H free), 3327 (m, N-H assoc.), 1731
(s, C=O, COOCH3), 1716 (s, C=O, COOtBu), 1655 cm�1 (s, C=O,
CONH); elemental analysis calcd (%) for C20H26O5N2Fe (430.1): C 55.84,
H 6.09, N 6.51; found: C 55.87, H 6.07, N 6.54.


Boc-Fca-b-Ala-OMe (18): Orange powder (178 mg, 79%). M.p. 61–64 8C;
1H NMR ([D6]DMSO): d=8.41 (br s, 1H; NHFca), 7.80 (t, 1H; NHAla),
4.67 (d, 2H; H-2, H-5, Fn), 4.42 (s, 2H; H-2’, H-5’, Fn), 4.22 (s, 2H; H-3,
H-4, Fn), 3.86 (s, 2H; H-3’, H-4’, Fn), 3.62 (s, 3H; OCH3), 3.33 (s, 4H;
(CH2)2), 1.45 ppm (s, 9H; C ACHTUNGTRENNUNG(CH3)3); IR (CH2Cl2): ñ=3436 (m, N-H
free), 3341 (w, N-H assoc.), 1728 (s, C=O, COOCH3), 1712 (s, C=O,
COOtBu), 1653 cm�1 (s, C=O, CONH); elemental analysis calcd (%) for
C20H26O5N2Fe (430.1): C 55.84, H 6.09, N 6.51; found: C 55.82, H 6.06, N
6.54.


Synthesis of Boc-Fca-Ala-Ala-OMe (19): Boc-Fca-OH (14) (360 mg,
1.05 mmol) was activated as described for dipeptides 16–18 and coupled
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with H-Ala-Ala-OMe (obtained from H-Ala-Ala-OMe·HCl by treatment
with Et3N in CH2Cl2). The mixture was stirred for 4 h at RT. After an
aqueous work-up, the crude material was purified by TLC (CH2Cl2/
EtOAc, 10:1) to give an orange crystalline solid (420 mg, 76%). M.p.
186.8–189.1 8C; 1H NMR ([D6]DMSO): d=8.43 (s, 1H; NHFca), 8.29 (d,
J=7.1 Hz, 1H; NHAla2), 7.71 (d, J=8.1 Hz, 1H; NHAla1), 4.76 (s, 1H; H-
2, Fn), 4.68 (s, 1H; H-5, Fn), 4.45 (m, 1H; CHAla1), 4.39 (m, 2H; H-2’, H-
5’, Fn), 4.31 (m, 1H; CHAla2), 4.24 (s, 2H; H-3, H-4, Fn), 3.93 (s, 2H; H-
3’, H-4’, Fn), 3.61 (s, 3H; OCH3), 1.33 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.24 ppm (m,
6H; 2CH3Ala);


1H NMR (CDCl3): d=7.28 (s, 1H; NHFca), 7.01 (s, 1H;
NHAla1), 6.90 (s, 1H; NHAla2), 4.70–4.00 (m, 10H; 2CHAla, Fn), 3.75 (s,
3H; OCH3), 1.49 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.43 (s, 3H; CH3Ala), 1.25 ppm (s,
3H; CH3Ala);


13C NMR ([D6]DMSO): d=173.0 (COOCH3), 172.8
(COAla1), 168.7 (COFca), 153.1 (COOtBu), 97.9 (C-1’, Fn), 78.6 (C ACHTUNGTRENNUNG(CH3)3),
76.4 (C-1, Fn), 71.2 (C-2 C-5, Fn), 68.9 (C-3’ C-4’, Fn), 65.4 (C-3 C-4,
Fn), 61.3 (C-2’ C-5’, Fn), 51.8 (OCH3), 47.9 (CHAla2), 47.5 (CHAla1), 28.1
(C ACHTUNGTRENNUNG(CH3)3), 17.9 (CH3Ala2), 16.8 ppm (CH3Ala1); IR (CH2Cl2): ñ=3428 (m,
N-H free), 3309 (m, N-H assoc.), 1738 (s, C=O, COOCH3), 1726 (s), 1711
(s), 1678 (s), 1658 (s), 1643 (s), 1632 cm�1 (s, C=O, COOtBu), (C=O,
CONH); EIMS: m/z : 501 (27) [M]+ , 427 (34) [M�tBuOH]+ , 401 (61)
[H2NFeCOAlaAlaOMe]+ , 270 (36), 254 (43), 229 (100); ESI-MS
(MeOH/CH2Cl2 10:1+0.1% trifluoroacetic acid (TFA)): m/z : 502.3
[M+H]+ ; elemental analysis calcd (%) for C23H31O6N3Fe (501.2): C
55.12, H 6.24, N 8.39; found: C 55.08, H 6.20, N 8.43.


Synthesis of Boc-Ala-Fca-Ala-OMe (20): This compound was prepared
according to the procedure of the dipeptides 16–18. Dipeptide 16
(437 mg, 1.02 mmol) was deprotected by gaseous HCl and evaporated in
vacuo to dryness to leave yellow solid of H-Fca-Ala-OMe·HCl (350 mg,
94%), m.p. 80.2–83 8C. The resulting hydrochloride was treated with
Et3N in CH2Cl2 (pH~8) and coupled with Boc-Ala-OH (361 mg,
1.91 mmol) by using the standard EDC/HOBt method. After stirring for
20 min and standard aqueous work-up, the crude material was purified
by TLC (CH2Cl2/EtOAc, 10:1) to give yellow crystals (315 mg, 72%).
M.p. 59–62 8C; 1H NMR ([D6]DMSO): d=9.24 (s, 1H; NHFca), 8.01 (d,
J=7.4 Hz, 1H; NHAla1), 7.04 (d, J=10.5 Hz, 1H; NHAla1’), 4.77 (s, 1H;
H-2, Fn), 4.70 (m, 1H; H-5, Fn), 4.62 (br s, 2H; H-2’, H-5’, Fn), 4.40 (t,
J=14.5 Hz, 1H; CHAla), 4.26 (m, 2H; H-3, H-4, Fn), 3.98 (m, 2H; H-3’,
H-4’, Fn), 3.93 (t, J=13.9 Hz, 1H; CHAla), 3.65 (s, 3H; OCH3), 1.39 (s,
9H; C ACHTUNGTRENNUNG(CH3)3), 1.36 (br s, 3H; CH3Ala), 1.20 ppm (d, J=7.1 Hz, 3H;
CH3Ala);


1H NMR (CDCl3): d=9.12 (s, 1H; NHFca), 7.81 (d, 1H; NHAla1),
5.13 (d, 1H; NHAla1’), 5.36 (s, 1H; CHAla), 5.33 (s, 1H; CHAla), 4.91–4.02
(m, 8H; Fn), 3.85 (s, 3H; OCH3), 1.30 (s, 3H; CH3Ala), 1.40 ppm (br s,
12H; C ACHTUNGTRENNUNG(CH3)3, CH3Ala);


13C NMR ([D6]DMSO): d=173.6 (COOCH3),
171.6 (COAla1’), 168.9 (COFca), 155.2 (COOtBu), 96.2 (C-1’, Fn), 78.1 (C-
ACHTUNGTRENNUNG(CH3)3), 75.8 (C-1, Fn), 71.7 (C-2, Fn), 71.6 (C-5, Fn), 69.1 (C-3’, Fn),
68.8 (C-4’, Fn), 65.7 (C-3 C-4, Fn), 62.1 (C-2’, Fn), 61.5 (C-5’, Fn), 51.9
(OCH3), 50.4 (CHAla), 47.6 (CHAla), 28.2 (C ACHTUNGTRENNUNG(CH3)3), 17.7 (CH3Ala),
16.8 ppm (CH3Ala); IR (CH2Cl2): ñ=3438 (w, N-H free), 3373 (m, N-H
assoc.), 3322 (m, N-H assoc.), 1729 (s, C=O, COOCH3), 1696 (s, C=O,
COOtBu), 1648 cm�1 (s, C=O, CONH); EIMS: m/z : 501 (92) [M]+ , 445
(100) [M�H2CC ACHTUNGTRENNUNG(CH3)2]


+ , 401 (34) [AlaNHCpFeCpCOAlaOMe]+ , 330
(81) [M�AlaBoc+H]+ , 254 (44) [COCpFeCpNHCO]+ , 130 (28) [COAl-
aOMe]+ ; ESI-MS (MeOH): m/z : 502.3 [M+H]+ ; elemental analysis calcd
(%) for C23H31O6N3Fe (501.2): C 55.12, H 6.24, N 8.39; found: C 55.15, H
6.29, N 8.33.


Synthesis of Boc-Ala-Fca-Ala-Ala-OMe (21): After deprotection of the
tripeptide 19 (420 mg, 0.8 mmol) by gaseous HCl in CH2Cl2, followed by
evaporation, the resulting hydrochloride was treated with Et3N in CH2Cl2
(pH~8) and coupled with Boc-Ala-OH (139 mg, 0.74 mmol) by using the
EDC/HOBt method followed by the standard aqueous work-up. TLC pu-
rification of the crude product (CH2Cl2/EtOAc, 10:1) results in a yellow
crystalline material (130 mg, 65%). M.p. 94–97 8C;[15] 1H NMR
([D6]DMSO): d=10.02 (s, 1H; NHFca), 8.59 (d, 1H; NHAla1), 7.77 (d, 1H;
NHAla2), 7.25 (d, 1H; NHAla1’), 4.85 (s, 1H; H-2, Fn), 4.74 (t, 1H; H-5,
Fn), 4.67 (br s, 2H; H-2’, H-5’, Fn), 4.50 (m, 1H; CHAla2), 4.33 (s, 1H;
CHAla1), 4.26 (s, 1H; H-4, Fn), 4.23 (s, 1H; H-3’, Fn), 4.02 (m, 1H; H-3,
Fn), 3.93 (s, 1H; H-4’, Fn), 3.88 (m, 1H; CHAla1’), 3.61 (s, 3H; OCH3),
1.40 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.33 (dd, 6H; 2CH3Ala), 1.18 ppm (s, 3H;
CH3Ala1’);


1H NMR (CDCl3): d=9.86 (s, 1H; NHFca), 7.96 (d, 1H;


NHAla2), 7.11 (d, 1H; NHAla1), 5.17 (d, 1H; NHAla1’), 5.20–4.00 (m, 11H;
3CHAla, Fc-CH), 3.77 (s, 3H; OCH3), 1.55 (s, 3H; CH3Ala), 1.47 (s, 12H;
CH3Ala, CACHTUNGTRENNUNG(CH3)), 1.37 ppm (s, 3H; CH3Ala);


13C NMR ([D6]DMSO): d=
174.0 (COOCH3), 172.8 (COAla1), 171.6 (COAla1’, 168.7 (COFca), 96.1 (C-1’,
Fn), 78.4 (CACHTUNGTRENNUNG(CH3)3), 75.9 (C-1, Fn), 71.7 (C-2, Fn), 70.8 (C-5, Fn), 69.4
(C-3’, Fn), 69.0 (C-4’, Fn), 65.2 (C-3 C-4, Fn), 62.5 (C-2’, Fn), 61.6 (C-5’,
Fn), 54.8 (CHAla), 51.7 (OCH3), 47.8 (2CHAla), 28.2 (C ACHTUNGTRENNUNG(CH3)3), 17.7
(CH3Ala), 17.3 (CH3Ala), 16.7 ppm (CH3Ala); IR (CH2Cl2): ñ=3436 (m, N-
H free), 3368, 3283, 3251 (m, N-H assoc.), 1742 (s, C=O, COOCH3), 1695
(s), 1667 (s), 1642 (s), 1528 cm�1 (s, C=O, COOtBu), (C=O, CONH);
EIMS: m/z : 572 (36) [M]+ , 516 (34) [M�H2CCACHTUNGTRENNUNG(CH3)2]


+ , 501 (9), 498
(35) [M�tBuOH]+ , 401 (27) [H3NFeCOAlaAlaOMe]+ , 325 (45), 270
(19), 254 (38), 229 (54), 130 (22), 57 (100); ESI-MS (MeOH/CH2Cl2
10:1+0.1% TFA): m/z : 573.3 [M+H]+ .


Synthesis of Boc-Ala-Ala-Fca-Ala-Ala-OMe (22): Pentapeptide 22 was
prepared from H-Fca-Ala-Ala-OMe·HCl (180 mg, 0.51 mmol), which was
treated with Et3N and coupled with Boc-Ala-Ala-OH (264 mg,
1.01 mmol) as described above. TLC (CH2Cl2/EtOAc, 3:1) gave yellow
crystals (120 mg, 39%). M.p. 99–102 8C; 1H NMR ([D6]DMSO): d=9.61
(s, 1H; NHFca), 8.53 (d, J=6.9 Hz, 1H; NHAla2), 8.12 (d, J=5.9 Hz, 1H;
NHAla1’), 7.87 (d, J=7.5 Hz, 1H; NHAla1), 7.00 (d, J=6.9 Hz, 1H;
NHAla2’), 4.79 (s, 1H; Fn), 4.74 (s, 1H; Fn), 4.67 (br s, 1H; Fn), 4.48 (m,
1H; CHAla1), 4.35 (m, 1H; CHAla2), 4.31 (m, 1H; Fn), 4.28 (s, 1H; Fn),
4.21 (s, 1H; Fn), 4.13 (s, 1H; CHAla1’), 4.01 (s, 1H; Fn), 3.98 (m, 1H;
CHAla2’), 3.92 (s, 1H; Fn), 3.61 (s, 3H; OCH3), 1.37 (s, 9H; C ACHTUNGTRENNUNG(CH3)3),
1.34 (d, J=7.3 Hz, 3H; CH3Ala2), 1.31 (d, J=7.3 Hz, 3H; CH3Ala1), 1.26
(d, J=7.0 Hz, 3H; CH3Ala1’), 1.21 ppm (d, J=7.1 Hz, 3H; CH3Ala2’);
1H NMR (CDCl3): d=9.78 (s, 1H; NHFca), 8.06 (d, 1H; NHAla2), 7.20
(br s, 1H; NHAla1’), 7.03 (br s, 1H; NHAla1), 5.28 (s, 1H; NHAla2’), 4.88–3.95
((m, 12H; 4CHAla, Fc-H), 3.78 (s, 3H; OCH3), 1.46 ppm (s, 21H; C-
ACHTUNGTRENNUNG(CH3)3, 4CH3Ala);


13C NMR ([D6]DMSO): d=174.0 (COOCH3), 173.0
(COAla1), 172.8 (COAla2’), 170.8 (COAla1’), 168.6 (COFca), 155.0 (COOtBu),
95.9 (C-1’, Fn), 77.9 (CACHTUNGTRENNUNG(CH3)3), 75.9 (C-1, Fn), 71.7 (C-2, Fn), 70.7 (C-5,
Fn), 69.6 (C-3’, Fn), 68.9 (C-4’, Fn), 65.4 (C-3, Fn), 65.2 (C-4, Fn), 62.5
(C-2’, Fn), 61.6 (C-5’, Fn), 51.7 (OCH3), 49.3 (CHAla2’), 49.1 (CHAla1’), 47.8
(CHAla1), 47.7 (CHAla2), 28.1 (CACHTUNGTRENNUNG(CH3)3), 17.7 (CH3Ala2’), 17.6 (CH3Ala1’),
17.5 (CH3Ala1), 16.7 ppm (CH3Ala2); IR (CH2Cl2): ñ=3426 (m, N-H free),
3355, 3320 (w, N-H assoc.), 3296, 3251 (w, N-H assoc.), 1742 (s, C=O,
COOCH3), 1721 (s), 1710 (s), 1673 (s), 1692 (s), 1643 (s), 1632 (s),
1513 cm�1 (s, C=O, COOtBu), (C=O, CONH); EIMS: m/z : 643 (3) [M]+ ,
569 (100) [M�tBuOH]+, 543 (10) [AlaAlaFeCOAlaAlaOMe]+ , 396 (19),
270 (19), 304 (42), 229 (16) [Cp2FeNHCO]+ ; ESI-MS (MeOH/CH2Cl2
10:1+0.1% TFA): m/z : 644.5 [M+H]+ ; elemental analysis calcd (%) for
C29H41O8N5Fe (643.2): C 54.15, H 6.43, N 10.89; found: C 54.13, H 6.47,
N 10.93.


Synthesis of Boc-d-Ala-Fca-Ala-OMe (23): This compound was prepared
as described above by using HBTU as a coupling reagent. Boc-Fca-Ala-
OMe (430 mg, 1 mmol), Boc-Ala-OH (190 mg, 1 mmol), HBTU (418 mg,
1.1 mmol). Silica-gel column (hexane/EtOAc: 2:3, Rf=0.33) to give
yellow crystals (360 mg, 72%). 1H NMR (CDCl3): d=9.10 (s, 1H;
CpNH), 7.35 (d, J=7.8 Hz, 1H; NH


dAla), 5.40 (s, 1H; NH
lAla), 4.88 (m,


1H; NH
lAla), 4.63 (s, 1H; H-2, Cp), 4.57 (s, 1H; H-5, Cp), 4.52 (m, 1H;


Ha
dAla), 4.47 (s, 1H; H-2’, Cp), 4.40 (s, 1H; H-5’, Cp), 4.34 (s, 1H; H-3,


Cp), 4.29 (s, 1H; H-4, Cp), 4.02 (s, 1H; H-3’, Cp), 4.00 (s, 1H; H-4’, Cp),
3.78 (s, 3H; COOCH3), 1.47 (s, 3H; CH3lAla), 1.45 (s, 9H; CACHTUNGTRENNUNG(CH3)3, Boc),
1.39 ppm (s, 3H; CH3dAla);


1H NMR ([D6]DMSO, assignments based on
COSY spectra): d=9.31 (s, 1H; FcNHCO), 8.06 (d, J=6.5 Hz, 1H;
NH


dAla), 7.04 (d, J=5.6 Hz, 1H; NH
lAla), 4.77 (s, 1H; HCp), 4.74 (s, 1H;


HCp), 4.69 (s, 1H; HCp), 4.53 (s, 1H; HCp), 4.40 (m, 1H; CHalAla), 4.28 (s,
2H; HCp), 3.98 (s, 2H; HCp), 3.93 (m, 1H; CHadAla2), 3.65 (s, 3H;
COOCH3), 1.40 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.38 (s, 3H; CH3lAla1), 1.20 ppm (d, J=
7.7 Hz, 3H; CH3dAla2);


13C{1H} NMR (CDCl3): d=174.6 (COOCH3),
171.4 (CONH


dAla), 170.1 (CpCONH
lAla), 155.9 (CO, Boc), 95.0 (C-1’,


Cp), 80.4 (C ACHTUNGTRENNUNG(CH3)3), 78.5 (C-1, Cp), 76.8 (C-2, Cp), 76.2 (C-5, Cp), 71.7
(C-2’, Cp), 71.2 (C-5’, Cp), 69.6 (C-3, Cp), 66.0 (C-4, Cp), 64.0 (C-3’, Cp),
63.5 (C-4’, Cp), 52.6 (COOCH3), 51.2 (Ca


dAla), 50.9 (Ca
lAla), 28.3 (C-


ACHTUNGTRENNUNG(CH3)3), 18.2 (CH3dAla), 16.9 ppm (CH3lAla); FTIR (KBr): ñ=3301 (m, N-
H), 1745, 1683 (m, C=O), 1637 (s, amid I), 1531 cm�1 (s, amid II); IR
(CH2Cl2): ñ=3429 (m, N-H free), 3307 (brm, N-H, H-bonded), 1734 (s,
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C=O), 1697 (s), 1653 (s), 1540 (s), 1521, 1507 cm�1 (s); UV/Vis: lmax (e)=
440 nm (247 m�1 cm�1); EIMS (+vs): m/z calcd for C23H31N3O6Fe [M]+ :
501.1562; found: 501.1565.


Synthesis of Boc-Ala-Fca-d-Ala-OMe (24): The synthesis procedure is
similar to that of compound 23. Silica-gel column (hexane/ethyl acetate:
2:3, Rf=0.32) to give yellow crystals (390 mg, 78%). 1H NMR (CDCl3):
d=8.55 (s, 1H; CpNH), 7.18 (d, J=7.6 Hz, 1H; NH


dAla), 5.29 (s, 1H;
NH


lAla), 4.92 (m, 1H; NH
dAla), 4.63 (s, 1H; H-2, Cp), 4.59 (s, 1H; H-5’,


Cp), 4.52 (overlapping, m, 2H; Ha
dAla, H-2’, Cp), 4.43 (s, 1H; H-5’, Cp),


4.39 (s, 1H; H-3, Cp), 4.34 (s, 1H; H-4, Cp), 4.07 (s, 1H; H-3’, Cp), 4.04
(s, 1H; H-4’, Cp), 3.82 (s, 3H; COOCH3), 1.56 (s, 3H; CH3dAla), 1.47 (s,
9H; C ACHTUNGTRENNUNG(CH3)3, Boc), 1.41 ppm (s, 3H; CH3lAla);


1H NMR ([D6]DMSO, as-
signments based on COSY spectra): d=9.31 (s, 1H; FcNHCO), 8.05 (d,
J=6.5 Hz, 1H; NH


lAla), 7.04 (d, J=5.6 Hz, 1H; NH
dAla), 4.77 (s, 1H;


HCp), 4.73 (s, 1H; HCp), 4.69 (s, 1H; HCp), 4.53 (s, 1H; HCp), 4.40 (m, 1H;
CHadAla), 4.30 (s, 2H; HCp), 4.00 (s, 2H; HCp), 3.95 (m, 1H; CHalAla), 3.56
(s, 3H; COOCH3), 1.38 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.37 (s, 3H; CH3dAla), 1.20 ppm
(s, 3H; CH3Ala);


13C{1H} NMR (CDCl3): d=174.6 (COOCH3), 171.6
(CONH


lAla), 170.4 (CpCONH
dAla), 160.1 (CO, Boc), 94.3 (C-1’, Cp), 79.6


(C ACHTUNGTRENNUNG(CH3)3), 78.5 (C-1, Cp), 76.8 (C-2, Cp), 75.4 (C-5, Cp), 72.0 (C-2’, Cp),
71.2 (C-5’, Cp), 70.5 (C-3, Cp), 65.4 (C-4, Cp), 64.0 (C-3’, Cp), 63.4 (C-4’,
Cp), 52.6 (COOCH3), 51.4 (Ca


lAla), 50.9 (Ca
dAla), 28.3 (CACHTUNGTRENNUNG(CH3)3), 18.1


(CH3lAla), 16.8 ppm (CH3dAla); FTIR (KBr): ñ=3299 (m, N-H), 1741,
1684 (s, C=O), 1637 (s, amid I), 1532 cm�1 (s, amid II); IR (CH2Cl2): ñ=
3430 (m, N-H free), 3359, 3317 (N-H, H-bonded), 1741 (s, C=O), 1696
(s), 1636 (s), 1650 (s), 1563, 1503 cm�1 (s); UV/Vis: lmax (e)=438 nm
(241 m�1 cm�1); EIMS (+vs): m/z calcd for C23H31N3O6Fe [M]+ :
501.1562; found: 501.1579.


Synthesis of Boc-Ala-Fca-Ala-d-Ala-OMe (25): Aqueous NaOH solution
(0.1m, 12 mL) was added dropwise at 08C for 30 min to the solution of
Boc-Ala-Fca-Ala-OMe (23) (500 mg, 1 mmol) in THF (12 mL), then re-
acted at RT overnight. THF was evaporated and 50 mL water was added
to the aqueous solution. Then the solution was washed with EtOAc (3U
20 mL). The aqueous solution and 100 mL EtOAC were poured into a
flask and cooled to 08C, then 0.1m HCl was added slowly to the solution
to achieve pH 1–2. The aqueous phase was washed with EtOAc (3U
100 mL) and dried over NaSO4, then filtered and evaporated under re-
duced pressure in a rotorvap to give the free acid as an orange solid
(448 mg, 92%). Boc-Ala-Fca-Ala-OH (245 mg, 0.5 mmol) was dissolved
in dry dichloromethane (100 mL), and reacted with H-d-Ala-OMe. The
procedure is similar to that of compound 23. Silica-gel column (hexane/
EtOAc: 1:3, Rf=0.21) giving yellow crystals of compound 25 (214 mg,
75%). 1H NMR (CDCl3): d=9.41 (s, 1H; CpNH), 7.84 (d, J=7.0 Hz,
1H; NH


dAla), 7.29 (d, J=7.2 Hz, 1H; NH
lAla1), 5.31 (s, 1H; H-2, Cp), 5.10


(d, J=7.0 Hz, 1H; NH
lAla), 4.80 (s, 1H; H-5, Cp), 4.70 (m, 1H; Ha


dAla),
4.58 (s, 1H; H-2’, Cp), 4.56 (overlapping, m, 2H; Ha


dAla, H-5’, Cp), 4.27
(s, 1H; H-3, Cp), 4.11 (s, 1H; H-4, Cp), 4.06 (s, 1H; H-3’, Cp), 4.00 (s,
1H; H-4’, Cp), 3.75 (s, 3H; COOCH3lAla2), 1.52 (s, 3H; CH3dAla), 1.45 (s,
9H; C ACHTUNGTRENNUNG(CH3)3, Boc), 1.42 (s, 3H; CH3lAla1), 1.36 ppm (s, 3H; CH3dAla);
1H NMR ([D6]DMSO, assignments based on COSY spectra): d=9.32 (s,
1H; FcNHCO), 8.28 (d, J=6.7 Hz, 1H; NH


dAla2), 7.77 (d, J=7.1 Hz, 1H;
NH


lAla1), 7.01 (d, J=6.1 Hz, 1H; NH
lAla3), 4.77 (s, 1H; HCp), 4.68 (s, 1H;


HCp), 4.67 (s, 1H; HCp), 4.56 (s, 1H; HCp), 4.45 (m, 1H; CHalAla1), 4.31
(m, 1H; CHadAla2), 4.28 (s, 2H; HCp), 3.98 (s, 2H; HCp), 3.91 (m, 1H;
CHalAla3), 3.65 (s, 3H; COOCH3), 1.39 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.34 (m, 6H;
CH3lAla1, CH3dAla2), 1.21 ppm (d, J=6.6 Hz, 3H; CH3lAla3);


13C{1H} NMR
(CDCl3): d=173.4 (COOCH3), 171.5 (CONH


dAla), 170.5 (CpCONH
lAla1),


156.4 (CONH
lAla2), 95.3 (C-1’, Cp), 78.0 (C ACHTUNGTRENNUNG(CH3)3, Boc), 77.4 (C-1, Cp),


71.7 (C-2, Cp), 70.2 (C-5, Cp), 69.3 (C-2’, Cp), 69.0 (C-5’, Cp), 66.3 (C-3,
Cp), 66.1 (C-4, Cp), 64.0 (C-3’, Cp), 62.9 (C-4’, Cp), 52.8 (COOCH3),
50.2 (Ca


lAla1), 48.8 (Ca
lAla1), 47.2 (Ca


dAla1), 28.2 (CACHTUNGTRENNUNG(CH3)3), 17.8 (CH3lAla1),
17.5 (CH3lAla2), 16.5 ppm (CH3dAla); FTIR (KBr): ñ=3277 (m, N-H),
1724, 1683 (m, C=O), 1637 (s, amid I), 1531 cm�1 (s, amid II); IR
(CH2Cl2): ñ=3433 (m, N-H free), 3328 (brm, N-H, H-bonded), 1716 (s,
C=O), 1654 (s), 1538 (s), 1509 cm�1 (s); UV/Vis: lmax (e)=445 nm
(384 m�1 cm�1); EIMS (+vs): m/z calcd for C26H36N4O7Fe [M]+ :
572.1933; found: 572.1938.


Synthesis of Boc-Ala-Fca-d-Ala-d-Ala-OMe (26): The synthetic proce-
dure is identical to that described for 25. Silica-gel column (hexane/
EtOAc: 1:3, Rf=0.20) to get yellow crystals (205 mg, 73%). 1H NMR
(CDCl3): d=8.61 (s, 1H; CpNH), 7.41 (d, J=7.0 Hz, 1H; NH


dAla2), 7.18
(d, J=7.2 Hz, 1H; NH


lAla), 5.38 (s, 1H; H-2, Cp), 5.14 (d, J=7.0 Hz, 1H;
NH


lAla), 4.80 (s, 1H; H-5, Cp), 4.73 (m, 1H; Ha
dAla), 4.65 (s, 1H; H-2’,


Cp), 4.60 (overlapping, m, 2H; Ha
dAla1, lAla), 4.47 (s, 2H; H-2’, H-5’, Cp),


4.39 (s, 1H; H-3, Cp), 4.36 (s, 1H; H-4, Cp), 4.20 (m, 1H; Ca
dAla2), 4.05


(s, 2H; H-3’, H-4’, Cp), 3.77 (s, 3H; COOCH3), 1.54 (s, 3H; CH3lAla),
1.50 (s, 3H; CH3dAla1), 1.48 (s, 9H; CACHTUNGTRENNUNG(CH3)3, Boc), 1.42 ppm (s, 3H;
CH3dAla2);


1H NMR ([D6]DMSO, assignments based on COSY spectra):
d=9.30 (s, 1H; FcNHCO), 8.27 (d, J=6.6 Hz, 1H; NH


dAla2), 7.74 (d, J=
7.6 Hz, 1H; NH


dAla1), 7.00 (d, J=5.4 Hz, 1H; NH
lAla3), 4.77 (s, 1H; HCp),


4.69 (s, 1H; HCp), 4.66 (s, 1H; HCp), 4.56 (s, 1H; HCp), 4.43 (m, 1H;
CHadAla1), 4.30 (m, 1H; CHadAla2), 4.26 (s, 2H; HCp), 3.97 (s, 2H; HCp),
3.94 (m, 1H; CHalAla3), 3.62 (s, 3H; COOCH3), 1.39 (s, 9H; C ACHTUNGTRENNUNG(CH3)3),
1.33 (m, 6H; CH3dAla1, CH3dAla2), 1.21 ppm (d, J=6.6 Hz, 3H; CH3lAla3);
13C{1H} NMR (CDCl3): d=173.3 (COOCH3), 171.6 (CONH


dAla1), 170.5
(CpCONH


lAla), 155.9 (CONH
dAla2), 94.9 (C-1’, Cp), 80.4 (C ACHTUNGTRENNUNG(CH3)3, Boc),


77.0 (C-1, Cp), 76.8 (C-2, Cp), 76.4 (C-5, Cp), 71.6 (C-2’, Cp), 70.0 (C-5’,
Cp), 66.9 (C-3, Cp), 65.4 (C-4, Cp), 64.0 (C-3’, Cp), 63.3 (C-4’, Cp), 52.3
(COOCH3), 50.8 (Ca


dAla2), 50.0 (Ca
lAla), 48.0 (Ca


dAla1), 28.4 (C ACHTUNGTRENNUNG(CH3)3),
18.4 (CH3lAla), 17.9 (CH3dAla2), 17.7 ppm (CH3dAla1); FTIR (KBr): ñ=3289
(m, N-H), 1745, 1666 (m, C=O), 1635 (s, amid I), 1531 cm�1 (s, amid II);
IR (CH2Cl2): 3426 (m, N-H free), 3307 (brm, (N-H, H-bonded), 1741 (s,
C=O), 1685 (s), 1654 (s), 1558 (s), 1507 cm�1 (s); UV/Vis (MeCN): lmax


(e)=445 nm (384 m�1 cm�1); EIMS (+vs): m/z calcd for C26H36N4O7Fe
[M]+ : 572.1933; found: 501.1579.


Synthesis of Boc-d-Ala-Ala-Fca-Ala-d-Ala-OMe (27): Boc-Ala-Fca-Ala-
d-Ala-OMe (285 mg, 0.5 mmol), Boc-d-Ala-OH (85 mg, 0.5 mmol),
HBTU (210 mg, 0.55 mmol). Silica-gel column (hexane/EtOAc/MeOH:
10:85:5, Rf=0.12) to give a yellow solid (103 mg, 31%). 1H NMR
(CDCl3): d=9.08 (s, 1H; CpNH), 7.83 (s, 1H; NH,), 7.28 (s, 1H; NH),
7.20 (s, 1H; NH), 5.37 (s, 1H; H-2, Cp), 5.20 (d, J=7.0 Hz, 1H; NH),
4.86 (overlapping, 2H), 4.46 (s, 1H; Cp), 4.47 (s, 1H; Cp), 4.26 (overlap-
ping, 2H), 4.17 (m, 1H), 4.11 (s, 2H), 3.91 (s, 1H), 3.82 (s, 3H;
COOCH3), 1.46 (overlapping, 12H; CH3Ala, C ACHTUNGTRENNUNG(CH3)3, Boc), 1.43–
1.42 ppm (overlapping, 9H; CH3Ala);


1H NMR ([D6]DMSO, assignments
based on COSY spectra): d=9.19 (s, 1H; FcNHCO), 8.30 (d, J=5.8 Hz,
1H; NH


dAla2), 8.02 (d, J=6.2 Hz, 1H; NH
lAla4), 7.73 (d, J=6.8 Hz, 1H;


NH
lAla1), 7.01 (d, J=5.5 Hz, 1H; NH


lAla3), 4.78 (s, 1H; HCp), 4.71 (s, 1H;
HCp), 4.66 (s, 1H; HCp), 4.57 (s, 1H; HCp), 4.43 (m, 1H; CHalAla1), 4.30
(m, 2H; CHadAla2, CHadAla3), 4.25 (s, 2H; HCp), 3.99 (s, 2H; HCp), 3.98 (m,
1H; CHalAla4), 3.62 (s, 3H; COOCH3), 1.37 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.32 (m,
6H; CH3lAla1, CH3dAla2), 1.27 (d, J=7.0 Hz, 3H; CH3lAla4), 1.18 ppm (d,
J=7.0 Hz, 3H; CH3lAla3);


13C{1H} NMR (CDCl3): d=176.8 (COOCH3),
173.4, 170.9, 165.7,155.6 (CONH), 95.3 (Cp), 80.3 (C ACHTUNGTRENNUNG(CH3)3, Boc), 72.4,
71.5, 70.7, 70.5, 70.0, 66.0, 65.8, 65.3, 64.4, 62.8 (Cp), 52.7 (COOCH3),
50.4, 50.0, 48.5, 48.0 (Ca


Ala), 28.3 (CACHTUNGTRENNUNG(CH3)3), 19.6, 18.2, 17.5, 17.3 ppm
(CH3Ala); FTIR (KBr): ñ=3287 (m, N-H), 1740, 1659 (m, C=O), 1634 (s,
amid I), 1530 cm�1 (s, amid II); IR (CH2Cl2): ñ=3424 (m, N-H free),
3325 (brm, (N-H, H-bonded), 1742 (s, C=O), 1684 (s), 1670 (s),
1517 cm�1 (br s); UV/Vis: lmax (e)=439 nm (416 m�1 cm�1); EIMS (+vs):
m/z calcd for C29H41N5O8Fe [M+1]+ : 643.2304; found: 644.2370.


Synthesis of Boc-Ala-Ala-Fca-d-Ala-d-Ala-OMe (28): Identical proce-
dure to 25. Silica-gel column (hexane/EtOAc/MeOH: 10:85:5, Rf=0.12)
to give a yellow solid (137 mg, 43%). 1H NMR (CDCl3): d=9.27 (s, 1H;
CpNH), 7.88 (s, 1H; NH), 7.28 (s, 1H; NH), 6.68 (s, 1H; NH), 5.18 (s,
1H; H-2, Cp), 4.95 (d, J=7.0 Hz, 1H; NH), 4.87 (s, 1H), 4.68 (s, 1H),
4.53–4.50 (overlapping, 3H), 4.27 (overlapping, 3H), 4.10 (s, 2H), 3.90 (s,
1H), 3.76 (s, 3H; COOCH3), 1.47 (overlapping, 12H; CH3Ala, C ACHTUNGTRENNUNG(CH3)3,
Boc), 1.43–1.38 ppm (overlapping, 9H; CH3Ala);


13C{1H} NMR (CDCl3):
d=174.6 (COOCH3), 173.5, 170.9, 166.1, 156.4 (CONH), 95.3 (Cp), 80.3
(C ACHTUNGTRENNUNG(CH3)3, Boc), 72.0, 71.5, 71.6, 70.4, 70.1, 66.5, 66.4, 66.1, 64.4, 63.8
(Cp), 52.9 (COOCH3), 51.3, 50.3, 48.9, 48.6 (Ca


Ala), 28.7 (C ACHTUNGTRENNUNG(CH3)3), 18.3,
18.2, 17.9, 17.8 ppm (CH3Ala); FTIR (KBr): ñ=3293 (m, N-H), 1742, 1668
(s, C=O), 1629 (s, amid I), 1527 cm�1 (s, amid II); UV/Vis (MeCN): lmax


(e)=448 nm (323 m�1 cm�1); EIMS (+vs): m/z calcd for C29H41N5O8Fe
[M+1]+ : 644.2304; found: 644.2379.
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X-ray crystallographic data collection and refinement of the structures :
X-ray data were collected by using a Bruker AXS CCD difractometer
(graphite monochromated MoKa radiation, a=0.71073 N) at 103 K and
corrected for absorption (SADABS). The structures were solved by
direct methods and refined on F2 by using all reflections (SHELXTL).[21]


Non-hydrogen atoms were refined anisotropically. Most of the hydrogen
atoms (except some methyl hydrogen atoms in 21) were located and re-
fined isotropically. Tetrapeptide 21 crystallizes with a solvent molecule
(probably pentane) that is severely disordered and could not be refined
satisfactorily. Therefore, the data were corrected by using the SQUEEZE
routine in PLATON.[22] The data are listed in Table 4. CCDC 297171–
297173 (16–18) and 239828 (21) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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Synthesis and Structural Model of an a ACHTUNGTRENNUNG(2,6)-Sialyl-T Glycosylated MUC1
Eicosapeptide under Physiological Conditions
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Uwe M. Reinscheid[b, c]


Introduction


Tumor immunotherapy utilizing the remarkable specifity of
the human immune system for a selective attack on malig-
nant cells would be a highly attractive approach for the
treatment of cancer.[1–3] An essential requirement for the de-
velopment of a functional antitumor vaccine is to focus the
highly specific immune reactions on tumor cells ideally with-


out affecting healthy tissue. It is therefore necessary to iden-
tify suitable structural elements that clearly distinguish a
tumor cell from a normal cell. Such important cancer-selec-
tive structural information is observed in the tumor-associat-
ed mucin MUC1 which is a heavily O-glycosylated mem-
brane glycoprotein present at the interface between many
epithelia and their extracellular environments.[4–6] The ex-
tracellular domain of MUC1 consists of tandem repeats
comprising 20 amino acids of the sequence GSTAP-
PAHGVTSAPDTRPAP containing five O-glycosylation
sites. In epithelial tumor cells the expression of MUC1 is
drastically increased. This MUC1 over-expression is accom-
panied by the downregulation of a glucosaminyltransferase
(C-2GnT-1) and the concomitant over-expression of differ-
ent sialyltransferases resulting in the formation of short, pre-
maturely sialylated glycan side-chains such as the sialyl-TN,
aACHTUNGTRENNUNG(2,3)-sialyl-T, and aACHTUNGTRENNUNG(2,6)-sialyl-T saccharide antigens.[7]


Moreover, the incomplete glycosylation in tumor cells is
supposed to lead to a changed conformation of the protein
backbone[8] and to the exposure of peptide epitopes, which
are masked in normal cells. A variety of monoclonal anti-
bodies recognize these epitopes and specifically bind to ma-
lignant but not normal epithelial cells. Most antibodies are


Abstract: To study the effect of O-gly-
cosylation on the conformational pro-
pensities of a peptide backbone, a 20-
residue peptide (GSTAPPAHGVT-
SAPDTRPAP) representing the full
length tandem repeat sequence of the
human mucin MUC1 and its analogue
glycosylated with the (2,6)-sialyl-T anti-
gen on Thr11, were prepared and in-
vestigated by NMR and molecular
modeling. The peptides contain both
the GVTSAP sequence, which is an ef-
fective substrate for GalNAc transfer-
ases, and the PDTRP fragment, a
known epitope recognized by several


anti-MUC1 monoclonal antibodies. It
has been shown that glycosylation of
threonine in the GVTSAP sequence is
a prerequisite for subsequent glycosyla-
tion of the serine at GVTSAP. Further-
more, carbohydrates serve as additional
epitopes for MUC1 antibodies. Investi-
gation of the solution structure of the
sialyl-T glycoeicosapeptide in a H2O/
D2O mixture (9:1) under physiological


conditions (25 8C and pH 6.5) revealed
that the attachment of the saccharide
side-chain affects the conformational
equilibrium of the peptide backbone
near the glycosylated Thr11 residue.
For the GVTSA region, an extended,
rod-like secondary structure was found
by restrained molecular dynamics sim-
ulation. The APDTR region formed a
turn structure which is more flexibly
organized. Taken together, the joined
sequence GVTSAPDTR represents the
largest structural model of MUC1 de-
rived glycopeptides analyzed so far.
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directed to the immunodominant PDTRPAP motif on the
MUC1 tandem repeat.[9] These tumor-associated structure
alterations render glycopeptide partial structures from
MUC1 valuable target molecules for the generation of im-
munostimulating antigens.
Immunizations of mice with a vaccine construct consisting


of a glycopeptide sequence from the MUC1 tandem repeat
carrying a sialyl-TN side-chain conjugated via a flexible
spacer with a specific TH-cell epitope from ovalbumin lead
to the induction of a strong, highly specific humoral immune
response against the tumor-associated MUC1 glycopep-
tide.[10] The isolated antibodies from the mouse sera exclu-
sively recognized a combination of saccharide as well as
peptide structural elements as determined by a neutraliza-
tion experiment.[10] In contrast, neither the unglycosylated
MUC1 peptide sequence alone nor the sialyl-TN saccharide
antigen attached to a different peptide chain from MUC4
were capable of binding to and hence neutralizing the anti-
body. These significant results prompted our interest in in-
vestigating the structural propensities of tumor-associated
MUC1 glycopeptides, in particular the influence of the O-
glycans on the conformation of the peptide chain, under
nearly physiological conditions in aqueous solution. We
herein propose a valuable structural model of the immuno-
genically relevant parts of the MUC1 peptide core.


Results and Discussion


Syntheses of MUC1-derived glycopeptides : To allow de-
tailed NMR based structural elucidation, eicosapeptides and
glycopeptides representing the full length tandem repeat se-
quence of the mucin MUC1 were synthesized according to
an efficient convergent strategy. In order to be able to study
the effect of O-glycosylation on the conformational propen-
sities of the underlying peptide backbone, in addition to the
glycoeicosapeptide carrying the complex tumor-associated
aACHTUNGTRENNUNG(2,6)-sialyl-T antigen the unglycosylated MUC1 eicosapep-
tide was assembled on a solid support. The glycopeptide
structure was accessible by incorporating a pre-formed O-
glycosyl amino acid into the sequential glycopeptide synthe-
sis.


Biomimetic synthesis of the O-glycosyl amino acid building
block : The preparation of the aACHTUNGTRENNUNG(2,6)-sialyl-T threonine
building blocks for solid-phase glycopeptide synthesis ac-
cording to a linear synthetic approach[11] mimicking the
glycan biosynthesis in tumor cells is outlined in Scheme 1.
The N-Fmoc and tert-butyl ester protected TN-antigen


threonine derivative 1[12,13] served as synthon for the assem-
bly of the (2,6)-sialyl-T-antigen. It was converted to the 4,6-
benzylidene acetal 2 using a,a-dimethoxytoluene in the
presence of catalytic p-toluenesulfonic acid in acetonitrile.
The subsequent stereoselective b-galactosylation to form the
blocked disaccharide 4[11] was accomplished employing the
6-O-benzyl protected galactosyl bromide 3[14] activated with
mercury(ii) cyanide under Helferich[15] conditions. Selective


removal of the benzylidene acetal with aqueous acetic acid
at 80 8C furnished a suitable sialyl acceptor 5. For the regio-
and stereoselective sialylation of the 6-OH group in 5, the
xanthate[16,17] 6 of the N-acetyl neuraminic acid benzyl ester
activated with methylsulfenyl triflate[18] as a promoter
proved to be an efficient donor. Using a mixture of acetoni-
trile[19] and dichloromethane for the glycosylation reaction,
the desired aACHTUNGTRENNUNG(2,6)-sialyl-T-threonine derivative 7 was ob-
tained in a yield of 61% after preparative RP-HPLC. Subse-
quent acidolysis of the tert-butyl ester with trifluoroacetic
acid and anisole (10:1) yielded the N-Fmoc protected (2,6)-
sialyl-T-threonine building block 8 which was incorporated
into the sequential solid-phase synthesis without O-acetyla-
tion of the sterically hindered 4-OH group.


Scheme 1. a) MeCN, a,a-dimethoxytoluene, cat. PTSA, RT, 15 h, 75%.
b) Hg(CN)2, CH3NO2/CH2Cl2 3:2, 4 K MS, 18 h, 93%. c) 80% AcOH,
80 8C, 1 h, 82%. d) MeSBr, AgOTf, 3 K MS, CH3CN/CH2Cl2 2:1, 4 h,
�65 8C, 61% a-anomer, 12% b-anomer. e) TFA, anisole, 85%. DTBP=
di-tert-butylpyridine; PTSA=p-toluenesulfonic acid; TFA= trifluoroace-
tic acid.
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Solid-phase glycopeptide synthesis : Prior to the synthesis of
different glycoeicosapeptides, the unglycosylated full length
tandem repeat sequence of MUC1 was assembled by con-
densing N-Fmoc[20] and side-chain protected amino acids
(10 equiv) on Tentagel resin[21] 9 functionalized with Fmoc-
proline via the trityl linker (Scheme 2).
Couplings were achieved by activating the amino acid


building blocks with O-(1H-benzotriazol-1-yl)-N,N,N’,N’-tet-
ramethyluronium hexafluorophosphate (HBTU)[22]/N-hy-
droxybenzotriazole (HOBt)[23] and DIPEA. Following each
coupling step, unreacted amino components were capped
with acetic anhydride/HOBt and DIPEA. After completion
of the MUC1 consensus sequence and acetylation of the
amino terminus, the peptide was liberated from the resin by
acidolysis of the trityl linker under simultaneous removal of
all acid-labile side-chain protecting groups. Purification by
preparative HPLC and subsequent lyophilization furnished
the target structure 10 in a yield of 66%.
To generate suitable model structures for conformational


analyses, the threonine residue at position-11, that is, outside
the immunodominant PDTRP domain, was chosen for the
attachment of the tumor-associated saccharide side chains.
For this purpose, the protected resin-bound nonapeptide 11
representing the C-terminal segment of the MUC1 tandem
repeat was prepared according to the Fmoc protocol[20]


(Scheme 3).
For the synthesis of the (2,6)-sialyl-T glycoeicosapeptide


one part of the functionalized resin 11 was employed, which
was liberated from the Fmoc group by treatment with piper-
idine (20%) in NMP. Subsequently, the glycosylated threo-
nine derivative 8 (Scheme 1) was coupled manually to the
resin-bound peptide fragment employing an excess of only
1.7 equivalents of the precious building block activated with
a combination of the coupling reagents O-(7-azabenzotria-


zole-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophos-
phate (HATU) and N-hydroxy-7-azabenzotriazole
(HOAt).[24] Following the coupling reaction and capping of
unreacted amino groups, the MUC1 sequence was complet-
ed by standard condensations of Fmoc-amino acids and final
acetylation of the amino terminus. Simultaneous detachment
of the glycopeptide from the polymeric support and cleav-
age of the acid-labile amino acid side-chain protecting
groups was achieved by treatment with a mixture of tri-
fluoroacetic acid, triisopropylsilane and water. The resulting
partially deblocked MUC1 glycopeptide 12 was purified by
preparative RP-HPLC and isolated in a yield of 44% based
on the proline loaded resin 9a. Final deprotection of the
glycan portion by hydrogenolysis of the benzyl groups and
O-deacetylation under ZemplNn[25] conditions furnished the
target structure 13 which was obtained in 55% yield after
purification by RP-HPLC.


NMR analysis of the eicosapeptide from MUC1 and its gly-
cosylated analogue : A number of NMR studies have been
undertaken to elucidate the structural effects of glycosyla-
tion on peptides in general and on MUC1-derived peptides
in particular.[8,26] The drawback of “insufficient structure”
under physiological conditions was circumvented by lower-
ing the temperature, and/or addition of solvents and adjust-
ment of pH to low values.[27–31] As an example, Kirnarsky
et al.[32, 33] studied glycosylated 15-mers of MUC1 at low tem-
peratures (5 and 10 8C) in water, and 9-mers in DMSO.
We were able to study structural effects of complex carbo-


hydrates on MUC1 derived peptides consisting of the full
length tandem repeat in a phosphate buffer of pH 6.5 at
25 8C. Using NMR restrained molecular dynamics structured
areas could be derived of a full length repeat substituted by
complex carbohydrates under physiological conditions. Con-


Scheme 2. Solid-phase peptide synthesis of MUC1 eicosapeptide 10.
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sequently, direct comparisons with earlier results[8,26–34] have
to be treated cautiously.
Proton and 13C NMR resonances were assigned for two


MUC1 derived peptides: the unglycosylated full length
tandem repeat sequence 10 and the glycosylated peptide 13
(Tables 1–3).


One-dimensional proton NMR spectra showed one pre-
dominant resonance for each amide NH suggesting either
one dominant isomer or fast conformational averaging on
the NMR time scale in phosphate buffer. The coexistence of
slowly interconverting conformers could be ruled out by the
absence of exchange cross peaks in the ROESY spectra and


Scheme 3. a) Solid-phase peptide synthesis (SPPS): Fmoc removal (20% piperidine/NMP); coupling (steps 1–8: 1 mmol Fmoc-AA-OH, HBTU/HOBt/
DIPEA, DMF; capping: Ac2O, DIPEA, HOBt 4:1:0.12. Synthesis of (2,6)-sialyl-T glycoeicosapeptide 13 from MUC1: b) solid-phase glycopeptide syn-
thesis (SPGS): Fmoc removal (20% piperidine/NMP); coupling step 9: 1.7 equiv 8, HATU/HOAt/NMM, DMF, 4 h; steps 10–19: 1 mmol Fmoc-AA-OH,
HBTU/HOBt/DIPEA, DMF; capping: Ac2O, DIPEA, HOBt 4:1:0.12; c) TFA/TIS/H2O 15:0.9:0.9, 2 h, 44% based on the pre-loaded resin 9a); d) i) H2,
5% Pd/C, MeOH, 20 h, ii) NaOMe/methanol, pH 9.5, 55% over two steps. HATU=O-(7-aza-benzotriazole-1-yl)-N,N,N’,N’-tetramethyluronium hexa-
fluorophosphate, HBTU=O-(1H-benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate, HOAt=N-hydroxy-7-azabenzotriazole,
HOBt=N-hydroxybenzotriazole; NMM=N-methylmorpholine; TIS= triisopropylsilane; Pmc=2,2,5,7,8-pentamethylchroman-6-sulfonyl.
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Table 1. Chemical shifts (in ppm) of the MUC1 peptide 10 in H2O/D2O (9:1, pH 6.5) at 298 K.
[a]


NH Ha Ca Hb Cb Hg Cg Hd Cd


G1 8.212 3.893 42.45 – – – – – –
S2 8.276 4.457 55.50 a: 3.78, b: 3.818 61.12 – – – –
T3 8.143 4.270 58.83 4.155 67.07 1.114 18.74 – –
A4 8.148 4.51 47.82 1.249 15.36 – – – –
P5 – 4.61 58.72 a: 2.263, b: 1.794 27.98 1.948 24.7 a: 3.742, b: 3.528 47.6
P6 – 4.291 nd a: 2.18, b: 1.762 29.28 1.931 24.6 a: 3.724, b: 3.578 47.5
A7 8.316 4.15 49.7 1.241 16.4 – – – –
H8 8.384 4.615 nd a: 3.207, b: 3.11 26.34 H4: 7.228 C4: 117.425 H2: 8.516 C2: 133.67
G9 8.347 a: 3.871, b: 3.915 nd – – – – – –
V10 8.056 4.140 59.57 2.02 30.18 a: 0.862, b: 0.852 a: 18.39, b: 17.61 – –
T11 8.245 4.327 58.97 4.137 67.07 1.116 18.74 – –
S12 8.219 4.371 55.32 a: 3.75, b: 3.891 61.25 – – – –
A13 8.268 4.521 47.85 1.281 15.38 – – – –
P14 – 4.323 nd a: 2.19, b: 1.829 29.29 1.945 24.5 a: 3.716, b: 3.525 nd
D15 8.505 4.64 50.33 a: 2.874, b: 2.792 35.19 – – – –
T16 7.965 4.236 58.99 4.132 67.07 1.095 18.83 – –
R17 8.174 4.558 51.19 a: 1.76, b: 1.66 27.46 1.58 23.98 3.127 40.611
P18 – 4.325 nd a: 2.19, b: 1.796 29.28 1.93 24.5 a: 3.728, b: 3.525 nd
A19 8.326 4.481 47.65 1.284 15.16 – – – –
P20 – 4.305 nd a: 2.22, b: 1.92 28.88 1.945 24.5 a: 3.693, b: 3.580 nd


[a] nd: not determined.


Table 2. Chemical shifts (in ppm) of the (2,6)-sialyl-T glycoeicosapeptide 13 in H2O/D2O (9:1, pH 6.5) at 298 K.


NH 15N Ha Ca Hb Cb Hg Cg Hd Cd


G1 8.216 114.16 3.890 42.52 – – – – – –
S2 8.280 115.37 4.454 55.49 a: 3.816, b: 3.777 61.04 – – – –
T3 8.149 115.73 4.267 58.87 4.144 66.95 1.110 18.65 – –
A4 8.152 127.99 4.505 47.68 1.248 15.21 – –
P5 – – 4.607 58.57 a: 2.260, b: 1.795 27.82 1.944 24.50 a: 3.732, b: 3.527 47.8
P6 – – 4.290 60.05 a: 2.178, b: 1.754 29.11 1.920 24.50 a: 3.724, b: 3.532 47.6
A7 8.316 124.35 4.142 48.20 1.242 16.28 – – – –
H8 8.328 117.14 4.588 52.49 a: 3.187, b: 3.100 26.59 H4: 7.186 117.63 H2: 8.38 134.15
G9 8.328 120.09 a: 3.838, b: 3.912 43.05 – – – – – –
V10 8.016 120.03 4.244 59.28 2.006 30.13 a: 0.890, b: 0.870 a: 18.42, b: 17.67 – –
T11* 8.660 117.02 4.562 57.11 4.216 77.44 1.216 18.27 – –
S12 8.450 116.23 4.387 54.96 a: 3.760, b: 3.685 61.50 – – – –
A13 8.432 126.18 4.367 47.75 1.300 14.96 – – – –
P14 – 4.310 60.20 a: 2.215, b: 1.835 29.19 1.958 24.50 a: 3.722, b: 3.556 47.7
D15 8.383 110.10 4.517 51.40 a: 2.64, b: 2.567 38.08 – – – –
T16 7.948 114.16 4.230 58.88 4.143 66.95 1.095 18.70 – –
R17 8.184 124.69 4.524 51.38 a: 1.751, b: 1.676 29.11 1.594 23.81 3.125 40.56
P18 – – 4.314 60.30 a: 2.186, b: 1.808 29.22 1.908 24.49 a: 3.730, b: 3.528 47.6
A19 8.240 126.12 4.483 47.46 1.284 15.13 – – – –
P20 – – 4.136 61.89 a: 2.124, b: 1.810 29.19 1.890 24.39 a: 3.653, b: 3.543 47.4


Table 3. Chemical shifts (in ppm) of the (2,6)-sialyl-T glycoeicosapeptide 13 in H2O/D2O (9:1, pH 6.5) at 298 K.


GalNAc Gal NeuNAc


H1: 4.860 C1: 99.31 H1’: 4.325 C1’: 104.70 H3eq’’: 2.580 C3’’: 40.15
H2: 4.125 C2: 48.26 H2’: 3.408 C2’: 70.65 H3ax’’: 1.543
H3: 3.900 C3: 77.16 H3’: 3.495 C3’: 72.63 H4’’: 3.564 C4’’: 68.26
H4: 4.095 C4: 68.99 H4’: 3.800 C4’: 68.64 H5’’: 3.727 C5’’: 51.85
H5: 4.007 C5: 69.63 H5’: 3.530 C5’: 74.91 H6’’: 3.600 C6’’: 72.49
H6a: 3.830 C6: 63.85 H6a’: 3.675 C6’: 61.05 H7’’: 3.790 C7’’: 71.77
H6b: 3.478 H6b’: 3.627 H8’’: 3.484 C8’’: 68.26
NH: 7.445 15N: 121.68 H9a’’: 3.777 C9’’ 62.65
AcNH: 1.917 CAc: 22.03 H9b’’: 3.550


NH: 7.954 15N: 123.04
AcNH: 1.935 CAc: 21.90
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the correct number of resonances in the 1D proton spec-
trum. The presence of strong Ha(i)–NH ACHTUNGTRENNUNG(i+1) ROE signals
and the absence of Ha(i)–Ha ACHTUNGTRENNUNG(i+1) cross peaks confirmed
that all amide bonds were in the trans configuration. A trans
configuration with respect to the X-Pro peptide bonds was
indicated by characteristic ROE cross peaks from the Ha


(X) to the Hd (Pro), the absence of cross peaks from Ha (X)
to Ha (Pro) and a chemical shift difference of around
31 ppm between Ca and Cb.


[35] Additionally, the differences
in 13C chemical shifts of Cb–Cg were around 4.5 ppm which
indicated trans-peptide bonds.[36,37]


In contrast, Schuman et al.[28] observed two sets of reso-
nances in a MUC1 derived 9-mer suggesting that cis/trans
isomerization occurred at one of the X-Pro peptide bonds.
A population ratio of 5:1 was inferred under the experimen-
tal conditions (5 8C, pH 5.1). The low signal to noise ratio of
the cis isomer precluded further structural analysis. In con-
trast to our results, glycosylation of the 9-mer shifted the cis/
trans equilibrium toward the trans isomer for residues at the
C-terminal side of the glycosylation. These differing obser-
vations might be correlated to different experimental condi-
tions concerning the peptide (sequence, length), the carbo-
hydrates (type, complexity) and the environmental parame-
ters (temperature, pH, solvent system).
A number of side-chain methylene proton pairs exhibited


a spectral dispersion that indicated conformational preferen-
ces even in the unglycosylated MUC1 peptide. The Hb pro-
tons of Ser12 in the unglycosylated peptide 10 showed a Dd


value of 0.15 ppm indicating a non-averaged conformation
of the c1 dihedral. Upon glycosylation, large chemical shift
dispersion was measured within the pair of NH protons of
the two Thr residues Thr11 and Thr16, the first of them
being glycosylated in 13. In this glycopeptide the difference
increased to more than 0.7 ppm. Conversely, Grinstead
et al.[38] observed for a MUC1 hexadecapeptide degenerate
Hb resonances of Ser which changed into well resolved
peaks only after glycosylation. Again, the experimental con-
ditions may explain these differences.


Chemical shift deviation : Generally, Ha chemical shift devi-
ations (CSD, DdHa or Ca=dobserved � drandom coil) exhibit a mean
shift of �0.39 ppm when the residue is placed in a helical
conformation while a mean shift of +0.37 ppm is observed
when the residue is found in an extended conformation.[35,39]


The CSD values, dHa and dCa, for the unglycosylated
MUC1 derived 20-mer peptide 10 were close to random coil
(DdHa � 0.02 ppm and DdCa � 0.4 ppm) for all residues
except Ala4 and Pro5 at the N-terminus, and Ala13, Arg17
and Ala19 at the C-terminus. In addition, the Ha resonances
for residues near the site of glycosylation in the glycosylated
peptide 13 (Figure 1) showed significant downfield shifts for
Val10 and Thr11 (+0.104 and +0.235 ppm) whereas Ala13
and Asp15 Ha resonances were shifted upfield by �0.154
and �0.123 ppm, respectively. This is in agreement with an
increase in the population of extended structures in the
GVTSA region and an ordering effect of the glycan for the
PDTR region. The influence of the position of glycosylation


at Thr11 is clearly seen when the differences between the
chemical shifts of 13 and 10 are displayed (Figure 1). The
comparison with random coil values (d(13)�d(random coil))
shows a deviation at Ala13, Pro14, Thr16 and Arg17 which
can be explained by sequence effects for instance induced
by the proline residues Pro14 and Pro18.


Temperature coefficients : The temperature dependence of
the NH proton chemical shifts in partially folded peptides is
a function of at least two variables: the temperature de-
pendent equilibrium between the folded and random coil
states, and the degree of structuring of the folded state at
the lower temperature.[40] For unfolded regions, temperature
coefficients (Dd/DT) are expected to be between 6 and
10 ppb per K, indicating that the backbone is freely solvated
by water and that no hydrogen bonds are present which
would protect the backbone amides from proton exchange.
In glycopeptide 13 the values of the temperature coefficients
were below 5 ppbK�1 between residues Val10 and Arg17,
suggesting at least partial shielding from solvent and/or hy-
drogen bonding (Figure 2). The negative Dd/DT value ob-
served for Thr11 correlated with a downfield shift of the
HN resonance of Thr11 in the glycosylated peptide when
compared with the non-glycosylated peptide which could be
interpreted as a hydrogen bond effect.


Coupling constants : b Turns are characterized by a dihedral
angle of fi+1=�608, which is consistent with a coupling con-
stant of 3JNa between 4 and 5 Hz, assuming a b turn that is
100% populated. Inverse g turns show a fi+2 of approxi-
mately �808 with a coupling constant between 6 and 8 Hz.
Because unstructured regions also display values within this
range, inverse g turns cannot be distinguished from random
coil on the basis of this coupling constant alone.[41] The high


Figure 1. Chemical shift deviations (CSD) of Ha for the glycopeptide 13.
The CSD relative to the values of the unglycosylated peptide 10 is shown
in bright grey, while the dark gray color represents the CSD relative to
random coil values (helical : �0.39 ppm, extended: +0.37 ppm).
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value of 10.0 Hz observed for Thr11 in 13 defined a restrain-
ed dihedral at the site of glycosylation (Figure 2). The se-
quence from Val10 to Arg17 exhibited values above 7.5 Hz
which indicates either the presence of possibly interconvert-
ing turn structures and/or the presence of extended confor-
mations.[38] Considering together the CSD, J coupling and
temperature coefficients, it appears that the four residues in
13 around the site of glycosylation (Val10, Thr11, Ser12,
Ala13) and the neighboured sequence PDTR have a high
propensity for an extended and turn structure.


ROE cross peaks : The ROE connectivities were found to be
very similar for both peptides except for the glycosylated
region in 13, in which significant differences were observed.
In this area, a large number of strong consecutive daNACHTUNGTRENNUNG(i,i+1)
connectivities indicated the predominance of extended back-
bone conformations.[42] The important observation of ROE
signals between GalNAc and Gal that clearly indicate the ri-
gidity of the carbohydrate substituent in 13, prompted us to
further investigate this glycopeptide in detail. For this struc-
ture, exclusively interresidual ROE contacts are depicted in
Figure 3. A significant number of peptide–saccharide ROE


signals near the glycosylation site was detected. They in-
clude ROE signals between the backbone NH proton of
Thr11 and the methyl as well as NH protons of the N-acetyl
group of GalNAc, and ROE signals between the b proton
and g proton of Thr11 and the anomeric H1 proton of
GalNAc. These ROE interactions suggested that rotation
about the a-glycosidic linkage is hindered.
Similar peptide–sugar connectivities have been observed


in other NMR studies of a-GalNAc O-glycosylated pepti-
des.[27,32,43] All ROE values used for structure calculation are
listed in Table S1 of the Supporting Information.


Conformational analysis of the (2,6)-sialyl-T glycoeicosa-
peptide 13 by restrained MD calculations : A total of 107
ROE signals were collected for the (2,6)-sialyl-T glycoeico-
sapeptide 13 and classified into four groups according to
their integrated intensities. These distance information in
combination with peptide bonds restrained in the trans con-
formation were used as input for a restrained MD simula-
tion. After energy minimization, a final set of eight low
energy structures (< 15 kcalmol�1, < 0.05 nm distance re-
straint violation) was selected.
Two overlapping peptide fragments, GVTSA and


APDTR comprising the glycosylated Thr11 with flanking
residues, and the immunodominant region PDTR of MUC1,
were selected for cluster analysis to determine structural ef-
fects of glycosylation. For the GVTSA segment the mean
pairwise RMSD for the heavy atoms of these conformers
and the corresponding average structure was equal to
0.78 K. The structural model of 13 exhibits a clearly defined
extended, rod-like conformation for the sequence GVTSA
(Figure 4).
The directly O-linked GalNAc is positioned along one


side of an extended b strand formed by the sequence
GVTSA. Such positioning is consistent with strong contacts
between the N-acetyl NH proton of the GalNAc moiety and
the amide proton of the glycosylated Thr11 residue and be-
tween the methyl group of GalNAc and the Ha and Hb pro-
tons of Ala13. Coltart et al.[30] found a similar methyl group
association in their study of the glycosylated N-terminal
fragment STTAV of the cell surface glycoprotein CD43.


Figure 2. ROE connectivities, 3JNa and temperature coefficients for glyco-
peptide 13. The line thickness corresponds to the ROE intensity. In the
case of proline, NH refers to d protons.


Figure 3. ROE contacts of the glycopeptide 13.
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It was suggested by Kirnarsky et al.[32] that the N-acetyl
group of the GalNAc moiety interacts directly with the pep-
tide backbone, possibly through hydrogen bonding. An in-
tramolecular hydrogen bonding between the amide proton
of GalNAc and the carbonyl oxygen of the O-linked threo-
nine residue was also proposed by Naganagowda et al.[44] as
the key stabilizing element, opposed to the O-linked serine
analogue for which this interaction seemed to be missing.
Our model based on ROE cross peaks clearly indicates a
hydrogen bond between the amide proton of GalNAc and
the carbonyl oxygen of Thr11 (N–O distance below 2.5 K,
NHO angle > 1208) [ROEs between the NH proton of
GalNAc und Ha of Ser12 (medium intensity), Ha of Thr11
(weak intensity) and Hb of Thr11 (weak intensity)] .
The structuring effect of the carbohydrates could be ex-


plained by the observation that b-branched amino acids
favor extended conformations, due to both steric clashes
with neighboring side chains and steric clashes with main-
chain atoms.[45] Similarly, the attached carbohydrates on
Thr11 could act as extremely bulky side chains and influence
conformational equilibria of side chain as well as main-chain
dihedrals. Schuman et al.[46] concluded in their study of
serine trimers substituted by sialyl aACHTUNGTRENNUNG(2,6) GalNAc that clus-
tering of more complex carbohydrates shift the conforma-
tional equilibrium of the underlying peptide backbone
toward a more extended and rigid state.
The analysis of solely monoglycosylated peptides might


explain the differing results from Kirnarsky et al.[47] In a
recent study on a 21-mer glycosylated with GalNAc, they
identified several structural clusters for the GVTSAP se-
quence by NMR-based molecular modeling comprising
turn-like and extended conformations. In a previous report
they demonstrated a mostly extended structural shape,
termed “g-turn-like” to indicate that this turn does not fold
the peptide chain back.
The significance of our rod-like model of a complex gly-


copeptide lies in the observation that the inclusion of the
tumor-associated Tn carbohydrates at Thr3 and Ser4 up-
stream from the PDTRP core peptide epitope increased
B27.29 antibody binding affinity through direct carbohy-
drate–antibody interactions.[48] Additionally, Takeuchi
et al.[49] showed that the affinity of a sialylated glycopeptide


to the anti-MUC1 antibody MY.1E12 was higher than for
the analogous glycopeptide without sialylic acid substitution.
The latter two findings clearly advocate using complex
sugars as epitope-relevant structures.
For the second immunogenically important domain,


PDTR, several structural models have been proposed: a
type I b turn formed by the residues PDTR[8] and a type II
b turn formed by residues APDT were proposed as key ele-
ment of a knob-like structure.[38,50] The data presented by
Kinarsky et al.[32] did not provide direct NMR evidences
supporting the existence of either type I or type II b turn.
These authors proposed that the PDTR sequence adopts
two overlapping inverse g turns, the first spanning Pro-Asp-
Thr and the second Asp-Thr-Arg suggesting a S-shaped
bend for the PDTR fragment rather than a knob-like motif.
The strong dNNACHTUNGTRENNUNG(i,i+1) connectivities observed by Schuman


et al.[28] in their study of 9-residue peptides argued against
the existence of two overlapping inverse g turns, as this ar-
rangement would give rise to only weak dNNACHTUNGTRENNUNG(i,i+1) cross
peaks between Asp and Thr and between Thr and Arg, cor-
responding to distances of 3.8 K in each g turn. In contrast,
the observed NOEs were diagnostic of a type I b turn span-
ning Pro-Asp-Thr-Arg within the PDTRP peptide epitope
region.
With our experimental data obtained under typical bioas-


say conditions we calculated turn-like structures for the
PDTR sequence of 13 (Figure 5). The RMSD of 2.2 K sup-
ports the view of a well-ordered secondary structure in close
vicinity to the extended, rod-like conformation of GVTSA.


A clear indication of a b-turn structure according to the
7 K criterion[41] is the ProCa–ArgCa distance of 5.3 K in a
representative structure of 13. Although the dihedrals for
the i+1 and i+2 residues of an ideal b turn are not fulfilled
[Asp ACHTUNGTRENNUNG(fi+1)=++668, Asp ACHTUNGTRENNUNG(yi+1)=�84, Thr ACHTUNGTRENNUNG(fi+1)=�1238, Thr-
ACHTUNGTRENNUNG(yi+1)=++107], which correlates to the equatorial position of
both side chains in contrast to an axial position for residue
i+2 in an ideal b turn, the short distance between the Ca of
Pro14 and Arg17 and the back folding of the backbone justi-
fy the classification as a b turn. A clear distinction between
type I and type II can be made by the HaACHTUNGTRENNUNG(i+1)–NH ACHTUNGTRENNUNG(i+2)
distance (3.5 and 2.1 K type II). In the representative struc-
ture this distance amounts to 3.6 K indicating a type I b turn
for the sequence PDTR.


Figure 4. GVTSA sequence of glycopeptide 13 exhibits a rod-like secon-
dary structure. Of the trisaccharide, only GalNAc is shown.


Figure 5. APDTR sequence of glycopeptide 13 exhibits a turn-like struc-
ture.
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A number of different ROE values have been reported.
Schuman et al.[28] observed strong NHACHTUNGTRENNUNG(i+1)–NH ACHTUNGTRENNUNG(i+2), NH-
ACHTUNGTRENNUNG(i+2)–NH ACHTUNGTRENNUNG(i+3) and HbACHTUNGTRENNUNG(i+1)–NH ACHTUNGTRENNUNG(i+2) ROE signals for a 9-
residue peptide In the case of 13 the NH ROEs were not
strong and the last ROE was missing. Moreover, additional
Hb ACHTUNGTRENNUNG(i+1)–NH ACHTUNGTRENNUNG(i+3) ROE values were measured for Ala13–
Asp15 and Pro14–Thr16 which were also not observed by
Kirnarsky et al.[47] studying a 21-mer glycopeptide. The Ha-
ACHTUNGTRENNUNG(i+1)–NH ACHTUNGTRENNUNG(i+3) cross peak observed by Schuman et al.[28]


was not seen in 13. These differences could be attributed to
different test molecules and measurement conditions. Since
the glycosylated peptide 13 representing the full length
MUC1 repeat sequence was substituted by a complex carbo-
hydrate typically found in cancer-associated cells and was
studied under physiological conditions, we are confident to
reproduce the conditions relevant for tumour immunothera-
py assays. Consequently, our proposed model of a MUC1-
derived glycopeptide may give a sound basis for modeling
approaches in antibody design.


Experimental Section


General methods : Solvents for moisture-sensitive reactions (acetonitrile,
methanol, and dichloromethane) were distilled and dried prior to use ac-
cording to standard procedures.[51] DMF (amine free, for peptide synthe-
sis) was purchased from Roth, acetic anhydride and pyridine in p.a. quali-
ty from Acros. Reagents were purchased at highest available commercial
quality and used without further purification unless outlined otherwise.
Fmoc-protected amino acids were purchased from Novabiochem. Rapp
TentaGel was used as a resin for the solid-phase synthesis. Reactions
were monitored by thin-layer chromatography with pre-coated silica gel
60 F254 aluminium plates (Merck KGaA, Darmstadt). Flash column chro-
matography was performed with silica gel (40–63 mm) purchased form
Merck KGaA, Darmstadt. Optical rotations [a]D were measured with a
Perkin–Elmer polarimeter 241. RP-HPLC analyses were carried out on a
Knauer HPLC system with Phenomenex Luna C18(2) (250T4.6 mm, 5 m)
and Phenomenex Jupiter C18 columns (250T4.6 mm, 5 m) at a pump rate
of 1 mLmin�1. Preparative HPLC separations were performed on a
Knauer HPLC system with a Phenomenex Luna C18(2) column (250T
50 mm, 10 mm) and a pump rate of 20 mLmin�1. Semipreparative HPLC
separations were carried out on a Knauer HPLC system with Phenomen-
ex Luna C18(2) (250T21.20 mm, 10 m) and Phenomenex Jupiter (250T
21.20 mm, 5 m) columns at a flow rate of 10 mLmin�1. Water and CH3CN
were used as solvents. 1H, 13C, and 2D NMR spectra were recorded on
Bruker AC-300, AM-400, ARX-400 or DRX-600 spectrometers. Proton
chemical shifts are reported in ppm relative to residual CHCl3 (d=7.24),
DMSO (d=2.49) or water (d=4.76). Multiplicities are given as s (sin-
glet), d (doublet), t (triplet), q (quartet), m (multiplet). 13C chemical
shifts are reported relative to CDCl3 (d=77.0) or DMSO (d=39.5). As-
signment of proton and carbon signals was achieved by COSY, TOCSY,
HMQC and HMBC experiments when noted. For 1H and 13C signals of
the saccharide portions the following denominations were used: N-
acetyl-d-galactosamine (no apostrophe); d-galactose (’); N-acetyl-neura-
minic acid (’’). MALDI-TOF mass spectra were acquired on a Micromass
Tofspec E spectrometer while ESI-mass spectra were obtained on a The-
moQuest-Navigator spectrometer. HR-ESI mass spectra were recorded
on a Micromass Q-TOF Ultima spectrometer (matrix: DHB: dihydro-
benzoic acid).


N-(9H-Fluoren-9-yl)methoxycarbonyl-O-(2-acetamido-2-deoxy-3-O-
[2,3,4-tri-O-acetyl-6-O-benzyl-b-d-galactopyranosyl]-a-d-galactopyrano-
syl)-l-threonine-tert-butylester (5): A solution of Fmoc-Thr(bAc3-6-Bn-
Gal ACHTUNGTRENNUNG(1!3)-a4,6-O-Bzn-GalNAc)-OtBu[11] (4 ; 1.00 g, 0.94 mmol) in aque-
ous acetic acid (80%, 25 mL) was stirred at 80 8C for 1 h. Subsequently,


the reaction mixture was allowed to cool to 40 8C and was diluted by the
addition of toluene (25 mL). The solution was concentrated in vacuo and
co-evaporated with toluene (5T25 mL). The resulting crude product was
purified by flash chromatography (silica gel; cyclohexane/ethyl acetate
1:4; column: h=19 cm, 1=3 cm) to give the title compound as a color-
less, amorphous solid (755 mg, 0.77 mmol, 82%). Rf=0.10 (cyclohexane/
ethyl acetate 1:4); [a]22D = 34.9 (c=1.00, CHCl3);


1H NMR (300 MHz,
CDCl3): d = 7.75 (d, J3,4=J5,6=7.4 Hz, 2H, H4-, H5-Fmoc), 7.59 (d,
JH1,H2=JH8,H7=7.4 Hz, 2H, H1, H8), 7.46–7.15 (m, 9H, H2-, H3-, H6-,
H7-Fmoc; 5H, Har-Bn), 5.95 (d, JNH,H2=8.5 Hz, 1H, NH-GalNAc), 5.51
(d, JNH,Ta=9.2 Hz, 1H, NH-Fmoc), 5.39 (d, JH3’,H4’=2.9 Hz, 1H, H4’),
5.23–5.08 (m, 1H, H2’), 5.00–4.90 (m, 1H, H3’), 4.80 (br s, 1H, H1), 4.64–
4.33 (m, 6H, H1’, H2, CH2-Fmoc, CH2-Bn), 4.29–3.98 (m, 5H, H9-Fmoc,
Ta, Tb, H4), 3.94–3.56 (m, 5H, H6b, H6a, H5’, H3, H5), 3.55–3.35 (m, 2H,
H6’a, H6’b), 2.05, 2.04, 1.98, 1.95 (4Ts, 12H, CH3-Ac), 1.43 (s, 9H, CH3-
tBu), 1.24 (br s, 3H, Tg); 13C NMR (75.5 MHz, CDCl3, BB): d = 170.19,
170.10, 169.54 (C=O), 156.37 (C=O urethane), 143.65 (C1a-, C8a-Fmoc),
141.32 (C4a-, C5a-Fmoc), 137.31 (Cq-Bn), 128.51, 128.0 (Car-Bn), 127.78
(C3-, C6-Fmoc), 127.10 (C2-, C7-Fmoc), 125.18, 124.91 (C1-, C8-Fmoc),
120.07 (C4-, C5-Fmoc), 101.57 (C1’), 100.03 (C1), 83.15 (Cq-tBu), 76.23
(Tb), 76.01 (C3), 73.58 (CH2-Bn), 72.34 (C5’), 70.85 (C3’), 69.82, 69.54
(C4, C6), 68.72 (C2’), 67.84 (C6’), 67.44 (C4’), 66.83 (CH2-Fmoc), 62.86
(C5), 59.02 (Ta), 47.59 (C2), 47.24 (C9-Fmoc), 27.95 (CH3-tBu), 23.23
(CH3-NHAc), 20.71, 20.61, 20.55 (3TCH3-OAc), 18.74 (T


g); HR-ESI-
TOF-MS (positive ion mode): m/z : calcd for C50H62N2O18Na: 979.4076;
found: 979.4094 [M+Na]+ .


N-(9H-Fluoren-9-yl)methoxycarbonyl-O-(2-acetamido-2-deoxy-3-O-
[2,3,4-tri-O-acetyl-6-O-benzyl-b-d-galactopyranosyl]-6-O-[benzyl-(5-acet-
amido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-a-d-glycero-d-galacto-2-nonulo-
pyranosyl)onat]-a-d-galactopyranosyl)-l-threonine-tert-butylester (7):
Fmoc-Thr(bAc3-6-Bn-Gal ACHTUNGTRENNUNG(1!3)-aGalNAc)-OtBu (5 ; 0.70 g, 0.66 mmol)
and aAc4NeuNAcCOOBnXan


[17] (6 ; 1.10 g, 1.64 mmol, 2.5 equiv) were
dissolved in a mixture of dry acetonitrile and dry dichloromethane
(60 mL, 2:1). The solution was stirred for 1 h in a Schlenk flask (brown
glass) in the presence of flame-dried molecular sieves (3 g, powdered,
3 K) under an argon atmosphere and the exclusion of moisture. After
cooling to �65 8C, dry silver triflate (421 mg, 1.64 mmol) and a pre-
cooled (�10 8C) solution of methyl sulfenyl bromide in dry 1,2-dichloro-
ethane[18] (1.03 mL of a 1.6m solution, 1.64 mmol) were added slowly
over 25 min. The reaction mixture was stirred at �68 8C for 4 h, subse-
quently neutralized with HuenigWs base (0.33 mL) and allowed to warm
to room temperature. The suspension was diluted with dichloromethane
(40 mL), filtered through Hyflo Super Cel and concentrated in vacuo. Pu-
rification of the crude product by flash chromatography (silica gel; ethyl
acetate, column: h=20 cm, 1=3 cm) gave an anomeric mixture which
was separated by preparative RP-HPLC (Phenomenex LUNA, acetoni-
trile/water 55:45 ! 80:20, 60 min; 100:0, 30 min; l=254 nm, tR (a
anomer)=63.4 min, tR (b-anomer)=79.0 min) to yield the desired a


anomer as a colorless amorphous solid (606 mg, 0.40 mmol, 61%, conver-
sion: 63%). In addition, the b anomer (20 mg, 0.08 mmol, 12%) as the
minor component as well as fractions of unreacted 5 (26 mg, 0.027 mmol,
4%) were isolated. a Anomer: Rf=0.21 (ethyl acetate); [a]


23
D = 12.2 (c=


1.00, CHCl3); tR=31.8 min (Phenomenex LUNA, acetonitrile/water 55:45
! 75:25, 40 min; 100:0, 20 min, l=254 nm); 1H NMR (600 MHz, CDCl3,
COSY, HMQC, HMBC): d = 7.79–7.72 (m, 2H, H4-, H5-Fmoc), 7.60 (d,
JH1,H2=JH8,H7=7.8 Hz, 2H, H1-, H8-Fmoc), 7.44–7.17 (m, 14H, H3-, H6-,
H2-, H7-Fmoc; 10H, Har-Bn), 5.87 (d, JNH,H2=8.6 Hz, 1H, NH-GalNAc),
5.50–5.39 (m, 2H, TNH {5.45}, H4’ {5.42}), 5.38–5.24 (m, 2H, H8’’ {5.32},
H7’’ {5.28}), 5.23–5.06 (m, 4H, CH2-COOBn {5.18, 5.15}, H2’ {5.13}, NH-
NeuNAc {5.09}), 4.95 (dd, JH3’,H2’=10.3, JH3’,H4’=3.0 Hz, 1H, H3’), 4.86–
4.77 (m, 1H, H4’’), 4.71 (d, JH1,H2=3.0 Hz, 1H, H1), 4.66–4.44 (m, 5H,
H1’ {4.59, d, JH1’,H2’=8.1 Hz}, H2 {4.49}, CH2-Fmoc {4.51, 4.47}, CH2a-Bn
{4.47}), 4.43–4.31 (m, 1H, CH2b-Bn), 4.30–4.19 (m, 2H, H9a’’ {4.27, dd,
JH9a’’, H9b’’=12.3, JH9a’’,H8’’=2.3 Hz}, H9-Fmoc {4.24}), 4.18–4.00 (m, 5H, T


a


{4.14}, Tb {4.11}, H9b’’ {4.05}, H5’’ {4.04}, H6’’ {4.03}), 3.94–3.73 (m, 4H,
H4 {3.90}, H6a {3.89}, H5’ {3.84}, H5 {3.79}), 3.66–3.57 (m, 1H, H3 {3.61}),
3.55–3.46 (m, 2H, H6b {3.52}, H6a’ {3.48}), 3.45–3.38 (m, 1H, H6b’ {3.42}),
2.58 (dd, 1H, JH3eq’’,H3ax’’=12.6, JH3eq’’,H4’’=4.3 Hz, H3eq’’), 2.09, 2.08, 2.05,
2.03, 1.99, 1.98, 1.95 (7Ts, 24H, 8TCH3-Ac), 1.90 (m, 1H, H3ax’’), 1.84 (s,
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3H, CH3-Ac), 1.42 (s, 9H, CH3-tBu), 1.26 (d, JTg,Tb=6.1 Hz, 3H, T
g);


13C NMR (CDCl3, chemical shifts obtained from HMQC, HMBC): d =


170.2, 169.5, 169.4, 169.2, 166.7 (C=O), 166.4 (C1’’), 155.6 (C=O ure-
thane), 143.0 (C1a-, C8a-Fmoc), 140.5 (C4a-, C5a-Fmoc), 136.7 (Cq-Bn
(C6’)), 134.1 (Cq-Bn (C1’’)), 127.8, 127.4 (Car-Bn), 127.2 (C2-, C7-Fmoc),
127.1 (Car-Bn), 126.3 (C3-, C6-Fmoc), 124.1 (C1-, C8-Fmoc), 119.2 (C4-,
C5-Fmoc), 100.8 (C1’), 99.5 (C1), 98.1 (C2’’), 82.4 (Cq-tBu), 76.7 (C3),
75.8 (Tb), 72.7 (CH2-Bn (C6’)), 71.9 (C6’’), 71.4 (C5’), 70.0 (C3’), 68.4
(C8’’), 68.2 (C5), 68.1 (C4’’), 68.0 (C2’), 67.5 (C4), 66.9 (CH2-Bn (C1’’)),
66.6 (C4’), 66.6 (C7’’), 66.5 (C6’), 66.3 (CH2-Fmoc), 63.1 (C6), 61.6 (C9’’),
58.1 (Ta), 48.6 (C5’’), 46.9 (C2), 46.6 (C9-Fmoc), 36.8 (C3’’), 27.4 (CH3-
tBu), 22.5, 22.3 (CH3-NHAc), 20.2, 20.0, 19.9, 19.8 (CH3-OAc), 17.9 (T


g);
HR-ES-TOF-MS (positive ion mode): m/z : calcd for C76H93N3O30Na:
1550.5742, found: 1550.5731 [M+Na]+ .


N-(9H-Fluoren-9-yl)methoxycarbonyl-O-(2-acetamido-2-deoxy-3-O-
[2,3,4-tri-O-acetyl-6-O-benzyl-b-d-galactopyranosyl]-6-O-[benzyl-(5-acet-
amido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-a-d-glycero-d-galacto-2-nonulo-
pyranosyl)onat]-a-d-galactopyranosyl)-l-threonine (8): A solution of pro-
tected trisaccharide 7 (580 mg, 0.394 mmol) in a mixture of TFA (5 mL),
dichloromethane (5 mL) and anisole (0.5 mL) was stirred at ambient
temperature for 2 h. The reaction mixture was then diluted with toluene
(25 mL) and the solvent was removed in vacuo. The resulting residue was
co-evaporated with toluene (3T25 mL) and purified by flash chromatog-
raphy (silica gel; ethyl acetate/ethanol 4:1; column: h=20 cm, 1=3 cm)
and subsequently by preparative RP-HPLC (Phenomenex LUNA, aceto-
nitrile/water 60:40 ! 70:30, 70 min; l=254 nm, tR=46.5 min) to yield
compound 8 (492 mg, 0.334 mmol, 85%) as a colorless, amorphous solid.
Rf=0.51 (EE/EtOH 2:1); tR=17.1 min (Phenomenex LUNA, acetoni-
trile/water + 0.1% TFA, 55:45 ! 75:25, 30 min; l=254 nm); [a]22D =


24.7 (c=1.00, CHCl3);
1H NMR (400 MHz, CDCl3, COSY, HMQC): d =


7.78–7.70 (m, 2H, H4-, H5-Fmoc), 7.63–7.52 (m, 2H, H1-, H8-Fmoc),
7.42–7.13 (m, 14H, H3-, H6-, H2-, H7-Fmoc, Har-Bn (10H)), 6.22 (d,
JNH,H2=8.2 Hz, 1H, NH-GalNAc), 5.73 (d, JNH,Ta=7.4 Hz, 1H, NH-
Fmoc), 5.44–5.23 (m, 3H, H4’ {5.40}, H8’’ {5.33}, H7’’ {5.26}), 5.23–5.05
(m, 3H, CH2-COOBn {5.17, 5.10}, H2’ {5.11}), 5.01–4.72 (m, 3H, H3’
{4.94}, H1 {4.81}, H4’’ {4.80}), 4.71 (d, 1H, H1, JH1,H2=3.0 Hz), 4.62–4.52
(m, 1H, H1’), 4.51–4.42 (m, 3H, CH2-Fmoc {4.46}, CH2a-Bn {4.47}), 4.39–
4.25 (m, 5H, CH2b-Bn {4.36}, H2 {4.35}, H9a’’ {4.30}, T


a {4.31}, Tb {4.28}),
4.24–4.17 (m, 1H, H9-Fmoc), 4.10–3.72 (m, 7H, H9b’’ {4.04}, H6’’ {4.04},
H5’’ {4.02}, H4 {3.89}, H6a {3.88}, H5’ {3.82}, H5 {3.79}), 3.71–3.60 (m, 1H,
H3), 3.56–3.46 (m, 2H, H6b {3.50}, H6a’ {3.48}), 3.45–3.32 (m, 1H, H6b’),
2.57 (dd, JH3eq’’,H3ax’’=8.8, JH3eq’’,H4’’=3.9 Hz, 1H, H3eq’’), 2.15, 2.05, 2.04,
2.02, 1.98, 1.96, 1.94, 1.93 (8Ts, 24H, 8TCH3-Ac), 1.88 (m, 1H, H3ax’’),
1.85 (s, 3H, CH3-Ac), 1.21 (d, JTg,Tb=6.3 Hz, 3H, T


g); 13C NMR
(100.6 MHz, CDCl3, BB, HMQC): d = 172.70 (COOH), 170.80, 170.27,
170.15, 169.87, 169.64 (C=O), 167.30 (C1’’), 155.82 (C=O urethane),
143.78 (C1a-, C8a-Fmoc), 141.25 (C4a-, C5a-Fmoc), 137.25 (Cq-Bn an
C6’), 134.83 (Cq-Bn an C1’’), 128.73, 128.67, 128.50, 128.43, 128.32, 127.78,
127.67 (Car-Bn), 127.12 (C2-, C7-Fmoc), 125.03 (C3-, C6-Fmoc), 124.92
(C1-, C8-Fmoc), 119.99 (C4-,C5-Fmoc), 102.11 (C1’), 101.30 (C1), 98.68
(C2’’), 78.74 (Tb), 77.14 (C3), 73.48 (CH2-Bn (C6’)), 73.30 (C6’’), 72.81
(C5’), 70.82 (C3’), 69.25 (C8’’), 68.92 (C5), 68.49 (C4’’), 68.17 (C2’), 67.79
(C4), 67.73 (C7’’), 67.45 (C6’), 67.02 (CH2-Fmoc), 67.35 (C4’), 66.70
(CH2-Bn (C1’’)), 63.99 (C6), 62.42 (C9’’), 58.66 (T


a), 49.25 (C5’’), 48.40
(C2), 47.20 (C9-Fmoc), 37.46 (C3’’), 23.01, 22.77 (3TCH3-NHAc), 21.02,
20.70, 20.58, 20.53, 20.47 (7TCH3-OAc), 18.31 (T


g); HR-ESI-TOF (posi-
tive ion mode): m/z : calcd for C72H85N3O30Na: 1494.5116, found:
1494.5117 [M+Na]+ .


General procedure for the automated solid-phase glycopeptide synthesis :
Peptide syntheses were performed according to the Fmoc protocol in an
automated Perkin–Elmer ABI 433 A peptide synthesizer using Fmoc-
Pro-PHB preloaded Tentagel resins.[21] In iterative cycles the peptide se-
quences were assembled by sequential coupling of the corresponding
amino acids. In every coupling step, the N-terminal Fmoc group was re-
moved by treatment of the resin (3T2.5 min) with 20% piperidine in N-
methylpyrrolidone. Amino acid couplings were carried out using Fmoc-
protected amino acids (1 mmol) activated by HBTU/HOBt[22] (1 mmol
each) and DIPEA (2 mmol) in DMF (20–30 min vortex). After every
coupling step, unreacted amino groups were capped by treatment with a


mixture of Ac2O (0.5m), DIPEA (0.125m) and HOBt (0.015m) in NMP
(10 min vortex). Attachment of the glycosylated amino acids was per-
formed manually as described in the procedures for the corresponding
glycopeptides.


Ac-Gly-Ser-Thr-Ala-Pro-Pro-Ala-His-Gly-Val-Thr-Ser-Ala-Pro-Asp-Thr-
Arg-Pro-Ala-Pro-OH (10): Starting from Fmoc-Pro-O-Trt preloaded
Tentagel S resin[21] 9 (520 mg, 0.094 mmol, loading: 0.18 mmolg�1), the as-
sembly of the eicosapeptide was performed according to the automated
standard protocol. After coupling of the final amino acid, Fmoc-Gly-OH,
the Fmoc group was cleaved with piperidine (20%) in NMP, and the N-
terminus was acetylated with capping reagent on the resin. For the cleav-
age procedure under simultaneous removal of the acid-labile side-chain
protecting groups, the resin was placed into a Merrifield glass reactor,
washed with dichloromethane (3T15 mL) and treated with a mixture of
trifluoroacetic acid (15.0 mL), distilled water (0.9 mL) and triisopropylsi-
lane (0.9 mL) for 2 h. After filtration, the resin was washed with tri-
fluoroacetic acid (3T3 mL), and the combined filtrates were concentrat-
ed in vacuo and co-evaporated with toluene (3T15 mL). The peptide was
precipitated by addition of cold (0 8C) diethyl ether (15 mL) to furnish a
colorless solid, which was washed with diethyl ether (3T10 mL), dis-
solved in distilled water and lyophilized. The crude product was purified
by preparative RP-HPLC (Phenomenex LUNA C18, acetonitrile/water
+ 0.1% TFA 5:95 ! 45:55; 60 min; l=212 nm, tR=40.1 min) to give
the title compound (120 mg, 0.062 mmol, 66%) as a colorless solid after
lyophilization. [a]22D = �148.8 (c=1.00, H2O); tR = 14.3 min (Phenom-
enex Jupiter C18, CH3CN/H2O + 0.1% TFA 5:95 ! 45:55, 30 min; l =


212 nm); 1H NMR (600 MHz, H2O/D2O 9:1, NaH2PO4/Na2HPO4 buffer,
50 mm, pH 6.50, COSY, TOCSY, 15N HSQC, 13C-HSQC, HMBC,
ROESY): d = 8.55–8.47 (m, 2H, H(8)Im-H2 {s, 8.52}, D(15)NH {8.50}),
8.44–8.09 (m, 12H, H(8)NH {8.38, d, JNH,Ha=7.6 Hz}, G(9)


NH {8.35},
A(19)NH {8.33}, A(7)NH {8.32}, S(2)NH {8.28}, A(13)NH {8.27}, T(11)NH


{8.24}, S(12)NH {8.22}, G(1)NH {8.21}, R(17)NH {8.17, d, JNH,ra=6.9 Hz},
A(4)NH {8.15}, T(3)NH {8.14}), 8.06 (d, JNH,Va=7.6 Hz, 1H, V(10)


NH}), 7.97
(d, JNH,Ta=7.6 Hz, 1H, T(16)


NH), 7.23 (s, 1H, H(8)Im-H4), 7.14–7.06 (m,
1H, R(17)NH-Gua), 4.66–4.42 (m, 8H (signal intensity reduced by H2O sup-
pression), D(15)a {4.64}, H(8)a {4.62}, P(5)a {4.61}, R(17)a {4.56}, A(13)a


{4.52}, A(4)a {4.51}, A(19)a {4.48}, S(2)a {4.46}), 4.39–4.21 (m, 8H, S(12)a


{4.37}, T(11)a {4.33}, P(18)a {4.33}, P(14)a {4.32}, P(20)a {4.31}, P(6)a


{4.29}, T(3)a {4.27}, T(16)a {4.24}), 4.20–4.09 (m, 5H, T(3)b {4.16}, A(7)a


{4.15}, V(10)a {4.14}, T(11)b {4.14}, T(16)b {4.13}), 3.98–3.65 (m, 13H,
G(9)aa {3.92}, G(1)a {3.89}, S(12)ba {3.89}, G(9)ab {3.87}, S(2)ba {3.82},
S(2)bb {3.78}, S(12)bb {3.75}, P(5)da {3.74}, P(6)da {3.73}, P(14)da {3.72},
P(18)da {3.73}, P(20)da {3.69}, P(14)db {3.53}), 3.63–3.45 (m, 4H, P(20)db


{3.58}, P(6)db {3.58}, P(5)db {3.53}, P(18)db {3.53}), 3.21 (dd, 1H, H8ba,
JHba,Hbb=15.6 Hz, JHb,Ha=5.9 Hz), 3.17–3.04 (m, 3H, R(17)


d {3.13}, H(8)bb


{3.11}), 2.87 (dd, JDba,Dbb=16.9, JHb,Ha=6.6 Hz, 1H, D(15)
ba), 2.79 (dd,


JDba,Dbb=17.1, JHb,Ha=6.9 Hz, 1H, D(15)
bb), 2.32–2.13 (m, 5H, P(5)ba


{2.26}, P(14)ba {2.19}, P(18)ba {2.19}, P(20)ba {2.22}, P(6)ba {2.18}), 2.07–1.99
(m, 1H, V(10)b {2.02}), 1.99–1.70 (m, 19H, AcNHterminal (1.97, s), P(5)g


{1.95}, P(20)g {1.95}, P(14)g {1.95}, P(6)g {1.93}, P(18)g {1.93}, P(20)bb


{1.92}, P(14)bb {1.83}, P(5)bb {1.79}, P(18)bb {1.80}, P(6)bb {1.76}, R(17)ba


{1.76}), 1.70–1.51 (m, 3H, R(17)bb {1.66}, R(17)g {1.58}), 1.33–1.19 (m,
12H, A(19)b {1.28}, A(13)b {1.28}, A(4)b {1.25}, A(7)b {1.24}), 1.15–1.04
(m, 9H, T(11)g {1.12}, T(3)g {1.11}, T(16}g {1.10}), 0.85 (t, 6H, V(10)g,
JVg,Vb=6.3 Hz);


13C NMR (chemical shifts taken from 13C-HSQC and
HMBC): d = 176.21 (P(20)C=O), 174.89 (A(7)C=O), 174.05 (P(14)C=O),
174.04 (P(6)C=O), 173.78 (V(10)C=O), 173.54 (P(18)C=O), 172.61
(D(15)COOH), 172.18 (S(2)C=O), 172.01 (H(8)C=O), 171.87 (P(5)C=O), 171.64
(T(11)C=O), 171.31 (T(16)C=O), 171.19 (T(3)C=O), 171.22 (R(17)C=O), 171.20
(G(9)C=O), 133.67 (H(8)Im-C2), 128.39 (H(8)Im-C5), 117.42 (H(8)Im-C4), 67.07
(T(11)b), 67.07 (T(3)b), 67.07 (T(16)b), 61.25 (S(12)b), 61.12 (S(2)b), 60.35
(P(18)a), 60.32 (P(14)a), 60.06 (P(6)a), 59.85 (P(20)a), 59.57 (V(10)a),
58.99 (T(16)a), 58.97 (T(11)a), 58.83 (T(3)a), (P(5)a)§, 55.50 (S(2)a), 55.32
(S(12)a), (H(8)a)§, (D(15)a)§, 51.08 (R(17)a), 47.85 (A(13)a), 49.70
(A(7)a), 47.82 (A(4)a), 47.65 (A(19)a), 48.51 (P(6)d), 47.73# (P(5)d,
P(18)d), 47.65 (P(14)d), 47.44 (P(20)d), 42.45 (G(1)a), 40.61 (R(17)d),
35.19 (D(15)b), 30.18 (V(10)b), 29.29 (P(14)b), 29.28 (P(6)b), 29.28
(P(18)b), 28.88 (P(20)b), 27.98 (P(5)b), 27.46 (R(17)b), 26.34 (H(8)b),
24.55# (P(5)g, P(6)g, P(14)g, P(18)g, P(20)g), 23.98 (R(17)g), 21.61
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(AcNHterminal), 18.83 (T(16)g), 18.74 (T(3)g), 18.74 (T(11)g), 18.39
(V(10)ga), 17.61 (V(10)gb), 16.40 (A(7)b), 15.38 (A(13)b), 15.36 (A(4)b),
15.16 (A(19)b); §: annihilated by H2O suppression,


#: signals overlapped;
MALDI-TOF-MS (DHB, positive ion mode): m/z : calcd for
C82H130N25O29: 1930.1, found: 1930.2 [M+H]+ , 1952.2 [M+Na]+, 1968.2
[M+K]+ , 1974.3 [M+2Na�H]+ .
Fmoc-Ser ACHTUNGTRENNUNG(tBu)-Ala-Pro-Asp ACHTUNGTRENNUNG(OtBu)-Thr ACHTUNGTRENNUNG(tBu)-Arg ACHTUNGTRENNUNG(Pmc)-Pro-Ala-Pro-
Trt-Tg (11): The resin-bound peptide fragment was prepared in a 41 mL
reaction vessel of peptide synthesizer according to the standard proce-
dure starting from the Fmoc-Pro-O-Trt preloaded Tentagel S resin 9a[21]


(1.38 g, 0.28 mmol, loading: 0.20 mmolg�1) and using the FastMoc
(0.25 mmol) protocol for amino acid couplings. After coupling of the last
amino acid, Fmoc-Ser ACHTUNGTRENNUNG(tBu)-OH, the resin was thoroughly washed with
NMP and dichloromethane and dried under a nitrogen flow. Residual
solvent was removed in high vacuum to give 1.55 g dry resin, which was
used in the syntheses of different glycopeptide structures.


Ac-Gly-Ser-Thr-Ala-Pro-Pro-Ala-His-Gly-Val-Thr(bAc3BnGal-(1!3)-
[aAc4NeuNAcCOOBn-(2!6)]-aGalNAc)-Ser-Ala-Pro-Asp-Thr-Arg-
Pro-Ala-Pro-OH (12): A portion of the functionalized Tentagel resin 11
(282 mg, max. 0.05 mmol) was treated in the peptide synthesizer with pi-
peridine (20%) in NMP to remove the temporary Fmoc-protecting
group. Subsequently, a solution of the (2,6)-sialyl-T threonine building
block 8 (125 mg, 0.085 mmol, 1.7 equiv), HATU[24] (34 mg, 0.090 mmol,
1.8 equiv), HOAt (12 mg, 0.090 mmol, 1.8 equiv) and N-methylmorpho-
line (19.8 mL, 0.18 mmol, 3.6 equiv) in NMP (2 mL) was added to the
resin. After shaking for 4 h, excess reagents were removed by filtration
and the resin was washed with NMP. Remaining unreacted amino groups
were acetylated with capping reagent. The eicosapeptide sequence was
completed resuming the automated standard procedure according to the
Fmoc protocol. After coupling of the last amino acid, the terminal Fmoc
group was exchanged for an acetyl group and the resin was treated with
a mixture of TFA (15 mL), distilled water (0.9 mL) and triisopropylsilane
(0.9 mL) for simultaneous cleavage of the linker and the acid-labile side-
chain protecting groups. Subsequently, the resin was washed with tri-
fluoroacetic acid (3T3 mL), the combined filtrates were concentrated in
vacuo and co-evaporated with toluene (3T15 mL). The peptide was pre-
cipitated by addition of cold (0 8C) diethyl ether (15 mL) to give a color-
less solid, which was washed with diethyl ether (3T10 mL), dissolved in
distilled water and lyophilized. The crude material was purified by prepa-
rative RP-HPLC (Phenomenex Jupiter C18, grad.: acetonitrile/water +


0.1% TFA 25:75 ! 50:50, 80 min, l=212 nm, tR=28.1 min) to furnish
the partially protected glycopeptide 12 as a colorless lyophilizate (66 mg,
0.022 mmol, 44%). [a]23D=�63.8 (c=1.00, methanol); tR=26.6 min (Phe-
nomenex Luna C18(2), gradient: acetonitrile/water + 0.1% TFA 15:85
! 45:55, 30 min, l=212 nm); MALDI-TOF-MS (DHB, positive ion
mode): m/z : calcd for C135H195N27O54: 3060.1, found 3059.9 [M]


+ , 3082.0
[M+Na]+ , 3104.0 [M+2Na�H]+ .
Ac-Gly-Ser-Thr-Ala-Pro-Pro-Ala-His-Gly-Val-Thr ACHTUNGTRENNUNG(bAc3Gal- ACHTUNGTRENNUNG(1!3)-
[aAc4NeuNAc COOH-(2!6)]-aGalNAc)-Ser-Ala-Pro-Asp-Thr-Arg-
Pro-Ala-Pro-OH : For the removal of the benzyl groups, the (2,6)-sialyl-T
glycopeptide 12 (73 mg, 0.024 mmol) was dissolved in anhydrous metha-
nol (20 mL), and a catalytic amount of 5% palladium on activated char-
coal was added under argon. The reaction flask was subsequently purged
with H2 and the suspension was stirred for 21 h under H2 atmosphere.
The charcoal was removed by filtration through Hyflo Super Cell which
was washed with methanol (50 mL) afterwards. The combined filtrates
were concentrated in vacuo, dissolved in distilled water (5 mL) and
lyophilized to give the debenzylated glycopeptide (65 mg, max.
0.223 mmol) as a colorless lyophilizate, which was employed for the final
deprotection without further purification. tR=12.5 min (Phenomenex Ju-
piter C18, gradient: acetonitrile/water + 0.1% TFA 15:85 ! 45:55,
30 min, l=212 nm); MALDI-TOF-MS (DHB, positive ion mode): m/z :
calcd for C121H184N27O54: 2880.9, found: 2880.8 [M+H]+, 2902.5 [M+Na]+,
2918.5 [M+K]+ , 2924.4 [M+2Na�H]+ .
Ac-Gly-Ser-Thr-Ala-Pro-Pro-Ala-His-Gly-Val-Thr ACHTUNGTRENNUNG(bGal- ACHTUNGTRENNUNG(1!3)-[aNeu-
NAcCOOH-(2!6)]-aGalNAc)-Ser-Ala-Pro-Asp-Thr-Arg-Pro-Ala-Pro-
OH (13): The crude, debenzylated (2,6)-sialyl-T eicosapeptide (65 mg,
max. 0.223 mmol) was dissolved in anhydrous methanol (20 mL) and


treated with a solution of 1% sodium methoxide in methanol until a pH
of 9.5 was reached. The reaction mixture was stirred for 16 h at ambient
temperature and was then neutralized by the addition of acetic acid
(0.05 mL). The solvent was removed in vacuo, and the resulting residue
was purified by preparative RP-HPLC (Phenomenex Jupiter C18, gradi-
ent: acetonitrile/water + 0.1% TFA 5:95 ! 30:70, 60 min, l=212 nm,
tR=24.8 min), the deprotected MUC1 glycoeicosapeptide 13 (34 mg,
0.013 mmol, 55% over two steps) was isolated as colorless lyophilizate.
[a]23D=�107.3 (c=1.00, H2O); tR=14.2 min (Phenomenex Jupiter C18,
gradient: acetonitrile/water + 0.1% TFA 5:95 ! 30:70, 30 min, l=
212 nm); 1H NMR (600 MHz, [D6]DMSO, COSY, TOCSY, HMQC,
HMBC, ROESY, NOESY): d = 8.93 (s, 1H, H(8)Im-H2), 8.27–8.20 (m,
2H, D(15)NH {8.24}, G(9)NH {8.22}), 8.17–8.06 (m, 10H, S(12)NH {8.12},
A(19)NH {8.11}, T(11)*NH {8.10}, H(8)NH {8.08}, G(1)NH {8.12}, A(7)NH


{8.04}, NH-NeuNAc {8.02}, S(2)NH {7.96}, V(10)NH {7.94}, A(13)NH {7.88}),
7.82 (d, 1H, A(4)NH, JNH,Aa=6.9 Hz), 7.71 (d, 1H, T(16)


NH, JNH,Ta=
8.5 Hz), 7.49 (d, 1H, R(17)NH, JNH,Ra=3.8 Hz), 7.36 (s, 1H, H(8)


Im-H4),
7.32 (d, 1H, T(3)NH, JNH,Ta=7.9 Hz), 7.21 (sb, 1H, OH), 7.13 (d, 1H, OH,
J=1.5 Hz), 7.06–6.99 (m, 2H, NH-GalNAc, OH), 4.82 (d, 1H, H1,
JH1,H2=2.1 Hz), 4.60–4.41 (m, 7H, H(8)


a {4.57}, V(10)a {4.52}, D(15)a


{4.50}, A(4)a {4.49} R(17)a {4.48}, A(19)a {4.46}, T(11)*a {4.45}), 4.40–4.25
(m, 6H, 3TPa {4.34, 4.29, 4.26}, A(13)a {4.37}, S(2)a {4.37}, S(12)a {4.28}),
4.23–4.07 (m, 8H, 2TPd {4.22, 4.17}, T(3)a {4.19}, H1’ {4.18}, T(16)a {4.17},
T(11)*b {4.16}, H2 {4.10}, A(7)a {4.15}), 4.07–4.01 (m, 2H, T(16)b {4.04},
OH), 3.97–3.91 (m, 2H, T(3)b {3.95}, H4’ {3.93}), 3.90–3.81 (m, 5H,
G(9)aa {3.86}, H5 {3.84}, H4 {3.83}, OH), 3.80–3.27 (m, 31H, G(9)ab


{3.76}, G(1)a {3.73}, H6a {3.73}, H3 {3.67}, 5TP
d {3.64, 3.63, 3.57, 3.50,


3.44}, H7’’ {3.61}, H4’’ {3.55}, S(2)ba {3.61}, H9a’’ {3.61}, S(12)
b {3.53},


S(2)bb {3.52}, H6a’ {3.52}, H5’’ {3.48}, H6b {3.44}, H6b’ {2.47}, H9b’’ {3.38},
H6’’ {3.33}, H2’ {3.30}, H8’’ {3.30}, H5’ {3.30}), 3.25–3.20 (m, 1H, H3’),
3.15–3.02 (m, 3H, H(8)ba {3.11}, R(17)d {3.08}), 3.00–2.92 (m, 1H, H8bb),
2.72 (dd, 1H, D(15)bb, JDba,Dbb=16.4 Hz, JDb,Da=5.9 Hz), 2.54–2.46 (m,
2H (partially covered by DMSO signal), D(15)bb {2.51), H3eq’’ {2.49}),
2.17–2.08 (m, 2H, 2TPba {2.13}, {2.12}), 2.06–1.65 (m, 29H, 2TPba {2.01,
1.98}, V(10)b {1.95}, 5TPg {1.89, 1.88, 1.87, 1.86, 1.84}, Pb {1.83}, 4TPbb


{1.82, 1.77, 1.76, 1.75}, AcNH’’ {s, 1.87, 3H), AcNHterminal (s, 1.85, 3H),
AcNHGalNAc (s, 1.82, 3H), Rba {1.68}), 1.56–1.46 (m, 3H, R(17)bb {1.51},
R(17)g {1.51}, H3ax’’ {1.50}), 1.22–1.10 (m, 15H, A(7)


b {1.19}, A(19)b


{1.18}, A(4)b {1.16}, T(16)g {1.15}, A(13)b {1.14}), 1.01 (d, 3H, T(11}*g,
JTg,Tb=6.1 Hz), 0.99 (d, 3H, T(3)


g, JTg,Tb=6.1 Hz), 0.90 (d, 3H, V(10)
ga,


JVg,Vb=6.4 Hz), 0.84 (d, 3H, V(10)
gb, JVg,Vb=6.7 Hz);


13C NMR (chemical
shifts obtained from 13C-HSQC and HMBC): d = 173.35, 172.64, 171.93,
171.86, 171.14, 170.50, 170.43, 170.39, 170.35, 170.00, 169.66, 169.55,
169.35 (C=O), 170.67 (C1’’), 133.94 (H(8)C4), 117.26 (H(8)C4), 105.01
(C1’), 98.95 (C1), 98.29 C ACHTUNGTRENNUNG(2’’), 77.98 (C3), 75.72 (T(11)*b), 75.55 (C5’),
73.71 (C6’’), 73.22 (C3’), 71.52 (C7’’), 70.80 (C2’), 68.65 (C8’’), 68.34 (C4),
68.32 (C5), 66.95 (C4’), 66.95 (T(3)b), 66.48 (C4’’), 66.45 (T(16)b), 63.76
(C6), 63.17 (C9’’), 61.95 (S(12)b), 61.90 (S(2)b), 60.70 (C6’), 59.54, 59.29,
59.25, 58.76, 58.04 (5TPa), 58.75 (T(11)*a), 58.60 (T(3)a), 58.09 (T(16)a),
57.38 (V(10)a), 55.10 (S(12)a), 55.05 (S(2)a), 52.48 (C5’’), 51.62 (H(8)a),
50.55 (R(17)a), 50.15 (D(15)a), 48.61 (A(7)a), 48.21 (C2), 46.53 (A(7)a),
46.42 (A(4)a), 46.94, 46.92, 46.80, 46.77, 46.50 (5TP(5)d), 42.22 (G(9)a),
40.78 (C3’’), 40.77 (R(17)d), 35.76 (D(15)b), 31.33 (V(10)b), 29.22, 29.16,
28.85, 28.82, 28.00 (5TPb), 28.48 (R(17)b), 27.13 (H(8)b), 24.8–24.4 (5T
Pg)#, 24.66 (R(17)g), 22.85 (AcNH’’), 22.69 (AcNHGalNAc), 22.69
(AcNHterminal), 20.00 (T(11)*g), 19.85 (T(3)g), 19.33 (V(10)ga), 18.70
(A(13)b), 18.60 (A(4)b), 18.48 (V(10)gb), 18.42 (T(16)g), 17.81 (A(7)b),
16.87 (A(19)b); 1H NMR (600 MHz, H2O/D2O 9:1, NaH2PO4/Na2HPO4
buffer, 50 mm, pH 6.50, COSY, TOCSY, 15N-HSQC, 13C-HSQC, HMBC,
ROESY): d=8.66 (d, 1H, T*(11)NH, JNH,Ta=7.9 Hz), 8.51–7.87 (m, 16H,
S(12)NH {8.45}, A(13)NH {8.43}, D(15)NH {8.38}, H(8)H2 {8.38}, G(9) {8.33},
H(8)NH {8.33}, A(7)NH {8.32}, S(2)NH {8.28}, A(19)NH {8.24}, G(1) {8.22},
R(17)NH {8.18}, A(4)NH {8.15}, T(3)NH {8.15}, V(10)NH {8.02, d, JNH,Va=
6.9 Hz}, T(16)NH {7.95}, NH-NeuNAc {7.95}), 7.54 (d, 1H, NH-GalNAc,
JNH,H1=9.9 Hz), 7.28–7.13 (m, 2H, R(17)


NH-Gua {7.24}, H(8)H4 {7.19}), 4.86
(m, 1H, H1 (partially covered by H2O signal)), 4.63–4.35 (m, 10H (parti-
ally covered by H2O signal), P(5)a {4.61}, H(8)a {4.59}, T(11)*a {4.56},
R(17)a {4.53}, D(15)a {4.52}, A(4)a {4.51}, A(19)a {4.48}, S(2)a {4.45},
S(12)a {4.39}, A(13)a {4.37}), 4.34–4.20 (m, 8H, H1’ {4.33}, P(18)a {4.31},


Chem. Eur. J. 2006, 12, 4981 – 4993 G 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4991


FULL PAPERGlycosylated Peptides



www.chemeurj.org





P(14)a {4.31}, P(6)a {4.29}, T(3)a {4.27}, V(10)a {4.24}, T(16)a {4.23},
T(11)*b {4.22}), 4.19–3.97 (m, 7H, T(3)b {4.15}, A(7)a {4.14}, P(20)a {4.14},
T(16)b {4.14}, H2 {4.13}, H4 {4.09}, H5 {4.01}), 3.97–3.32 (m, 34H, G(9)aa


{3.91}, H3 {3.90}, G(1)a {3.89}, G(9)ab {3.84}, H6a {3.83}, S(2)
ba {3.82}, H4’


{3.80} H7’’ {3.79}, S(2)bb {3.78}, H9a’’ {3.77}, S(12)
ba {3.76}, H5’’ {3.73},


P(5)da {3.73}, P(14)da {3.73}, P(18)da {3.73}, P(6)da {3.72}, S(12)bb {3.69},
H6a’ {3.68}, P(20)


da {3.65}, H6b’ {3.63}, H6’’ {3.60}, P(14)
db {3.57}, H4’’


{3.56}, H9b’’ {3.55}, P(20)
db {3.54}, P(6)db {3.53}, P(5)db {3.53}, H5’ {3.53},


P(18)db {3.53}, H3’ {3.50}, H8’’ {3.48}, H6b {3.48}, H2’ {3.41}), 3.25–3.02 (m,
4H, H(8)ba {3.19}, R(17)d {3.13}, H(8)bb {3.10}), 2.70–2.51 (m, 3H, D(15)ba


{2.64}, H3eq’’ {2.58}, D(15)
bb {2.57}), 2.31–2.08 (m, 5H, P(5)ba {2.26},


P(14)ba {2.22}, P(18)ba {2.19}, P(6)ba {2.18}, P(20)ba {2.12}), 1.96 (s, 3H,
AcNHterminal), 1.93 (s, 3H, AcNH’’), 1.92 (s, 3H, AcNHGalNAc), 2.05–1.45
(m, 23H, V(10)b {2.01}, P(14)g {1.96}, P(5)g {1.94}, P(6)g {1.92}, P(18)g


{1.91}, P(20)g {1.89}, P(14)bb {1.84}, P(5)bb {1.80}, P(18)bb {1.81}, P(20)bb


{1.81}, P(6)bb {1.75}, R(17)ba {1.75}, R(17)bb {1.68}, R(17)g {1.59}, H3ax’’
{1.54}), 1.36–1.15 (m, 15H, A(13)b {1.30}, A(19)b {1.28}, A(4)b {1.25},
A(7)b {1.24}, T(11)*g {1.22}), 1.15–1.01 (m, 6H, T(3)g {1.11}, T(16}g {1.10}),
0.89 (d, 3H, V(10)ga, JVg,Vb=6.9 Hz), 0.87 (d, 3H, V(10)


gb, JVg,Vb=6.6 Hz);
13C NMR (chemical shifts obtained from 13C-HMQC and HMBC): d =


174.93, 174.90, 173.95, 173.76, 173.66, 173.61, 173.53, 173.34, 171.61,
171.25, 170.94, 170.62 (C=O), 173.24 (C1’’), 134.15 (H(8)C2), 117.63
(H(8)C4), 104.70 (C1’), 100.07 C ACHTUNGTRENNUNG(2’’), 99.31 (C1), 77.44 (T(11)*b), 77.16
(C3), 74.91 (C5’), 72.63 (C3’), 72.49 (C6’’), 71.77 (C7’’), 70.65 (C2’), 69.63
(C8’’), 68.99 (C4), 68.64 (C4’), 68.26 (C5), 68.26 (C4’’), 66.95 (T(3)b),
66.95 (T(16)b), 63.85 (C9’’), 62.65 (C6), 61.89 (P(20)a), 61.50 (S(12)b),
61.05 (C6’), 61.04 (S(2)b), 60.3 (P(18)a), 60.2 (P(14)a), 60.05 (P(6)a), 59.28
(V(10)a), 58.88 (T(16)a), 58.87 (T(3)a), 58.57 (P(5)a), 57.11 (T(11)*a),
55.49 (S(2)a), 54.96 (S(12)a), 52.49 (H(8)a), 51.85 (C5’’), 51.4 (D(15)a),
51.38 (R(17)a), 48.26 (C2), 48.20 (A(7)a), 47.75 (A(13)a), 47.68 (A(4)a),
47.8 (P(5)d, P(14)d)#, 47.6 (P(6)d), 47.6 (P(18)d), 47.46 (A(19)a), 47.4
(P(20)d), 42.52 (G(1)a), 40.56 (R(17)d), 40.15 (C3’’), 38.08 (D(15)b), 30.13
(V(10)b), 29.22 (P(18)b), 29.19 (P(20)b), 29.11 (P(6)b), 29.11 (R(17)b),
27.82 (P(5)b), 26.59 (H(8)b), 24.50 (P(5)g), 24.50 (P(6)g), 24.50 (P(14)g),
24.50 (P(18)g), 24.39 (P(20)g), 23.81 (R(17)g), 22.03 (AcNHGalNAc), 21.90
(AcNH’’), 21.67 (AcNHterminal), 18.65 (T(3)g), 18.70 (T(16)g), 18.42
(V(10)ga), 18.27 (T(11)*g), 17.67 (V(10)gb), 16.28 (A(7)b), 15.21 (A(4)b),
15.13 (A(19)b), 14.96 (A(13)b); #: signals overlapped; MALDI-TOF-MS
(DHB, positive): m/z : calcd for C107H169N27O47: 2584.17, found: 2585.5
[M]+ , 2607.1 [M+Na]+ , 2629.1 [M+2Na�H]+ .
Structural analysis—Material and methods


Structural NMR spectra


NMR spectra were recorded on Bruker 400 and 600 Avance spectrome-
ters. All spectra were recorded in H2O/D2O 9:1, pH 6.5 at 298 K with
peptide concentrations of 10 mm. The assignments were carried out with
the help of standard DQF-COSY, TOCSY, ROESY, 13C-HSQC, 15N-
HSQC and 13C-HMBC experiments. Typically 2k data points in F2 and
512 experiments in F1 were acquired. The spectra were acquired with 16
transients and a relaxation delay of 2 s except the ROESY experiments
with 80 transients. For ROESY experiments, a spinlock field of 2.8 kHz
was used with a mixing time of 300 ms. The TOCSY experiments were
performed with a spinlock field of 4.5 kHz using the MLEV17 sequence
with mixing times of 40 ms and 80 ms. The data were zero filled and
processed as 4kT1k matrix. PE COSY experiments were processed as
8kT2k matrix. To obtain the temperature coefficients of the amide
proton chemical shifts, TOCSY spectra were recorded between +15 and
+45 8C. The HN–Ha coupling constants were determined by the 1D
proton and DQF-COSY, PE COSY spectra.


Molecular dynamics


All molecular mechanics/dynamics simulations were performed with DIS-
COVER of the InsightII package (Accelrys) on a Silicon Graphics
Octane workstation.[53] The simulations were done using the consistent
valence force field (CVFF) that proved to account for solution NMR
data to a satisfactory extent.[54] A dielectric constant (e=78) was used.
The molecular structures were first minimized with a gradient criterion
of less than 0.01 kcalmol�1. The energy-minimized structures were then
used for MD runs. Pseudo-atoms were used for a number of methylene
proton pairs. Distance restraints derived from ROE-cross peaks, classi-


fied empirically as strong, medium, weak and very weak, were applied as
biharmonic restraints with lower and upper bounds of 0.20–0.25 K, 0.20–
0.35 K, 0.20–0.4 K and 0.20–0.5 K, respectively. Likewise, due to the de-
tected trans configuration of all peptide bonds, the w dihedral angle was
restrained to 1808. According to a simulated annealing approach, the re-
sulting starting molecules were heated to 600 K initially, subsequently
cooled and finally, after MD at 300 K, subjected to an energy minimiza-
tion using both steepest descent and conjugate gradient methods succes-
sively. Fifty structures were sampled. Eight structures within energy inter-
vals of 15 kcalmol�1 and with maximum violation of upper limits less
than 0.5 K were selected. The tightness of this family of conformers was
characterized by the mean pairwise RMSD for the heavy atoms or back-
bone atoms of the conformers and the corresponding average structure
of the structural family.
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Hydrogen-Bonded Self-Assembly of Pyridinium and Anilinium Bisphenols
Mediated by the Hydrogen Difluoride Ion: Towards Control of C�H···p
(Aromatic) Interactions
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Introduction


The ability to design and control the self-assembly process
in molecules through weak intermolecular interactions[1–2] is
intrinsically related to the understanding of molecular recog-
nition. In particular, the weak C�H···p interactions[3–8] are
crucial in determining the conformation of organic mole-
cules, in chiral recognition, and in protein structure. Anion-
assisted molecular assembly and anion coordination[9–13] are
influenced by hydrogen bonding. This forms the basis for
studying selective binding of anions by natural and artificial
molecular receptors.[14–17] Halides can also assist in the for-
mation of directed self-assemblies from different organ-
ic[18,19] and organometallic species.[20–23] The coordination
ability of fluoride,[24] and the influence of both fluorine and
the fluoride ion in molecular assemblies through hydrogen
bonding and electrostatic interactions is actively being inves-
tigated.[18,19,24–29] In this report, we show the effect of HF2


�


ion on the hydrogen-bonded assembly of pyridinium and
anilinium bisphenols. The most remarkable feature of the
HF2


�-assisted assembly of pyridinium bisphenol is the recog-
nition of two distinct aromatic C�H···p interactions involv-
ing the aromatic units corresponding to end–face and edge–
face geometries (synthons I and II). We found unusual con-
trol on the aromatic C�H···p interactions by a water mole-


cule in the 4-[(4-hydroxy-3,5-dimethylphenyl)methyl]pyri-
ACHTUNGTRENNUNGdinium difluoride lattice, given the fact that such interac-
tions are extremely important in physiological environment.


Results and Discussion


To understand the role of weak interactions in HF2
�-assisted


assembly, we have taken up structural study of HF2
� salts of


nitrogen-containing bisphenols (1–3). It was recently shown
that selective guest–host binding can be achieved in such
motifs controlled by donor–acceptor interactions.[30] The
chloride- and bromide-assisted assemblies in the protonated
form of 2 have T-shaped hydrogen-bonding environments
around the halides.[31] Out of compounds 1–3 we already
know the structures of 2 and 3 ;[30,31] therefore, we deter-
mined the crystal structure of 1 to understand its packing
pattern and the contribution of weak interactions to the
crystal packing. We found that the molecules of 1 have a
propeller-like shape and self-assemble into a structure with
noncovalent interactions. The molecules are interconnected


Keywords: bisphenols · fluorides ·
hydrogen bonds · pi interactions ·
self-assembly


Abstract: The role of C�H···p and C�H···O interactions in HF2
�-assisted self-as-


sembly of nitrogen-containing bisphenols are investigated. Unusual control on the
end–face and edge–face geometries of aromatic C�H···p interactions by a water
molecule in the 4-[(4-hydroxy-3,5-dimethylphenyl)methyl]pyridinium difluoride
lattice is observed. The bis(4-hydroxy-3,5-dimethylphenyl)(4-ammoniophenyl)-
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� self-assembles through the formation of hydrogen-bonded cyclic
hexamers.
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with each other by O�H···N and O�H···O interactions as
shown in Figure 1. The self-assembled structure is further
held by a C�H···O interaction between a phenolic O�H and
C�H group of the ring containing methyl substituents. The


donor–acceptor bond lengths and angles contributing to the
self-assembly are listed in Table 1.


Compounds 1–3 can be easily protonated in solution by
hydrofluoric acid and the salts are obtained in the form of
HF2


�. The crystal structure of each of the HF2
� salts has


been determined. The proton NMR spectra of the com-
pound 1 and 1·H2F2 (1a) in methanol (Figure 2) show that


there is a clear difference in the aromatic signals that arise
from the pyridine rings in these two cases. This difference
indicates the effect of protonation of the nitrogen atom,
which reduces the electron density of the ring. The reduc-
tion in electron density at ortho-position shifts the signal of
the hydrogen atom in the ortho-position with respect to the
nitrogen atom towards a higher value.
Crystals of compound 1a were obtained upon slow evapo-


ration of a solution of compound in aqueous methanol con-
taining aqueous hydrofluoric acid; it crystallizes in the space
group P21/n. The HF2


� ions are held in the lattice through a
network of five intermolecular hydrogen bonds (Figure 3);
apart from the N+�H···F1 (d ACHTUNGTRENNUNG(N···F1) 2.618 I, a169.58) and
O1�H···F1 (d ACHTUNGTRENNUNG(O1···F1) 2.649 I, a143.98) hydrogen bonds,
the F1 atom is involved in a weak C�H···F (d ACHTUNGTRENNUNG(C7···F1)
3.390 I, a1398) interaction with C7�H as the hydrogen-
bond donor. It is observed that the three hydrogen bonds in-
volving F1 adopt a pyramidal geometry. The HF2


� ion has a
slightly bent geometry (171.88) and the two H···F bond
lengths are found to be 1.01 I and 1.28 I; the F···F distance
is 2.295(2) I, which is within the normal range of 2.20–
2.30 I[32] for HF2


� ions. Important donor–acceptor bond


Figure 1. Top: Intermolecular O�H···N hydrogen bonding in 1 leads to
one-dimensional chains that run parallel to the crystallographic a axis.
Bottom: Intermolecular C3�H···O2 interactions in 1 connect two one-di-
mensional hydrogen-bonded chains that run parallel to the crystallo-
graphic a axis.


Table 1. Hydrogen-bond geometry [distances in I, angles in 8] for com-
pound 1.


D�H···A d ACHTUNGTRENNUNG(D�H) d ACHTUNGTRENNUNG(H···A) d ACHTUNGTRENNUNG(D···A) aD�H···A
O2�H···O1[a] 0.87 1.98 2.802 157.8
O1�H···N1[b] 0.90 1.89 2.734 153.6


[a] Symmetry transformation: x+1, y+1, z. [b] Symmetry transforma-
tion: x�1, y, z.


Figure 2. 1HNMR spectra of a) 1 and b) 1a in [D4]methanol at room tem-
perature.
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lengths and bond angles contri-
buting to the assembly are
listed in Table 2.
Two hydrogen bonds involv-


ing the HF2
� ion are centered


on F2, and include a strong
O2�H···F2 (d ACHTUNGTRENNUNG(O2···F2) 2.759 I,
a154.48) hydrogen bond and a
weak C17�H···F2 (dACHTUNGTRENNUNG(C17···F2)
3.504 I, a155.68) interaction. Thus, each of the HF2


� ions is
hydrogen bonded to four neighboring molecules of 1 as
shown in Figure 3.
The remarkable feature of the structure of 1·H2F2 is the


presence of an aromatic C18�H···p interaction (dACHTUNGTRENNUNG(C···p)
3.364 I, a148.68) involving the C18�H as the donor and
the aromatic ring of the 4-hydroxy-2,6-dimethylphenyl unit
as the acceptor (Figure 3). Apparently, protonation of the
pyridine nitrogen atom causes the hydrogen atom of the ad-
jacent C18�H bond to behave as a soft acid thereby induc-
ing the C�H···p (aromatic) interaction. The geometrical pa-
rameter for this aromatic C�H···p interaction (d ACHTUNGTRENNUNG(H···p)
2.49 I) is in accordance with the reported values described


elsewhere.[3–8] Similar aromatic C�H···p interactions are
absent in the structure of 1, which shows that the molecules
assemble into one-dimensional chains that run along the a
axis through O�H···N and C�H···O hydrogen bonds.
Protonation of 2 with hydrofluoric acid in aqueous metha-


nol led to the formation of two polymorphic compounds
[Eq. (1)]. It was found that rapid addition of a warm solu-
tion of 2 in methanol to a cold solution hydrofluoric acid in
water results in the formation of a white crystalline solid
(2a), which crystallizes in the monoclinic P21/c space group.
Compound 2a contains the protonated form of 2, the HF2


�


ion, and a molecule of water in 1:1:1 stoichiometry. The
compound can be distinguished from 2 by the solid-state IR
spectrum, in which a broad absorption band at 3280 cm�1


due to O�H stretching is observed for 2a.
The presence of aromatic C�H···p interactions in 2a is re-


flected as an additional absorption at 3085 cm�1 (marked as
* in Figure 4). It should be pointed out that the presence of
C�H···O[33–37] or aromatic C�H···p interactions in molecular
assemblies can be recognized[38–41] by a blue-shift of the IR
absorption frequencies arising from C�H stretching. Analo-
gous hydrogen-bonded assemblies of 4-[(4-hydroxy-3,5-di-
methylphenyl)methyl]pyridinium chloride and bromide in
the solid-state[31] have shown that presence of the chloride


and bromide ions lead to the formation of hydrogen-bonded
ribbons that are, however, devoid of significant aromatic C�
H···p interactions involving the pyridinium units.
In contrast slow diffusion of a solution of 2 in methanol


into aqueous hydrofluoric acid results in the 1:1 salt of 2
with H2F2. This compound, 2b is a polymorph of 2a and
crystallizes from the aqueous methanol in monoclinic space
group P21/n. The packing structures of the two polymorphs
are shown in Figure 5. In case of 2a, the presence of the
water molecules and the HF2


� ion leads to the formation of
one-dimensional channels running along the crystallographic
c axis, while in 2b the molecules self-assemble through hy-
drogen bonding to give two-dimensional molecular sheets.


Figure 3. Top: Interactions between the HF2
� ion and its four neighbors


in 1a. Bottom: Hydrogen-bonding interactions involving the hydroxy
groups, the pyridinium N+�H group of 1, and the weak C18�H···p inter-
action.


Table 2. Hydrogen bond geometry [distances in I, angles in 8] for com-
pound 1a.


D�H···A d ACHTUNGTRENNUNG(D�H) d ACHTUNGTRENNUNG(H···A) d ACHTUNGTRENNUNG(D···A) aD�H···A
F2�H···F1 1.01 1.28 2.295 171.9
N1�H···F1 0.92 1.70 2.618 169.5
O1�H···F1[a] 0.91 1.86 2.649 143.9
O2�H···F2[b] 0.87 1.98 2.795 154.4


[a] Symmetry transformation: �x+0.5, y+0.5, �z+1.5. [b] Symmetry
transformation: �x+0.5, y�0.5, �z+1.5.
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In the structure of 2a, the HF2
� ion is hydrogen bonded


to three molecules of 2 and a molecule of water. As shown
in Figure 6, the pyridinium N+�H moiety forms a strong hy-
drogen bond with F1 (dACHTUNGTRENNUNG(N···F1) 2.656 I, a 161.98), which is
slightly longer than in 1a. The water molecule is strongly hy-
drogen bonded to F1 (d ACHTUNGTRENNUNG(O3···F1) 2.355 I, a 168.58) and
O1�H (d ACHTUNGTRENNUNG(O3···O1) 2.729 I, a 145.38) of 2. The HF2


� ion is
also hydrogen bonded to O2�H through F2 (d ACHTUNGTRENNUNG(O2···F2)
2.749 I, a 148.68) as the acceptor. The donor–acceptor
bond lengths and angles for 2a are listed in Table 3. More-
over, two weak C�H···F interactions involving C7�H and
C15�H as donors and F2 as the acceptor are observed; the
respective hydrogen bond geometries of the two interactions
are d ACHTUNGTRENNUNG(C···F2) 3.351 (a153.8) and 3.366 I (1408), respective-
ly. The intriguing aspect in this structure is the presence of
an end–face aromatic C�H···p interaction (dACHTUNGTRENNUNG(O3···F2)
3.292 I, 144.68), which is shown in Figure 6; this interaction
involves C16�H as the hydrogen-bond donor and the aro-
matic ring of the 2,6-dimethylphenol group as the acceptor.
In this case, the H···p (ring centroid) distance is found to be
2.49 I, which is indicative of a reasonably strong interac-
tion. In the lattice of the 2a, a cooperative chain of hydro-
gen bonds involving the HF2


� ions the pyridinium N+�H
moiety, the hydroxy group, and the water molecule are


formed, as shown in the Figure 6 (top). It should be men-
tioned that the hydrogen atoms bound to the water mole-
cule are disordered and only one of them could be located.
The donor–acceptor bond lengths that contribute to the for-
mation of the self-assembled structure of 2a are given in
Table 3.
Absence of the water molecule in 2b has a dramatic


effect on the coordination environment of the HF2
� ion as


shown in Figure 7. The striking feature of the assembly in
2b is the symmetrical disposition of hydrogen bonds about
the HF2


� ion. Each of the pyridinium N+�H moieties forms
bifurcated hydrogen bonds with two HF2


� ions, which are
related by a mirror plane. Similarly the hydroxy groups of
protonated 2 interact with F1 alone through O�H···F hydro-
gen bonds. The important distinction of the structure of 2b


Figure 4. Solid-state FTIR spectra (KBr) of 2a and 2b showing the differ-
ences in the O�H and the C�H stretching regions.


Figure 5. Packing structures of the two polymorphs, 2a (left) and 2b
(right) viewed along the crystallographic c axis.


Figure 6. Top: Cooperative chain of hydrogen bonds in 2a involving the
HF2


� ion, the pyridinium N+�H moiety, the hydroxy group, and the
water molecule. Bottom left: Intermolecular N�H···F and O�H···F hydro-
gen-bonding interactions in 2a involving the hydroxy groups, the pyri-
ACHTUNGTRENNUNGdinium ion of 2, and the HF2


� ion (shown as red broken lines) and water.
Bottom right: Weak aromatic C�H···p interactions.


Table 3. Hydrogen bond geometry [distances in I, angles in 8] for com-
pound 2a.


D�H···A d ACHTUNGTRENNUNG(D�H) d ACHTUNGTRENNUNG(H···A) d ACHTUNGTRENNUNG(D···A) aD�H···A
F2�H···F1 1.02 1.26 2.358 158.7
N1�H···F1 0.95 1.73 2.656 161.9
O2�H···F2[a] 0.87 1.98 2.749 148.6
O1�H···O3[b] 0.88 1.96 2.729 145.3
O3�H···F1[c] 0.80 1.57 2.355 167.6


[a] Symmetry transformation: �x+1, y+0.5, �z+0.5. [b] Symmetry
transformation: x, y�1, z. [c] Symmetry transformation: �x+1, y+0.5,
�z+0.5.
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compared to that of either 1a or 2a is the presence of an
edge-to-face approach (synthon II) of the pyridinium ring to
the aromatic ring of the 2,6-dimethylphenol units. The cen-
troid···centroid distance in this case is 3.563 I, and the ge-
ometry is apparently stabilized by two aromatic C�H···p in-
teractions as shown in Figure 7. In the case of 1a and 2a the
aromatic C�H···p interactions involving an end-to-face ap-
proach result in the T-shaped geometry (synthon I). The
donor–acceptor bond lengths and angles in 2b are listed in
Table 4. The synthons I and II have been identified earlier
in organic systems[3] and different terminology has been


used to represent them. For example alternative names for
synthon I are point-to-face or T-shape aromatic C�H····p in-
teraction and for synthon II, L-shape aromatic p interac-
tions. However, since the orbital overlaps in these cases are
between hydrogen and p-clouds and direction oriented, we
prefer to refer to synthon I as having end–face and syn-
ACHTUNGTRENNUNGthon II as having edge–face C�H····p interactions.
To rationalize the effect of the pyridinium ion on the oc-


currence of aromatic C�H···p interactions, we studied the
crystal structure of the analogous 4-[bis-(4-hydroxy-3,5-di-
methyl-phenyl)]methylanilinium difluoride, 3a. The com-
pound 3a crystallizes as pink needles (space group P1̄) from
aqueous methanol containing hydrogen fluoride. In this
compound, the HF2


� ion is extensively hydrogen bonded to
five protonated molecules of 3 (Figure 8), and is character-
ized by a short F···F distance of 2.195(3) I relative to the
anion of 1a described earlier.[32] It is held in the lattice
through three hydrogen bonds involving O1�H, O2�H and
N+�H as donors and F1 as the acceptor. A weak C�H···O
interaction (dACHTUNGTRENNUNG(C···O) 3.348 I, a 159.78) between the hydro-
gen atom of the methyl group and O2�H is observed; pre-
sumably, this interaction acts in a cooperative manner to in-
crease the stability of the cyclic hexameric network of hy-
drogen bonds in the structure. Another hydrogen-bonding
interaction involving the N+�H group as a donor and the
F2 of the HF2


� ion as an acceptor is also observed (dACHTUNGTRENNUNG(N···F2)
2.736 I, a 168.98). In this case, the N�H···F interaction is
probably more electrostatic in nature, as expected in systems
involving charged anions. These interactions lead to a cyclic
hydrogen-bonded hexamer (synthon III) as shown in
Figure 8. The donor–acceptor bond lengths and angles are
listed in Table 5. To the best of our knowledge this is the
first observation of the HF2


� ion being involved in a cyclic
hexameric system of hydrogen bonds. However, in this case
C�H···p interactions are not observed,[41–43] presumably be-
cause the activating effect of the �NH3


+ ion is not extended
into the aromatic ring system. Nonetheless N�H···p interac-
tions are reported in the inclusion compound of 3 with tol-
uene.[30]


Conclusion


In conclusion, we have been able to show through crystallo-
graphic analysis that C�H···p interactions involving weakly


Figure 7. Top: Two-dimensional sheets in 2b, in which the HF2
� ion is


symmetrically bonded to the hydroxy groups of the phenol and the pyri-
dinium N+�H groups. Bottom left: Intermolecular N�H···F and O�H···F
hydrogen bonding in 2b. Bottom right: Aromatic C�H···p interactions
between the pyridinium bisphenol molecules.


Table 4. Hydrogen bond geometry [distances in I, angles in 8] for com-
pound 2b.


D�H···A d ACHTUNGTRENNUNG(D�H) dACHTUNGTRENNUNG(H···A) dACHTUNGTRENNUNG(D···A) aD�H···A
F1�H···F2 0.97 1.26 2.234 171.6
N1�H···F2 0.85 1.87 2.649 151.4
N1�H···F2[a] 0.86 2.34 2.891 122.6
O1�H··· F1[b] 0.89 1.74 2.596 157.2
O2�H···F1[c] 0.87 1.89 2.729 160.4


[a] Symmetry transformation: �x+1, �y+1, �z. [b] Symmetry transfor-
mation: �x+2.5, y�0.5, �z+0.5. [c] Symmetry transformation: x, y�1,
z.


www.chemeurj.org @ 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 4994 – 50004998


J. B. Baruah and R. J. Sarma



www.chemeurj.org





acidic C�H groups are crucial factors in determining molec-
ular self-assembly in the solid-state. From the study it tran-
spires that these interactions are effective in the presence of
water, and manifests itself in two distinct geometries. One of


them corresponds to an end–face approach of the aromatic
rings, while the other invokes an edge–face approach, both
of which were observed in the two polymorphic forms of 4-
[(4-hydroxy-3,5-dimethylphenyl)]methylpyridinium difluo-
ACHTUNGTRENNUNGride. The ability to recognize these two distinct geometries
for the C�H···p interactions in the two polymorphs 2a and
2b provides a new dimension to the understanding of weak
intermolecular interactions in self-assembly, vis-M-vis in mo-
lecular recognition. The compound 3a self-assembles
through the formation of hydrogen-bonded cyclic hexamers
and is in fact an important supramolecular synthon; howev-
er C�H···p interactions are not observed in this structure.


Experimental Section


The compounds 1–3 were prepared by a reported procedure[31,44] and the
corresponding difluoride salts were obtained from aqueous methanol
containing hydrofluoric acid. The difluoride salts of 1–3 were prepared
by adding a solution of the parent compound (0.5 mmol) in methanol
(0.5 mL) into an aqueous HF (45%, 0.5 mL); the product could be subse-
quently obtained as a crystalline solid. Compound 2a was prepared by
adding a warm solution of 2 (0.17 g, 0.5 mmol) in methanol (0.5 mL;
~458C) to hydrofluoric acid (45%, 0.5 mL; 10–158C). This on standing
led to formation of 2a as white crystalline solid. Compound 2b was pre-
pared by slow diffusion of a solution of 2 in methanol into hydrofluoric
acid. For this purpose the solution of 2 (0.17 g, 0.5 mmol) in methanol
(0.5 mL) was placed in a tube with a capillary end. This tube was placed
in a solution of aqueous hydrofluoric acid (45%, 0.5 mL). Slow diffusion
took place and on standing for two days resulted in the formation of 2b
in crystalline form. The crystals were collected and the structure was de-
termined.


The X-ray data were collected at 296 K with MoKa radiation (l=
0.71073 I) by using a Bruker Nonius SMART CCD diffractometer
equipped with graphite monochromator. The SMART software was used
for data collection and also for indexing the reflections and determining
the unit cell parameters; the collected data were integrated by using
SAINT software. The structures were solved by direct methods and re-
fined by full-matrix least-squares calculations by using SHELXTL soft-
ware. All the non-hydrogen atoms were refined in the anisotropic ap-
proximation against F2 of all reflections. The hydrogen atoms, except
those attached to N, O, and F were placed at their calculated positions
and refined in the isotropic approximation; those attached to hetero-
ACHTUNGTRENNUNGatoms (N, O, and F) were located in the difference Fourier maps, and re-
fined with isotropic displacement coefficients. Crystal parameters for the
compounds reported here are as follows:


Compound 1: Pale yellow (0.38P0.32P0.21 mm3); C22H23NO2; Mr=


333.41; triclinic P1̄; a=8.9105(4), b=9.9939(6), c=11.8570(6) I; a=


113.398(3), b=101.408(3), g=103.448(3)8 ; Z=2; V=891.29(8) I3;
1calcd=1.242 Mgm


�3 ; m ACHTUNGTRENNUNG(MoKa)=0.079 mm
�1; Goof=1.025; final R1=


0.0482 for 5060 reflections with I>2s(I); R1=0.0754, wR2=0.1452 for
all data.


Compound 1a : Colorless (0.43P0.30P0.23 mm3); C22H25NO2F2; Mr=


373.43; monoclinic P21/n ; a=8.4962(18), b=15.598(4), c=15.013(3) I;
b=105.997(13)8 ; Z=4; V=1912.6(7) I3; 1calcd=1.297 Mgm�3 ; mACHTUNGTRENNUNG(MoKa)=
0.095 mm�1; Goof=1.035; final R1=0.0557 for 5775 reflections with I>
2s(I); R1=0.0929, wR2=0.1768 for all 25637 reflections.


Compound 2a : Colorless plates (0.45P0.25P0.23 mm3); C22H27NO3F2;
Mr=391.45; monoclinic P21/c ; a=9.1686(14), b=15.999(3), c=
14.899(2) I; b=107.603(9)8 ; Z=4; V=2083.2(5) I3; 1calcd=


1.248 Mgm�3 ; m ACHTUNGTRENNUNG(MoKa)=0.094 mm
�1; Goof=0.933; final R1=0.0512 for


5552 reflections with I>2s(I); R1=0.0926, wR2=0.1688 for all 17436 re-
flections.


Figure 8. Top: Intermolecular N�H···F and O�H···F hydrogen-bonding
between the hydroxy, the anilinium groups, and the HF2


� ion leading to
cyclic hydrogen bonded hexamers; weak C�H···O interactions in 3a are
shown. Bottom: Two-dimensional hydrogen-bonded assembly in 3a incor-
porating synthon III.


Table 5. Hydrogen bond geometry [distances in I, angles in 8] for com-
pound 3a.


D�H···A d ACHTUNGTRENNUNG(D�H) dACHTUNGTRENNUNG(H···A) d ACHTUNGTRENNUNG(D···A) aD�H···A
F1�H···F2 0.98 1.25 2.195 158.2
N1�H···F2[a] 0.93 1.71 2.736 168.9
N1�H···F1[b] 1.03 1.64 2.678 173.5
N1�H···O1[c] 0.94 2.15 3.064 164.1
O1�H···F1[d] 0.81 2.22 2.942 144.4
O2�H···F1[e] 0.93 1.99 2.669 127.6


[a] Symmetry transformation: �x+2, �y+1, �z+1. [b] Symmetry trans-
formation: �x+1, �y+1, �z+1. [c] Symmetry transformation: �x+1,
�y+2, �z+1. [d] Symmetry transformation: �x+1, �y+2, �z+1.
[e] Symmetry transformation: x, y, z+1.
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Compound 2b : Light pink (0.56P0.35P0.30 mm3); C22H25NO2F2; Mr=


373.43; monoclinic P21/n ; a=8.7837(16), b=14.931(3), c=15.672(3) I;
b=102.987(11)8 ; Z=4; V=2002.8(7) I3; 1calcd=1.238 Mgm�3 ; mACHTUNGTRENNUNG(MoKa)=
0.089 mm�1; Goof=1.020; final R1=0.0591 for 5215 reflections with I>
2s(I); R1=0.1031, wR2=0.1649 for all 19588 reflections.


Compound 3a : Pink (0.80P0.31P0.09 mm3); C23H27NO2F2; Mr=387.46;
triclinic P1̄; a=5.4090(3), b=13.6451(9), c=15.2259(10) I; a=67.573(4),
b=89.159(4), g=85.682(4)8 ; Z=2; V=1035.70(11) I3; 1calcd=


1.242 Mgm�3 ; m ACHTUNGTRENNUNG(MoKa)=0.09 mm
�1; Goof=1.045 ; final R1=0.0621 for


3931 reflections with I>2s(I); R1=0.0741, wR2=0.1818 for all 9597 re-
flections.


CCDC-291996–292000 (1, 1a, 2a, 2b, 3a) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Introduction


Transition-metal-catalyzed enantioselective hydrogenation
has been established as one of the most popular reactions
for the synthesis of optically active compounds in both aca-
demic and industrial environments.[1] In particular chiral li-


gands bearing a trivalent phosphorus ligating atom for
“soft” metals like rhodium(i), ruthenium(ii), or iridium(i)
play a pivotal role in this area.[2] Over the last 35 years a tre-
mendous number of phosphorus ligands have been de-
ACHTUNGTRENNUNGscribed for this purpose. While significant progress has been
made in finding new ligand motifs, there remains a lack of a
fundamental understanding of how the enantioselectivity
can be controlled.


Enantioselectivity is the result of several factors. Besides
reaction conditions, geometric or/and electronic parameters
of ligands and catalysts play a pivotal role. A literature
survey revealed that different aspects have been addressed
in the last years. Achiwa was one of the first who suggested
that electron-rich phosphines could be an important requi-
site for achieving high enantioselectivity (respective control
concept).[3] In agreement with this assumption, RajanBabu
and co-workers observed enhanced enantioselectivities in
the Rh-catalyzed hydrogenation of a-acetamido acrylates
with sugar-derived diarylphosphinites as ligands bearing
electron-donating groups in meta or para position.[4] Howev-
er, in strong contrast, Bakos et al.[5a] and some of us[5b] found
with rhodium complexes derived from C2-symmetric 1,3-
bisphosphine ligands that the hydrogenation of itaconic acid
and its dimethyl ester takes benefit from catalysts bearing P
ligands with electron-withdrawing groups.


Abstract: A set of 16 new and closely
related bisphospholane ligands have
been prepared by using a highly flexi-
ble and convergent approach. Each
synthesis can be performed on an in-
dustrially relevant scale. The bisphos-
phines differ in the nature of the
bridge connecting both phospholane
units. Bridges are formed by three-,
four-, five- and six-membered heterocy-
clic or alicyclic rings. Bisphospholanes
and their Rh-precatalysts have been in-


vestigated by using results of theoreti-
cal calculations (DFT) and analytic
measurements (31P and 103Rh NMR
spectros ACHTUNGTRENNUNGcopy, X-ray structure analysis).
The studies showed that catalysts based
on ligands with maleic anhydride or


male ACHTUNGTRENNUNGimide bridges give constantly su-
perior enantioselectivities in methanol
as the solvent. This may account for
optimised steric and electronic effects.
However, by changing the solvent cata-
lysts with other backbones can give rise
to excellent results. This gives proof
that simple correlations between steric
and electronic properties and results in
the enantioselective hydrogenation fre-
quently claimed in literature are not
general.
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hydrogenation · phosphane ligands ·
rhodium
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Several efforts were also made to find correlations be-
tween geometric features in the catalysts and enantioselec-
tivity. From the stereochemical point of view the quadrant
diagram model is one of the best known concepts.[6] In this
model, occupied and vacant quadrants indicate areas of
maximum and miminum repulsive interactions between
parts of the catalysts and the prochiral substrate. Provided
that the mechanism of the hydrogenation reaction is
known,[6c] this model may help to predict the dominant con-
figuration in the product. Derived from the theory of metal-
catalyzed regioselective C�C coupling reactions, van Leeu-
wen and co-workers stressed the importance of a natural
bite angle P-Rh-P of 85–958 for efficient enantiodiscrimina-
tion in hydrogenation reactions.[7] A practical example of
geometric fine-tuning of the catalyst was provided by Zhang
et al. with the discovery of the tunephos (tunephos=
(R)-(6,6’-O-(1,3-alkylene)oxylbiphenyl-2,2’-diyl)bis(diphenyl)-
phosphine) family.[8] This allowed the selection among six
electronically similar ligands, but with different dihedral
angles for the efficient hydrogenation of b-keto esters.[8a]


Later on GenÞt et al. gave proof that this transformation
may be also run by electronic effects.[9] Thus, a binap-type
(binap= (1,1’-binaphthalene)-2,2’-diylbis(diphenylphosphine))
ligand with enhanced p-acidic character on the phosphorus
atom, but constant dihedral angle (e.g., 4,4’-bis(2,2-difluoro-
1,3-benzodioxol)-5,5’-diyl]bis(diphenylphosphine)=difluor-
phos) was found to be superior. Recently, in extending the
quadrant diagram model Saito et al. developed a mathemati-
cal approach, in which atoms or groups that can impact
enantioselectivity were localized in a three-dimensional
space.[10] The idea was advocated that broad mapping of cat-
alysts and identification of so-called “sweet spots” could be
helpful to find most effective catalysts for the hydrogenation
of a particular substrate.


Currently, the realization of this demand is hampered by
some serious problems: thus, up to now the synthesis of
chiral P ligands is mainly governed by synthetic limitations.
Therefore, a vast number of strongly varying ligand motifs
has been described in the literature,[2] but families covering
a large set of closely related ligands are very scarce (excep-
tions are for example, permutations of binap[11] and 1-[2-(di-
phenylphosphino)ferrocenyl]ethyldicyclohexylphosphine (jo-
siphos).[12] Only a few such related ligands required for
broad testing are commercially available. In addition, only a
small number of P ligands and their metal complexes have
been comprehensively characterized in terms of steric and
electronic properties.


One of the most prominent bisphosphine ligands for
enantioselective hydrogenation is the bisphospholane
duphos (duphos=1,2-bis(phospholano)benzene), which was
developed by Burk based on AchiwaPs idea to create an
electron-rich bisphosphine.[13] This ligand and the related
bis ACHTUNGTRENNUNGphospholane BPE (BPE=1,2-bis(phospholano)ethane)
were successfully applied for the reduction of a broad range
of prochiral olefins and ketones.[13,14] Now, duphos is used
on an industrial scale.[15] Moreover, the ligand could also be
advantageously employed in other enantioselective catalytic


reactions.[16] These unique features have stimulated several
groups to construct other chiral phospholanes[17,18] or related
saturated P heterocycles with varying ring sizes, such as
phosphetanes,[19] and phosphinanes.[20]


From industrial as well from academic points of view
there are some serious problems connected with the em-
ployment of this ligand type. The main drawback is the tra-
ditional and commonly used synthesis first suggested by
Burk based on the double nucleophilic substitution of a
chiral cyclic sulfate by two primary phosphine groups
ACHTUNGTRENNUNG(Scheme 1a).[13] This methodology is restricted to accessible


primary phosphines as starting material. Unfortunately,
most primary phosphines are quite expensive. In addition,
strong bases are required for the generation of the nucleo-
philic phosphide anion[21] that may interfere with other func-
tional groups in the molecule. Due to these reasons the
number of synthetically feasible permutations is rather limit-
ed.


Due to the restricted selection of required bisphosphines
a stepwise variation of the steric and electronic properties of
the bridge connecting both phospholane units is difficult to
achieve. In addition, structural modifications, for example,
in the bridge, typically 1,2-phenylene,[22] may break the C2


symmetry of the ligand, commonly considered as a precon-
dition for high stereodiscriminating ability of bisphospho-
lanes catalysts. The amount of structural modifications pub-
lished up to now has lead to dramatic differences in the
physical properties of these ligands (geometry, polarity).
Moreover, only a few of them are commercially available.[23]


Therefore, until now comprehensive testing and reliable
comparisons of catalytic properties were not possible.


Recently, we discovered an alternative process to access a
chiral bisphospholane ligand based on the reaction of 2,3-di-
chloromaleic anhydride with a trimethylsilylphospholane
(TMS-phospholane; Scheme 1b).[24] The new ligand, now al-
ready commercialized, gives enhanced selectivities over Me-
duphos (Me-duphos=1,2-bis(2,5-dimethylphospholano)ben-
zene) in several Rh-catalyzed enantioselective hydrogena-
tion applications.[25,26] Herein, we show that through certain


Scheme 1. Different pathways for the construction of chiral bisphospho-
lanes.
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modifications this synthetic approach can be easily scaled
up. Moreover, it establishs one of the most comprehensive
sets of closely related P ligands.[27]


For the design of ligands we were inspired by the idea of
creating a selection of bisphospholanes with different C=C�
P angles (g ; type 1) and varying alkyl groups on the phos-
pholane ring (type 2), respectively (Figure 1).


Different C=C�P angles g


can be easily adjusted by the
variation of the angle b. The
size of the latter should be di-
rectly proportional to the size
of the ring. These parameters
determine the magnitude of the
bite angle a at the rhodium
center as well as the length of
the Rh�P bond (d). The latter
should be also dependent on
the basicity of the ligating phos-
phorus atom. It is reasonable to
assume that an increase of the
bite angle and a shortening of
the Rh�P bond corresponds to
a decrease of the distance be-
tween the catalytic center and
ligand backbone. This should


therefore affect the strength of the repulsive interactions be-
tween catalyst and prochiral substrate. Further and more
subtle permutations of geometric and electronic parameters
can be achieved by replacement of single atoms in bridges
of the same ring size.


Results and Discussion


Synthesis of ligands : An important reaction in our conver-
gent approach is the coupling of 2,5-dialkyl-1-trimethylsilyl-
phospholanes with activated 1,2-dichlorides. We had to
modify several steps of our originally reported route[24,28] for
broader applicability, safety issues, and commercial scale-up.


Laboratory-scale synthesis of TMS-phospholanes 4a,b : Our
recently reported approach was based on the synthesis of
trimethylsilylphospholane 4a starting from tris(trimethylsi-
lyl)phosphine (Scheme 2).[24] The latter was synthesized by
the condensation of piperidine with PCl3


[29] and a subse-
quent reaction of the product with chlorotrimethylsilane in
the presence of lithium as a strong base.[30a] The major draw-
back of this procedure is the availability of appropriate lithi-
um powder on a commercial scale. Unfortunately, we did
not succeed in an alternative approach by using granulated
lithium. However, PACHTUNGTRENNUNG(SiMe3)3 could be successfully synthe-
sized from a procedure noted in literature by using red
phosphorus and sodium/potassium alloy for the formation of
sodium/potassium phosphide followed by the addition of
chlorotrimethylsilane.[30b] The product was obtained in 60%
yield. This step could be scaled up to 1 mol.


An amount of 150 g of P ACHTUNGTRENNUNG(SiMe3)3 was used for the further
trials. This reacts easily with chiral sulfates 3a,b to afford
TMS-phospholanes 4a,b in good yields. Both compounds
proved to be remarkably stable reagents. The pyrophoric
phospholanes could be distilled and stored under argon for
several months without any tendency to decompose or epi-
merize. For safety issues the compounds were diluted with
THF to 50% and 20%.


Scale-up synthesis of TMS-phospholane 4a and preparation
of bisphospholanes : To provide the material on a commer-
cial scale we developed an alternative synthesis for 4a,
avoiding the hazardous sodium/potassium alloy and the use
of the chiral cyclic sulfate 3a, which is part of a patent
claim.[28] First we tried the synthesis of phenylphospholane 6
by the reaction of (S,S)-2,5-hexanediolbismesylate (5) and
phenylphosphine in the presence of a strong base as report-
ed by Burk[13a,b] and Wilson,[31] respectively (Scheme 3). This


procedure gave fast access to chiral 2,5-dimethyl-1-phenyl-
phospholane (6) in 76% yield and could also be used for
laboratory-scale experiments. However, due to the high raw-
material costs and the handling of flammable and highly vol-
atile phenylphosphine, the step was difficult to scale up. We
found dichlorophenylphosphine as a more suitable starting
material; however, the required halogen–lithium exchange
in PhPCl2 is a potential safety risk during scale up. The en-
thalpy (DH) of the strongly exothermic reaction was deter-
mined to be �195 kcalmol�1. Therefore, the temperature


Figure 1. Tunable properties of
Rh catalysts with bisphospho-
lane ligands of type 1 (varia-
tion of the bite angle a) and 2
(variation of R); (d=distance
P�Rh).


Scheme 2. Small-scale synthesis of TMS-phospholanes 4a,b.


Scheme 3. Alternative syntheses of 2,5-dimethyl-1-phenylphospholane 6.
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during the addition of lithium should be carefully controlled
(<20 8C). Best results were obtained by exchanging the sol-
vent from THF to DME 1 h after the addition. Then the
mixture was refluxed for 5 h. The excess lithium was re-
moved by filtration. Subsequently, bismesylate 5 was added
to the solution at low temperature (DH=�160 kcalmol�1!).
Pure (R,R)-2,5-dimethyl-1-phenylphospholane (6) was iso-
lated with 51% overall yield after distillation.


The next synthetic step relied on the ability to cleave the
P�Ph bond, while avoiding epimerization of the chiral cen-
ters. Burk et al. found that the quality of lithium and the ep-
imerization rate were related.[13a,b] They observed the forma-
tion of up to 40–50% of the meso compound. In our pre-
liminary experiments we could obtain the TMS-phospholane
4a in a 4:1 chiral/meso ratio.[24] However, this mixture is not
suitable for an industrial approach. After careful modifica-
tion of reaction conditions, we were able to reduce the for-
mation of compound meso-4a to below 13% as well as the
formation of the undesired secondary phospholane 7
(Table 1). Stirring of lithium in THF for 1 h before starting


the cleavage gave the best results. Under optimized condi-
tions 4a was obtained in 51% yield and >95% purity after
distillation on a multigram scale.


Subsequent reaction of 2,5-dimethyl- or 2,5-diethyl-TMS-
phospholanes 4a,b with a series of dichlorides 8a–n yielded
the desired bisphospholanes 1a–n and 2a,b bearing three-,
four-, five-, and six-membered hetero- or carbocycles as
bridges (Scheme 4). Most of the required dichlorides are
commercially available or could be synthesized in a few
steps by means of known procedures. Based on this ap-
proach, one of the most comprehensive library of chiral bis-
ACHTUNGTRENNUNGphosphine ligands covering 16 closely related compounds
could be prepared.


Synthesis of Rh complexes and characterization of ligands
and precatalysts : Cationic Rh complexes of the type [Rh-
ACHTUNGTRENNUNG(cod)(bisphospholane)]BF4 (cod=cyclooctadiene) were pre-
pared by reaction of the bisphosphines with [Rh ACHTUNGTRENNUNG(cod)2]BF4.
Remarkably, ligand 1a did not give a uniform complex. In
the NMR spectra various species were observed. Due to our
unique construction principle, with the exception of ligands
of type 2, all variations are dependent on the nature of the
backbone bridge. To quantify these differences, the bisphos-
pholanes and corresponding RhACHTUNGTRENNUNG(cod) complexes were opti-
mized at the B3LYP level of density functional theory with
the LANL2DZ basis set as implemented in the Gaussian98
program.[32] As clearly shown in Figure 2, which details data
of most typical complexes based on ligands of type 1, a de-
crease of the ring size (following the order six-, five-, four-,
and three-membered rings) corresponds to a larger C=C�P


Table 1. Cleavage of P�Ph bond in 6 with lithium.


Li
[equiv]


T
[8C]


t
[h]


6
[%][a]


4a
[%][a]


meso-4a
[%][a]


7
[%][a]


Other pro-
ducts[b] [%][a]


1 4 23 4 54 25 3 9 9
2 8 23 2 12 52 12 9 15
3[c] 4 23 4 0 65 6 9 18
4[c] 8 50 2 0 65 6 19 10
5[c] 3 50 4 0 72 8 2 18
6[c] 3 50 3 0 71 11 7 11
7[c,d] 4 23 4 73 5 1 6 15
8[c,e] 4 50 3 0 78 8 0 14
9[c,f] 4 50 3 21 51 5 10 13


[a] Determined by 31P NMR spectroscopy in [D8]THF. [b] Phosphine
oxides, P�P coupling products etc. [c] Li was stirred for 1 h in THF
before the reaction was initiated. [d] With two equivalents of DMPU.
[e] With two equivalents of TMEDA. [f] With two equivalents of NMP.


Scheme 4. Convergent approach to the synthesis of chiral bisphospho-
lanes.


Figure 2. Calculated correlation between C=C�P angle (g) and natural
bite angle (a) of selected bisphospholanes of type 1 and their cationic
[Rh ACHTUNGTRENNUNG(cod)(bisphospholane)]+ complexes with different backbones.
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angle. Simultaneously, the natural bite angle P�Rh�P angle
increases. The largest difference is 3.88 (complexes derived
from 1a and 1n). Apparently, due to the extremely large C=
C�P angle of the bisphospholane with the three-membered
backbone ring in 1a, this ligand tends more to form bridged
dinuclear or polymeric Rh species instead of the desired
mononuclear complex (vide supra). Within the five-mem-
bered ring series, replacing the oxygen atom with nitrogen
and carbon decreases the bite angle. This is clearly due to
an increase in the radii of the concerned atom. The complex
derived from ligand 1 l is unique and can be explained by
the large atomic radius of sulfur (element of the second row
of the periodic table).


Crystals suitable for X-ray analysis were obtained by slow
diffusion of diethyl ether into a concentrated solution of the
rhodium complexes in CH2Cl2.


[33] X-ray single-crystal struc-
tural analyses established the structures of the cations as
shown in Figure 3; selected bond lengths and intramolecular


angles are given in the legend. Experimentally determined
angles correlate well with the calculated values.


Recently a discussion on which substituents on 2,5-di-
methyl-phospholane rings are responsible for the high ste-
ACHTUNGTRENNUNGreodiscriminating ability of the corresponding Rh catalysts
has been debated in the literature. In Rh–duphos complexes
this feature was attributed to the bulky alkyl groups.[13d,34,35]


In contrast, Orpen and Pringle found that with a related Pt
complex, bearing a ligand in which both phospholane units
were connected by a 1,2-trans-cyclopentane bridge, the ax-
ially placed hydrogen atom in a’-position to the phosphorus
atom rather than the equatorial a-methyl group dominates
the critical diastereofacial repulsive interaction with the pro-
chiral substrate.[36, 37]


We have investigated this aspect in our Rh precatalysts.
Inspection of the X-ray structure analyses of Rh complexes
bearing ligands with planar five-membered-ring backbone
bridges (Figure 3) show that the phospholane units adopt a
half-chair conformation. All methyl groups are fixed in
equatorial positions. Density functional theory (DFT) calcu-


lations were performed to iden-
tify atomic groups or single
atoms that could be attributed
to maximal repulsive interac-
tions with a metal-coordinated
substrate. In particular, the dis-
tance between the highest lo-
cated hydrogen atom of the
methyl group and the plane
hosting both P atoms (Figure 4,
distance a) and the distance of
a relevant axially situated hy-
drogen atom connected with
the phospholane ring (distance
b) were compared. In all instan-
ces one of the hydrogen atoms
of the (free-rotating) methyl
groups projects more strongly
out of the plane than the rele-
vant ring hydrogen atom
(Table 2). Therefore, the quad-
rant model attributing vacant


and occupied diagonal quadrants can be depicted as shown
in Figure 4c.


Figure 3. a)–c) Crystal structures of cationic complexes of the type [Rh ACHTUNGTRENNUNG(cod)(bisphospholane)]BF4 based on li-
gands 1d, 1e, and 1k, respectively. Hydrogen atoms as well as BF4 anions have been omitted for clarity. The
thermal ellipsoids correspond to 30% probability. The bite angles (a) are 87.04(5)8 for 1d, 86.30(5)8 for 1e,
and 85.98(5)8 for 1k. Other interatomic distances (U) and selected intramolecular angles (8) for a) [Rh ACHTUNGTRENNUNG(cod)-
ACHTUNGTRENNUNG(1d)]+ : Rh1�P1=2.275(1), Rh1�P2=2.284(1), C=C�P1=119.2(4), C=C�P2=119.8(4); dihedral angle P�C=
C�P=8.2. b) [Rh ACHTUNGTRENNUNG(cod) ACHTUNGTRENNUNG(1e)]+ : Rh1�P1=2.276(2), Rh1�P2=2.292(2), C=C�P1=118.5(6), C=C�P2=121.2(6);
dihedral angle P�C=C�P=4.0. c) [Rh ACHTUNGTRENNUNG(cod) ACHTUNGTRENNUNG(1k)]+ : Rh1�P1=2.258(2), Rh1�P2=2.260(2), C=C�P1=117.9(3),
C=C�P2=119.0(3); dihedral angle P�C=C�P=2.3.


Figure 4. Methyl groups versus hydrogen atoms as stereodiscriminators a) top view (arrows indicate relevant H atoms); b) side view; c) quadrant model
for the C2-symmetric Rh complex.
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It is interesting to note, that the difference in length be-
tween a and b becomes smaller (in total by ca. 15%) in the
order of three-, four-, five-, and six-membered-ring back-
bones. In other words, based on purely steric reasons it is
justified to assume that the intrinsic stereodiscriminating
power of Rh complexes with small backbone rings should
be superior in comparison to catalysts with a larger back-
bone ring. The Rh complex derived from ligand (1m) bear-
ing the hexafluorocyclopentene bridge also fits in the quad-
rant model depicted in Figure 4c, albeit the partially saturat-
ed ring adopts an envelope confirmation. Evidently, all Rh–
bisphospholane complexes in which an ethylene bridge con-
nects both phospholane units owe their intrinsic stereodiscri-
minating ability to the a-methyl groups. Only a trans-substi-
tution pattern (e.g., caused by a fully saturated cyclopentane
backbone as investigated by Orpen and Pringle[36a]) may
give rise to a reversed steric arrangement. As a result, rele-
vant axial a’-H atoms can become dominant in this respect.


Our calculations also reveal that the distance between the
rhodium center and the C atoms of the methyl groups is
largest with complexes based on ligands bearing small back-
bone rings. This can be easily explained by a widening of
the bite angle. In terms of the quadrant model, our results
can be summarized in the following way: catalysts discussed
herein with a small bite angle offer the prochiral substrate
rather “narrow” repulsive interactions caused by both
methyl groups (Figure 5a). Their stereodifferentiating poten-


tial may be low due to less pronounced differences in the
geometric position of competing atoms and atomic groups
(methyl groups vs. H atoms). In contrast, catalysts with a
large bite angle should have a larger stereodifferentiating
potential. The decisive stereodifferenting methyl groups are
remote, hence a maximal stereodifferentiating interaction
with a prochiral substrate should be expected (Figure 5b).


For the characterization of the s-donor properties of
phosphines, the comparison of phosphorus–selenium cou-
pling constants JACHTUNGTRENNUNG(77Se,31P) has been suggested.[38] In general,
the higher the magnitude of the coupling constant the
higher the s character of the phosphorus lone-pair orbital
and therefore the lower the basicity. A high basicity of the
phosphine causes high electron density on the rhodium. This
effect will strengthen the interactions between the occupied
d orbital of the rhodium and the s* orbital of the hydrogen
molecule, which is important in the overall reaction steps.[3]


Moreover, it supports the complexation of the prochiral ole-
finic substrate due to enhanced transfer of electron density
from the metal d orbitals to the p* orbital of the olefin (p-
back-bonding). More tightly bound p substrates should lead
to shorter metal–substrate bond lengths and thus result in a
greater stereochemical communication between the chiral
ligand and the substrate.


Selected monoselenides were prepared by treating the bis-
ACHTUNGTRENNUNGphospholanes with one equivalent of elemental selenium in
refluxing chloroform according to Equation (1).


Unfortunately, attempts to prepare the phosphorselenides
of bisphospholane 1 l under standard conditions led to the
decomposition of the phosphine.


In Table 3, the values are in order of decreasing J ACHTUNGTRENNUNG(P,Se)
magnitudes. The largest difference measured for all the bis-
ACHTUNGTRENNUNGphospholane selenides is 68 Hz.[39] Apparently, the J ACHTUNGTRENNUNG(P,Se)


coupling is significantly affected by the size of the C=C�P
angle. Bisphospholane 1a is the poorest and 1n is the stron-
gest s donor. As the calculations of Table 2 show, strong
basic phosphines coordinate with a shorter distance d
(Figure 1) to the rhodium center than their electron-poor
analogues. As expected incorporation of fluorine atoms
(1c,n) increases the value of the coupling constants (ca.
10 Hz) in comparison to the parent dicarbonyl compounds
(1b,d). Replacement of the electron pushing NMe group by
oxygen in the five-membered ring enhances the JACHTUNGTRENNUNG(P,Se) cou-
pling (1e vs. 1d).


Summarizing the trends of electronic and steric effects on
the stereodiscriminating coordination of a prochiral sub-
strate, it can be concluded that these oppose each other.
Thus, Rh complexes bearing ligands with a large stereodif-


Table 2. Computed structural parameters at the B3LYP/LANL2DZ(d)
level.


Ligand a [U] b [U] a�b Rh�C[a] [U] Rh�P (d)[b] [U]


1a 1.645 0.845 0.800 3.9703 2.4283
1b 1.650 0.835 0.815 3.9397 2.4013
1c 1.653 0.902 0.751 3.9445 2.3969
1d 1.645 0.925 0.720 3.8945 2.3821
1e 1.652 0.945 0.707 3.8843 2.3813
1 l 1.667 0.976 0.691 3.8551 2.3708
1k 1.654 0.964 0.690 3.8679 2.3762
1m 1.688 1.106 0.582 3.7835 2.3567


1.759 0.965 0.794 3.8743 2.3643
1n 1.720 1.036 0.684 3.7592 2.3541


[a] Distance between Rh and CH3 group. [b] See Figure 1.


Figure 5. Quadrant models of small a) and large b) bite angle catalysts.


Table 3. J ACHTUNGTRENNUNG(P,Se) coupling constants of selected bisphospholanes.


1a 1c 1b 1m 1d 1e 1n


jJ ACHTUNGTRENNUNG(P,Se) j [Hz][a] 780 771 763 760 750 741 726


[a] Measured in [D]chloroform.
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ferentiating potential bind the prochiral substrate less effec-
tively than Rh complexes with bisphosphine ligands that
have a smaller C=C�P angle, but higher basicity.


For further characterization of the precatalysts, 103Rh
NMR spectra were recorded. It is known that the dACHTUNGTRENNUNG(103Rh)
values for a given array of coordinating atoms are governed
primarily by the coordination geometry, bond angles, and
bond lengths to the rhodium center.[40,41] Thus, all NMR
shifts of [Rh ACHTUNGTRENNUNG(cod)(PP)]+ complex ions, in which PP is a bi-
dentate ligand forming a five-membered metal chelate, fall
in a narrow range that is characterized by compounds such
as [Rh ACHTUNGTRENNUNG(cod) ACHTUNGTRENNUNG(dppe)]ClO4 (dppe=1,2-bis(diphenylphosphi-
no)ethane), d=�505 ppm[41c] or [Rh ACHTUNGTRENNUNG(cod) ACHTUNGTRENNUNG(dipamp)]BF4


(dipamp=1,2-ethanediylbis[(2-methoxyphenyl)phenylphos-
phine]), d=�439 ppm.[42] Calculations for the model com-
pound [Rh ACHTUNGTRENNUNG(acac) ACHTUNGTRENNUNG(PH3)2] (acac=acetyl acetonate) revealed a
minimum for the 103Rh shift at an P-Rh-P angle of approxi-
mately 858 that evidently permits an optimal orbital over-
lap.[41a,b] Any variation of this angle a, in either direction,
immediately leads to an increase (i.e. shift toward higher
frequency) in the d ACHTUNGTRENNUNG(103Rh) value. Taking into account acalcd


of 85.048 (see Figures 1 and 2) it can be concluded that [Rh-
ACHTUNGTRENNUNG(cod) ACHTUNGTRENNUNG(1n)]BF4 with a 103Rh shift of d=�467 ppm represents
an energetic minimum among all investigated precatalysts.
In a series of geometrically closely related complexes the
one with the metal resonance at lowest frequency (lowest d
value) is usually the thermodynamically most stable.[41d]


The Rh�P distance (d) was found to have an even more
pronounced effect on the metal NMR shift. A linear corre-
lation with a coefficient larger than 10000 ppmU�1 emerged
from B@hlPs investigations.[41a,b] In metal chelates, a and d
are strongly dependent on each other (from the calculated
structural data of the complexes presented in Table 2 fol-
lows a=46.909d�25.35 with r2=0.9194). In such terms, the
observed shifts (Table 4) are caused by the increasing ring


strain in the ligand backbone (Figure 2). Consequently,
ligand 1b (based on squaric acid), which forms the complex
with the highest dACHTUNGTRENNUNG(103Rh) value, is also the least stable[41d]


chelate (vide infra).
Remarkably enough, the already discussed J ACHTUNGTRENNUNG(P,Se) cou-


pling constants are also predictive for the steric effects of
the rhodium complexes. The trend is clear-cut: an increasing
jJ ACHTUNGTRENNUNG(P,Se) j is directly related to increasing P�Rh distance d
and also bite angle a. Only the fluorinated system m be-
haves somewhat differently. In this case the electronegativity
of six fluorine atoms might override the otherwise dominant
steric influence.


DFT calculations considering the relative thermodynamic
stability of the interaction between chiral phospholane
ligand and the Rh center support this conclusion. The rela-
tive stability of the complexes has been estimated on the
basis of the ligand exchange reaction, such as Rh ACHTUNGTRENNUNG(1n)+
1d!RhACHTUNGTRENNUNG(1d)+1n and RhACHTUNGTRENNUNG(1d)+1b!Rh ACHTUNGTRENNUNG(1b)+1d. A posi-
tive reaction energy (endothermic) means a disfavored ther-
modynamic trend for ligand exchange, while a negative re-
action energy (exothermic) means a favored thermodynamic
trend for ligand exchange. At the B3LYP/LANL2DZ(D)
level of theory (see Supporting Information for details), the
cationic Rh ACHTUNGTRENNUNG(1n) complex is computed to be 15.9 kcalmol�1


more stable than the complex with the maleic anhydride
backbone (1d). The latter is 5.9 kcalmol�1 more stable than
the Rh complex derived from the squaric acid ligand 1b
(Figure 6).


The differences in stability could be confirmed by a
ligand-exchange experiment (Scheme 5). Thus treatment of
[Rh ACHTUNGTRENNUNG(1b)2]BF4 (31P NMR: d=60.7, JRh-P=130 Hz), which had
been prepared by reaction of [Rh ACHTUNGTRENNUNG(cod)2]BF4 with two equiv-
alents of 1b in CH2Cl2, with one or two equimolar amounts
of bisphospholane 1n afforded a stepwise exchange of the
coordinated ligand. The addition of the first equivalent of
1n liberated one diphospholane 1b and gave rise to a mix-
ture consisting of the mixed ligand complex and the homo-
(1n)2 complex. The mixed ligand complex was characterized
in the 31P NMR spectrum in CD2Cl2 by two double doublets
at d=56.0 (JRh-P=129 Hz, JP-P=22.9 Hz) and 98.0 ppm
(JRh-P=132 Hz). By the addition of a second equivalent of
1n, the bis-homoligand complex [RhACHTUNGTRENNUNG(1n)2]BF4 was formed
which gave a doublet at d=94.7 ppm (JRh-P=130 Hz) in the
31P NMR spectrum.


Results of the enantioselective hydrogenation reactions : The
new precatalysts were tested in the hydrogenation of bench-
mark substrates such as, methyl (Z)-N-acetamido cinna-
mate[43] and dimethyl itaconate, but also b-dehydroamino
acid precursors,[44] in order to assess its stereodiscriminating
ability for a broad range of chiral substituted olefins. Hydro-


Table 4. 103Rh NMR spectra (d) of precatalysts derived from 1.


Rh-1a Rh-1b Rh-1 l Rh-1d Rh-1k Rh-1e Rh-1n
103Rh [ppm][a] – �246 �355 �376 �377 �386 �467


[a] Measured in [D6]acetone.


Figure 6. Calculated stabilities of [Rh ACHTUNGTRENNUNG(cod)(bisphospholane)]+ complexes
based on ligands 1b, 1d, and 1n.
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genations were performed with a molar precatalyst/substrate
ratio of 1:100 at 1 bar hydrogen pressure at 25 8C in CH2Cl2,
THF, and MeOH as solvent.


In Figures 7–12 selected results are listed in order of in-
creasing s-donor capacity of the phospholanes and decreas-
ing bite angle in the precatalyst.[45] In several attempts the
sulfur-containing ligand 1 l blocked the hydrogenation. The
results obtained with ligand 1a varied over a broad range.
Therefore, results were only reported when constant values
were observed within two runs.


In general, differences in the enantioselectivities by up to
Dee=90% were noted. With the same substrate all catalysts
induced the same configuration in the product. Deviations
of the enantioselectivity in the hydrogenation of methyl (Z)-
N-acetamido cinnamate are less pronounced than with di-
methyl itaconate as substrate (Figure 7). Apparently for the
assessment of the intrinsic stereodiscriminating ability of
this type of catalyst dimethyl itaconate as benchmark sub-
strate is better suited than the former. In MeOH or THF as
solvent for most substrates investigated herein, catalysts
with a maleic anhydride or maleimide backbone gave the
best results. Replacement of these ligands by more electron-
deficient or electron-rich phosphines may negatively affect
the enantioselectivity. In CH2Cl2 as solvent these sometimes
dramatic differences are leveled and in general superior
enantioselectivities result. The differences in the level of
enantioselectivity observed when (E)- or (Z)-b-dehydroami-
no acid esters were subjected to the hydrogenation have
been already described (Figures 8 and 9).[24, 44]


In his pioneering work, Burk found that in some cases the
replacement of methyl groups in 2,5-position of the phos-
pholane unit by ethyl groups (Et-duphos=1,2-bis(2,5-dieth-
ylphospholano)benzene) can increase the enantioselectivity
of the hydrogenation.[13d] As shown in Figure 10 this effect
may hold sometimes also for hydrogenations with ligands
considered herein. However, a general tendency can not be
deduced.


As cited in the introduction, electronic fine tuning of li-
gands has been proposed several times as a powerful tool
for the increase of the enantioselectivity of chiral hydroge-
nation catalysts.[4,5,46] Our results observed with nonfluori-
nated and fluorinated ligands show that the reaction can
indeed be significantly influenced by electronic changes in
the backbone of the ligand. However, in general, no clear
correlation such as that found by RajanBabu,[4] Bakos,[5a]


and us[5b] exist in the series of ligands investigated herein
(Figures 11 and 12).


Table 5 summarizes the best results of all 360 hydrogena-
tion runs. The data clearly show that our set of 16 ligands
allows each substrate to find the best conditions. In those in-
stances in which a ligand bearing a maleimide backbone was
identified as the most effective catalysts further fine-tuning
was possible by variation of the N-alkyl group. Further im-
provements could be achieved by variation of the chiral N-
phenylethyl unit (1 i,j) taking benefit from the application of
the matched versus mismatched diastereomeric catalysts. In
general, our results fulfill the recent assertion of Saito et al.
who proposed that each substrate needs its own catalyst.[10]


However, it should be noted that in this model purely steric
reasons have been attributed to play a pivotal role. Our re-


Scheme 5. Ligand exchange reaction due to different complex stabilities.


Figure 7. Results of the enantioselective hydrogenation of methyl (Z)-N-
acetamido cinnamate (top) and dimethyl itaconate (bottom) with ligands
of type 1. Values are listed in order of decreasing bite angle in the preca-
talysts.
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Figure 9. Results of the enantioselective hydrogenation of ethyl (E)-2-
acetamido-3-methylbutenoate (top) and ethyl (Z)-2-acetamido-3-methyl-
butenoate (bottom) with ligands of type 1. Values are listed in order of
decreasing bite angle in the precatalysts.


Figure 10. 2,5-Methyl- versus ethyl-substituted phospholanes as ligands (1d vs. 2a)


Figure 8. Results of the enantioselective hydrogenation of methyl (E)-b-
acetamido acrylate (top) and methyl (Z)-b-acetamido acrylate (bottom)
with ligands of type 1. Values are listed in order of decreasing bite angle
in the precatalysts.
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sults reveal, however, that also electronic effects may be of
significant importance. Sometimes dramatic differences
were noted only by a slight change of the bite angle and/or
the basicity of the ligand. Moreover, by a change of the sol-
vent other catalysts could give rise to superior results.


Conclusion


In conclusion, by a simple and signficantly improved conver-
gent strategy, one of the most comprehensive family of
chiral bisphosphine ligands have been synthesized. This
methodology, which can be easily scaled up for industrial re-
quirements, was used for the construction of closely related
bisphospholanes, differing in the size of the natural bite
angles and s-donor properties of the phosphine. These fea-
tures are caused by three-, four-, five-, and six-membered
heterocyclic or alicyclic rings connecting both phospholane
units. Replacement of methyl groups by ethyl groups in the
phospholane opened up avenues to further modifications.
Bisphospholanes and their Rh precatalysts have been inves-
tigated by means of density functional theory (DFT) calcu-
lations and analytic measurements (31P, 103Rh NMR spectro-
scopy, X-ray structure analysis). The catalytic studies
showed that ligands with maleic anhydride or maleimide
bridges give consistently superior enantioselectivities in
polar solvents. It is reasonable to assume that these Rh com-


Figure 11. Influence of electronic effects on the enantioselective hydroge-
nations with bisphospholanes of type 1 bearing a four-membered back-
bone bridge.


Figure 12. Influence of electronic effects in enantioselective hydrogena-
tions with bisphospholanes of type 1 with a five-membered backbone
bridge.


Table 5. Best results of all hydrogenations.


Substrate


R1 R2 R3 R4 Ligand Solvent ee [%]


COOMe NHAc H Ph 2b THF 99.0
CH2COOMe COOMe H H 1e CH2Cl2 99.1
COOMe H Me NHAc 1e CH2Cl2 98.6
H COOMe Me NHAc 1b CH2Cl2 93.6
COOBn H Me NHAc 1b CH2Cl2 99.5
H COOBn Me NHAc 1d MeOH 89.9
COOEt H iPr NHAc 1d CH2Cl2 99.7
H COOEt iPr NHAc 1j CH2Cl2 89.6
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plexes represent unique structures among the whole family
of catalysts tested for which opposite trends of beneficial
geometric and electronic effects are optimum. Interestingly,
these precatalysts are not thermodynamically the most
stable ones. By changing the solvent, other catalysts could
provide superior results. It seems that simple steric or elec-
tronic models are limited in the prediction of enantioselec-
tivities. They are not able to describe the complexity of
enantioselective hydrogenation reactions. Evidently, correla-
tions between geometric or electronic parameters in ligands
and precatalysts, respectively, and hydrogenation results, fre-
quently quoted in the literature and derived from small sets
of ligands and reactions conditions, are not general. They
can be easily overridden by other effects (e.g. solvent ef-
fects). At the current level of investigations a combination
of a large family of related and scalable ligands with the fa-
cility of high through-put screening[47] seems to be the best
guarantee for the fast identification of most effective hydro-
genation conditions. This precondition is fulfilled by the new
and large family of tuneable bisphospholanes described
herein. Further work will address the functionalization of
appropriate ligands for reactions under multiphase condi-
tions and the ongoing search for relationships between the
structure of catalysts or catalytic intermediates and the re-
sults in enantioselective hydrogenation.


Experimental Section


Solvents were dried and freshly distilled under argon before use. All re-
actions were performed under an argon atmosphere by using standard
Schlenk techniques.


NMR spectra were recorded at a Bruker ARX 400 spectrometer at the
following frequencies: 400.13 MHz (1H), 100.63 MHz (13C), 161.98 MHz
(31P), 282 MHz (19F). Chemical shifts of 1H and 13C NMR spectra are re-
ported in ppm downfield from TMS as internal standard. Chemical shifts
of 31P NMR spectra are referred to H3PO4 as external standard. Signals
are quoted as s (singlet), d (doublet), br (broad) and m (multiplet). 103Rh
NMR spectroscopy was performed with the same spectrometer (B0=


9.4 T), equipped with a commercial triple-resonance probe (doubly-tuned
1H/31P coil with a surrounding broadband coil) with p/2 pulse width for
103Rh of 29.5 ms. Chemical shifts d ACHTUNGTRENNUNG(103Rh) are given in ppm relative to X=


3.16 MHz,[40a] positive signs indicating low-field shifts, and were deter-
mined by inverse detected (four-pulse HMQC) triple-resonance experi-
ments 31P,103Rh{1H};[40b,c] each determination was carried out at least twice
with variation of the 103Rh frequency and the t1 increment to ensure that
the signals in the F1 dimension were not folded. The temperature was
about 297 to 298 K.


Large-scale synthesis of tris(trimethylsilyl)phosphine : Na/K alloy was
prepared by carefully melting of potassium (51.0 g, 1.3 mol) and sodium
(39.0 g, 1.7 mol) in a 4 L three-necked round-bottomed flask equipped
with a mechanical stirrer, dropping funnel, and reflux condenser. Dry
DME (2 L) was added and the mixture was then heated under reflux for
1 h. The slightly purple mixture was cooled to 23 8C and red phosphorus
(31.0 g, 1 mol) was added. The mixture was heated to reflux for 18 h in
total (for safety reasons the mixture was cooled down to 23 8C). Chloro-
trimethylsilane (420 mL, 3.3 mol) in DME (500 mL) was added dropwise
to the black solution and the temperature was allowed to rise to gentle
reflux. The mixture was refluxed for an additional hour and cooled to
23 8C. The resulting gray suspension was filtered through dried Celite
under Ar. The residue was washed with pentane (2Z100 mL). The sol-
vent was removed at ambient pressure. The crude product was purified


by distillation (b.p.1 80–85 8C) to give a colorless liquid of 1 (150.3 g,
60%). 1H NMR [D6]benzene: d=0.06 ppm (d, 27H); 31P NMR
[D6]benzene: d=�251.6 ppm (caution: pyrophoric and moisture sensi-
tive).


Large-scale synthesis of (S,S)-2,5-hexanediolbismethanesulfonate (5): In
a 2 L flask (S,S)-2,5-hexanediol (120 g, 1.015 mol) was suspended in tol-
uene (450 mL), and triethylamine (353.5 mL, 2.54 mol) was added. The
suspension was cooled to 0 8C and a solution of methanesulfonylchloride
(255.9 g, 2.23 mol) in toluene (50 mL) was slowly added. During the addi-
tion the temperature was kept below 25 8C. The suspension changed its
color to yellow/brownish. The solution was stirred for 1 h. The reaction
mixture was hydrolyzed by addition of water (250 mL). The organic layer
was separated and the aqueous layer extracted with toluene (200 mL).
The organic layers were washed with brine and dried with magnesium
sulfate. Toluene was removed until the solution contained about 30% of
5. This solution was used for subsequent reactions. 1H NMR
[D]chloroform: d=4.85 (m, 2H; CHO), 3.02 (s, 6H; CH3), 1.80 (m, 4H;
CH2), 1.44 (d, J=6.3 Hz, 6H; CH3). Data were in accordance with those
reported in reference [13b].


ACHTUNGTRENNUNG(R,R)-2,5-Dimethyl-1-phenylphospholane (6): A suspension of lithium
(44.4 g, 6.4 mol) and THF (400 mL) was stirred at 5 8C. A solution of di-
chlorophenylphosphine (143.2 g, 0.8 mol) in THF (220 mL) was added
dropwise over a period of 90 min, while maintaining the temperature be-
tween 5–17 8C. The resulting orange suspension was warmed up to 23 8C
and stirred for 1 h. The solvent was removed under reduced pressure,
and DME (600 mL) was added to the semisolid residue. The suspension
was refluxed for 5 h and cooled to 23 8C. The excess lithium was removed
by transferring the suspension into another flask. Lithium was washed
with DME (50 mL). The suspension was cooled to �15 8C and the solu-
tion of 5 (182.2 g, 0.66 mol) in toluene (200 mL) was added over a period
of 1 h. During the addition the temperature was kept between �15 and
�2 8C. The solution was allowed to warm up to 23 8C and stored for 16 h.
The solvent was removed under reduced pressure and heptane (500 mL)
was added. The suspension was filtered and the solid washed with hep-
tane (2Z300 mL). The solvent was removed under reduced pressure and
the crude product was purified by distillation (b.p.=125–130 8C/30 mbar)
to give 6 as a colorless liquid (65.2 g, 0.34 mol, 51%). NMR data were in
accordance with those reported in reference [13b].


Large-scale synthesis of (R,R)-2,5-dimethyl-1-trimethylsilylphospholane
(4a): A suspension of lithium (76.0 g, 11.0 mol) was stirred in THF (2 L)
for 1 h. The suspension was cooled to �5 8C and a solution of 6 (531.0 g,
2.76 mol) in THF (400 mL) was added over a period of 1 h, while main-
taining the temperature between �5 and 10 8C. The reaction mixture was
warmed to 23 8C and stirred for additional 4 h. The remaining lithium
was removed by filtration and washed with THF (100 mL). The filtrate
was cooled to �10 8C and trimethylchlorosilane (764 mL, 6.07 mol) in
THF (300 mL) was added over a period of 1 h. The temperature was
held between �5 and 25 8C. After the complete addition the solution was
stirred for 1 h at 23 8C. About 60% of the solvent was removed under re-
duced pressure and the remaining salts were removed by filtration. Sol-
vents were removed and the crude product was purified by distillation. It
was important to remove the byproduct trimethylphenylsilane completely
from 4a (b.p.=93 8C/20 mbar). Compound 4a was obtained as a colorless
liquid in 51% yield (265.2 g).


Large-scale synthesis of 3,4-bis-[(R,R)-(2,5-dimethylphospholan-1-yl]ma-
leic anhydride (1d): A solution of TMS-phospholane 4a (51.1 g,
0.270 mol, 2 equiv) in absolute Et2O (50 mL) was added drop-wise to a
stirred solution of dichloromaleic anhydride (22.5 g, 0.135 mmol) in Et2O
(200 mL) over a period of 30 min at 0 8C under Ar (a dark-red color ap-
peared immediately after first few drops). After stirring for 15 min at
0 8C and an additional 30 min at room temperature, the reaction mixture
was cooled to �78 8C and left for 48 h to crystallize. The mother liquor
was removed and the first fraction of dark-brownish crystals of 1d were
isolated and dried under vacuum (25.0 g, 57%). The mother liquor was
evaporated again to dryness and a second fraction of 1d could be isolated
(16.4 g, 37%).
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Electron Transfer in Supercritical Carbon Dioxide: Ultraexothermic Charge
Recombination at the End of the “Inverted Region”
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Introduction


Charge-separated states are very important intermediates in
many photoinduced reactions.[1,2] They result from charge-
transfer interactions between an electron donor (D) and an
acceptor (A), with one of them in an excited state. Such
states may carry a significant fraction of the light energy ini-
tially absorbed and controlling their decay has become a
major endeavour in solar-energy conversion, light-emitting
devices, nanoelectronics and other important emerging tech-
nologies.[3–5] The paradigm of this field is that very exother-
mic charge recombinations (CR) occur in the Marcus “in-
verted region”,[6] that is, the rate decreases with increasing
reaction exothermicity. The most exothermic charge recom-
bination should yield the longest lived charge-separated
state for an identical donor–acceptor distance.
Charge-separated states produced by bimolecular reac-


tions are usually regarded as radical ion pairs or exciplexes,
depending on the degree of charge separation. Scheme 1 il-
lustrates the decay mechanisms when exciplexes are formed
by photoinduced charge separation: radiative decay (kF), in-
tersystem crossing (kisc), photoreaction (kr) and charge re-


combination (kCR). The solvation of the charge-separated
state leading to production of free ions (ksep) is thermody-
namically unfavourable in weakly polar solvents.
Our main motivation is to provide experimental data on


ultraexothermic (DG0<�60 kcalmol�1) charge-recombina-
tion rates that help to identify the factors that control these
rates. The electron donors selected for this study, illustrated
in Scheme 2 together with their oxidation potentials,[7] were
selected for their structural homogeneity, allowing us to
focus on the role played by the reaction energy in the reac-
tivity of the charge-separated states. Additionally, we em-
ployed only one electron acceptor, fumaronitrile (FN)
(EredA =�1.36 eV versus SCE).[8] The choice of these systems
was also guided by early work on fumaronitrile/aromatic hy-
drocarbons in benzene which showed that they form exci-
plexes with nanosecond lifetimes.[9–11]


In this work we show that photoinduced charge separa-
tion from aromatic hydrocarbons to nitriles in supercritical


Abstract: Charge-recombination rates
in contact radical-ion pairs, formed be-
tween aromatic hydrocarbons and ni-
triles in supercritical CO2 and heptane,
decrease with the exothermicity of
the reactions until they reach
�70 kcalmol�1, but from there on an
increase is observed. The first decrease
in rate is typical of the “inverted


region” of electron-transfer reactions.
The change to an increase in the rate
for ultra-exothermic electron transfer
indicates a new free-energy relation-


ship. We show that the resulting
“double-inverted region” is not due to
a change in mechanism. It is an intrin-
sic property of electron-transfer reac-
tions, and it is due to the increase of
the reorganisation energy with the re-
action exothermicity.
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Scheme 1. Mechanism for photoinduced charge separation and charge re-
combination in weakly polar solvents.
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CO2 (scCO2) leads to exciplexes with nearly complete
charge separation. The weak fluorescence of the charge-sep-
arated species is a convenient parameter to measure their
lifetimes. The study of such exothermic charge recombina-
tion (CR) in scCO2 addresses a fundamental controversy in
the field of electron-transfer reactions: the relatively weak
driving-force dependence of the rates in the inverted region.
Does it reflect the “weak-coupling” limit of a radiationless
transition, with negligible solvent reorganisation, as suggest-
ed by Mataga and co-workers?[12,13] Can it be interpreted
with the conventional nonadiabatic theories, by using reor-
ganisation energies and electronic couplings that vary with
the structure of the molecular species, as proposed by Gould
and Farid?[14] Does it result from the increase in reorganisa-
tion energy with the reaction energy as predicted by the in-
tersecting-state model (ISM)?[15,16]


Results


The absorption of light by an aromatic hydrocarbon in
scCO2 very rapidly leads to a fluorescent singlet-excited
state. This state can be subsequently quenched by fumaroni-
trile (FN) and, when the thermodynamics of the process is
favourable, leads to a charge-separated species, Scheme 1.
Figure 1 illustrates the quenching of p-xylene fluorescence
by increasing amounts of fumaronitrile in scCO2, and the
concomitant growth of the exciplex emission. Similar results


were obtained with the other
aromatic hydrocarbons studied
in this work. The degree of
charge transfer in this species
can be experimentally assessed
from the variation of the exci-
plex emission maximum (ñex)
with the polarity of the sol-
vent,[17] and from the separation
between ñex and the 0,0 transi-


tion of the corresponding monomer (ñm).
[18]


According to the Lippert–Mataga relationship,[19,20] ñex is
determined by the dipole moment of the exciplex (m) in a
solvent of dielectric constant e and refractive index n
[Eq. (1)].


~nex ¼ ~nexð0Þ�
2m2


hc13


�
f e�


1
2
f n


�
ð1Þ


In Equation (1) ñex(0) is the exciplex emission maximum
in the gas phase, fe= (e�1)/ ACHTUNGTRENNUNG(2e+1), fn= (n


2�1)/ ACHTUNGTRENNUNG(2n2+1), and
1 is the radius of the sphere representing the exciplex. A
full charge separation across a 3.32 L distance, observed for
the pyrene/tetracyanoethylene complex,[21,22] should yield
m=16 D. The slopes of the Lippert–Mataga plots measured
in this work together with a cavity radius 1=5 L,[18,23] sup-
ported by molecular models,[24] give the dipole moments pre-
sented in Table 1; these values average the dipole moment
of a full charge separation.
We confirmed the values of 1 using Connolly surfaces.[25,26]


First, we optimised the structure of the molecules using the
AM1 method. Then, donor and acceptor were placed at a


Abstract in Portuguese: As velocidades de recombinaÅ¼o de
carga em pares i�nicos de contacto formados entre hidrocar-
bonetos arom!ticos e nitrilos em CO2 supercr#tico e em hep-
tano, diminuem com o aumento da exotermicidade das reac-
Å&es at' esta atingir �70 kcalmol�1, a partir da qual se obser-
va a tendÞncia contr!ria. A primeira diminuiÅ¼o ' t#pica da
“regi¼o invertida” das reacÅ&es de transferÞncia de electr¼o.
A mudanÅa para um aumento das velocidades em reacÅ&es
de transferÞncia de electr¼o ultra-exot'rmicas revela uma
nova relaÅ¼o de energia livre. Demonstra-se que a “dupla
regi¼o invertida” observada n¼o se deve a uma mudanÅa de
mecanismo. Ela ' uma propriedade intr#nseca das reacÅ&es
de transferÞncia de electr¼o, e ' devida ao aumento da ener-
gia de reorganizaÅ¼o com a exotermicidade da reacÅ¼o.


Scheme 2. Electron donors and their oxidation potentials (o-X=o-xylene; p-X=p-xylene; Np=naphthalene;
Py=pyrene; Pe=perlene).


Figure 1. Steady-state fluorescence emission of p-xylene with increasing
amounts of fumaronitrile, in supercritical CO2 at 308 K and 11MPa,
excited at 273 nm. [p-X]=0.91 mm, [fumaronitrile]=0, 1.0, 1.5, 2.0,
2.8, 4.0 mm.
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3.32 L interplanar distance. Next, the surface of the exciplex
was calculated with a probe with a 1.4 L radius, and its con-
tact–re-entrant volume was calculated. Figure 2 shows some


of the objects obtained. The radii of spheres with the same
volume as these objects range from 4.0 L for xylene/fumaro-
nitrile to 4.6 L for perylene/fumaronitrile, and should be re-
garded as lower limits to the physical systems, because the
interplanar separation is also a lower limit. Thus, the dipole
moments reported in Table 1 should be considered reliable
values.
Gould and co-workers showed that when (ñm�ñex)>


5000 cm�1, the charge separation in the exciplex is nearly
complete.[18] The ñm and ñex values reported in Table 1 fur-
ther confirm that the exciplexes formed in scCO2 can be re-
garded as essentially pure contact radical-ion pairs (CRIP),
AC�DC+ .
The free energy of exciplex formation has been studied in


detail by several authors.[27,28] According to the semiempiri-
cal equation of Weller,[27] the exciplex free energy is given,
in eV, by Equation (2), in which EoxD and EredA are the oxida-
tion and reduction potentials of donor and acceptor, respec-
tively, measured in the same polar solvent, and m2/13=
0.75 eV.[27]


DG0
ex ¼ EoxD�EredA � m2


13
ðf e�f nÞ þ 0:38 ð2Þ


According to this equation, the energies of our charge-
separated species are 6–22 kcalmol�1 lower than the corre-


sponding singlet-excited-state energies, and the charge sepa-
ration is irreversible (kq@k�q). On the other hand, 1,4-di-
cyanobenzene and toluene form a reversible exciplex in
weakly polar solvents,[29] and the ratio between the rate con-
stant of exciplex formation (kq) and that of dissociation
(k�q) suggests that exciplex formation can be as much as
5 kcalmol�1 less exothermic than that predicted by WellerOs
equation. Additionally, the spectral fitting of the hexa-
ACHTUNGTRENNUNGmethylbenzene/tetracyanoethylene (HMB/TCNE) charge-
transfer complex in scCO2 also suggests that the formation
of this complex is 6 kcalmol�1 less exothermic than predict-
ed by Equation (2).[30] We added a �2.5 kcalmol�1 correc-
tion to the CR reaction energies calculated with Equa-
tion (2), and report them in Table 1. In addition we added a
2.5 kcalmol�1 correction to the CR reaction energies ob-
tained by spectral fitting. With such corrections, the CR en-
ergies obtained by three different methods are self-consis-
tent, but should be regarded as having a 2.5 kcalmol�1 un-
certainty.
Table 2 reports the lifetimes of the charge-separated spe-


cies in scCO2, n-heptane and tetrahydrofuran (THF) mea-
ACHTUNGTRENNUNGsured by time-correlated single-photon counting (TCSPC).


A typical decay is illustrated in Figure 3. Only two systems
revealed sufficiently intense exciplex fluorescence in THF to
be characterised, but the trend in their lifetimes is similar to


Table 1. Emission frequencies and charge recombination energies in su-
percritical CO2 at 308 K and 15MPa, and dipole moments of the exci-
plexes in liquid solvents.[a]


ñm/1000 [cm
�1] ñex/1000 [cm


�1] DG0
CR [kcalmol


�1] m [D]


Pe+FN 23.42 [b] �62.0 –
Py+FN 27.03 21.05 �69.1 19
Np+FN 31.45 22.73 �77.9 17
p-X+FN 34.48 24.39 �83.2 14
o-X+FN 34.48 24.51 �86.0 13


[a] DG0
CR is the negative value of the exciplex free energy [Eq. (2)] with a


�2.5 kcalmol�1 correction. The oxidation potentials given in Scheme 2
and EredA =�1.36 eV versus SCE for fumaronitrile were used in this calcu-
lation.[7,8] [b] The exciplex emission overlaps with the tail of the perylene
emission.


Figure 2. Connolly surfaces for the exciplex formation between fumaro-
ACHTUNGTRENNUNGnitrile and p-xylene or pyrene.


Table 2. Lifetimes [ns] of charge-separated states, measured in n-heptane
and THF at 298 K, and in supercritical CO2 at 308 K and 15MPa.


[a]


n-Heptane scCO2 Tetrahydrofuran


Pe+FN 11.5 11.4 –
Py+FN 18.0 35.2 –
Np+FN 9.35 10.7 10.3
p-X+FN 5.1 2.1 –
o-X+FN 5.2 2.3 7.3
HMB/TCNE 0.0112[b] 0.005[c] 0.00213[b]


[a] Errors are less than 5%. [b] See reference [36], but cyclohexane
rather than heptane was used as solvent. [c] See reference [40].


Figure 3. Fluorescence decays of naphthalene in the presence of fumaro-
nitrile, in supercritical CO2 at 308 K and 15MPa, monitored at l=


325 nm (monomer) and l=450 nm (exciplex). [naphthalene]=0.25 mm,
[fumaronitrile]=5.2 mm. The shorter decay is the pulse profile of the ex-
citation source.
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that measured in scCO2 and n-heptane. The energy of the
free ions in THF is expected to be very similar to that of
CRIP, as opposed to the less-polar solvents in which dissoci-
ation into free-ions is thermodynamically unfavourable. The
relative importance of all the processes contributing to the
decay of the charge-separated (CS) species in weakly polar
solvents can be assessed from the quantum yields of exci-
plex fluorescence (FCS


F ), intersystem-crossing (F
CS
T ), and


product formation (FCS
P ). We


made this evaluation by study-
ing in detail the role of the ra-
diative and nonradiative decay
channels in heptane.
A reasonable estimate for


FCS
F can be obtained by using
the following procedure:


1) A Gaussian curve is fitted to
the exciplex emission spec-
trum (in units of cm�1), and
its area is calculated.


2) The efficiency (fF) of exciplex emission is obtained as
the ratio of this area and that of the pure fluorophore
absorbing the same amount of light at the excitation
wavelength, multiplied by its fluorescence quantum
yield.[31]


3) FCS
F is obtained as ratio between fF and the fraction of


monomers that were quenched, given by (I0�I)/I in
which I0 (I) is the fluorescence intensity in the absence
(presence) of quencher.


Figure 4 presents the fluorescence of perylene in the ab-
sence and presence of fumaronitrile in heptane. We chose
this system to illustrate the fitting of the exciplex emission


because it has the smallest separation between monomer
and exciplex emissions and is the most difficult to resolve. A
more typical, and trivial example is shown in Figure 1.
Table 3 gives the quantum yields of the charge-transfer
emissions measured in heptane. In all cases FCS


F �0.15, and
we conclude fluorescence is a minor decay route for these
species, as expected from their high degree of charge separa-
tion.


The formation of triplet states was investigated by using
laser flash photolysis and photoacoustic calorimetry (PAC).
We were unable to detect naphthalene triplet states in the
presence of FN concentrations greater than 1 mm. However,
transient absorptions were observed with the X/FN, Py/FN
and Pe/FN systems, Figure 5. By using laser flash photolysis,


we obtained the total triplet quantum yield (FT) of hydro-
carbon/FN systems as the ratio of the triplet-state absorp-
tions of hydrocarbon/FN versus pure hydrocarbon systems,
for the same ground-state absorption, multiplied by the trip-
let quantum yield of the pure hydrocarbon.[31] Both the un-
quenched hydrocarbon and the charge-separated species
contribute to FT. The contribution of the unquenched hy-
drocarbon was obtained from its intersystem-crossing rate


Figure 4. The steady-state fluorescence of perylene (b) and perylene in
the presence of fumaronitrile 5.8R10�3m (g) in heptane. The thin line
was obtained as a linear combination of the perylene emission and the
Gaussian (c) curve simulating the exciplex emission.


Table 3. Efficiencies (f), quantum yields (F), and rate constants (k) of fluorescence, intersystem crossing,
product formation, and charge recombination in n-heptane.


[FN] [mm] �CSF FCS
F kF [s


�1] [FN] [mm] FCS
T FCS


P FCS
CR kCR [s


�1]


Pe+FN 5.8 0.0580 0.153 1.3R107 5.8 0.05 0.00 0.80 7.0R107


Py+FN 4.2 0.0985 0.102 5.7R106 4.2 0.06 0.00 0.84 4.7R107


Np+FN 6.0 0.0042 0.0044 4.7R105 5.9 0.00 0.00 0.996 1.1R108


p-X+FN 4.4 0.0075 0.0085 1.7R106 6.0 0.08 0.11 0.80 1.6R108


o-X+FN 6.0 0.0040 0.0061 1.2R106 5.3 0.10 0.08 0.81 1.6R108


Figure 5. The triplet–triplet absorption spectra of pyrene in the absence
(c) and presence (g) of fumaronitrile, in heptane. The inset shows
triplet decays monitored at l=410 nm. [pyrene]�0.1 mm, [fumaro-
ACHTUNGTRENNUNGnitrile]=4.2 mm.
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and its lifetime in the presence of the experimental concen-
tration of FN. This contribution was subtracted from FT and
the triplet quantum yield from the charge-separated species
(FCS


T ) was obtained, Table 3.
The importance of the nonradiative decay modes in the


most exothermic systems was also evaluated in heptane by
using PAC. Nonradiative decays lead to a transient heating
of the solution that, in our PAC cell, is registered as an
acoustic wave.[32,33] The amplitude of the acoustic waves is
related to the fraction of light energy (ff) deposited as heat
in the photoacoustic cell in the time window of the experi-
ment. Figure 6 shows that the Np/FN system, in which the


quenching of the hydrocarbon is nearly complete for the FN
concentrations employed, releases as much energy as a PAC
reference with a matched absorbance at the excitation wave-
length, in less than 1 ms. This is consistent with the very low
fluorescence and triplet quantum yields, and with the short
lifetimes of naphthalene at the FN concentrations employed
(3.84 ns) and of the charge-separated species (9.35 ns),
measured by TCSPC. Figure 6 also shows that the o-X/FN
system does not release all the absorbed energy as heat in
the time window of the experiment.
The thermal energy released in the fast processes of the


o-X/FN system may have the following contributions
[Eq. (3)] in which ES, ET and EP are the energies of the sin-
glet state, of the triplet state, and of a possible photochemi-
cal product, respectively.


f fEhn ¼ðEhn�ESÞ þ ESFIC þ ðES�ETÞFTþ
ESFCR þ ðES�EPÞFP


ð3Þ


This fraction was obtained by deconvolution of the o-X
and reference PAC waves,[32, 33] and we obtained ff=0.83.
The fraction of light energy lost radiatively by the singlet


state and by the exciplex can be obtained from their fluores-
cence quantum yields and energies, and amounts to 0.02.
Therefore, the energy associated with the decays of the slow
processes that are not measured by the acoustic waves is
given by Equation (4) in which the contribution of the trip-
let is given by the total triplet quantum yield measured by
flash photolysis, FT=0.13, and ET=82 kcalmol


�1.


f SEhn ¼ ETFT þ EPFP ¼ 16 kcalmol�1 ð4Þ


The remaining energy, 5 kcalmol�1, is stored by other
long-lived species. Assuming that the dimethyl derivative of
Dewar benzene is formed and that its enthalpy of formation
is 62 kcalmol�1 higher than that of xylene, as in the hexa-
ACHTUNGTRENNUNGmethyl derivative,[34,35] we obtain FP=0.08. This value is re-
ported as FCS


P in Table 3, assuming that the same proportion
of products comes from singlet and charge-separated states.
The values of FCS


CR can now be calculated because the quan-
tum yields of all the other processes originated from the
charge-separated state have been determined. These values
of FCS


CR together with the lifetimes given in Table 2 give the
CR rates reported in Table 3.


In summary, the radiative, intersystem-crossing, and reac-
tive pathways are minor contributors to the decay of the
charge-separated species measured in heptane, in which
charge-recombination quantum yields exceed 0.8. The sepa-
ration between the monomer and exciplex emission maxima
is larger in scCO2 than in heptane, and the charge-recombi-
nation pathway must be even more important in this sol-
vent. Therefore, the lifetimes of the charge-separated spe-
cies in scCO2 reflect almost quantitatively their CR rates.
It should be emphasised that successful measurements of


CR rates depend on the delicate balance between the extent
of charge transfer in weakly polar solvents and measurable
exciplex fluorescence. The CR rates measured in this work
are in good agreement with those reported for phenan-
threne/FN (4.8R107 s�1),[9] phenanthrene/dimethyl fumarate
(6.9R108 s�1),[10] trans-stilbene/FN (6.3R107 s�1), and trans-
stilbene/dimethyl fumarate (4.7R108 s�1)[11] in benzene, in
which CR was also established as the dominant decay path-
way. Good consistency was also observed with the decay of
the HMB/TCNE CRIP in cyclohexane (DG0=�36.1 kcal
mol�1), which gives a rate of 6.0R1010 s�1.[36] We tested other
nitriles as acceptors (acrylonitrile, methacrylonitrile, tetra-
cyanoethylene), but the exciplex fluorescence and stability
were insufficient for reliable lifetime measurements. Charge
recombination between aromatic hydrocarbon donors and
cyanoaromatic acceptors have also been studied in acetoni-
trile, in which the charge separation is complete, and their
rates can be compared with the rates measured in this work.
For example, the charge recombination of 2,6,9,10-tetracya-
noanthracene (TCA) with alkylbenzene CRIP has the fol-
lowing CR rates:[37] 6.3R109 s�1 for TCA/durene (DG0=


�51.2 kcalmol�1), 4.9R109 s�1 for TCA/1,2,3,4-tetramethyl-
benzene (DG0=�52.6 kcalmol�1), and 1.0R108 s�1 for TCA/
mesithylene. Additionally, the CR rate of Py/TCNE (DG0=


�21.2 kcalmol�1) is 3.4R1012 s�1.[38] For CRIP in acetonitrile


Figure 6. Normalised photoacoustic waves of 2-hydroxybenzophenone
(photoacoustic reference g), o-xylene/fumaronitrile (b) and naph-
thalene/fumaronitrile (c) in heptane, irradiated at l=266 nm.
[o-xylene] and [naphthalene] concentrations were adjusted to match the
absorbance of 2-hydroxybenzophenone at the excitation wavelength
(A266=0.072), and [fumaronitrile]=5.0 and 5.7 mm.
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the reaction energy is accurately estimated as DG0=


EoxD�EredA .
[39]


Discussion


Figure 7 plots the CR rate constants (kCR) measured in this
work as a function of the reaction energy. This figure also
includes the HMB/TCNE system measured by Kimura and


co-workers in comparable supercritical conditions,[40] and
the rates measured in benzene, cyclohexane, and acetonitrile
for the CR with FN and TCNE mentioned above, by using
EredA =0.24 eV for TCNE.[41] Although the decay of the
charge-separated species should be deep in the inverted
region, their kCR values are only weakly dependent on the
driving force of the reaction. For example, the lifetimes of
Pe/FN and o-X/FN exciplexes in heptane (DG0


CR=�62 and
�86 kcalmol�1 respectively) differ by a factor of two only.
As mentioned in the Introduction, the mild dependence


of kCR on DG0 has been observed before, and led Mataga to
propose a solvent-independent model for CR.[12,13,42, 43] This
model regards charge recombinations as radiationless transi-
tions in the weak-coupling limit, with an overwhelming con-
tribution from the high-frequency quantum modes (lv) and
only a minor contribution from the solvent modes (ls), due
to the tight structure of the CRIP. According to this model,
the driving-force dependence of the CR rates is kCR�aexp
ACHTUNGTRENNUNG(�bjDG0j), in which a and b are constants independent of
DG0. This model accommodates the solvent insensitivity of


the CR rates described in the literature and apparent in
Figure 7. The CR rates of TCA/mesithylene in acetonitrile,
and Pe/FN in scCO2 and in heptane all have DG0=�61	
1 kcalmol�1 and kCR= (8.5	1.5)R107 s�1. This supports the
presentation of different solvents in the same free-energy re-
lationship for CR. Asahi and Mataga proposed that the sep-
aration of the minima representing charge-separated and
ground states increases with jDG0 j ,[12,13] which is equivalent
to an increase in the reorganisation energy with jDG0 j .
However, they modelled the CR rates from the energy-gap
law of radiationless transitions that cannot reproduce the
“double-inverted region” clearly observed in scCO2.
Gould and Farid reconciled the nonadiabatic theories


with the shallow inverted region observed in CRIP, assum-
ing that ls increases with the driving force of the reaction.


[14]


According to the golden rule of quantum mechanics, the
electron-transfer (ET) rate constant is written as the product
of an electronic coupling (V) and a Franck–Condon factor
(FC) [Eqs. (5) and (6)].[44–46]


k ¼ 2p
�h


jVj2ðFCÞ ð5Þ


ðFCÞ ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4plskBT


p X1
n¼0


e�S Sn


n!
exp


�
�ðDG0 þ lS þ n�hwnÞ2


4lSkBT


�


ð6Þ


In these equations the donor and acceptor are represent-
ed by one single high frequency (wn=wD=wA) and S= lv


�hwn
.


The low-frequency contribution is usually estimated by
using the dielectric continuum approximation formulated by
Marcus [Eq. (7)][47] in which r+ and r� are the effective radii
of the two radical ions and r is the distance between their
centres.


lS ¼ e2
�
1
2rþ


þ 1
2r�


� 1
r


��
1
n2


� 1
e


�
ð7Þ


According to the Connolly surfaces described above, we
have r+ =3.7 L for pyrene and r�=2.8 L for fumaronitrile;
these values can be used with the solvent parameters of
Equation (7) to obtain ls (heptane)=0.02 and ls (scCO2)=
2 kcalmol�1. The high-frequency contribution is often
estimated with the equation proposed by Sutin, lv=


1/2Si�hiwiD
2
i ,
[48] in which the normal mode displacement Di is


calculated as the difference between the equilibrium bond
lengths in the reactant and product states. By using this
model, calculations for the TCNE0/� and naphthalene0/� self-
exchanges gave lv=3.3 and 6.7 kcalmol


�1, respectively.[49, 50]


Golden rule calculations also require a value for the elec-
tronic coupling. Its value is related to the radiative rate con-
stant given by Equation (8),[51] in which ñav is the average
frequency of the reduced spectrum.[18]


kF ¼
16p3


3e0h3c3
n3~navDm


2V2 ð8Þ


Figure 7. Charge recombinations in supercritical CO2 (blue circles), hep-
tane (red squares), benzene (green triangles) and acetonitrile (black dia-
monds). The solid circles and squares represent the data measured in this
work. The other points represent charge recombinations between aro-
matic hydrocarbon radical cations and the radical anions of FN, TCNE
and TCA, referred to in the text. The black lines are golden rule calcula-
tions with V=300 cm�1, �hwn=1500 cm


�1, lv=5 kcalmol
�1, and the sol-


vent reorganisation energies indicated in the plot, in kcalmol�1, and the
red line are from similar calculations with lv=25 and ls=2 kcalmol


�1.
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We have shown that the emission of the charge-separated
species detected in this work can be fitted with a Gaussian
curve. In this case the average frequency is the frequency of
the maximum emission. By using such frequencies in Equa-
tion (8), the dipole moments given in Table 1, and the radia-
tive rates given in Table 3, we obtain V=880, 270, 620, and
580 cm�1 for Py/FN, Np/FN, p-X/FN, and o-X/FN, respec-
tively, in heptane. This method to extract V is open to criti-
cism. For example, the analysis of the HMB/TCNE system
by the same method gave V=1255 cm�1,[52] but an alterna-
tive method gave V=500 cm�1.[36] These data support the
treatment of the most exothermic reactions with the non-
ACHTUNGTRENNUNGadiabatic theories, but also illustrate the difficulties in ex-
tracting V from the analysis of the charge-transfer bands.
The usual practice is to obtain V from empirical fits to the
observed free-energy dependence of ET rates, and values
between 100 and 750 cm�1 have been obtained for similar
CRIP.[53,54] In view of these values, we selected V=300 cm�1


for our golden rule calculations and recognise that this may
lead to a factor of ten uncertainty in the calculated rates.
Figure 7 illustrates golden rule calculations with V=


300 cm�1, �hwn=1500 cm
�1, lv=5 kcalmol


�1, and ls ACHTUNGTRENNUNG(scCO2)=
2 or 20 kcalmol�1. This last value fits the CR rate of the Py/
FN system, but it is one order of magnitude higher than ex-
pected from the dielectric continuum model. Moreover,
Figure 7 shows that by using the parameters above, the most
exothermic CR can only be fitted with ls=38 kcalmol


�1.
The other parameters may be modified to offset the change
in ls. For example, following the suggestion of Mataga that
lv@ls,


[55] we reproduced the most exothermic CR rate with
ls=2 and lv=25 kcalmol


�1. The compensation between low
and high-frequency modes has also been noted in the classi-
cal Marcus theory,[15] but the fact that the total reorganisa-
tion energy (l=ls+lv) must increase with DG0 is indicated
by all these analyses.
It is simple to demonstrate that, within our reaction


series, variations in molecular size, lv or V cannot offset the
increase of l with DG0. The decrease in size from Py to o-X
increases ls (scCO2) from 2.09 to 2.17 kcalmol


�1, and the o-
X/FN CR rate given by Equations (5)–(7) increases from
1.3R10�3 to 1.4R10�3 s�1. This is a negligible change on a
rate that is 11 orders of magnitude slower than the observed
rate. Submolecular sizes for o-X are required to bring Equa-
tion (7) into agreement with the experiment. The absence of
a size effect in CR rates was discussed in detail elsewhere.[33]


By using SutinOs equation, it was estimated that lv decreases
from 6.70 kcalmol�1 in naphthalene to 6.11 kcalmol�1 in
benzene[49,50] that should lead to a decrease of the o-X/FN
CR rate, further accentuating its deviation from the experi-
mental data. Finally, the observed increase in kCR from Py/
FN to o-X/FN would require that V increases by a factor
105, but the emission spectra suggest that the opposite trend
is occurring. The fundamental question is whether we find a
physically meaningful model that relates the increase in the
reorganisation energy to the driving force of the reaction.
To the best of our knowledge, the first theoretical model


to explain the increase in l with jDG0 j was the intersecting-


state model (ISM).[56] The basis for this effect was recently
discussed in the framework of atom and proton transfer,[57–59]


and can be simply illustrated. Let us assume that the sum of
bond extensions in an isothermic A+BC!AB+C reaction
is d0. As the exothermicity of an atom or proton transfer in-
creases, the transition state occurs earlier in the entrance
valley. The activated complex of a very exothermic reaction
will have a BC bond that resembles more closely that of BC
in equilibrium, but at the expense of a much larger exten-
sion of the AB bond. Assuming the conservation of the
bond order in this process, the limit of an ultra-exothermic
reaction is an activated complex with an insignificant BC
bond extension and an infinite AB bond extension. The con-
servation of the bond order requires that sum of the config-
urational changes (d) increases as shown in Figure 8. Trans-


posing this principle to ET reactions, it was predicted that a
“double-inverted region” should be observed for sufficiently
exothermic reactions.[60] This effect is not contemplated by
the Marcus theory, because it assumes that the high-frequen-
cy contribution is proportional to the difference between
the equilibrium bond lengths in the reactant and product
states, and that difference is independent of the reaction
energy.
According to ISM, the sum of bond extensions along the


reaction coordinate can be obtained from the conservation
of the bond orders as given in Equation (9)[15,61] in which a’


Figure 8. Reaction coordinate according to ISM. The sum of reactant and
product bond extensions from equilibrium to transition state configura-
tions (d) increases with the exothermicity of the reactions (DG0). This in-
crease in d leads to an increase in the total reorganisation energy (l).
The activation energy (DG�) first decreases with DG0, goes through a
minimum (blue curve), increases in the inverted region (green curve),
goes through a maximum (red curve), and decreases again in the double-
inverted region (red to black curves).
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is a constant (a’=0.156), n� is the transition-state bond
order, lr (lp) represents the bond length of the reactants
(products) that participate in the reaction coordinate, and
the parameter L is associated with the dissipation of the re-
action energy DG0.


d ¼ a0


2n�
ln


�
1þ exp ð


ffiffiffiffiffiffiffiffi
2n�


p
DG0=LÞ


1�½1þ exp ð
ffiffiffiffiffiffiffiffi
2n�


p
DG0=LÞ��1


	
ðlr þ lpÞ ð9Þ


As the bond orders remain constant in the course of
outer-sphere ET reactions, n� is approximately equal to the
average of reactants and products bond orders. For example,
TCNE has four triple bonds, four single bonds and one
double bond, thus n�=2, whereas benzene has n�=1.5. The
value employed in our calculations is the average of these
two, n�=1.8. The equilibrium bond lengths are also the
average of the C�C and C�N bond lengths involved in the
reaction coordinate, lr+ lp=2.7 L. Thus, L is the only pa-
rameter not determined a priori by ISM.
ISM and the nonadiabatic theories are not necessarily in-


commensurate. Both can be formulated as the product be-
tween an electronic (frequency) factor and a nuclear
(Franck–Condon) factor. The frequency factor of Equa-
tions (5) and (6), 2p/�h jV j 2ACHTUNGTRENNUNG(4plSkBT)�1/2, gives 7R1012 s�1
when V=300 cm�1 and ls=20 kcalmol


�1. The frequency
factor of ISM is the product of the electronic frequency in
an aromatic molecule (nel�1015 s�1) by the electronic tunnel-
ling probability through a square potential-energy barrier,
cr.
[62, 63] The width of the tunnelling barrier is the donor–ac-


ceptor distance (3.32 L) and its height (F) is the difference
between the energy of the electron in the vacuum at rest
and that in the highest occupied donor orbital. In the case
of perylene, F�2.71 eV,[15,62,64] and the frequency factor is
n=nelcr=4R10


12 s�1, which is very similar to that calculated
by using the golden rule. For o-xylene, the higher electronic
energy leads to F�2.08 eV and n=8R1012 s�1.
The activation energy of the nuclear factor is given by the


crossing between the curves representing reactant and prod-
uct states in Figure 8 [Eq. (10)] and requires values for DG0,
d, and the force constants representing reactants and prod-
ucts (fr, fp).


DG� ¼ 1
2
f rdr


2 ð10Þ


The force constants estimated from the frequency �hwn=


1500 cm�1 and the reduced mass of a CC oscillator are fr=
fp=1.15R10


3 kcalmol�1L�2, very close to the average of
those obtained by normal mode analysis of TCNE and
naphthalene.[15] Thus, the CR rates are given by Equa-
tion (11) and only involves one adjustable parameter, L.


kISM ¼ n expð�DG�=RTÞ ð11Þ


The results of ISM calculations are presented in Figure 9
for n=8R1012 s�1 and two values of L. The graphical ab-


stract presents calculations with electronic-energy-depen-
ACHTUNGTRENNUNGdent frequency factors and L=69.5 kcalmol�1. In the
normal region, the ET rates increase with an increase in
exothermi ACHTUNGTRENNUNGcity, but decrease with the increase in configura-
tional changes (d); l (or d) increases rather modestly in this
region, and the free-energy changes control the reactivity. In
contrast, the inverted-region rates decrease with an increase
in jDG0 j but increase with increasing d ; the increase in l


(or d) is now more significant and leads to the smooth free-
energy dependence observed. For sufficiently exothermic re-
actions, the increase in l (or d) starts to control the reactivi-
ty and the inverted region comes to an end.
The value of L=69 kcalmol�1 corresponds to an increase


in l by 17 kcalmol�1 when DG0 decreases from �62 to
�86 kcalmol�1. It is remarkable that both the ISM and the
golden rule theories, as illustrated in Figure 7, give a similar
increase in the reorganisation energy with the driving force
of the reaction. The physical basis for this increase can be
further explored with ISM.
The parameter L is designated a “dynamic parameter”


because it regulates the dissipation of DG0 by the accepting
modes.[15] This dissipation is associated with the coupling be-
tween the vibrational modes included in the reaction coordi-
nate (C�C and C�N stretches) and nonreactive modes, such
as low-frequency vibrations and solvent motion.[16] A better
coupling promotes a better energy dissipation and is reflect-
ed by a higher value of L, which, in turn, leads to a smaller
increase of the reorganisation energy with jDG0 j . The rela-
tively high value of L required to reproduce the free-energy


Figure 9. Charge recombinations in supercritical CO2 (blue circles), hep-
tane (red squares), benzene (green triangles) and acetonitrile (black dia-
monds). The solid circles and squares represent the data measured in this
work. The other points represent charge recombinations between aro-
matic hydrocarbon radical cations and the radical anions of FN, TCNE
and TCA, referred to in the text. The lines are the thermal rates calculat-
ed with ISM with n�=1.8, lr+ lp=2.7 L, fr= fp=1.15R10


3 kcalmol�1L�2,
n=8R1012 s�1, and the values of L indicated in the plot, in kcalmol�1.
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relationship of CR reactions suggests that the (high-frequen-
cy) ISM reaction coordinate modes are strongly coupled
with another mode. The singularity of the CR reactions
studied in this work is the presence of a hydrocarbon–nitrile
stretching mode at 165 cm�1. Hochstrasser and co-workers
discussed the redistribution of ET energy over various ac-
cepting modes and showed that the most populated ones are
the high-frequency modes and donor–acceptor stretching
mode.[38] This corroborates the results of ISM calculations:
the strong coupling with the 165 cm�1 mode helps to dissi-
pate the reaction energy and leads to a large value of L.
This is specific to CR reactions. For example, triplet–triplet
energy transfer reactions do not have donor–acceptor
stretching modes and, consequently, L is smaller and a
larger increase of l with jDG0 j takes place.[16]


Conclusion


The quenching of the singlet state of aromatic hydrocarbons
by fumaronitrile in supercritical carbon dioxide leads to es-
sentially pure contact radical-ion pairs. The charge-recombi-
nation rate constants in CRIP provide compelling evidence
that the reorganisation energies of ultra-exothermic ET re-
actions increase with jDG0 j . The increase of l with jDG0 j
limits the accuracy of cross-reaction schemes to predict the
rates of exothermic reactions. Such an increase extends the
linearity of free-energy relationships, and the quadratic de-
pendence becomes more difficult to observe.
The linear free-energy relationship emphasised by Mataga


and co-workers was observed until DG0 reached
�70 kcalmol�1. Then, the “inverted region” came to an end.
The golden rule can only fit the experimental rates of very
exothermic ET reactions with different reorganisation ener-
gies for each system. The most exothermic CR rates are
faster than expected because of their increased reorganisa-
tion energy. ISM provides a rationale for the increase of the
reorganisation energy with the reaction exothermicity. The
free-energy relationship observed for charge recombinations
in scCO2 has the shape of a “double-inverted region”.


Experimental Section


All the reactants and solvents were the best quality available from Al-
drich, except for the p-xylene that was from Riedel-de HaSn, and were
purified according to standard procedures. CO2 gas (Airliquide, N48) was
passed through an Alltech charcoal trap, a Matheson Tri-Gas oxygen-ab-
sorbing purifier (model 6410), and a HIP 20 micron filter, prior to being
compressed (HIP pressure generator model 87-6-5) into the high-pres-
sure cell.


High-pressure controlled-temperature cells were specifically built in our
laboratory for these experiments.[65] They were made in Kovar with four
0.50 cm thick sapphire windows. Each window was 0.90 cm in diameter
and they were positioned to provide two perpendicular 1.0 cm optical
paths. Each sapphire window was sealed against the Kovar body of the
cell by using two indium wires on both sides of the window, partially em-
bedded in circular cages drilled in the Kovar parts. Tight screwing of the
windows compressed the indium wires between the Kovar parts and the


sapphire window, and provided and excellent seal. This seal was tested
up to 30MPa and also performed well under high vacuum. The tempera-
ture control was achieved by drilling channels all around the cell and
connecting them to a Julabo (model F-30C) thermostatic bath with exter-
nal water circulation; the temperature was measured directly in the cell
body. The high-pressure cells had two external connections through 1/16“
stainless steel tubes. One of them was connected though a valve to the
high-pressure line and the other to a digital pressure indicator (OMEGA
DP20 and Schaevitz pressure sensor, precision 	0.25%).
In a typical experiment, a few microliters of a concentrated solution of
the desired product in ethyl ether was injected into the cell that was then
connected to the pressure line, was evacuated for at least 30 min, and
was then pressurised with CO2. For highly volatile compounds such as
benzene, naphthalene, or fumaronitrile, the vacuum was achieved at
170 K for as much as 1.5 h to avoid evaporation or sublimation. Our cells
could be cooled to such low temperatures because they were exclusively
made of Kovar, sapphire, and indium. We chose Kovar for the cell body
because the thermal expansion of this alloy matches that of sapphire, and
thermal amplitudes of 200 degrees did not cause any leaks.


Absorption and luminescence spectra were recorded with Shimadzu UV-
2100 and SPEX Fluoromax 3.22 spectrophotometers, respectively. Flash
photolysis experiments were carried out on an Applied Photophysics
LKS.60 laser-flash-photolysis spectrometer, with a Spectra-Physics
Quanta-Ray GCR-130 Nd/YAG laser and a Hewlett–Packard Infinium
Oscilloscope. Home-made equipment was used in single-photon counting
and photoacoustic calorimetry measurements.


Fluorescence lifetimes were measured with a previously described home-
built apparatus by using an IBH5000 coaxial flashlamp, filled with N2,
D2, or H2 gases (or mixtures of them), or an IBH nanoLED (281, 339,
373 nm), as excitation source, Philips XP2020Q photomultiplier, with ex-
citation and emission wavelengths selected with Jobin–Ivon H20 mono-
chromators, and a Canberra Instruments time-to-amplitude converter
and multichannel analyser.[66] Alternate measurements (1000 counts per
cycle at the maximum) of the pulse profile and the sample emission were
performed until 5R103 counts at the maximum were reached. The fluo-
rescence decays were analysed by using StrikerOs method of modulating
functions, with automatic correction for the photomultiplier “wavelength
shift”.


Time-resolved photoacoustic calorimetry (PAC) measurements were
made with a front-face cell using a dielectric mirror that allows for a min-
imum background and maximum sensitivity of these measurements.[32,33]


In short, the sample, reference solutions and the solvent, were flowed
separately with a 1 mLmin�1 rate (SSI chromatographic pump) through a
0.11 mm thick cell. They were irradiated at 266 nm with the Nd/YAG
laser at a frequency of 2 Hz. A small fraction of the laser beam was re-
flected to a photodiode, used to trigger the transient recorder (Tektronix
DSA 601, 1 Gss�1). The photoacoustic waves, detected with a 2.25 MHz
Panametrics transducer (model 5676) and captured by the transient re-
corder, were transferred to a PC for data analysis. In a typical PAC ex-
periment, 100 waves of the sample, reference, and pure solvent were re-
corded and averaged under the same experimental conditions. Four sets
of averaged sample, reference, and solvent waves were used for the data
analysis at a given laser intensity, and four laser intensities were em-
ployed in each experiment. The different laser intensities were obtained
by interposing neutral density filters with transmissions between 25%
and 100%. All the measurements were made in heptane by using 2-hy-
droxybenzophenone as photoacoustic reference.
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Exploring the Hydration of Pb2+ : Ab Initio Studies and First-Principles
Molecular Dynamics


Christophe Gourlaouen, H,l-ne G,rard, and Olivier Parisel*[a]


Introduction


Manufactured for more than 6000 years, lead has become
the most widely scattered toxic metal in the world.[1,2] The
toxicity of lead and its compounds, together with associated
clinical symptoms, have been recognized for centuries.[3]


Nowadays, acute lead intoxication in adults are still report-
ed, but children remain the most readily damageable targets
of lead intoxication: among other disorders, irreversible cer-
ebral damage can occur from chronic exposure to lead
during pregnancy or infancy.


Although biochemical data on this topic have become
more and more available, there have been only a few exper-
imental studies, from the molecular physics viewpoint, de-
voted to understanding lead poisoning, usually called saturn-
ism (or plumbism).


Moreover, there have been only very few theoretical in-
vestigations on lead compounds relevant to saturnism, an es-


sential field for public health: works have been essentially
devoted to species relevant to atmospheric chemistry[4–6] and
thus focus mainly on issues related to environmental conser-
vation. Except for three notable pioneering exceptions in
which a large number of ligands were investigated,[7–9] lead
compounds such as PbO,[10] PbCl4,


[10] Pb2,
[11] PbH4


[10,12] and
[Pb ACHTUNGTRENNUNG(CH3)3H][12] have, up to now, interested theoreticians es-
sentially because of the relativistic effects to which the
metal atom is subject.


Understanding the mechanisms of lead poisoning at a mo-
lecular level requires good knowledge of the binding proper-
ties of Pb2+ if the aim is to design specific and efficient che-
lating ligands for identification, probing, sensing, monitor-
ing, dosing, sequestering or treatment protocols. Among the
various parameters, the knowledge of which seems to be a
prerequisite, rational design of chelating agents would re-
quire the following questions to be addressed:


1) As Pb2+ is known to exhibit nc values ranging from 1 to
10, what is the effective coordination number nc of Pb


2+


in the PbII complexes of interest?[7]


2) Is the investigated PbII complex holodirected or hemidi-
rected?[7]


3) Is the investigated PbII complex chaotropic or cosmo-
tropic?[13,14]


Abstract: Even though lead is a well-
known toxicant widely scattered
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means of first-principles molecular dy-
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In a biological environment such knowledge begins with
an in-depth understanding of the static and dynamic solva-
tion properties of the aqueous Pb2+ ion.


PbII complexes exhibit wide versatility of possible coordi-
nation numbers, but it appears that the most common, as
derived from X-ray structures, are four and six.[8] Surprising-
ly, such a naive parameter as the coordination number of
solvated Pb2+ is very poorly documented in the literature.
To the best of our knowledge, there has been only one ex-
perimental determination of nc in water: a value of 5.7 was
deduced from 1H NMR experiments as early as 1966.[15] This
value has been questioned[16] on the basis that, by using the
same technique, the Mg2+ and Ca2+ ions were found to
have nc values of 3.8 and 4.3 respectively, whereas recent ex-
perimental work and theoretical calculations agree on nc=


6.0 and nc ranging between 6 and 10, respectively.[17,18] Nev-
ertheless, to the best of our knowledge, there have been
only two recent theoretical reports, which relied on hybrid
HF/MM[16] and MM[19] calculations and proposed nc=9.0.


The large discrepancy between the previously reported nc


values is a clear illustration that this ion deserves further in-
vestigation.[20] X-ray diffraction, neutron scattering/diffrac-
tion and EXAFS measurements, as well as ultrafast NMR
experiments, can be proposed to provide up-to-date experi-
mental values, but a purely quantum approach can comple-
ment the previous theoretical study and deepen our under-
standing of the problem.


Here we report static and Car–Parrinello (CP) molecular
dynamics (CPMD) simulations[21] carried out within the
framework of density functional theory (DFT), a procedure
successfully applied previously to the description of solvated
anions,[22,23] but also to the solvation of metal cations.[24] Al-
though the high computational cost of this method techni-
cally limits the number of water molecules used to model
the bulk or the duration of the simulations,[20,25] this ap-
proach has been used to describe first and second hydration
shells and has proven to be of special interest.[24] In the diffi-
cult case of the hydration of Cu2+ , for example, it was able
to give an in-depth view of the first and second hydration
shells and to suggest the possibility of fivefold coordina-
ACHTUNGTRENNUNGtion[24a,b] [Cu ACHTUNGTRENNUNG(H2O)5]


2+ , a feature confirmed by several con-
comitant or later experimental works.[24a,26–28] The internal
reorganization of this pentacoordinate structure, which was
predicted to be subject to interconversion between square-
pyramidal and trigonal-bipyramidal conformations,[24a] two
structures of comparable energy,[29] has also been observed
experimentally.[27]


It is thus expected that CP computations will provide in-
sightful clues to address the above-mentioned prerequisites
in the case of hydrated Pb2+ or complement the few availa-
ble data. The present paper is structured as follows. First,
static gas-phase investigations of some [Pb ACHTUNGTRENNUNG(H2O)n]


2+ clusters
(n=6, 8) are reported: this study is used to validate the
choice of functional retained in the CP treatment and ex-
plains why a dynamic treatment must be considered. Then,
dynamic gas-phase investigations allow the dynamic behav-
iour of Pb2+–water coordination to be benchmarked. Finally,


we turn to full CP simulation using periodic boundary con-
ditions, the results of which are analyzed and discussed from
a physicochemical point of view.


Computational Details


The static ab initio computations were carried out using Gaussian03.[30]


As HF calculations are in principle unable to account for hydrogen bond-
ing due to the lack of any dispersion contribution in the intermolecular
interactions,[31,32] we considered the DFT approach using the B3LYP[33]


and BLYP[34–36] functionals. The B3LYP functional has been widely used
to investigate metal cations interacting with organic ligands or water mol-
ecules; it is moreover expected to provide a balanced way of describing
the subtle competition between metal–water bonds and the water–water
interactions occurring either within the first coordination shell or be-
tween the first and second coordination spheres.[37] The quantum treat-
ment of hydrogen bonds ideally requires diffuse atomic orbitals on
oxygen atoms:[31,32] the 6-31+G** basis set was used for the O and H
atoms.[38–40] Divalent lead Pb2+, [Xe]4f145d106s2, was described by using
the large-core scalar relativistic SDD pseudopotential coupled to a
double-zeta-quality basis set obtained from a (4s4p1d)/ACHTUNGTRENNUNG[2s,2p,1d] contrac-
tion.[41] These pseudopotential and basis set have been found reliable in
reproducing four-component all-electron relativistic B3LYP calculations
for the [Pb(OH)]+ and [PbACHTUNGTRENNUNG(H2O)]2+ complexes[42] and for other monohy-
drates of heavy metal cations.[43] The nature of each optimised minimum
was characterized by means of a vibrational analysis performed within
the harmonic approximation. No scaling procedure was applied when
evaluating the zero-point energy (ZPE) and thermal corrections.


The CP dynamic calculations were performed using the PINY-MD pro-
gram.[44] The BLYP functional was retained as we found it able to repro-
duce the B3LYP energetics of a number of static [Pb ACHTUNGTRENNUNG(H2O)n]


2+ structures.
This functional has long been known to provide a non-perfect[45–50] but ac-
curate quantum description of liquid water.[22, 24f,51–55]


Goedecker[56] (Pb) and Troullier–Martins[57] (O and H) pseudopotentials
were used. The associated plane-wave basis set was truncated at Ecut=


80 Rydberg, the commonly used and recommended value.[51, 53] The CP
computations were run at a constant temperature of 300 K using Nos>–
Hoover chains of length 6 on the atoms.[58] The fictitious electron kinetic
energy was checked to remain small compared to that of the nuclei (adia-
baticity): electronic thermostating was not required for a fictitious elec-
tronic mass of 553 amu.


A cluster simulation was first carried out with aperiodic boundary condi-
tions[59] by using a 20 : box. A periodic simulation was then performed in
a 9.8 : box containing one Pb2+ cation and 32 water molecules, a number
that has recently been recognized as “an optimum compromise between
system dimension and time scale given the current performance of hard-
ware”.[24d] In our case, it allows the description of the chemically relevant
first hydration shell interacting with a quasicomplete second hydration
shell, since they are expected to include about 33 water molecules,[16,20]


and to investigate the first coordination shell and its interactions with the
second for more than 12 ps with a time step of 0.125 fs. Given this
number of water molecules, the box size was adjusted to reproduce the
experimental density of pure water. With these values, the concentration
of Pb2+ in the periodic dynamic simulation was 1.76 molL�1.


Results


Static calculations : First, the geometries of the hexa- and oc-
taaqua Pb2+ complexes were determined. Since they were
shown to properly reproduce the interaction energies ob-
tained from all-electron four-component correlated relativis-
tic calculations for monohydrate complexes,[42,43] the B3LYP
results were taken here as reference. Moreover, B3LYP cal-
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culations have been shown to provide results comparable to
MP2 computations on these systems.[16] They are then com-
pared to those provided by the BLYP functional used in the
CP studies. Binding energies per water molecule were com-
puted for [Pb ACHTUNGTRENNUNG(H2O)n]


2+ (n=6 or 8, Table 1). The various
structures reported differ in their nc values; the remaining
n�nc water molecules belong to the second hydration shell.
Despite many attempts, the heptacoordinate compound cor-
responding to n=8 and nc=7 could not be found. Even
though the optimized structures appear very different when
nc is decreased for a given n, the binding energies per water
molecule are surprisingly similar for given values of n : the
largest difference, for a given level of calculation, is
2.1 kcalmol�1 and occurs for the octaaqua complex treated
with BLYP. These bonding energies are also quite insensi-
tive to the computational level (HF, BLYP or B3LYP),
which confirms a previous study:[16] the lowest energies
(averages over available isomers) are found for HF and are
within 2.6 kcalmol�1 of the largest ones, obtained at the
B3LYP level. These results are especially noteworthy, since
the computed structures are characterized by different num-
bers of Pb�O or hydrogen-bonding interactions. It follows
that these computational levels all report comparable results
when aiming at the evaluation of Pb�O versus H-bond com-
petition. They are thus equally suitable for studying the hy-
dration shells of Pb2+ . Consequently, the description of
these shells will not lose any accuracy and relevance on
turning from the B3LYP to the BLYP functional when per-
forming the forthcoming CP calculations.


The ZPE corrections lower the binding energies by about
2 kcalmol�1. Free energies are about 10 kcalmol�1 lower
than internal energies and, quite notably, increasing the
number of water molecules in the second shell is not system-
atically favoured. The variations in free energy with respect
to the number of water molecules in the second shell for a
given n are within 2 kcalmol�1 whatever the level of calcula-


tion. Static calculations, then, cannot unambiguously predict
the lowest energy structure for a given n : a number of iso-
mers exist which are almost isoenergetic and isoenthalpic. A
dynamic treatment is thus required.


Gas-phase dynamic simulation of the hexaaqua cluster : A
CP simulation on the [Pb ACHTUNGTRENNUNG(H2O)6]


2+ complex was then per-
formed. An octahedral hexacoordinate structure was taken
as a starting point. As shown in Figure 1, a first water mole-
cule moves from the first hydration shell towards the second
within 1 ps. Full decoordination does not occur, however,
since this molecule stays in the vicinity of Pb2+ (Pb�O ca.
4.5 :) for the remainder of the simulation and becomes H-
bonded to water molecule #1. A similar departure (water
molecule #6) is observed for a second water molecule at


5 ps, followed by H-bonding to
water molecule #5. This evolu-
tion of the coordination
number at Pb2+ is especially en-
couraging, since it proves that
the hydrated complex is not
overly rigid and can easily rear-
range. The simulation can thus
be split into two well-defined
periods: one during which the
complex is hemidirected and
pentacoordinate (1.5< t<4 ps),
and one during which the com-
plex is still hemidirected but
tetracoordinate (5< t<8.5 ps).
Both these coordination modes
are common for Pb2+ .[8]


The four remaining water li-
gands which characterize the


Table 1. Static calculations: binding energy per water molecule [kcalmol�1] (first line), ZPE-corrected (second
line) and free energy (third line). n.c. stands for not concerned, and N.C. for not converged.


Number of water molecules in the second shell
0 1 2 3 4


hexaaqua complex, B3LYP �36.5 �37.3 �37.9 �37.4 n.c.
�34.8 �35.2 �35.6 �35.4
�27.3 �27.1 �27.0 �27.3


hexaaqua complex, BLYP �35.9 �36.6 �37.3 �37.0 n.c.
�34.3 �34.6 �35.0 �35.1
�26.6 �26.6 �26.6 �27.0


hexaaqua complex, HF �34.6 �35.0 �35.1 �33.9 n.c.
�32.9 �32.8 �32.7 �31.7
�24.7 �24.7 �24.2 �23.8


octaaqua complex, B3LYP �31.2 N. C. �32.7 �33.2 �33.0
�29.4 �30.5 �30.9 �30.5
�21.1 �22.1 �22.4 �22.0


octaaqua complex, BLYP �30.4 N. C. �32.0 �32.5 N.C.
�28.6 �29.9 �30.3
�20.3 �21.6 �21.9


octaaqua complex, HF �29.8 N. C. �30.7 �30.9 �31.1
�28.0 �28.6 �28.6 �28.7
�20.1 �20.4 �20.2 �20.2


Figure 1. Pb�O distances [:] as a function of time in the [Pb ACHTUNGTRENNUNG(H2O)6]
2+


cluster.
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first coordination sphere are coordinated as a cis-divacant
octahedron having shorter Pb�O distances for the water
molecules trans to a vacant site. These distances were al-
ready shorter in the pentacoordinate species. No rearrange-
ment of the apical ligand towards the basal positions occurs.
Interestingly, even though water molecule #3 lies in a basal
site during the first period of the simulation, it retains a
long Pb�O bond similar to that of the apical ligands.


Table 2 reports the Pb�O bond lengths averaged over
each of the two periods of the simulation. It appears that de-
coordination of the second water molecule does not signifi-


cantly alter the structure of the complex. In particular, the
basal O1-Pb-O5 and apical O2-Pb-O4 angles remain close to
908 and 1508, respectively. A major effect is observed for the
small Pb�O distances: they shorten by 0.12 : on decoordi-
nation of water molecule #3 from the metal ion.


Dynamic simulation with peri-
odic boundary conditions :
Quite different results are ob-
tained when a 32-water-mole-
cule box and periodic boundary
conditions are used to repro-
duce explicit hydration of Pb2+ .


In a first trajectory, we con-
sidered a starting nonaaqua
complex having the structure
obtained from HF/MM compu-
tations.[16] In less than 2 ps, two
water molecules initially locat-
ed in the first hydration shell
are repelled toward the second
shell. In the following 2 ps of
the simulation, a relaxed hep-
taaqua complex was observed,
with no trend to recover a
higher coordination number.
This simulation was thus not
carried out further, as another
trajectory had simultaneously


been launched starting (t=0 ps) from the octahedral [Pb-
ACHTUNGTRENNUNG(H2O)6]


2+ cluster previously used as the starting point for
the gas-phase dynamics. At t=2 ps, one supplementary
water molecule enters the first hydration shell (Figure 2).
Both investigated trajectories thus lead to a heptaaqua com-
plex. This is especially noteworthy since it proves that using
a low (6) or a high (9) coordination state as a starting point
does not predispose the simulation. This heptaaqua complex
is stable for the remaining 10 ps of the second simulation.
This peculiar coordination number is proposed to result
from the presence of second-shell water molecules, since our
first optimisation of [Pb ACHTUNGTRENNUNG(H2O)7]


2+ complexes did not result
in heptacoordinate systems within the static cluster ap-
proach.


Analysing in more details the corresponding dynamics
give insightful clues for addressing the three important pre-
requisites mentioned in the Introduction (see below).


Coordination number deduced from the Pb�O radial distri-
bution function : As seen from Figure 2 no exchange be-
tween the first and the second hydration shell is observed
after the 7th water molecule has entered the first shell. It is
thus meaningful to compute a time average over the seven
Pb�O bonding distances (2.70 :) and the associated root-
mean-square deviation (RMSD=0.26 :). The fact that the
averaged Pb�O bond length is larger than that observed in
the previous cluster simulation reflects the ability of Pb2+ to
reorganize in order to adopt high nc values. Moreover, the
significantly high value of the associated RMSD is the signa-
ture of a dynamic competition between 1) chelation to the
metal cation, which tends to diminish the Pb�O bond
lengths; 2) repulsion between the Pb2+ lone pair (6s2) and
those of the water molecules, which tends to increase the
Pb�O bond lengths; and 3) H-bond formation with the


Table 2. Dynamics performed on the [Pb ACHTUNGTRENNUNG(H2O)6]
2+ cluster (aperiodic


conditions). Distances and RMSD (values in parentheses) in angstroms,
angles in degrees.


1.5< t<4 ps,
n=6, nc=5


5< t<8.5 ps,
n=6, nc=4


Pb�O “short” [a] 2.432 (0.095) 2.318 (0.075)
Pb�O “long” [b] 2.634 (0.155) 2.616 (0.147)
Pb�O “nonbonding” [c] 4.648 (0.219) 4.394 (0.252)
O1-Pb-O5 84.5 (8.8) 86.3 (7.5)
O2-Pb-O4 156.4 (9.3) 149.9 (16.9)


[a] Pb to O1 and O5. [b] Pb to O2 and O4 (and to O3 during the first
period of the simulation). [c] Pb to O6 (and to O3 during the second
period of the simulation).


Figure 2. Pb�O distances [:] as a function of time for the aqueous Pb2+ complex (periodic conditions).
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second hydration shell, which tends to repel the chelated
water molecules from the metal centre.


The Pb�O radial distribution function (Figure 3) reveals a
nicely defined first hydration shell, as it falls to zero at r
values between roughly 3.6 and 4.0 :. Integration between
2.0 and 3.7 : leads to nc=7.0, that is, hydrated Pb2+ is hep-
tacoordinate.


Moreover, the Pb�H distribution function exhibits a first
maximum at r�3.2 :, followed by a minimum between 3.9
and 4.4 :. Integration of the radial function from zero to
the first minimum leads to 15.4 hydrogen atoms. The exis-
tence of a nonzero minimum, together with 1.4 extra hydro-
gen atoms, is the clear-cut signature of hydrogen-bonding in-
teractions between hydrogen atoms relevant to the second-
sphere water molecules with oxygen atoms from the first
sphere. This is another noticeable qualitative difference be-
tween the present CP dynamics and the previous HF/MM
simulation,[16] in which no such nonzero minimum was
found.


The structure of aqueous Pb2+ : Pb�O bond lengths : The
peak corresponding to the first hydration shell in Figure 3 is
large and asymmetric; this is characteristic of long and short
Pb�O distances coexisting in the complex (Figure 4). Care-
ful inspection of Figure 2 reveals that the coordinating water
molecules can be split into three different groups: 1) a set of
water molecules having short Pb�O lengths ranging roughly
between 2.4 and 2.6 :, 2) other water molecules associated
with intermediate Pb�O lengths amounting of about 2.8 :,
and 3) at least one water molecule associated with a long
Pb�O length exceeding 3.0 :.


The snapshot shown in Figure 4 gives an instantaneous
view of the structure, which appears as a distorted pentago-
nal bipyramid. One long bond is observed (3.54 :), together
with three short ones (2.43, 2.45 and 2.51 :) and three inter-
mediate ones (2.77, 2.82, and 2.83 :). The radial distribution
function between 0 and 3.0 :, a chemically meaningful trun-


cation radius, integrates to 6.1:
this is a clear illustration that
one water molecule (integration
to 0.9), even though it is
bonded to Pb2+ and does not
yet belong to the second hydra-
tion sphere, can exhibit a large
Pb�O distance. Numerous
crossings between short, inter-
mediate and long Pb�O bond
lengths occur within the first hy-
dration shell during the simula-
tion time. Moreover, numerous
lengthenings of some Pb�O
bonds, up to 3.7 :, are ob-
served: the distal water mole-
cule is thus subject to exchange
with the proximal ones.


The structure of aqueous Pb2+ : O-Pb-O angular distribu-
tions : Figure 5 shows the angular distribution of the 21 O-
Pb-O angles for the water molecules involved in the first hy-
dration sphere. Three peaks are observed, consistent with a
pentagonal-bipyramidal structure. In such an ideal arrange-
ment, two successive basal water molecules induce five
angles of 728, whereas one basal and one apical water mole-
cule induce ten angles amounting to 908. In contrast, the


Figure 3. Radial distribution functions gACHTUNGTRENNUNG(Pb�O) (bold line) and g ACHTUNGTRENNUNG(Pb�H) (thin line, dashed a) and integra-
tions (dashed lines, bold d and thin ··· respectively).


Figure 4. Instantaneous structure (snapshot) of the aqueous Pb2+ com-
plex. The Pb�O distances are in :.


Figure 5. Angular distribution function for O-Pb-O angle (full line) and
integration (dotted line) in the aqueous Pb2+ complex.
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first peak observed in Figure 5 ranges between 30 and 1208,
is centred at about 808 and integrates for 15 angles. This can
be accounted for if the thermal fluctuations of these angles
are large and prevent discrimination between the different
types of angles characterising the ideal pentagonal-bipyrami-
dal structure. As far as angles larger than 1208 are con-
cerned, the two apical molecules would ideally define an
angle of 1808 and the basal ligands would be associated with
five angles of 1448. This corresponds exactly to the distribu-
tion found (Figure 5): a second peak arises between 120 and
1608, with a corresponding mean value of about 1408, and
integrates for five angles, and the remainder of the angular
distribution corresponds to one angle and extends beyond
1608.


Holo- or hemidirected? An interpretation from the ELF
function : The electron localization function (ELF)[60,61] was
used to investigate the origin of preserving one long Pb�O
bond throughout the simulation. Topological analysis of the
ELF[62,63] was performed with the TopMod package.[64,65]


Within the framework of the topological analysis of ELF,
space is partitioned into basins of attractors, each of which
has a chemical meaning.[65] These basins are classified as
core basins surrounding nuclei and valence basins, which are
characterized by their synaptic order.


A core basin C(X) where X stands for a nucleus, is repre-
sentative of electrons not involved in chemical bonding:
they correspond to nonvalence internal-shell electrons
(“core electrons”). The valence basins are discriminated ac-
cording to the number (synaptic order) of core basins with
which they share a common boundary. A valence basin
V(X) is monosynaptic and corresponds to lone pairs or non-
bonding regions. A V ACHTUNGTRENNUNG(X,Y) basin is disynaptic: it links the
cores of two nuclei X and Y and thus corresponds to a bond-
ing region between X and Y.


In the present case, the ELF analysis (Figure 6) performed
on the geometrical arrangement presented in Figure 4 shows
that the 6s2 lone pair of Pb2+ is not exactly spherically dis-


tributed around the metal centre. It points toward the distal
water molecules. Thus, it appears that the repulsion between
the lone pairs of these water molecules and the directional
lone pair of Pb2+ is associated with increased Pb�O bond
lengths and a slightly hemidirected character of the resulting
complex as perceived from a static point of view. However,
the numerous changes occurring within the simulation time
between short and long bonds result in averaging of this
phenomenon: even on such a small timescale as picosec-
onds, the complex is dynamically holodirected.


This is at variance with the structure obtained from the
cluster dynamic approaches: in the hexaaqua structure,
more precisely the tetraaqua structure with two water mole-
cules in the second hydration shell, the hemidirected charac-
ter is clearly identified (Figure 6) and is retained throughout
the cluster simulation performed under aperiodic conditions.


Chaotropic or cosmotropic? Figure 7 shows the angular dis-
tribution of the Pb-O-H-H dihedral angles for the [Pb-
ACHTUNGTRENNUNG(H2O)6]


2+ complex obtained from the cluster dynamic simu-
lation and in the complex obtained by means of the periodic
simulation (restrained to the seven water molecules bonded
to Pb2+).


Figure 6. ELF localization domains (h=0.85) on an instantaneous struc-
ture (snapshot) issued from the dynamics performed on the [Pb ACHTUNGTRENNUNG(H2O)6]


2+


complex (left) and on the aqueous Pb2+ complex (right). The X–H disy-
naptic basins are in blue, the monosynaptic valence basins (lone pairs)
are in red, and the core basins in magenta. For the sake of better visibili-
ty, the monosynaptic basin associated with the 6s2 lone pair of Pb2+ is
represented by shaded yellow.


Figure 7. Pb-O-H-H dihedral angle distribution functions in the [Pb-
ACHTUNGTRENNUNG(H2O)6]


2+ cluster (top) and in the aqueous Pb2+ complex (bottom, only
the seven water molecules of the first hydration shell have been re-
tained).
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These two distributions are obviously different. In the
cluster simulation, the dihedral angle distribution is centred
at 1808 with a RMSD of 27.58. It is noteworthy that this ori-
entation is also that observed for the two water molecules
coordinated in the second shell of the cluster. This is consis-
tent with the static results, where the dihedral angles all lie
between 160 and 1808, whatever the distance between the
water molecules and Pb2+ .


In contrast, in the periodic simulation, the Pb-O-H-H di-
hedral angles of the water species of the inner shell split
into two symmetric peaks centred at 133.08 (RMSD=18.68)
and �127.58 (RMSD=18.68). At least one inversion of this
dihedral angle is observed for each water molecule. Further-
more, and at variance with the results obtained from dynam-
ics performed within the cluster framework, no organisation
of the second coordination sphere is observed.


A clear-cut conclusion about the chaotropic or cosmotrop-
ic character of the solvated cation would require considera-
tion of more water molecules in a larger simulation box, and
maybe a longer simulation time (see, however, ref. [22]).
Nevertheless, the fact that only seven water molecules enter
the first hydration shell for a radius of 3.7 :, that flips are
observed for the Pb-O-H-H angles within this shell and that
no angular organisation is associated with the second coordi-
nation sphere seem to constitute a set of converging clues
that hydrated Pb2+ might be rather chaotropic.


Conclusion


From the current 12-ps simulation performed within the CP
scheme, the hydrated Pb2+ ion is found to be heptacoordi-
nated in a dynamically holodirected, but statically hemidir-
ected arrangement corresponding roughly to a distorted
pentagonal bipyramid. Such fluxional coordination seems
reasonable when confronted with statistical analyses of the
coordination numbers of PbII compounds, which established
that heptacoordination is quite commonly observed.[8]


This value of nc (7.0) is lower than those found in previ-
ous theoretical studies (nc=8.5 or 9.0), which report a holo-
directed structure,[16,19] but slightly larger than that reported
in the sole experimental study available at that time,
namely, nc=5.7�0.2,[15] deduced from 1H NMR measure-
ments. In fact, as described previously and evidenced in Fig-
ures 2 and 3, a time average of 0.9 water molecules exhibit a
Pb�O distance larger than 3.0 : and are thus loosely coor-
dinated to Pb2+ . It is expected that, for such a long distance
and high coordination number, the relevant remote protons
will not be subject to the influence of the metal cation: they
may not have been taken into account as coordinated in the
first shell in the pioneering NMR study.[15]


Timescale is a well-known difficulty for first-principles
molecular dynamics in comparison to most experimental re-
sults and might be considered as a matter of debate. The
present study shows that the first hydration shell of Pb2+ ,
though well defined, is very diffuse, so that a problem of
definition arises: according to the Pb�O distances, some


molecules in the first shell would indeed be better consid-
ered as chemically unbound entities. Indeed, different exper-
imental techniques may lead to different values of nc, as the
most remote solvent molecules will be accounted for or not,
depending on the physicochemical properties probed. Thus,
the description of the coordination sphere is not a straight-
forward process: it must rely on clearly specified and under-
stood definitions directly derived from the experimental
technique used. It follows that a clear distinction should
always be made between the primary coordination shell, de-
fined as the set of solvent molecules that form short bonds
with the metal cation and that act as true ligands, and the
first solvation shell, defined as those solvent molecules for
which the M�O bond length is shorter than that correspond-
ing to the first minimum of the metal–oxygen radial distri-
bution function. These two notions, closely related but dif-
ferent, do sometimes match and overlap, but sometimes do
not, as demonstrated here in the case of Pb2+ .


The notions of holo/hemi-directionality of the PbII com-
plexes, which has been exposed in the present contribution
as a dynamic concept together with the notions of chaotro-
py/cosmotropy, should moreover not be seen as purely theo-
retical/academic problems: the former is directly related to
the chemical availability of the nucleophilic 6s2 lone pair of
the Pb2+ ion engaged in a PbII complex, while the latter is
strongly related to the behaviour of proteins towards the
Pb2+ cation.


Keeping these warnings in mind, it is hoped that the pres-
ent calculations will stimulate the necessary high-level ex-
periments and acute interpretations[27b] needed to recover
the insightful information required for a better understand-
ing of the bio- and environmental chemistry of lead com-
pounds, as most of them evolve into PbII species in aqueous
media. Another point that should be kept in mind for fur-
ther investigations of the properties of lead in biologically
relevant environments is the coordination of counteranions
in the first solvation shell. This point is currently under
study.
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Introduction


Since Bartlett�s discovery of “Xe+PtF6
�”[1,2] and the obser-


vation of KrF2 one year later,
[3] the chemistry community re-


alized that krypton, xenon, and probably also radon, could
have a promising chemistry. Numerous compounds of these
elements (xenon in particular) have in fact been subsequent-
ly isolated and characterized,[4] and novel evidence of their
properties and reactivity is still emerging.[5–11] More recently,
another noble gas, argon, was observed in HArF,[12,13] a
matrix compound with a strong covalent (ArH)+ bond. In


addition, over the years, several neutral complexes such as,
for example, ArW(CO)5,


[14–16] ArBeO,[17] ArAgX,[18] ArCuX
(X=F, Cl, Br),[19, 20] ArAuCl,[21] and CUO(Ar)n (n�1)[22]
have been experimentally observed in low-temperature ma-
trices. On the other hand, the isolation of neutral species
containing helium and neon still remains a fascinating chal-
lenge in the chemistry of the lightest noble gases.[23] Helium
in particular is the most inert among the inert gases. It has
the highest ionization potential (24.587 eV) and the lowest
polarizability (0.205 ?3)[24] of all the chemical elements and
therefore appears as a very hard sphere, strongly bound
only by positively charged species.[25] As a matter of fact,
apart from helium itself, with the formation of Hen (n�2)
clusters or bulk He,[26] only rare neutral partners such as the
Hg atom[27,28] or the cage compound C60


[29,30] have been ob-
served to fix helium, and theory is invited to predict the ex-
istence of yet unknown compounds and to suggest viable
routes to their preparation and structural characterization.


Abstract: Ab initio calculations at the
MP2 and CCSD(T) levels of theory
disclose the conceivable existence of
neutral complexes containing up to
four helium atoms. These species are
formally obtained by replacing the hy-
drogen atoms of parent molecules such
as CH4, SiH4, NH3, PH3, H2O, H2S,
C2H2, C2H4, and C6H6 with �NBeHe
moieties, which behave as monovalent
functional groups containing helium.
The geometries and vibrational fre-
quencies of these M ACHTUNGTRENNUNG(NBeHe)n (n>1;
M=central moiety) polyhelium com-
plexes have been investigated at the
MP2 ACHTUNGTRENNUNG(full)/6-31G(d) level of theory, and
their stability with respect to the loss
of helium atom(s) has been evaluated
by means of single-point calculations at
the CCSD(T)/6-311G ACHTUNGTRENNUNG(d,p) level of
theory. Molecules such as HnC-


ACHTUNGTRENNUNG(NBeHe)4�n and HnSi ACHTUNGTRENNUNG(NBeHe)4�n (n=
0–3), C2ACHTUNGTRENNUNG(NBeHe)2, and ortho-, meta-,
and para-C6H4ACHTUNGTRENNUNG(NBeHe)2 were invari-
ACHTUNGTRENNUNGably characterized as energy minima,
and were found to be stable with re-
spect to the loss of helium atom(s) by
approximately 4–5 kcalmol�1. On the
other hand, species such as C2-
ACHTUNGTRENNUNG(NBeHe)4 and C6 ACHTUNGTRENNUNG(NBeHe)6 were char-
acterized as high-order saddle points
on the potential-energy surface, and
were unstable with respect to helium
atom(s) loss owing to the bending
motion of the �NBeHe groups. The
molecules containing N, P, O, or S as


the central atom also showed a variable
topology and include second-order
saddle points such as S ACHTUNGTRENNUNG(NBeHe)2,
third-order saddle points such as HN-
ACHTUNGTRENNUNG(NBeHe)2, but also minimum-energy
structures such as OACHTUNGTRENNUNG(NBeHe)2 and HP-
ACHTUNGTRENNUNG(NBeHe)2, which are also stable by ap-
proximately 5 kcalmol�1 with respect
to the helium atom(s) loss. These re-
sults suggest the conceivable existence
of an, in principle, very large class of
M ACHTUNGTRENNUNG(NBeHe)n (n>1) polyhelium com-
plexes, whose stability may be substan-
tially affected by the nature and the
size of the central moiety M. Atoms-in-
Molecules (AIM) calculations on se-
lected species invariably suggest that,
in our investigated M ACHTUNGTRENNUNG(NBeHe)n (n>1)
compounds, the beryllium–helium in-
teraction is essentially electrostatic.
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stability
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Over the years, these calculations have disclosed metastable
species such as HHeF,[31–36] H3BOBeHe,


[37] and C6F5HeF,
[38]


as well as thermodynamically stable species such as
OBeHe[39–41] and SBeHe.[42] More recently, we have found a
series of beryllium–helium complexes of general formula
RNBeHe.[43] The residue R ranges from the monatomic H,
F, and Cl to more complex aliphatic, carbonylic, and aromat-
ic groups, and any species found has been invariably charac-
terized as a minimum-energy structure on the singlet sur-
face, and as stable or metastable with respect to dissociation
into He and singlet RNBe. Generally speaking, the
�NBeHe moiety behaves as a monovalent “functional group”
containing helium, which combines with mono ACHTUNGTRENNUNGvalent resi-
dues R� to form a predictably very large class of RNBeHe
molecules. This observation suggests the still unexplored
possibility that neutral species that contain more than one
helium atom do exist. These molecules should have the gen-
eral formula MACHTUNGTRENNUNG(NBeHe)n (n>1), and we studied, in particu-
lar, at the ab initio level of theory, the structure and stability
of exemplary structures such as HnC ACHTUNGTRENNUNG(NBeHe)4�n (n=0–2),
HnN ACHTUNGTRENNUNG(NBeHe)3�n (n=0, 1), and O ACHTUNGTRENNUNG(NBeHe)2, as well as nu-
merous more complex organic molecules that contain up to
six �NBeHe groups. Most of the investigated species were
actually characterized as true minima on the singlet surface,
thus providing the first evidence for stable or metastable
polynuclear helium complexes. The details of our calcula-
tions will be discussed in the present article.


Results and Discussion


The presently discussed helium complexes include the group
XIV molecules HnX ACHTUNGTRENNUNG(NBeHe)4�n (n=0–3; X=C, Si), the
group XV molecules HnX ACHTUNGTRENNUNG(NBeHe)3�n (n=0–2; X=N, P),
the group XVI molecules HX-
ACHTUNGTRENNUNG(NBeHe) and X ACHTUNGTRENNUNG(NBeHe)2 (X=


O, S), and other carbon-con-
taining molecules such as HC2-
ACHTUNGTRENNUNG(NBeHe), C2 ACHTUNGTRENNUNG(NBeHe)2, HnC2-
ACHTUNGTRENNUNG(NBeHe)4�n (n=0–3),
C6H5NBeHe, and C6H4-
ACHTUNGTRENNUNG(NBeHe)2. Their optimized ge-
ometries, harmonic frequencies,
and thermochemical data, as
well as the results of Atoms-in-
Molecules (AIM) calculations
on selected species, are report-
ed in Figures 1-8 and in
Tables 1–8 below.


HnX ACHTUNGTRENNUNG(NBeHe)4�n (n=0–3; X=C,
Si): The HnC ACHTUNGTRENNUNG(NBeHe)4�n mole-
cules 1–4 shown in Figure 1 and
Table 1, invariably character-
ized as true minima on the
MP2 ACHTUNGTRENNUNG(full)/6-31G(d) potential-
energy surface, are indeed ex-


emplary cases among the presently investigated polyhelium
complexes.
They are formally obtained by replacing the H atoms of


CH4 with �NBeHe moieties, which behave as monovalent
functional groups containing helium. The Be�N and Be�He
bond lengths are computed to be around 1.375 and 1.500 ?,
respectively, and their corresponding harmonic frequencies
all range around 1700 and 500 cm�1, respectively. In addi-
tion, the frequency of the N-Be-He bending motions are in-
variably predicted to be around 150 cm�1. Concerning the


Figure 1. MP2 ACHTUNGTRENNUNG(full)/6-31G(d) optimized geometries (bond lengths in ?
and bond angles in 8) of the HnC ACHTUNGTRENNUNG(NBeHe)4�n (n=0–3) molecules. N is
the number of imaginary frequencies.


Table 1. MP2 ACHTUNGTRENNUNG(full)/6-31G(d) harmonic vibrational frequencies [cm�1] and CCSD(T)/6-311G ACHTUNGTRENNUNG(d,p)//MP2 ACHTUNGTRENNUNG(full)/6-
31G(d) dissociation energies [kcalmol�1] at 0 K of the HnC ACHTUNGTRENNUNG(NBeHe)4�n (n=0–3) molecules 1–4 (see Figure 1).


H3CNBeHe (1)
[a] H2CACHTUNGTRENNUNG(NBeHe)2 (2)


[a] HC ACHTUNGTRENNUNG(NBeHe)3 (3)
[a] C ACHTUNGTRENNUNG(NBeHe)4 (4)


ñ ACHTUNGTRENNUNG(Be�He) 538.6 (A1,1.4)
[b] 468.8 (A1,1.1)


[b] 456.9 (A1,0.3)
[b] 454.0 (A1,0)


[b]


537.7 (B2,7.1)
[b] 472.6 (E,0.003)[b] 464.3 (T2,0.3)


[b]


ñ ACHTUNGTRENNUNG(Be�N) 1722.8 (A1,29.5)
[b] 1689.9 (A1,16.1)


[b] 1660.4 (A1,5.6)
[b] 1633.5 (A1, 0)


[b]


1698.8 (B2,89.6)
[b] 1673.8 (E,104.4)[b] 1649.7 (T2,102.1)


[b]


d ACHTUNGTRENNUNG(N-Be-He) 161.0 (E,10.2)[b] 143.9 (A2,0)
[b] 129.7 (A2,0)


[b] 112.0 (T1,0)
[b]


148.7 (B2,10.6)
[b] 139.6 (E,7.8)[b] 167.0 (E,0)[b]


157.4 (B1,19.0)
[b] 184.7 (E,0.4)[b] 173.5 (T2,0.3)


[b]


200.4 (A1,0.1)
[b] 186.8 (A1,0.01)


[b]


w ACHTUNGTRENNUNG(N-Be-He)[c] 89.8 (A1,22.4)
[b] 83.7 (E,19.7)[b] 73.1 (E,0)[b]


95.3 (A1,54.1)
[b] 84.1 (T2,49.9)


[b]


ñ ACHTUNGTRENNUNG(C�N) 1017.3 (A1,9.65)
[b] 978.3 (A1,1.6)


[b] 939.7 (A1,1.9)
[b] 759.5 (A1,0)


[b]


1026.2 (B2,112.9)
[b] 1024.6 (E,177.4)[b] 1035.3 (T2,245.9)


[b]


d ACHTUNGTRENNUNG(C-N-Be) 299.9 (E,11.7)[b] 274.4 (B2,1.4)
[b] 259.2 (E,0.5)[b] 261.8 (T1,0)


[b]


274.7 (B1,14.0)
[b] 270.3 (A2,0)


[b]


277.5 (A2,0)
[b]


d ACHTUNGTRENNUNG(N-C-N) 612.1 (A1,3.8)
[b] 585.1 (E,13.65)


[b] 487.8 (E,0)[b]


678.2 (A1,0.2)
[b] 630.7 (T2,9.5)


[b]


DE1
[d] 4.7 (5.5)[e] 4.4 (5.1)[e]


DE2
[f] 4.4 (5.2)[e]


[a] The -CHn motions (n=1, 2, or 3) are not included. [b] Symmetry and IR intensity [kmmol
�1] are given in


parentheses. [c] (HeBeN)-C-(NBeHe) bending motion. [d] Energy change of Equations (1) and (2). [e] The
values in parentheses are not corrected for the BSSE. [f] Energy change of Equation (3).
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accuracy of these MP2ACHTUNGTRENNUNG(full)/6-31G(d) geometries and fre-
quencies, we note that the CCSD(T)/6-311G ACHTUNGTRENNUNG(d,p) T1 diag-
nostics of 1 and 2 are within the threshold of 0.02 usually ac-
cepted to support the validity of a monodeterminantal de-
scription of the wave function, and that the MP2 ACHTUNGTRENNUNG(full)/6-
31G(d) geometry of 1 is in very good agreement with the
CCSD(T)/6-311G ACHTUNGTRENNUNG(d,p) parameters (C�N: 1.426 ?; Be�N:
1.367 ?; Be-He: 1.493 ?) obtained in our previous work.[43]


In addition, the presently performed test calculations on 2,
reported in Table 2, reveal that its MP2ACHTUNGTRENNUNG(full)/6-31G(d) bond
lengths deviate from the CCSD(T)/6-311G ACHTUNGTRENNUNG(d,p) values by
only approximately 0.05 ? and that the N-C-N bond angle
differs by only 0.68. Finally, the MP2 ACHTUNGTRENNUNG(full)/6-31G(d) harmon-
ic frequencies are in qualitative and also quantitative agree-
ment with those obtained at the CCD/6-31G(d) level of
theory.
The predicted thermochemistry of 1 and 2 confirms that


the�NBeHe groups of HnC ACHTUNGTRENNUNG(NBeHe)4�n (n=0–3) are indeed
essentially independent functional groups. The CCSD(T)/6-
311G ACHTUNGTRENNUNG(d,p)//MP2 ACHTUNGTRENNUNG(full)/6-31G(d) energy changes at 0 K of the
reactions shown in Equations (1) and (2) are in fact quite
similar (see Table 1), and, irrespective of the employed com-
putational level (see Table 2), the DE of the reaction shown
in Equation (2), 4.4 kcalmol�1, is coincident with the energy
change of the dissociation shown in Equation (3).


1 ! H3CNBeþHe ð1Þ


2 ! H2CðNBeHeÞNBeþHe ð2Þ


H2CðNBeHeÞNBe! H2CðNBeÞ2 þHe ð3Þ


Concerning the nature of the beryllium–helium interac-
tion in complexes 1–4, the MP2 ACHTUNGTRENNUNG(full)/6-311G ACHTUNGTRENNUNG(d,p) AIM anal-
yses of 1 and 2 suggest that it is essentially electrostatic. We
note in fact from Figure 2 and Table 3 that in both these
species the charge transfer from helium to beryllium is prac-
tically negligible, if present at all, and that the Laplacian of
the electron density (521) at the bond critical point located
on the attractor interaction line corresponding to the Be�
He bond is positive and computed as approximately


+8.3 e?�5. These results are quite similar to those obtained
previously for other beryllium–helium complexes such as
OBeHe,[39–41] SBeHe,[42] and H3BOBeHe.


[37]


The salient features of the HnSiACHTUNGTRENNUNG(NBeHe)4�n complexes 5–
8, displayed in Figure 3 and Table 4, closely resemble those
of their carbon analogues 1–4.
All these structures have in fact been characterized as


true minima on the MP2 ACHTUNGTRENNUNG(full)/6-31G(d) potential-energy
surface, and their �NBeHe moieties are again recognizable


Table 2. Optimized geometries (bond lengths in ? and bond angles in 8), harmonic vibrational frequencies [cm�1], and dissociation energies [kcalmol�1]
at 0 K of H2C ACHTUNGTRENNUNG(NBeHe)2 (Figure 1, structure 2).


Method/basis set C�N[a] Be�N Be�He N-C-N ñ DE1
[b] DE2


[c]


MP2 ACHTUNGTRENNUNG(full)/6-31G(d) 1.422 1.374 1.501 113.1 89.8; 143.9; 148.7; 157.4; 200.4; 274.4; 274.7; 277.5;
468.8; 537.7; 612.1; 978.3; 1026.2; 1077.7; 1285.7;
1399.6; 1556.5; 1689.9; 1698.8; 3021.6; 3055.8


3.0 (4.3)[d] 3.0 (4.3)[d]


MP2 ACHTUNGTRENNUNG(full)/6-311G ACHTUNGTRENNUNG(d,p) 1.423 1.375 1.489 112.8 4.3 (5.2)[d] 4.3 (5.2)[d]


MP2 ACHTUNGTRENNUNG(full)/6-311++G ACHTUNGTRENNUNG(2df,2p) 1.417 1.372 1.491 113.1 4.7 (5.5)[d] 4.7 (5.5)[d]


CCD/6-31G(d) 1.425 1.360 1.507 114.0 89.9; 147.9; 150.2; 161.6; 211.1; 278.5; 287.1; 287.6;
471.4; 535.1; 619.3; 990.7; 1057.9; 1081.7; 1289.0;
1414.0; 1554.4; 1772.4; 1774.3; 2983.1; 3002.4


3.0 (4.2)[d] 3.0 (4.2)[d]


CCD/6-311G ACHTUNGTRENNUNG(d,p) 1.426 1.357 1.503 114.0 4.0 (4.8)[d] 4.0 (4.8)[d]


CCSD(T)/6-311G ACHTUNGTRENNUNG(d,p) 1.430 1.369 1.495 113.7 4.4 (5.2)[d] 4.4 (5.2)[d]


[a] The C�H bond length and the H-C�H bond angle range from 1.096 ? (MP2 ACHTUNGTRENNUNG(full)/6-311++G ACHTUNGTRENNUNG(2df,2p)) to 1.106 ? (CCSD(T)/6-311GACHTUNGTRENNUNG(d,p)) and from
106.08 (CCD/6-31G(d)) to 106.88 (MP2 ACHTUNGTRENNUNG(full)/6-311G ACHTUNGTRENNUNG(d,p)), respectively. [b] Energy change of Equation (2). [c] Energy change of Equation (3). [d] The
values in parentheses are not corrected for the BSSE.


Figure 2. Contour line diagrams of the MP2 ACHTUNGTRENNUNG(full)/6-311G ACHTUNGTRENNUNG(d,p) Laplacian
of the electronic charge density �521(r) (in the sv plane) of H3CNBeHe,
H2C ACHTUNGTRENNUNG(NBeHe)2, H3SiNBeHe, and H2Si ACHTUNGTRENNUNG(NBeHe)2. Dashed lines are in re-
gions of charge depletion (�521(r)<0) and solid lines in regions of
charge concentration (�521(r)>0).
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as practically independent func-
tional groups, with very similar
Be�N and Be�He bond lengths.
In addition, the AIM analyses
of 5 and 6, shown in Figure 2
and Table 3, confirm that the
beryllium–helium interaction is
still essentially electrostatic.
The charge transfer from He to
Be is practically negligible, and
the Laplacian of the electron
density (521) at the bond criti-
cal point located on the attrac-
tor interaction line correspond-
ing to the Be�He bond is posi-
tive and computed as approxi-
mately +7.9 e?�5. However,
despite the qualitative similari-
ties between 1–4 and 5–8, it is
still possible to note quantita-
tive differences in their struc-
ture and stability that are as-
cribable to the difference in
electronegativity of the central
carbon or silicon atom. The
Be�N and Be�He bond lengths
of any HnC ACHTUNGTRENNUNG(NBeHe)4�n (n=0–
3) molecule are invariably
shorter than those of its silicon
analogue by approximately
0.01 ?, the corresponding har-
monic frequencies are consis-
tently lower, and the CCSD(T)/
6-311GACHTUNGTRENNUNG(d,p)//MP2ACHTUNGTRENNUNG(full)/6-31G(d)
energy changes at 0 K of the


dissociations shown in Equations (4)–(6) are lower than the
corresponding reactions shown in Equations (1)–(3) by ap-
proximately 0.5 kcalmol�1.


5 ! H3SiNBeþHe ð4Þ


6 ! H2SiðNBeHeÞNBeþHe ð5Þ


H2SiðNBeHeÞNBe! H2SiðNBeÞ2 þHe ð6Þ


In any case, their absolute values still range around 4 kcal
mol�1 and support the prediction that both HnC ACHTUNGTRENNUNG(NBeHe)4�n


and HnSiACHTUNGTRENNUNG(NBeHe)4�n (n=0–3) could be observable, for ex-
ample, under low-temperature matrix-isolation conditions.


HnX ACHTUNGTRENNUNG(NBeHe)3�n (n=0–2; X=N, P), HY ACHTUNGTRENNUNG(NBeHe), and Y-
ACHTUNGTRENNUNG(NBeHe)2 ACHTUNGTRENNUNG(Y=O, S): The conceivable existence of a large
class of M ACHTUNGTRENNUNG(NBeHe)n (n>1) polyhelium complexes and the
occurrence of periodic trends in their structure and stability
was further investigated by studying the nitrogen, phospho-
rus, oxygen, and sulfur exemplary molecules HnX-
ACHTUNGTRENNUNG(NBeHe)3�n (n=0–2; X=N, P), HY ACHTUNGTRENNUNG(NBeHe), and Y-
ACHTUNGTRENNUNG(NBeHe)2 (Y=O, S). The obtained results, shown in


Table 3. MP2 ACHTUNGTRENNUNG(full)/6-311G ACHTUNGTRENNUNG(d,p) Atoms-in-Molecules (AIM) analysis of selected helium complexes.


Species q(X)[a,b] q(N)[a] q(Be)[a] q(He)[a] Bond 1[c] 521[d]


H3CNBeHe 0.442 �1.880 1.491 �0.039 C�N 1.876 �18.894
N�Be 1.005 30.847
Be�He 0.209 8.314


H2C ACHTUNGTRENNUNG(NBeHe)2 0.839 �1.860 1.476 �0.041 C�N 1.883 �19.351
N�Be 0.992 30.292
Be�He 0.209 8.266


H3SiNBeHe 2.933 �2.284 1.558 �0.028 Si�N 0.884 16.315
N�Be 1.019 28.847
Be�He 0.209 7.856


H2Si ACHTUNGTRENNUNG(NBeHe)2 3.013 �2.267 1.531 �0.033 Si�N 0.864 15.929
N�Be 1.012 28.654
Be�He 0.202 7.856


H2NNBeHe �0.619 �1.456 1.422 �0.041 N�N 2.274 �15.206
N�Be 0.965 30.726
Be�He 0.209 8.579


H2PNBeHe 1.859 �2.180 1.525 �0.034 P�N 1.107 10.338
N�Be 1.005 29.425
Be�He 0.209 8.121


HONBeHe �0.694 �1.283 1.450 �0.038 O�N 2.281 �13.013
N�Be 0.958 31.208
Be�He 0.216 8.652


HSNBeHe 0.579 �1.946 1.491 �0.039 S�N 1.397 �2.844
N�Be 0.985 30.003
Be�He 0.216 8.362


C6H5NBeHe 0.485 �1.913 1.522 �0.033 C�N 2.051 �20.002
N�Be 0.999 30.124
Be�He 0.216 8.266


HO-C6H4-(NBeHe) 0.487 �1.915 1.517 �0.035 C�N 2.051 �19.954
N�Be 0.999 30.148
Be�He 0.216 8.266


NC-C6H4-(NBeHe) 0.509 �1.908 1.543 �0.029 C�N 2.085 �20.460
N�Be 0.999 30.027
Be�He 0.216 8.266


[a] AIM formal charge [e]. [b] X is the atom bound to the �NBeHe group. [c] Charge density [e?�3] at the
bond critical point on the specified bond. [d] Laplacian of the charge density [e?�5] at the bond critical point
on the specified bond.


Figure 3. MP2 ACHTUNGTRENNUNG(full)/6-31G(d) optimized geometries (bond lengths in ?
and bond angles in 8) of the HnSi ACHTUNGTRENNUNG(NBeHe)4�n (n=0–3) molecules. N is
the number of imaginary frequencies.
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Figure 4 and in Tables 5 and 6, confirm these expectations
and also disclose a variability in the topology of the located
structures according to the nature of the central atom (N, P,
O, or S).
Similar to the carbon and silicon complexes 1–4 and 5–8,


the two oxygen species HONBeHe (11) and O ACHTUNGTRENNUNG(NBeHe)2
(12) were characterized as true minima on the MP2 ACHTUNGTRENNUNG(full)/6-


31G(d) potential-energy sur-
face, with easily recognizable
�NBeHe functional groups fea-
turing quite similar Be�N and
Be�He bond lengths and corre-
sponding harmonic frequencies.
In addition, consistent with the
more electronegative character
of oxygen with respect to
carbon and silicon, the Be�N
and Be�He bond lengths of 11
and 12, computed as approxi-
mately 1.36 and 1.49 ?, respec-
tively, are slightly shorter than
those of 1–4 and 5–8, and the
CCSD(T)/6-311G ACHTUNGTRENNUNG(d,p)//MP2-
ACHTUNGTRENNUNG(full)/6-31G(d) energy changes
at 0 K of the reactions shown in
Equations (7)–(9), estimated as
approximately 5.0 kcalmol�1,
are consistently slightly higher
than those found for the reac-
tions shown in Equations (1)–
(3) and (4)–(6).


11 ! HONBeþHe ð7Þ


12 ! OðNBeHeÞNBeþHe ð8Þ


OðNBeHeÞNBe! OðNBeÞ2 þHe ð9Þ


On going from oxygen to the
less-electronegative sulfur, the
monosubstituted species
HSNBeHe (15), again located
as a minimum on the MP2-
ACHTUNGTRENNUNG(full)/6-31G(d) potential-energy
surface, has Be�N and Be�He
bond lengths and harmonic fre-
quencies that are predictably
slightly longer and slightly
lower, respectively, than the
corresponding values of 11. In
addition, the energy change of
the dissociation shown in Equa-
tion (10) is consistently slightly
lower than that for the reaction
shown in Equation (7).


15 ! HSNBeþHe ð10Þ


On the other hand, the disubsti-
tuted species SACHTUNGTRENNUNG(NBeHe)2 (16),
although located as a stationary
point on the MP2 ACHTUNGTRENNUNG(full)/6-
31G(d) potential-energy sur-
face, was characterized as a


Table 4. MP2 ACHTUNGTRENNUNG(full)/6-31G(d) harmonic vibrational frequencies [cm�1] and CCSD(T)/6-311G ACHTUNGTRENNUNG(d,p)//MP2 ACHTUNGTRENNUNG(full)/6-
31G(d) dissociation energies [kcalmol�1] at 0 K of the HnSi ACHTUNGTRENNUNG(NBeHe)4�n (n=0–3) molecules 5–8 (see Figure 3).


H3SiNBeHe (5)
[a] H2SiACHTUNGTRENNUNG(NBeHe)2 (6)


[a] HSi ACHTUNGTRENNUNG(NBeHe)3 (7)
[a] Si ACHTUNGTRENNUNG(NBeHe)4 (8)


ñ ACHTUNGTRENNUNG(Be�He) 500.2 (A1,9.4)
[b] 486.1 (A1,16.7)


[b] 489.2 (A1,30.9)
[b] 420.4 (A1,0)


[b]


497.4 (B2,22.3)
[b] 494.7 (E,41.6)[b] 500.8 (T2,83.8)


[b]


ñ ACHTUNGTRENNUNG(Be�N) 1641.5 (A1,222.6)
[b] 1618.4 (A1,86.6)


[b] 1597.9 (A1,25.3)
[b] 1578.6 (A1,0)


[b]


1626.8 (B2,336.6)
[b] 1611.4 (E,275.1)[b] 1597.8 (T2,217.6)


[b]


d ACHTUNGTRENNUNG(N-Be-He) 140.4 (E,9.7)[b] 135.5 (B2,5.9)
[b] 130.6 (A2,0)


[b] 128.1 (T1,0)
[b]


135.6 (A2,0)
[b] 133.8 (E,4.3)[b] 175.6 (E,0)[b]


139.9 (B1,18.5)
[b] 186.6 (E,0.01)[b] 181.6 (T2,0.04)


[b]


198.5 (A1,1.7)
[b] 195.8 (A1,3.3)


[b]


w ACHTUNGTRENNUNG(N-Be-He)[c] 72.0 (A1,26.3)
[b] 69.6 (E,16.8)[b] 65.2 (E,0)[b]


79.3 (A1,56.1)
[b] 77.2 (T2,38.9)


[b]


ñ ACHTUNGTRENNUNG(Si�N) 797.6 (A1,59.8)
[b] 748.0 (A1,33.5)


[b] 713.3 (A1,15.2)
[b] 670.9 (A1,0)


[b]


803.3 (B2,173.1)
[b] 784.4 (E,182.6)[b] 781.0 (T2,348.3)


[b]


d ACHTUNGTRENNUNG(Si-N-Be) 235.9 (E,18.7)[b] 224.1 (B1,19.1)
[b] 220.7 (A2,0)


[b] 216.4 (T1,0)
[b]


227.8 (B2,3.9)
[b] 222.1 (E,1.6)[b]


230.4 (A2,0)
[b]


d ACHTUNGTRENNUNG(N-Si-N) 347.8 (A1,28.8)
[b] 332.8 (E,27.0)[b] 311.2 (E,0)[b]


393.1 (A1,19.4)
[b] 365.6 (T2,41.0)


[b]


DE1
[d] 4.3 (5.1)[e] 3.8 (4.6)[e]


DE2
[f] 3.8 (4.6)[e]


[a] The �SiHn motions (n=1, 2, or 3) are not included. [b] Symmetry and IR intensity [kmmol
�1] are given in


parentheses. [c] (HeBeN)-Si-(NBeHe) bending motion. [d] Energy change of Equations (4) and (5). [e] The
values in parentheses are not corrected for the BSSE. [f] Energy change of Equation (6).


Figure 4. MP2 ACHTUNGTRENNUNG(full)/6-31G(d) optimized geometries (bond lengths in ? and bond angles in 8) of the
H2XNBeHe, HX ACHTUNGTRENNUNG(NBeHe)2 (X=N, P), HYNBeHe, and Y ACHTUNGTRENNUNG(NBeHe)2 (Y=O, S) molecules. N is the number of
imaginary frequencies.
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second-order saddle point, unstable with respect to the loss
of both helium atoms owing to the bending motion of the
N-Be-He groups (the two imaginary frequencies are 97.4i
and 107.8i cm�1). These results first disclose the possibility
that the M ACHTUNGTRENNUNG(NBeHe)n (n>1) polyhelium complexes may be
unstable with respect to helium atom loss, and, at variance


with the monosubstituted species RNBeHe, that they cannot
be safely predicted as minimum-energy structures on the po-
tential-energy surface. The results on the H2X ACHTUNGTRENNUNG(NBeHe),
HX ACHTUNGTRENNUNG(NBeHe)2, and X ACHTUNGTRENNUNG(NBeHe)3 molecules (X=N, P) con-
firm this variability in the topology of the MACHTUNGTRENNUNG(NBeHe)n spe-
cies. In fact, both H2N�NBeHe (9) and H2P�NBeHe (13)
were located to be true minima on the MP2 ACHTUNGTRENNUNG(full)/6-31G(d)
potential-energy surface, with differences in the Be�N and
Be�He bond lengths and harmonic frequencies that parallel
the difference in the electronegativity of N and P. In addi-
tion, the CCSD(T)/6-311G ACHTUNGTRENNUNG(d,p)//MP2 ACHTUNGTRENNUNG(full)/6-31G(d) energy
change of the reaction shown in Equation (11) is slightly
higher for X=N.


H2X�NBeHe! H2X�NBeþHe
ðX ¼ N, PÞ


ð11Þ


Both HN ACHTUNGTRENNUNG(NBeHe)2 (10) and HP ACHTUNGTRENNUNG(NBeHe)2 (14) have also
been located as stationary points on the potential-energy
surface. However, only 14 was characterized as a true
energy minimum, whereas the nitrogen-containing species
10 revealed a third-order saddle point, and was unstable
with respect to the out-of-plane bending motion of the H
atom (imaginary frequency: 644.4i cm�1), and to two nearly
degenerate bending motions of the N-Be-He groups (imagi-
nary frequencies: 224.1i and 224.8i cm�1). The instability of
the HP ACHTUNGTRENNUNG(NBeHe)NBe fragment on the MP2 ACHTUNGTRENNUNG(full)/6-31G(d)
potential-energy surface prevented the evaluation of the
helium fixation energy in 14. Finally, despite careful search-
ing, we did not locate any stationary point corresponding to
the trisubstituted structures N ACHTUNGTRENNUNG(NBeHe)3 and PACHTUNGTRENNUNG(NBeHe)3.


Organic polyhelium complexes : Following the investigation
of exemplary M ACHTUNGTRENNUNG(NBeHe)n polyhelium complexes containing
a single central atom, we searched for structures containing
two or more �NBeHe functional groups bound to larger or-
ganic skeletons. We focused first on the HC2ACHTUNGTRENNUNG(NBeHe), C2-
ACHTUNGTRENNUNG(NBeHe)2, and HnC2ACHTUNGTRENNUNG(NBeHe)4�n (n=0–3) molecules shown
in Figures 5 and 6, the results for which are shown in
Table 7.
All these species were located as stationary points on the


MP2 ACHTUNGTRENNUNG(full)/6-31G(d) potential-energy surface, with clearly
recognizable �NBeHe functional groups featuring typical
Be�N and Be�He bond lengths of approximately 1.38 and
1.50 ?, respectively, and corresponding harmonic frequen-
cies of around 1700 and 500 cm�1, respectively. However, at
variance with the carbon complexes 1–4 but similar, for ex-
ample, to the nitrogen and sulfur molecules 9, 10 and 13–16,
the complexes 17–24 showed a variability in their topology
related to the number of �NBeHe substituents. First, both
the monosubstituted molecules 17 and 23 were confirmed to
be energy minima on the singlet surface, stable with respect
to helium atom loss by 4.9 and 5.3 kcalmol�1, respectively,
at the CCSD(T)/6-311G ACHTUNGTRENNUNG(d,p)//MP2 ACHTUNGTRENNUNG(full)/6-31G(d) level of
theory at 0 K (see Table 7). These dissociation energies are
slightly higher than the saturated compound 1 (4.7 kcal
mol�1) and their trend parallels the increasing electronega-


Table 5. MP2 ACHTUNGTRENNUNG(full)/6-31G(d) harmonic vibrational frequencies [cm�1] and
CCSD(T)/6-311G ACHTUNGTRENNUNG(d,p)//MP2 ACHTUNGTRENNUNG(full)/6-31G(d) dissociation energies [kcal
mol�1] at 0 K of the H2XNBeHe (X=N, P) and HP ACHTUNGTRENNUNG(NBeHe)2 molecules
9, 13, and 14 (see Figure 4).


H2NNBeHe (9)
[a]


ACHTUNGTRENNUNG(X=N)
H2PNBeHe (13)


[a]


ACHTUNGTRENNUNG(X=P)
HP ACHTUNGTRENNUNG(NBeHe)2


(14)[a]


ñ ACHTUNGTRENNUNG(Be�He) 547.2 (A’,0.3)[b] 505.9 (A’,10.7)[b] 495.9 (A’’,40.2)[b]


501.4 (A’,14.1)[b]


ñ ACHTUNGTRENNUNG(Be�N) 1695.2 (A’,7.0)[b] 1643.0 (A’,107.8)[b] 1603.5 (A’,37.4)[b]


1612.2 (A’’,175.3)[b]


d ACHTUNGTRENNUNG(N-Be-
He)


100.4 (A’,46.75)
[b] 142.9 (A’,9.7)[b] 121.3 (A’’,2.1)[b]


179.9 (A’’,24.1)[b] 147.5 (A’’,9.3)[b] 123.9 (A’,21.1)[b]


139.8 (A’’,6.2)[b]


189.8 (A’,1.3)[b]


w ACHTUNGTRENNUNG(N-Be-
He)[c]


73.2 (A’,24.9)[b]


ñ ACHTUNGTRENNUNG(X�N) 957.8 (A’,181.2)[b] 783.7 (A’,74.3)[b] 746.5 (A’,16.4)[b]


765.2 (A’’,229.9)[b]


d ACHTUNGTRENNUNG(X-N-Be) 334.3 (A’’,6.8)[b] 253.2 (A’’,22.0)[b] 239.2 (A’’,11.9)[b]


353.1 (A’,4.3)[b] 260.3 (A’,15.0)[b] 244.0 (A’’,0.8)[b]


247.5 (A’,22.6)[b]


d ACHTUNGTRENNUNG(N-P-N) 382.3 (A’,13.0)[b]


DE[d] 5.6 (6.4)[e] 4.3 (5.1)[e]


[a] The �NH2 and �PHn motions (n=1 or 2) are not included. [b] Sym-
metry and IR intensity [kmmol�1] are given in parentheses. [c] (HeBeN)-
P-(NBeHe) bending motion. [d] Energy change of Equation (11). [e] The
values in parentheses are not corrected for the BSSE.


Table 6. MP2 ACHTUNGTRENNUNG(full)/6-31G(d) harmonic vibrational frequencies [cm�1] and
CCSD(T)/6-311G ACHTUNGTRENNUNG(d,p)//MP2 ACHTUNGTRENNUNG(full)/6-31G(d) dissociation energies [kcal
mol�1] at 0 K of the HXNBeHe (X=O, S) and OACHTUNGTRENNUNG(NBeHe)2 molecules 11,
12, and 15 (see Figure 4).


HONBeHe (11)[a]


ACHTUNGTRENNUNG(X=O)
O ACHTUNGTRENNUNG(NBeHe)2 (12) HSNBeHe (15)[a]


ACHTUNGTRENNUNG(X=S)


ñ ACHTUNGTRENNUNG(Be�He) 548.7 (A’,0.3)[b] 489.9 (A1,2.7)
[b] 513.3 (A’,2.4)[b]


552.0 (B2,0.02)
[b]


ñ ACHTUNGTRENNUNG(Be�N) 1722.6 (A’,18.4)[b] 1663.9 (B2,29.9)
[b] 1644.8 (A’,19.0)[b]


1681.4 (A1,6.2)
[b]


d ACHTUNGTRENNUNG(N-Be-He) 143.3 (A’’,26.8)[b] 107.2 (A2,0)
[b] 122.8 (A’’,16.4)[b]


168.0 (A’,8.7)[b] 115.0 (B1,32.0)
[b] 151.1 (A’,7.6)[b]


156.4 (B2,3.2)
[b]


214.1 (A1,0.07)
[b]


w ACHTUNGTRENNUNG(N-Be-He)[c] 92.5 (A1,24.1)
[b]


ñ ACHTUNGTRENNUNG(N�X) 991.6 (A’,78.1)[b] 927.2 (A1,30.2)
[b] 793.3 (A’,8.0)[b]


988.8 (B2,45.8)
[b]


d ACHTUNGTRENNUNG(X-N-Be) 347.7 (A’,10.6)[b] 315.1 (B2,3.5)
[b] 264.7 (A’,21.4)[b]


372.2 (A’’,0.4)[b] 326.4 (A2,0)
[b] 282.9 (A’’,11.5)[b]


353.4 (B1,0.9)
[b]


d ACHTUNGTRENNUNG(N-O-N) 655.9 (A1,0.8)
[b]


DE1
[d] 5.2 (6.0)[e] 5.0 (5.8)[e] 5.1 (5.9)[e]


DE2
[f] 5.0 (5.8)[e]


[a] The �XH motions (X=O, S) are not included. [b] Symmetry and IR
intensity [kmmol�1] are given in parentheses. [c] (HeBeN)-O-(NBeHe)
bending motion. [d] Energy change of Equations (7), (8), and (10).
[e] The values in parentheses are not corrected for the BSSE. [f] Energy
change of Equation (9).
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tivity (sp3< sp2< sp) of the
carbon atom bound to the
�NBeHe moiety. The fully
linear disubstituted acetylenic
complex 24 also revealed a true
energy minimum, but the insta-
bility of the C2ACHTUNGTRENNUNG(NBeHe)NBe
fragment on the MP2 ACHTUNGTRENNUNG(full)/6-
31G(d) potential-energy surface
prevented the evaluation of the
fixation energy of the single
helium atoms. On the other
hand, among the three isomeric
complexes H2C2 ACHTUNGTRENNUNG(NBeHe)2, only
the 1,1-disubstituted structure
18 revealed a true energy mini-
mum, and was stable with re-
spect to the loss of both helium
atoms by 4.6 kcalmol�1 at the
CCSD(T)/6-311G ACHTUNGTRENNUNG(d,p)//MP2-
ACHTUNGTRENNUNG(full)/6-31G(d) level of theory
at 0 K (see Table 7). From
Figure 7 and Table 3, similar to


Figure 5. MP2 ACHTUNGTRENNUNG(full)/6-31G(d) optimized geometries (bond lengths in ?
and bond angles in 8) of the HnC2ACHTUNGTRENNUNG(NBeHe)4�n (n=0–3) molecules. N is
the number of imaginary frequencies.


Figure 6. MP2 ACHTUNGTRENNUNG(full)/6-31G(d) optimized geometries (bond lengths in ?
and bond angles in 8) of the HC2NBeHe and C2 ACHTUNGTRENNUNG(NBeHe)2 molecules. N
is the number of imaginary frequencies.


Table 7. MP2 ACHTUNGTRENNUNG(full)/6-31G(d) harmonic vibrational frequencies [cm�1] and CCSD(T)/6-311G ACHTUNGTRENNUNG(d,p)//MP2 ACHTUNGTRENNUNG(full)/6-
31G(d) dissociation energies [kcalmol�1] at 0 K of H3C2NBeHe (17), H2C2 ACHTUNGTRENNUNG(NBeHe)2 (18), HC2NBeHe (23),
and C2 ACHTUNGTRENNUNG(NBeHe)2 (24) (see Figures 5 and 6).


H3C2NBeHe (17)
[a] H2C2 ACHTUNGTRENNUNG(NBeHe)2 (18)


[a] HC2NBeHe (23)
[a] C2 ACHTUNGTRENNUNG(NBeHe)2 (24)


ñ ACHTUNGTRENNUNG(Be�He) 505.0 (A’,2.5)[b] 442.1 (B2,9.7)
[b] 544.0 (�,0.3)[b] 476.3 (�g,0)


[b]


482.8 (A1,0.04)
[b] 565.0 (�u,1.2)


[b]


ñ ACHTUNGTRENNUNG(Be�N) 1659.5 (A’,1.95)
[b] 1247.8 (B2,204.5)


[b] 1686.9 (�,37.85)
[b] 1583.0 (�g, 0)


[b]


1620.3 (A1,4.2)
[b] 1770.3 (�u,24.0)


[b]


d ACHTUNGTRENNUNG(N-Be-He) 139.4 (A’’,7.3)[b] 114.8 (B1,28.1)
[b] 127.0 (


Q
,5.4)[b] 41.7 (


Q
u,48.1)


[b]


139.7 (A’,11.8)[b] 124.2 (A2,0)
[b] 43.3 (


Q
g,0)


[b]


138.8 (B2,5.3)
[b]


200.8 (A1,0.6)
[b]


w ACHTUNGTRENNUNG(N-Be-He)[c] 90.8 (A1,24.1)
[b]


ñ ACHTUNGTRENNUNG(C�N) 1764.5 (A’,195.2)[b] 1713.3 (B2,242.1)
[b] 1000.7 (�,0.2)[b] 779.9 (�g,0)


[b]


1739.5 (A1,53.7)
[b] 1227.2 (�u,31.0)


[b]


d ACHTUNGTRENNUNG(C-N-Be) 238.3 (A’,5.7)[b] 211.0 (B1,8.9)
[b] 284.9 (


Q
,63.1)[b] 110.9 (


Q
u,6.4)


[b]


277.3 (A’’,14.5)[b] 241.3 (B2,0.3)
[b]


276.8 (A2,0)
[b]


d ACHTUNGTRENNUNG(N-C-N) 597.6 (A1,1.0)
[b]


DE1
[d] 4.9 (5.7)[e] 4.6 (5.4)[e] 5.3 (6.0)[e]


DE2
[f] 4.6 (5.4)[e]


[a] The �C2Hn motions (n=1, 2 or 3) are not included. [b] Symmetry and IR intensity [km mol
�1] are given in


parentheses. [c] (HeBeN)-C-(NBeHe) bending motion. [d] Energy change of the reactions H3C2NBeHe!
H3C2NBe+He, H2C2 ACHTUNGTRENNUNG(NBeHe)2!H2C2ACHTUNGTRENNUNG(NBeHe)NBe+He, and HC2NBeHe!HC2NBe+He. [e] The values in
parentheses are not corrected for the BSSE. [f] Energy change of the reaction H2C2ACHTUNGTRENNUNG(NBeHe)NBe!H2C2-
ACHTUNGTRENNUNG(NBe)2+He.


Figure 7. Contour line diagrams of the MP2 ACHTUNGTRENNUNG(full)/6-311G ACHTUNGTRENNUNG(d,p) Laplacian
of the electronic charge density �521(r) (in the sv plane) of H2C2-
ACHTUNGTRENNUNG(NBeHe)2 and C6H5NBeHe. Dashed lines are in regions of charge deple-
tion (�521(r)<0) and solid lines in regions of charge concentration
(�521(r)>0).
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the saturated carbon complexes 1–4, the beryllium–helium
interaction in 18 is still predicted to be electrostatic.
On the other hand, both the cis- and the trans-disubstitut-


ed structures 19 and 20 are second-order saddle points on
the surface, with imaginary frequencies of 45.4i and
48.5i cm�1 and 40.6i and 93.8i cm�1, respectively, which refer
to the bending motion of the N-Be-He groups and result in
the irreversible dissociation of the helium atoms. Similar vi-
brations and eventual losses of helium atoms are associated
with the three imaginary frequencies of structure 21 (92.5i,
114.5i, and 206.7i cm�1) and with the four imaginary fre-
quencies of structure 22 (183.0i, 191.0i, 221.1i, and
243.6i cm�1).
Finally, we have investigated the exemplary aromatic pol-


yhelium complexes formally obtained by replacing the H
atoms of C6H6 with �NBeHe moieties. Most of the investi-
gated C6HnACHTUNGTRENNUNG(NBeHe)6-n (n=0–5) molecules, including the
largest C6 ACHTUNGTRENNUNG(NBeHe)6, were actually located as stationary
points on the MP2 ACHTUNGTRENNUNG(full)/6-31G(d) potential-energy surface,
with Be�N and Be�He bond lengths invariably computed to
be around 1.375 and 1.500 ?, respectively. However, only
the ortho-, meta-, and para-disubstituted derivatives 26, 27,
and 28, respectively, shown in Figure 8 and Table 8 revealed
true energy minima, and were stable by approximately
5 kcalmol�1 with respect to the loss of both the first and the
second helium atoms.
The results shown in Figure 7 and Table 3 for the mono-


substituted derivative 25 suggest that this interaction is still
essentially electrostatic. To investigate the stabilization by
the ring substituents of these aromatic helium complexes,
we studied the two para-disubstituted molecules HO�C6H4�
NBeHe and NC�C6H4�NBeHe. From Table 3, the results of
the AIM analyses of X�C6H4�NBeHe (X=H, OH, CN)
show only minor differences in the total charges of the rele-
vant C, N, Be, and He atoms, and nearly coincident values
of approximately +8.3 e?�5 of the Laplacian of the electron
density (521) at the bond critical point located on the at-
tractor interaction line corresponding to the Be�He bond.
Consistently, the CCSD(T)/6-311G ACHTUNGTRENNUNG(d,p)//MP2 ACHTUNGTRENNUNG(full)/6-31G(d)
energy change of the dissociation shown in Equation (12),
computed to be 4.9 kcalmol�1 for X=H, resulted in
4.9 kcalmol�1 for X=OH and 5.1 kcalmol�1 for X=CN.


X-C6H4-NBeHe! X-C6H4-NBeþHe ð12Þ


This minor influence of the ring substituent on the stabiliza-
tion of X-C6H4-NBeHe refrained us from the computation-
ally more expensive investigation of the conceivable stabiliz-
ing effects of aromatic polyhelium complexes by the ring
substituents.


Conclusion


Searching for neutral helium compounds still remains a fas-
cinating experimental challenge, and theory is invited to dis-
close still unexplored features of this chemistry. The results


of our ab initio calculations first disclose the conceivable ex-
istence of stable or metastable neutral complexes containing
more than one (actually up to four) helium atom. This theo-
retical prediction comes from the recognition that the
�NBeHe moiety behaves as a monovalent functional group
able to replace the hydrogen atoms of parent molecules to
form MACHTUNGTRENNUNG(NBeHe)n (n>1) species of variable size and com-
position, including, for example, the dihelium complexes O-
ACHTUNGTRENNUNG(NBeHe)2, HP ACHTUNGTRENNUNG(NBeHe)2, and C6H4ACHTUNGTRENNUNG(NBeHe)2, the trihelium
complexes HC ACHTUNGTRENNUNG(NBeHe)3 and HSi ACHTUNGTRENNUNG(NBeHe)3, and the tetra-
helium complexes C ACHTUNGTRENNUNG(NBeHe)4 and SiACHTUNGTRENNUNG(NBeHe)4. All these
species were characterized as minimum-energy structures,
and featured electrostatic beryllium–helium interactions of
approximately 4–5 kcalmol�1. On the other hand, complexes
such as HN ACHTUNGTRENNUNG(NBeHe)2, S ACHTUNGTRENNUNG(NBeHe)2, C2ACHTUNGTRENNUNG(NBeHe)4, and C6-
ACHTUNGTRENNUNG(NBeHe)6 were characterized as high-order saddle points,
and were unstable with respect to the loss of helium atoms
owing to the bending of the �NBeHe groups. Therefore, it
cannot be safely predicted that any M ACHTUNGTRENNUNG(NBeHe)n (n>1)
structure actually resides in a potential energy well. This
consideration, however, does not undermine the suggestion
that the class of M ACHTUNGTRENNUNG(NBeHe)n (n>1) polyhelium complexes


Figure 8. MP2 ACHTUNGTRENNUNG(full)/6-31G(d) optimized geometries (bond lengths in ?
and bond angles in 8) of the C6H5NBeHe and C6H4ACHTUNGTRENNUNG(NBeHe)2 molecules.
N is the number of imaginary frequencies.


www.chemeurj.org J 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 5033 – 50425040


F. Grandinetti et al.



www.chemeurj.org





may, in principle, be very large, and, if anything, invites a
more detailed investigation of the factors that control their
detailed structure and stability.


Computational Methods


The quantum chemical calculations were performed by using Unix ver-
sions of the Gaussian 98[44] and MOLPRO 2000.1[45] sets of programs in-
stalled on an Alphaserver 1200 and a DS20E Compaq machine. The geo-
metries of all the investigated species were optimized, by using the 6-
31G(d) basis set,[46] at the second-order Møller–Plesset level of theory
with inclusion of the inner electrons, MP2 ACHTUNGTRENNUNG(full),[47] and the obtained struc-
tures were characterized as true minima or higher-order saddle points by
calculation of the MP2 ACHTUNGTRENNUNG(full)/6-31G(d) vibrational frequencies. The zero-
point vibrational energies (ZPE) were also obtained in this way. The
MP2 ACHTUNGTRENNUNG(full)/6-31G(d) geometries were subsequently used to perform
single-point calculations at the Coupled Cluster level of theory (frozen-
core approximation), including the contribution from single and double
substitutions and an estimate of connected triples, CCSD(T),[48,49] with
the 6-311G ACHTUNGTRENNUNG(d,p) basis set.[46] The geometry of H2C ACHTUNGTRENNUNG(NBeHe)2 was also re-
fined at the MP2 ACHTUNGTRENNUNG(full), CCD, and CCSD(T) levels of theory by using the
larger basis sets 6-311G ACHTUNGTRENNUNG(d,p) and 6-311++G ACHTUNGTRENNUNG(2df,2p).[46] At the CCSD(T)
level of theory, the T1 diagnostic was calculated according to Lee and
Taylor,[50] and the dissociation energies were corrected for the basis-set
superposition error (BSSE) by using the method by Boys and Bernar-
di.[51] Chemical bonding analysis was based on the theory of Atoms-in-
Molecules (AIM),[52] by using the implementation in Gaussian 98 devel-
oped by Cioslowski and co-workers,[53,54] and the AIM2000 program
package.[55] In particular, we have calculated the MP2 ACHTUNGTRENNUNG(full)/6-311G ACHTUNGTRENNUNG(d,p)
total charges (q), the charge density (1), and the Laplacian of the charge
density (521) at the bond critical points (bcp), intended to be the points
on the attractor interaction lines where 521=0, and the covalent bond
order of the various chemical bonds.
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High-Spin- and Low-Spin-State Structures of
[Fe(chloroethyltetrazole)6]ACHTUNGTRENNUNG(ClO4)2 from Synchrotron Powder Diffraction
Data
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Introduction


Spin crossover is the phenomenon that external influences
(for example, temperature, light, or pressure) can change
the spin state of an atom, thereby changing the total mag-
netic moment of the compound.[1–3] Spin crossover may find
potential application, for example, in temperature sensors,
in various types of molecular-based displays, and in informa-
tion storage and retrieval.[1,4–9] A wide range of spin cross-
over has been observed experimentally, for example, gradual
complete, two-step transitions, incomplete transitions with a
residual high-spin (HS) species at low temperature, and hys-
teresis loops.[10–13]


Most of the studies of spin crossover have concentrated
on iron(ii) compounds.[14,15] Thermal spin crossover in coor-
dination compounds of the form [Fe(alkyltetrazole)6](X)2


(with X = BF4
�, ClO4


�) were first described by Franke.[16,17]


On the basis of magnetic susceptibility measurements, it was
discovered that the 1-methyltetrazole (mtz) and the 1-ethyl-
tetrazole (etz) complexes have a large residual of high-spin
FeII ions at low temperature, 50% for the mtz complexes
and 33% for the etz complexes. Crystal-structure determina-
tion of those complexes[18–19] revealed the Fe atom to be
positioned at two crystallographically inequivalent sites in
the unit cell, nA and nB. Because of the difference in the
ratio nA:nB, 1:1 and 2:1 in the mtz and etz complexes, re-
spectively, the large HS residue has been explained by as-
suming that the Fe atoms at site nB remain in the HS state
at all temperatures, while those at site nA undergo a temper-
ature-dependent spin transition.


The spin-crossover behavior of [FeACHTUNGTRENNUNG(teec)6]ACHTUNGTRENNUNG(ClO4)2 is simi-
lar to that of [Fe ACHTUNGTRENNUNG(mtz)6]X2, (X = BF4


�, ClO4
�), a single-step


spin crossover of around 50% of the FeII ions. Magnetic sus-
ceptibility data of [FeACHTUNGTRENNUNG(teec)6] ACHTUNGTRENNUNG(ClO4)2 revealed that, when
cooling once to low temperature (10 K), 50% of the FeII


atoms remained in the HS state, while according to 57Fe
Mçssbauer spectroscopy this percentage was lower (almost
20%). Additional 57Fe Mçssbauer spectroscopy experiments
pointed out that by repeated cycles of cooling and heating
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tetrazole) exhibits a 50% incomplete
spin crossover in the temperature
range 300–30 K. Time-resolved syn-
chrotron powder diffraction experi-
ments have been carried out to eluci-
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the percentage of the high-spin species at low temperature
could be reduced virtually to zero.


Because of their similarity in spin-crossover behavior, it
has been assumed that also [Fe ACHTUNGTRENNUNG(teec)6] ACHTUNGTRENNUNG(ClO4)2 has two differ-
ent FeII sites nA and nB, with site nA being associated with
the change from HS to low spin (LS) between 235 K and
150 K, with T1/2=178.5 K.[20,21] The high percentage of FeII


ions remaining in the HS state as the temperature decreases
has been attributed to the presence of a FeII site nB that pre-
sumably does not undergo a spin-crossover.


To analyze the incomplete SCO in [FeACHTUNGTRENNUNG(teec)6]ACHTUNGTRENNUNG(ClO4)2 in
more detail, synchrotron radiation powder data (SRPD)
were collected at several temperatures in the range 300–
90 K and over two different time scales, five minutes (scan
data) and one hour (long-term data). For the long-term
SRPD sets at 300 K (HS) and 90 K (LS) the corresponding
crystal structures have been determined.


Results


Scan versus long-term data : The diffraction patterns of the
scan measurements (Figure 1) show a remarkable evolution
as the temperature decreases. Within the temperature range
300–180 K, the patterns change quite gradually and only a
lattice contraction seems to occur. However, below 170 K,
and in almost all regions of the patterns, reflections that
were initially present at 300 K start to fade while new dif-
fraction peaks appear. For example, below 150 K, very close
to the strong maximum at 2q~4.78, a new peak appears, the
intensity of which increases at 130 K and thereafter seems
to stabilize. At the same time, the intensity of the 2q=4.78
maximum decreases and at the lowest temperatures only a


few spots remain visible on the Imaging-Plate image. At
around 2q=128 and until a temperature of 150 K, two main
lines are splitting, but below 140 K these lines fade out
while a new one between them increases in intensity (see
Figure 2, broken lines). At 2q~158 and below 170 K, some
reflections seem to fade out and at 150 K a new peak ap-
pears in a position very close to that of the initial reflections,
which becomes stronger as the temperature decreases.


Below 130 K the patterns seem
to stabilize. It is remarkable
that the temperature interval
(180–130 K) in which these dif-
ferences were observed coin-
cides with the temperature in-
terval for which the spin transi-
tion has been observed
(Figure 3). A likely hypothesis
is that, as the temperature de-
creases, the molecules cross
over from the HS to the LS
state in such a way that both
spin states simultaneously give
rise to observable and distin-
guishable diffraction patterns.


Inspection of the long-term
and scan data at each tempera-
ture shows no significant differ-
ences in the interval 300–
175 K. Below about 170 K till
130 K, however, the differen-
ces become prominent. The


Figure 1. Diffraction patterns (3–358 2q) of the scan measurements of [Fe ACHTUNGTRENNUNG(teec)6] ACHTUNGTRENNUNG(ClO4)2, from top to bottom:
300 K and 250 K!90 K (in steps of 10 K).


Figure 2. Excerpt of the diffraction patterns of the scan (a) and long-
term (c) experiments of [Fe ACHTUNGTRENNUNG(teec)6] ACHTUNGTRENNUNG(ClO4)2, showing their evolution as
function of temperature.
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long-term pattern at 175 K is still quite similar to the scan
pattern at 180 K but differs appreciably from the scan pat-
tern at 170 K especially in the interval 2q=12–258
(Figure 1). Also the long-term data at 155 K differ consider-
ably from the 150 and 160 K scan data in the interval 2q=
15–258. Comparing the scan and long-term patterns at 90
and also at 140 K, remarkable differences can be observed
in the range 2q=4–258.


Another observation is that the intensity peaks in several
2q ranges are broader and less-well defined in the tempera-
ture intervals 140–170 K and 140–175 K for the scan and
long-term data, respectively. This is likely to be caused by
structural changes that take place during the data collection.


As explained above, in the scan data the diffraction pat-
terns of both the HS and LS states occur simultaneously.
For this reason, and because of the broadened and less well-
defined peaks, a convincing unit-cell determination for the
scan data was difficult to achieve. For the long-term data
these problems were less serious, in spite of the presence of
a small amount of the HS state phase evident in the LS
long-term data. By using a laboratory-room-temperature
Guinier powder diffraction pattern of [FeACHTUNGTRENNUNG(teec)6]ACHTUNGTRENNUNG(ClO4)2 as a
reference, all long-term SPring8 (synchrotron located at the
Japan Synchrotron Radiation Research Institute, Nishi-
Harima, Hyogo, Japan) data could be indexed as monoclinic
with P21/c to be the most likely space group and Z=2 in ac-
cordance with the density of the compounds [FeACHTUNGTRENNUNG(teeX)6]-
ACHTUNGTRENNUNG(BF4)2 (X = Cl, Br, I).[22–24] Table 1 lists unit-cell data while
the unit-cell volume as a function of temperature is shown
in Figure 3 together with the Imaging-Plate data of the scan
measurements and the magnetic susceptibility versus tem-
perature (T›=160–100 K and Tfl=100–298 K).


In Figure 4a the changes in the unit-cell axes and volume
relative to their values at 90 K are plotted for the long-term
data (DL=LT�L90, DV=VT�V90). Likewise, Figure 4b
shows the behavior of the monoclinic angle b as function of


temperature. In Figure 4c the
percentage change of the unit-
cell axes and volume relative
to their values at 300 K
is depicted: [(LT�L300)/
L300]·100%, with LT being a
unit-cell axis or volume value
at temperature T. The final
contraction percentages at
90 K show a relatively large
contraction of the a axis
(4.5%) compared to those for
the b axis (1.1%) and c axis
(1.0%). Results of the full-pat-
tern decomposition and
Pawley refinement using the
Material Studio (MS) pack-
age[25] are summarized in
Table 2.


Structure determination from synchrotron powder data : In
the structure determination process by using the 300 K data,
two models were found, referred to as M1 and M2. Both
models are similar to the room-temperature structure of
[Fe ACHTUNGTRENNUNG(teec)6]ACHTUNGTRENNUNG(BF4)2,


[22] except for an anti-parallel orientation of
the tetrazole ring of ligand a in M1. Although after the final
Rietveld refinement (RR) with GSAS[26] both models did
not differ much in terms of criteria-of-fit (see Table 3) and
difference pattern (Figure 5), model M2 was considered to
be slightly better and assumed to be the most likely structur-
al model of [Fe ACHTUNGTRENNUNG(teec)6]ACHTUNGTRENNUNG(ClO4)2 at 300 K, also because its
packing is similar to that of [FeACHTUNGTRENNUNG(teec)6]ACHTUNGTRENNUNG(BF4)2. The refine-
ment results of M1 and M2 indicate that RR and the Rwp


are not very sensitive to differentiate between small struc-
tural differences, like those present between M1 and M2, es-
pecially when the experimental data are not ideal. The prob-
lems with the sample granularity, assumed to be responsible
for the lower data quality, were less severe in the long-term
data due to spinning the capillary, but could not be eliminat-
ed completely. A more extensive grinding of the compound
could not be applied as it led to a significantly different dif-
fraction pattern.


The structure at 90 K was refined successfully (Figure 6)
starting from the structural model at 300 K, though not


Figure 3. Magnetic susceptibility versus temperature, unit-cell volume as a function of temperature for long-
term measurements of [Fe ACHTUNGTRENNUNG(teec)6] ACHTUNGTRENNUNG(ClO4)2 and Imaging-Plate data of the scan measurements (Tfl=160–100 K
and T›=100–298 K).


Table 1. Unit-cell parameters for long-term data of [Fe ACHTUNGTRENNUNG(teec)6] ACHTUNGTRENNUNG(ClO4)2 (re-
finement with Materials Studio software) as a function of temperature.


T [K] a [J] b [J] c [J] b [8] V [J3]


90 11.6214(2) 17.7883(3) 10.46283(19) 90.3470(16) 2162.89(8)
140 11.8900(4) 17.7246(4) 10.4418(3) 90.348(2) 2200.52(12)
155 11.9962(4) 17.6797(4) 10.4528(3) 90.279(4) 2216.90(15)
175 12.02833(17) 17.7513(2) 10.47896(18) 90.232(2) 2237.43(7)
200 12.0833(3) 17.8039(3) 10.4934(2) 90.196(2) 2257.43(9)
250 12.14157(18) 17.8964(2) 10.53631(15) 90.3846(12) 2289.39(6)
300 12.1669(3) 17.9845(3) 10.5736(2) 90.6044(13) 2313.54(9)
Guinier
data


12.232(5) 18.055(6) 10.627(3) 90.59(2) 2347(1)
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without difficulty because of ice formation and the presence
of a (small) quantity of the HS state phase. The presence of
this HS phase affected the diffraction patterns when digi-
tized from the Imaging-Plate images: a slightly different
choice of integration area led to different integrated intensi-
ties as shown in Figure 7.


Structure of [Fe(chloroethyltetrazole)6] ACHTUNGTRENNUNG(ClO4)2 : In all Riet-
veld refinements of [FeACHTUNGTRENNUNG(teec)6]ACHTUNGTRENNUNG(ClO4)2, restraints were essen-
tial to avoid distortion of the structural model. Therefore,
values of bond lengths and angles should be considered to
be indicative and not absolute. Like in the other [Fe-
ACHTUNGTRENNUNG(teeX)6]ACHTUNGTRENNUNG(BF4)2 (X = Cl, Br, I) complexes,[22–24] the Fe atom
in the centrosymmetric [FeACHTUNGTRENNUNG(teec)6]


2+ moiety is at a special
position and is octahedrally coordinated by the neighboring
nitrogen atoms at distances 2.174(9)–2.188(9) J at 300 K
that are typical Fe�N distances in the HS state. The Fe�N
distances in the structure at 90 K are 1.909(7)–2.091(8) J,
which corresponds to an average Fe�N bond length de-
crease of 7.8% (0.17 J).


All N-Fe-N angles show almost ideal octahedral symmetry
with a maximum deviation of 1.5(3)8 from 908 at 300 K and
2.9(3)8 at 90 K. At 300 K, the four in-plane N atoms form
an almost perfect square (deviation smaller than 0.58 from
908). At 90 K, the square is distorted with a maximum devi-
ation of 5.28 from 908. Distances and angles given in the
text containing estimated standard deviations (esds) have
been calculated with the program PLATON;[27] those not
containing esds have been calculated with DIAMOND[28] or
PLUVA.[29]


In Figure 8a the refined structures at 300 and 90 K have
been superimposed. All figures displaying the structure have
been generated with the programs DIAMOND and
PLUVA, while in Figure 8b, the molecular structure with


Figure 4. a) Changes in the unit-cell axes and volume relative to their
values at 90 K, as a function of temperature T for long-term measure-
ments of [Fe ACHTUNGTRENNUNG(teec)6] ACHTUNGTRENNUNG(ClO4)2. b) The angle b as function of temperature T.
c) Change of the unit-cell axes and volume relative to their values at
300 K [%].


Table 2. Full-pattern decomposition (MRIA) and Pawley refinement (Materials Studio software) results for long-term measurements of [Fe ACHTUNGTRENNUNG(teec)6]-
ACHTUNGTRENNUNG(ClO4)2.


T [K] 300
(MRIA)


300
(MS)


250
(MS)


200
(MS)


175
(MS)


155 (MS) 140
(MS)


90
(MRIA)


90
(MS)


Rp [%] 2.54 1.98 1.83 1.95 1.68 2.26 1.91 3.66 1.97
Rwp 4.12 2.77 2.90 3.41 2.87 3.75 3.42 5.97 3.27
2q range [8] 2–28.65 3–25 3–35 3–35 3–35 3–25 3–35 2–29.61 3–35
resolution [J] 2.02 2.31 1.66 1.66 1.66 2.31 1.66 1.96 1.66
excluded regions [8] 15.60–15.75 16.65–16.75


17.30–17.42


Table 3. Summary of the Rietveld refinement results of the [Fe ACHTUNGTRENNUNG(teec)6]-
ACHTUNGTRENNUNG(ClO4)2 models.


T [K] 300 300 300 155 90
(MS) ACHTUNGTRENNUNG(GSAS-M1) ACHTUNGTRENNUNG(GSAS-M2) (MS) ACHTUNGTRENNUNG(GSAS)


Rp [%][a] 5.09 3.29 3.28 5.45 3.52
Rwp [%] 8.08 4.58 4.58 7.75 4.70
2q range [8] 3–50 2.5–50 2.5–50 3–51 2.5–66
resolution [J] 1.18 1.18 1.18 1.16 0.92


[a] Rwp=


�P
wi ðyoi�yicÞ2P


wiy
2
oi


�
1/2 ; yoi=observed intensity at the ith datapoint, yci=


calculated intensity at the ith datapoint, wi=1/yoi, subscript i denotes all
points in the pattern range undergoing refinement.
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the numbering of the non-hydrogen atoms in the asymmet-
ric unit is shown. From the superposition of the structures it
is concluded that the major changes are limited to the posi-
tion and orientation of the ethyl groups, those of ligand c
having changed the most and those of ligand b the least. In
contrast, the tetrazole rings hardly changed, being almost
parallel at the two temperatures.


The structure of [Fe ACHTUNGTRENNUNG(teec)6]ACHTUNGTRENNUNG(ClO4)2 is layered along the
unit-cell axes, like in [FeACHTUNGTRENNUNG(teeX)6]ACHTUNGTRENNUNG(BF4)2 (X = Cl, Br, I). In
Figure 9 the layers parallel to the b and c axes and almost
perpendicular to the a axis are shown while in Figure 10
they are viewed along the a axis. The differences between
the structures at the two temperatures mainly concern the
orientation of the Cl�C bonds in ligand c that are almost
parallel to the b and c axes at 300 K (within 158 deviation)
while at 90 K, this deviation is 358. The distance between
the structural layers is around 2.3 J at 300 K and 1.8 J at
90 K (it is noted that the reported interlayer distances have


been estimated visually, the layers being viewed along the b
and c axes; therefore they are given as indicative and mostly
for comparative reasons). Interlayer-short-contacts interac-
tions exist between Cl and hydrogen atoms (Table 5) and
this interaction seems to be stronger at 90 K, a similar obser-
vation as for the tetrafluoroborate complex.[24] In Table 6
possible intermolecular hydrogen bonds are listed. Accord-
ing to PLATON, three Cl···H�C bonds at 300 K are short
enough to be considered as hydrogen bonds, one of them
being an intralayer hydrogen bond (Cl1···H3a2�C3a) and
almost parallel to the c axis, and the other two being inter-
layer hydrogen bonds. At 90 K the Cl···H�C hydrogen bond
network appears stronger. The N···H�C bonds (Table 6) are
rather long compared to those in the tetrafluoroborate com-


Figure 6. Rietveld refinement (GSAS) plot for [Fe ACHTUNGTRENNUNG(teec)6] ACHTUNGTRENNUNG(ClO4)2 at 90 K:
Experimental diffraction pattern (upper); the pattern as calculated from
the refined crystal structure (middle); the difference between these pat-
terns (lower); ice peaks (upper row of vertical lines) and; reflection posi-
tions (lower row of vertical lines).


Figure 7. Excerpt of two diffraction patterns of the [FeACHTUNGTRENNUNG(teec)6] ACHTUNGTRENNUNG(ClO4)2 at
90 K, as integrated from the Imaging Plate by using two different integra-
tion areas. The lowest line is the difference between them.


Figure 5. Rietveld refinement (GSAS) plots for [Fe ACHTUNGTRENNUNG(teec)6] ACHTUNGTRENNUNG(ClO4)2 at
300 K for: a) Model M1 and, b) Model M2 experimental diffraction pat-
tern (upper); the pattern as calculated from the refined crystal structure
(middle); difference between these patterns (lower), and; reflection posi-
tions (vertical lines).


Chem. Eur. J. 2006, 12, 5043 – 5052 G 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5047


FULL PAPERIncomplete Spin-Crossover of [Fe(chloroethyltetrazole)6]ACHTUNGTRENNUNG(ClO4)2



www.chemeurj.org





plex.[24] From the N···H distances it can be concluded that,
just as in the case of the tetrafluoroborate complex, at
300 K more N···H�C hydrogen-bond stabilization exists than
at 90 K. Actually, at 90 K two of the three N···H distances
are too long to be considered as hydrogen bonds.


Discussion


Spin-crossover behavior : To explain the spin-crossover phe-
nomenon two main types of thermodynamic models have
been proposed, one being based on the hypothesis of regular
solutions and the other on the idea of spin-domain forma-
tion within the crystal lattice. According to the regular-solu-
tion model[30–32] the origin of the intermolecular interactions
lies in the elasticity of the medium. A volume change of a
few molecules uniformly distributed over the crystal, by re-
placing atoms of different size or by the spin-state change of
spin-crossover molecules, may give rise to lattice strain and
this, in turn, to long-range interactions that may be inter-
preted as an internal pressure that increases linearly with
the concentration of the LS species and affects all molecules
in the crystal by the same strength (independently of distan-
ces).


In the theoretical model proposed by Sorai and Seki,[33]


and explored further by Bolvin and Kahn,[34] it is assumed
that the molecules cluster in domains with identical spin
(HS or LS domains) as a result of high cooperativity and
that the conversion of the electronic state occurs simultane-
ously in a group of molecules that form a “cooperative”
region.


As it turns out, unlike the cases of [FeACHTUNGTRENNUNG(teeX)6]ACHTUNGTRENNUNG(BF4)2


(X = Cl, Br, I),[23,24, 35] in [Fe ACHTUNGTRENNUNG(teec)6]ACHTUNGTRENNUNG(ClO4)2 a nongradual
evolution of the diffraction patterns as a function of temper-
ature is observed and two similar but distinguishable lattices
occur, the quantities of which vary with the temperature, a
behavior suggesting an isostructural phase transition. The
lattice observed at 300 K is attributed to the HS state, and
the one appearing below 170 K to the LS state. The scan
SRPD experiments revealed the simultaneous presence of
HS and LS domains that are large enough to give their own
distinctive diffraction patterns, a phenomenon that was not
observed in the cases of [FeACHTUNGTRENNUNG(teeX)6]ACHTUNGTRENNUNG(BF4)2 (X = Cl, Br, I).
This observation supports the theory that domains with the
same spin can be formed during spin crossover.


Figure 8. a) The refined structures at 300 (dark gray) and 90 K (light
gray) superimposed; b) molecular crystal structure of [Fe ACHTUNGTRENNUNG(teec)6] ACHTUNGTRENNUNG(ClO4)2


at 300 K showing the numbering scheme.


Table 4. Restraints terms in the least-squares minimization function of
the Rietveld refinement of [Fe ACHTUNGTRENNUNG(teec)6] ACHTUNGTRENNUNG(ClO4)2 (GSAS). At 300 K: fd=3,
fa=10, and fp=15. At 90 K: fd=12, fa=20, and fp=20.


T [K] 300 (M1) 300 (M2) 90


bond lengths (46) 5565.5 4115.4 4010.7
bond angles (78) 5879.6 6370.2 8396.7
planar group (15) 2952.8 3083.9 2880.5
total data (300 K:4888; 90 K:6462)
(powder+restraints)


69912 68983 114400


Table 5. Interlayer shorts contacts in [FeACHTUNGTRENNUNG(teec)6] ACHTUNGTRENNUNG(ClO4)2 at 300 and 90 K
(the second line denotes the number of contacts in each case).


T [K] Cl–Cl<4.4 J Cl–H<3.5 J H–H<3.5 J


300 4.091–4.226 2.70–3.49 2.03–3.38
3 (1 intralayer) 5 5


90 3.916–4.176 2.34–3.50 2.21–3.31
3 (1 intralayer) 6 5


Table 6. Possible intermolecular hydrogen bonds (lengths [J], angles [8])
of [Fe ACHTUNGTRENNUNG(teec)6] ACHTUNGTRENNUNG(ClO4)2 at 300 K and 90 K.


300 K 90 K


N···H N···C N-H-C N···H N···C N-H-C
N2a···H2b2�C2b 2.84 3.70 134 3.16 3.99 133
N2b···H2a1�C2a 2.74 3.50 126 2.67 3.40 124
N2c···H2c1�C2c 2.82 3.59 127 3.61 3.63 83


Cl···H Cl···C Cl-H-C Cl···H Cl···C Cl-H-C
Cl1···H3a2�C3a 2.81(4) 3.68(2) 137(3) 2.68(3) 3.65(2) 150(2)
Cl3···H3b1�C3b 2.70(5) 3.53(2) 130(3) 2.34(4) 3.266(19) 139(3)
Cl2···H3b2�C3b 2.82(4) 3.83(2) 154(3) 2.95 3.90 149
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Spin-like domain formation has been reported recently[36]


for the compound [FeACHTUNGTRENNUNG(btr)2ACHTUNGTRENNUNG(NCS)2] ACHTUNGTRENNUNG(H2O), which exhibits a
complete and abrupt spin transition at 123.5 K in cooling
mode and shows a hysteresis of 21 K. Time-resolved single-
crystal diffraction experiments (150 s duration each) carried
out at the temperature of spin transition revealed the con-
tinuous and complete conversion of the HS state to the LS
state through an intermediate situation for which both spin
states coexist.


Anisotropy of unit-cell contraction and long-term versus
scan data : As in the case of the long-term experiments of
[Fe ACHTUNGTRENNUNG(teec)6]ACHTUNGTRENNUNG(BF4)2,


[24] the final lattice contractions of [Fe-


ACHTUNGTRENNUNG(teec)6]ACHTUNGTRENNUNG(ClO4)2 relative to the values at 300 K show a re-
markable anisotropy along the a axis, although the anisotro-
py in the latter compound is somewhat larger. In both com-
plexes, the c axis contracts the least. The changes in unit-cell
parameters are not linear and although all axes change
rather gradually, after the completion of the largest part of
the spin crossover (~155 K) the a axis contracts faster while
the b and c axes increase slightly. In the case of [FeACHTUNGTRENNUNG(teec)6]-
ACHTUNGTRENNUNG(BF4)2 the most significant deviations from the long-term
unit-cell changes in the lattice parameters were observed
practically after the completion of the first SCO. Although
unit cells from the scan measurements have not been deter-
mined for the [Fe ACHTUNGTRENNUNG(teec)6]ACHTUNGTRENNUNG(ClO4)2 and therefore no conclu-


Figure 9. The [Fe ACHTUNGTRENNUNG(teec)6] ACHTUNGTRENNUNG(ClO4)2 structure at: a),b) 300 K and; c),d) 90 K form layers along the b and c axes (a),c) and b),d), respectively) perpendicular
to the a axis.
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sion can be drawn about the anisotropy in the contraction
direction, the reasoning about the direction of the anisotro-
py may apply here as well : After the SCO takes place, the
modified lattice vibrations (mainly due to the Fe�N bond-
length shrinkage) are transmitted to the rest of the mole-
cule. The first way for the vibrations to be transmitted is
within the bc planes as the intralayer–intermolecular con-
tacts and interactions (hydrogen bonds) are stronger than
the interlayer contacts. After the intralayer relaxation, the
contractions occur in directions where more space is availa-
ble, that is, along the a axis. If this hypothesis is correct, the
long-term data of [FeACHTUNGTRENNUNG(teec)6]ACHTUNGTRENNUNG(ClO4)2 reflect only the later
structural changes. However, in the case of [FeACHTUNGTRENNUNG(teec)6] ACHTUNGTRENNUNG(BF4)2


there was no indication of the existence of two separate dif-
fraction patterns while in the case of [FeACHTUNGTRENNUNG(teec)6]ACHTUNGTRENNUNG(ClO4)2


there is clear evidence.


As described above, noticeable differences exist between
the scan and long-term data collected at the same tempera-
ture. These differences can be attributed to the relaxation of
the structure during the long-term measurements, a conclu-
sion drawn also in the case of [FeACHTUNGTRENNUNG(teec)6]ACHTUNGTRENNUNG(BF4)2.


[24] Indeed,
inspection of the long-term diffraction patterns at 155–90 K
does not show a significant amount of HS state.


Structural aspects : In [Fe ACHTUNGTRENNUNG(teec)6]ACHTUNGTRENNUNG(ClO4)2 the FeII atoms are
on only one type of crystallographic site, like in [FeACHTUNGTRENNUNG(teeX)6]-
ACHTUNGTRENNUNG(BF4)2 (X = Cl, I, Br),[23,24] therefore the incomplete SCO
cannot be attributed to the existence of two FeII ions behav-
ing differently, one of which does not undergo SCO, as in
the case of [Fe ACHTUNGTRENNUNG(mtz)6]X2, X = BF4


�, ClO4
�.[18,19] A compari-


son of [Fe ACHTUNGTRENNUNG(teec)6]ACHTUNGTRENNUNG(ClO4)2 with other Fe�N bonds of SCO
compounds, in particular those that also exhibit an incom-
plete SCO, reveals no clear common structural characteris-
tics, except for a decrease of the Fe�N bond length. The
average decrease of the Fe�N bond length (0.17 J) in [Fe-
ACHTUNGTRENNUNG(teec)6]ACHTUNGTRENNUNG(ClO4)2 is clearly smaller than in [FeACHTUNGTRENNUNG(teec)6]ACHTUNGTRENNUNG(BF4)2


(0.31 J, two-step complete SCO) and this may be related to
the incomplete HS!LS spin transition as observed by using
magnetic susceptibility measurements (Figure 3).


A similar Fe�N contraction (0.15 J) has been observed in
[Fe ACHTUNGTRENNUNG(PM-TeA)2ACHTUNGTRENNUNG(NCS)2]·CH3OH (PM = N-2’-pyridylmethy-
lene, TeA = 4-aminoterphenyl),[11] that also exhibits a
smooth and incomplete spin crossover. This molecule is also
centrosymmetric with the octahedrally coordinated FeII


atom at a special position. For this compound it was con-
cluded, on the basis of single-crystal structures determined
at 298 K, 140 K, and 11 K (all space groups Pccn), that no
structural phase transition was involved in the HS!LS
SCO.


In the case of Fe ACHTUNGTRENNUNG(btz)2ACHTUNGTRENNUNG(NCS)2 (btz = 2,2’-bi-4,5-dihydro-
thiazine),[37] which also shows a gradual incomplete spin
crossover, the determined single-crystal X-ray diffraction
structures at room temperature and 130 K (space group
Pbcn, Z=4) showed no evidence of structural phase transi-
tion. The general conformation of the complex was nearly
unchanged upon cooling and the most significant variations
concerned the Fe�N6 core (average Fe�N bond contraction
of 0.17 J).


Conclusion


Although the above suggests that an incomplete HS!LS
spin crossover can be characterized by a Fe�N bond-length
decrease, it should be taken into account that the structures
reported both here and in the literature are based on long-
term data. The scan data point out that during a short
period of time [Fe ACHTUNGTRENNUNG(teec)6]ACHTUNGTRENNUNG(ClO4)2 behaves as two phases
with distinct diffraction patterns, the ratios of which change
as the temperature changes along the spin-crossover trajec-
tory. These structures are likely to be related to the two
magnetic phases (HS and LS) but not necessarily the same
as the structures that result after a longer relaxation. Con-


Figure 10. View of the [Fe ACHTUNGTRENNUNG(teec)6] ACHTUNGTRENNUNG(ClO4)2 structure at 300 K (a) and 90 K
(b) along the a axis; within these layers the Fe and B atoms exhibit a
pseudotrigonal symmetry.
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sidering the remarkable differences between the scan and
long-term measurements due to the significant structure re-
laxation occurring in the latter, one cannot safely draw con-
clusions about the precise mechanism of the incomplete spin
crossover on the basis of long-term structures alone. A simi-
lar conclusion was drawn in the case of [FeACHTUNGTRENNUNG(teec)6]ACHTUNGTRENNUNG(BF4)2.


[24]


Most attempts so far to interpret the spin-crossover mech-
anism have been based on structural data obtained from
long-term experimental data. The experimental work descri-
bed in this article and in references [23,24], and [35] points
out that important structural information may be missed
when only long-term experiments are conducted and sug-
gests that experiments with SCO complexes on a much
shorter time scale should be carried out as well. It has
become clear that the duration of experiments is an impor-
tant experimental parameter. Suitable experimental set-ups,
as for example that of the BL02B2 beam line at SPring8,
can greatly facilitate the execution of these types of experi-
ments.


Experimental Section


X-ray powder data collection : [Fe ACHTUNGTRENNUNG(teec)6] ACHTUNGTRENNUNG(ClO4)2 (white crystallites) was
synthesized as described in [20] and [21] . The first data set of a sample
(batch 1) was collected using a Guinier–Johansson camera at room tem-
perature from which the unit cell could be determined, though with diffi-
culty because of the amount of impurity (~3%) present. The impurity
percentage agreed with that suggested from the lower-temperature 57Fe
Mçssbauer experiments. Owing to the impurity level, no attempts were
made to determine the crystal structure from these data. Instead, a new
batch 2 was synthesized in the same way as batch 1 and this batch turned
out to contain no significant amount of impurity.


The temperature-dependent data set series of batch 2 (called from now
on SPring8 data) were collected by using a large Debye–Scherrer camera
(radius 286.5 mm) and an Imaging-Plate detector[38] installed at the
BL02B2 beamline of SPring8 (Japan Synchrotron Radiation Research In-
stitute, Nishi-Harima, Hyogo, Japan), by using a 0.4 mm capillary and l=


0.999995 J. Details of the experimental set-up at SPring8 are provided
elsewhere.[24,35]


Short exposures (5 min) of several samples of batch 2 were carried out at
300 K to check the quality of the powder samples. Almost all diffraction
patterns were granular, likely to have been caused by insufficient particle
statistics (large crystallites). However, a more intensive powdering of the
samples led to a completely different type of diffraction pattern (data not
shown), possibly due to a phase transition induced by pressure, and
therefore a compromise had to be made and the sample with the least
granular pattern was selected for the longer experiments.


Subsequently, at a series of temperatures (300 K, and from 250 to 90 K in
steps of 10 K), data collection was carried out for 5 min at each tempera-
ture. To avoid temperature overshoot, a temperature-stabilization period
was applied before starting each data collection. The temperature-stabili-
zation time from 300 to 250 K was 240 s and for all lower temperatures
160 s. In total 18 diffraction patterns were collected within almost
137 min.


After inspection of the diffraction patterns, several temperatures were se-
lected for the long-term measurements (50 min): 300, 250, 200, 175, 155,
140, and 90 K, by using a temperature-stabilization time of 5 min each,
which led to a 6 h 20 min total-data-collection time. From the tempera-
ture difference over the sum of the temperature-stabilization period and
data collection time, the average temperature drop DT (Kmin�1) for
each experiment could be calculated (Table 7). After the long-term ex-
periments, the color of the compound was light orange.


Structure solution and refinement : The powder diffraction patterns were
indexed by using either the program ITO[39] or the local program
LSQDETC.[40] The unit cells of the SPring8 long-term experiments were
refined by using the Tomandl–Pseudo-Voigt profile function for the
Pawley refinement as incorporated in the Materials Studio (MS) pack-
age.[25] The SPring8 diffraction patterns at 300 and 90 K were also decom-
posed into Xobs values with the full-pattern decomposition module of the
program MRIA[41] by using a split-type Pseudo-Voigt profile function.[42]


The structures have been solved with direct-space methods and the re-
quired initial search model was constructed from the structure of [Fe-
ACHTUNGTRENNUNG(teec)6] ACHTUNGTRENNUNG(BF4)2 at room temperature[22] with [BF4]


� being replaced by
[ClO4]


� by using the Materials Studio package. As in the case of [Fe-
ACHTUNGTRENNUNG(teec)6] ACHTUNGTRENNUNG(BF4)2, the molecule is centrosymmetric with Fe at a special posi-
tion and only half of it was required as a search model (consisting of the
(teec)3 moiety and the ClO4


� ion). In the searches 18 degrees of freedom
(DOF) were used, consisting of three rotational parameters and nine tor-
sion angles for the (teec)3 moiety and six parameters (three translational
and three rotational) for the ClO4


� ion (for the definition of DOF see
reference [22] and/or reference [24]).


Two direct-space methods were used to solve the structure at 300 K, the
parallel tempering (PT) procedure in Powder Solve[43] of the Materials
Studio package and a genetic algorithm (GA) that has been implemented
in the program suite MRIA. In the GA implementation, developed at
the Laboratory of Crystallography (University of Amsterdam),[44] a “pa-
rameter box” is created around the solution of a cycle (typical sizes are
1.5 J, 108, and 308 for translational, rotational, and torsion parameters,
respectively). The box size is varied dynamically, thus allowing smaller or
larger area searches. In this GA five boxes can be searched in parallel, in
addition to the search in the user-defined parameter space. More details
on the GA and its results can be found in reference [35].


In the structure determination process by using the data obtained at
300 K, with both PT and GA, two models were found, referred to as M1
and M2. Both models are similar to the room-temperature structure of
[Fe ACHTUNGTRENNUNG(teec)6] ACHTUNGTRENNUNG(BF4)2,


[22] except for an antiparallel orientation of the tetrazole
ring of ligand a in M1.


With PT and by using data in the range 2q=3–258 (resolution d=
2.31 J), models of type M1 were found (Rwp=11.39%) and processed
further with the RR module of the Materials Studio package.[25] The GA
method, by using the (with the Materials Studio software) refined struc-
ture M1 as initial model, delivered both M1 and M2 models, depending
on the precise settings of the parameters. The run that led to the M1
model (R(X)=0.50) was carried out with 100 Xobs values (2qmax=21.988,
dmin=2.62 J) while the run that led to the M2 model (R(X)=0.522) was
carried out with 120 Xobs values (2qmax=23.458, dmin=2.46 J).


Rietveld Refinement of the M1 model obtained with the PT method was
initially carried out with the MS program package. The Fe ACHTUNGTRENNUNG(teec)6 moiety
and the ClO4


� ion were refined as rigid bodies and the torsion angles
were refined as well. Attempts to relax the model and to refine individu-
al atomic coordinates resulted only in an unacceptable distortion of the
model. Therefore, the RR was completed with the program GSAS[26] by
using the interface EXPGUI[45] because of the more-sophisticated han-
dling of geometrical restraints (bond distance, bond angle, and planar).
The same program was used for the RR of the M2 model obtained with
the GA method. A special type of Pseudo-Voigt function (profile func-
tion type 3 in GSAS) was used to model reflection asymmetry. Texture
was corrected for by using up to sixth-order spherical harmonic functions.


Table 7. Average temperature drop DT [Kmin�1] in [Fe ACHTUNGTRENNUNG(teec)6] ACHTUNGTRENNUNG(ClO4)2


experiments.


Scan measurements (5 min) Long-term measurements (50 min)
step DT step DT


300!250 5.55 300!250, 250!200, 140!90 0.91
rest 1.3 200!175 0.45


175!155 0.36
155!140 0.27
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Zero-point correction and cell-parameter refinement were applied as
well.


After the refinement both models did not differ much in terms of crite-
ria-of-fit (see Table 3) and difference pattern (Figure 5). Model M2 is
considered to be slightly better and, because its packing is similar to that
of [Fe ACHTUNGTRENNUNG(teec)6] ACHTUNGTRENNUNG(BF4)2, is assumed to be the most likely structural model of
[Fe ACHTUNGTRENNUNG(teec)6] ACHTUNGTRENNUNG(ClO4)2 at 300 K.


For the structure at 90 K an almost refined structural model M2 of [Fe-
ACHTUNGTRENNUNG(teec)6] ACHTUNGTRENNUNG(ClO4)2 at 300 K was used as the starting point of the refinement
with GSAS. The hexagonal (P63/mmc) phase of ice[46] with a=b=4.523,
c=7.367 J was introduced as a second phase into the RR because of ice
formation outside the capillary. After fitting the ice phase by using the
same profile function as for the main phase, all its parameters were kept
constant and only those of the [Fe ACHTUNGTRENNUNG(teec)6] ACHTUNGTRENNUNG(ClO4)2 phase were being re-
fined. The final plot of the observed, calculated, and difference patterns
after RR at 90 K is shown in Figure 6.


Both at 300 and 90 K, bond-length, bond-angle, and planarity restraints
were applied. The final values of the global weighting factors and the
contribution of every group of restraints to the final c2 are shown in
Table 4. Atomic displacement parameters of the non-hydrogen atoms
were refined isotropically and they were constrained such that all atomic
displacement parameters of each type of element were the same (in addi-
tion, UC=UN except for the C atoms connected to Cl atoms).


Spherical-harmonics coefficients up to sixth-order were refined and the
final texture index was J=2.264 for model M1, J=2.598 for model M2 at
300 K, and J=2.163 at 90 K, suggesting a considerable preferred orienta-
tion.


CCDC-274916 and CCDC-274917 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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Noncovalent Functionalization and Solubilization of Carbon Nanotubes by
Using a Conjugated Zn–Porphyrin Polymer


Fuyong Cheng and Alex Adronov*[a]


Introduction


The functionalization and subsequent dissolution of single-
walled carbon nanotubes (SWNTs) has received significant
attention over the past several years and has resulted in the
development of a number of functionalization methods.
These methods can be divided into two broad categories,
namely, covalent and noncovalent (supramolecular) ap-
proaches.[1–5] Covalent functionalization has been widely in-
vestigated, and has produced an array of modified nanotube
structures bearing both small molecules and polymers.[6–10]


However, this strategy significantly perturbs the conjugated
p system of a carbon nanotube and can result in dramatic
changes in its electronic and structural properties.[11, 12]


Therefore, covalently modified SWNTs may not be suitable
in applications that rely on the high conductivity or mechan-
ical strength of SWNTs. Conversely, the supramolecular


method involves physical adsorption of molecules capable
of p-stacking or van der Waals interactions with the conju-
gated aromatic nanotube sidewall. This strategy preserves
the electronic and structural integrity of SWNTs, permitting
the use of both their conductivity and strength properties in
eventual applications. For this reason, noncovalent attach-
ment of numerous aromatic species to the nanotube surface
has been investigated.[13–28] Most notably, conjugated poly-
mers such as poly(phenylenevinylene)[17–19] and poly(aryl-
ACHTUNGTRENNUNGeneethynylene),[21] as well as small aromatic molecules such
as pyrene,[13–16,20] anthracene,[22] and phthalocyanine[23] deriv-
atives that bind to SWNTs through p-stacking interactions
have been used to decorate the nanotube surface and
modify solubility and electronic properties. More recently,
supramolecular functionalization of nanotubes with porphy-
ACHTUNGTRENNUNGrins has been increasingly investigated[24–29] because these
flat, planar aromatic structures are ideal for p-stacking inter-
actions with the aromatic sidewalls of SWNTs and they ex-
hibit unique photophysical and electrochemical proper-
ties.[30] Nakashima and co-workers were first to show that
Zn–protoporphyrins (ZnPP) can bind to the SWNT surface,
resulting in stable nanotube–ZnPP solutions in DMF as long
as excess porphyrin is present in solution.[24] However, upon
removal of excess ZnPP, it was found that the nanotube–
ZnPP complex precipitates within a few days. Sun and co-


Abstract: A highly soluble, conjugated
Zn–porphyrin polymer was synthesized
and found to strongly interact with the
surface of single-walled carbon nano-
tubes, producing a soluble polymer–
nanotube complex. Successful complex-
ation required the addition of trifluoro-
acetic acid to the solvent (THF). It was
found that the complex remained solu-
ble after excess free polymer was re-
moved from solution, and could be
centrifuged at high speed with no ob-
servable sedimentation. Furthermore,
the polymer–nanotube assembly result-


ed in enhanced planarization and con-
jugation within the porphyrin polymer,
which was manifested in a 127 nm
bathochromic shift of the Q-band ab-
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pared by means of sonication, but the


monomer–nanotube interactions were
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workers have reported selective interactions of porphyrins
with SWNTs, allowing the separation of semiconducting
nanotubes from metallic nanotubes.[25] Again, removal of
excess porphyrin from solution resulted in the recovery of
insoluble SWNTs, indicating that the SWNT–porphyrin
complex could easily be dissociated. Also in their work, it
was found that free-base porphyrins interacted with SWNTs
in THF, but Zn–porphyrins exhibited no solubilizing interac-
tions (a result somewhat contradictory to that of Nakashi-
ma). Additionally, Kamat and co-workers reported the use
of protonated porphyrins to assemble SWNTs into supramo-
lecular porphyrin–nanotube aggregates.[27] These macroscop-
ic nanotube bundles could be suspended in THF by means
of sonication, but were easily sedimented by centrifugation,
indicating a lack of molecular-level solubility.


Building on these results, we were interested in examining
macromolecular structures bearing multiple porphyrin units
in an attempt to increase the interaction strength through
multivalent binding. Conjugated porphyrin polymers con-
taining butadiyne bridges linked directly to the porphyrin
meso-carbon atoms, first reported by Anderson et al. ,[31] ex-
hibit unique spectroscopic and redox properties that make
them promising candidates for applications in nonlinear
optics and molecular electronics.[32,33] The fully conjugated,
rigid structure of these polymers, coupled with their strong
electron-donating properties, make them highly complemen-
tary to the conjugated, rigid, but electron-accepting
SWNTs.[34] It was therefore reasonable to expect that the in-
teraction between SWNTs and conjugated porphyrin poly-
mers would be much stronger than the analogous interaction
with monomeric porphyrins. To date, only three examples of
soluble, conjugated porphyrin-containing polymers have
been reported, each of which was rendered soluble by ali-
phatic side chains linked via ester[31] or amide[32] bonds.
Here we report the synthesis of a highly stable and soluble
Zn–porphyrin polymer that has three hexadecyl branches
linked via robust ether bonds to the aryl substituents on
both of the porphyrin meso positions. It was found that, al-
though this target polymer was composed of Zn–porphyrins


rather than free-base porphyrins, it nevertheless exhibited
strong interactions with the nanotube surface in THF upon
addition of small quantities of trifluoracetic acid (TFA).
This interaction resulted in porphyrin coplanarization and a
consequent increase in the effective conjugation within the
polymer (Figure 1). The increased conjugation leads to a
greater degree of electron delocalization and a smaller
HOMO–LUMO gap, which results in a large bathochromic
shift of the Q band in the polymer absorption spectrum.


Results and Discussion


Synthesis and characterization : Synthesis of the target por-
phyrin polymer 2 was accomplished through minor modifi-
cation of previously published procedures (Scheme 1).[33]


Briefly, treatment of commercially available methyl 3,4,5-tri-
hydroxybenzoate with three equivalents of 1-bromohexade-
cane resulted in methyl 3,4,5-tris(hexadecyloxy)benzoate
(3), which was reduced with LiAlH4 and subsequently oxi-
dized with MnO2 to give aldehyde 5 in a 74 % yield (over
three steps). Subsequent treatment of 5 with pyrrole, fol-
lowed by condensation with trimethylsilylpropynal and met-
alation with ZnII acetate afforded the trimethylsilyl (TMS)-
protected monomer, which was deprotected with tetraACHTUNGTRENNUNGbu ACHTUNGTRENNUNGtyl-
ACHTUNGTRENNUNGammonium fluoride (TBAF) to produce the target monomer
1 (24 % yield over four steps). Metalation of the monomer
with Zn is important as it improves the stability of the por-
phyrin, allows polymerization to occur cleanly without cata-
lyst coordination/deactivation (known to occur with free-
base porphyrins), and improves the solubility of the product
in coordinating solvents such as THF. The Glaser–Hay cou-
pling of monomer 1 using CuCl and N,N,N’,N’-tetramethyl-
ACHTUNGTRENNUNGethylenediamine (TMEDA) in CH2Cl2/1 % pyridine resulted
in rapid polymerization at room temperature, allowing the
isolation of polymer 2 in a 90 % yield.


The 1H NMR spectrum of polymer 2 in CDCl3 exhibited
all the expected signals for the polymer repeat units and
confirmed the disappearance of terminal alkyne protons at


Figure 1. Supramolecular assembly of the conjugated Zn–porphyrin polymer with SWNTs, forming a soluble polymer–nanotube complex.


www.chemeurj.org D 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 5053 – 50595054



www.chemeurj.org





d=4.16 ppm (see the Supporting Information). Gel permea-
tion chromatography (GPC), relative to polystyrene stand-
ards, resulted in a polymer number-average molecular
weight (Mn) of 45 700 g mol�1, with a polydispersity of 1.93,
in accordance with previous examples of similar polymeriza-
tion reactions.[32,33] Because it is well known that GPC analy-
sis of rigid-rod polymers using polystyrene standards can
overestimate the molecular weight,[35] we compared our re-
sults with those obtained from GPC analyses of monomer 1.
The monomer gave an Mn value of 3 250 g mol�1, which is
higher than the theoretical molar mass of 2 016.51 g mol�1


for this compound. We therefore estimate that the degree of
polymerization for 2 was approximately 14 repeat porphyrin
units. Unfortunately, all our attempts to perform matrix-as-
sisted laser desorption/ionization time-of-flight (MALDI-
TOF) mass spectrometry (MS) on polymer 2 resulted in no
observable signal, presumably due to the difficulty of trans-
ferring the polymer structures into the gas phase. Based on
the GPC data and previous molecular modeling and crystal-
lography studies,[36] the average length of the polymer was
estimated to be approximately 18 nm. Polymer 2 was found
to be highly soluble in CH2Cl2 and CHCl3 in the presence of
small quantities of pyridine (1 % v/v). However, this poly-
mer was most soluble in THF, in which coordination of the
furan oxygen to the polymer Zn atoms greatly diminishes
polymer aggregation and facilitates dissolution.[33]


The UV spectrum of polymer 2 closely resembles that of
previously reported polymers of this type (see Figure S3 in
the Supporting Information).[32,33] It reveals a broadened
Soret band at 468 nm and a long-wavelength Q band, which


shifts from 625 nm in monomer
1 to 793 nm in polymer 2,
caused by the extended conju-
gation and significant electronic
communication between the
porphyrin repeat units. Addi-
tionally, the polymer exhibits a
broad fluorescence emission
band at 816 nm, whereas the
monomer emits at 638 and
691 nm. This further confirms
that the polymer has a much
smaller HOMO–LUMO gap
than that of the monomer.


Supramolecular interactions
with SWNTs : The observed
electronic and structural prop-
erties of the polymer encour-
aged us to study its supramolec-
ular interactions with SWNTs.
In all of the studies, the
SWNTs, prepared by the high-
pressure carbon monoxide
(HiPco) disproportionation
process, were used as purchased
without further treatment. As


polymer 2 was found to be most soluble in THF, this was
chosen as the optimal solvent for investigating the supramo-
lecular interactions with the SWNTs. Unfortunately, mixing
and sonication of 2 and the SWNTs in THF resulted in no
observable nanotube solubility, consistent with previous ob-
servations of Sun and co-workers.[25] It was postulated that
coordination of THF to the Zn–porphyrin repeat units pro-
hibits the polymer from closely interacting with the carbon-
nanotube surface. However, when the same experiment was
conducted in acidified THF, containing 5 % trifluoroacetic
acid (TFA) (v/v), we were surprised to observe a high
degree of nanotube solubility, reaching close to 1 mgmL�1.
In a typical experiment, a sample of SWNTs (10 mg) was
added to a solution of 1 or 2 (30 mg) in acidified THF
(10 mL). The resulting suspension was sonicated for one
hour at room temperature and then diluted with a further
50 mL of the acidified THF. This produced a homogeneous
solution that was then filtered through a 450 nm-pore Teflon
membrane and was repeatedly washed with acidified THF
until the filtrate was colorless; this indicated the removal of
all excess porphyrin monomer 1 or poly ACHTUNGTRENNUNGmer 2. The residue
was then collected and the solid was resuspended in acidi-
fied THF (10 mL) with sonication for five minutes. When
this procedure was carried out with monomer 1, a homoge-
neous solution initially formed, but this solution was not
stable and the SWNTs precipitated after standing for a few
minutes (Figure 2B). In contrast, when polymer 2 was used,
a very dark and stable solution was obtained after sonication
for 5 min (Figure 2D), leaving practically no observable in-
soluble nanotube residue. This solution remained stable


Scheme 1. Synthesis of 2. Conditions: i) RBr, K2CO3, KI, DMF, 85%; ii) LiAlH4, THF, 88%; iii) MnO2,
CH2Cl2, 99%; iv) pyrrole, CH2Cl2, 95 %; v) 3-trimethylsilylpropynal, BF3·OEt2, DDQ, CH2Cl2, 28 %; vi) Zn-
ACHTUNGTRENNUNG(OAc)2, CHCl3/MeOH, 95%; vii) TBAF, CH2Cl2, 96%; viii) CuCl, TMEDA, CH2Cl2/pyridine, 90%.
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upon standing for several weeks, with no sedimentation
even after centrifugation for 20 min at 5000 rpm. This result
indicates that the multivalent polymer–nanotube interaction
is very strong, and allows the retention of significant
amounts of polymer bound to the nanotube surface even
after excess unbound polymer has been removed.[37] Clearly,
the flat, planar aromatic porphyACHTUNGTRENNUNGrins are responsible for the
binding strength, while the six long aliphatic chains append-
ed to each porphyrin repeat unit impart a high degree of
solubility. The fact that porphyrin polymer 2 can be used to
form a very stable and highly soluble polymer–SWNT com-
posite, whereas the mono ACHTUNGTRENNUNGmeric porphyrin results in an un-
stable suspension, implies that multivalent binding and the
enhanced p conjugation of polymer 2 are responsible for
strengthening the supramolecular nanotube interactions. As
an additional control experiment, when only the SWNTs
were suspended in acidified THF under the conditions out-
lined above, nanotube solubility was not observed to any
extent.


Formation of the polymer–SWNT complex is also evident
from changes in the UV-visible spectrum of the polymer.
Figure 3 shows the absorption spectra of polymer 2 in THF,
polymer 2 in acidified THF, unfunctionalized SWNTs in
DMF, and the polymer 2–SWNT complex in acidified THF.


Notably, the absorption of 2 in acidified THF was almost
identical to that in neat THF, which suggests that TFA nei-
ther changes the electronic structure of the polymer, nor af-
fects the Zn ions coordinated to the porphyrin repeat
units.[38] The exact role of TFA in promoting supramolecular
interactions between SWNTs and the zinc–porphyrin poly-
mer is not fully understood and is currently under investiga-
tion. Nevertheless, the interaction between polymer 2 and
the SWNTs is evident from changes in the Soret and Q
bands of the polymer in the poly ACHTUNGTRENNUNGmer–SWNT complex. Fig-
ure 3d displays an increase in the intensity of the longer
wavelength shoulder of the Soret band, shifting the lmax


from 467 to 498 nm. Additionally, the Q band shifted from
796 to 923 nm in the complex. However, the absorption
spectrum of the polymer–nanotube complex also exhibits
absorption bands at 467 and 796 nm, corresponding to free
polymer in solution. Clearly, the inherent solubility of the
polymer results in some polymer chains desorbing from the
nanotube surface, thus creating an equilibrium between free
and bound polymer in solution.


The origin of the absorption red-shifts in the UV-visible
spectrum of the polymer–SWNT complex is likely a copla-
narization of the porphyrins in the polymer. It is known that
there is no steric barrier to rotation about the butadiyne
links in the porphyrin polymer structure, which allows the
free polymer to adopt conformations that are not entirely
coplanar.[32,33] Anderson and co-workers applied bidentate
ligands, such as 4,4’-bipyridine or 1,4-diazabicyclo-
ACHTUNGTRENNUNG[2.2.2]octane (DABCO), to form a double-stranded ladder
complex with porphyrin polymers.[33] It was found that this
self-assembly process restricts the porphyrin rotation about
the butadiyne links, which increases the coplanarity between
neighboring porphyrins along the polymer chain. This in-
creased coplanarity extends the p-conjugation length, result-
ing in a redshift of the electronic absorption spectrum by
75 nm. In our supramolecular nanotube assembly, a similar
coplanarity induction is likely achieved due to the rigid
nanotube sidewall structure. Here, the nanotube acts as a
template that restricts torsional disorder within the polymer
backbone and induces a coplanar arrangement of porphyrin
repeat units (for a schematic illustration, see Figure 1). The
consequent extension of p conjugation is manifested in the
observed large absorption redshift of 127 nm.


The soluble polymer–SWNT complex was also investigat-
ed by using atomic force microscopy (AFM). Several drops
of the polymer–nanotube solution in acidified THF were
spin coated onto freshly cleaved mica. Figure 4A depicts an
amplitude image of this sample obtained by tapping mode
AFM. It is clear that numerous features resembling nano-
tube-containing structures are observable on the substrate.
Based on height profile analysis, it seems that these struc-
tures are mostly individual nanotubes coated with the por-
phyrin polymer. This can be more clearly seen in the higher-
magnification height image (Figure 4B), in which a range of
heights was observed for different strands corresponding to
a progression from a few single, uncoated SWNT segments
(i) exhibiting heights of approximately 1 nm, to polymer-


Figure 3. UV/Vis absorption spectra of a) 2 in THF, b) 2 in acidified
THF, c) SWNTs in DMF, and d) the mixture of polymer 2 and SWNTs in
acidified THF. a.u.=arbitrary units.


Figure 2. Photograph of four samples in acidified THF (containing 5%
TFA): A) pristine full-length SWNTs; B) monomer 1/SWNT mixture;
C) polymer 2 ; D) polymer 2/SWNT mixture, which forms a dark, homo-
geneous solution.
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coated SWNTs (ii, iii) that make up the majority of the ob-
served features with heights of approximately 5 to 6 nm.
These values are consistent with estimated dimensions of a
single SWNT coated with polymer 2 (see Figure S5 in the
Supporting Information). Interestingly, the height analysis of
some thicker regions (such as iv) indicates heights in the
range of 10 to 12 nm, which match well with the expected
height of two overlapping polymer-coated nanotubes. In
some regions, heights corresponding to three or more over-
lapping nanotubes were also found. These observations indi-
cate that sonication in the presence of polymer 2 allows de-
bundling of SWNTs to some extent, and the stabilization of
individual nanotubes in solution. In addition, the AFM
image indicates that polymer-coated nanotubes form long,
interconnected strands. Considering that the nanotubes, on
average, range in length from 0.5 to 3 mm, it seems that the
porphyrin polymers are capable of “stitching” individual
nanotubes together into a series of long, interconnected
nanofibers that span distances of more than 5 mm (Fig-
ure 4A).


Conclusion


Highly soluble, conjugated porphyrin polymers are capable
of strong supramolecular interactions with SWNTs and
result in the formation of very stable and highly soluble
poly ACHTUNGTRENNUNGmer–SWNT nanocomposites. It was found that addition
of TFA to the polymer–nanotube solution greatly enhanced
the supramolecular interaction. The polymer–nanotube as-
sembly process induces a coplanarization in the polymer
repeat units, causing enhanced conjugation and a 127 nm
bathochromic shift of the Q-band absorption. In addition,
AFM studies indicate that the polymer can exfoliate nano-
tube bundles and “stitch” multiple nanotubes together into
long strands. The broad absorption spectrum of the poly-
mer–nanotube complex, ranging from the UV to the near-
IR, coupled with the high nanotube solubility, opens this
novel supramolecular system to potential applications in the


development of light-harvesting photovoltaic systems and
other optoelectronic devices.


Experimental Section


General : Single-walled carbon nanotubes (SWNTs) were purchased from
Carbon Nanotechnologies, Inc. (Houston, TX). All reagents and solvents
were purchased from commercial suppliers and used as received. Atomic
force microscopy was carried out by using a Digital Instruments Nano-
Scope IIIa Multimode AFM, with samples prepared by spin coating
(2500 rpm) onto freshly cleaved mica substrates. The images were record-
ed with standard tips in the tapping mode at a scan rate of 1.0 Hz. FTIR
analyses were performed on a BIO-RAD FTS-40 instrument. NMR spec-
troscopy was performed on a Bruker 200, 500, or 600 MHz instrument.
UV-visible spectra were measured by using a Cary 50 UV-visible spectro-
photometer. Ultrasonication was carried out in a Banson Ultrasonics
B1510 bath sonicator. High-resolution (HR) electrospray ionization
(ESI) MS measurements were carried out on the Micromass Ultima
Global instrument (quadrupole time-of-flight) and high-resolution
MALDI-MS analyses were performed on the Waters/Micromass MALDI
Micro instrument (a-cyano-4-hydroxycinnamic acid as the matrix). Filtra-
tion was performed through a 450 nm-pore Teflon membrane (Millipore).
Polymer molecular weight and polydispersity index (PDI) were estimated
from gel permeation chromatography (GPC) analyses by using a Waters
2695 Separations Module equipped with a Waters 2996 photodiode array
detector, a Waters 2414 refractive-index detector, a Waters 2475 Multi-
lfluorescence detector, and four Polymer Labs PLgel individual pore-size
columns. Polystyrene standards were used for calibration, and THF was
used as the eluent at a flow rate of 1.0 mL min�1.


Synthesis


Methyl 3,4,5-tris(hexadecyloxy)benzoate (3): A mixture of trihydroxyl-
benzoate methylester (10.0 g, 54 mmol), 1-bromohexadecane (100.0 g,
328 mmol, 6 equiv), K2CO3 (89.0 g, 648 mmol, 12 equiv), and KI (27.0 g,
162 mmol, 3 equiv) in DMF (1 L) was heated at reflux for 24 h under an
argon atmosphere. The DMF was evaporated under vacuum and the
crude product was dissolved in CH2Cl2 (1 L), and washed with water. The
solvent was evaporated under vacuum and the residue was dissolved in a
minimum of CH2Cl2 and precipitated into MeOH. Upon filtration, wash-
ing with MeOH, and drying, a white powder was obtained (40.0 g, 85%).
1H NMR (CDCl3, 200 MHz): d=0.87 (t, J=6.71 Hz, 9H), 1.25–1.30 (m,
39H), 1.40–1.55 (m, 6H), 1.65–1.85 (m, 6H), 3.88 (s, 3 H), 4.00 (t, J=
6.36 Hz, 6H), 7.24 ppm (s, 2H); 13C NMR (CDCl3, 50 MHz): d=14.1,
22.7, 26.1, 29.3, 29.7, 30.3, 31.9, 52.1, 69.1, 73.5, 107.9, 124.6, 142.3, 152.8,
166.4 ppm; IR (KBr): ñ=2920, 2853 (CH2), 1719 (C=O), 1220, 1118 cm�1


(C�O); HRMS (ESI): m/z calcd for C56H104O5 [M]+ : 856.7884; found:
856.7865.


3,4,5-Tris(hexadecyloxy)benzyl alcohol (4): Compound 3 (33.0 g,
38.5 mmol) in anhydrous THF (200 mL) was added dropwise to a suspen-
sion of LiALH4 (3.66 g, 96.2 mmol) in anhydrous THF (100 mL) at 0 8C.
Then the resulting mixture was warmed to room temperature, stirred for
2 h, and re-cooled to 0 8C before water was added to quench the excess
of LiALH4. The mixture was extracted with CH2Cl2 (100 mL) followed
by additional CH2Cl2 (2 N 50 mL). The combined extracts were washed
with H2O (3 N 100 mL) dried over Na2SO4, and filtered. The filtrate was
evaporated to dryness and 4 was obtained as a white solid (28.0 g, 88%).
1H NMR (CDCl3, 200 MHz): d=0.87 (t, J=6.71 Hz, 9H), 1.25–1.30 (m,
39H), 1.46–1.50 (m, 6 H), 1.67–1.82 (m, 6H), 3.89–3.99 (m, 6 H), 4.58 (d,
J=5.51 Hz, 2H), 6.55 ppm (s, 2H); 13C NMR (CDCl3, 50 MHz): d=14.1,
22.7, 26.1, 29.4, 29.7, 30.3, 31.9, 65.7, 69.1, 73.4, 105.3, 136.0, 138.1,
153.3 ppm; IR (KBr): ñ=3416 (O�H), 2920, 2852 cm�1 (CH2); HRMS
(ESI): m/z calcd for C55H105O4 [M+1]+ : 829.8013; found: 829.8050.


3,4,5-Tris(hexadecyloxy)benzaldehyde (5): Activated MnO2 (40 g, 0.46
mol) was added to a solution of 4 (20.0 g, 24.1 mmol) in anhydrous
CH2Cl2 (300 mL) at room temperature, and the resulting suspension was
stirred for 6 h. The reaction mixture was filtered through Celite with
CH2Cl2 (5 N 50 mL) as the eluent. The solvent was removed under


Figure 4. AFM images (scale barsffi1 mm) of polymer–SWNT complexes
spin cast from acidified THF. A) AFM amplitude image of the SWNT–
polymer complex on freshly cleaved mica (white box indicates region
magnified in B). B) Higher magnification AFM height image showing
the polymer coating on nanotube strands (white); arrows indicate loca-
tions where cross-sectional analysis was performed to determine feature
heights, shown at right.
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vacuum to give compound 5 as a white powder (20.0 g, 99%). 1H NMR
(CDCl3, 200 MHz): d=0.87 (t, J=6.71 Hz, 9H), 1.25–1.30 (m, 39H),
1.46–1.50 (m, 6H), 1.62–1.86 (m, 6H), 4.08–3.99 (m, 6H), 7.08 (s, 2H),
9.83 ppm (s, 1 H); 13C NMR (CDCl3, 50 MHz): d=14.1, 22.7, 26.1, 29.4,
29.7, 30.4, 31.9, 69.2, 73.6, 107.8, 131.4, 143.8, 153.5, 191.3 ppm; IR (KBr):
ñ=2917, 2849 (CH2), 1693 cm�1 (C=O); HRMS (ESI): m/z calcd for
C55H102O4 [M]+ : 826.7778; found: 826.7795.


2,2’-{[3,4,5-Tris(hexadecyloxy)phenyl]methylene}bis(1H-pyrrole) (6): A
solution of 5 (20.0 g, 8.62 mmol) in pyrrole (200 mL) was degassed by
bubbling with Ar for 30 min, and then TFA (0.6 mL) was added. The so-
ACHTUNGTRENNUNGlution was stirred for 15 min at room temperature, then was diluted with
CH2Cl2 (300 mL), washed with 0.1m NaOH (100 mL), water (3 N
100 mL), dried over Na2SO4, and filtered. After removal of the low-boil-
ing solvent, the excess pyrrole was recovered by distillation under
vacuum, and the residue was dissolved in CH2Cl2 (100 mL) and precipi-
tated by addition of MeOH. The resulting suspension was filtered and
dried under vacuum, resulting in a white powder (21.5 g, 95 %). 1H NMR
(CDCl3, 200 MHz): d=0.86 (t, J=6.71 Hz, 9H), 1.24–1.32 (m, 39H),
1.46–1.50 (m, 6H), 1.68–1.86 (m, 6H), 3.81–3.90 (m, 6H), 5.41 (s, 1H),
5.90 (m, 2 H), 6.16 (m, 2 H), 6.71 (m, 2H), 6.80 (s, 2H), 8.15 ppm (br s,
2H); 13C NMR spectra of 6 could not be adequately measured because 6
was found to be unstable in solution over the duration of the measure-
ment; IR (KBr): ñ=2919, 2851 (CH2), 1116 cm�1 (C�O); HRMS (ESI):
m/z calcd for C63H111N2O3 [M+1]+: 943.8595; found: 943.8608.


5,15-Bis[3,4,5-tris(hexadecyloxy)phenyl]-10,20-bis[2-(trimethylsilyl)eth-
ACHTUNGTRENNUNGynyl]porphyrin-N21,N22,N23,N24 (7): BF3·OEt2 (0.5 mL) was added to a de-
gassed solution of dipyrromethane 6 (17.0 g, 18 mmol) and trimethylsilyl-
propynal (4.0 mL, 3.84 mmol) in CH2Cl2 (1.8 L) at 0 8C. After stirring at
0 8C for 1 h, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ; 7.0 g,
31 mmol) was added and the stirring was continued for 30 min at room
temperature. The reaction mixture was concentrated and the product was
purified by using flash chromatography on silica gel with CH2Cl2/hexane
(1:1) as the eluent. This yielded the pure product as a purple solid (5.2 g,
28%). 1H NMR (CDCl3, 200 MHz): d=�2.20 (s, 2 H), 0.60 (s, 18H),
0.85–0.88 (m, 18 H), 1.88–1.21 (m, 56 H), 4.11 (m, 8H), 4.30 (m, 4H), 7.38
(s, 4H), 8.92 (d, J=4.4 Hz, 4H), 9.58 ppm (d, J=4.4 Hz, 4H); 13C NMR
(CDCl3, 50 MHz): d=0.3, 14.1, 22.7, 26.2, 29.7, 32.0, 69.4, 71.0, 73.8,
100.7, 102.6, 106.9, 114.3, 121.9, 130.6, 131.6, 136.2, 138.1, 151.4 ppm; IR
(KBr): ñ=2920, 2852 (CH2), 3316 (N�H), 2140 cm�1 (C�C); UV/Vis
(THF): lmax (logeN 103)=434 (5.65), 444 (5.51), 583 (4.67), 680 nm
(4.18 mol�1 dm3 cm�1); HR-MALDI-MS: m/z calcd for C138H231N4O6Si2


[M+1]+ : 2096.7432; found: 2096.7581.


ACHTUNGTRENNUNG{5,15-Bis[3,4,5-tris(hexadecyloxy)phenyl]-10,20-bis[(trimethylsilyl)eth-
ACHTUNGTRENNUNGynyl]porphinato}-N21,N22,N23,N24-zinc(ii) (8): A solution of Zn-
ACHTUNGTRENNUNG(OAc)2·2H2O (5.1 g, 26.7 mmol) in MeOH (50 mL) was added to a solu-
tion of 7 (5.1 g, 2.43 mmol) in CHCl3 (100 mL) and the mixture was stir-
red at room temperature for 2 h. The crude reaction mixture was washed
with H2O and dried over Na2SO4. The crude product was then purified
by using flash chromatography on silica gel with CH2Cl2/hexane (1:1) as
the eluent. This afforded a green solid (4.9 g, 95 %). 1H NMR (CDCl3,
200 MHz): d=0.60 (s, 18H), 0.85–0.88 (m, 18 H), 2.00–1.21 (m, 56H),
4.11–4.07 (m, 8H), 4.26–4.30 (m, 4 H), 7.38 (s, 4 H), 8.97 (d, J=4.4 Hz,
4H), 9.64 ppm (d, J=4.4 Hz, 4 H); 13C NMR (CDCl3, 50 MHz): d=0.3,
14.1, 22.7, 26.2, 29.77, 30.6, 31.9, 69.3, 73.8, 100.8, 107.9, 111.0, 114.3,
122.6, 130.9, 132.6, 137.4, 137.7, 150.1, 151.1, 152.1 ppm; IR (KBr): ñ=


2924, 2854 (CH2), 2135 cm�1 (C�C); UV/Vis (THF): lmax (logeN 103)=
438 (5.68), 449 (5.57), 583 (4.30), 636 nm (4.76 mol�1 dm3 cm�1); HR-
MALDI-MS: m/z calcd for C138H228N4O6Si2Zn [M]+ : 2157.6489; found:
2157.6633.


ACHTUNGTRENNUNG{5,15-Bis[3,4,5-tris(hexadecyloxy)phenyl]-10,20-bis ACHTUNGTRENNUNG(ethynyl)porphinato}-
N21,N22,N23,N24-zinc(ii) (1): TBAF (490 mL, 1.0m in THF, 0.49 mmol) was
added to a solution of 8 (5.0 g, 2.3 mmol) in CH2Cl2 (300 mL). After
5 min, water (0.5 mL) was added and the mixture was evaporated to dry-
ness. The crude product was purified by using flash chromatography on
silica gel with CH2Cl2/hexane (1:1) as the eluent, to yield pure 1 as a
green solid (4.6 g, 95%). 1H NMR (CDCl3, 200 MHz): d=0.85–0.88 (m,
18H), 2.00–1.21 (m, 56 H), 4.11–3.95 (m, 8 H), 4.16 (s, 2H), 4.30–4.20 (m,
4H), 7.35 (s, 4H), 9.05 (d, J=4.4 Hz, 4 H), 9.72 ppm (d, J=4.4 Hz, 4H);


13C NMR (CDCl3, 50 MHz): d=14.1, 22.7, 26.1, 26.3, 29.4, 29.7, 30.5,
31.9, 69.2, 73.6, 83.9, 85.9, 100.0, 114.2, 122.7, 131.1, 133.0, 136.9, 137.7,
150.4, 150.9, 152.3 ppm; IR (KBr): ñ=2921, 2852 (CH2), 3311 (C�C�H),
2095 cm�1 (C�C); UV/Vis (THF): lmax (log eN 103)=433 (5.50), 444
(5.54), 577 (4.40), 625 nm (4.55 mol�1 dm3 cm�1); HR-MALDI-MS: m/z
calcd for C132H212N4O6Zn [M]+ : 2013.5698; found: 2013.5618.


Polymer 2 : CuCl (1.02 g, 10.27 mmol) and TMEDA (1.55 mL,
10.27 mmol) were added to a vigorously stirred solution of 1 (0.25 g,
0.12 mmol) in CH2Cl2 (200 mL) and pyridine (1.9 mL) with dry air bub-
bled through it. After 30 min, the reaction mixture was washed repeated-
ly with water and the solvents were evaporated. The residue was dis-
solved in a minimum of chloroform/1% pyridine and precipitated into
methanol. The precipitate was washed twice with methanol (2 N 50 mL)
and vacuum dried to yield polymer 2 (0.23 g, 90%). 1H NMR (CDCl3/
1% [D5]pyridine, 500 MHz): d=0.86–0.81 (m, 18H), 2.00–1.19 (m, 56H),
4.19 (br s, 8 H), 4.35 (br s, 4H), 7.42 (s, 4 H), 9.08 (br s, 4H), 9.90 ppm
(br s, 4 H); 13C NMR (CDCl3/1 % [D5]pyridine, 125 MHz): d=14.0, 22.60,
22.64, 26.2, 26.4, 29.28, 29.34, 29.5, 29.7, 29.79, 29.84, 30.7, 31.8, 31.9, 69.6,
73.5, 100.2, 114.8, 123.7, 130.8, 133.1, 138.2, 150.3, 151.3, 153.1 ppm; IR
(KBr): ñ=2924, 2853 (CH2), 2123 cm�1 (C�C); UV/Vis (THF): lmax=


468, 793 nm; GPC (THF): Mn�45700 gmol�1; Mw�88300 g mol�1.
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Introduction


The remarkable transparency of biological tissues to electro-
magnetic radiation in the range 0.8–1.3 mm allows the devel-
opment of smaller, more penetrable probes for imaging by
using near-infrared (NIR) light.[1,2] Additionally, the need
for luminescent polymers for optical amplifiers[3] and light-
emitting diodes working in the telecommunication window
(1–1.6 mm)[4] has inspired extensive efforts for the develop-
ment of such luminescent materials. In this context, NIR


lanthanide-based emitters are of substantial interest in view
of their specific spectroscopic properties, namely narrow
and easily recognisable emission lines and relatively long
lifetimes of their excited states, relative to those of organic
chromophores. The last feature allows the use of time-re-
solved spectroscopy in analytical procedures, thus enhancing
considerably the signal-to-noise ratio and consequently the
sensitivity of luminescent analyses and imaging. The lantha-
nide ions of interest for the aforementioned applications
are: PrIII, emitting mainly at 1.03 and 1.33 mm (1G4!3H4,5


transitions), NdIII with fluorescence lines at 0.88, 1.06 and
1.33 mm (4F3/2!4I9/2,


4I11/2,
4I13/2 transitions), ErIII with an


emission at 1.53 mm (4I13/2!4I15/2 transition) and YbIII which
gives off light at 0.98 mm (2F5/2!2F7/2 transition), see
Figure 1. Since PrIII luminescence in the NIR range is usual-
ly faint for molecular compounds, owing to its simultaneous
visible-range emission from the 1D2 and 3P0 levels, we con-
centrate here on the three other NIR-emitting lanthanide
ions.


Intraconfigurational f–f transitions have faint oscillator
strengths and therefore a sensitisation process is needed to
pump energy into the LnIII ions, that is, the immediate envi-
ronment of the LnIII ions harvests light and transfers its
energy onto the metal ion itself. For molecular coordination


Abstract: Mononuclear trivalent lan-
thanide complexes with formula
[Ln(L) ACHTUNGTRENNUNG(NO3)3] [in which L=4,4-di-
fluoro-8-(2’:2’’;6’’:2’’’-terpyridin-4’’-yl)-
1,3,5,7-tetramethyl-2,6-diethyl-4-bora-
3a,4a-diaza-s-indacene (Boditerpy)] are
reported for Ln=Yb, Nd, Er, La and
Gd. According to the crystal structure
of the Yb complex, the lanthanide ion
is bound to the terdentate terpyridine
and the inner coordination sphere of
the nine-coordinate lanthanide ion is
completed by three bidentate nitrate
anions. The coordination polyhedron


can be described as a distorted tri-
ACHTUNGTRENNUNGcapped antiprism. The terpyridine che-
late is almost planar and tilted by
nearly 608 from the indacene subunit.
FT-IR spectra confirm the bidentate
binding mode of the nitrate anions for
the other complexes. NMR and ES-MS
spectra (through characteristic isotopic
patterns) confirm the chemical formu-


lation. The complexes have high molar
absorption coefficients in the visible
spectral region (65000m�1 cm�1 at
529 nm) and display sizeable NIR lumi-
nescence (900 to 1600 nm, for Ln=Yb,
Nd and Er), upon irradiation through
the electronic state of the indacene
moiety at 514 nm. Crystal-field splitting
was analysed at low temperature. The
quantum yield of the Yb solution
(10�4


m) in dichloromethane amounts
to 0.31%, corresponding to a sensitisa-
tion efficacy of the ligand of ca. 63%.
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compounds, this process usually involves the triplet state of
the ligand,[6] but singlet-state sensitisation has been invoked
in few cases.[7] Alternatively the excited states of the LnIII


ions can also be populated through directional energy trans-
fer from d transition metal ions in heteropolymetallic edifi-
ces.[2,5,8–10] In this work, we resort to the first strategy and
from the energy diagram shown in Figure 1, one sees that a
ligand with a triplet-state energy in the range 10–18000 cm�1


would be an adequate sensitiser for the chosen LnIII ions, as
has been demonstrated with a podand fitted with 8-hydroxi-
quinolinates, for which the triplet state emission extends
from 450 to 650 nm (22200–15400 cm�1).[11] Tetraphenylpor-


phyrin,[12] terphenyl,[13] pyrene[14] and triazolophthalazine[15]


derivatives, as well as various dyes such as fluorescein deriv-
atives,[16] have also been proposed to sensitise the NIR-emit-
ting lanthanide ions. Despite this diversity, the quantum
yields obtained remain modest, typically on the order of
10�3 to 10�2 for YbIII and of 10�3 to 10�4 for NdIII (except in
coordination polymers for which a few percents can be ob-
tained), while corresponding data for ErIII are even much
smaller.[2,5] Therefore, there is a need for exploring the effi-
ciency of new chromophores. We have consequently pre-
pared a terpyridine-based difluoroborondipyrromethene dye
(Boditerpy) that combines a high molar absorption coeffi-
cient, high fluorescence quantum yields, chemical and pho-
tochemical stability in solution and in the solid state under
various stresses, and redox ac-
tivity.[17] The uncomplexed
ligand (L) is a singlet emitter at
540 nm (18500 cm�1) and dis-
plays triplet state emission in
the spectral range 750–800 nm
(12500–13300 cm�1) when com-
plexed with transition metal
ions.[18] We report here on the
complexes formed by this ligand
with NIR-emitting lanthanide
ions, as well as on their solution
and photophysical properties.


Experimental Section


General methods : The 200 MHz (1H) NMR spectra were recorded at
room temperature by using perdeuterated solvents as internal standards:
d(H) are given in ppm relative to residual protiated solvent. An electro-
spray MS Agilent MSD-analytical apparatus in positive mode with an au-
tomatic calibration was used with dichloromethane as solvent. Simula-
tions were performed with a Bruker Daltonics Data Analysis under the
simulate isotopic patterns routine. FT-IR spectra were recorded on thin
films, prepared with a drop of dichloromethane, and evaporated to dry-
ness on KBr pellets.


Materials and reagents : The lanthanide salts were purchased from Al-
drich, and the purity of all reagents grade materials were adequate as re-
ceived. Analytical grade solvents sufficed in all cases. Ligand L was pre-
pared as previously described.[17] IR (KBr, Figure S1, in the Supporting
Information); ñ=2925 (m), 1539 (nCN, s), 1465 (m), 1392 (m), 1319 (m),
1261 (w), 1189 (s), 1058 (m), 976 cm�1 (m).


General procedure : The preparation of the complexes began with the
dissolution of L (0.050 g, 0.0935 mmol) in anhydrous THF (10 mL) fol-
lowed by the dropwise addition of a solution of Ln ACHTUNGTRENNUNG(NO3)3·6H2O
(1.2 equiv, 0.112 mmol) in THF (2 mL). Immediately after mixing the
colour of the solution turned deep red; most of the ligand fluorescence
was quenched when the solution is irradiated with a bench UV lamp at
365 nm. After a couple hours of stirring at RT, anhydrous diethyl ether
(5 mL) and large excess of pentane (50 mL) were successively added.
The resulting deep red solid was recovered by centrifugation and washed
with a diethyl ether and pentane 1:1 v/v solvent mixture. The crude mate-
rial was dissolved in dichloromethane and the resulting solution was fil-
tered over celite and hexane was carefully added in order to avoid pre-
cipitation. Slow evaporation of the solvent resulted in the precipitation of
deep-red crystals. Ultimate re-crystallisation by slow evaporation of di-
chloromethane from a dichloromethane/cyclohexane/ether solution af-
forded the pure complexes.


Abstract in French: Des complexes mononucl�aires d�ions
lanthanides trivalents de formule g�n�rique [Ln(L) ACHTUNGTRENNUNG(NO3)3],
ou L=4,4-difluoro-8-(2’:2’’;6’’:2’’’-terpyridine-4’’-yl)-1,3,5,7-t�-
tram�thyl-2,6-di�thyl-4-bora-3a,4a-diaza-s-indac2ne (Bodi-
terpy) avec Ln=Yb, Nd, Er, La, et Gd ont �t� pr�par�s et
�tudi�s. La structure cristalline du complexe d�ytterbium con-
firme la coordination de l�ion lanthanide sur le fragment ter-
pyridine et la premi2re sph2re de coordination du lanthanide
est compl�t�e par trois anions nitrates bident�s. Le poly2dre
de coordination est un antiprisme tricapp� distordu. Le ch�la-
te terpyridine est quasiment plan et inclin� de 608 par rapport
7 l�indac2ne. La r�sonance magn�tique nucl�aire et la spec-
trom�trie de masse par �lectro-spray confirment la formula-
tion chimique des complexes obtenus en solution. Les com-
plexes isol�s absorbent fortement dans le visible
(65000m�1 cm�1 7 529 nm) et �mettent de la lumi2re dans le
proche infra-rouge (900–1600 nm, Ln=Yb, Er et Nd) par ir-
radiation dans la sous-unit� indacene 7 514 nm. A basse tem-
p�rature l�influence du champ cristallin sur la d�g�n�rescence
des niveaux �lectroniques a �galement �t� mise en �vidence.
Le rendement quantique d�une solution de complexe d�ytter-
bium 7 10�4


m dans le dichlorom�thane est de 0,31% et cor-
respond 7 une efficacit� calcul�e de transfert d��nergie de l�in-
dac2ne vers l��tat �missif de l�Yb de 63%. Les perspectives
de ce travail sont discut�es 7 la lumi2re des r�sultats obtenus.


Figure 1. Partial energy diagram of some NIR-emitting lanthanide ions;[5]


the luminescent state is indicated by an arrow and the end state is label-
led.
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Data for [La(L) ACHTUNGTRENNUNG(NO3)3]·3H2O : 0.068 g, 80% yield; 1H NMR (200 MHz,
CDCl3): d=0.98 (t, 3J=7.5 Hz, 6H), 1.43 (s, 6H), 2.31 (brq, J=7.4 Hz,
4H), 2.57 (s, 6H), 7.62 (br t, 3J=5.5 Hz, 2H), 7.97–8.09 (m, 4H), 8.18 (s,
2H), 9.03 ppm (brd, 3J=4.5 Hz, 2H); ESI-MS (CH2Cl2/THF positive
mode): m/z : 798.2 [M�NO3]


+ , 536.2 [L+H]+ , 368.1 [M�2NO3]
2+ ; IR


(KBr): ñ=2914 (m), 1539 (m), 1479 (br, s, nNO), 1312 (s), 1293 (s, nNO),
1186 (s), 1028 (w), 974 cm�1 (w); elemental analysis calcd (%) for
C32H32N8O9BF2La·3H2O (914.42): C 42.03, H 4.19, N, 12.25; found: C
41.76, H 3.96, N 11.67.


Data for [Nd(L) ACHTUNGTRENNUNG(NO3)3]·H2O : 0.080 g, 94% yield; 1H NMR (200 MHz,
CD2Cl2, all peaks are broad): d=0.88 (6H), 1.26 (6H), 2.69–2.92 (m,
10H), 3.14 (2H), 5.64 (2H), 7.35 (2H), 9.27 (2H), 10.27 ppm (2H); ESI-
MS (CH2Cl2/THF positive mode): m/z : 803.2 [M�NO3]


+ , 369.5
[M�2NO3]


2+ ; IR (KBr): ñ=2925 (m), 1733 (w), 1601 (w), 1538 (m), 1514
(m), 1472 (s, nNO), 1410 (m), 1307 (s), 1292 (s, nNO), 1193 (s), 1077 (w),
1035 (w), 977 cm�1 (w); elemental analysis calcd (%) for
C32H32N8O9BF2Nd·H2O (883.71): C 43.49, H 3.88, N 12.68; found: C
43.21, H 3.56, N 12.43.


Data for [Gd(L) ACHTUNGTRENNUNG(NO3)3]·2H2O : 0.066 g, 77% isolated yield; ESI-MS
(CH2Cl2/THF positive mode): m/z : 817.2 [M�NO3]


+ , 377.5 [M�2NO3]
2+


; IR (KBr): ñ=2923 (m), 1599 (w), 1540 (m), 1471 (s, nNO), 1411 (w),
1295 (s, nNO), 1189 (s), 1030 (w), 976 cm�1 (w); elemental analysis calcd
(%) for C32H32N8O9BF2Gd·2H2O (914.74): C 42.02, H 3.97, N 12.25;
found: C 41.66, H 3.44, N 11.97.


Data for [Er(L) ACHTUNGTRENNUNG(NO3)3]·2H2O : 0.071 g, 82% isolated yield; ESI-MS in
CH2Cl2/THF positive mode: m/z : 825.2 [M�NO3]


+ , 381.5 [M�2NO3]
2+ ;


IR (KBr): ñ=2928 (m), 1738 (w), 1615 (w), 1601 (w), 1545 (m), 1479 (s,
nNO), 1416 (w), 1372 (w), 1321 (s), 1289 (s, nNO), 1194 (s), 1061 (w), 1033
(w), 979 cm�1 (w); elemental analysis calcd (%) for
C32H32N8O9BF2Er·2H2O (924.75): C 41.56, H 3.92, N 12.12; found: C
41.29, H 3.64, N 11.90.


Data for [Yb(L) ACHTUNGTRENNUNG(NO3)3]·H2O : 0.079 g, 93% isolated yield; 1H NMR
(200 MHz, CD2Cl2): d=�4.78 (s, 6H), �0.23 (t, 3J=7.5 Hz, 6H), 0.81 (q,
3J=7.5 Hz, 4H), 1.48 (br s, 6H+2H), 9.30 (d, 3J=7.5 Hz, 2H), 15.26
(br t, J=7.3 Hz, 2H), 22.79 (br s, 2H), 70.13 (br s, 2H); ESI-MS (CH2Cl2/
THF positive mode): m/z : 833.1 [M�NO3]


+ , 385.0 [M�2NO3]
2+ ; IR


(KBr, Figure S1, in the Supporting Information): ñ=2923 (m), 1615 (w),
1600 (w), 1539 (m), 1519 (m) 1478 (s, nNO), 1416 (m), 1294 (s, nNO), 1277
(s), 1190 (s), 1015 (m), 976 cm�1 (m); elemental analysis calcd (%) for
C32H32N8O9BF2Yb·H2O (912.51): C 42.12, H 3.76, N 12.28; found: C
41.87, H 3.45, N 11.81.


X-ray crystal structure determination of [Yb(L) ACHTUNGTRENNUNG(NO3)3]·H2O : Data col-
lection was performed at 140(2) K with MoKa radiation on an Oxford
Diffraction diffractometer with kappa geometry and equipped with a
Sapphire CCD detector. Data reduction and cell refinement was per-
formed by CrysAlis RED.[19] Data were corrected for absorption by using
an empirical method (DELABS[20]). The structure was solved with ab


initio direct methods and refined by full-matrix least-squares on F2 with
all non-hydrogen atoms anisotropically defined. No particular problem
was encountered during the stages of refinement. Space group determi-
nation, structure refinement and graphical representation were carried
out with the SHELXTL software package[21] (Table 1).


Physicochemical measurements : UV/Vis absorption spectra were meas-
ured on a Perkin–Elmer Lambda 900 spectrometer by using quartz Su-
prasilR cells of 0.2 and 1 cm path length. The equipment and experimen-
tal procedures for luminescence measurements in the visible range have
been published previously.[22] Excitation of the finely powdered samples
was achieved by a 450 W xenon high-pressure lamp coupled with a
mono ACHTUNGTRENNUNGchromator or a Coherent Innova argon laser. For the emission in
the NIR, the emitted light was analysed at 908 with a Spex 1870 single
mono ACHTUNGTRENNUNGchromator with 950 gmm�1 holographic gratings blazed at 900 nm.
Light intensity was measured with a Jobin Yvon DSS-IGA020 L solid-
state InGaAs detector cooled to 77 K, in a LN2 housing including an el-
liptical mirror (908 beam path, range 800–1600 nm) and coupled to a
Jobin Yvon SpectrAcq2 data acquisition system. The emission spectra
were corrected for the instrumental function. Luminescent lifetimes were
measured by using excitation provided by a Quantum Brillant Nd:YAG
laser equipped with frequency doubler, tripler and quadrupler as well as
with an OPOTEK MagicPrismTM OPO crystal. The output signal of the
photomultiplier was fed into a Stanford Research SR-430 multichannel
scaler and transferred to a PC. Lifetimes are averages of three independ-
ent determinations. Quantum yields were determined using a Spex Fluo-
rolog FL-3-22 fluorimeter; for the ions emitting in the NIR region, the
spectrometer was fitted with an additional single-grating monochromator
FL-1004 equipped with an InGaAs detector cooled at 77 K. The quantum
yields were calculated by using Equation (1), in which x refers to the
sample and r to the reference; A is the absorbance, n the refractive index
and D the integrated emitted intensity.


Qx


Qr
¼ Ar n


2
x Dx


Ax n2
r Dr


ð1Þ


Rhodamine 6G in water (absolute quantum yield=0.76)[23] was used as
reference for the ligand-centred fluorescence (estimated error �10%).
The emission spectra were recorded at the same excitation wavelength,
488 nm with absorbance between 0.035 and 0.04. Quartz SuprasilR cells
with 1 cm path length were used for these measurements. [Yb ACHTUNGTRENNUNG(tta)3-
ACHTUNGTRENNUNG(H2O)2] in toluene (Q=0.35%; tta= thenoyltrifluoroacetylacetonate)[24]


was used as reference for the NIR-emitting ions (estimated error
�10%). Three independent measurements were performed, first at the
same wavelength (341 nm) with A=0.18–0.20 and then at different wave-
lengths (341 nm for the reference, 405 and 499 nm for the complexes)
with A=0.03 and 0.07, respectively. Quartz SuprasilR cells with 0.2 cm
path length were used for these measurements.


Table 1. Summary of crystal data, intensity measurements, and structure refinement details for [Yb(L) ACHTUNGTRENNUNG(NO3)3].


formula C32H32BF2N8O9Yb Mr 894.51
T [K] 140(2) K l [T] 0.71073
crystal system monoclinic space group P21/n
a [T] 8.8313(7) a [8] 90
b [T] 28.1514(18) b [8] 105.238(7)
c [T] 13.7974(11) g [8] 90
V [T3] 3309.6(4) Z 4
1 [Mgm�3] 1.795 m [mm�1] 2.906
F ACHTUNGTRENNUNG(000) 1780 crystal size [mm3] 0.28U0.14U0.09
q range [8] 3.14–25.03 index ranges �10�h�10


�33�k�33
�16� l�16


reflns collected 18918 independent reflns 5549 [RACHTUNGTRENNUNG(int)=0.0468]
Completeness to q=25.038 [%] 95.0 absorption correction empirical (DELABS)
max/min transmission 0.828/0.469 refinement method full-matrix least-squares on F2


data/restraints/parameters 5549/0/478 goodness-of-fit on F2 1.076
final R indices [I>2s(I)] R1=0.0353, wR2=0.0808 R indices (all data) R1=0.0477, wR2=0.0873
largest diff. peak/hole [eT�3] 1.843/�1.468
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Results and Discussion


The lanthanide complexes
were prepared by mixing
ligand L with stoichiometric
amounts of the hydrated ni-
trates in THF under ambient
conditions. A sequence of pre-
cipitation, double re-crystalli-
sation in adequate anhydrous
solvents resulted in the isola-
tion of deep red and micro-
crystalline complexes. The IR
spectra of the complexes dis-
play a CN stretching band at
approximately 1539 cm�1


(1545 cm�1 for Er), similar to
the free-ligand value, indicat-
ing little perturbation of the
electronic environment of the
terpyridine fragment after
complexation to the lanthanide salts. The spectra are domi-
nated by strong nitrate vibrations, in particular N�O stretch-
es at 1479–1471 cm�1 and 1295–1289 cm�1. Their splitting
amounts to 180–190 cm�1, as expected for bidentate coordi-
nation mode.[25] A typical example is given in Figure 2.


Solution study : Electrospray mass spectrometry (ES-MS)
provided an insight into the formulation of the complexes in
solution. In all cases a molecular peak corresponding to the
loss of one nitrate ion (monocation) and a peak due to the
loss of a second nitrate ion (dication) were observed. The
isotopic distributions of the peaks corresponding to the
parent ions unambiguously confirm the monometallic nature
of the complexes (Figure 3).


Further information of the solution structure of the com-
plexes was obtained by 1H NMR spectroscopy. Spectra were
recorded in various deuterated solvents. In CD3OD or
CDCl3 or mixtures of both, the spectra displayed features
typical of a partial decomplexation of the ligands, with


broadened peaks. In CDCl3, the spectra of the diamagnetic
lanthanum complex, displayed two sets of signals arising
from the free (14%) and complexed ligand. All signals, in-
cluding those of the free ligand, are broad, pointing to the
presence of a kinetic equilibrium between the species. Only
in the case of the weakly polar non-coordinating solvent
CD2Cl2 was it possible to observe the spectra of the pure
complexes. For the La case, the peaks originating from the
proton atoms of the boron core are almost unperturbed in
their chemical shifts, while important shifts are observed in
the aromatic region, principally as a result of the trans–cis
isomerisation of the pyridine rings.[26] As previously ob-
served upon coordination of ZnII,[27] the signals of the lateral
pyridine rings are all shifted downfield, while the singlet cor-
responding to the protons of the central ring is shifted
0.24 ppm upfield when coordinated to LaIII, due concomi-
tantly to the electron-withdrawing effect of the lanthanum
coordination and to the removal of the nitrogen lone pairs
of the lateral pyridine rings. As a result of the paramagnetic
contribution of the Yb, Nd and Er cations,[28] the 1H NMR
spectra of these complexes are considerably broadened and
sprayed over few tens of ppm. However, for Ln=Yb, the
spectrum, which extends from �5 to +71 ppm, is nicely re-
solved in CD2Cl2 (Figure 4). Interestingly, although the
proton signals of the boron-containing moieties are shifted
upfield, the hyperfine coupling constants can still be ob-
served. Similarly, some residual hyperfine coupling can be
observed for signals at d=9.30 (doublet) and 15.26 ppm
(broad triplet). On the basis of this spectrum, one can
assume that the structure observed in the solid state is main-
tained in solution with an averaged overall C2v symmetry.


Crystal structure of [Yb(L) ACHTUNGTRENNUNG(NO3)3]: Suitable crystals for X-
ray investigation were obtained for [Yb(L) ACHTUNGTRENNUNG(NO3)3] by slow
diffusion of hexane into a mixture of dichloromethane and
diethylether. The nine-coordinate YbIII ion lies in the plane


Figure 2. FT-IR spectra of the free ligand and its Yb complex.


Figure 3. ES-MS spectrum in positive mode at a concentration of ca 10�5
m in CH2Cl2/THF: a) complete spec-


trum with expansions of the peaks at 385.0 corresponding to the [Yb(L) ACHTUNGTRENNUNG(NO3)]
2+ dication and at 833.1 corre-


sponding to the [Yb(L) ACHTUNGTRENNUNG(NO3)2]
+ monocation. b) Computer simulation of the 385.0 peak. c) Computer simula-


tion of the 833.1 peak using the Bruker Daltonics simulate isotopic pattern software.
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defined by the nitrogen atoms of the tridentate coordinating
unit and its coordination sphere is completed by three bi-
dentate nitrates, leading to a distorted tri-capped antiprism
geometry. The nitrates are in pseudo C2v symmetry. Selected
bond lengths and angles are given in Table 2, while Figure 5
shows the atom-numbering scheme. As expected, the terpyr-
idine moiety displays an almost planar arrangement, the in-
terplanar angles between the central and the two terminal
pyridines being 7.4(2) and 9.8(2)8, respectively. The Yb�N
(2.414(4)–2.434(4) T; average 2.423(11) T) and Yb�O
(2.351(4)–2.511(4) T; average 2.390(62) T) distances are
standard, as are the N-Yb-N and O-Yb-O bite angles, lead-
ing to a calculated ionic radius of the YbIII ion of 1.04(7) T
perfectly in line with the published value for a nine-coordi-
nate complex (1.042 T).[29]


The terpyridine binding unit is connected to the difluoro-
boron dipyrromethene moiety by a carbon–carbon bridge
(C8�C16) and the interplanar angle between these two parts
of the molecule is nearly 608. The average distances for the
boron coordinating site are 1.54(2) and 1.40(11) T for B�N
and B�F, respectively. Weak intra- and intermolecular inter-
actions are observed in the crystal (Figure S2, Supporting


Information): 1) intramolecular hydrogen bonds between
methyl C28 and fluorine F2 (C···F=3.033(6) T; C�H···F=


1288), 2) intermolecular p–p interactions between the termi-
nal pyridines of two adjacent molecules (interplanar dis-
tance: 3.62 T) and 3) intermolecular hydrogen bonding be-
tween the aromatic CH bonds and the fluorine atoms or the
oxygen atoms of the nitrates (H···X bond; X=O, F; min=
2.36 T, max=2.59 T).


Ligand-centred luminescence : The emission spectra of the
ligand and its complexes with nonluminescent lanthanide
ions (Ln=La, Gd) in dichloromethane at room temperature
are presented in Figure 6. At 295 K, UV excitation in the
p!p* and n!p* absorption bands of the ligand (Figure S3
in the Supporting Information) results in a ligand-centred
emission displaying one broad band assigned to the 1pp*
state with maxima at 18180, 18160 and 17986 cm�1 for L
(Figure S4 in the Supporting Information), [La(L) ACHTUNGTRENNUNG(NO3)3]
and [Gd(L) ACHTUNGTRENNUNG(NO3)3], respectively. At 77 K, the singlet-state
emission disappears upon enforcement of a time delay
(0.1 ms) with concomitant appearance of a broad and weak


band arising from the 3pp*
state emission with maxima be-
tween 17450 and 17100 cm�1.
The corresponding lumines-
cence decay is a single expo-
nential function of the time cor-
responding to a 3pp*-state life-
time of 37 ms for the free
ligand, which is lengthened to
41 (Gd) and 52 ms (La) in the
complexes (Table 3). The triplet
state emission can only be ob-
served in time-resolved mode,
because of the large overlap be-
tween the fluorescence and


Figure 4. 1H NMR spectra of the free ligand L (�5x10�3
m in CDCl3, top)


and of the Yb complex (�5x10�3
m in CD2Cl2, bottom). For labelling of


the ligand peaks see diagram of ligand. S accounts for CDCl3.


Table 2. Selected bond lengths [T] and angles [8] in [Yb(L)ACHTUNGTRENNUNG(NO3)3] (standard deviations indicated in parenthe-
ses).


bond lengths
Yb1�O1 2.363(4) Yb1�O4 2.351(4) Yb1�O7 2.511(4)
Yb1�O2 2.402(4) Yb1�O5 2.361(4) Yb1�O8 2.354(4)
Yb1�N1 2.414(4) Yb1�N2 2.423(4) Yb1�N3 2.434(4)
bite angles
N1-Yb1-N2 66.81(14) N2-Yb1-N3 66.68(13) N1-Yb1-N3 133.48(14)
N-Yb-O angles
O1-Yb1-N1 70.67(14) O4-Yb1-N1 137.45(13) N1-Yb1-O7 71.59(14)
O2-Yb1-N1 124.26(15) O5-Yb1-N1 92.66(13) O8-Yb1-N1 92.90(15)
O1-Yb1-N2 87.55(13) O4-Yb1-N2 146.55(14) N2-Yb1-O7 108.08(12)
O2-Yb1-N2 107.59(13) O5-Yb1-N2 158.08(14) O8-Yb1-N2 74.18(13)
O1-Yb1-N3 108.43(14) O4-Yb1-N3 85.18(13) N3-Yb1-O7 122.93(13)
O2-Yb1-N3 72.12(14) O5-Yb1-N3 133.51(13) O8-Yb1-N3 73.44(13)


Figure 5. Molecular structure and atom-numbering scheme for [Yb(L)-
ACHTUNGTRENNUNG(NO3)3].
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phosphorescence bands. Therefore, it is difficult to estimate
the efficiency of the intersystem crossing; we note, however,
that the energy gap between the 0-phonon transitions of the
two states is quite small, DE(1pp*�3pp*)=660 cm�1, while a
value of 5000 cm�1 is usually considered as being optimum.


The strong emission from the ligand 1pp* state, centred
about 18000 cm�1, is independent of the excitation energy
and observed for all the complexes in dichloromethane solu-
tion (Ln=Nd, Er, Yb, Figure S5 in the Supporting Informa-
tion). The fluorescence quantum yields have been deter-
mined with respect to the Rhodamine 6G standard under
excitation at 488 nm and are listed in Table 3.


Sensitisation of lanthanide-centred NIR emission : The
[Ln(L) ACHTUNGTRENNUNG(NO3)3] complexes with Ln=Nd, Er, and Yb display
metal-centred luminescence. In a first step, we analysed the
transition of solid-state samples both at room temperature,
and 10 K in order to gain information on the photophysics
of these compounds. At the latter temperature, the lumines-
cence spectrum of the [Nd(L) ACHTUNGTRENNUNG(NO3)3] complex, under excita-
tion at 19455 cm�1 by the Ar-laser line, displays three NIR
bands in the spectral ranges 11800–10600, 9700–9200 (main
component) and 7700–7000 cm�1 (Figure 7 and Figures S6,
S7, in the Supporting Information). They are composed of 4,
5 and 7 main components, respectively, and are assigned to


transitions from the 4F3/2 level to the 4I9/2,
4I11/2 and 4I13/2 sub-


levels, respectively, and the number of main crystal-field
components (4, 5 and 7, respectively) points to a low site
symmetry for the metal ion, the maximum degeneracy being
5, 6 and 7, respectively. The relative corrected and integrat-
ed intensities of the Nd(4F3/2!4Ij/2) transitions are reported
in Table S1 (in the Supporting Information). Upon increas-
ing the temperature from 10 to 295 K, the emission spectra
become broader, but the energy difference between the
components of the transitions is not affected. However, the
spectra display additional bands on the high energy side of
the components observed at low temperature. At room tem-
perature, the three NIR bands are still visible and display 6,
5 and 8 components, respectively. We interpret these addi-
tional emission bands as being “hot” bands arising from a
crystal-field sublevel of 4F3/2 with higher energy (+102 cm�1,
see Figure 7 and Figure S5 in the Supporting Information).


At 10 K, the luminescence of the [Yb(L) ACHTUNGTRENNUNG(NO3)3] complex
is characterised by several peaks in the range 10600–
9300 cm�1 (Figure 8), which are assigned to the 2F5/2!2F7/2


transition and arise from the MJ splitting of the ground and/
or emitting states, since six transitions are observed while
the degeneracy of the 2F7/2 level is four (KramerYs doublets).


Figure 6. Continuous lines: fluorescence spectra at 295 K of solutions of
the ligand and the LaIII and GdIII complexes in dichloromethane. Dotted
lines: phosphorescence spectra at 77 K, delay=0.1 ms. Spectra are nor-
malised and not drawn on the same vertical scale.


Table 3. Absolute quantum yields [%] of the ligand-centred fluorescence
at 298 K in dichloromethane (nex=20491 cm�1) and lifetimes of the
ligand 3pp* state (the analysing wavelength was set on the maximum of
the ligand 3pp* emission).


Compound t [ms] Q1pp* [%]


L 37�2 79�8
[La(L) ACHTUNGTRENNUNG(NO3)3] 52�3 54�5
[Nd(L) ACHTUNGTRENNUNG(NO3)3] 15�2
[Gd(L)ACHTUNGTRENNUNG(NO3)3] 41 �3 21�3
[Er(L)ACHTUNGTRENNUNG(NO3)3] 20�2
[Yb(L) ACHTUNGTRENNUNG(NO3)3] 19�2


Figure 7. Emission spectra of the [Nd(L) ACHTUNGTRENNUNG(NO3)3] complex (4F3/2!4I9/2,
4I11/2 and 4I13/2 transitions) in the solid state at 10 and 295 K; arrows
denote “hot” bands (see text).


Figure 8. Emission spectra of the [Yb(L) ACHTUNGTRENNUNG(NO3)3] complex at 10 and 295 K
(nex=19 455 cm�1); solid line: powdered sample, dotted line: single crys-
tals used for the X-ray study; the arrow points to a “hot” band.
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At 295 K, the overall shape of the spectrum and the crystal-
field splitting remain the same, but for the expected broad-
ening and for the appearance of an additional component at
higher energy, again due to emission from a thermally popu-
lated higher crystal-field sublevel of 2F5/2 (+138 cm�1). We
have also checked that the sample preparation does not in-
fluence the emission properties in recording the lumines-
cence spectra of the single crystals used for X-ray structural
study (Figure 8). From the various crystal-field sublevels
identified (Table S2, Supporting Information), one sees that
the total splitting is of 455 cm�1. As a comparison, for a Yb
complex in a low symmetry a value of 528 cm�1 has been
found and a smaller total splitting of 372 cm�1 has been re-
ported for a D3-symmetrical bimetallic helicate[30] (in line
with the higher symmetry of the metal ion site). Here, the
value is consistent with a low-symmetry environment
around the metal ion.


The luminescence decays of the NdACHTUNGTRENNUNG(4F3/2) and Yb ACHTUNGTRENNUNG(2F5/2)
states, measured on solid-state samples at 10 K and upon ex-
citation through the ligand 1pp* level, are single exponential
functions, indicating a fast energy transfer from the ligand
to the metal ion[8] and also the presence of efficient nonra-
diative deactivation processes, since they are much shorter
than the radiative lifetimes (Table 4).


Finally, the [Er(L) ACHTUNGTRENNUNG(NO3)3] complex proved to be very
weakly luminescent, although its characteristic band at
6550 cm�1 could be observed, but its decay time could not
be measured. (Figures S6 and S8, in the Supporting Informa-
tion).


In a second step, we investigated solutions of the com-
plexes in dichloromethane (10�4


m), both from structural and
quantitative viewpoints. The corresponding emission spectra
are very similar, at least with respect to crystal-field split-
ting, to those observed in the solid state, except for the ex-
pected broadening (Figures S9 and S10, in the Supporting
Information). Therefore, the chemical environment of the
metal ions must be very similar in both media, which also
translates into similar lifetimes for solutions, within experi-
mental errors, relative to solid-state samples.


The absolute quantum yields of the luminescence of the
NdACHTUNGTRENNUNG(4F3/2) and YbACHTUNGTRENNUNG(2F5/2) levels in the [Ln(L) ACHTUNGTRENNUNG(NO3)3] com-
plexes have been measured upon ligand excitation (18657–
18727 cm�1) by using [Yb ACHTUNGTRENNUNG(tta)3ACHTUNGTRENNUNG(H2O)2] as reference.[24] A
value of 0.31�0.03% has been obtained for the [Yb(L)-


ACHTUNGTRENNUNG(NO3)3] complex, which is reasonably large with respect to
other published data, for instance 1.8% for a bimetallic heli-
cate in D2O,[30] 0.45% for the complex with fluorexon in
D2O,[31] 0.5% for a terphenyl-based complex in DMSO,[32] or
0.23, 0.14 and 0.17% for complexes with fluorescein, eosin
and erythrosin, respectively, in deuterated methanol.[33] Al-
though small, the quantum yield of the [Nd(L) ACHTUNGTRENNUNG(NO3)3] com-
plex, (1.6�0.2)U10�2%, can also be considered as being in-
teresting if compared with 3.8U10�2% for the Nd–fluorexon
complex in D2O


[31] and with 3.0·10�2, 1.4·10�2 and 1.2·10�2%
for NdIII complexes with fluorescein, eosin and erythrosin,
respectively, in deuterated methanol.[33]


The overall quantum yield QL
Ln of a luminescent LnIII che-


late, upon ligand excitation, is given by Equation (2) in
which hsens is the efficiency of the overall ligand-to-metal
energy transfer, hisc the efficiency of the intersystem cross-
ing, het the efficacy of the 3pp*–Ln energy transfer, and QLn


Ln


the intrinsic quantum yield, that is, the quantum yield ob-
tained upon direct LnIII excitation.


QL
Ln ¼ hsens Q


Ln
Ln ¼ hisc het Q


Ln
Ln ¼ hisc het


tobs


trad
ð2Þ


The QLn
Ln parameter is much influenced by the presence of


high-energy vibrations in the inner coordination sphere (and
also in the neighbourhood of the ion). Estimates of trad in
organic systems have been published to be 0.8 and 2 ms, for
NdIII and YbIII, respectively[34] and taking these figures into
account, we can estimate hsens=0.48 and 0.63 for the NdIII


and YbIII complexes, respectively.


Conclusion


To summarise, new lanthanide complexes bearing a terpyri-
dine ligand, with a strong absorbing unit attached, and three
coordinated nitrate anions have been prepared and fully
characterised, including a X-ray crystal structure in the case
of YbIII. The investigated complexes, particularly [Nd(L)-
ACHTUNGTRENNUNG(NO3)3] and [Yb(L) ACHTUNGTRENNUNG(NO3)3], display a sizeable NIR lumines-
cence both in solid state and in solution, probably occurring
by energy transfer from the appended boron fragment.
Whereas the designed ligand can be considered as being an
interesting sensitiser of NdIII and YbIII luminescence, the
ErIII complex has proved to be only very weakly lumines-
cent, either because of efficient nonradiative deactivation
processes or because of inefficient energy transfer from bo-
ACHTUNGTRENNUNGditerpy ligand. Indeed the energy difference between the
ligand triplet state and the excited-state levels of ErIII is less
favourable to an efficient energy transfer than in the case of
the two other ions. However, in absence of quantitative data
due to the faint emission of the ErIII complex, the exact
reason for this poor sensitisation could not be determined.


The next step in this research program will be to increase
the stability of the resulting complexes by adding negatively
charged fragments on the chelating core. Also under active
investigation is the engineering of boron fragments absorb-


Table 4. Lifetimes of the Nd ACHTUNGTRENNUNG(4F3/2) and Yb ACHTUNGTRENNUNG(2F5/2) excited levels in the
[Ln(L)ACHTUNGTRENNUNG(NO3)3] complexes under various excitation conditions (solid
state), absolute quantum yields of solutions 10�4–10�7


m in dichloro-
ACHTUNGTRENNUNGmethane, and estimated sensitisation efficiency (see text).


T
[K]


Complex nan


ACHTUNGTRENNUNG[cm�1]
t


[ms]
QL


Ln


[%]
QLn


Ln(
tobs
trad


)
[%]


hsens


10 [Nd(L)(NO3)3] 11481 0.20(2)
[Yb(L)(NO3)3] 10225 11.1(2)


295 [Nd(L)(NO3)3] 11560 0.27(2) 1.6(2)U10�2 3.38U10�2 0.47
[Yb(L)(NO3)3] 10225 9.7(1) 0.31(3) 0.49 0.63
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ing and emitting more intensely at longer wavelength in
order to benefit from a more efficient antenna effect and to
favour energy transfer from the organic core to the emissive
states of the lanthanide ions. This could for instance involve
a positioning of the indacene unit closer to the acceptor
metal ion, and in a more favourable orientation for energy
transfer, for instance by designing three-dimensional coordi-
nation polymers containing these building blocks.
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Introduction


The group of soft materials known as gels has attracted the
attention of modern-day chemists, owing to its versatile ap-
plication in many areas, such as photography, cosmetics,
drug delivery, tissue engineering, sensors, and food process-
ing.[1] These supramolecular aggregates neither flow freely
like a liquid nor take a definite shape like a rigid solid.
Owing to their diverse applications, water-gelating com-
pounds (hydrogelators) have been studied extensively, al-
though most reports have dealt with the gels formed by pol-
ymeric molecules.[1] Nevertheless, low-molecular-weight-hy-
drogelators (LMWH) are emerging as the preferred choice
over their polymeric counterparts, primarily because of their
rapid response to external stimuli and their thermoreversi-
ble nature, due to the noncovalent intermolecular associa-
tions within the three-dimensional network of the self-as-


sembly.[1,2] Although gels derived from low-molecular-
weight compounds (“supramolecular gels” or “physical
gels”) have been known for a long time,[3] it is only within
the last couple of decades that they have been actively in-
vestigated.[1,2]


The coexistence of extremely ordered fibers with fluids,
the well-defined structure, quick responsiveness, high inter-
facial area and, most importantly, noncovalent interactions,
make low-molecular-weight gelators very attractive alterna-
tives to the polymeric gelators.[1,2] For the biological applica-
tion of such physical/molecular gels, their biocompatibility
and supramolecular responsiveness are indispensable.[4] The
possibility to entrap solutes within the fibrillar network of a
biocompatible hydrogel provides the opportunity to find a
suitable carrier for drug delivery.[1,4,5] Although quite a few
low-mass organogelators[6] and their applications have been
reported, the study of LMWH has been very limited. Fur-
thermore, hydrogelators formed in the presence of 1–10%
of an additional solvent or acid limit their application in bio-
logical systems.[7] The search for molecules that gelate in
simple water, an essential criteria for biological use, is inten-
sifying.[4c,8]


To this end, amphiphilic molecules, namely surfactants,
have shown the potential to form well-characterized, supra-


Abstract: The water immobilization by
a simple amino acid-containing cationic
surfactant was investigated. A variety
of techniques, such as 1H NMR spec-
troscopy, circular dichroism (CD),
steady-state fluorescence spectroscopy,
and field-emission scanning electron
microscopy (FESEM) were applied to
determine the formation and architec-
ture of the hydrogel. The new gelator
with a minimum gelation concentration
(MGC) of 0.3% w/v shows prolonged
stability and a low melting temperature
(39 8C). 1H NMR experiments revealed
that intermolecular hydrogen bonding


between the amide groups and p–p
stacking of the indole rings are the two
regulating parameters for gelation. Fur-
thermore, fluorescence studies with 8-
anilino-1-naphthalenesulfonic acid
(ANS) as the probe indicate the partic-
ipation of hydrophobicity during gelati-
on. The luminescence study using both
ANS and pyrene, along with FESEM
results, indicate a critical concentration,


well below the MGC, at which fibres
begin to form. These cross-link further
to give thicker fibers, leading to the
formation of a hydrogel (0.3% w/v).
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supramolecular chirality, as evidenced
by the CD spectra. In addition, the ge-
lator molecule was found to be nontox-
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w/v). The high supramolecular chirality,
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and biocompatibility of the molecule
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molecular structures, such as micelles, microemulsions, and
bilayers (membrane mimetic systems), which have been uti-
lized in several chemical and biological applications.[9] The
presence of both hydrophilic and hydrophobic groups within
the same molecule also allows them to aggregate in an or-
dered fashion to induce immobilization of solvents.[1a,10]


Here, we report the hydrogelation of a simple amino acid-
based amphiphile (1, Scheme 1) in plain water (minimum


gelation concentration (MGC), 0.3% w/v). The molecular
arrangement of the hydrogel formed by the l-tryptophan-
containing surfactant molecule (1) was investigated by spec-
troscopic and microscopic techniques. Intermolecular hydro-
gen bonding, p–p stacking, and hydrophobic interactions
were responsible for its gelation. The hydrogelator 1 also
showed high supramolecular chirality and biocompatibility,
which make it an appropriate material for both chemical
and biomedicinal applications.


Results and Discussion


In our recent study,[11] the aqueous self-assembly of the l-
tryptophan-based cationic surfactant, 1 (Scheme 1, Mr=


505), was utilized at 5 mm (0.25% w/v) as a template for the
asymmetric reduction of ketones/esters in the presence of
NaBH4. We found that at a slightly higher concentration
(6 mm, 0.3% w/v), amphiphile 1 forms a visible and trans-
parent hydrogel (Figure 1) in a glass vial of inner diameter


10 mm. No such gelation was observed during the asymmet-
ric reduction of esters and ketones[11] in aqueous solution of
1 (5 mm, 0.25% w/v), possibly because the vigorous stirring
and vortexing of the reaction mixture led to the rupture of
the weak three-dimensional network within the physical gel.


The thermoreversible hydrogelation of 1 was observed at
0.3% w/v (6 mm, Figure 1), which upon slow heating to
39 8C melts and on cooling turned again to gel. Each gelator
molecule has the ability to immobilize ~9300 molecules of
water at room temperature. The sol-gel transition tempera-
ture Tg increased as gelator concentration increased, which
is in agreement with previous reports (Figure 2).[7a,b] This ob-


servation and also the low gelation concentration indicate
that self-assembly in the gel state is driven by strong inter-
molecular, noncovalent interactions. Furthermore, the hy-
drogel formed by 1 (0.3% w/v) was observed to be stable at
room temperature over a period of one year. Because some
biological applications require a stable gel with low sol-gel
transition temperature,[1e] amphiphile 1 might have applica-
tions in the area of biomedicine.


The structural requirements for a molecule to immobilize
water are still poorly understood. One of the key parame-
ters for gelation is the balance between hydrophobicity and
hydrophilicity (hydrogen bonding). To elucidate the role of
hydrogen bonding in the hydrogelation of 1, related com-
pounds 2 and 3 were synthesized (Scheme 1). Compound 2,
in which indole N�H was replaced by N�Me, hydrogelated
at 0.45% w/v, whereas 3 (amide bond was replaced by an
ester linkage), at concentrations greater than 0.05% w/v
(below this concentration it was soluble in water) precipitat-
ed from the warm solution upon cooling to room tempera-
ture. This indicates the essential participation of the amide
N�H (Ha, Scheme 1), possibly through intermolecular hy-
drogen bonding, and a less-significant influence of the
indole N�H (Hb) in hydrogelation.


1H NMR experiment : In general, NMR techniques provide
a great deal of information about the supramolecular ar-
rangement of gelators, and in particular, they give a qualita-
tive idea of the possible orientation of a single molecule in
an aggregated system. To elucidate the possible supramolec-


Scheme 1. Structures of the synthesized compounds.


Figure 1. Transparent hydrogel of 1 (0.3% w/v).


Figure 2. Plot of Tg against gelator concentration.
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ular architecture of the hydrogel formed by compound 1, a
thorough NMR study was performed by using 1% w/v 1 in
[D6]DMSO with an increasing amount of water. As shown
in Figure 3a, intermolecular hydrogen-bonding of Ha and Hb


was found to be one of the regulating factors for the self-as-
sembly of the surfactant molecules. The amide N�H shifted
upfield (from 8.55 to 7.79 ppm) as the water content in-
creased up to 30%, and then moved downfield (to
7.99 ppm) as the proportion of water increased further. In
contrast, the indole N�H showed a continuous upfield shift
(from 11.09 to 10.29 ppm) as the water content increased.
Upon initiation of the self-assembly process, the bulky
indole group possibly twists toward the hydrophobic domain
of the self-aggregate, thereby exposing the carbonyl group
in the aqueous phase.[12] Thus, also conformational changes
presumably forced the Ha to move towards the hydrophobic
region, resulting in upfield shift of both Ha and Hb.


[12] Above
30% water content, intermolecular hydrogen bonding might
have taken place between the Ha and the carbonyl oxygen,
which deshielded the amide N�H. Moreover, as the water
content increases, the ammonium segment (headgroup) of
the molecule becomes hydrated, leading to the upfield shift
of the neighboring protons of Ha and Hb.


[10c] Above 30%
water content, the amide proton possibly starts participating
in the intermolecular hydrogen bonding, leading to the de-
hydration and initiation of fiber formation and resulting in
the downfield shift of Ha. In case of Hb, the upfield shift
continued, due presumably to the increasing p–p interaction
of the parallel indole moieties, as well as hydrogen bonding
with the H2O molecules.[10c,12]


1H NMR spectra were also recorded for 1% w/v 1 in D2O
at different temperatures (Figure 3b). In the gel state at
30 8C, a broad peak was observed in the aromatic region,
and this showed splitting with a downfield shift (7.22 to
8.08 ppm) as the temperature increased from 30–80 8C. In
the gelated state, these protons cannot produce individual
sharp signals as they are in aggregated form.[13] In addition,
the aromatic protons were very much shielded, due possibly


to the p–p interaction of the indole rings in the self-assem-
bled structure.[10c] As the temperature increases, the inter-
molecular hydrogen bonding is destroyed, leading to the
transition from gel to sol (non-self-assembled species), in
which the spinning nuclei showed their characteristic in-sol-
ution signals. The rise in temperature also eliminates the hy-
drophobic stacking of indole moieties, resulting in the down-
field shift of the aromatic protons. Interestingly, the protons
signals at ~70 8C are comparable to those in the sol state, in-
dicating that the Tg of 1% w/v 1 is similar to that deduced
from the plot of Tg vs gelator concentration (Figure 2).


Luminiscence studies : Because hydrophobic interaction is
also one of the major driving forces in the self-assembly
process, its crucial role in the present gelation was deci-
phered by recording luminescence spectra with 8-anilino-1-
naphthalenesulfonic acid (ANS), a popular probe for hydro-
phobic domains. Figure 4a shows the emission spectra of
ANS obtained by varying the concentration of 1 in water.[7b,c,8a]


Figure 3. a) 1H NMR spectra of 1 in [D6]DMSO with increasing H2O con-
tent. b) 1H NMR spectra of 1 in D2O at increasing temperature.


Figure 4. a) Luminescence spectra of ANS (1K10�5
m) with increasing


concentration of 1 in water at RT. [1] (K103% w/v): a: 0; b: 0.05; c: 0.15;
d: 0.5; e: 2.5; f: 5; g: 25; h: 50; i: 300. Inset: enlargement of the low con-
centration range. b) Dependence of luminescence intensity of ANS on
gelator concentration.
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As the gelator concentration increases to 5K10�5% w/v
(1K10�3 mm), initially a blue-shift in the lmax (511 to
477 nm) accompanied by a decrease in the intensity was ob-
served. Thereafter, only a moderate blue-shift (472 nm) was
seen, however, the intensity increased steadily as the con-
centration of 1 increased. Such luminescence behavior of
ANS indicates the existence of a hydrophobic environmen-
t,[8a] thereby confirming its participation in hydrogelation.
Furthermore, the dependence of the emission intensity of
ANS on gelator concentration (Figure 4b) suggested two in-
flection points at ~5.5K10�3% w/v (0.11 mm) and 0.03% w/
v (0.6 mm). The first inflection point probably indicates the
critical micelle concentration (cmc) of 1, which was ob-
served to be ~0.14 mm from the plot of concentration vs
first-to-third vibronic band ratio (I1/I3) in pyrene fluores-
cence experiments.[11b] At 0.6 mm (0.03% w/v), after which
no change in intensity was noted, the gelator molecules
probably show the propensity to aggregate further into
fibers, which become cross-linked (noncovalent) at 6.0 mm


(0.3% w/v) to form the hydrogel.
The overlayed spectra of pyrene (Figure 5) show a red-


shift in lmax to 408 nm, along with a steady increase in the
intensity above the gelator concentration of 0.025% w/v


(0.5 mm). The formation of exciplex of pyrene with the sol-
vent or any other molecule present in the solution is a well-
known phenomena.[14] The appearance of the red-shifted
peak may be explained in terms of the formation of exci-
plex. As the concentration of 1 increased, micellar aggregate
was formed initially (cmc was ~0.14 mm (0.007% w/v), as
obtained from the I1/I3 vs surfactant concentration plot (not
shown), as well as from the first inflection point in Figur-
e 4b). A further increase in concentration leads possibly to
the formation of fibers, in which the pyrene molecules


become incorporated, and consequently, the local concentra-
tion of the probe is increased. The increased concentration
presumably allows the formation of exciplex[14] through the
interaction with the indole moiety of the gelator. The possi-
bility of the red-shifted peak due to the excimer formation
is very remote. The excimer peak of pyrene is known to
appear from the dimeric form of the probe; however, the
concentration of pyrene in the 0.03% w/v solution of 1 at
which the red-shifted peak was observed is ~6000 times
lower than that of the gelator. Thus, the formation of
pyrene dimer is very unlikely. Furthermore, the typical lmax


for the pyrene excimer fluorescence is 454 nm and the red-
shifted peak appeared in the present case at 408 nm. Similar
observations have been reported previously,[14c,d] which,
along with the explanations discussed above, support the ap-
pearance of exciplex and not the excimer in the pyrene fluo-
rescence spectra (Figure 5). From the observations described
and the results obtained from the ANS fluorescence study
mentioned above, we can conclude that the surfactant mole-
cules start aggregating to form the fibers at this stage
(0.03% w/v, 0.6 mm), and a further increase in concentration
leads to formation of the gel network (at 0.3% w/v, 6 mm,
MGC).


Circular dichroism : The circular dichroism (CD) spectra of
1 in water were recorded to show the supramolecular chiral-
ity expected to originate from chiral monomer during self-
aggregation (Figure 6). A positive cotton effect in the


amide-absorption region, as well as an increase in the molar
ellipticity as gelator concentration increases, confirms an or-
dered arrangement of the chiral planes that lead to the high
supramolecular chirality. The peak at 220–225 nm could be
attributed to the p–p* transition of the amide bond, and the
shoulder at longer wavelength originates from the n–p* tran-
sition of the same.[15] These transitions are extremely sensi-
tive to coupling with neighboring amides. The increased in-


Figure 5. Luminescence spectra of pyrene (1K10�7
m) in aqueous solu-


tions of various concentration of 1 at RT. [1] (% w/v): a) 0.0003; b)
0.0005; c) 0.001; d) 0.0025; e) 0.005; f) 0.01; g) 0.02; h) 0.025; i) 0.03; j)
0.1; k) 0.15; l) 0.2; m) 0.25; n) 0.4.


Figure 6. CD spectra of 1 at increasing concentrations in water, and in 1:1
(v/v) MeOH/H2O at RT.
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tensity at 225 nm suggests a helical arrangement[4a] at the su-
pramolecular level induced by the l-tryptophan residue,
whereas in the presence of an organic protic solvent, such as
methanol, all the CD peaks disappeared, due to the disinte-
gration of the self-assembly. This is also supported by the
field-emission scanning electron microscopy (FESEM)
image of the xerogel (0.3% w/v), in which each helical fiber
of regular thickness (~40 nm) combines to form thicker
fibers of ~200 nm (Figure 7b). The FESEM images show a


very thin fibrous morphology in the sample of 0.03% w/v 1
(0.6 mm, Figure 7a). As discussed above, these thin fibers
probably become aggregated at high concentration and form
bundles of thicker fibers through cross-linking, as seen in
the FESEM image of the xerogel at 0.3% w/v (6 mm, Figur-
e 7b). Thus, the second inflection point in Figure 4b, the ap-
pearance of the exciplex peak in the pyrene fluorescence
spectra (Figure 5), and the presence of the thin fibers in Fig-
ure 7a allows us to conclude that the fiber formation starts
at a much lower concentration (0.03% w/v; 0.6 mm), and
this turned to visible gel through a cross-linking network at
a concentration of 0.3% w/v (6 mm, Figure 7b).


Results of the spectroscopic and microscopic studies sug-
gest an ordered arrangement within a three-dimensional
network of the hydrogel of 1 through hydrogen bonding as-
sisted by hydrophobic packing (Figure 8). The intermolecu-
lar hydrogen bonds between amide N�H and carbonyl
oxygen, and p–p stacking of the aromatic planes leads to
the helical-fiber structure within the self-assembly.


Cytotoxicity : Cytotoxicity of the gelator 1 was tested in
HELA cells (Figure 9) by using the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) reduction
assay.[16] Cationic surfactants are generally toxic in nature as
they lyse[17] the cells. Thus, the normal concentration range
of cationic lipid used for biomedicinal studies, such as trans-
fection and drug delivery, is from micromolar to a few milli-
molar.[18] In this respect, the single-chain amphiphile 1 may
have potential for biomedical applications, as it was shown
to be nontoxic; the cell viabilities were >75% for concen-
trations of 1 up to 4 mm (0.2% w/v, below MGC), although
this reduced to 25% at MGC (0.3% w/v, Figure 9).


Conclusion


We have demonstrated the hydrogelation properties of an l-
tryptophan-based simple amphiphile. Structural elucidation
of the hydrogel shows that intermolecular hydrogen bond-
ing, p–p stacking, and the hydrophobic–lipophilic balance of
the molecule leads to the formation of helical fibers, which
in turn produce the gel network. The high supramolecular
chirality in the gel state makes this hydrogel useful as a tem-
plate, especially in asymmetric transformations. Owing to its
unique characteristics of nontoxicity, high stability, and low
sol-gel transition temperature, this simple molecule may
also find important biochemical and biomedicinal applica-
tions.


Figure 7. FESEM images of the dried samples of a) 0.03% w/v and b)
0.3% w/v of 1 in water.


Figure 8. Schematic representation of the possible network in the hydro-
gel of 1.


Figure 9. Viability of HELA cells in increasing concentrations of 1.
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Experimental Section


Materials : HPLC-grade water was purchased from Qualigens (India). l-
Tryptophan, n-hexadecylamine, n-hexadecanol, N,N’-dicyclohexylcarbo-
diimide (DCC), 4-N,N-dimethylaminopyridine (DMAP), iodomethane,
sodium hydride, solvents, and all other reagents were procured from SRL
(India). All the deuteriated solvents for NMR experiments and 8-anilino-
1-naphthalenesulfonic acid (ANS) were obtained from Aldrich. Amber-
lyst A-26 chloride ion-exchange resin was obtained from BDH (UK),
and pyrene was procured from Fluka. 1H NMR spectra were recorded by
using an AVANCE 300 MHz (Bruker) spectrometer. ESI-MS was per-
formed by using a Q-tof-Micro Quadruple mass spectrophotometer (Mi-
cromass). FESEM images were taken by using a JEOL-6700F micro-
scope. Emission spectra were recorded by using a Perkin–Elmer LS55 lu-
minescence spectrometer. CD experiments were performed by using a
Jasco J-600C spectropolarimeter.


Synthesis of [2-(1H-indole-3-yl)-1-hexadecylcarbamoylethyl]trimethylam-
monium chloride (1): Tert-butyloxycarbonyl (Boc)-protected l-trypto-
phan was coupled with n-hexadecylamine by using DCC (1 equiv) and a
catalytic amount of DMAP in the presence of 1 equivalent of N-hydroxy-
benztriazole in dry dichloromethane (DCM). The Boc-protected amide
obtained was then subjected to deprotection by trifluoroacetic acid
(TFA, 4 equiv) in dry DCM. After 2 h of stirring, solvents were removed
by using a rotary evaporator and the mixture was taken up in ethyl ace-
tate. The EtOAc phase was washed thoroughly with aqueous 10%
sodium carbonate solution followed by brine to neutrality. The organic
phase was dried over anhydrous sodium sulfate and concentrated to get
the corresponding amine. The primary amine (1 equiv) obtained was qua-
ternized with excess iodomethane by using 2.2 equivalents of anhydrous
potassium carbonate and a catalytic amount of [18]crown-6 ether in dry
DMF for 2 h. The reaction mixture was taken up in ethyl acetate and
washed with aqueous thiosulfate solution and water, respectively. The
concentrated ethyl acetate phase was crystallized from methanol/ether to
obtain solid quaternized iodide salt, which was subjected to ion exchange
on an Amberlyst A-26 chloride ion-exchange resin column to yield the
pure chloride (1, ~60%).


Data for 1: 1H NMR (300 MHz, CDCl3): d=0.83 (t, 3H), 0.97–0.99 (br,
2H), 1.11–1.32 (br, 24H), 1.66–1.73 (br, 2H), 2.82–2.91 (m, 2H), 3.20–
3.24 (m, 2H), 3.31 (s, 9H), 5.60 (br, 1H), 7.01–7.06 (br, 1H), 7.29–7.31
(d, 2H), 7.41 (d, 1H), 7.48–7.51 ppm (d, 1H); MS (ESI): m/z calcd for
C30H52N3O (the 48 ammonium ion, 100%): 470.41; found: 470.5699 [M+];
elemental analysis calcd (%) for C30H52N3OCl: C 71.18, H 10.35, N, 8.30;
found: C 71.28, H 10.43, N 8.35.


Synthesis of [2-(1-methyl-indole-3-yl)-1-hexadecylcarbamoylethyl]tri-
ACHTUNGTRENNUNGmethylammonium chloride (2): The iodide salt of compound 1 was treat-
ed with 1.2 equivalents of sodium hydride and excess iodomethane in dry
dimethyl sulfoxide (DMSO) under inert condition at 55 8C for 4 h. Water
was added and the material was extracted with chloroform and dried
over anhydrous sodium sulfate. The organic phase was concentrated to
give a gummy material, which was loaded onto a 230–400 mesh silica-gel
column. The column was eluted with MeOH/CHCl3 and the desired ma-
terial was obtained with 4% MeOH/CHCl3. It was then converted to its
chloride form by passing it through an Amberlyst A-26 chloride ion-ex-
change column (overall yield ~30%).


Data for 2 : 1H NMR (300 MHz, CDCl3): d=0.85 (t, 3H), 1.07–1.33 (br,
26H), 1.81 (br, 2H), 2.82–2.91 (m, 2H), 3.06–3.11 (m, 2H), 3.37 (s, 9H),
3.76 (s, 3H), 5.77–5.82 (br, 1H), 7.105–7.109 (br, 1H), 7.153–7.158 (d,
2H), 7.35 (d, 1H), 7.59–7.61 ppm (d, 1H); MS (ESI): m/z calcd for
C31H54N3O (the 48 ammonium ion, 100%): 484.43; found: 484.5528 [M+];
elemental analysis calcd (%) for C31H54N3OCl: C 71.57, H 10.46, N 8.08;
found: C 71.48, H 10.52, N 8.15.


Synthesis of [2-(1H-indole-3-yl)-1-hexadecyloxycarbonylethyl]trimethyl-
ACHTUNGTRENNUNGammonium chloride (3): Compound 3 was prepared by following the
same procedure as that used for compound 1, except that n-hexadecanol
was used instead of n-hexadecylamine.


Data for 3 : 1H NMR (300 MHz, CDCl3): d=0.83 (t, 3H), 1.06–1.35 (br,
26H), 1.87 (br, 2H), 3.29 (br, 2H), 3.48 (s, 9H), 3.73 (br, 2H), 4.60 (br,


1H), 7.05–7.07 (br, 1H), 7.09–7.11 (d, 2H), 7.26–7.27 (br, 1H), 7.50 ppm
(br, 1H); MS (ESI): m/z calcd for C30H51N2O2 (the 48 ammonium ion,
100%): 471.40; found: 471.4618 [M+]; elemental analysis calcd (%) for
C30H51N2O2Cl: C 71.04, H 10.14, N 5.52; found: C 71.23, H 10.06, N 5.47.


Preparation of the hydrogel : In a typical gelation experiment, 1 (3 mg)
was dissolved in 1 mL of HPLC-grade water by slow heating up to
~40 8C in a glass vial with i.d. of 10 mm. The vial was then allowed to
stand without any disturbance at RT. After 30 min a colorless and trans-
parent gel was obtained, which on inversion of the glass vial did not flow
downward.


Determination of sol-gel transition temperature (Tg): Tg was determined
by placing an inverted screw-capped glass vial with i.d. of 10 mm in a
thermocontrolled oil bath and then increasing the temperature at
1 8C min�1. Here, Tg is defined as the temperature (�0.5 8C) at which the
hydrogel melts and begins to flow out of the gel.


Fluorescence spectroscopy: The emission spectra of ANS and pyrene
were recorded by adding the probe molecules to aqueous solutions of the
hydrogelator 1 at different concentrations at RT. For ANS, lex=365 nm
and for pyrene, lex=337 nm. ANS was initially dissolved in MeOH and
from this superstock the required amount of ANS solution was added to
the experimental solutions (5 mL of superstock (0.01m) was added to a
5 mL aqueous solution of the gelator to reach a probe concentration of
1K10�5


m). In the case of pyrene, the probe was dissolved in water by
overnight stirring, then sonicated for 3 h followed by filtration. All the
experimental solutions were prepared by using this aqueous solution of
pyrene.


Circular dichroism (CD): The CD spectra of aqueous solutions of 1 at
various concentrations were recorded by using a 1.2-mL quartz cuvette
of 0.5-mm path length with a Jasco J-600C spectropolarimeter at RT.


Cytotoxicity assay : Cytotoxicity of the hydrogelator 1 was assessed by
performing the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) reduction assay by using HELA cells, as described else-
where.[16] The assay was performed in 96-well plates by varying the hy-
drogelator concentration. MTT was added 3 h after addition of cationic
amphiphile to the cells. Results were expressed as percent viability, which
was defined as [A540(treated cells)�background/A540(untreated cells)�-
background]K100. Experiments were performed in triplicate.


Acknowledgements


D.P.D, A.D.G, S.R, and S.D acknowledge CSIR, India for their research
fellowships, and P.K.D is thankful to the Department of Science and
Technology, Government of India for financial assistance through fast-
track project. We are thankful to Ms. Priya Karmali for performing cyto-
toxicity measurements and to Dr. S. Maiti, Dr. T. K. Mandal, and Dr. S.
Giri for their generous help.


[1] a) L. A. Estroff, A. D. Hamilton, Chem. Rev. 2004, 104, 1203; b) K.
Yong, D. J. Mooney, Chem. Rev. 2001, 101, 1869; c) J. C. Tiller,
Angew. Chem. 2003, 115, 3180; Angew. Chem. Int. Ed. 2003, 42,
3072; d) K. J. C. van Bommel, C. van der Pol, I. Muizebelt, A. Frig-
geri, A. Meetsma, B. L. Feringa, J. van Esch, Angew. Chem. 2004,
116, 1695; Angew. Chem. Int. Ed. 2004, 43, 1663; e) N. M. Sangee-
tha, U. Maitra, Chem. Soc. Rev. 2005, 34, 821, and references there-
in.


[2] a) S. Kawano, N. Fujita, S. Shinkai, J. Am. Chem. Soc. 2004, 126,
8592; b) B. Xing, C. W. Yu, K. H. Chow, P. L. Ho, D. Fu, B. Xu, J.
Am. Chem. Soc. 2002, 124, 14846; c) S. Kiyonaka, S. Sugiyasu, I. Ha-
machi, J. Am. Chem. Soc. 2002, 124, 10954; d) J.-H. Fuhrhop, P.
Schnieder, J. Rosenberg, E. Boekema, J. Am. Chem. Soc. 1987, 109,
3387; e) K. Hanabusa, K. Hiratsuka, M. Kimura, H. Shirai, Chem.
Mater. 1999, 11, 649.


[3] A. Lipowitz, Ann. Chem. Pharm. 1841, 38, 348.


Chem. Eur. J. 2006, 12, 5068 – 5074 F 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5073


FULL PAPERAmino Acid-Based Amphiphile



www.chemeurj.org





[4] a) Z. Yang, B. Xu, Chem. Commun. 2004, 2424; b) K. Kohler, G.
Forster, A. Hauser, B. Dobner, U. F. Heiser, F. Ziethe, W. Richter,
F. Steiniger, M. Drechsler, H. Stettin, A. Blume, Angew. Chem.
2004, 116, 247; Angew. Chem. Int. Ed. 2004, 43, 245; c) K. Kohler,
G. Forster, A. Hauser, B. Dobner, U. F. Heiser, F. Ziethe, W. Richt-
er, F. Steiniger, M. Drechsler, H. Stettin, A. Blume, J. Am. Chem.
Soc. 2004, 126, 16804.


[5] a) S. V. Vinogradov, T. K. Bronich, A. V. Kabanov, Adv. Drug Deliv-
ery Rev. 2002, 54, 135; b) A. Friggeri, B. L. Feringa, J. van Esch, J.
Controlled Release 2004, 97, 241.


[6] a) R. Wang, C. Geiger, L. Chen, B. Swanson, D. G. Whitten, J. Am.
Chem. Soc. 2000, 122, 2399; b) X. Huang, P. Terech, S. R. Raghavan,
R. G. Weiss, J. Am. Chem. Soc. 2005, 127, 4336; c) A. Friggeri, O.
Gronwald, K. J. C. Van Bommel, S. Shinkai, D. N. Reinhoudt, J. Am.
Chem. Soc. 2002, 124, 10754; d) S. Bhattacharya, K. Y. Ghosh,
Chem. Commun. 2001, 185; e) N. Mohmeyer, H. W. Schmidt, Chem.
Eur. J. 2005, 11, 863; f) G. M. Gundert, L. Klein, M. Fischer, K.
Vogtle, K. Heuzek, M. Vallier, F. Fages, Angew. Chem. 2001, 113,
3266; Angew. Chem. Int. Ed. 2001, 40, 3164; g) M. Kolbe, F. M.
Menger, Chem. Commun. 2001, 275; h) F. Placin, J.-P. Desvergne, J.-
C. Lassegues, Chem. Mater. 2001, 13, 117; i) R. Iwaura, K. Yoshida,
M. Masuda, K. Yase, T. Shimizu, Chem. Mater. 2002, 14, 3047.


[7] a) F. M. Menger, K. L. Caran, J. Am. Chem. Soc. 2000, 122, 11659;
b) S. Mukhopadhyay, U. Maitra, Ira, G. Krishnamoory, J. Schmidt,
Y. Talmon, J. Am. Chem. Soc. 2004, 126, 15905; c) U. Maitra, S. Mu-
khopadhyay, A. Sarkar, P. Rao, S. S. Indi, Angew. Chem. 2001, 113,
2341; Angew. Chem. Int. Ed. 2001, 40, 2281; d) S. Bhattacharya,
S. N. G. Acharya, Chem. Mater. 1999, 11, 3504.


[8] a) M. Suzuki, M. Yumoto, M. Kimura, H. Shirai, K. Hanabusa,
Chem. Eur. J. 2003, 9, 348; b) L. A. Estroff, A. D. Hamilton, Angew.
Chem. 2000, 112, 3589; Angew. Chem. Int. Ed. 2000, 39, 3477; c) A.
Herres, C. van der Pol, M. Stuart. A. Friggeri, B. L. Feringa, J. va-
n esch, J. Am. Chem. Soc. 2003, 125, 14252; d) L. A. Estroff, L. Lei-
serowitz, L. Addadi, S. Weiner, A. D. Hamilton, Adv. Mater. 2003,
15, 38; e) T. Nakashima, N. Kimizuka, Adv. Mater. 2002, 14, 1113;
f) H. Kobayashi, A. Friggeri, K. Koumoto, M. Amaike, S. Shinkai,
D. N. Reinhouldt, Org. Lett. 2002, 4, 1423.


[9] a) R. Zana, J. Lang in Solution Behavior of Surfactant, Vol. 2 (Eds.:
K. L. Mittal, E. J. Fendler), Plenum, New York, 1982 ; b) J. H. Fen-
dler, Membrane Mimetic Chemistry, Wiley, New York, 1982 ; c) H. F.
Eicke, P. Kvita in Reverse Micelles, (Eds.: P. L. Luisi, B. E. Straub),
Plenum, New York, 1984, p. 21; d) D. Das, S. Roy, R. N. Mitra, A.


Dasgupta, P. K. Das, Chem. Eur. J. 2005, 11, 4882; e) F. M. Menger,
J. S. Keiper, Angew. Chem. 2000, 112, 1980; Angew. Chem. Int. Ed.
2000, 39, 1906; f) D. Das, P. K. Das, Langmuir 2003, 19, 9114; g) R.
Langer, Nature 1998, 392, 5; h) A. Dasgupta, D. Das, R. N. Mitra, P.
K Das, J. Colloid Interface Sci. 2005, 289, 566; i) R. Bacaloglu, C. A.
Bunton, G. Cerichelli, F. Ortega, J. Phys. Chem. 1989, 93, 1490; j) A.
Dasgupta, D. Das, P. K. Das, Biochimie 2005, 87, 1111; k) Y. Xu, Jr.,
F. C. Szoka, Biochemistry 1996, 35, 5616; l) R. N. Mitra, A. Dasgup-
ta, D. Das, S. Roy, S. Debnath, P. K. Das, Langmuir 2005, 21, 12115.


[10] a) M. Moniruzzaman, P. Sundararajan, Langmuir 2005, 21, 3802;
b) R. J. Hafkamp, M. C. Feiters, R. J. M. Nolte, J. Org. Chem. 1999,
64, 412; c) J. H. Jung, S. Shinkai, T. Shimizu, Chem. Eur. J. 2002, 8,
2684.


[11] a) D. Das, S. Roy, P. K. Das, Org. Lett. 2004, 6, 4133; b) S. Roy, D.
Das, A. Dasgupta, R. N. Mitra, P. K. Das, Langmuir 2005, 21, 10398.


[12] F. H. Billiot, M. McCarroll, E. J. Billiot, J. K. Rugutt, K. Morris,
I. M. Warner, Langmuir 2002, 18, 2993.


[13] B. Lindman, H. Sçderman, H. Wennerstrom in Surfactant Solutions.
New Methods of Investigation (Ed.: R. Zana), Marcel Dekker, New
York, 1987, Chapter 6.


[14] a) T. Froster, Angew. Chem. 1969, 81, 364; Angew. Chem. Int. Ed.
Engl. 1969, 8, 333; b) S. Schulman in Fluorescence and Phosphores-
cence Spectroscopy: Physicochemical Principles and Practice (Eds.:
R. Belcher, H. Freiser), Pergamon Press, 1977; c) G. Pistolis, A. Mal-
liaris, Langmuir 2002, 18, 246; d) M. Beinhoff, W. Weigel, W. Rettig,
I. Bruedgam, H. Hartl, A. D. Schlueter, J. Org. Chem. 2005, 70,
6583.


[15] a) W. Moffitt, J. Chem. Phys. 1956, 25, 467; b) W. B. Gratzer, G. M.
Holzwarth, P. Doty, Proc. Natl. Acad. Sci. USA 1961, 47, 1785.


[16] M. B. Hansen, S. E. Nielsen, K. Berg, J. Immunol. Methods 1989,
119, 203.


[17] Cationic Surfactants, Vol. 53 (Eds.: J. Cross, E. J. Singer), Marcel
Dekker, New York, 1994, pp. 73–78.


[18] a) Liposomes and their Uses in Biology and Medicine (Ed.: D. Papa-
hadjopoulos), The New York Academy of Sciences, New York,
1978 ; b) I. Van Der Woude, A. Wagenaar, A. A. P. Meekel,
M. B. A. T. J. Beest, M. H. Ruiters, J. B. F. N. Engberts, D. Hoekstra,
Proc. Natl. Acad. Sci. USA 1997, 94, 1160.


Received: December 30, 2005
Published online: April 19, 2006


www.chemeurj.org F 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 5068 – 50745074


P. K. Das et al.



www.chemeurj.org






DOI: 10.1002/chem.200500697


A Direct Electrochemical Route from Ilmenite to Hydrogen-Storage
Ferrotitanium Alloys


Meng Ma,[a] Dihua Wang,*[a] Xiaohong Hu,[a] Xianbo Jin,[a] and George Z. Chen*[a, b]


Introduction


The current world energy consumption is about 1.2�
1014 kWh per year, largely from fossil fuels, which not only
account for the detrimental emission of green-house gases
but also will exhaust quickly.[1] The necessity is evident for
alternative technologies that will enable efficient, large
scale, and stationary and mobile use of various renewable
energy sources. Of these, hydrogen technology has attracted
perhaps most attention, as exemplified by recent progresses
in hydrogen generation from water through photoelectroly-
sis,[2] photocatalysis[3] and biocatalysis.[4] Challenges are
therefore brought to other relevant issues, including storage,
distribution, and utilisation.[5,6] As for hydrogen storage,
past research and commercial efforts have enabled signifi-


cant progresses; however, one important issue might have
been overlooked. It is predicted that the annual production
of more than 3�1012 kg hydrogen is needed to replace fossil
fuels.[1] Assuming half of this mass is to be stored daily
before use, with the currently achievable 5 wt% capacity,
the total hydrogen storage materials (HSMs) will amount to
~8�1010 kg, which can be compared with the world4s annual
production of ~8�1011 kg steel, which is the most produced
material. Such a huge demand would make many currently
favoured high performance HSMs, such as LaNi5Hx,


[7]


ZrV2Hx
[8] and their derivatives, impractical for large-scale


applications in terms of resource and commercial realities,
and hence encourages an urgent reconsideration of the
cheap and abundant alternatives.


Ferrotitanium alloys are the first generation of HSMs.[9]


Iron and titanium are the fourth and ninth, respectively,
most abundant elements in the earth4s crust. Particularly,
the two co-exist in ilmenite (FeTiO3), which is a common
natural mineral with a known world total resource of ~2�
1012 kg (containing ~1 billion tons of TiO2), and accounts for
over 90% of the world4s supplies of TiO2 pigment and Ti
metal.[10] However, the two metals are currently separately
extracted in the industry by carbothermic (Fe) and magne-
siothermic (Ti) reduction methods, with the former process
emitting about 5�1011 kg CO2 per year. Simultaneous reduc-
tion of ilmenite into an alloy or intermetallic compound has
been attempted in various laboratories[11] and the latest ex-
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ample used silicothermic reduction but the product inevita-
bly contained silicon.[12]


The recent demonstration of electrochemical reduction of
solid metal oxides in molten salts promises a novel generic
technology for not only the extraction of reactive metals
such as titanium and chromium,[13–25] but also the synthesis
of many functional alloys, intermetallics and inorganic mate-
rials.[21–26] Some fundamental aspects of the process have
also been studied.[15–20,24–29]


Aiming to address the urgent resource and commercial
challenges for the development of hydrogen technology, we
have investigated the electroreduction of both natural and
synthetic ilmenite to give various hydrogen-storage ferrotita-
nium alloy powders in molten calcium chloride. While this
work is the first example of electroreduction of a compound
bimetallic oxide, for example, FeTiO3, the most significant
and unprecedented finding is that the electrolytic alloy pow-
ders could be used directly for hydrogen storage with the
performance being comparable with or better than those re-
cently reported in literature.[30–34] Particularly, this work
demonstrates that the electroreduction method is capable of
convenient modification of the composition and stoichiome-
try of the ferrotitanium alloys for enhanced hydrogen-stor-
age performance. For a broader application, the reported
data can also be used in the ambitious ongoing project (IL-
MENOX) to produce oxygen gas from lunar rocks, which
are mainly ilmenite, on the Moon for space transport.[35]


Results and Discussion


Direct electroextraction of ferrotitanium alloy powder from
ilmenite : Electrolysis of both synthetic and natural ilmenite
in molten CaCl2 was carried out in the cell schematically
shown in Figure 1a. The oxide powder was pressed into a
porous pellet, sintered and assembled into a cathode by
using molybdenum meshes and wires. A photograph of the


assembled cathode is shown in the insert of Figure 1b. At
constant cell voltages higher than 2.8 V, the common cur-
rent–time features are given in Figure 1b for electrolysing
natural ilmenite in absence and presence of 4.46 wt% of
NiO. Typically, in the first 2 min upon voltage application,
the current rose to a peak value of ~7 A (or 3.5 Ag�1), in
agreement with the understanding of surface metallisation
of the oxide pellet.[14, 18,25, 29] It then declined gradually,
through two or more inflexions or plateaus in the next hour,
to a steady level that lasted until the end of the prescribed
time (up to 24 h). The total charge passed when the current
reached the steady level was about 90% of that calculated
from the mass of the pellet (1.95 Ah in the first hour versus
the theoretical charge of 2.10 Ah for reduction of 2 g ilmen-
ite), suggesting the reduction to be very fast in the initial
period. However, it was found that maintaining electrolysis
in the steady period for a longer time (>4 h) was needed to
reach a desired low oxygen level in the product. This was in-
itially thought to be due to oxygen having a large solubility
in solid titanium, and also to allow the initially formed fine
metal particles to grow larger to avoid surface oxidation in
post-electrolysis processes. However, analyses of the prod-
ucts after electrolysis for different times revealed other
causes, as will be discussed later. The products obtained
after electrolysis for 4–12 h turned metallic and could be
manually ground into powder with pestle and mortar. Inter-
estingly, disregarding the nature and composition of the
starting pellet, see Figure 2a and b, interconnected nodular
metal particles were always observed in the fully reduced
pellets as shown in Figure 2c–f, similar to that of the electro-
extracted pure titanium from solid TiO2.


[13,14,21] Such porous
microstructures signify large surface to volume ratios and
are beneficial for many electrochemical and chemical proc-
esses in which surface adsorption is the rate-controlling step.


X-ray diffraction (XRD) analyses confirmed the gradual
conversion from the ilmenite structure to the CsCl structure
of ferrotitanium alloys,[30–32] see Figure 3. Particularly, Fig-
ACHTUNGTRENNUNGure 3b demonstrates the formation of two major intermedi-
ate phases, a-Fe and CaTiO3, which are absent on the start-
ing and final spectra. These are an indication that the reduc-
tion of ilmenite started from forming pure iron and the per-
ovskite (CaTiOx, x�3)[19,25] with the latter being reduced
later, and accounting for the high oxygen level in the prod-
ucts electrolysed for less than 4 h. Because the uniform dis-
tribution of Fe and Ti in ilmenite, and also the absence of
pure Ti phase in the XRD spectra, it can be assumed that
the Ti atoms from the reduction of CaTiOx (or TiOy, y�2)
immediately reacted with the nearby Fe particles to form
the TiFe alloy. The reduction of solid ilmenite can be sum-
marised by Equations(1)–(3).


FeTiO3ðilmeniteÞ þ Ca2þ þ 2ð4�xÞ e ÐFeþ CaTiOx


þð3�xÞO2�
ð1Þ


CaTiOx þ Feþ 2x e Ð TiFeþ Ca2þ þ xO2� ð2Þ


TiOy þ Feþ 2y e Ð TiFeþ yO2� ð3Þ


Figure 1. Electrolysis : a) A schematic of the electrolytic cell which was
protected under argon in the electrolysis experiment. b) The current–
time plots for electrolysis of pellets of natural ilmenite without (solid
line) and with (dashed line) 4.46 wt% NiO (to make Ti+Ni=Fe) in
molten CaCl2 at 3.0 V and 900 8C. Both pellets were 2.0 g in weight,
~2.0 cm in diameter and ~45% in porosity. The insert is the photograph
of a natural ilmenite pellet wrapped in molybdenum mesh to form the as-
sembled cathode.
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It should be pointed out that the above reactions for a
compound bimetallic oxide are different from the electrore-
duction of a simple oxide, such as TiO2


[13,15,19] and SiO2,
[16,17]


but are very much desired because the Fe particles formed
first inside the pellet can surely help the conduction of elec-
trons. It is also likely that the polarisation potential needed
for the reduction of CaTiO3 or TiO2 is lowered because the
newly formed Ti atoms settle to a lower energy state on the
nearby Fe particles. In other words, the energy released
from alloy formation is naturally exploited in the electrore-
duction process to lower the electrolysis voltage, but this
energy is usually wasted if individual metals are extracted
separately and then melted together to form the alloy. Fur-
thermore, the XRD spectra in Figure 3c and d revealed very
similar crystal structures of the products from different start-
ing compositions and electrolysis times, showing the electro-
reduction to be highly effective for the production various
ferrotitanium alloys.


As expected, the oxygen content in the product varied
with electrolysis conditions. For example, at 3.1 V and
900 8C, electrolysis of the synthetic ilmenite in the presence
of NiO for 4 h and 12 h produced samples containing about
1 wt% and less than 0.3 wt% oxygen, respectively. The final
content of each metal in the fully reduced pellet matched
satisfactorily to that in the oxide precursor. Typically, the
final composition was Ti/Fe/Ni=1.04:0.38:0.58 in a fully re-
duced pellet of mixed TiO2, Fe2O3 and NiO powders that
was designated for the TiFe0.4Ni0.6 alloy. The atomic ratio of
Ti/Fe in the natural ilmenite was 0.92 according to the sup-
plier, and was 1.1 as detected by energy-dispersive X-ray
(EDX) microanalysis in the fully reduced pellet. It is worth
noting that most impurities in the natural ilmenite, including
Ca and Mg, were not detected in the electrolytic products
by EDX analysis, except for Si. The retention of Si in the
product can be explained by the electroreduction of silicates
to Si,[16,17] which reacted with Fe to form stable alloys or in-
termetallic compounds.[12]


The energy consumption depends largely on the electroly-
sis time, apparently due to the relatively large steady or
background current[18,25,26] in the later stage of electrolysis.
For reducing the natural ilmenite at 3.0 V, the electrolysis
consumed 7.0 kWh ACHTUNGTRENNUNG(kg alloy)�1 for 3 h, and 14.4 kWh
ACHTUNGTRENNUNG(kg alloy)�1 for 8 h, even though about 60% oxygen in the
cathode was removed in the first hour. In the case of pro-
ducing the TiFe0.4Ni0.6 alloy powder by electrolysis at 2.9 V,
the energy consumption was 7.9 and 16.8 kWh ACHTUNGTRENNUNG(kg alloy)�1


for 3 and 8 h, respectively. These energy consumption data
can be favourably compared with the industrially applied
pyrometallurgical processes for producing the individual
metals: 45–55 kWh(kg titanium)�1 and 4–6 kWh ACHTUNGTRENNUNG(kg steel)�1


(involving environmentally unfriendly reactants or byprod-
ucts).[36–38] Energy saving by electroreduction becomes more
evident compared with making the alloy through arc-melting
the individual metals, and converting the alloy into powder
by mechanical pulverisation,[32] or making the alloy powders
by mechanical alloying (high-energy ball milling) from the
individual metal powders,[31,33] or other techniques.[34] Fur-
thermore, with various proposed measures to reduce the
background current,[25] or to conduct “electronically mediat-
ed reaction” after the fast oxide-to-metal conversion in the
initial stage of electrolysis,[39–42] the energy efficiency of the
electroreduction method can be further improved.


Hydrogen-storage performance of the electro-synthesised
ferrotitanium alloy powders : Amongst the various ferrotita-
nium alloy powders prepared in this work from the natural
or synthetic ilmenite, two systems were examined for elec-
trochemical hydrogen storage: TiFe and TiFexNiy (x+y=1).
Figure 4a shows the capacity variation with the number of
charging–discharging cycles of a prototype cell consisting of
a negative electrode of the as-prepared TiFe powder
(washed in water) from the natural or synthetic ilmenite,
and a positive electrode of mixed NiOOH/Ni(OH)2 the ca-
pacity of which (~160 mAh) far exceeded the negative elec-
trode. The electrolyte used was a deaerated aqueous solu-


Figure 2. Scanning electron microscopy: a)–d) Pressed and sintered pow-
ders of a) ground natural and b) synthetic ilmenite, and of their electroly-
sis products ; c) natural, 900 8C, 3.0 V, 12 h; and d) synthetic, 900 8C, 3.0 V,
8 h. e) and f) Electrolysis products (900 8C, 3.0 V, 8 h) of e) natural ilmen-
ite+4.46 wt% NiO (Fe=Ti+Ni) and f) mixed TiO2, Fe2O3 and NiO
(TiFe0.4Ni0.6).
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tion of 6m KOH. Because the electrolytic TiFe powder from
the natural ilmenite contained a significant amount of Si
(2.7 wt% as detected by EDX) and other EDX undetect-
ACHTUNGTRENNUNGable impurities (e.g., Mn and Al), its performance was not
expected to be as good as that from the synthetic ilmenite.
Nevertheless, it can be noticed from Figure 4a that the ca-
pacity of the former started from a large value and then de-
creased to a low steady level in the first couple of charge-
discharge cycles, but that of the latter needed an activation
process before reaching a high steady level. This may be an
indication of opposite influences from different impurities in
the natural ilmenite, and deserves further investigation. For
the TiFe powder from the synthetic ilmenite, its steady ca-
pacity (~45 mAhg�1 at 30 mAg�1), which was reached after
only a few low current (15 mAg�1) activation cycles, can be
favourably compared with recent literature data of different-
ly prepared TiFe powders, particularly that (~65 mAhg�1 at
4 mAg�1) of the high-energy ball-milled product.[30,31]


For the TiFexNiy system, the products from both natural
and synthetic ilmenite exhibited much greater capacities, see
Figure 4b and c. In addition, it was found that the hydrogen
storage capacity maximised at Fe/Ni=2:3 (TiFe0.4Ni0.6), in
agreement with previous finding in TiFeNi powders pre-
pared by other methods.[30–33] Particularly, for the TiFe0.4Ni0.6
powder from synthetic ilmenite, the discharge capacity of
the first and second cycles were ~17 mAhg�1 and


~176 mAhg�1, respectively, at
a discharge current of
15 mAg�1 and cut-off charging
and discharging potentials of
1.45 V and 0.90 V, respectively,
see Figure 4c. After the fast ini-
tial activation and raising the
discharge current to 30 mAg�1,
and the capacity increased to
~230 mAhg�1, although a de-
cline followed in later cycles.
Further increases in the
charge–discharge current led to
similar behaviour and lower ca-
pacities as expected. For exam-
ple, the measured maximum ca-
pacities were ~105 mAhg�1


and ~75 mAhg�1 at 90 mAg�1


and 180 mAg�1, respectively.
As discussed before, the elec-


trolysis time determines, to a
large degree, the energy con-
sumption of the process. There-
fore, it was decided to investi-
gate the influence of electroly-
sis time on the hydrogen-stor-
age performance of the prod-
uct. Interestingly, considering
experimental errors, the hydro-
gen-storage capacity remained
approximately unchanged when


the electrolysis time was varied significantly. Table 1 pres-
ents some results from the TiFe0.4Ni0.6 powders, showing that
for hydrogen storage the electrolysis time does not need to
be long, even though a longer time would be beneficial for
removing oxygen from the powder. This is a very important
finding because a shorter electrolysis time means a lower
amount of energy consumption. In fact, past investigations
revealed a beneficial effect on hydrogen storage if metallic
HSMs contained a suitable amount of oxygen, possibly due
to minor alteration of the metal4s lattice structure.[43,44]


The TiFe0.4Ni0.6 electrode was also investigated by cyclic
voltammetry in the same electrolyte (6m KOH). It was
found that without activation by the low-current charging–
discharging method mentioned above, the electrode exhibit-
ed very small reduction current before hydrogen gas evolu-
tion. Stable CVs obtained from an activated electrode at dif-
ferent potential scan rates are shown in Figure 4d. General-
ly, during the negative potential scan, a reduction current
started at about �0.60 V (vs. Hg/HgO) and increased until a
plateau was reached at a potential between �0.85 V and
�0.90 V, depending on the potential scan rate. The appear-
ance of the current plateau at more negative potentials,
which was not seen on the inactivated electrode and nor on
the porous nickel foil electrode, is indication of the reduc-
tion being controlled by a kinetic step that is often attribut-
ed to diffusion. However, plotting the plateau current


Figure 3. Powder X-ray diffraction spectra: a) Various natural and synthetic ilmenite powders with the indicat-
ed compositions. b) and c): The products from electrolysis (3.0 V, 900 8C) of b) natural ilmenite and c) mixed
TiO2, Fe2O3 and NiO powders (to give TiFe0.4Ni0.6) for different times. d) Ti-Fe-Ni alloys with indicated compo-
sitions produced by electrolysis (3.0 V, 900 8C, 8 h) of mixtures of the respective oxide powders.
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against the potential scan rate led to a straight line. A simi-
lar linear correlation was also obtained for the re-oxidation
process. These are typical features of reversible electrode
processes controlled by surface adsorption and desorption,
and hence may be related to the reaction of H+ +e!Had. It
should be pointed out that in a conventional surface adsorp-
tion process, the current usually first reaches a peak after
the electrode surface is half covered by the adsorbent and
then decreases afterwards.[45] Therefore, the appearance of
the current plateau is an indication of the adsorbed hydro-
gen being continuously absorbed into the metal to allow fur-
ther hydrogen adsorption on the surface.


Following the plateau, the current increased very quickly,
in agreement with the understanding of the adsorbed hydro-
gen atoms combining into hydrogen molecules. Upon re-
versing the potential scan, the oxidation current reached a
peak, the potential of which shifted positively from �0.75 V
to �0.67 V with increasing the potential scan rate. After the
peak, the current declined at more positive potentials. Cal-
culation of the total charges passed during the reduction


and oxidation processes revealed very comparable results
for all potential scan rates tested, demonstrating the absorp-
tion and desorption of hydrogen is highly reversible.


To confirm the electrochemical measurements were truly
due to hydrogen absorption–desorption processes, the pres-
sure–composition isotherms were measured for the electro-
lytic TiFe0.4Ni0.6 powder upon hydrogen absorption–desorp-
tion. The measurements were taken after an activation pro-
cedure (four adsorption–desorption cycles at 500 8C).[30–32]


Two typical results are displayed in Figure 4e and f, showing
that the hydrogen storage property of the electrolytic
powder at room temperature is fairly satisfactory in compar-
ison with a previous report of the high-energy ball-milled
TiFe0.4Ni0.6 powder.


[33] Nevertheless, it is noted that a signifi-
cant amount of hydrogen was retained in the electrolytic
powder when the pressure was reduced, which is a known
property of TiFe.[46] However, hydrogen retention was great-
ly reduced by slightly increasing the temperature (25 8C to
80 8C, see Figure 4e and f).


In summary, we have demonstrated the novel and success-
ful electrochemical reduction of natural and synthetic ilmen-
ite directly to hydrogen-storage ferrotitanium alloys in
molten calcium chloride. The cost in terms of energy con-
sumption, the number of manufacturing steps, and control
of product composition is much lower than all existing in-
dustrial and laboratory means. More importantly, such pro-
duced ferrotitanium alloy powders of various compositions


Figure 4. Hydrogen storage: a)–c): Charge–discharge plots of ferrotitanium alloy powders produced by electrolysis of a) natural (square) and synthetic
(circle) ilmenite, b) natural ilmenite+4.46 wt% NiO (Fe=Ti+Ni, square) and natural ilmenite (38.77 wt%), TiO2 (32.05 wt%) and NiO (29.18 wt%),
and c) mixed TiO2, Fe2O3 and NiO powders (TiFe0.4Ni0.6). The insert in c) shows the current–time plots of charging and discharging. d) Cyclic voltammo-
grams of the electrolytic TiFe0.4Ni0.6 powder at different scan rates. The electrolyte used for a)–d) was deaerated 6m KOH. e) and f): Pressure–composi-
tion plots from thermochemical hydrogen storage test of the electrolytic TiFe0.4Ni0.6 powders at the indicated temperatures.


Table 1. Electrochemical hydrogen storage capacity of TiFe0.4Ni0.6 pow-
ders from electrolysis of mixed TiO2, Fe2O3 and NiO at 3.0 V and 900 8C
in molten CaCl2 for different electrolysis times.


electrolysis time [h] 4 6 8 10 11.5


maximum capacity [mAhg�1] 179.3 128.7 198.6 193.5 140.2
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have a common morphology of interconnected micrometer
nodular particles, which are ideal for packing into micropo-
rous structures for the exploitation of the particle surface,
and can be directly used for hydrogen storage without com-
promising performance in comparison with similar alloy
powders prepared by other methods. We anticipate that,
with further work on optimisation of the electrolysis condi-
tions and cell design to further lower energy consumption,
and of the product composition and structure for better hy-
drogen-storage performance, the electroreduction method
can be applied to address the predictable resource and cost
issues for the development of hydrogen technology.


Experimental Section


Natural ilmenite ore was obtained from Beihai, Guangxi, China (49 wt%
TiO2, 33 wt% FeO, 16 wt% Fe2O3, and 2% impurities, including Si, Mg,
Ca, Mn, and Al). The as-received ilmenite rock was ground and sieved to
a powder (<10 mm in particle sizes), which was then pressed to pellets
(~20 mm diameter, 2–3 mm thickness) and sintered in air at 700–900 8C
for up to 4 h. The microscopic feature of the ground natural ilmenite
powder in the sintered pellet is shown in Figure 2a. Synthetic ilmenite
was prepared by mixing stoichiometric amounts of fine powders of TiO2


(particle sizes: sub-micrometers) and Fe2O3 (sub-micrometers), pressing
the mixture into pellets, and sintering at 1050 8C for up to 4 h. The oxide
particles in the sintered pellets were noticeably larger than those in the
parent oxide powders, see Figure 2b, suggesting the occurrence of inter-
particle reaction. The XRD spectrum of the synthetic ilmenite was
almost identical to that of the natural ilmenite, as demonstrated by spec-
tra I and II in Figure 3a. Other chemicals were of the AnalaR or similar
grades, and were used as received from Shanghai Chemical Reagent
Company. Modification of the natural or synthetic ilmenite was achieved
by mixing the parent powder or powder mixture with other oxide
powder, for example, NiO, prior to pressing. Following sintering, the pel-
lets exhibited XRD spectra very similar to that of ilmenite and examples
are given by spectra III and IV in Figure 3a.


The sintered pellets of oxide powders were either wrapped by thin Mo
wire (100 mm diameter) or sandwiched between two porous nickel foils[17]


or two Mo meshes to form an assembled cathode, see the insert of Fig-
ACHTUNGTRENNUNGure 1b, and were electrolysed at constant cell voltages (2.8 ~3.1 V) in
molten CaCl2 (800–900 8C) for a prescribed time (0.25–12 h). A graphite
crucible (internal diameter: 10 cm, depth: 23 cm, wall thickness: 1.2 cm)
was used to contain the molten salt and also functioned as the anode. A
schematic of the electrolytic cell is shown in Figure 1a. After electrolysis,
the pellets were cooled, ground and washed thoroughly in water in an ul-
trasonic bath, followed by drying in vacuum or in air under an infrared
light before further uses. Other experimental details for molten salt elec-
trolysis and product characterisations were described previously[17, 26–28] or
are given in the main text.


The obtained alloy powder was directly tested for room temperature hy-
drogen storage. Measurements of the isotherm pressure–composition
curves were carried out in a Sieverts Gas Reaction Controller (Advanced
Materials Corporation, USA) by the Shanghai Institute of Microsystem
and Information Technology, Chinese Academy of Sciences (Shanghai).
Before measurements, the metal powder was activated by four vacuum–
hydrogenation cycles at 500 8C. In electrochemical hydrogen storage stud-
ies, the alloy powder (80 wt%) was mixed with polytetrafluoroethylene
(emulsion, 10 wt%) and acetylene black (10 wt%) into a paste that was
then rolled into a 0.15 mm thick film. A small piece of the film
(~0.8 cm2, ~20 mg alloy powder) was pressed onto a slightly larger
porous nickel foil, and tested under ambient conditions in an electro-
chemical cell with a sintered NiOOH/Ni(OH)2 counter electrode whose
capacity (160 mAh) far exceeded the film electrode in a deaerated aque-
ous solution of 6m KOH. The cell was charged/discharged by an initial


activation current of 15 mAg�1 for the first 2 or 3 cycles and then the
current was increased to 30 mAg�1. The cut-off voltages for the charge–
discharge were 1.35 V and 0.9 V, respectively. Cyclic voltammetry of the
film electrode (0.2–0.4 cm2) was performed in a three-electrode cell with
a platinum foil counter electrode and a Hg/HgO reference electrode in
6m KOH.
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Ethers and Aldimines
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Introduction


Mannich-type reaction of aldimine with silyl enol ether is
one of the most important tools for the construction of b-
amino carbonyl compounds to provide useful routes for the
synthesis of b-amino esters that are important precursors of
various b-lactams and b-amino acids. In general, Mannich-
type reactions proceed via the electrophilic activation step
of Mannich acceptor with Lewis acids. Ojima et al. first re-
ported in 1977 that the Mannich-type reaction between ben-
zylideneaniline and silyl ketene acetal was accelerated by
using stoichiometric amounts of TiCl4.


[1] After this report,
various Lewis acid-mediated Mannich-type reactions have
been developed.[2] In 1994, Yamamoto and co-workers re-
ported that the enantioselective reactions of imines with a
silyl ketene acetal using a stoichiometric amount of a
Brønsted acid-assisted chiral Lewis acid generated from a


BINOL.[3] In most cases, a Lewis acid was often trapped by
the nitrogen atom of starting aldimines or produced amines,
which therefore, made it difficult to perform Mannich-type
reaction by using catalytic amounts of Lewis acid. However,
there is a successful Mannich-type reaction reported by Ko-
bayashi et al. using a catalytic amount of Lewis acid such as
scandium trifluoromethanesulfonate or lanthanoid trifluoro-
methanesulfonate in 1995.[4] Recently, enantioselective Man-
nich-type reaction using chiral Lewis acid has been studied
intensively.[5] For example, Kobayashi et al. succeeded in the
first catalytic enantioselective Mannich-type reactions of
imines with silyl enol ethers using chiral zirconium catalyst
in 1997. Further, Akiyama et al. reported enantioselective
Mannich-type reaction by using the chiral Brønsted acid
generated from BINOL.[6]


For Mannich-type reaction via the nucleophilic activation
of silyl enol ether, on the other hand, there is only a few ex-
amples. Exceptions include results by Sodeoka and co-work-
ers who reported on reactions of imines using nucleophilic
Pd enolate formed by the transmetalation of silyl enol
ethers with a Pd complex[7] and Hosomi and co-workers
who reported that Lewis base catalyzed Mannich-type reac-
tions carried out by using dimethyl silyl enol ether which


Abstract: Lewis base catalyzed Man-
nich-type reaction between trimethyl-
silyl enol ethers and N-tosylaldimines
is described. Nitrogen anions generated
from amides or imides such as lithium
benzamide or potassium phthalimide
are found to be effective Lewis base
catalysts in DMF at room temperature
to afford the corresponding b-amino
carbonyl compounds in good to high
yields; the oxygen anion generated
from carboxylic acids such as lithium
acetate was also found to be effective
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ium acetate-catalyzed Mannich-type re-
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readily formed hypervalent silicon intermediate with Lewis
base such as diisopropylethylamine or calcium chloride.[8]


In the course of our investigation for the activation of tri-
methylsilyl (TMS) enol ether with Lewis base catalysts, ni-
trogen anions generated from amines, amides, and imides or
oxygen anions generated from carboxylic acids are found to
be effective and thus worked rather well as strong activators
in aldol[9] and Michael reactions[10] as Lewis base catalysts.
Then, in order to show the extended usefulness of organic
anions as Lewis base catalysts in organic reactions, Man-
nich-type reaction catalyzed by these Lewis bases was plan-
ned. Since the above-mentioned undesirable interactions of
a catalyst with starting aldimines or produced amines are
not considered when a Lewis base was used as a promoter
of the reaction, the reaction was expected to proceed in the
presence of a catalytic amount of Lewis base, which would
promote the reaction by activating the silyl enol ethers.


In this paper, we would like to describe a new catalytic
Mannich-type reaction of TMS enol ethers with N-tosylaldi-
mine by using Lewis base catalysts such as lithium benza-
mide (PhCONHLi), lithium acetate (AcOLi), tetramethyl-
ammonium acetate (AcONBu4), or tetrabutylammonium
benzoate (PhCOONBu4).


[11]


Results and Discussion


Nitrogen anions generated from amides or imides-catalyzed
Mannich-type reaction between N-tosylaldimine and trime-
thylsilyl enol ethers in DMF : In the first place, a reaction
between N-tosylaldimine 1a and TMS enol ether 2a by
using 10 mol% lithium pyrrolidone (4) at �45 8C in DMF
was investigated as a model, and the corresponding b-amino
ester 3aa[12] was obtained in 37% yield (Scheme 1).


This indicated that the Lewis base could catalyze this re-
action. Then, reaction conditions of the above reaction were
screened (Table 1). At first, reaction temperature was exam-
ined by using 10 mol% 4. It was found that the reaction was
accelerated by temperatures above 0 8C and that the best re-
sults were obtained when the reaction was carried out at
room temperature. Similarly, a good result was obtained
even when 5 mol% 4 were used (entry 5). In the absence of
the catalyst, the reaction proceeded slowly to afford 3aa
only in 24% yield after 6 h at room temperature (entry 6).


Next, various catalysts were screened in the reaction of al-
dimine 1a with TMS enol ether 2a (Table 2). It was suggest-
ed that this reaction is influenced by the nature of the cata-
lyst. Lithium diphenylamide, effective Lewis base catalyst in
aldol reaction, turned out to be inefficient in this reaction.
Both lithium 2-oxazolidone and CF3CONHLi showed lower
reactivities than lithium 2-pyrrolidone (4). PhCONHLi (5)
was found to be the most effective catalyst to promote the
reaction smoothly and afforded 3aa in a quantitative yield.
Lithium amide 5 showed a higher reactivity compared with
the corresponding thioamide of PhCSNHLi. This indicated
that the lithium salt of amide is more reactive in Mannich-
type reaction than that of thioamide. Electronic effect of ar-
omatic ring of 5 was investigated and the better results were
obtained when aromatic ring with electron-withdrawing
group was employed (entries 7–10). That is, the low nucleo-
philic nitrogen anion of aromatic amides has better reactivi-
ty than the highly nucleophilic ones. Subsequently, the nitro-
gen anion of imides was considered as they have a lower nu-
cleophilicity than that of amides. Actually, lithium salts of
various imides worked as effective Lewis base catalysts for
the above reaction (entries 11, 13, and 14); commercially
available potassium salt of phthalimide was also found
useful (entry 12).


When the reaction of TMS enol ether 2a with N-alkylaldi-
mines such as N-methyl, N-allyl, N-tert-butyl, or N-benzylal-
dimines, was carried out in the presence of 10 mol% 5 at
room temperature, the corresponding Mannich adduct was
not detected. In order to increase the electrophilicity of the
imine, N-tosylaldimines was employed next. The reactions
of various N-tosylaldimines with TMS enol ether 2a were
examined by using 10 mol% 5 or 6 at room temperature in
DMF (Table 3). Various aromatic N-tosylaldimines smoothly
reacted with 2a to afford the corresponding b-amino esters
in high yields. When the aromatic aldimines having elec-
tron-donating group were used as Mannich acceptors, the
reactions proceeded slower compared with those using the
aldimines having electron-withdrawing group. These results
indicated that the reaction rates were influenced by the elec-
trophilicities of aldimines. The present Lewis base catalyzed
reaction is considered to have a remarkable advantage in


Scheme 1. Mannich-type reaction of 1a with 2a catalyzed by lithium 2-
pyrrolidone.


Table 1. Screening of reaction conditions of Mannich-type reaction of 1a
with 2a catalyzed by 4.


Entry 4 [mol%] T [8C] t [h] Yield [%][a]


1 10 0 6 83
2 10 RT 3 55
3 10 RT 6 89
4 10 50 2 82
5 5 RT 6 88
6 – RT 6 24


[a] Yield was determined by 1H NMR analysis (270 MHz) using 1,1,2,2-
tetrachloroethane as an internal standard.
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forming b-amino esters especially when the aldimines have
basic function in the same molecule. The reactions in the
presence of 5 or 6 as a Lewis base proceeded smoothly to
afford the Mannich adducts in high yields as expected (en-
tries 7–10).


Lewis base catalyzed Mannich-type reaction was further
examined by using several silyl enol ethers (Table 4) such as
TMS enol ethers generated
from methyl propionate. Al-
though the reaction rate of
enol ether (E)-2b was faster
than that of Z-type (Z)-2b, the
Mannich adducts 3ab[13] were
obtained in good yields with
moderate anti-selectivity irre-
spective of the geometries of
the above two silyl enol ethers
(entries 1–4). In addition, the
above reaction proceeded
smoothly to afford 3aa in good
yield even when triethylsilyl
(TES) enol ether 2a-TES was
used instead of TMS enol
ether 2a (entry 5). Trimethyl-
silyl enol ethers generated
from thioesters or ketones are
also applied to the present
Mannich-type reaction. When
TMS enol ethers generated
from S-tert-butyl thiopropio-
nate or propiophenone were
employed, the corresponding


Mannich adducts were obtained in good yields with moder-
ate anti-selectivities (entries 8 and 9).[8]


Thus, nitrogen anions generated from amides or imides
such as PhCONHLi or potassium salt of phthalimide were
the effective Lewis base catalysts, which promoted the Man-
nich-type reaction of N-tosyl aldimines with TMS enol
ethers.


Lithium acetate-catalyzed Mannich-type reaction between
N-tosylaldimine and trimethylsilyl enol ethers in DMF : In
the course of our investigation for the activation of TMS
enol ether with a Lewis base catalyst, the carboxylate anions
were found to work effectively as Lewis base catalysts to
promote the aldol (Scheme 2) and Michael reactions


Table 2. Screening of the catalyst.


Entry Catalyst Yield [%][a]


1 Ph2NLi 20


2
3


89
57


4 CF3CONHLi 79
5 PhCONHLi (5) quant.
6 PhCSNHLi 80
7 4-MeOC6H4CONHLi 87
8 3,4,5-(MeO)3C6H2CONHLi 75
9 4-ClC6H4CONHLi quant.
10 4-O2NC6H4CONHLi 93
11 phthalimide Li[b] 96
12 phthalimide K[c] (6) 96
13 maleimide Li[d] quant.
14 succinimide Li[e] quant.


[a] Yield was determined by 1H NMR analysis (270 MHz) using 1,1,2,2-
tetrachloroethane as an internal standard. [b] Lithium salt of phthalimide.
[c] Potassium salt of phthalimide. [d] Lithium salt of maleimide. [e] Lithi-
um salt of succinimide.


Table 3. Mannich-type reaction using various aldimines.


Entry Ar Catalyst t [h] Product Yield [%][a]


1 4-ClC6H4 (1b) 5 6 3ba 95
2 4-ClC6H4 (1b) 6 3 3ba quant.
3 4-O2NC6H4 (1c) 5 6 3ca 89
4 4-O2NC6H4 (1c) 6 3 3ca 80
5 4-MeOC6H4 (1d) 5 6 3da 87
6 4-MeOC6H4 (1d) 6 9 3da 92
7 4-Me2NC6H4 (1e) 5 6 3ea 68
8 4-Me2NC6H4 (1e) 6 16 3ea 84
9 4-pyridyl (1 f) 5 6 3 fa 70
10 4-pyridyl (1 f) 6 3 3 fa 81


[a] Yield was determined by 1H NMR analysis (270 MHz) using 1,1,2,2-
tetrachloroethane as an internal standard.


Table 4. Lewis base catalyzed Mannich-type reaction of 1a with various silyl enolates.


Entry Silyl enolate Cat. t [h] Product Yield [%][a] anti/syn


1
2


(E)-2b
5
6


6
6


3ab
3ab


70
52


1.8:1
1.6:1


3
4


(Z)-2b
5
6


24
24


3ab
3ab


59
67


1.8:1
1.6:1


5 2a-TES 6 12 3aa 87 –


6
7


2c
5
6


6
4


3ac
3ac


quant.
83


–
–


8 2d 5 3 3ad 80 1.6:1


9 2e 6 3 3ae 72 2.1:1


[a] Yield was determined by 1H NMR analysis (270 MHz) using 1,1,2,2-tetrachloroethane as an internal stand-
ard.
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(Scheme 3). Subsequently, the carboxylate anions were ex-
pected to work as effective Lewis base catalysts for the
Mannich-type reaction. In addition, the above catalysts are
readily available, inexpensive and are used under mild con-
ditions because of their weak basicity. They are very useful
from an environmental point of view for their low toxicity
and are disposable without any special precautions. Then,
Mannich-type reaction of aldimines with TMS enol ethers
catalyzed by metal carboxylates such as AcOLi was consid-
ered.


In the first case, reactions between N-tosylaldimine 1a
and TMS enol ether 2a were investigated in the presence of
10 mol% of AcOLi at room temperature and the corre-
sponding Mannich adducts were obtained in quantitative
yields (Scheme 4). Interestingly the above reaction, when


using AcOLi, proceeded smoothly even at �45 8C and lithi-
um 2-pyrrolidone was less effective at the temperature in
spite of the weaker nucleophilicity of the lithium carboxy-
late than of lithium 2-pyrrolidone. These results indicate
that lithium carboxylates could be used as favorable cata-
lysts of this reaction.


Next, Mannich-type reaction using lithium carboxylates
was investigated and various lithium carboxylates were
found to be effective Lewis base catalysts to promote the
above reaction (Table 5). When lithium carboxylates gener-
ated from aliphatic carboxylic acid such as hexanoic acid or
isobutylic acid were employed, the Mannich adduct was af-
forded in high yields. On the other hand, the yield was mod-


erate when a hindered lithium pivalate (tBuCOOLi) was
used. Various lithium carboxylates generated from aromatic
carboxylic acids were also effective as Lewis base catalysts
and accelerated the present Mannich-type reactions. Howev-
er, the yield remained moderate when the reaction was car-
ried out with the low-nucleophilic lithium carboxylates such
as lithium 4-nitrobenzoate.


Next, the reactions of N-tosylaldimines were investigated
with TMS enol ether 2a in the presence of 10 mol% AcOLi
in DMF (Table 6). Most aromatic N-tosylaldimines reacted


smoothly with 2a to afford the corresponding b-amino
esters in high yields. The corresponding Mannich adducts
were also obtained in high yields even when aromatic aldi-
mines with electron-donating or -withdrawing groups were
used for the acceptors. It is noteworthy to point out that the
corresponding b-amino esters were also obtained in good
yields when aldimines having a basic part such as dimethyla-
mino or pyridyl function within the same molecule were
used (entries 4 and 5).


Lithium acetate-catalyzed Mannich-type reaction was fur-
ther examined by using various silyl enol ethers (Table 7)
and they all reacted smoothly with 1a to afford the corre-


Scheme 2. Aldol reaction catalyzed by AcOLi in dry DMF and DMF/
H2O.


Scheme 3. Michael reaction catalyzed by AcOLi.


Scheme 4. Mannich-type reaction of 1a with 2a catalyzed by AcOLi.


Table 5. Screening of various lithium carboxylates.


Entry Catalyst Yield [%][a]


1 AcOLi quant.
2 CH3ACHTUNGTRENNUNG(CH2)4COOLi quant.
3 iPrCOOLi quant.
4 tBuCOOLi 63
5 PhCOOLi quant.
6 4-MeC6H4COOLi quant.
7 4-MeOC6H4COOLi quant.
8 4-Me2NC6H4COOLi quant.
9 4-FC6H4COOLi quant.
10 4-ClC6H4COOLi quant.
11 2,6-Cl2C6H3COOLi 96
12 4-O2NC6H4COOLi 79


[a] Yield was determined by 1H NMR analysis (270 MHz) using 1,1,2,2-
tetrachloroethane as an internal standard.


Table 6. AcOLi-catalyzed Mannich-type reaction.


Entry Ar t [h] Product Yield [%][a]


1 4-ClC6H4 (1b) 3 3ba 97
2 4-O2NC6H4 (1c) 3 3ca 96
3 4-MeOC6H4 (1d) 6 3da quant.
4 4-Me2NC6H4 (1e) 6 3ea 78
5 4-pyridyl (1 f) 3 3 fa 77


[a] Yield was determined by 1H NMR analysis (270 MHz) using 1,1,2,2-
tetrachloroethane as an internal standard.
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sponding b-amino esters in excellent yields. When TMS enol
ethers derived from methyl propionate (E)-2b or (Z)-2b
were used, the reaction proceeded smoothly at �20 8C to
afford 3ab in quantitative yields with moderate anti-selectiv-
ity irrespective of the geometry of the enol ethers (entries 1
and 2). The reactions also proceeded smoothly to afford the
corresponding adducts in high yields with moderate anti-se-
lectivities in the cases when TMS enol ethers generated
from thioesters or ketones were used.


Lithium acetate-catalyzed Mannich-type reaction between
N-tosylaldimine and TMS enol ethers in water-containing
DMF : Recently, a reaction in water or water-containing sol-
vent has attracted much attention in connection with eco-
nomical and environmentally-benign synthetic methods. The
Mannich-type reactions between aldimines and silyl enol
ethers are difficult to perform in water and water-containing
solvent because silyl enol ethers and aldimines are both ex-
tremely sensitive to water. Therefore, methods for Mannich-
type reactions in water and water-containing solvents are
rare, except those reported by Kobayashi et al. in which
Lewis acid-catalyzed Mannich-type reactions were carried
out in emulsified spheres using surfactants[14] or Akiyama
et al. in which Brønsted acid-catalyzed Mannich-type reac-
tions were carried out between aldimines and silyl enol
ethers such as silyl ketene acetal in water or water-contain-
ing solvent.[6]


It was shown in the previous reports that AcOLi was an
effective Lewis base catalyst to promote the aldol reactions
between aldehydes and silyl enol ethers even in water-con-
taining DMF because the catalyst is weakly-basic and is
stable towards water. Therefore, AcOLi was expected to


work as an effective Lewis
base catalyst for Mannich-type
reaction between aldimines
and silyl enol ethers similar to
the aldol reactions. The above
anions are readily available, in-
expensive and are used under
mild conditions in water-con-
taining solvent because they
are weakly basic and are stable
in water. Subsequently, Man-
nich-type reactions between
TMS enol ethers and aldimines
by using a catalytic amount of
LiOAc in water-containing
DMF were examined.


First, the Mannich-type reac-
tion of N-tosylaldimine 1a
with two equivalents of TMS
enol ether 2a was investigated
in the presence of 10 mol%
AcOLi at �45 8C for 24 h in
DMF/H2O (50:1); the corre-
sponding b-amino ester 3aa
was afforded in 84% yield
(Scheme 5).


Next, optimization of the reaction conditions of LiOAc-
catalyzed Mannich-type reaction in water-containing DMF
was investigated in order to improve the yield (Table 8).
When the reaction of N-tosylaldimine 1a with two equiva-
lents of TMS enol ether 2a in the presence of 10 mol% of
AcOLi was investigated in DMF/H2O (50:1) for 6 h at room
temperature, the reaction proceeded even at that tempera-
ture and afforded Mannich adduct 3aa in 65% yield. The
yield of 3aa increased up to 76% when 30 mol% of AcOLi
was used whereas the use of 100 mol% AcOLi under the
same reaction conditions did not improve the yield. Man-
nich adduct 3aa was obtained in the same yields as shown in
Scheme 5 when the reaction was carried out under similar
conditions for 12 h. The adduct 3aa was afforded in high
yields even when the volume ratio of DMF and H2O was
changed from 50:1 to 20:1 at �45 8C. These results indicate
that the AcOLi-catalyzed Mannich-type reaction in water-
containing DMF carried out at �45 8C was more effectively
catalyzed compared with that carried out in water-contain-
ing DMF at room temperature. This is the first example of
the Lewis base catalyzed Mannich-type reaction using silyl
enol ethers derived from carboxylic esters in a homogeneous
water-containing solvent.


Table 7. AcOLi-catalyzed Mannich-type reaction of 1a with various silyl enolates.


Entry Silyl enolate T [8C] t [h] Product Yield [%][a] anti/syn


1
2


RT
�20


6
24


3ab
3ab


84
quant.


1.6:1
4.2:1


3 (Z)-2b �20 24 3ab quant. 1.6:1


4 2a-TES RT 12 3aa quant. –


5 2c RT 6 3ac quant. –


6
7


2d
RT
�45


3
6


3ad
3ad


quant.
85


3.0:1
3.1:1


8
9


2e
RT
�20


3
24


3ae
3ae


quant.
quant.


3.0:1
5.4:1


[a] Yield was determined by 1H NMR analysis (270 MHz) using 1,1,2,2-tetrachloroethane as an internal stand-
ard.


Scheme 5. Mannich-type reaction catalyzed by AcOLi in DMF/H2O.
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Reactions in water-containing DMF by using several TMS
enol ethers were studied next (Table 9). Various TMS enol
ethers reacted smoothly to afford the corresponding Man-
nich adducts in good to high yields. When TMS enol ether
generated from S-tert-butyl thioisobutyrate (2c) was em-
ployed, the corresponding adduct 3ac was afforded in mod-
erate yields (entry 1). Trimethylsilyl enol ether generated
from methyl propionate [(E)-2b], S-tert-butyl propanethio-
nate (2d) or propiophenone (2e) was used, the reactions
proceeded smoothly to afford the corresponding adducts in
good yields with moderate anti-selectivities. It was also
found that the selectivity was influenced both by water con-
tained in the solvent and also by the silyl enol ethers em-
ployed. That is, when silyl enol ether (E)-2b was employed
in water-containing DMF, the yield and ratio of anti-isomer
decreased compared with the case in dry DMF whereas the
ratio increased with the use of silyl enol ether 2d.


Lewis base catalyzed three-
component Mannich-type reac-
tion of aldehyde, p-toluenesul-
fonamide, and TMS enol
ethers : Next, Lewis base cata-
lyzed three-component Man-
nich-type reaction of TMS enol
ether with imine generated in
situ from aldehyde and amine
was considered.


First, a three-component re-
action of 4-nitrobenzaldehyde,
p-toluenesulfonamide and
TMS enol ethers was investi-
gated in the presence of
10 mol% AcOLi at room tem-
perature. Mannich adduct 3ce
was afforded in 64% yield
with moderate anti-selectivity.
Further, in order to accelerate
the formation of the corre-


sponding imine, anhydrous sodium sulfate and 5 K molecu-
lar sieves were added and the yield was thus improved, that
is, the reaction proceeded smoothly at room temperature in
24 h to afford the adduct 3ce in 81% yield (Scheme 6).
However, when the above reaction was investigated at


lower temperatures the corre-
sponding adduct 3ce was not
detected. The reaction which
used benzaldehyde under the
same conditions gave the
adduct in a lower yield.


Therefore it appeared that
the higher reaction tempera-
ture and use of an aldehyde
with high electrophilicity were
necessary to accomplish the
above three-component Man-
nich-type reaction since the
formation of N-tosylimine was
difficult because of low nucleo-
philicity of p-toluenesulfon-
amide.


Table 8. AcOLi-catalyzed Mannich-type reaction in DMF/H2O.


Entry 2a AcOLi DMF/H2O T t Yield
ACHTUNGTRENNUNG[equiv] ACHTUNGTRENNUNG[mol%] (volume ratio) [8C] [h] [%][a]


1 1.4 10 50:1 RT 6 65
2 2.0 10 50:1 RT 6 65
3 2.0 30 50:1 RT 6 76
4 2.0 100 50:1 RT 6 77
6 2.0 10 20:1 RT 6 62
5 2.0 10 100:1 RT 6 79
7 1.4 10 50:1 �45 12 76
8 2.0 10 50:1 �45 12 84
9 2.0 10 50:1 �45 24 84
10 2.0 10 100:1 �45 12 88
11 2.0 10 20:1 �45 12 79


[a] Yield was determined by 1H NMR analysis (270 MHz) using 1,1,2,2-tetrachloroethane as an internal stand-
ard.


Table 9. AcOLi-catalyzed Mannich-type reaction using various silyl enolates in DMF/H2O.


Entry Silyl enolate T [8C] t [h] Product Yield [%][a] anti/syn


1 ACHTUNGTRENNUNG(2c) �20 12 3ac 66 –


2 [(E)-2b] �20 24 3ab 74 1.6:1


3 ACHTUNGTRENNUNG(2d) �45 6 3ad quant. 5.5:1


4 ACHTUNGTRENNUNG(2e) �20 12 3ae quant. 5.8:1


[a] Yield was determined by 1H NMR analysis (270 MHz) using 1,1,2,2-tetrachloroethane as an internal stand-
ard.


Scheme 6. Three-component Mannich-type reaction catalyzed by AcOLi.
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Carboxylate anion-catalyzed
anti-selective Mannich-type
reaction between TMS enol
ethers and N-tosylaldimines :
Diastereoselective Mannich-
type reactions using several
carboxylate anions were plan-
ned in order to further extend
the synthetic utility of Lewis
base catalyzed Mannich-type
reaction. When the reaction of
N-tosylaldimine 1a with TMS
enol ether 2e was carried out
in the presence of 10 mol%
AcOLi at room temperature,
the corresponding adduct 3ae
was afforded in high yield with
moderate anti-selectivity (anti/
syn 75:25) as shown in Table 7. Further, the selectivity in-
creased up to 84:16 when the above reaction was performed
at �20 8C. This indicates that the selectivity can be control-
led when the reaction was carried out at lower reaction tem-
peratures.


Then, the reaction of N-tosylaldimine 1a with TMS enol
ether 2e was investigated at �45 8C in the presence of
10 mol% AcOLi and the corresponding Mannich adduct
was obtained with high anti-selectivity (anti/syn 94:6) al-
though the yields remained low (20%; see Table 10,
entry 1). It was therefore concluded that high yields and
high selectivities could be achieved if the reaction was inves-
tigated in the presence of a catalyst of higher nucleophilicity
at low temperatures. Subsequently the effect of counterca-
tions of the catalyst was examined (Table 10). It was re-
vealed that the potassium or
ammonium ion worked as a
useful countercation of the cat-
alysts as the reaction proceed-
ed smoothly at lower tempera-
ture to afford the correspond-
ing Mannich adduct in good
yields with excellent anti-selec-
tivity. The isomerization of
3ae[8] formed did not take
place during the reaction be-
cause the ratio was maintained
even when reaction time was
changed (entries 7–10). This
reaction was also accelerated
even in THF when PhCOON-
Bu4 was used. When a Lewis
base having metal counterca-
tion such as potassium cation
was used (entries 4 and 11), on
the other hand, a highly Lewis
basic solvent such as DMF was
essential for the catalytic reac-
tion.


Next, Lewis base catalyzed anti-selective Mannich-type
reaction was examined by using several silyl enol ethers
(Table 11). It was found that the ratio of anti-selectivity was
influenced by the nature of silyl enol ethers as well as the
reaction conditions. When the reactions of TMS enol ether
2d with aldimine 1a were carried out by using 10 mol%
AcOLi, AcOK, or PhCOONBu4 in DMF, the Mannich ad-
ducts were afforded in high yields with moderate anti-selec-
tivity (entries 1–3). The solvent effect was examined by
using PhCOONBu4. The reaction proceeded in various sol-
vents; THF, MeCN, and 1,4-dioxane were also suitable
for this reaction. On the other hand, the reaction in Et2O,
toluene, or CH2Cl2 afforded the desired adduct 3ad[8]


in lower yields; no adduct was detected when EtOH was
used.


Table 10. Screening of Lewis base catalyst for anti-selective Mannich-type reaction of 1a with 2e.


Entry Catalyst t [h] Yield [%][a] anti/syn


1 AcOLi 12 20 94:6
2 AcONa 24 11 96:4
3 AcOK 24 quant. 94:6
4 AcOK 12 n.d.[b,c] –
5 AcONMe4 12 93 92:8
6 PhCOONBu4 2 17 95:5
7 PhCOONBu4 6 38 96:4
8 PhCOONBu4 24 quant. 96:4
9 PhCOONBu4 48 quant. 96:4
10 PhCOONBu4 24 34[b] 93:7


[a] Yield was determined by 1H NMR analysis (270 MHz) using 1,1,2,2-tetrachloroethane as an internal stand-
ard. [b] THF was used instead of DMF. [c] n.d.: not detected.


Table 11. Lewis base catalyzed anti-selective Mannich-type reaction of 1a with various silyl enolates.


Entry Silyl enolate Catalyst Solvent T [8C] t [h] Product Yield [%][a] anti/syn


1 AcOLi DMF �45 6 3ad 85 76:24
2 AcOK DMF �45 12 3ad quant. 75:25
3
4
5


ACHTUNGTRENNUNG(2d)
PhCOONBu4


PhCOONBu4


PhCOONBu4


DMF
THF
MeCN


�45
�45
�45


24
24
24


3ad
3ad
3ad


92
98
92


76:24
90:10
81:19


6 PhCOONBu4 Et2O �45 24 3ad 44 86:14
7 PhCOONBu4 toluene �45 24 3ad 6 76:24
8 PhCOONBu4 CH2Cl2 �45 24 3ad 6 86:14
9 PhCOONBu4 1,4-dioxane RT 6 3ad 91 88:12
10 PhCOONBu4 EtOH �45 12 3ad n.d.[b] –


11
12


ACHTUNGTRENNUNG(2 f)
PhCOONBu4


PhCOONBu4


DMF
THF


�20
�20


24
24


3af
3af


quant.
60


89:11
93:7


13
14


ACHTUNGTRENNUNG(2g)
PhCOONBu4


PhCOONBu4


DMF
THF


�20
�20


24
24


3ag
3ag


98
93


>99:1
>99:1


[a] Yield determined by 1H NMR analysis (270 MHz) using 1,1,2,2-tetrachloroethane as an internal standard.
[b] n.d. = not detected.
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Reactions of aldimine 1a
with TMS enol ether 2 f in
DMF proceeded smoothly to
afford the corresponding
adduct 3af in good yield with
moderate anti-selectivity. The
selectivity was improved when
the above reactions were car-
ried out in THF, but the yields
were lower. Thus, it was noted
that high yields and excellent
selectivity were attained in the
case when TMS enol ether de-
rived from cyclohexanone 2g
was used.[8]


Further, the reactions of
TMS enol ether 2g with vari-
ous aldimines were further in-
vestigated by using 10 mol%
PhCOONBu4 in DMF at
�20 8C (Table 12).[8] Aromatic
aldimines having an electron-
withdrawing or -donating group proceeded smoothly to
afford the desired adducts in good to high yields with excel-
lent anti-selectivities (entries 1–5). When conjugated aldi-
mine 1 i was used, only 1,2-addition took place to afford
adduct 3 ig in good yields with excellent anti-selectivity
(entry 6). When aldimines having a basic part such as pyrid-
yl function within the same molecule was used, the corre-
sponding adduct 3 fg were obtained in good to high yields
with excellent anti-selectivity, respectively (entries 7 and 8).


Next, Lewis base catalyzed Mannich-type reaction was in-
vestigated by using PhCOONBu4 in water-containing sol-
vent (Table 13). The reactions of TMS enol ether 2a or 2c
with aldimine 1a were carried out by using 10 mol%
PhCOONBu4 in water-containing DMF, and the Mannich
adducts were afforded in high yields (entries 1 and 2). Reac-
tion of aldimine 1a with TMS enol ether 2d in water-con-
taining DMF proceeded smoothly to afford 3ad in good


yield with moderate anti-selectivity while the yield lowered
in the case when the reaction was carried out in water-con-
taining THF (entries 3 and 4). The reaction of 1a with TMS
enol ether 2e or 2g in water-containing DMF afforded the
corresponding adducts in moderate yields with high anti-se-
lectivities.


Thus, it was shown that a ammonium carboxylate such as
PhCOONBu4 or AcONMe4 also worked as efficient cata-
lysts for the Mannich-type reaction even in water-containing
DMF and that their selectivities could be influenced by the
nature of silyl enol ether employed similar to the results ob-
tained in dry DMF.


Assumed mechanism of Lewis base catalyzed Mannich-type
reaction : The present Lewis base catalyzed Mannich-type
reaction in DMF is assumed to proceed in a pathway similar
to that of previously reported Lewis base catalyzed aldol re-
actions (Scheme 7): that is, a nitrogen or oxygen anion of
the catalysts such as lithium benzamide, potassium phthali-
mide, AcOLi, or PhCOONBu4 coordinated to the silicon
atom of the TMS enol ether to form pentacoordinated hy-
pervalent silicon intermediate A and further coordination of
the Lewis basic solvent such as DMF to A and formed a
hexacoodinated hypervalent silicon intermediate B. Nucleo-
philicity of the enol ether then increased enough to attach
the N-tosylimine to afford C and silylated Lewis base
(Me3Si-LB). Subsequent silylation of C by Me3Si-LB thus-
formed afforded D along with regeneration of Lewis base
(X-LB).


Alternative mechanism for regeneration of the catalyst in
water containing DMF was shown in the Scheme 8. By the
time that C and AcOSiMe3 are formed, the same reaction
pattern is considered similar to the one under non-aqueous
conditions. In the presence of H2O, C is rapidly hydrolyzed
to produce Mannich adduct E and LiOH, and AcOSiMe3 is


Table 12. anti-Selective Mannich-type reaction of various aldimines with
2g catalyzed by PhCOONBu4.


Entry Ar Product Yield [%][a] anti/syn


1 4-ClOC6H4 (1b) 3bg quant. >99:1
2 4-NCC6H4 (1g) 3gg quant.[b] >99:1
3 4-NO2C6H4 (1c) 3cg 92 >99:1
4 4-MeC6H4 (1h) 3hg 98 >99:1
5 4-MeOC6H4 (1d) 3dg quant. >99:1
6 (E)-PhCH=CH (1 i) 3 ig quant.[b] >99:1
7 4-pyridyl (1 f) 3 fg 90 >99:1


[a] Yield determined by 1H NMR analysis (270 MHz) using 1,1,2,2-tetra-
chloroethane as an internal standard. [b] 5 mol% catalyst was used.


Table 13. Mannich-type reaction of 1a with various TMS enolates in DMF/H2O catalyzed by PhCOONBu4.


Entry Silyl enolate T [8C] t [h] Product Yield [%][a] anti/syn


1 ACHTUNGTRENNUNG(2a) �45 12 3aa 77 –


2 ACHTUNGTRENNUNG(2c) �20 12 3ac 89 –


3
4


ACHTUNGTRENNUNG(2d)
�45
�45


6
6


3ad
3ad


92
29[b]


84:16
92:8


5 ACHTUNGTRENNUNG(2e) �45 12 3ae 54[c] 94:6


6
7


ACHTUNGTRENNUNG(2g)
�20
�20


12
12


3ag
3ag


65
28[b]


>99:1
>99:1


[a] Yield determined by 1H NMR analysis (270 MHz) using 1,1,2,2-tetrachloroethane as an internal standard.
[b] In THF. [c] AcONMe4 was used.
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simultaneously hydrolyzed to AcOH and HOSiMe3. Subse-
quent neutralization of LiOH with AcOH regenerates the
Lewis base catalyst of AcOLi to establish a catalytic cycle.


When a metal cation was used as a counterpart of the cat-
alyst, a highly Lewis basic solvent such as DMF was neces-
sary for the promotion of the reaction. On the other hand,
the reaction proceeded in various solvents when an ammoni-
um cation was used as a counterpart of the carboxylate cata-
lyst. The results indicated that the reaction using ammonium
carboxylate is assumed to proceed directly via pentacoordi-
nated hypervalent silicon intermediate A without further co-
ordination of a Lewis acid solvent because the silicate is
fully nucleophilic to react with N-tosylimines (Scheme 9).


The reaction using ammonium carboxylate in DMF
showed higher reactivity than in THF. In this case, the for-
mation of highly nucleophilic hexacoordinated hypervalent
silicon intermediate B by further coordination of DMF to
the pentacoordinated silicon intermediate A is considered
and it successively follows the same mechanism similar to
that shown in Scheme 7.


The reaction was assumed to proceed via acyclic transi-
tion states (Scheme 10) since the silyl enol ether derived
from methyl propionate gave the corresponding Mannich
adducts with moderate anti-selectivities irrespective of geo-
metries of the silyl enol ethers (Table 4, entries 1–4, Table 7,
entries 1–3). It was then considered that the selectivities
were achieved by the steric effect caused by the repulsion of
a Ts group of imine and a substituent R’ of the enol ether
which was stronger than the steric hindrance between an Ar
of imine and R of silyl enolate.


Scheme 7. Assumed catalytic cycle of Lewis base catalyzed Mannich-type
reaction in DMF.


Scheme 8. Assumed catalytic cycle of AcOLi-catalyzed Mannich-type re-
action in water-containing DMF.


Scheme 9. Assumed catalytic cycle of ammonium carboxylate-catalyzed
Mannich-type reaction in THF.


Scheme 10. anti-Selectivity from E- and Z-enol ether.


www.chemeurj.org B 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 5082 – 50935090


T. Mukaiyama et al.



www.chemeurj.org





Conclusion


Lewis base catalyzed Mannich-type reaction between TMS
enol ethers and aldimines was established. Nitrogen anions
generated from amides or imides and oxygen anions gener-
ated from carboxylic acids are found to be effective as
Lewis base catalysts to promote the reaction. This method is
quite practical and is applicable to the synthesis of various
b-amino esters since its reaction conditions are not strictly
anhydrous and the reaction proceeded smoothly by using a
mild and readily available Lewis base catalyst.


Experimental Section


General methods : All melting points were determined on a Yanagimoto
micromelting point apparatus (Yanaco MP-S3) and are not corrected. IR
spectra were recorded on a Horiba FT300 FT-IR spectrometer or
JASCO FT/IR-410. 1H NMR spectra were recorded on a JEOL JNM
EX270 L (270 MHz) spectrometer; chemical shifts (d) are reported in
parts per million relative to tetramethylsilane. Splitting patterns are des-
ignated as s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br,
broad. 13C NMR spectra were recorded on EX270 L (68 MHz) spectrom-
eter with complete proton decoupling. Chemical shifts are reported in
parts per million relative to tetramethylsilane with the solvent resonance
as the internal standard (CDCl3; d=77.0 ppm). High resolution mass
spectra (HRMS) were recorded on a Jeol JMS-DX303 or LCT (micro-
mass) and were performed by Toray Research Center, Inc. Analytical
TLC was performed on Merck preparative TLC plates (silica gel 60
GF254, 0.25 mm). Column chromatography was carried out on Merck
silica gel 60 (0.063–0.200 mm). Preparative thin-layer chromatography
(PTLC) was carried out on silica gel Wakogel B-5F. Anhydrous solvents
such as DMF or THF were purchased from Kanto Chemical. Potassium
salt of phthalimide, AcOLi, AcONa, AcOK, PhCOOLi, AcONMe4, and
PhCOONBu4 were purchased from Tokyo Kasei Kogyo, Wako Pure
Chemical Industries, or Aldrich Chemical. All reagents were purchased
from Tokyo Kasei Kogyo, Kanto Chemical, Kokusan Chemical, Wako
Pure Chemical Industries or Aldrich Chemical. Aldimines were made by
known methods and they were used after purification by recrystallization.
Silyl enol ethers were prepared by usual methods.


General procedure for commercially available solid Lewis base catalysts :
A solution of silyl enol ether (0.28 mmol) in DMF (0.6 mL) and a solu-
tion of N-tosylaldimine (0.2 mmol) in DMF (0.6 mL) at an appropriate
temperature were added successively to a stirred solution (or suspension)
of Lewis base (0.02 mmol) in DMF (0.3 mL). The mixture was stirred for
an appropriate time at the same temperature, and quenched with saturat-
ed aqueous NH4Cl. The mixture was extracted with AcOEt and organic
layer was washed with brine and dried over anhydrous sodium sulfate.
After filtration and evaporation of the solvent, the crude product was pu-
rified by preparative TLC to give the corresponding Mannich adduct.


General procedure for other Lewis base catalysts


Catalyst preparation : MeLi in Et2O (1.20m, 0.5 mL, 0.6 mmol) was added
at 0 8C to a solution of amides, imides, or carboxylic acids (0.63 mmol) in
Et2O (5.5 mL) and the mixture was stirred for 30 min to prepare a 0.1m
solution (or fine suspension) of Lewis base catalyst.


General procedure of lithium salt-catalyzed Mannich-type reaction : An
solution (or fine suspension) of Lewis base catalyst (0.1m, 0.2 mL,
0.02 mmol) in Et2O was evaporated under reduced pressure and the resi-
due was dissolved in DMF (0.2 mL). The solution of a silyl enol ether
(0.28 mmol) in DMF (0.6 mL) was added at an appropriate temperature.
After the mixture was stirred for 5 min, a solution of N-tosylaldimine
(0.2 mmol) in DMF (1.4 mL) was added slowly over 5 min at the temper-
ature. The mixture was stirred for an appropriate time at the same tem-
perature, and quenched with saturated aqueous NH4Cl. The mixture was
extracted with AcOEt and organic layer was washed with brine and


dried over anhydrous sodium sulfate. After filtration and evaporation of
the solvent, the crude product was purified by preparative TLC to give
the corresponding Mannich adduct.


Methyl 2,2-dimethyl-3-phenyl-3-(tosylamino)propanoate (3aa): White
powder; m.p. 133.0 8C; 1H NMR: d=1.01 (s, 3H), 1.28 (s, 3H), 2.26 (s,
3H), 3.61 (s, 3H), 4.39 (d, J=10.0 Hz, 1H), 6.33 (d, J=10.0 Hz, 1H),
6.89–7.07 (m, 7H), 7.41 (d, J=8.1 Hz, 2H); 13C NMR: d=21.3, 22.2, 24.2,
47.1, 52.0, 64.5, 126.6, 127.1, 127.6, 127.7, 128.7, 136.8, 137.2, 142.3, 176.1;
IR (neat): ñ = 3261, 2956, 1726, 1472, 1456, 1325, 1159 cm�1; HRMS: m/
z : calcd for C19H23NO4SNa: 384.1245; found: 384.1261 [M+Na]+ .


Methyl 3-(4-chlorophenyl)-2,2-dimethyl-3-(tosylamino)propanoate (3ba):
White powder; m.p. 160.0 8C; 1H NMR: d=1.05 (s, 3H), 1.33 (s, 3H),
2.32 (s, 3H), 3.61 (s, 3H), 4.28 (d, J=9.5 Hz, 1H), 6.12 (d, J=9.5 Hz,
1H), 6.82–6.85 (m, 2H), 6.98–7.02 (m, 4H), 7.35–7.38 (m, 2H);
13C NMR: d=21.4, 22.3, 24.6, 46.8, 52.1, 64.2, 121.3, 126.6, 128.9, 129.5,
130.7, 135.9, 137.1, 142.8, 176.0; IR (neat): ñ = 3346, 2992, 2973, 1714,
1336, 1158, 1144 cm�1; HRMS: m/z : calcd for C19H21ClNO4S: 394.0880;
found: 394.0911 [M�H]� .


Methyl 2,2-dimethyl-3-(4-nitrophenyl)-3-(tosylamino)propanoate (3ca):
White powder; m.p. 193.0 8C; 1H NMR: d=1.07 (s, 3H), 1.36 (s, 3H),
2.28 (s, 3H), 3.62 (s, 3H), 4.41 (d, J=9.2 Hz, 1H), 6.32 (d, J=9.2 Hz,
1H), 7.01 (d, J=8.4 Hz, 1H), 7.14 (d, J=8.6 Hz, 2H), 7.41 (d, J=8.4 Hz,
2H), 7.92 (d, J=8.6 Hz, 2H); 13C NMR: d=21.4, 22.5, 24.8, 46.9, 52.4,
64.2, 122.9, 126.7, 129.0, 129.1, 137.1, 143.3, 144.6, 146.9, 175.8; IR (neat):
ñ = 3258, 3074, 2953, 1739, 1522, 1350, 1160 cm�1; HRMS: m/z : calcd for
C19H21 N2O6S: 405.1120; found: 405.1137 [M�H]� .


Methyl 3-(4-methoxyphenyl)-2,2-dimethyl-3-(tosylamino)propanoate
(3da): White powder; m.p. 116.0 8C; 1H NMR: d=1.08 (s, 3H), 1.27 (s,
3H), 2.28 (s, 3H), 3.61 (s, 3H), 3.71 (s, 3H), 4.32 (d, J=9.7 Hz, 1H), 6.22
(d, J=9.7 Hz, 1H), 6.56 (d, J=8.6 Hz, 2H), 6.81 (d, J=8.6 Hz, 2H), 6.97
(d, J=8.4 Hz, 2H), 7.41 (d, J=8.4 Hz, 2H); 13C NMR: d=21.4, 22.4,
24.5, 47.3, 52.1, 55.2, 64.2, 113.1, 126.8, 128.8, 128.9, 129.2, 137.6, 142.3,
158.7, 176.3; IR (neat): ñ = 3258, 2953, 1739, 1615, 1522, 1350,
11591 cm�1; HRMS: m/z : calcd for C20H24NO5S: 390.1375; found:
390.1366 [M�H]� .


Methyl 3-[4-(dimethylamino)phenyl]-2,2-dimethyl-3-(tosylamino)propa-
noate (3ea): White powder; m.p. 158.0 8C; 1H NMR: d=1.07 (s, 3H),
1.30 (s, 3H), 2.27 (s, 3H), 2.86 (s, 6H), 3.60 (s, 3H), 4.23 (d, J=9.6 Hz,
1H), 5.90 (d, J=9.6 Hz, 1H), 6.37 (d, J=8.7 Hz, 2H), 6.71 (d, J=8.7 Hz,
2H), 6.95 (d, J=8.4 Hz, 2H), 7.35 (d, J=8.4 Hz, 2H); 13C NMR: d=


21.4, 22.4, 24.7, 40.5, 47.4, 52.0, 55.2, 64.5, 111.7, 124.8, 126.8, 128.5, 128.8,
137.8, 141.9, 149.6, 176.6; IR (neat): ñ = 3293, 2941, 1739, 1617, 1529,
1460, 1321, 1157 cm�1; HRMS: m/z : calcd for C21H29N2O4S: 405.1848;
found: 405.1837 [M+H]+ .


Methyl 2,2-dimethyl-3-(pyridin-4-yl)-3-(tosylamino)propanoate (3 fa):
White powder; m.p. 169.0 8C; 1H NMR: d=1.10 (s, 3H), 1.31 (s, 3H),
2.30 (s, 3H), 3.62 (s, 3H), 4.36 (d, J=9.5 Hz, 1H), 6.54 (d, J=9.5 Hz,
1H), 6.89 (d, J=5.7 Hz, 2H), 7.02 (d, J=8.4 Hz, 2H), 7.45 (d, J=8.4 Hz,
2H), 8.30 (d, J=5.7 Hz, 2H); 13C NMR: d=21.4, 22.4, 24.4, 46.8, 52.3,
63.7, 123.0, 126.7, 129.1, 137.0, 143.2, 146.0, 149.2, 175.7; IR (KBr): ñ =


3443, 3044, 2869, 1733, 1600, 1455, 1327, 1258, 1157 cm�1; HRMS: m/z :
calcd for C18H21N2O4S: 361.1222; found: 361.1262 [M�H]� .


S-tert-butyl 2,2-dimethyl-3-phenyl-3-(tosylamino)propanethioate (3ac):
White powder; m.p. 129.0 8C; 1H NMR: d=1.13 (s, 3H), 1.31 (s, 3H),
1.39 (s, 9H), 2.26 (s, 3H), 4.30 (d, J=9.2 Hz, 1H), 6.30 (d, J=9.2 Hz,
1H), 6.88–7.26 (m, 7H), 7.37 (d, J=8.4 Hz, 2H); 13C NMR: d=21.4,
22.6, 25.4, 29.5, 48.1, 53.3, 65.6, 126.7, 127.1, 127.5, 128.2, 128.8, 136.9,
137.6, 142.3, 207.4; IR (neat): ñ = 3257, 2960, 1675, 1159 cm�1; HRMS:
m/z : calcd for C22H28NO3S2


� : 418.1511; found: 418.1530 [M�H]� .


Methyl 2-methyl-3-phenyl-3-(tosylamino)propanoate (3ab): Obtained as
mixture of diastereomers (major/minor 64:36); colorless oil; 1H NMR
(diastereomers): d=1.11–1.15 (m, 3H), 2.31 (s, 2H), 2.33 (s, 1H), 2.80–
2.97 (m, 1H), 3.48 (s, 1H), 3.55 (s, 2H), 4.45–4.56 (m, 1H), 5.60 (d, J=
8.8 Hz, 0.3H), 5.72 (d, J=8.8 Hz, 0.7H), 6.96–7.14 (m, 7H), 7.48–7.52 (m,
2H); 13C NMR (diastereomers): d=13.7, 15.4, 21.4, 21.6, 46.0, 46.1, 51.8,
51.9, 59.7, 60.0, 126.2, 126.4, 126.8, 126.9, 127.2, 127.3, 128.1, 128.3, 129.0,


Chem. Eur. J. 2006, 12, 5082 – 5093 B 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5091


FULL PAPERMannich-Type Reactions



www.chemeurj.org





129.1, 137.0, 137.5, 137.8, 138.5, 142.5, 142.8, 173.6, 174.8; IR (neat): ñ =


3241, 2981, 2953, 1739, 1452 cm�1.


S-tert-butyl 2-methyl-3-phenyl-3-(tosylamino)propanethioate (anti-3ad):
White powder; m.p. 185.0 8C; 1H NMR: d=1.14 (d, J=6.9 Hz, 3H), 1.33
(s, 9H), 2.31 (s, 3H), 2.26 (s, 3H), 2.82 (dq, J=5.9, 6.9 Hz, 1H), 4.48 (dd,
J=5.9, 8.6 Hz, 1H), 5.97 (d, J=8.6 Hz, 1H), 6.98–7.14 (m, 7H), 7.49 (d,
J=8.1 Hz, 2H); 13C NMR: d=16.4, 21.5, 29.5, 48.7, 53.5, 60.7, 126.5,
126.8, 127.2, 128.1, 129.0, 137.8, 138.8, 142.6, 203.4; IR (neat): ñ = 3280,
2963, 1714, 1666, 1449, 1362, 1319, 1160 cm�1.


S-tert-butyl 2-methyl-3-phenyl-3-(tosylamino)propanethioate (syn-3ad):
White powder; m.p. 145.0 8C; 1H NMR: d=1.20 (d, J=7.0 Hz, 3H), 1.23
(s, 9H), 2.33 (s, 3H), 2.81 (dq, J=7.0, 7.8 Hz, 1H), 4.41 (t, J=7.8 Hz,
1H), 5.59 (bs, 1H), 6.97–6.98 (m, 2H), 7.06–7.11 (m, 5H), 7.51 (d, J=
8.1 Hz, 2H); 13C NMR: d=14.3, 21.5, 29.4, 48.2, 54.2, 60.3, 127.1, 127.2,
127.3, 127.9, 129.1, 137.0, 138.2, 142.9, 201.7; IR (neat): ñ = 3249, 2970,
1734, 1676, 1559, 1507, 1456, 1161 cm�1; HRMS: m/z : calcd for
C21H26NO3S2: 404.1354; found: 404.1398 [M�H]� .


2-Methyl-1,3-diphenyl-3-(tosylamino)propan-1-one (anti-3ae): White
powder; m.p. 158.0 8C; 1H NMR: d=1.29 (d, J=7.0 Hz, 3H), 1.57 (s,
3H), 2.31 (s, 3H), 3.89 (dq, J=4.6, 7.0 Hz, 1H), 4.71 (dd, J=4.6, 8.8 Hz,
1H), 6.42 (d, J=8.8 Hz, 1H), 7.02–7.08 (m, 7H), 7.32–7.38 (m, 2H),
7.45–7.53 (m, 3H), 7.65–7.69 (m, 2H); 13C NMR: d=16.8, 21.5, 46.0, 60.7,
126.5, 126.8, 127.0, 128.1, 128.1, 128.5, 129.0, 133.3, 136.1, 137.8, 139.3,
142.5, 203.6; IR (neat): ñ = 3254, 3061, 2967, 1683, 1446, 1324,
1153 cm�1.


Methyl-1,3-diphenyl-3-(tosylamino)propan-1-one (syn-3ae): White
powder; m.p. 136.0 8C; 1H NMR: d=1.29 (d, J=7.0 Hz, 3H), 1.57 (s,
3H), 2.31 (s, 3H), 3.89 (dq, J=4.6, 7.0 Hz, 1H), 4.71 (dd, J=4.6, 8.8 Hz,
1H), 6.42 (d, J=8.8 Hz, 1H), 7.02–7.08 ACHTUNGTRENNUNG(m, 7H), 7.32–7.38 (m, 2H), 7.45–
7.53 (m, 3H), 7.65–7.69 (m, 2H); 13C NMR: d=14.7, 21.5, 46.7, 59.7,
126.9, 127.0, 127.1, 127.9, 128.0, 128.4, 129.1, 133.0, 135.7, 136.8, 139.4,
142.8, 201.4; IR (neat): ñ = 3335, 2969, 1674, 1326, 1157 cm�1; HRMS:
m/z : calcd for C23H22NO3S: 392.1320; found: 392.1357 [M�H]� .


2-Methyl-3-(4-nitrophenyl)-1-phenyl-3-tosylaminopropan-1-one (anti-
3ce): White powder; m.p. 133.0 8C; 1H NMR: d=1.35 (d, J=7.0 Hz, 3H),
1.57 (s, 3H), 3.91 (m, 1H), 4.80 (dd, J=4.1, 8.6 Hz, 1H), 6.68 (d, J=
8.6 Hz, 1H), 7.11 (d, J=8.1 Hz, 2H), 7.25–7.28 (m, 2H), 7.34–7.40 (m,
2H), 7.50–7.57 (m, 3H), 7.68 (d, J=7.3 Hz, 2H), 7.93 (d, J=8.6 Hz, 2H);
13C NMR: d=17.0, 21.5, 45.6, 60.1, 123.3, 126.7, 127.5, 128.1, 128.7, 129.3,
134.0, 135.3, 137.6, 143.3, 146.7, 147.0, 202.9; IR (KBr): ñ =3421, 3004,
2361, 1714, 1360, 1223 cm�1; HRMS: m/z : calcd for C23H21N2O5S:
437.1171; found: 437.1187 [M]+ .


2-Methyl-1-phenyl-1-(tosylamino)pentan-3-one (anti-3af): White
powder; m.p. 125.0 8C; 1H NMR: d=0.85 (t, J=7.3 Hz, 3H), 1.06 (d, J=
7.0 Hz, 3H), 2.02 (dq, J=7.3, 18.9 Hz, 1H), 2.30 (s, 3H), 2.39 (dq, J=7.3,
18.9 Hz, 1H), 2.96 (dq, J=5.9, 7.0 Hz, 1H), 4.50 (dd, J=5.9, 8.9 Hz, 1H),
6.32 (d, J=8.9 Hz, 1H), 6.96–7.11 ACHTUNGTRENNUNG(m, 7H), 7.46 (d, J=8.4 Hz, 2H);
13C NMR: d=7.19, 15.5, 21.4, 36.1, 51.1, 60.4, 126.3, 126.7, 127.1, 128.1,
128.9, 137.6, 139. 1, 142.5, 214.9; IR (neat): ñ = 3276, 3059, 2976, 2935,
1699, 1451, 1326, 1160 cm�1.


2-Methyl-1-phenyl-1-(tosylamino)pentan-3-one (syn-3af): White powder;
m.p. 135.0 8C; 1H NMR: d=0.78 (t, J=7.3 Hz, 3H), 1.13 (d, J=7.0 Hz,
3H), 2.00 (dq, J=7.3, 18.9 Hz, 1H), 2.23 (dq, J=7.3, 18.9 Hz, 1H), 2.33
(s, 3H), 2.91 (dq, J=7.0, 7.6 Hz, 1H), 4.43 (dd, J=7.6, 8.0 Hz, 1H), 5.31
(d, J=8.0 Hz, 1H), 6.91–7.12 (m, 7H), 7.48 (d, J=8.1 Hz, 2H);
13C NMR: d=7.16, 13.6, 21.4, 35.7, 51.5, 59.6, 126.8, 126.9, 127.3, 128.1,
129.0, 136.8, 138.5, 142.8, 212.5; IR (KBr): ñ = 3275, 2982, 1707, 1449,
1332, 1159 cm�1; HRMS: m/z : calcd for C19H22NO3S: 344.1320; found:
344.1355 [M�H]� .


2-(1-Phenyl-1-tosylaminomethyl)cyclohexanone (anti-3ag): White
powder; m.p. 146.0 8C; 1H NMR: d=1.55–2.01 (m, 6H), 2.22–2.30 (m,
5H), 2.74 (dt, J=5.1, 10.5 Hz, 1H), 4.43 (dd, J=5.1, 8.4 Hz, 1H), 6.15 (d,
J=8.4 Hz, 1H), 7.00–7.08 (m, 7H), 7.44 (d, J=8.4 Hz, 2H); 13C NMR:
d=21.4, 24.4, 28.0, 32.2, 42.5, 56.7, 59.1, 126.8, 126.9, 127.0, 127.9, 128.9,
137.4, 138.8, 142.6, 212.4; IR (neat): ñ = 3282, 2940, 1710, 1446,
1157 cm�1.


2-[1-(4-Chlorophenyl)-1-tosylaminomethyl]cyclohexanone (anti-3bg):
White powder; m.p. 148.0 8C; 1H NMR: d=1.57–2.08 (m, 6H), 2.22–2.37
(m, 5H), 2.72 (dt, J=5.3, 10.5 Hz, 1H), 4.43 (dd, J=5.1, 8.0 Hz, 1H),
6.20 (d, J=8.0 Hz, 1H), 6.98–7.10 (m, 6H), 7.45 (d, J=8.2 Hz, 2H);
13C NMR: d=21.4, 24.4, 27.9, 32.1, 42.4, 56.4, 58.5, 126.8, 127.9, 128.5,
129.0, 132.7, 137.2, 137.3, 142.9, 212.2; IR (neat): ñ = 3243, 2942, 2863,
1704, 1600, 1490, 1153 cm�1; HRMS: m/z : calcd for C20H21ClNO3S:
390.0931; found: 390.0951 [M�H]� .


2-[1-(4-Cyanophenyl)-1-tosylaminomethyl]cyclohexanone (anti-3gg):
White powder; m.p. 141.0 8C; 1H NMR: d=1.54–2.38 (m, 10H), 2.72–2.82
(m, 1H), 4.42–4.52 (m, 1H), 6.16–6.28 (m, 1H), 7.10 (d, J=8.1 Hz, 2H),
7.22 (d, J=8.1 Hz, 2H), 7.39 (d, J=8.1 Hz, 2H), 7.49 (d, J=8.1 Hz, 2H);
13C NMR: d=21.5, 24.7, 27.9, 32.5, 42.7, 56.4, 58.8, 110.7, 118.4, 126.8,
127.9, 128.0, 129.2, 131.7, 143.3, 144.6, 211.9; IR (KBr): ñ = 3278, 2943,
2866, 2227, 1699, 1434, 1337, 1160 cm�1.


2-[1-(4-Nitrophenyl)-1-tosylaminomethyl]cyclohexanone (anti-3cg):
White powder; m.p. 175.0 8C; 1H NMR: d=1.58–2.34 (m, 11H), 2.74–2.84
(m, 1H), 4.48 (dd, J=4.1, 8.4 Hz, 1H), 6.13 (d, J=8.4 Hz, 1H), 7.09 (d,
J=8.1 Hz, 2H), 7.26 (d, J=8.6 Hz, 2H), 7.49 (d, J=8.1 Hz, 2H), 7.96 (d,
J=8.6 Hz, 2H); 13C NMR: d=21.4, 24.8, 27.9, 32.5, 42.7, 56.4, 58.8, 123.0,
123.1, 126.8, 126.9, 128.0, 128.1, 129.2, 129.3, 137.4, 143.9, 147.1, 147.2,
212.2; IR (KBr): ñ = 3286, 2932, 2863, 1708, 1601, 1522, 1347, 1317,
1152 cm�1.


2-[1-(4-Methylphenyl)-1-tosylaminomethyl]cyclohexanone (anti-3hg):
White powder; m.p. 128.0 8C; 1H NMR: d=1.59–2.34 (m, 14H), 2.72 (dt,
J=5.4, 10.8 Hz, 1H), 4.38 (dd, J=5.4, 7.8 Hz, 1H), 6.03 (d, J=7.8 Hz,
1H), 6.88–6.96 (m, 4H), 7.05 (d, J=7.8 Hz, 2H), 7.47 (d, J=8.4 Hz, 2H);
13C NMR: d=21.1, 21.4, 24.5, 28.0, 32.3, 42.6, 55.7, 58.9, 126.9, 127.1,
128.5, 128.7, 128.8, 129.0, 135.9, 136.7, 137.4, 142.6, 212.5; IR (KBr): ñ =


3358, 3201, 2942, 2864, 1707, 1338, 1156 cm�1.


2-[1-(4-Methoxyphenyl)-1-tosylaminomethyl]cyclohexanone (anti-3dg):
White powder; m.p. 129.0 8C; 1H NMR: d=1.59–2.42 (m, 11H), 2.72 (dt,
J=5.4, 10.8 Hz, 1H), 3.72 (s, 3H), 4.41 (dd, J=5.2, 7.6 Hz, 1H), 6.20 (d,
J=7.6 Hz, 1H), 6.60 (d, J=8.4 Hz, 2H), 6.98 (d, J=8.4 Hz, 2H), 7.05 (d,
J=8.4 Hz, 2H), 7.47 (d, J=8.4 Hz, 2H); 13C NMR: d=21.4, 24.1, 27.9,
31.4, 42.2, 55.1, 56.7, 58.4, 113.2, 126.2, 126.8, 128.2, 128.9, 129.4, 130.7,
137.3, 142.4, 158.3, 212.6; IR (KBr): ñ = 3300, 1710, 1605, 1149 cm�1.


2-(trans-3-Phenyl-1-tosylaminopropan-2-en)cyclohexanone (anti-3 ig):
White powder; m.p. 170.0 8C; 1H NMR: d=1.62–2.40 (m, 12H), 2.56–2.62
(m, 1H), 3.89 (ddd, J=3.3, 7.6, 9.4 Hz, 1H), 5.54 (d, J=9.4 Hz, 1H),
5.87–6.03 (m, 2H), 6.98–7.01 (m, 2H), 7.10–7.26 (m, 5H), 7.47 (d, J=
8.4 Hz, 2H); 13C NMR: d=21.4, 25.0, 27.8, 31.8, 42.9, 56.0, 58.2, 126.2,
127.2, 127.3, 127.6, 128.2, 129.3, 131.8, 135.9, 137.8, 143.1, 212.4; IR
(KBr): ñ = 3298, 2936, 1694, 1596, 1494, 1449, 1160 cm�1.


2-[1-(Pyridin-4-yl)-1-tosylaminomethyl]cyclohexanone (anti-3 fg): White
powder; m.p. 195.0 8C; 1H NMR: d=1.60–2.41 (m, 11H), 2.76–2.84 (m,
1H), 4.43 (dd, J=3.8, 9.2 Hz, 1H), 6.27 (d, J=9.2 Hz, 1H), 7.01 (d, J=
5.7 Hz, 2H), 7.11 (d, J=8.4 Hz, 2H), 7.52 (d, J=8.4 Hz, 2H), 8.33 (d, J=
5.7 Hz, 2H); 13C NMR: d=21.5, 24.8, 27.9, 32.7, 42.7, 56.3, 58.2, 122.0,
126.7, 129.2, 137.4, 143.3, 148.4, 149.2, 211.6; IR (KBr): ñ = 3037, 2947,
2854, 1713, 1601, 1420, 1326, 1152 cm�1; HRMS: m/z : calcd for
C19H23O3N2S: 359.1429; found: 359.1437 [M+H]+ .
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Heteropolynuclear Palladium Complexes with Pyrazolate and Its 3-tert-Butyl
Derivatives: The Effect of Heterometal Ions on the Rate of Isomerization
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Introduction


Polynuclear transition-metal complexes with pyrazoles and/
or pyrazolates have been attracting attention because of
their versatile structures and properties.[1] Among the vari-
ous types of structures, pyrazolate and its derivatives are
known to favor the formation of cyclic trinuclear complexes
such as [MI


3ACHTUNGTRENNUNG(m-Rpz)3] (MI=Cu,[2–4] Ag,[3,5,6] Au;[5,7] RpzH=


pyrazole or substituted pyrazoles) and [MII
3 ACHTUNGTRENNUNG(m-Rpz)6] (MII=


Pd,[8,9] Pt[9,10]), the structure of the latter being similar to
that of palladium(ii) acetate [Pd3ACHTUNGTRENNUNG(m-OAc)6].[11] The successful
partial oxidation of the platinum cyclic trimer [PtII


3ACHTUNGTRENNUNG(m-pz)6]
has enabled the isolation of PtII,III,III


3 species, and the geo-


metrical and electronic structures of [Pt3Br2ACHTUNGTRENNUNG(m-pz)6] have
been elucidated.[12]


The number of heteropolynuclear pyrazolate complexes is
also gradually increasing.[9,13,14] Because pyrazole is a weak
acid, the reaction conditions and the nature of the central
metal ions help to determine whether coordinated pyrazoles
exist as the protonated form (pyrazoles) or the deprotonat-
ed form (pyrazolates). The protons in coordinated pyrazoles
often participate in intra- or intermolecular hydrogen bond-
ing, and they can be replaced by metal ions such as CuI,
AgI, and AuI to give heterometallic polynuclear com-
plexes.[9,13,14] In the formation of heteropolynuclear com-
plexes, the precursors with intramolecular hydrogen bond-
ing, such as [Pd2ACHTUNGTRENNUNG(m-Rpz)2ACHTUNGTRENNUNG(Rpz)2ACHTUNGTRENNUNG(RpzH)2] (R=3-tert-butyl,
3,5-dimethyl), give tetranuclear complexes of the Pd2M’2
type (M’=Cu, Ag, Au),[9,14] while those with intermolecular
hydrogen bonding, such as [{M ACHTUNGTRENNUNG(Rpz)2ACHTUNGTRENNUNG(RpzH)2}2] (M=Pd,
Pt; R=H, 3,5-dimethyl), afford hexanuclear complexes of
the M2M’4 type (M’=Cu, Ag).[9,13] The use of asymmetrical
pyrazolate ligands further adds to the possibility of forma-
tion of geometrical isomers for each heteropolynuclear com-
plex. A detailed study of the reaction of HT-[Pd2(m-3-


Abstract: The heteropolynuclear com-
plexes [Pd2M’2ACHTUNGTRENNUNG(m-pz)6] (M’=Ag (1), Au
(2); pzH=pyrazole), HT-[Pd2M’2(m-3-
tBupz)6] (M’=Ag (3a), Au (4a); 3-
tBupzH=3-tert-butylpyrazole), and
HH-[Pd2Au2(m-3-tBupz)6] (4b) have
been prepared and some of them were
structurally characterized. When 3-tert-
butylpyrazolate was employed as a
bridging ligand, two linkage isomers
(head-to-tail (HT) and head-to-head
(HH)) arise from the difference in ori-
entation of the substituent groups on
the pyrazolate bridges between the two
Pd atoms. 1H NMR spectroscopy has
been used to identify and to follow the
reversible stereochemical rearrange-


ment of the HH isomer of [Pd2Ag2(m-3-
tBupz)6] (3b) to form the HT isomer
3a in CDCl3 and the HT isomer of
[Pd2Au2(m-3-tBupz)6] (4a) to form the
HH isomer 4b in C6D6. Kinetic studies
of the reaction have established the
rate law to be �d(HH)/dt=d(HT)/dt=
k2[HH]�k1[HT] for 3b and �d(HT)/
dt=d(HH)/dt=k1[HT]�k2[HH] for 4a,
where k1 and k2 denote the rate of iso-
merization from the HT to the HH
isomer and that from the HH to the


HT isomer, respectively. For typical
runs at 50 8C in C6D6, k1=13.8 >
10�5 s�1, k2=18.6 > 10�5 s�1, and Keq=


k2/k1=1.24 for 3b, and k1=1.26 >
10�5 s�1, k2=3.52 > 10�5 s�1, and Keq=


k1/k2=0.36 for 4a. Temperature-de-
pendent rate measurements reveal
DH� and DS� to be 100(1) kJ mol�1


and 0(3) J mol�1 K�1 for 3b and
112(5) kJ mol�1 and 20(17) J mol�1 K�1


for 4a, respectively. The rate of isomer-
ization is essentially unaffected by the
concentration of the complex or by the
presence of neutral bridging ligands.
These data and observations imply that
the isomerization involves an intramo-
lecular exchange process.
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tBupz)2ACHTUNGTRENNUNG(3-tBupz)2ACHTUNGTRENNUNG(3-tBupzH)2] with AgI and an AuI complex
have enabled us to isolate two linkage isomers of tetranu-
clear complexes, namely the head-to-head (HH) and the
head-to-tail (HT) isomer (Scheme 1). These arise from the


difference in the orientation of the substituents on the pyra-
zolate bridges between the two Pd atoms. The proportion of
each linkage isomer was found to be dependent on the syn-
thetic route. Because a facile stereochemical rearrangement
of the linkage isomers was observed at elevated tempera-
ture, it was followed by 1H NMR spectroscopy. Although a
similar stereochemical rearrangement has been observed for
the HH isomer of [PtII


2(en)2(a-pyridonate)2]ACHTUNGTRENNUNG(NO3)2,
[15] this is


the first observation of an isomerization occurring selective-
ly at the bridges between Pd atoms rather than any of the
other six possible bridges (including the bridges between Pd
and Ag or Au). The most remarkable feature of the isomeri-
zation in this system is that the AgI or AuI ions affect the


rate, whereas the ligands at the Pd···Ag or Pd···Au bridges
apparently do not participate in the isomerization reaction.
These findings also prompted us to investigate the formation
of heteropolynuclear complexes with nonsubstituted pyra-
zole. We found in this case that mononuclear PdII complexes
with neutral pyrazoles or solvent molecules can be precur-
sors of Pd2M’2 complexes.


Herein, we report the synthesis and structural characteri-
zation of pyrazolate-bridged heteropolynuclear complexes
and the linkage isomers arising from the use of asymmetri-
cally substituted pyrazolate (3-tert-butylpyrazolate). The re-
sults of the kinetic study on the isomerization of these link-
age isomers (HT and HH isomers) are also presented.


Results and Discussion


Preparation of complexes : Substituted pyrazoles such as 3-
tert-butylpyrazole (3-tBupzH) and 3,5-dimethylpyrazole
(dmpzH) are known to form either a dinuclear PdII complex
with intramolecular hydrogen bonding, in which some of the
pyrazolate ligands act as bridging ligands,[9,14] or a dimer of
mononuclear PdII complexes with intermolecular hydrogen
bonding, in which both pyrazolate and pyrazole ligands co-
ordinate to the PdII ion in a monodentate fashion.[13] Pyra-
zole without any substituent groups (pzH), however, forms a
cyclic trinuclear PdII complex, [Pd3ACHTUNGTRENNUNG(m-pz)6], under basic con-
ditions and a mononuclear PdII complex with four neutral
pyrazole ligands, [Pd ACHTUNGTRENNUNG(pzH)4]Cl2, under acidic conditions. The
product formed under basic conditions contrasts with the
case of PtII, which forms a dimer of mononuclear complexes
with intermolecular hydrogen bonding, [{Pt(pz)2-
ACHTUNGTRENNUNG(pzH)2}2].[9,16] There are two different methods for the prep-
aration of the heteropolynuclear PdII complexes [Pd2M’2ACHTUNGTRENNUNG(m-
pz)6] (M’=Ag (1), Au (2)): one involves the reaction of iso-
lated [Pd ACHTUNGTRENNUNG(pzH)4]Cl2 with an AgI salt or AuI complex in the
presence of Et3N (method A), and the other involves the re-
action of pzH with the mixture of PdII and AgI ions generat-
ed by the addition of an excess of AgI salt to a solution con-
taining [PdCl2ACHTUNGTRENNUNG(CH3CN)2] and Et3N (method B) (Scheme 2).


Scheme 1. Schematic representation of linkage isomers.


Scheme 2. Preparative methods for [Pd2M’2(m-pz)6] (M’=Ag, Au).
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The substitution of an AuI complex for the AgI salt in the
latter method gave a complicated reaction mixture. The
total yield of 1 based on [PdCl2ACHTUNGTRENNUNG(CH3CN)2] in the former
method is 48 %, which is higher than that (20 %) obtained
with the latter method.


The synthesis of heteropolynuclear complexes with similar
structures to 1 and 2 but containing 3-tBupz mainly gave
two geometrical isomers among the several possible ones.
When intramolecularly hydrogen-bonded HT-[Pd2(m-3-
tBupz)2ACHTUNGTRENNUNG(3-tBupz)2ACHTUNGTRENNUNG(3-tBupzH)2] was employed as starting ma-
terial, the reaction with AuI complex gave HT-[Pd2Au2(m-3-
tBupz)6] (4a) selectively in 75 % yield (Scheme 3). The ab-
sence of the HH isomer (4b) was confirmed by recording a
1H NMR spectrum just after completion of the reaction.
However, it was difficult to isolate the pure HT isomer of
the silver analogue 3a even by treating HT-[Pd2(m-3-tBupz)2-
ACHTUNGTRENNUNG(3-tBupz)2 ACHTUNGTRENNUNG(3-tBupzH)2] with a AgI salt. The 1H NMR spec-
trum of the reaction mixture recorded just after completion
of the reaction revealed that the ratio of the HT and HH
isomers 3a and 3b, respectively, was 10:1. The apparent for-
mation of 3b in the reaction can be attributed to the isomer-
ization of 3a to 3b (vide infra). Although we have reported
previously that the reaction of HT-[Pd2(m-3-tBupz)2 ACHTUNGTRENNUNG(3-
tBupz)2ACHTUNGTRENNUNG(3-tBupzH)2] with a AgI salt gives the HH isomer of
[Pd2Ag2(m-3-tBupz)6] (3b),[9] it is now clear that the main
product of this reaction is the HT isomer 3a. It is also obvi-
ous that the successful isolation of 3b as a pure product
from the reaction of 3-tBupz with the mixture of PdII and
AgI ions is due to the lower solubility of 3b than 3a. The
1H NMR spectrum of the reaction mixture revealed that the
reaction mixture in method C (Scheme 3) contains almost
the same amount of 3a and 3b just after the reaction has
finished. An attempt to prepare [Pd2Au2(m-3-tBupz)6] by the
reaction of 3-tBupzH with a mixture of [PdCl2ACHTUNGTRENNUNG(CH3CN)2]
and [AuCl ACHTUNGTRENNUNG(tht)] in the presence of Et3N was unsuccessful
and gave a complicated mixture of products.


Crystal structures : X-ray structural analyses were performed
for single crystals of 1, 2, 4a, and 4b. Depending on the syn-
thetic procedure, the Pd/Ag complex bridged by nonsubsti-
tuted pyrazolate ligands, [Pd2Ag2ACHTUNGTRENNUNG(m-pz)6] (1; Figure 1), af-


forded two different crystals, one with and one without sol-
vent of crystallization. The crystals obtained by following
method A in Scheme 2 contain three acetonitrile molecules
per complex molecule. No intermolecular metal–metal inter-
action is seen in this crystal structure. The complex molecule
has an idealized C2v symmetry. The PdII centers are square
planar and the AgI centers linear, with N-Ag-N angles of


Scheme 3. Preparative methods for [Pd2M’2(m-3-tBupz)6] (M’=Ag, Au).


Figure 1. Molecular structure of [Pd2Ag2(m-pz)6] (1) with the atom num-
bering scheme (50 % probability ellipsoids).
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174.5(1)8 and 167.5(1)8. The intermetallic distances are
3.4341(3) O for Pd1···Pd2 and 3.44–3.47 O for Pd···Ag
(Table 1). The Ag�N distances are about 0.1 O longer than


the Pd�N distances as the ionic radius of AgI is larger than
that of PdII. In the crystals containing no solvent molecule,
which were obtained by following method B in Scheme 2,
the complex molecule 1 interacts with a neighboring mole-
cule through the Ag atoms (Figure 2). The Ag2···Ag2* dis-
tance (2.995(2) O) is 0.4 O or more shorter than the intra-


molecular Pd···Ag and Pd···Pd contacts (Table 2). Because
the corresponding bond distances and angles in 1 and
1·3 CH3CN are similar, the effect of solvent molecules or in-
termolecular Ag···Ag contacts on the interatomic distances
and angles must be small.


Figure 3 illustrates one of the pair of complex molecules
[Pd2Au2 ACHTUNGTRENNUNG(m-pz)6] (2) in (2)2·3 CH3CN·H2O, which contains
two crystallographically independent pairs of complex mole-


cules in the asymmetric unit. There is an intermolecular
Au···Au contact within the pair in which the complex mole-
cules are related by a center of symmetry, the Au2···Au2*
and Au4···Au4* distances being 3.154(1) and 3.181(1) O, re-
spectively (Table 3). There is also a weaker Au1···Au3* con-
tact (3.4050(7) O) between the independent pairs of com-
plex molecules in an asymmetric unit. The Pd···M (M=Au
or Ag) and Pd···Pd distances in (2)2·3 CH3CN·H2O are simi-
lar to those in 1 and 1·3 CH3CN. The Au�N distances, how-
ever, are similar to the Pd···N distances in
(2)2·3 CH3CN·H2O. This tendency is different from that in 1
and 1·3 CH3CN, in which the Ag�N distances are about
0.1 O longer than the Pd�N distances.


When 3-tBupz� was employed as the bridging ligand, the
main products were the HT and HH isomers arising from


Table 1. Selected bond lengths [O] and angles [8] for [Pd2Ag2(m-
pz)6]·3CH3CN (1·3CH3CN).


Ag1···Pd1 3.4609(3) Ag2···Pd2 3.4710(3)
Ag1···Pd2 3.4456(3) Pd1···Pd2 3.4341(3)
Ag2···Pd1 3.4712(3)
Ag1�N32 2.105(3) Pd1�N31 2.008(2)
Ag1�N52 2.106(3) Pd1�N41 2.006(2)
Ag2�N42 2.103(3) Pd2�N11 2.013(2)
Ag2�N62 2.105(3) Pd2�N21 2.011(2)
Pd1�N12 2.004(2) Pd2�N51 2.013(2)
Pd1�N22 2.007(2) Pd2�N61 2.008(2)
N32-Ag1-N52 174.5(1) N51-Pd2-N61 91.82(9)
N42-Ag2-N62 167.5(1) Pd2-N11-N12 121.7(2)
N12-Pd1-N22 89.26(9) Pd1-N12-N11 120.7(2)
N12-Pd1-N31 179.16(9) Pd2-N21-N22 121.2(2)
N12-Pd1-N41 89.72(9) Pd1-N22-N21 120.9(2)
N22-Pd1-N31 89.91(9) Pd1-N31-N32 120.8(2)
N22-Pd1-N41 178.96(9) Ag1-N32-N31 120.3(2)
N31-Pd1-N41 91.1(1) Pd1-N41-N42 119.7(2)
N11-Pd2-N21 89.53(9) Ag2-N42-N41 122.1(2)
N11-Pd2-N51 179.08(9) Pd2-N51-N52 120.6(2)
N11-Pd2-N61 89.08(9) Ag1-N52-N51 120.3(2)
N21-Pd2-N51 89.57(9) Pd2-N61-N62 119.8(2)
N21-Pd2-N61 178.61(9) Ag2-N62-N61 121.6(2)


Figure 2. Ag···Ag contact between molecules of 1 related by the center of
symmetry.


Figure 3. Au···Au contact between molecules of [Pd2Au2(m-pz)6] (2) relat-
ed by the center of symmetry.


Table 2. Selected bond lengths [O] and angles [8] for [Pd2Ag2(m-pz)6] (1).


Ag1···Pd1 3.460(1) Ag2···Pd1 3.4209(9)
Ag1···Pd2 3.439(1) Ag2···Pd2 3.399(1)
Ag2···Ag2* 2.995(2) Pd1···Pd2 3.4232(8)
Ag1�N32 2.099(7) Pd1�N31 2.025(8)
Ag1�N52 2.085(7) Pd1�N41 1.999(7)
Ag2�N42 2.082(9) Pd2�N11 2.012(8)
Ag2�N62 2.100(8) Pd2�N21 2.010(7)
Pd1�N12 1.999(8) Pd2�N51 2.023(8)
Pd1�N22 2.025(7) Pd2�N61 1.993(8)
N32-Ag1-N52 176.4(3) N21-Pd2-N61 178.7(3)
Ag2-Ag2-N42 110.6(2) N51-Pd2-N61 91.0(3)
Ag2-Ag2-N62 79.0(2) Pd2-N11-N12 121.0(5)
N42-Ag2-N62 170.3(3) Pd1-N12-N11 120.1(6)
N12-Pd1-N22 90.3(3) Pd2-N21-N22 121.6(5)
N12-Pd1-N31 176.6(3) Pd1-N22-N21 119.3(5)
N12-Pd1-N41 87.7(3) Pd1-N31-N32 122.1(5)
N22-Pd1-N31 91.6(3) Ag1-N32-N31 119.7(5)
N22-Pd1-N41 177.9(3) Pd1-N41-N42 119.9(6)
N31-Pd1-N41 90.5(3) Ag2-N42-N41 120.0(5)
N11-Pd2-N21 90.4(3) Pd2-N51-N52 120.2(5)
N11-Pd2-N51 179.0(3) Ag1-N52-N51 120.4(6)
N11-Pd2-N61 88.5(3) Pd2-N61-N62 120.9(6)
N21-Pd2-N51 90.1(3) Ag2-N62-N61 118.4(5)
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the different orientation of the substituent groups on the
pyrazolate bridges between the two Pd atoms. The X-ray
structural analysis disclosed that the product (4a) obtained
from the reaction of HT-[Pd2(m-3-tBupz)2ACHTUNGTRENNUNG(3-tBupz)2 ACHTUNGTRENNUNG(3-
tBupzH)2] with [AuCl ACHTUNGTRENNUNG(tht)] was the HT isomer, in which the
bridging nature of the Pd(m-3-tBupz)2Pd moiety has been re-
tained (Figure 4). The complex molecule 4a has an approxi-
mate twofold axis passing through the midpoints of the
Pd1···Pd2 and Au1···Au2 contacts. Although the structural
parameters of 4a are not suitable for a detailed comparison
owing to their large standard deviations, there may be a ten-
dency, due to the bulkiness of the substituent group, that the
Pd�N distances in the Pd···Pd bridges close to the tert-butyl
group (Pd1�N22 and Pd2�N12) are longer than the average


Pd�N distances in the Pd···Au bridges, while the Pd�N dis-
tances in the Pd···Pd bridges far from the tert-butyl group
(Pd1�N11 and Pd2�N21) are shorter than the average Pd�
N distances in the Pd···Au bridges (Table 4).


The molecular structure of the HH isomer 4b, obtained
by isomerization of 4a, is illustrated in Figure 5. The com-
plex molecule has an idealized mirror plane defined by two
Pd atoms and the midpoint of the Au···Au contact, which is


Table 3. Selected bond lengths [O] and angles [8] for [Pd2Au2(m-
pz)6]2·3 CH3CN·H2O ((2)2·3 CH3CN·H2O).


Au1···Au3* 3.4050(7) Au3···Pd4 3.396(1)
Au1···Pd1 3.421(1) Au4···Au4* 3.181(1)
Au1···Pd2 3.444(1) Au4···Pd3 3.358(1)
Au2···Au2* 3.154(1) Au4···Pd4 3.434(1)
Au2···Pd1 3.421(1) Pd1···Pd2 3.363(1)
Au2···Pd2 3.352(1) Pd3···Pd4 3.362(1)
Au3···Pd3 3.465(1)
Au1�N32 2.01(1) Pd2�N11 2.02(1)
Au1�N52 2.01(1) Pd2�N21 2.00(1)
Au2�N42 2.01(1) Pd2�N51 2.03(1)
Au2�N62 2.00(1) Pd2�N61 2.00(1)
Au3�N92 1.98(1) Pd3�N72 1.99(1)
Au3�N112 1.99(1) Pd3�N82 2.02(1)
Au4�N102 1.99(1) Pd3�N91 2.03(1)
Au4�N122 1.99(1) Pd3�N101 2.00(1)
Pd1�N12 2.00(1) Pd4�N71 2.01(1)
Pd1�N22 2.00(1) Pd4�N81 2.01(1)
Pd1�N31 2.00(1) Pd4�N111 2.01(1)
Pd1�N41 2.01(1) Pd4�N121 2.01(1)
N32-Au1-N52 176.3(5) N71-Pd4-N121 91.6(5)
Au2-Au2-N42 93.3(3) N81-Pd4-N111 90.9(4)
Au2-Au2-N62 93.8(3) N81-Pd4-N121 176.9(5)
N42-Au2-N62 172.7(5) N111-Pd4-N121 89.8(5)
N92-Au3-N112 177.3(4) Pd2-N11-N12 118.5(8)
Au4-Au4-N102 94.8(3) Pd1-N12-N11 121.2(8)
Au4-Au4-N122 92.5(3) Pd2-N21-N22 120.6(8)
N102-Au4-N122 172.5(5) Pd1-N22-N21 119.0(7)
N12-Pd1-N22 87.5(4) Pd1-N31-N32 122.0(8)
N12-Pd1-N31 177.5(4) Au1-N32-N31 119.0(8)
N12-Pd1-N41 93.3(4) Pd1-N41-N42 119.9(8)
N22-Pd1-N31 90.1(4) Au2-N42-N41 120.5(8)
N22-Pd1-N41 177.7(4) Pd2-N51-N52 122.0(7)
N31-Pd1-N41 89.1(4) Au1-N52-N51 120.5(8)
N11-Pd2-N21 88.7(4) Pd2-N61-N62 119.8(8)
N11-Pd2-N51 177.7(4) Au2-N62-N61 118.9(8)
N11-Pd2-N61 89.7(4) Pd4-N71-N72 120.7(8)
N21-Pd2-N51 92.1(4) Pd3-N72-N71 119.3(9)
N21-Pd2-N61 178.4(4) Pd4-N81-N82 120.0(8)
N51-Pd2-N61 89.4(4) Pd3-N82-N81 120.5(8)
N72-Pd3-N82 88.1(4) Pd3-N91-N92 121.4(8)
N72-Pd3-N91 176.2(5) Au3-N92-N91 121.5(8)
N72-Pd3-N101 90.1(4) Pd3-N101-N102 119.1(9)
N82-Pd3-N91 93.4(4) Au4-N102-N101 118.9(8)
N82-Pd3-N101 178.1(4) Pd4-N111-N112 120.7(8)
N91-Pd3-N101 88.5(4) Au3-N112-N111 120.2(8)
N71-Pd4-N81 87.7(4) Pd4-N121-N122 119.8(9)
N71-Pd4-N111 178.4(5) Au4-N122-N121 121.5(9)


Figure 4. Molecular structure of the head-to-tail isomer of [Pd2Au2(m-3-
tBupz)6] (4a) with the atom numbering scheme (50 % probability ellip-
soids). Methyl carbon atoms in the tert-butyl groups have been omitted
for clarity.


Table 4. Selected bond lengths [O] and angles [8] for HT-[Pd2Au2(m-3-
tBupz)6]·CH3CN (4a·CH3CN).


Au1···Pd1 3.474(2) Au2··Pd2 3.457(2)
Au1··Pd2 3.392(2) Pd1··Pd2 3.229(3)
Au2··Pd1 3.357(2)
Au1�N32 2.00(2) Pd1�N31 2.02(3)
Au1�N52 2.04(2) Pd1�N41 2.04(2)
Au2�N42 2.03(2) Pd2�N12 2.06(2)
Au2�N62 2.01(2) Pd2�N21 1.97(2)
Pd1�N11 1.98(2) Pd2�N51 2.02(2)
Pd1�N22 2.04(2) Pd2�N61 2.02(2)
N32-Au1-N52 177(1) N51-Pd2-N61 88.6(9)
N42-Au2-N62 174.6(9) Pd1-N11-N12 122(2)
N11-Pd1-N22 88.1(8) Pd2-N12-N11 112(2)
N11-Pd1-N31 173(1) Pd2-N21-N22 123(1)
N11-Pd1-N41 90.3(9) Pd1-N22-N21 112(1)
N22-Pd1-N31 95.8(9) Pd1-N31-N32 129(2)
N22-Pd1-N41 175.0(9) Au1-N32-N31 115(2)
N31-Pd1-N41 86.4(9) Pd1-N41-N42 122(2)
N12-Pd2-N21 87.3(9) Au2-N42-N41 117(2)
N12-Pd2-N51 170.5(9) Pd2-N51-N52 123(2)
N12-Pd2-N61 96.1(9) Au1-N52-N51 116(2)
N21-Pd2-N51 88.6(9) Pd2-N61-N62 126(2)
N21-Pd2-N61 175(1) Au2-N62-N61 118(2)
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consistent with the observation of the existence of three in-
equivalent 3-tBupz ligands by 1H NMR spectroscopy. The
structure of 4b is very similar to that of HH-[Pd2Ag2(m-3-
tBupz)6],[9] although 4b crystallizes with one molecule of
CH3CN while HH-[Pd2Ag2(m-3-tBupz)6] crystallizes with
two; the crystals 4b·CH3CN and HH-[Pd2Ag2(m-3-
tBupz)6]·2 CH3CN are not isomorphous. The average Au�N
distance in 4b (2.023 O) is 0.09 O shorter than the average
Ag�N distance in HH-[Pd2Ag2(m-3-tBupz)6] (2.111 O;
Table 5). Similarly to the cases of 4a and HH-[Pd2Ag2(m-3-


tBupz)6], an elongation of the Pd�N distances in the Pd···Pd
bridges close to tert-butyl group was observed for 4b due to
the bulkiness of the substituent group; the Pd1�N12
(2.044(6) O) and Pd1�N22 distances (2.047(5) O) are about
0.03 O longer than the average Pd�N distance (2.018 O) in
the Pd···Au bridges.


In connection with the mechanism of isomerization of
HH- and HT-[Pd2M’2(m-3-tBupz)6] (M’=Ag, Au), it may be
worthwhile to compare the geometry of the pyrazolate
bridges between the two Pd atoms. We define the terms “tilt
angle” as the angle between the two Pd planes (t) and the
“twist angle” as that of the two Pd planes about the Pd···Pd
axis (w), as shown in Scheme 4. Because two sites of each


Pd plane are directly connected by pyrazolate bridges, the
Pd···Pd distance and the tilt angle are affected primarily by
the M’�N (N�M’�N) distances. They are also affected by
the rotation of the Pd planes about the Pd···Pd axis and the
elongation of the Pd�N bond close to the tert-butyl group,
which release the strain of the Pd···Pd bridges. It is reasona-
ble that the Pd···Pd distance in 3b (3.3801(3) O) is longer
than that in 4b (3.268(1) O) and the tilt angle in 3b
(88.9(1)8) is larger than that in 4b (84.7(3)8) because the
Ag�N distances in 3b are about 0.1 O longer than the Au�
N distances in 4b. The longer Pd···Pd distance and the
larger tilt angle in 4b than in 4a are attributable to the
smaller twist angle in 4b. The structural parameters of these
three complexes (4a, 4b, and 3b) may imply that the rota-
tion of the Pd planes about the Pd···Pd axis is more restrict-
ed for the HH isomer than that for the HT isomer due to
the steric repulsion between the bulky substituent groups.
However, it is difficult to estimate the difference in the
degree of molecular strain between HH and HT isomers be-
cause the differences between the structural parameters of
the two isomers are small and their number is limited.


Isomerization : Two geometrical isomers (HT (4a) and HH
(4b)) arising from the relative orientation of the substituent


Figure 5. Molecular structure of the head-to-head isomer of [Pd2Au2(m-3-
tBupz)6] (4b) with the atom numbering scheme (50 % probability ellip-
soids). Methyl carbon atoms in the tert-butyl groups have been omitted
for clarity.


Table 5. Selected bond lengths [O] and angles [8] for HH-[Pd2Au2(m-3-
tBupz)6]·CH3CN (4b·CH3CN).


Au1···Pd1 3.5011(6) Au2···Pd2 3.3497(5)
Au1···Pd2 3.4123(5) Pd1···Pd2 3.2676(7)
Au2···Pd1 3.5386(2)
Au1�N32 2.013(6) Pd1�N31 2.014(5)
Au1�N52 2.029(6) Pd1�N41 2.029(6)
Au2�N42 2.014(6) Pd2�N11 1.997(6)
Au2�N62 2.036(6) Pd2�N21 1.998(5)
Pd1�N12 2.044(6) Pd2�N51 2.027(6)
Pd1�N22 2.047(5) Pd2�N61 2.003(6)
N32-Au1-N52 175.9(2) N51-Pd2-N61 90.8(3)
N42-Au2-N62 175.6(2) Pd2-N11-N12 123.3(4)
N12-Pd1-N22 88.0(2) Pd1-N12-N11 113.4(4)
N12-Pd1-N31 178.3(2) Pd2-N21-N22 122.8(4)
N12-Pd1-N41 93.1(2) Pd1-N22-N21 111.8(4)
N22-Pd1-N31 90.5(2) Pd1-N31-N32 125.7(4)
N22-Pd1-N41 176.7(2) Au1-N32-N31 118.4(4)
N31-Pd1-N41 88.5(2) Pd1-N41-N42 126.2(4)
N11-Pd2-N21 89.6(2) Au2-N42-N41 118.6(4)
N11-Pd2-N51 178.2(2) Pd2-N51-N52 123.8(4)
N11-Pd2-N61 88.3(2) Au1-N52-N51 116.9(4)
N21-Pd2-N51 91.1(2) Pd2-N61-N62 123.8(4)
N21-Pd2-N61 174.3(2) Au2-N62-N61 115.4(4)


Scheme 4. Technical terms used in the structural discussion.
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groups on the pyrazolate bridges between the two Pd atoms
have been isolated as major products for [Pd2Au2(m-3-
tBupz)6] out of several possible isomers even though the
precursor HT-[Pd2(m-3-tBupz)2ACHTUNGTRENNUNG(3-tBupz)2ACHTUNGTRENNUNG(3-tBupzH)2] does
not isomerize, even at elevated temperatures. It is also possi-
ble to isolate a similar pair of isomers for [Pd2Ag2(m-3-
tBupz)6] (HT (3a) and HH (3b)). Because 3b and 4a are
easier to isolate than 3a and 4b, isomerization reactions of
the former complexes were followed by 1H NMR spectro-
scopy. The spectral variations due to the isomerization of 3b
in CDCl3 at 40 8C and those of 4a in C6D6 at 50 8C are
shown in Figures 6 and 7, respectively. No species other
than 3a and 4b appear during the isomerization of 3b and
4a.


As the concentrations of 3b and 3a are proportional to
the relative values of the integrated intensities of their cor-


responding proton resonances, those of the H5 resonances at
specific time intervals are plotted against the time in
Figure 8. Similar to the isomerization of HH-[Pt2(en)2(a-
pyridonate)2]ACHTUNGTRENNUNG(NO3)2,


[15] the time-dependence of the disap-
pearance of 3b and the appearance of 3a (Figure 8) is best
fitted to the integrated form of a rate law [Eq. (1)] that de-
scribes a first-order approach to equilibrium [Eq. (2)]. Typi-
cal fits of the time-dependent change in the relative values
of the integrated intensities of 3b and 3a to Equations (3)
and (4) are given in the upper and lower traces, respectively,
in Figure 8. We define the rate of isomerization from the
HT to the HH isomer and that from the HH to the HT
isomer as k1 and k2, respectively.


�d½3 b�=dt ¼ d½3 a�=dt ¼ k2½3 b��k1½3 a� ð1Þ


3 b
k2


k1


�! �3 a ð2Þ


½3 b�t ¼ ½3 b�eq þ ð½3 b�0�½3 b�eqÞ½expð�ðk1 þ k2ÞtÞ� ð3Þ


½3 a�t ¼ ½3 a�eq½1�expð�ðk1 þ k2ÞtÞ� ð4Þ


The rate and equilibrium constants as functions of tem-
perature are summarized in Table 6. An Eyring plot of the
temperature-dependence of the rate constant, lnACHTUNGTRENNUNG(k/T) versus
1/T, revealed the activation parameters for the HHQHT iso-
merization of [Pd2Ag2(m-3-tBupz)6] to be DH�=


100(1) kJ mol�1 and DS�=0(3) J mol�1 K�1.
The relative values of the integrated intensities of the H4


resonances at specific time intervals are plotted against the
time for 4a and 4b in C6D6 at 50 8C in Figure 9. Similarly to
the isomerization of 3b, the time-dependence of the disap-


Figure 6. 1H NMR spectral variations due to the isomerization of HH-
[Pd2Ag2(m-3-tBupz)6] (3b) (initial concentration: 15.5 mm) in CDCl3:
a) 20 8C, before isomerization; b) 40 8C for 110 min; c) 40 8C for 780 min.
The arrows show new signals arising from the isomerization.


Figure 7. 1H NMR spectral variations due to the isomerization of HT-
[Pd2Au2(m-3-tBupz)6] (4a) (initial concentration: 14.6 mm) in C6D6:
a) 20 8C, before isomerization; b) 50 8C for 240 min; c) 50 8C for 900 min.
The arrows show new signals arising from the isomerization.


Figure 8. The variation with time of the relative value of the integrated
intensities of H5 in 3a (d=7.94 ppm) and 3b (d=7.82 ppm), which are
proportional to the concentration of 3a and 3b, in CDCl3 at 40 8C. The
solid lines are the calculated appearance of 3a, xt=xe[1�exp(�kobst)],
and disappearance of 3b, xt=xe+ (x0�xe)[exp(�kobst)], from a least-
squares fit to Equation (4), where kobs=1.143 > 10�4 s�1.
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pearance of 4a and the appearance of 4b is also best fit to
the integrated form of a rate law [Eq. (5)] that describes a
first-order approach to equilibrium [Eq. (6)]. Typical fits of
the time-dependent change in the relative values of the inte-


grated intensities of 4a and 4b to Equations (7) and (8) are
given in the upper and lower traces, respectively, in Figure 9.


�d½4 a�=dt ¼ d½4 b�=dt ¼ k1½4 a��k2½4 b� ð5Þ


4 a
k1


k2


�! �4 b ð6Þ


½4 a�t ¼ ½4 a�eq þ ð½4 a�0�½4 a�eqÞ½expð�ðk1 þ k2ÞtÞ� ð7Þ


½4 b�t ¼ ½4 b�eq½1�expð�ðk1 þ k2ÞtÞ� ð8Þ


The rate and equilibrium constants as functions of tem-
perature are summarized in Table 7. The kinetic measure-
ments made with 4b in C6D6 at 60 8C (run 9, Figure 10)
reveal that the k1 and k2 values are almost identical to those
obtained with 4a under the same conditions, thus showing
the validity of the assumption of equilibrium in Equation (6)
and therefore that in Equation (2). The rate of isomerization
is scarcely affected by the concentration of the complex
(runs 7 and 8) or by the presence of neutral bridging ligands
(run 10). An Eyring plot of the temperature-dependence of
the rate constant, lnACHTUNGTRENNUNG(k/T) versus 1/T, revealed the activation
parameters for the HHQHT isomerization of [Pd2Au2(m-3-
tBupz)6] to be DH�=112(5) kJ mol�1 and DS�=


20(17) J mol�1 K�1.


Table 6. Rate and equilibrium data for the HH (3b) Q HT (3a) isomerization of [Pd2Ag2(m-3-tBupz)6].


Run Solvent Init. conc. of 3b [mm] T [8C] Keq
[a] 105 kobs [s�1] 105 k1


[b] [s�1] 105 k2
[b] [s�1]


1 CDCl3 15.5 40 1.19 11.43(9)[c] 5.23 6.20
2 CDCl3 15.4 45 1.22 21.2(2)[c] 9.5 11.7
3 CDCl3 15.4 50 1.24 38.6(5)[c] 17.3 21.3
4 CDCl3 15.7 55 1.27 69.9(5)[c] 30.8 39.1
5 C6D6 15.5 50 1.35 32.4(3)[d] 13.8 18.6


[a] After each kinetics run the sample was incubated for approximately 20 half-lives at the specified temperature. Equilibrium constants were calculated
from the relative value of the integrated intensities. [b] k1 and k2 were calculated from the equations kobs=k1+k2 and Keq=k2/k1. [c] kobs for disappear-
ance of the HH isomer resonance at d=7.82 ppm and appearance of the HT isomer resonance at d=7.94 ppm were calculated from Equations (3) and
(4). [d] kobs for disappearance of the HH isomer resonance at d=6.27 ppm and appearance of the HT isomer resonance at d=6.36 ppm were calculated
from Equations (3) and (4).


Figure 9. The variation with time of the relative value of the integrated
intensities of H4 in 4a (d=5.81 ppm) and 4b (d=5.92 ppm), which are
proportional to the concentration of 4a and 4b, in C6D6 at 50 8C. The
solid lines are the calculated appearance of 4b, xt=xe[1�exp(�kobst)],
and disappearance of 4a, xt=xe+ (x0�xe)[exp(�kobst)] from a least-
squares fit to Equation (8), where kobs=4.78 > 10�5 s�1.


Table 7. Rate and equilibrium data for the HT (4a) Q HH (4b) isomerization of [Pd2Au2(m-3-tBupz)6]


Run Solvent Init. conc. of 4a [mm] T [8C] Keq
[a] 105 kobs [s�1] 105 k1


[b] [s�1] 105 k2
[b] [s�1]


1 C6D6 14.6 50 0.36 4.78(8)[c] 1.26 3.52
2 C6D6 14.5 55 0.36 10.4(2)[c] 2.8 7.6
3 C6D6 15.2 60 0.36 17.7(3)[c] 4.7 13.0
4 C6D6 15.1 65 0.36 33.0(7)[c] 8.7 24.3
5 CDCl3 11.5 50 0.36 7.2(1)[d] 1.9 5.3
6 CDCl3 13.1 55 0.36 10.3(3)[d] 2.7 7.6
7 C6D6 4.0 60 0.36 15.6(4)[c] 4.1 11.5
8 C6D6 60.0 60 0.36 16.04(9)[c] 4.26 11.78
9 C6D6 6.6[e] 60 0.36 17.3(2)[f] 4.6 12.7
10 C6D6 14.5 60 0.36 17.9(3)[c, g] 4.7[g] 13.2[g]


[a] After each kinetics run the sample was incubated for approximately 20 half-lives at the specified temperature. Equilibrium constants were calculated
from the relative value of the integrated intensities. [b] k1 and k2 were calculated from the equations kobs=k1+k2 and Keq=k1/k2. [c] kobs for disappear-
ance of the HT isomer resonance at d=5.81 ppm and appearance of the HH isomer resonance at d=5.92 ppm were calculated from Equations (7) and
(8). [d] kobs for disappearance of the HT isomer resonance at d=5.68 ppm and appearance of the HH isomer resonance at d=5.75 ppm were calculated
from Equations (7) and (8). [e] Initial concentration of 4b (mm). [f] kobs for appearance of the HT isomer resonance at d=5.81 ppm and disappear-
ance of the HH isomer resonance at d=5.92 ppm were calculated from Equations (7’) and (8’). {�d[4b]/dt=d[4a]/dt=k2[4b]�k1[4a] (5’), 4b


k2


k1


�! �4a (6’),
[4b]t= [4b]eq+ ([4b]0�[4b]eq)[exp(�(k1+k2)t] (7’), [4a]t= [4a]eq[1�exp(�(k1+k2)t)] (8’)}. [g] Rate in the presence of 2.1 equivalents of 3-tBupzH.
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A comparison of Tables 6 and 7 revealed that the concen-
tration of the HT isomer is higher than that of the HH
isomer at equilibrium for both [Pd2Ag2(m-3-tBupz)6] and
[Pd2Au2(m-3-tBupz)6]. The rate of isomerization from 3a to
3b is about 10 times faster than that of 4a to 4b, while that
of 3b to 3a is about five times faster than that of 4b to 4a.
It is very interesting to note that the rate of isomerization is
affected by the nature of the heterometal ions (AgI and
AuI), although there is no apparent bonding interaction
among these ions and the bridging ligands that participate in
the isomerization reaction. The reason why the isomeriza-
tion of [Pd2Ag2(m-3-tBupz)6], which contains more-labile
AgI ions, is faster than that of [Pd2Au2(m-3-tBupz)6] is un-
clear at this stage.[24] It is also difficult to explain the differ-
ence between the equilibrium constants, Keq, in [Pd2Ag2(m-3-
tBupz)6] and [Pd2Au2(m-3-tBupz)6].


The mechanism of the HHQHT isomerization in
[Pt2(en)2(a-pyridonate)2] ACHTUNGTRENNUNG(NO3)2 is considered to be dissocia-
tive due to several reasons: i) the large enthalpy (DH�=


114(5) kJ mol�1) and the small positive entropy (DS�=


40(10) J mol�1 K�1), ii) an addition of a better nucleophile to
the solution does not affect the rate of isomerization, and
iii) the rate of isomerization is accelerated in sterically more
hindered [Pt2(en)2(a-pyridonate)2]ACHTUNGTRENNUNG(NO3)2 than sterically less
hindered [Pt2ACHTUNGTRENNUNG(NH3)4(a-pyridonate)2]ACHTUNGTRENNUNG(NO3)2.


[15] In the
HHQHT isomerization of [Pd2Ag2(m-3-tBupz)6] and
[Pd2Au2(m-3-tBupz)6], a large enthalpy and small positive
entropy were also observed and the rate of isomerization
was little affected by the nature of the solvent (CDCl3 or
C6D6). The presence of neutral bridging ligands also does
not affect the rate of isomerization, which strongly suggests
that the isomerization is an intramolecular exchange reac-
tion. It is thus reasonable to consider that the mechanism of
the HHQHT isomerization in [Pd2Ag2(m-3-tBupz)6] and
[Pd2Au2(m-3-tBupz)6] is dissociative.[24]


Conclusion


The heteropolynuclear complexes [Pd2M’2(L)6] (M’I=AgI,
AuI; L=pz, 3-tBupz) have been synthesized and structurally
characterized. An intermolecular Ag···Ag or Au···Au contact
between adjacent complex molecules is found in some crys-
tal structures of [Pd2M’2(pz)6]. When 3-tert-butylpyrazolate
is employed as a bridging ligand, two linkage isomers (HT
and HH) arise from the difference in orientation of the sub-
stituent groups on the pyrazolate bridges between the two
Pd atoms; they are in equilibrium in solution. This isomeri-
zation occurs only at the Pd···Pd bridges—the ligands at the
Pd···Ag and Pd···Au bridges apparently do not participate in
the isomerization. However, the rate of isomerization is af-
fected by the nature of the heterometal ions (AgI and AuI)
present.


Experimental Section


Materials : [PdCl2 ACHTUNGTRENNUNG(CH3CN)2],[17] [Pd ACHTUNGTRENNUNG(pzH)4]Cl2,
[9] [AuClACHTUNGTRENNUNG(tht)] (tht= tetra-


hydrothiophene),[18] 3-tert-butylpyrazole (3-tBupzH),[19] and HT-[Pd2(m-3-
tBupz)2ACHTUNGTRENNUNG(3-tBupz)2ACHTUNGTRENNUNG(3-tBupzH)2]


[9] were prepared by literature methods.
All other commercially available reagents were used as purchased.


Preparation of complexes: [Pd2Ag2 ACHTUNGTRENNUNG(m-pz)6] (1): Method A : An acetoni-
trile solution (10 mL) of AgPF6 (281 mg, 1.11 mmol) was added to a solu-
tion of [Pd ACHTUNGTRENNUNG(pzH)4]Cl2 (136 mg, 0.30 mmol) in acetonitrile (40 mL) and
the resulting solution was stirred for 1 h at 20 8C. The AgCl formed was
then filtered off. A solution of Et3N (156 mg, 1.54 mmol) in acetonitrile
(30 mL) was added to the filtrate and the solution was stirred for 2 h at
20 8C. After filtration, the filtrate was concentrated under air. The color-
less crystals formed, which contain solvent of crystallization, were collect-
ed and washed with acetonitrile. The mother liquid was further concen-
trated to dryness. The residue was washed with water and diethyl ether
to afford a colorless powder. The crystals and powder were then dried in
vacuo. Yield: 77 mg (62 %). Elemental analysis calcd (%) for
C18H18Ag2N12Pd2: C 26.02, H 2.18, N 20.23; found: C 26.07, H 1.91, N
20.35; 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=5.93 (t, 2 H; H4), 6.29
(t, 4H; H4), 6.90 (d, 4H; H3 and H5), 7.36 (d, 4H; H3 or H5), 7.85 ppm
(d, 4 H, H3 or H5).


Method B : A solution of AgPF6 (461 mg, 1.82 mmol) in acetonitrile
(10 mL) was added to a suspension of [PdCl2 ACHTUNGTRENNUNG(CH3CN)2] (105 mg,
0.41 mmol) in acetonitrile (30 mL). The suspension was stirred for 1 h at
20 8C and the resulting AgCl was then filtered off. A solution of Et3N
(193 mg, 1.91 mmol) and pzH (110 mg, 1.61 mmol) in acetonitrile
(10 mL) was added to the filtrate, and the solution was stirred for 2 h at
20 8C. After filtration, the filtrate was concentrated under air. The color-
less crystals with no solvent of crystallization were collected, washed with
acetonitrile, and dried in vacuo. Yield: 34 mg (20 %).


ACHTUNGTRENNUNG[Pd2Au2ACHTUNGTRENNUNG(m-pz)6] (2): A solution containing [Pd ACHTUNGTRENNUNG(pzH)4]Cl2 (98 mg,
0.22 mmol), [AuClACHTUNGTRENNUNG(tht)] (134 mg, 0.42 mmol), and Et3N (127 mg,
1.25 mmol) in acetonitrile (40 mL) was stirred for 1 h at 20 8C. After fil-
tration, the filtrate was concentrated under air. The colorless crystals
were collected, washed with acetonitrile, and dried in vacuo. Yield:
45 mg (41 %). Elemental analysis calcd (%) for C18H18Au2N12Pd2: C
21.42, H 1.80, N 16.65; found: C 21.46, H 1.66, N 16.65; 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d=5.98 (t, 2H; H4), 6.29 (t, 4 H; H4),
7.02 (d, 4 H; H3 and H5), 7.33 (d, 4H; H3 or H5), 7.80 ppm (d, 4 H; H3 or
H5).


HT-[Pd2Ag2(m-3-tBupz)6] (3a): Et3N (94 mg, 0.93 mmol) and a solution
of AgPF6 (79 mg, 0.31 mmol) in acetonitrile (5 mL) were added to a sus-
pension of HT-[Pd2(m-3-tBupz)2ACHTUNGTRENNUNG(3-tBupz)2ACHTUNGTRENNUNG(3-tBupzH)2] (139 mg,
0.15 mmol) in acetonitrile (50 mL), and the suspension was stirred for
30 min at 25 8C to give a clear solution. After filtration, the filtrate was


Figure 10. The variation with time of the relative value of the integrated
intensities of H4 in 4a (d=5.81 ppm) and 4b (d=5.92 ppm), which are
proportional to the concentration of 4a and 4b, in C6D6 at 60 8C. The
solid lines are the calculated appearance of 4a, xt=xe[1�exp(�kobst)],
and disappearance of 4b, xt=xe+ (x0�xe)[exp(�kobst)] from a least-
squares fit to Equation (8’) (see footnote to Table 7) where kobs=1.73 >
10�4 s�1.
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concentrated under air. The crystals, which contained a small amount of
HH isomer (3b), were collected, washed with acetonitrile, and dried in
air. Total yield: 101 mg (59 %). An attempt to isolate pure 3a was unsuc-
cessful because isomerization occurs in solution even at room tempera-
ture.


HT-[Pd2Au2(m-3-tBupz)6] (4a): [AuCl ACHTUNGTRENNUNG(tht)] (66 mg, 0.21 mmol) and a so-
ACHTUNGTRENNUNGlution of Et3N (109 mg, 1.08 mmol) acetonitrile (5 mL) were added to a
suspension of HT-[Pd2(m-3-tBupz)2ACHTUNGTRENNUNG(3-tBupz)2ACHTUNGTRENNUNG(3-tBupzH)2] (98 mg,
0.10 mmol) in acetonitrile (15 mL), and the suspension was stirred for 1 h
at 25 8C to give a clear solution. After filtration, the filtrate was concen-
trated under air. The crystals were collected, washed with acetonitrile,
and dried in vacuo. Yield: 101 mg (75 %). Elemental analysis calcd (%)
for C42H66Au2N12Pd2: C 37.48, H 4.94, N 12.49; found: C 37.93, H 4.75, N
12.74; 1H NMR (400 MHz, [D6]benzene, 25 8C; dC6H6


=7.20 ppm): d=1.38
(s, 18H; tBu), 1.45 (s, 18H; tBu), 1.49 (s, 18 H; tBu), 5.81 (d, 2H; H4),
6.18 (d, 2 H; H4), 6.27 (d, 2 H; H4), 6.96 (d, 2H; H5), 7.73 (d, 2H; H5),
7.80 ppm (d, 2H; H5).


HH-[Pd2Au2(m-3-tBupz)6] (4b): A solution of 4a (51 mg, 0.038 mmol) in
benzene (2 mL) was heated for 2 h at 70 8C. The solution was then
loaded onto a preparative TLC plate. The solvent was allowed to evapo-
rate, and product separation was achieved with hexane/CH2Cl2 (1:1) as
eluent. The minor band was extracted with CH2Cl2/CH3OH (10:1) (3 >
30 mL), and the mixture was filtered through Celite. The filtrate was
evaporated to dryness, and the residue was dried in vacuo. Crystals suita-
ble for X-ray structural analysis were obtained by recrystallization from
CH3CN. Yield: 6 mg (12 %). 1H NMR (400 MHz, [D6]benzene, 25 8C;
dC6H6


=7.20 ppm): d=1.38 (s, 18H; tBu), 1.45 (s, 18H; tBu), 1.49 (s, 18 H;
tBu), 5.92 (d, 2H; H4), 6.12 (d, 2 H; H4), 6.22 (d, 2H; H4), 7.07 (d, 2 H;
H5), 7.64 (d, 2H; H5), 7.66 ppm (d, 2 H; H5).


Kinetic measurements : Because pure samples of the HH isomer of
[Pd2Ag2(m-3-tBupz)6] (3b) and the HT isomer of [Pd2Au2(m-3-tBupz)6]
(4a) are more easily obtained than 3a and 4b, the kinetic experiments
were mainly carried out with 3b in CDCl3 and 4a in C6D6. To confirm
that the equilibrium condition can be assumed in the rate law, the kinetic
experiments were also carried out for 4b at 60 8C. Before the sample so-
ACHTUNGTRENNUNGlution was placed into the NMR cell compartment, the desired tempera-


ture was achieved. 1H NMR spectra were recorded at a specific time in-
terval (10–30 min, depending on the rate of reaction). No sign of decom-
position other than isomerization was observed for 3b and 4a during the
kinetic runs on the basis of their 1H NMR spectra. The intensity changes
of the H5 resonances of the pyrazolate ligands (d=7.94 (3a), 7.82 ppm
(3b)) were followed for [Pd2Ag2(m-3-tBupz)6] in CDCl3, while those of
the H4 resonances (d=5.81 ppm (4a), 5.92 ppm (4b)) were followed for
[Pd2Au2(m-3-tBupz)6] in C6D6. The integrated peak areas at given times
were fit to rate equations by using a nonlinear least-squares program and
unit weights.


Equilibrium measurements : After each kinetic run samples were incubat-
ed for approximately 20 half-lives at the specified temperature, following
which time a spectrum of the system at equilibrium was measured. Equi-
librium constants were calculated from the integrated peak areas.


X-ray structural determinations : Crystals suitable for X-ray structural
analysis were obtained directly from the reaction mixture. The crystal of
1 was mounted on a glass fiber, while the crystals of 1·3CH3CN,
(2)2·3 CH3CN·H2O, 4a·CH3CN, and 4b·CH3CN were sealed in thin-walled
glass capillaries. Intensity data were collected on a Quantum CCD area
detector coupled with a Rigaku AFC7S diffractometer equipped with a
graphite-monochromated MoKa radiation source (l=0.71069 O) at 295–
297 K. Final cell parameters were obtained from a least-squares analysis
of reflections with I>10s(I). The data were corrected for Lorentz and
polarization effects. An empirical absorption correction was also ap-
plied.[20]


The crystal structures of 1·3 CH3CN and (2)2·3CH3CN·H2O were solved
by direct methods (SIR92).[21] Those of 1, 4a·CH3CN, and 4b·CH3CN
were solved by the heavy-atom method with DIRDIF.[22] The positional
and thermal parameters of non-H atoms were refined anisotropically by
the full-matrix least-squares method, except for 4a·CH3CN, whose Au
and Pd atoms were refined anisotropically and N and C atoms isotropi-
cally by the full-matrix least-squares method. The minimized function
was �w(F2


o�F2
c)


2, where w�1=s2(F2
o)+ (p(Max(F2


o, 0)+2F2
c)/3)2 (p=0.05


for 1 and 4a·CH3CN, 0.053 for 1·3 CH3CN, 0.18 for (2)2·3CH3CN·H2O,
and 0.10 for 4b·CH3CN). Hydrogen atoms were included at calculated
positions with fixed displacement parameters (1.2-times the displacement


Table 8. Crystallographic data for [Pd2Ag2(m-pz)6]·3CH3CN (1·3 CH3CN), [Pd2Ag2(m-pz)6] (1), [Pd2Au2(m-pz)6]2·3CH3CN·H2O ((2)2·3 CH3CN·H2O), HT-
[Pd2Au2(m-3-tBupz)6]·CH3CN (4a·CH3CN), and HH-[Pd2Au2(m-3-tBupz)6]·CH3CN (4b·CH3CN).


1·3CH3CN 1 (2)2·3CH3CN·H2O 4a·CH3CN 4b·CH3CN


formula C24H27Ag2N15Pd2 C18H18Ag2N12Pd2 C42H47Au4N27OPd4 C44H69Au2N13Pd2 C44H69Au2N13Pd2


Fw 954.11 830.96 2159.48 1386.85 1386.85
T [K] 296 295 296 297 296
l [O] 0.71069 0.71069 0.71069 0.71069 0.71069
crystal systems triclinic triclinic triclinic monoclinic triclinic
space group P1̄ (no. 2) P1̄ (no. 2) P1̄ (no. 2) P21/a (no. 14) P1̄ (no. 2)
a [O] 9.0173(3) 9.564(3) 13.843(1) 10.847(3) 12.935(1)
b [O] 9.8703(6) 11.451(7) 15.019(3) 45.792(2) 13.833(2)
c [O] 19.056(1) 11.763(5) 16.083(3) 11.322(3) 15.991(1)
a [8] 75.648(1) 66.576(4) 70.239(1) 90 82.672(3)
b [8] 86.6057(9) 82.541(8) 88.106(2) 111.165(1) 73.736(1)
g [8] 77.3296(6) 87.38(2) 69.603(5) 90 69.736(1)
V [O3] 1603.0(1) 1172.1(9) 2935.9(9) 5244(1) 2575.3(5)
Z 2 2 2 4 2
1calcd [gcm�3] 1.977 2.354 2.443 1.756 1.788
crystal size [mm] 0.80 > 0.35 > 0.15 0.60 > 0.40 > 0.15 0.30 > 0.20 > 0.06 0.60 > 0.40 > 0.30 0.35 > 0.20 > 0.20
2qmax [8] 55.0 55.56 55.04 55.14 55.04
m(MoKa) [mm�1] 2.347 3.186 11.243 6.315 6.429
rflns collected 13711 9450 25294 9683 22092
no. of unique rflns 6784 (Rint=0.016) 4927 (Rint=0.056) 12503 (Rint=0.041) 5819 (Rint=0.053) 10873 (Rint=0.024)
data/restraints/params. 6780/0/388 4178/0/307 12503/0/703 5063/0/265 10873/0/550
final R indices[a] R1=0.027 [I>2s(I)] R1=0.067 [I>3s(I)] R1=0.068 [I>2s(I)] R1=0.088 [I>3s(I)] R1=0.037 [I>2s(I)]
R indices[b,c] R=0.048,[d] Rw=0.074[d] R=0.121, Rw=0.191 R=0.144,[d] Rw=0.202[d] R=0.125, Rw=0.297 R=0.065,[d] Rw=0.133[d]


goodness-of-fit on F2 0.98 2.70 0.87 4.34 1.02
largest diff. peak/hole [eO�3] 0.75/�0.99 2.79/�2.24 4.03/�4.11 1.41/�2.24 1.93/�2.24


[a] R1=� j jFo j� jFc j j /� jFo j . [b] R=�(F2
o�F2


c)/�F2
o. [c] Rw= [�{w(F2


o�F2
c)


2}/�{w(F2
o)


2}]1/2. [d] All data.
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parameters of the host atom). In the final cycle of the refinement, param-
eter shifts were less than 0.1s. No correction was made for secondary ex-
tinction.


All calculations were performed by using teXsan.[23] Further crystallo-
graphic data are given in Table 8. Selected bond distances and angles are
listed in Tables 1, 2, 3, 4, and 5.


CCDC-281777, CCDC-281778, CCDC-281779, CCDC-281780, and
CCDC-281781 contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Introduction


The substantial interest in the excited-state properties of
transition-metal polypyridine complexes, in particular those
that contain d6 metals such as ruthenium, is largely motivat-
ed by their central role in addressing a wide variety of fun-
damental questions concerning the mechanisms of inter and
intramolecular energy and electron transfer, charge localiza-
tion, supramolecular chemistry, and inorganic light-harvest-
ing.[1–9] Furthermore, interesting application possibilities
arise from their potential use in photovoltaic devices such as
dye-sensitized solar cells, optical data storage media, or in
molecular devices.[10–13]


The generally accepted frame in which the excited-state
properties of transition-metal polypyridine complexes are
explained, exploits a very rapid light-induced population of
the lowest-lying excited triplet state. The process of intersys-
tem-crossing (ISC) from the originally excited singlet state


Abstract: A detailed study on the ex-
cited-state-excitation migration taking
place within the tetranuclear complex
[{(tbbpy)2RuACHTUNGTRENNUNG(tmbi)}2{Pd ACHTUNGTRENNUNG(allyl)}2] ACHTUNGTRENNUNG(PF6)2
(tbbpy = 4,4’-di-tert-butyl-2,2’-bipyri-
dine and tmbi = 5,6,5’,6’-tetramethyl-
2,2’-bibenzimidazolate) is presented.
The charge transfer is initiated by the
photoexcitation into the lowest metal-
to-ligand charge-transfer (MLCT) band
of one of the peripheral ruthenium(ii)
chromophores and terminates on the
central structurally complex Pd2


II-
ACHTUNGTRENNUNG(allyl)2 subunit. Thus, the system under
investigation can be thought of as a
functional model for the photosynthesis
reaction center in plants. The kinetic


steps involved in the overall process
are inferred from femtosecond time-re-
solved transient-grating kinetics record-
ed at spectral positions within the re-
gions of ground-state bleach and transi-
ent absorption. The kinetics features a
complex non-exponential time behav-
ior and can be fitted to a bi-exponen-
tial rise (t1�200 fs, t2�1.5 ps) and a
mono- or bi-exponential decay, de-


pending on the experimental situation.
The data leads to the formulation of a
model for the intramolecular excita-
tion-hopping ascribing intersystem
crossing and subsequent cooling as the
two fastest observed processes. Follow-
ing these initial steps, charge transfer
from the ruthenium to the central com-
plex Pd2ACHTUNGTRENNUNG(allyl)2 moiety is observed with
a characteristic time constant of 50 ps.
A 220-ps component that is observed
in the ground-state recovery only is at-
tributed to excitation equilibration be-
tween the two identical Pd ACHTUNGTRENNUNG(allyl) chro-
mophores.
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ing antenna · electron transfer ·
femtochemistry · heterometallic
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(1MLCT) to the lowest-lying metal-to-ligand charge-transfer
triplet state (3MLCT) can be extremely fast and was found
to be in the order of 100 fs in [Ru ACHTUNGTRENNUNG(bpy)3]


2+ (bpy = 2,2’-bi-
pyridine).[14] Despite being a spin-forbidden process, ISC
proceeds in this complex quite often with unitary efficiency
and in conjunction with spin-allowed processes such as inter-
nal conversion (IC) and intramolecular vibrational energy
redistribution (IVR).[14–17] The ultrafast intersystem-crossing
is due to the pronounced heavy-atom effect caused by the
central transition-metal ion, that induces strong spin–orbit
coupling, and a relatively large number of unoccupied excit-
ed states that are available for excitation.[14,18,19] All subse-
quent photophysics following the ultrafast ISC is usually dis-
cussed starting from the 3MLCT state. However, important
exceptions to the picture outlined above have been recently
found; arguments have been put forward suggesting that the
ISC might not proceed with unitary efficiency and is influ-
enced by the surrounding solvent.[20] Schepp and co-workers
present observations of a distinct three-state excited-state
relaxation involving a singlet, a triplet, and furthermore, a
state with mixed singlet–triplet character upon promoting
the system into high-lying excited states by applying a wide
range of excitation energies.[20d] The experiments presented
in the following however are restricted to excitation of the
complexes into the long-wavelength side of the MLCT ab-
sorption band. Therefore, we do not expect the higher-lying
excited state manifold to influence our measurements.


Another important deviation from the generally accepted
picture of the photophysics of ruthenium complexes was
found by Sundstrøm and co-workers;[21] they report on light-
induced processes in a multicenter Ru–Os complex, in
which the ISC within the photoexcited ruthenium subunit
competes with an extremely rapid (<60 fs) singlet–singlet
Ru-to-Os energy transfer. Similar results were recently ob-
tained by Campagna and co-workers.[22]


Despite these exceptions, it can be assumed that the pho-
tophysical behavior of supramolecular devices based on
transition-metal polypyridine subunits originates in most
cases from a rapidly populated 3MLCT state.[15–23] The issue
of intramolecular charge and energy transfer from one subu-
nit of the system to another is of particular interest in sys-
tems that are designed to serve as metal-based light-harvest-
ing antennas.[24–28] Such systems containing more than one
metal ion connected through covalently bound extended ar-
omatic bridges can be basically described as independent
centers between which charge transfer occurs.[29–30] This find-
ing leads to the intuitive idea of the aromatic bridges as
“molecular wires”.[31,32]


Whereas most of current discussion focuses on the investi-
gation of inter and intramolecular-electron and energy-
transfer phenomena in ruthenium and osmium com-
plexes[23,24,33,34] only limited data on heterooligonuclear com-
plexes containing potentially reactive additional metal cen-
ters are available.[31,35, 36] For a future implementation of
photoredox processes it is in our view however extremely
important to use auxiliary metal centers with extensively
tunable redox properties to allow a much more widespread


applicability of this concept. We will focus our investigation
on a tetranuclear ruthenium–palladium complex [{bis ACHTUNGTRENNUNG[bis-
(4,4’-di-tert-butyl-2,2’-bipyridine)ruthenium(ii)-(5,6,5’,6’-tet-
ramethyl-2,2’-bibenzimidazolate)]-bis{[1,3-allyl]palladiu-
m(ii)}bishexafluorophosphate] (Ru2Pd2) and the mononu-
clear ruthenium complex [bis-(4,4’-di-tert-butyl-2,2’-bipyridi-
ne)ruthenium(ii)-(5,6,5’,6’-tetramethyl-2,2’-bibenzimidazol)-
bis-hexafluorophosphate] (Ru), which constitutes the
chromphoric unit within the larger aggregate. The species
under investigation, the mononuclear ([(tbbpy)2Ru-
ACHTUNGTRENNUNG(tmbiH2)] ACHTUNGTRENNUNG(PF6)2) and the tetrametallic four-center complex
([{(tbbpy)2RuACHTUNGTRENNUNG(tmbi)}2{Pd ACHTUNGTRENNUNG(allyl)}2]ACHTUNGTRENNUNG(PF6)2), hereafter referred
to as the Ru complex and Ru2Pd2 complex respectively, are
depicted schematically in Scheme 1 top and bottom.


The discussion is organized as follows: After giving a
brief overview over the experimental technique used in our
experiments, we present and discuss the data obtained for
the Ru complex that constitutes one of the chromophoric
centers of the Ru2Pd2 complex. This complex is investigated
in order to facilitate the interpretation of the data obtained
for the Ru2Pd2 complex that is presented subsequently. To
supplement the discussion, transient kinetics observed in the
[Ru ACHTUNGTRENNUNG(tbbpy)3]


2+ complex, which structurally differs from the
[(tbbpy)2RuACHTUNGTRENNUNG(tmbiH2)]


2+ complex by the replacement of the
bridging tmbiH2 ligand with the tbbpy ligand, is added to
the argument. To address the question of which particular
ligand is involved in the process of photoexcitation, we refer
to resonance Raman measurements that will be published in
due course. The discussion of the photophysical properties
of the Ru2Pd2 complex focuses on the interpretation of the
multi-exponential decay processes that are related to the
MLCT inherent charge-transfer events that move the excita-
tion originally located on the Ru chromophore to the Pd


Scheme 1. The chemical structures of (top) [(tbbpy)2Ru ACHTUNGTRENNUNG(tmbiH2)] and
(bottom) [{(tbbpy)2Ru ACHTUNGTRENNUNG(tmbi)}2{Pd ACHTUNGTRENNUNG(allyl)}2] ACHTUNGTRENNUNG(PF6)2.
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center. Thus, the complex can be viewed as a model for a
small inorganic antenna system (the two ruthenium com-
plexes) capable of transferring redox equivalents to a reac-
tion center (the two palladium centers). However, in con-
trast to other inorganic light-harvesting systems the energy
trap, the Pd subunit, is not surrounded in three dimensions
by the light-harvesting Ru subunits but rather placed in the
middle and therefore quite accessible for potential sub-
strates (the X-ray data show that the complex is not flat but
more like the roof of a house with the palladium unit repre-
senting the roof ridge). A detailed discussion of the structur-
al features of Ru2Pd2 can be found in the literature.[37] Thus,
we consider the {[(tbbpy)2Ru ACHTUNGTRENNUNG(tmbi)]2[Pd ACHTUNGTRENNUNG(allyl)]2}ACHTUNGTRENNUNG(PF6)2
system to be an extremely interesting model of an inorganic
antenna system with accessible reaction centers.


In the studies cited above, transient absorption spectro-
scopy, fluorescence up-conversion, and time-resolved fluo-
rescence spectroscopy, as well as transient absorption aniso-
tropy measurements have been exploited to gain a rich vari-
ety of information about the excited-state properties of tran-
sition-metal complexes and the light-induced processes in
these substances. In the present study, to the best of our
knowledge, we present the first femtosecond time-resolved
four-wave-mixing study on the excited-state processes in
Ru—bipyridine-based complexes. Transient-grating spectro-
scopy was chosen for this study as it is well established that
this coherent technique yields excellent signal-to-noise
ratios and thus allows for a very precise fitting of the transi-
ent data.[38–40] In order to facilitate the interpretation of the
transient curves gained by the transient-grating method, we
measured transient absorption data first. These data were
taken with a poor time resolution and were solely used to
obtain spectral information about the excited states of the
investigated complexes.


Experimental Section


Materials : The synthesis of the complexes and their structures are descri-
bed elsewhere.[37,41, 42] The complexes were dissolved in dichloromethane
and acetone yielding an optical density of 1.5 in the 1-mm path-length
cuvette, which was used for the time-resolved experiments. All solvents
used in this study were HPLC grade as provided by the supplier (Al-
drich).


Femtosecond time-resolved spectroscopy : The layout of the femtosecond
laser system used in the experiments presented here has been described
in detail elsewhere.[43] It basically consists of a Ti:sapphire oscillator and
regenerative amplifier (CPA 1000, Clark MXR) producing pulses cen-
tered at 800 nm with a repetition rate of 1 kHz. The output of the system
was split into two parts of equal power by means of a 1:1 beam splitter.
For obtaining the transient absorption spectra one part of the fundamen-
tal 800 nm light was used to pump an optical parametric amplifier (OPA,
TOPAS Light Conversion) to generate wavelength-tunable pump pulses.
The pulses were chirp-compensated and recompressed by using a double-
pass prism compressor yielding pulse durations of typically 100 fs. The
second part of the amplifier output was used to generate a white-light
continuum in a 3-mm sapphire window that served as the probe beam. A
wedge was used to split of part of the white light forming the reference
beam. The probe and the reference beam were sent to the detector con-
sisting of a monochromator (SpectraPro 500, Acton) and a CCD camera


(SDS 9000, Photometrics). The CCD chirp was split into two parts that
could be read out independently. The chirp of the white light was com-
pensated numerically during data processing.


For the transient grating (TG) experiments each part of the amplified
800 nm light was used to separately pump two optical parametric amplifi-
ers (OPA, TOPAS Light Conversion) producing two independently tuna-
ble pulse trains that were chirp-compensated and recompressed inde-
pendently. The pump pulses (k1 and k2) within the transient-grating
scheme had the same color and were generated by dividing the output of
one OPA into two beams of approximately the same intensity by means
of a 1:1 beam splitter. The pulses produced by the second OPA served as
the probe pulses (k3) within the experimental scheme and were delayed
with respect to the pump pulses by means of an optical delay line. In
order to suppress any undesired anisotropy contributions to the TG
signal the polarization of the probe beam was rotated by 548 with respect
to the polarization of the pump beams, that is, the magic-angle configura-
tion was employed.[44,45] All beams were made parallel and were focused
onto the sample with a 20 mm spherical mirror. The pulse energies at the
sample were typically 100 nJ, the sample itself was placed in rotating cell
of 1-mm path length to avoid rapid photodegradation of the sample and
thermal effects. The rotation speed was adjusted so that each set of
pulses interacted with a fresh portion of the sample. Having passed the
sample, the signal that was generated in the phase-matched direction
(kTG=k1�k2+k3) was re-collected using a 50 mm focal-length achromatic
lens and sent to the spectrometer detector unit to detect the transient
grating signal spectrally dispersed as a function of the delay time between
the pump and the probe pulse.


Absorption spectra of the sample were recorded before and after each
measurement to monitor the integrity of the sample.


Results and Discussion


Ru complex : The discussion of the excited-state properties
of Ru will serve as a basis for the discussion of the photo-
physical processes occurring in the Ru2Pd2 complex, since
the Ru complex constitutes the peripheral building blocks of
the larger tetranuclear complex.


The absorption spectrum of the Ru complex dissolved in
dichloromethane is shown in Figure 1 together with its lumi-
nescence and the luminescence excitation spectrum. The
strong absorption band centered at 490 nm is due to the op-
tically allowed transition that promotes a metal d6 electron
into a 1MLCT state located on an aromatic ligand. The lumi-
nescence occurs considerably red-shifted with respect to the
excitation spectrum with a maximum at 650 nm and decays
with a lifetime of 363 ns as determined from time-resolved
luminescence measurements in THF.[37]


In our experiments we used 500-nm pump pulses to excite
the complex within the 1MLCT band. Therefore, on the
basis of the generally accepted description of the photophy-
sics of Ru–polypyridine complexes we expect to observe a
rapid formation of the long-lived 3MLCT state. The transi-
ent absorption spectrum taken 5 ps after photoexcitation
into the 1MLCT band is shown in Figure 1B. Typical transi-
ent absorption features for this class of complexes are exhib-
ited; a strong ground-state bleach (GSB) in the spectral
region of the ground-state absorption is accompanied by a
broad and featureless excited-state absorption at the red
side of the ground-state bleach originating from excited sin-
glet and triplet states. The slight red shift of the bleach max-
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imum with respect to the maximum of the 1MLCT band is
ascribed to minor contributions from stimulated emission.


The probe wavelengths applied for our TG measurements
were chosen on the basis of the transient absorption spec-
trum and are indicated in Figure 1B. To probe the light-in-
duced dynamics following photoexcitation at 500 nm, the
probe laser was tuned to 600, 630, and 660 nm, thus moni-
toring the evolution of the broad photoinduced absorption
band with time.


Figure 2A and B display transient-grating signals that
were measured for a pump wavelength of 500 nm and probe
wavelengths at 630 and 660 nm, respectively. The data pre-
sented in Figure 2 were acquired by using dichloromethane
as solvent. All transients presented here exhibit a common
feature: At zero delay time a signal is observed that peaks
sharply and then rapidly decays. Following this spike the sig-
nals in Figure 2A and B rise within the first 5 ps and after-
wards the TG signal is found to be constant.


The peak at t=0 fs is a common feature in transient-gra-
ting spectroscopy and is called a “coherent artifact”.[38–40] It
results from a non-resonant scattering of the probe pulse
from a grating that is formed by the two pump pulses. This
scattering is independent of the presence of an optical reso-
nance in the system under investigation and persists for
delay times during which the three incoming laser pulses in-
teract simultaneously with the sample.[46,47] Thus, the tempo-
ral profile of the coherent artifact is completely described
by the convolution of the three laser pulses.[48] In contrast,
the resonant contribution of the TG signal depends on
whether the probe laser wavelength is tuned to a molecular
resonance, that is, an excited-state or ground-state absorp-
tion. To exploit such molecular resonances for our TG ex-
periments, the probe wavelengths were tuned to be resonant
with the photoinduced absorption. In Figure 2 the resonant
part of each of the TG signals displayed can be clearly ob-
served for delay times larger than approximately 150 fs
manifesting itself as an initial rise of the signal. After ap-
proximately 5 ps the signal stays constant over the range of
delay times accessible in our measurements. To evaluate the
data quantitatively, the transients were fitted to a bi-expo-
nential rise and a Gaussian that was used to account for the
non-resonant scattering contribution.[48–50] This procedure
leads to a fast rise time t1 of about 200 fs and a long time
constant t2 of about 2.5 ps. The process associated with the
200 fs time constant contributes to approximately 80% to
the overall increase, while the 2.5 ps component is responsi-
ble for the remaining 20%. Table 1 summarizes the time
constants t1 and t2 as well as the respective amplitudes A1


and A2 for various selected probe wavelengths lying within
the transient absorption of the Ru complex. Considering
these build-up time constants of the transient absorption, it
can clearly be seen that the transient absorption spectrum
taken 5 ps after the initial photoexcitation reflects the ab-
sorption properties of the lowest-excited-state of the com-
plex.


To gain a more detailed insight into the processes popu-
lating this lowest 3MLCT state, TG measurements in ace-


Figure 1. A) The steady-state absorption and the luminescence spectrum
of [(tbbpy)2Ru ACHTUNGTRENNUNG(tmbiH2)]. The luminescence was excited at 460 nm. B)
The transient absorption spectrum of [(tbbpy)2Ru ACHTUNGTRENNUNG(tmbiH2)] taken 6 ps
after photoexcitation into the MLCT band at 500 nm. The wavelengths
used in the transient-grating measurements (pump at 500 nm and probe
at 600, 630, and 660 nm) are indicated as vertical lines.


Figure 2. Transient-grating kinetics of [(tbbpy)2Ru ACHTUNGTRENNUNG(tmbiH2)] dissolved in
dichloromethane recorded in the spectral regions of transient absorption
following excitation at 500 nm. The probe wavelengths are indicated in
the individual panels. Data are shown as symbols while solid lines repre-
sent the results of least-square (LS) fits. The details concerning the fitting
procedure and results are given in the text.
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tone, which is more polar than dichloromethane, were per-
formed to test the influence of the polarity of the environ-
ment on the intramolecular charge transfer. Furthermore, if
more than one excited triplet state would be involved in a
process such as interligand charge transfer a change of the
solvent polarity should significantly alter the observed kinet-
ics. Figure 3 compares two TG transients of the Ru complex
for a probe wavelength of 600 nm recorded in dichlorome-
thane and acetone.


It can be seen that the transients differ significantly.
While the initial ultrafast rise times t1 are very similar for
both solvents the observed long time constant t2 in acetone
is roughly three times larger than the corresponding time
constant observed for dichloromethane as solvent. On the
basis of the results presented above and summarized in
Table 1 we now discuss the processes that finally place the
complex in its energetically most-favorable 3MLCT state.


The ultrafast rise time is attributed to the very rapid inter-
system crossing (ISC) observed in Ru–bipyridine complexes
that brings the system from an initially photoexcited 1MLCT


state into the corresponding 3MLCT state. This ascription
seems to be very likely considering the enormous amount of
work published in the literature on similar molecular sys-
tems.[14,51]


We suggest that the observed long rise component can be
attributed to cooling and solvent reorganization effects fol-
lowing the rapid 1MLCT!3MLCT ISC. This process has
been reported in several articles dealing with similar Ru
complexes[6,52,53] where it was found to take place in about
1 ps.[53] A red shift within the photoinduced absorption band
typically associated with cooling is not observed as our ex-
perimental conditions only allowed us to measure transient
absorption spectra up to 700 nm and therefore prevented us
from recording the complete very broad photoinduced ab-
sorption spectrum extending far into the infrared. However,
the observed solvent dependence is in excellent agreement
with assigning the observed picosecond process to cooling.
In contrast to the nearly plain energy dissipation observed
in dichloromethane, the charge separation in the lowest-
lying 3MLCT state triggers orientational changes in the
more polar solvent acetone. This additional molecular
motion causes the relaxation process to take place in about
10 ps and thus on a longer timescale than in the less polar
solvent dichloromethane, in which mainly inner-shell reor-
ganization has to be taken into account.


McFarland and co-workers reported on a picosecond com-
ponent that they found when monitoring the picosecond lu-
minescence of a homoleptic series of Ru complexes.[20]


These authors present evidence for a distinct three-state ex-
cited-state relaxation behavior that can be observed when
the systems used were excited with short wavelengths.
Based on their very recent results, we would expect to ob-
serve a similar behavior in our complexes. Nonetheless, we
are restricted to relatively low excitation photon energies
and thus limited to excite our system into the red shoulder
of the d6!1MLCT transition. Therefore, we believe that in
our experimental situation the model suggested by McCusk-
er and co-workers[14,18] is valid and able to describe our data.


A yet different phenomenon, interligand charge transfer
(ILCT), associated with time constants ranging from about
1 ps for structurally different types of ligands involved in the
process of ILCT to about 100 ps for identical ligands but
typically being in the order of 10 ps taking place in transi-
tion-metal complexes might also contribute to the observed
bi-exponential rise.[54,55] To investigate the possibility of
ILCT, we performed TG experiments on the [Ru ACHTUNGTRENNUNG(tbbpy)3]


2+


complex, which structurally differs from the peripheral RuII


unit only by the replacement of the tmbiH2 with a third
tbbpy ligand. Figure 4 displays a comparison of a transient
measured for each of the complexes. The data clearly shows
the presence of a bi-exponential rise also for the [Ru-
ACHTUNGTRENNUNG(tbbpy)3]


2+ complex. Furthermore, the observed ultrafast
time constant of 150 fs and long rise time of 2.2 ps, are in
excellent agreement with the time constants observed for
[Ru ACHTUNGTRENNUNG(tbbpy)2ACHTUNGTRENNUNG(tmbiH2)] (see Table 1). This finding indicates
that identical processes contribute to the initial ultrafast rise
of the TG signals in both [Ru ACHTUNGTRENNUNG(tbbpy)2ACHTUNGTRENNUNG(tmbiH2)] and [Ru-


Table 1. Summary of the parameters obtained from fitting the TG data
of [(tbbpy)2RuACHTUNGTRENNUNG(tmbiH2)] dissolved in dichloromethane and acetone. The
typical absolute errors of both time constants and amplitudes range from
10 to 25%. The amplitudes A1 and A2 describing the relative contribution
of the ultrafast (picosecond) rise component to the overall rise reflect the
various excited-state absorption cross-sections of the states involved in
the process.


CH2Cl2 Acetone
at 600 nm at 630 nm at 660 nm at 600 nm at 630 nm


t1 [fs] 180 325 200 190 195
A1 0.70 0.75 0.65 0.90 0.82
t2 [ps] 3.5 3.0 1.5 10.6 9.3
A2 0.30 0.25 0.35 0.10 0.18


Figure 3. A comparison between the transient-grating kinetics measured
at 600 nm of [(tbbpy)2Ru ACHTUNGTRENNUNG(tmbiH2)] dissolved in acetone and in dichloro-
methane. Symbols represent data and results of LS fits are shown as solid
lines.
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ACHTUNGTRENNUNG(tbbpy)3]
2+ complexes. This conclusion is further substantiat-


ed by resonance Raman measurements showing that the
modes coupled to the electronic 1MLCT transition are locat-
ed on the tbbpy rather than on the bibenzimidazole
ligand.[56] Thus, we conclude that ILCT between structurally
different ligands cannot explain our experimental findings
concerning the long rise time observed in the Ru complex.


In conclusion we interpret our data on the [Ru ACHTUNGTRENNUNG(tbbpy)2-
ACHTUNGTRENNUNG(tmbiH2)]


2+ complex as a rapid �200 fs 1MLCT!3MLCT
ISC process followed by a cooling and solvent reorganiza-
tion process within the 3MLCT state that takes place on a
picosecond timescale. The interplay of both processes finally
places the molecular system in its lowest excited state as
schematically depicted in Figure 5. It is important to note
that all relaxation dynamics within the excited-state mani-
fold of the RuII moiety are completed within about 10 ps.
The resulting lowest-lying excited state was found to have a
lifetime of 363 ns by performing nanosecond time-resolved
luminescence experiments in THF.[37]


RuPd complex : Having discussed the ultrafast dynamic
processes following initial photoexcitation of the
[(tbbpy)2RuACHTUNGTRENNUNG(tmbiH2)] complex, forming the peripheral
building blocks of the four-center complex [{(tbbpy)2Ru-
ACHTUNGTRENNUNG(tmbi)}2{Pd ACHTUNGTRENNUNG(allyl)}2]ACHTUNGTRENNUNG(PF6)2, we will now focus on the latter
system. The steady-state absorption and luminescence spec-
tra of the Ru2Pd2 complex are shown in Figure 6A.


The strong absorption band at 530 nm is due to a d6!
1MLCT transition within one of the ruthenium chromo-
phores. The fact that this absorption feature is red-shifted
compared with the absorption spectrum of the simple Ru
complex as shown in Figure 1, reflects the interaction of the
Pd2ACHTUNGTRENNUNG(allyl)2 moiety with the Ru centers.[57] The overall lumi-
nescence shows a maximum intensity at 658 nm and decays
with a lifetime of 244 ns.[37]


Figure 6B displays the TA spectrum of the Ru2Pd2 com-
plex taken 15 ps after photoexcitation of the system at
520 nm. The spectrum is dominated by a strong GSB in the


region of the ground-state absorption. In the adjacent spec-
tral regions photoinduced absorption bands can be ob-
served; the one located on the blue side of the GSB is cen-
tered at 450 nm. As also found for the Ru complex, the
second photoinduced absorption of the Ru2Pd2 complex
manifests itself in a broad basically featureless band extend-
ing to the red of the ground-state bleach. For the TG experi-
ments that were performed on the Ru2Pd2 complex dis-
solved in dichloromethane, we chose the probe wavelengths
to be either resonant with the photoinduced absorption, that
is, the probe laser was tuned to 600, 630, and 660 nm, or
with the GSB, that is, the probe wavelength was set to be
480 or 520 nm, respectively.


The transients excited at 520 nm and reflecting the time-
dependence of the photoinduced absorption are shown in
Figure 7. The data exhibit a coherent artifact as previously
discussed for the Ru complex and a subsequent rise of the
resonant part of the signal followed by a slower decay. For
delay times larger than approximately 120 ps the signal in-
tensity stays constant within the time range of 400 ps possi-
ble with our experimental setup. For a quantitative analysis
of the data the resonant parts of the transients were fitted
to a bi-exponential rise (t1, t2) multiplied with a sum of a
mono-exponential decay (t3) and a constant that was used
to account for the long-lived constant signal.[49,50] Nanosec-
ond time-resolved luminescence spectroscopy was used to
characterize the lifetime of the long-lived state to be
244 ns.[37] A Gaussian centered at t=0 fs accounts for the co-
herent artifact.[48] This approach gives the time constants for
the individual probe wavelengths that are summarized in


Figure 4. Transient-grating kinetics reflecting the time-evolution of the
transient absorption are shown as measured for [(tbbpy)2Ru ACHTUNGTRENNUNG(tmbiH2)]


2+


and [Ru ACHTUNGTRENNUNG(tbbpy)3]
2+ complexes dissolved in dichloromethane.


Figure 5. Schematic summarizing the ultrafast processes observed in
[(tbbpy)2Ru ACHTUNGTRENNUNG(tmbiH2)]. A) A scheme involving the different states in-
volved in the process; B) a localized picture of the charge excitation.
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Table 2; the values of the long rise-time constants t2 range
from 1.4 to 2.2 ps while the ultrafast rise component t1 can
be characterized by a time constant �180 fs. To clearly dem-
onstrate the bi-exponential nature of the initial rise, an en-
larged view of the transient probed at 636 nm is presented
in Figure 8A, while Figure 8B shows a direct comparison of
TG data obtained for the Ru and the Ru2Pd2 complex.


The decay observed for all probe wavelengths within the
spectral range of the photoinduced absorption can be descri-
bed by a time constant t3=50–58 ps. For the transients
probed within the photoinduced absorption band the proc-
ess described by t3 contributes to approximately 27% to the
overall non-rising signal, while we attribute the remaining
73% to the long-lived component that appears as a constant
in our measurements.


Having discussed the experimental data measured within
the spectral region of photoinduced absorption, we now


focus on transients by monitoring the time-evolution of the
GSB. Table 2 also contains the values of the fitting parame-
ters obtained from fitting the TG signals for probe wave-
lengths being resonant with the overall GSB; the corre-
sponding transients are plotted in Figure 9. We see that if
the probe laser is tuned to interrogate the ground-state re-
covery dynamics, the approach of fitting a bi-exponential
rise followed by a mono-exponential decay to the data fails.
Instead, a multi-exponential decay subsequent to the coher-


Figure 6. A) The steady-state absorption, luminescence, and lumines-
cence-excitation spectra of [{(tbbpy)2Ru ACHTUNGTRENNUNG(tmbi)}2{Pd ACHTUNGTRENNUNG(allyl)}2] ACHTUNGTRENNUNG(PF6)2. The lu-
minescence was excited at 520 nm and when recording the excitation
spectrum the fluorescent intensity was monitored at 660 nm. B) The tran-
sient absorption spectrum of [{(tbbpy)2Ru ACHTUNGTRENNUNG(tmbi)}2{Pd ACHTUNGTRENNUNG(allyl)}2] ACHTUNGTRENNUNG(PF6)2 taken
20 ps after photoexcitation into the MLCT band at 500 nm. The wave-
lengths used to probe the transient-grating kinetics are indicated as verti-
cal lines.


Figure 7. Transient-grating kinetics of [{(tbbpy)2Ru ACHTUNGTRENNUNG(tmbi)}2{Pd ACHTUNGTRENNUNG(allyl)}2]-
ACHTUNGTRENNUNG(PF6)2 dissolved in dichloromethane recorded in the spectral regions of
transient absorption following excitation at 520 nm. The probe wave-
lengths are indicated in the individual panels. Data are shown as symbols
while solid lines represent the results of LS fits. The details concerning
the fitting procedure and results are given in the text.


Table 2. Summary of the parameters obtained from fitting the TG data
of [{(tbbpy)2Ru ACHTUNGTRENNUNG(tmbi)}2{Pd ACHTUNGTRENNUNG(allyl)}2] ACHTUNGTRENNUNG(PF6)2 dissolved in dichloromethane.
Time constants that appear as a rise of the TG signal at the given probe
wavelengths are indicated with an asterisk. The amplitudes correspond to
the relative contributions to the non-rising part of the signal. For compar-
ison averaged values of the fitting parameters of [(tbbpy)2Ru ACHTUNGTRENNUNG(tmbiH2)]
are given in the last column. Typical errors of both time constants and
amplitudes range from 10 to 25%.


RuPd Ru
at
480 nm


at
520 nm


at
600 nm


at
630 nm


at
660 nm


average


t1 [fs] 180 200 �150[a] 180[a] �150[a] 200[a]


t2 [ps] 1.2 0.8 1.3[a] 1.7[a] 1.1[a] 2.1[a]


t3 [ps] 42.6 50.2 57.5 50.1 55.1 –
A3 0.17 0.26 0.30 0.32 0.20 –
t4 [ps] 218 216 – – – –
A4 0.73 0.65 – – – –
const 0.10 0.09 0.70 0.78 0.80 1.00


[a] Data not taken in the region of predominant GSB.
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ent artifact has to be employed to model the data shown in
Figure 9. To obtain sufficiently satisfactory fits a long decay
constant t4 in the order of 220 ps has to be taken into ac-
count in addition to the time constants used to fit the data
taken for probe wavelengths �600 nm resonant with the ex-
cited-state absorption. The additional slow process that is
only present while monitoring the kinetics reflecting the
time-dependence of ground-state recovery contributes to
about 69%, the process associated with t3 to 22%, and the
process that appears as a constant within our time resolution
to 9% to the overall signal.


We will now discuss the results of the TG measurements
on the Ru2Pd2 complex summarized in Table 2 in more
detail to obtain a complete picture of the photoinduced
processes in the Ru2Pd2 complex. We will also include our
considerations about the relaxation processes in the
[(tbbpy)2RuACHTUNGTRENNUNG(tmbiH2)] complex.


The strikingly similar values of the short time constants t1
and t2 obtained for the [(tbbpy)2RuACHTUNGTRENNUNG(tmbiH2)] complex (t1�


220 fs, t2�2.5 ps), as well as for Ru ACHTUNGTRENNUNG(tbbpy)3 used as a refer-
ence system, and the Ru2Pd2 complex (t1�200 fs, t2
�1.3 ps) lead to the conclusion that these time constants are
associated with the same overall processes in all systems.
This assumption is further supported by the fact that multi-
center transition-metal complexes can successfully be descri-
bed based on the assumption of two (or more) independent
chromophores that are only weakly coupled.[29–32] Further-
more, the initial excitation occurs on one of the peripheral
Ru chromophores. Hence, in accordance with our previously
discussed results, we ascribe all dynamics observed for delay
times �10 ps to relaxation processes within the peripheral
Ru subunits. Thus, we ascribe t1 and t2 to a rapid ISC, pro-
moting the system from a 1MLCT to the 3MLCT state locat-
ed on the Ru chromophore, and subsequent cooling and
IVR within this state, respectively. Hence, the processes as-
sociated with t1 and t2 lead to the build-up of the photoin-
duced absorption of the Ru-3MLCT state.


When investigating the photoinduced dynamics of the Ru
complex dissolved in CH2Cl2 no kinetic component with a
characteristic time constant larger than 3.5 ps has been ob-
served. Therefore, we conclude that the existence of the
slower components (t3�50 ps and t4�220 ps), which can be
only seen for Ru2Pd2 is due to the complex structure of the
tetranuclear antenna and the interaction of the peripheral
Ru units and the complex central Pd2ACHTUNGTRENNUNG(allyl)2 moiety. As the
processes associated with t3 and t4 originate from the pres-
ence of multiple chromophores within the complex, we
assign the corresponding relaxation processes to charge
transfer and subsequent equilibration. In particular, we as-


Figure 8. A) Transient-grating data of [{(tbbpy)2Ru ACHTUNGTRENNUNG(tmbi)}2{Pd ACHTUNGTRENNUNG(allyl)}2]-
ACHTUNGTRENNUNG(PF6)2 recorded at 630 nm. The expanded view on the ultrafast rise of the
resonant part of the signal reveals the bi-exponential nature of this part
of the signal. This part of the signal was enlarged with respect to the
signal recorded around t=0 fs to better emphasize the rise characteristics
of the signal. B) The direct comparison of the photoinduced absorption
kinetics of the RuII subunit and the tetranuclear complex. In both cases
CH2Cl2 was used as solvent.


Figure 9. Transient-grating kinetics of [{(tbbpy)2Ru ACHTUNGTRENNUNG(tmbi)}2{Pd ACHTUNGTRENNUNG(allyl)}2]-
ACHTUNGTRENNUNG(PF6)2 dissolved in dichloromethane recorded in the spectral regions of
ground-state bleach following excitation at 520 nm. The probe wave-
lengths are indicated in the individual panels. Data are shown as symbols
while solid lines represent the results of LS fits. The details concerning
the fitting procedure and results are given in the text.
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cribe the process manifesting itself as a �50 ps decay in the
photoinduced absorption to an excitation transfer from a
Ru–3MLCT state to the one of the central Pd ACHTUNGTRENNUNG(allyl) moiet-
ies. This Ru–3MLCT!Pd ACHTUNGTRENNUNG(allyl) excitation-hopping reflects
itself also in the spectral region of the overall GSB. The
values of t3 obtained from fitting the data within the excit-
ed-state absorption band correlate well with those used for
fitting the transients monitoring the ground-state recovery
kinetics.


We now discuss the slow decay that takes place on a 220-
ps timescale and is solely observed when monitoring the
ground-state recovery. Recalling the lifetime of the Ru2Pd2


complex to be 244 ns might lead to the speculation that the
220 ps time constant corresponds to a non-fluorescent transi-
tion back to the ground state that is too fast to be monitored
within the time-resolution of the nanosecond experiment.
Nevertheless, such a process should be visible both in the
photoinduced absorption as well as in the GSB of the com-
plex. Since the transients probing in the excited-state ab-
sorption do not exhibit a 220 ps component, we discard this
model. For the same reasons back-electron-transfer from
the Pd2ACHTUNGTRENNUNG(ally)2 unit to the ruthenium moieties is excluded to
account for the slow kinetic component. As Ru!Pd2ACHTUNGTRENNUNG(allyl)2
electron transfer is indicated, when monitoring the time-de-
pendence of the photoinduced absorption band, the reverse
process should be observed in a corresponding manner.
However, the 220-ps process is solely observed when moni-
toring the ground-state recovery and cannot be seen when
monitoring the transient absorption of the sample. Thus, nei-
ther a non-radiative transition back into the ground state
nor back-electron-transfer account for our experimental
findings of a 220-ps component. Instead we suggest that the
slow dynamic component is due to an excitation transfer be-
tween the two chemically identical Pd ACHTUNGTRENNUNG(allyl) centers, thus
leading to a situation in which the excitation is equally dis-
tributed over both Pd ACHTUNGTRENNUNG(allyl) centers. Within this scenario
one would expect to observe no spectral changes in the ex-
cited-state absorption of the system, as corresponding states
of either Pd ACHTUNGTRENNUNG(allyl) center exhibit identical absorption proper-
ties. However, the process of intercenter excitation transfer
(ICET) (see Figure 10) manifests itself in the GSB kinetics
as it leads to a fully equilibrated excited state and thus pre-
cedes complete ground-state recovery. This model of ICET
following excitation transfer from the ruthenium subunits to
the central Pd2ACHTUNGTRENNUNG(allyl)2 moiety is consistent with the relative
contributions of the components visible in our data as sum-
marized in Table 2. Within the GSB the process associated
with t4 and the constant approximately corresponds to the
constant within the photoinduced absorption band, while
the contributions of t3 are about the same in both spectral
regions; for example, A4 and the constant resulting from a
fit of the data taken at 520 nm sum up to 0.74 that is consis-
tent with the average value of 0.76 of the constant obtained
from fitting the transients taken in the spectral region of
photoinduced absorption (for details see Table 2). This find-
ing implies the presence of a sequential process rather than
concurrent relaxation pathways, with the slow contribution


being unobservable when monitoring the kinetics of the ex-
cited-state absorption band.


In contrast to ILCT taking place between two distinguish-
ed ligands within the same chromophoric center, the ICET,
as apparent in the data presented here, takes place between
two identical chromophoric centers that have the same
energy positions of their excited states. Thus a strong driving
force for an ICET due to the existence of an energetically
favorable state located on one of the chromophoric centers
is absent.[30] Therefore, the observed relatively long time-
constant that we ascribe to the process of ICET becomes
reasonable. Figure 10 schematically summarizes the kinetic
processes observed in the Ru2Pd2 complex.


Conclusion


Herein we have presented a detailed kinetic study of the ex-
citation migration processes in the tetranuclear transition-
metal complex [{(tbbpy)2RuACHTUNGTRENNUNG(tmbi)}2{Pd ACHTUNGTRENNUNG(allyl)}2]ACHTUNGTRENNUNG(PF6)2, which
may serve as a model system for a small inorganic light-har-
vesting antenna or as a simple model for a photosynthesis
reaction center. To facilitate the interpretation of the com-
plex kinetic data, the peripheral building block of
[(tbbpy)2RuACHTUNGTRENNUNG(tmbiH2)] was included in our studies. We moni-
tored the ultrafast excited-state relaxation processes leading
to the equilibrated lowest-lying excited state of the com-
plexes by means of femtosecond time-resolved transient-gra-
ting spectroscopy. By recording the TG kinetics in the spec-
tral regions of ground-state bleach and transient absorption
in combination with solvent-dependent measurements, we
were able to assign a distinct kinetic process to each of the
observed time constants. In isolated [(tbbpy)2RuACHTUNGTRENNUNG(tmbiH2)] a
rapid �200-fs 1MLCT!3MLCT ISC is followed by cooling
and solvent reorganization leading to a fully thermalized
3MLCT excited state on a picosecond timescale. Time-re-
solved luminescence spectroscopy with nanosecond time-
resolution reveals that this lowest-lying excited state in the


Figure 10. The kinetic processes observed in the [{(tbbpy)2Ru ACHTUNGTRENNUNG(tmbi)}2{Pd-
ACHTUNGTRENNUNG(allyl)}2] ACHTUNGTRENNUNG(PF6)2 are depicted schematically. Left: A scheme involving the
different states involved in the excited-state relaxation processes initiated
by photoexcitation at 520 nm. Right: A local picture of the charge trans-
fer.
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ruthenium complex decays with a characteristic time con-
stant of 260 ns.


In [{(tbbpy)2Ru ACHTUNGTRENNUNG(tmbi)}2{Pd ACHTUNGTRENNUNG(allyl)}2]ACHTUNGTRENNUNG(PF6)2 additional time
constants are observed; the one being in the order of 50 ps
is attributed to a charge transfer from an excitation centered
at a ruthenium chromophore to one of the Pd ACHTUNGTRENNUNG(allyl) moiet-
ies located in the central part of the tetranuclear complex.
The slowest process apparent in the data is characterized by
a time constant of 220 ps. As it is observed only in the
ground-state recovery kinetics but not in the excited-state
absorption, we conclude that this component is due to an in-
tercenter excitation-hopping process. This process finally
leads to an excitation that is equally distributed between
both PdACHTUNGTRENNUNG(allyl) centers of the four-center transition-metal
complex. The lifetime of this lowest-lying state was found to
be 244 ns.


Finally, from a technical point of view, we believe that
femtosecond time-resolved transient-grating spectroscopy is
a powerful tool to elucidate relaxation processes even in
complex systems and to address questions concerning the ul-
trafast photophysical mechanisms in charge-transfer systems.
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Macropodumines A–C: Novel Pentacyclic Alkaloids with an Unusual
Skeleton or Zwitterion Moiety from Daphniphyllum macropodum Miq.


Wen Zhang,[a] Yue-Wei Guo,*[a] and Karsten Krohn[b]


Introduction


The Daphniphyllum alkaloids are a structurally intriguing
group of polycyclic, fused heterocyclic natural products pro-
duced by plants of the genus Daphniphyllum (Daphniphylla-
ceae).[1] These ring systems have attracted great interest as
challenging targets for total synthesis[2] as well as biosynthet-
ic studies.[3] Knowledge of this fascinating group of metabo-
lites was recently widened by Kobayashi and other research-
ers by the discovery of a new series of Daphniphyllum alka-
loids, which result from ring cleavage or rearrangement,
from a different species of the genus Daphniphyllum.[4]


Daphniphyllum species such as D. macropodum, D. calyci-
num, and D. oldhami are used in Chinese traditional medi-
cine. For example, the extract from the leaves and fruits of
D. macropodum Miq. is used in the treatment of inflamma-
tions.[5] In 1966, the first Daphniphyllum alkaloid, daphni-


macin, was discovered from D. macropodum,[6s] marking the
beginning of the chemical investigation on the genus Daph-
niphyllum. A series of Daphniphyllum alkaloids, mainly the
derivatives of daphniphylline and yuzurimine, were isolated
from this species in the ten years that followed.[6] However,
strangely enough, to the best of our knowledge, there have
been no chemical reports on this species in the long gap
from the end of 1970 until now.


In the course of our search for bioactive metabolites from
Chinese medicinal plants,[7] we have reinvestigated the ex-
tract of the stems of D. macropodum, resulting in the dis-
covery of three novel Daphniphyllum alkaloids named mac-
ropodumines A–C (1–3). The pentacyclic, fused framework
of macropodumine A (1) contains a macrolactone structural
element that is the first of which to be found within the
Daphniphyllum alkaloid family. In addition, the remarkable
feature of macropodumine B (2) is a rare cyclopentadienyl
anion, which is stabilized as a zwitterion by an internal imi-
nium counterion (2). This paper describes the isolation and
structural elucidation of these new compounds 1–3.


Results and Discussion


The air-dried, powdered stem of D. macropodum Miq. was
extracted with 95% EtOH, and this extract was partitioned
between EtOAc and an acidic aqueous liquor (pH 4–5). The
aqueous layer, adjusted to pH 9–10 by addition of Na2CO3,
was then extracted with CHCl3. The CHCl3-soluble material
was subjected to repeated column chromatography on silica
gel to afford three pure compounds (1–3).
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Macropodumine A (1) was isolated as an optically active
([a]20D =++30.0) light yellow oil. The molecular formula
C21H27NO5 was established by using high-resolution (HR)
electrospray ionization mass spectroscopy (ESIMS) from
the pseudo-molecular ions at m/z 396.1790 [M+Na]+ ,
374.1965 [M+H]+ , and 372.1808 [M�H]� , which indicated
nine degrees of unsaturation. The IR absorption spectrum
showed the presence of a hydroxy group (ñ=3444 cm�1) and
conjugated carbonyl functionalities (ñ=1720, 1707 cm�1).
This was in agreement with the presence of a tertiary oxy-
genated carbon atom (d=77.7 ppm), and signals for one
ester carbonyl atom (d=172.4 ppm) and two ketone carbon-
yl atoms (d=189.1, 213.1 ppm) as deduced from the
13C NMR spectrum (Table 1), while taking into account the
three degrees of unsaturation. The remaining six degrees of
unsaturation were due to one double bond and five rings in
the molecule.


Four fragments, a (C20/C18/
C19), b (C3/C4), c (C7/C6/C12/
C11), and d (C9/C15/C16/C17),
shown in Figure 1, were identi-
fied from the analysis of the 2D
NMR spectra (HSQC, 1H,1H
COSY, and HMBC). The


HMBC correlations were applied to confirm the assign-
ments for the structural fragments a–d in those cases in
which the overlapping proton signals were not sufficient to
prove the assignments of these structural fragments by
HSQC and 1H,1H COSY analysis alone. Finally, the linkage
of the fragments a–d was possible by means of analysis of
the HMBC correlations. Meanwhile, the “loose ends” result-
ing from the insertion of the oxygen and nitrogen atoms,


and the tertiary and quaternary
carbon atoms of C1, C2, C5,
C8, C10, C13, and C14 into the
fragments, could be fully con-
nected by using an HMBC ex-
periment. The HMBC correla-
tions of H2-3 with C1, C2, C4,
C5, and C18, as well as H2-7
with C4, and H2-19 with C2, C4,
and C7 indicated the connec-
tion of the partial structures a,
b, and c by the nitrogen atom
N1, and the linkage of both
fragments a and b to C1 and
C2. Partial fragments c and d
were found to be linked to each
other from the presence of the
long-range correlation between
H2-17 and the ester carbonyl
carbon at C10, which resulted
in the formation of the lactone
ring in the structure. Significant
HMBC correlations of H3-21
with C4, C5, C6, and C8, and of
H2-9 with C6, C8, C13, C14,
C15, and C16 led to the connec-
tion of partial structures b and
c with the quaternary carbon
C5, in addition to the linkage
from both parts b and c to d by
a quaternary carbon bridge of


Table 1. NMR[a] data for macropodumine A (1).


In CDCl3
[b] In C5D5N


[c]


Atom no. dH [ppm] (mult. , J [Hz]) dC
[d] [ppm] (mult.) dH [ppm] (mult. , J [Hz]) dC


[d] [ppm] (mult.)


1 – 189.1 (s)
2 79.5 (s) 77.7 (s)
3a 2.12 (ov) 25.8 (t) 2.16 (ov) 27.4 (t)
3b 1.78 (ddd, 13.6, 2.8, 1.9) 2.16 (ov)
4 2.88, (dd, 10.7, 2.8) 70.7 (d) 2.51 (ov) 69.8 (d)
5 50.6 (s) 51.2 (s)
6 2.42 (m) 47.8 (d) 2.18 (m) 48.2 (d)
7a 2.72 (dd, 10.8, 10.3) 49.4 (t) 2.37 (t, 10.0) 51.1 (t)
7b 2.79 (t, 10.8) 2.71 (dd, 10.0, 8.8)
8 139.0 (s) 141.1 (s)
9a 2.92 (dd, 21.8, 4.2) 30.7 (t) 3.17 (dd, 19.2, 1.8) 32.3 (t)
9b 2.63 (ov) 2.66 (dd, 19.2, 7.3)
10 172.1 (s) 172.4 (s)
11a 2.38 (ov) 32.4 (t) 2.32 (ddd, 16.5, 7.4, 3.2) 32.7 (t)
11b 2.12 (ov) 2.22 (ov)
12a 1.72 (m) 18.1 (t) 1.67 (m) 19.9 (t)
12b 2.26 (m) 2.48 (m)
13 169.0 (s) 167.3 (s)
14 212.4 (s) 213.1 (s)
15 2.63 (m) 42.5 (d) 2.51 (m) 42.6 (d)
16a 2.59 (m) 29.1 (t) 2.67 (m) 29.5 (t)
16b 1.91 (ddd, 15.1, 4.3, 2.2) 1.69 (m)
17a 3.91 (ddd, 11.7, 3.2, 1.4) 60.3 (t) 3.87 (dd, 11.6, 4.0) 60.2 (t)
17b 4.42 (dt, 11.7, 2.4) 4.53 (dt, 11.6, 2.8)
18 3.12 (m) 35.3 (d) 3.54 (m) 35.6 (d)
19a 3.30 (t, 11.0) 55.3 (t) 3.00 (t, 11.0) 53.2 (t)
19b 2.36 (ov) 2.02 (dd, 11.0,5.2)
20 1.09 (d, 7.2) 13.4 (q) 1.15 (d, 7.1) 14.0 (q)
21 1.38 (s) 16.1 (q) 1.53 (s) 19.1 (q)


[a] See the Experimental Section for full details. [b]Chemical shifts referred to CHCl3 and to CDCl3.
[c] Chemical shifts referred to C5H5N and to C5D5N. [d] By DEPT sequence.


Figure 1. 1H,1H COSY ( ) and selected HMBC ( ) correlations of 1.
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C5/C8. Finally, the clear HMBC correlation between H2-16
and C9 and C14 confirmed the assignment of C14 as a
ketone carbonyl atom and consequently established the
planar skeleton of 1 by the linkage from C13 to both keto
groups.


The relative stereochemistry of 1 was subsequently eluci-
dated by using NOESY experiments (Figure 2). The NOE
cross peaks between the C21 methyl group and H3b, H4,


H6, and H9b, indicated the b configuration of these protons.
The NOE correlations between H9a and H16b and H17b
suggested an a configuration for the C16 methylene group
and, consequently, the b config-
uration of H15 was thus estab-
lished. The b orientation of the
C20 methyl group was deduced
from the NOE effect between
H3-20 and H3a, while the up-
field shift of the C20 atom (d=
14.0 ppm) indicated the pres-
ence of a b-OH group at C2
due to the g-gauche effect.[8]


All of these data confirm
structure 1 for macropodumine
A with an unprecedented skele-
ton including the eleven-mem-
bered lactone ring.


Macropodumine B (2) was
isolated as an optically active
([a]20D =�235.0) light yellow
crystalline compound (CHCl3/
CH3OH 1:1). The HR-ESIMS
analysis of 2 established the
molecular formula C23H27NO5


from the presence of the
pseudo-molecular ion [M+Na]+


at m/z 420.1786, which indicat-
ed eleven degrees of unsatura-
tion. The IR absorption spec-
trum showed the presence of a
hydroxy (ñ=3438 cm�1), a con-
jugated carbonyl, and an imini-
um (ñ=1672, 1643, 1619,
1599 cm�1) functionality. The


13C NMR and distortionless enhancement by polarization
transfer (DEPT) NMR spectra revealed nine tetrasubstitut-
ed sp2 carbon atoms at lower field and fourteen sp3 carbon
atoms (1NC, 3NCH, 7NCH2, 2NCH3, and 1NOCH3) at
higher field, which were assigned to their corresponding
proton signals by using HSQC experiments (Table 2). Clear-
ly, there is only one free hydroxyl group present in the struc-
ture based on the established molecular formula and the rel-
evant NMR data.


Analysis of the 1H,1H COSY spectrum of 2 readily al-
lowed the recognition of the proton connectivities of three
partial structural units a–c, as shown in Figure 3. Detailed
analyses of the HMBC spectrum led to the linking of the
above-mentioned substructures
through a nitrogen atom (N1)
and the quaternary carbon
atoms of C1, C4, C5, C8, C9,
C10, C13, C14, and C15. The
planar structure of 2 was thus
elucidated, and showed the
same framework as that of
daphnicyclidin H (5), found in
D. humile (see below,
Scheme 1).[9] Moreover, careful
comparison of the NMR data of


Figure 2. Key NOESY ( ) correlations of 1.


Table 2. NMR data[a] for macropodumines B (2)[b]and C (3)[c] .


Macropodumine B (2) Macropodumine C (3)
Atom no. dH [ppm] (mult. , J [Hz]) dC


[d] [ppm] (mult.) dH [ppm] (mult. , J [Hz]) dC
[d] [ppm] (mult.)


1 195.8 (s) 192.1 (s)
2 2.98 (m) 53.8 (d) 71.3 (s)
3a 2.68 (ov) 27.6 (t) 2.23 (dd, 15.6, 7.1) 24.7 (t)
3b 3.60 (dd, 13.6, 2.6) 1.91 (d, 15.6)
4 199.5 (s) 3.52 (d, 7.1) 69.2 (d)
5 60.5 (s) 48.9 (s)
6 2.87 (m) 46.0 (d) 2.34 (m) 48.0 (d)
7a 3.50 (ov) 64.9 (t) 2.41 (ov) 59.1 (t)
7b 4.36 (dd, 13.4, 8.6) 3.60 (ov)
8 127.7 (s) 131.6 (s)
9 123.8 (s) 126.5 (s)
10 204.2 (s) 202.8 (s)
11a 2.55 (dd, 18.0, 5.9) 40.6 (t) 2.44 (ov) 38.6 (t)
11b 2.73 (ov) 2.44 (ov)
12a 1.55 (ddd, 23.1, 12.8, 1.1) 27.1 (t) 1.66 (ddd, 21.0, 10.8, 3.3) 28.0 (t)
12b 2.12 (m) 1.87 (m)
13 122.2 (s) 119.1 (s)
14 122.4 (s) 121.4 (s)
15 132.0 (s) 132.5 (s)
16a 2.68 (m) 30.4 (t) 2.52 (m) 29.4 (t)
16b 3.09 (dt, 13.2, 4.6) 2.66 (dt, 13.2, 4.6)
17a 3.54 (m) 65.3 (t) 3.70 (m) 64.2 (t)
17b 3.66 (m) 3.75 (m)
18 2.36 (m) 36.3 (d) 2.36 (m) 34.0 (d)
19a 4.03 (dd, 14.1, 6.6) 54.0 (t) 3.77 (ov) 56.3 (t)
19b 3.30 (dd, 14.1, 11.0) 3.00 (dd, 13.0, 2.6)
20 1.30 (d, 7.0) 19.5 (q) 1.30 (d, 7.0) 11.7 (q)
21 1.77 (s) 29.2 (q) 1.77 (s) 34.2 (q)
22 173.4 (s) 171.6 (s)
23 3.69 (s) 52.6 (q) 3.69 (s) 51.4 (q)


[a] See the Experimental Section for full details. [b] In CDCl3/CD3OD (1:1), chemical shifts referred to CHCl3
and to CDCl3. [c] In CD3OD, chemical shifts referred to CH3OH and to CD3OD. [d] By DEPT sequence.


Figure 3. 1H,1H COSY ( )
and selected HMBC ( ) cor-
relations of 2.
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2 and 5 revealed that the striking differences between 2 and
5 were the absence of the proton at C4, as well as the disap-
pearance of the enol moiety at C1/13 in 5. The b configura-
tions of H2, H6, H3-20, and H3-21 were deduced from
NOESY correlations of H3-20/
H2, H3a, H19b and H3-21/H3b,
H6, and H11b.


Because compound 2 is crys-
talline, we were able to under-
take an X-ray diffraction analy-
sis to confirm the assigned
structure and the relative con-
figurations. The X-ray structure
of 2 is shown in Figure 4, and is
in agreement with the structure
for 2 deduced from the NMR
data. Consequently, the relative
configurations for the four
chiral carbon atoms of 2 were
unambiguously determined as
2R*, 5S*, 6R*, and 18R*.


In particular, the presence of
the cyclopentadienylium zwitterion structure in 2 was sup-
ported by the results from the X-ray diffraction analysis.
The crystallographic study revealed similar O�C bond
lengths for O�C1 (1.236 P) as those of the other two keto
carbonyl groups in the structure (O�C10, 1.226 P; O�C22,
1.221 P) in contrast with that of an enolic group (1.299 P).[9]


The bond lengths in the cyclopentadienylium anion are all
very similar (1.417�0.023 P). Also, the bond length of the
iminium ion (C=N+ , 1.282 P) corresponds to that of related
compounds (1.278 P)[10] in contrast to the much longer
length of an amine bond (1.514 P).[9]


It is noteworthy that cyclopentadienyl carbanions, stabi-
lized as a zwitterion by an internal iminium cation in 2, are
unique structural elements in the class of alkaloids and
within natural products in general. In addition, natural prod-
ucts containing the cyclopentadienyl anion are also very
rare. To the best of our knowledge, macropodumine B (2)


represents the second reported example with such an amaz-
ing structural feature after the report of juglorubin from cul-
tures of Streptomyces spp.[11]


Macropodumine C (3) was isolated as an optically active
([a]20D =�156.0) light yellow oil. Its molecular formula
C23H29NO6 was deduced from the protonated molecular ion
[M+H]+ at m/z 416.2068 in the HR-ESIMS spectrum. Ten
degrees of unsaturation were attributed to two carbonyl
groups, three double bonds, and five rings in the molecule.
The strong absorption bands at ñ=3406, 1666, and
1597 cm�1 indicated the presence of one OH function and
two conjugated carbonyl groups in the structure. The
13C NMR and DEPT spectra revealed 23 carbon signals due
to six tetrasubstituted sp2 carbon atoms (including one
enolic carbon atom), two carbonyl groups, and 15 sp3 carbon
atoms (2NC, 3NCH, 7NCH2, 2NCH3, and 1NOCH3), which
were completely assigned to their corresponding proton sig-
nals by means of HSQC experiments (Table 2).


Analysis of the 1H and 13C NMR data of 3 revealed a
great similarity to those of daphnicyclidin H (5)
(Scheme 1).[9] The replacement of the methine carbon atom
at C2 (d=48.1 ppm) in 5 by a tertiary oxygenated carbon


atom resonating at d=71.3 ppm in the 13C NMR spectrum
of 3 was supported by the increase of the molecular weight
of 3 by 16 mass units. The assignment of the tertiary carbon
atom as C2 was deduced from the HMBC correlations of
H2-3 with C1, C2, C4, C5, and C18, of H4 with C2, C3, C8,
and C19, and of H3-20 with C2, C18, and C19. The marked
upfield shift of C20 from d=17.1 ppm in 5 to d=11.7 ppm
in 3 unambiguously indicated a b-OH group at C2, due to
the g-gauche effect.[8] The b orientation of H4, H6, Me20,
and Me21 in 3, deduced from the NOESY spectrum, was
the same as that in 5. The structure of 3 was thus assigned
as 2b-hydroxy daphnicyclidin H.


A biosynthetic relationship between the new macropodu-
mines A–C (1–3) and those of the previously isolated daph-
nicyclidins G (4) and H (5), found in D. humile,[9] is obvious-
ly that they differ only in their oxidation state, as shown in
Scheme 1. The macrocyclic lactone ring of 1 probably origi-


Scheme 1. Proposed biogenetic connection of macropodumines A–C (1–3) with daphnicyclidins G (4) and H
(5).


Figure 4. Single-crystal X-ray structure of 2 (ORTEP drawing).
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nated from 4 by addition of water to the C14,15 double
bond, followed by oxidation at C14 and oxidative cleavage
of the C9,10 double bond to form the macrocyclic lactone
ring (ring D, Scheme 1).


Evidently, the zwitterion 2 is an oxidation product of
daphnicyclidins H (5); the two hydrogen atoms at C1-OH
and at C4 are removed. The unusual fulvene structural ele-
ment presented in 5 is certainly stabilized by the hydrogen
bond of the C1 enol hydroxy group with the C22 ester car-
bonyl group. However, the cyclopentadienyl anion present
in 2 is not only stabilized by the formation of an inner salt
with the iminium cation, but also by the electron-withdraw-
ing effect of the three adjacent carbonyl groups. Thus, the
observation of a stable cyclopentadienyl anion in the natural
product is due to a favorable combination of several struc-
tural features within the molecule of macropodumine B (2).
Finally, the hydroxylation of daphnicyclidin H (5) at C2 may
lead to macropodumine C (3).


The cytotoxic activities of 1–3 against the growth of
tumor cell lines (P-388 (mouse lymphocytic leukemia), A549
(human lung adenocarcinoma), and HT-29 (human colon
adenocarcinoma)) were evaluated. Unfortunately, the results
indicated that all the tested compounds were inactive
against the above cancer cells (50% effective dose of clonal
inhibition (ED50) >10 mgmL�1). In addition, 1–3 also
showed no inhibitory effects toward COX-2, an enzyme in-
volved in the inflammation pathway.


The discovery of macropodumines A–C (1–3) has added
to a diverse and complex array of Daphniphyllum alkaloids
that are rapidly expanding. Further studies should be con-
ducted to prove the biosynthetic origin of these compounds
and to understand their real ecological roles played in the
life cycle of the plant, as well as to confirm their unusual
structures by total synthesis.


Experimental Section


General : Commercially available silica gel (Qing Dao Hai Yang Chemi-
cal Group Co., 200–300 and 400–600 mesh) was used for the column
chromatography. Precoated silica gel plates (Yan Tai Zi Fu Chemical
Group Co., G60 F-254) were used for the analytical thin-layer chroma-
tography (TLC). TLC Rf values are reported. The NMR spectra were re-
corded at 293 K on a Bruker DRX-400 spectrometer at 400 MHz (for
1H) and 100 MHz (for 13C). Chemical shifts (d) are reported with the re-
sidual CHCl3 (dH=7.26 ppm), CH3OH (d=3.31 ppm), or C5H5N (dH=


7.20, 7.57, 8.73 ppm) as the internal standards for the 1H NMR spectro-
scopy, and CDCl3 (dC=77.0 ppm), CD3OD (d=49.5 ppm), or C5D5N
(dC=123.6, 135.8, 150.0 ppm) for the 13C NMR spectroscopy. 1H and
13C NMR assignments were supported by 1H,1H COSY, heteronuclear
single quantum coherence (HSQC), heteronuclear multiple bond correla-
tion (HMBC), and nuclear Overhauser enhancement spectroscopy
(NOESY) NMR experiments. The following abbreviations are used to
describe spin multiplicity: s= singlet, d=doublet, t= triplet, q=quartet,
dd=doublet of doublets, dt=doublet of triplet, ddd=doublet of doublets
of doublets, m=multiplicity, ov=overlapped signal. Optical rotations
were measured on a Perkin–Elmer polarimeter 341 at the sodium D-line.
Infrared spectra were recorded on a Nicolet Magna FTIR 750 spectro-
photometer. Melting points were measured on an X-4 digital micro-melt-
ing point apparatus and are uncorrected. UV spectra were recorded on a
756 CRT spectrophotometer. The mass spectra and HRMS were per-


formed on a Q-TOF Micro LC–MS–MS mass spectrometer, with resolu-
tion of 5000 fwhm (full width at half-maximum). An solution of sodium
iodide (2 mgmL�1) in isopropyl alcohol was used as the reference com-
pound. The X-ray diffraction study was carried out on a Bruker SMART
APEX CCD diffractometer with MoKa radiation (l=0.71073 P).


Plant material : The Daphniphyllum macropodum Miq. plant was collect-
ed in the Guangxi Province of the P.R. China, in July 2000, and identified
by Associate Professor B.-H. Chen of the South China Institute of
Botany, Chinese Academy of Sciences. A voucher specimen (reg. no.
GX-18) is available for inspection at the Herbarium of the Institute of
Materia Medica, Shanghai Institute for Biological Sciences, Chinese
Academy of Sciences.


Extraction and isolation : The air-dried, powdered plant stem (2.1 kg) of
D. macropodum Miq. was immersed in 95% EtOH at RT for 21 d. Evap-
oration of the solvent (under vacuum, 40 8C) gave a residue, which was
suspended in water (1 L) and adjusted to pH 4–5 with 2n H2SO4. The
acidic mixture was defatted with EtOAc (3N1 L), and the aqueous layer
was basified to pH 9–10 with saturated Na2CO3, and then extracted with
CHCl3 (3N1 L) to yield the crude alkaloids (1.1 g). The crude alkaloids
were subjected to silica gel column chromatography eluted with a CHCl3/
CH3OH/Et2NH (50:1:0.1 to 3:1:0.1) gradient to give two major fractions,
F1 and F2, of crude alkaloids. Further silica gel column chromatography
on fraction F1 (CHCl3/CH3OH/Et2NH 30:1:0.1) afforded daphnimacro-
lactone A (1) (8.9 mg). Purification of fraction F2 over a silica gel
column (CHCl3/CH3OH/Et2NH 4:1:0.1) yielded daphnicyclidin L (2)
(76.7 mg) and M (3) (7.3 mg).


Macropodumine A (1): Light yellow oil; Rf=0.38 (CHCl3/MeOH 4:1);
[a]20D =++30.0 (c=0.25 in MeOH); 1H and 13C NMR: see Table 1; IR
(CHCl3): ñ=3444, 3363, 2926, 2854, 1720, 1707, 1456, 1259 cm�1; UV/Vis
(MeOH): lmax (e)=239 (6245), 210 nm (3262 mol�1m3cm�1); MS (ESI):
m/z : 374.3 [M+H]+ ; HR-ESIMS: m/z : calcd for C21H27NO5Na [M+Na]+ :
396.1787; found: 396.1790; calcd for C21H28NO5 [M+H]+ : 374.1967;
found: 374.1965; calcd for C21H26NO5 [M�H]�: 372.1811; found:
372.1808.


Macropodumine B (2): Light yellow block crystals (CHCl3/CH3OH 1:1);
Rf=0.52 (CHCl3/MeOH 7:3); m.p. 245–247 8C; [a]20D =�235.0 (c=0.25 in
MeOH); 1H and 13C NMR: see Table 2; IR (KBr): ñ=3439, 2924, 2852,
1672, 1643, 1620, 1599, 1385 cm�1; UV/Vis (MeOH): lmax (e)=362
(13300), 323 (7146), 295 (14888), 245 (2978), 210 nm
(7940 mol�1m3cm�1); ESIMS: m/z : 420.15 [M+Na]+, 396.4 [M�H]� ;
HR-ESIMS: m/z : calcd for C23H27NO5Na [M+Na]+ : 420.1787; found:
420.1786.


Macropodumine C (3): Light yellow oil; (CHCl3/CH3OH 1:1); Rf=0.49
(CHCl3/MeOH 7:3); [a]20D =�156.0 (c=0.175 in MeOH); 1H and
13C NMR: see Table 2; FTIR (MeOH): ñ=3406, 2924, 2852, 1666, 1597,
1423, 1119 cm�1; UV/Vis (MeOH): lmax (e)=367 (14110), 325 (7055), 301
(15148), 250 (2698), 209 nm (7262 mol�1m3cm�1); ESIMS: m/z : 416.2
[M+H]+, 414.4 [M�H]� ; HR-ESIMS: m/z : calcd for C23H30NO6 [M+H]+:
416.2073; found: 416.2068.


X-ray crystallographic studies of macropodumine B (2): Light yellow
block crystals of 2 were obtained by recrystallization in CHCl3/CH3OH
(1:1). The crystal (0.507N0.488N0.365 mm) belongs to the orthorhombic
system, with formula C23H27NO5 (Mr=433.49), space group P212121 with
a=9.8625 (16), b=20.953(3), c=21.035(3) P; a=b=g=90.08 ; V=


4346.9(12) P3; Z=8; and 1calcd=1.325 mgm�3. A total of 26240 reflec-
tions were collected to a maximum 2q value of 55.008 by using the f/w
scan technique at 293(2) K. The structure was solved by using direct
methods and was refined by means of the full-matrix least-squares proce-
dure. The collection data were reduced by using the Saint program[12] and
the empirical absorption correction was performed by using the Sadabs
program.[13] All non-hydrogen atoms were given anisotropic thermal pa-
rameters. The hydrogen atom positions were geometrically idealized and
allowed to ride on their parent atoms. The refinement converged to the
final R=0.0472, wR=0.0802 for 9845 observed reflections (I>2s(I),
2q=51.128) and 615 variable parameters.


CCDC 287274 (structure 2) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from the
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Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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The Prediction of the Nuclear Quadrupole Splitting of 119Sn Mçssbauer
Spectroscopy Data by Scalar Relativistic DFT Calculations


Jesper W. Krogh,[a] Giampaolo Barone,*[b] and Roland Lindh*[c]


Introduction


It was recently reported[1] that non-relativistic density func-
tional theory (DFT) calculations of the electric field gradi-
ent (EFG) at the tin nucleus can be used as a support of the
structural interpretation of 119Sn Mçssbauer spectroscopy
data.[2] In particular, by using an all-electron basis set, the
EFG components, Vxx, Vyy and Vzz, at the tin nucleus were
calculated for the fully optimized structures of 34 SnII and
SnIV compounds, of known structure and 119Sn Mçssbauer


parameters. These were used to determine the quantity V
[Eq. (1)],


V ¼ Vzz


�
1 � 1


3
Vxx�Vyy


Vzz


2


�1=2
ð1Þ


which is related to the quadrupole splitting (DE) parameter
by Equation (2),


DE ¼ 1=2 � eQ � V ð2Þ


where e is the electronic charge and Q is the nuclear quad-
rupole moment of the tin nucleus.
The linear fitting of the correlation of the experimental


DE values versus the corresponding calculated V values pro-
duced a correlation coefficient, R, equal to 0.982. Using the
slope as a calibration constant, it was possible to obtain the-
oretical values of DE through the calculated values of V ac-
cording to Equation (3).[1]


DEcalcd ¼ 0:93V � 0:58 mms�1 ð3Þ


This approach proved to be a useful tool for obtaining de-
tailed structural information on tin and organotin deriva-


Abstract: The electric field gradient
components for the tin nucleus of 34
tin compounds of experimentally
known structures and 119Sn Mçssbauer
spectroscopy parameters were comput-
ed at the scalar relativistic density
functional theory level of approxima-
tion. The theoretical values of the elec-
tric field gradient components were
used to determine a quantity, V, which
is proportional to the nuclear quadru-
pole splitting parameter (DE). In a sub-
sequent linear regression analysis the
effective nuclear quadrupole moment,


Q, was evaluated. The value of (11.9�
0.1) fm2 is a significant improvement
over the non-relativistic result of
(15.2�4.4) fm2 and is in agreement
with the experimental value of (10.9�
0.8) fm2. The average mean square
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port for the structure interpretation by
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tives, and represents a significant step forward compared to
the point charge model, which is still well accepted for struc-
ture assignment but restricted to the determination of the
coordination geometry of organotin(iv) compounds.[2] The
suggested computational method is specifically useful for
the structural analysis of tin compounds for which X-ray
crystallography cannot be performed, for example when it is
not possible to obtain suitable crystals.
The values that the DE parameter may assume are indeed


strictly related to subtle changes in the core electron density
of the tin atom, determined by the electronic properties of
the ligands and by the coordination geometry of the metal
complex. Hence, the disagreement between experimental
and calculated parameters, could be attributed to 1) the geo-
metrical differences between the structures calculated in
vacuo and the experimentally
considered solid-state struc-
tures, 2) the deficiencies of the
basis set used to describe the
inner region and accurately de-
termine the EFG components,
and 3) the neglect of relativistic
effects. It has been shown that
the deviations of DEcalcd from
the linear trend do not depend
on the observed discrepancies
between the solid-state and the
calculated structures.[1] The
basis set deficiency, however, is
an issue that needs considera-
tion. Finally, the importance of
relativistic effects in the evalua-
tion of the hyperfine parameter
DE for tin compounds remains
up to now an open question.
The effect of relativistic contri-
butions on valence properties
of tin compounds has recently
been taken into account by the
relativistic elimination of small
components (RESC) method,[3]


or by the two-component ap-
proach using the zero order
regular approximation
(ZORA).[4] The latter include
both the spin-orbit interaction
and the scalar relativistic terms.
The relativistic DFT calcula-
tions gave good agreement with
experiment, and within a few
picometers in optimized geome-
tries. Only small tin compounds,
however, have been considered
so far, for example, SnY4 or
SnY3 (Y=H, CH3, C2H5, F, Cl,
Br, I, At).[3,4]


In the present study the issues of basis set and relativistic
effects are addressed and the results of scalar relativistic
DFT calculations on tin compounds containing up to 94
atoms, using the Douglas–Kroll–Hess[5] (DKH) approxima-
tion, are reported.


Results and Discussion


The 119Sn Mçssbauer parameters h, Vzz and V, obtained by
the DFT calculations (see Computational Details), and the
experimental DE values, are reported in Table 1. The corre-
lation plots of the experimental DE versus the correspond-
ing values of V obtained at the non- and relativistic DFT
level for compounds 1–34 are shown in Figure 1. In compari-
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son with the non-relativistic DFT results[1] the data points
are evidently less scattered. The results of the linear fitting
over 33 points (compound 2 was excluded, see discussion
below), by imposing the condition of zero intercept, pro-
duced a slope of (0.73�0.01) mms�1 au�1, with a correlation
coefficient R=0.996. This is to be compared with the non-
relativistic DFT results of R=0.982 and a slope of (0.93�
0.03) mms�1 au�1.[1] Using the slope as a calibration constant,
it is possible to obtain calculated values of DE (Table 1)
from the corresponding values of V, by using Equation (4).


DEcalcd ¼ ð0:726 � V � 0:27Þmms�1 ð4Þ


Here the error bar represents the average mean square
error for the 33 compounds. The estimated value of the nu-
clear quadrupole moment of tin is Q= (11.9�0.1) fm2,
which is to be compared with the previous theoretical result,
Q= (15.2�4.4) fm2,[1] and the experimental value, jQ j=
(10.9�0.8) fm2.[6] Interestingly, the error bar in the present
calculation is smaller than the experimental error. It could
be argued that the increase of the correlation coefficient in
the present study is mainly due to a better description of the
core electrons of tin by the use of a tighter basis set (see
Computational Details), while the scalar relativistic correc-
tions mainly affect the slope of the correlation. It should be
pointed out that to investigate these contributions separately
would require the development of a non-relativistic basis
similar in quality to the atomic natural orbital relativistic
core-correlated (ANO-RCC) basis sets.[7]


For compounds 5, 7, 10, and 12 a change in the sign of V
was noted at the relativistic level, as compared to what was
previously obtained (see Table 1).[1] It has been reported


that when the asymmetry parameter, h, is roughly greater
than 0.7 it is difficult to experimentally determine the sign
of Vzz (and DE), by Mçssbauer–Zeeman measurements.[8] In
this respect it was interesting to observe that, for the above-
mentioned compounds, the non-relativistic h values were
greater than 0.95. That is, the values of the components Vyy


and Vzz were almost equal but with opposite sign. However,
in the present work the h values of compounds 5, 7, and 10
decreased to less than 0.72. Accordingly, the sign, of the cor-
responding experimental DE values were changed. For com-
pound 12, on the other hand, the current value of h is close
to 1 (within the third significant digit). Hence it should not
be possible to experimentally determine the sign of Vzz.
Considering that it does not change the quality of the fit, a
positive sign was assigned to the computed V value of com-
pound 12.
It must be pointed out that the EFG components have


been computed by non-relativistic property integrals. The
neglect of the so-called picture-change effect in the compu-
tation of the EFG has been analyzed by Kellç and Sadlej.[9]


The error of this neglect is systematic and has been demon-
strated to give an overestimate of 8% for the EFG of
iodine. A similar sized overestimate is expected in the cur-
rent investigation, and indeed the computed Q value is
about 9% higher than the experimental finding.[6] This error
is acceptable considering the accuracy of the DFT method
and that theoretical gas-phase results are compared with ex-
perimental solid-state results. Moreover, the systematic
error associated with V should be cancelled in DEcalcd, since
it is determined through a calibration with the experimental
values of DE. Hence, according to Equation (4), the calcu-
lated nuclear quadrupole splitting of 119Sn is expected to be


within �0.3 mms�1 of the ex-
perimental value.
During the processing of the


data the error of compound 2[10]


(see Figure 2) was noted to be
larger than that observed of the
other molecules (see the trian-
gle symbol on the right side of
the line in Figure 1). This dis-
crepancy could be argued to be
associated with the electronic
structure of 2. In particular, it is
possible that due to the pres-
ence of the 2,2’-bipyridine
ligand the ground state of 2
could have a component of trip-
let state configuration. In fact,
SnII complexes are known to
have low-energy singlet–triplet
state electronic transitions (n–p
transitions), often occurring in
the visible range, depending on
the electronic and steric proper-
ties of the ligands.[11] Moreover,
the 2,2’-bipyridine ligand, can
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be considered a radical anionic ligand,[12] in which unpaired
electrons are delocalized in the ligand p* orbitals. Further-
more, it is known that main group metal complexes of 2,2’-
bipyridine often have a triplet spin state in the ground or a
low-lying excited state.[12] To investigate this the 119Sn Mçss-
bauer parameters h, Vzz and V were evaluated for the triplet
state of 2 after optimizing its geometry at the non-relativistic
level (see Table 1). In Figure 1, an arrow shows the shift of
the V value when going from the singlet to the triplet state.
The geometrical parameters of the tin environment of 2, op-
timized in the singlet and in the triplet state, are reported in


Table 2 and compared with the
experimental data. It can be
seen that there is a better
agreement between the experi-
mental values of the bond
lengths and angles with those of
the singlet state. In particular, it
is noted that the values of the
two Sn�N and the Sn�B4 dis-
tances (see Figure 2) are short-
er in the triplet state, while the
other Sn�C and Sn�B distances
are longer. This result is indica-
tive of a stronger interaction in
the triplet state of the tin atom
with bipyridine followed by a
weaker interaction with the
five-membered carborane ring.
Considering the tight linear
trend of the plot of Figure 1, we
have to conclude that neither
the singlet nor the triplet state
produce a satisfactory fit with
experimental data. However,
some triplet state component in
the singlet ground state wave
function would reduce the devi-
ation. This example shows that,
by including scalar relativistic
effects in the calculation of tin
EFGs, it is possible to obtain
better information about the
electron configuration of the tin
compounds investigated by
119Sn Mçssbauer spectroscopy.
However, the ultimate tool to
investigate compounds like 2
will require inclusion of spin-
orbit effects.
For the six smallest com-


pounds (16,[13] 22,[13] 25,[10] 30,[14]


32,[15] and 34[16]) the effect of
geometry optimization (see
Table 3) on the computed EFG
was investigated (see Table 1).
The largest differences of about


5 and 3%, were observed for compounds 32 and 30, respec-
tively. For the other compounds no significant difference
was observed. The results indicate that the relativistic ap-
proach slightly improves the agreement with the experimen-
tal structures for both bond lengths and angles. It was also
noted that the correlation of V with the experimental DE
slightly improved. It should be pointed out that the geome-
try optimization at the non-relativistic level already fur-
nishes a satisfying result for the structural agreement with
the experimental results,[1] and an excellent result for the
evaluation of the DEcalcd parameter at DKH level, thus pro-


Table 1. 119Sn Mçssbauer parameters obtained from relativistic DFT calculations for the compounds consid-
ered.


Compound[a] h[b] Vzz
[b] V[c] DE[d] DEcalcd


[e] DEcalcd
[f]


1 0.62 �3.19 �3.38 �2.24 �2.46 �2.14
2 singlet 0.54 5.21 5.46 (+)2.73 3.96 4.12
2 triplet 0.68 1.97 2.11 1.53 1.93
3 0.64 �3.33 �3.55 (�)2.53 �2.57 �2.68
4 0.52 2.18 2.28 (+)1.34 1.65 2.31
5 0.67 �3.30 �3.54 (�)2.94 �2.57 2.68
6 0.58 �3.35 �3.54 (�)3.20 �2.57 �2.67
7 0.71 �3.54 �3.83 (�)2.87 �2.78 2.87
8 0.70 �3.57 �3.85 (�)3.11 �2.80 �2.63
9 0.61 3.70 3.92 (+)2.84 2.85 2.15
10 0.72 �3.47 �3.76 (�)2.65 �2.73 2.70
11 0.19 �2.19 �2.20 (�)1.65 �1.60 �0.83
12 1.00 3.16 3.65 (+)2.58 2.65 �2.01
13 0.09 3.03 3.04 (+)2.23 2.20 2.02
14 0.17 2.94 2.95 (+)1.89 2.14 1.58
15 0.07 2.40 2.40 (+)1.71 1.74 1.57
16 0.61 2.69 2.86 (+)1.98 2.07 2.32
16[g] 0.61 2.74 2.90
17 0.00 1.84 1.84 (+)1.38 1.33 1.53
18 0.31 �1.34 �1.36 (�)0.73 �0.99 �0.85
19 0.13 5.28 5.29 (+)3.46 3.84 4.07
20 0.11 5.68 5.69 (+)3.93 4.13 4.27
21 0.27 5.26 5.32 (+)4.29 3.86 4.14
22 0.62 2.90 3.08 (+)1.99 2.24 2.35
22[g] 0.64 2.98 3.17
23 0.09 5.13 5.14 (+)4.00 3.73 3.31
24 0.14 5.42 5.44 (+)3.72 3.94 4.12
25 0.65 4.50 4.80 (+)2.79 3.48 3.48
25[g] 0.64 4.50 4.80
26 0.07 5.86 5.87 (+)4.14 4.26 4.30
27 0.61 �2.15 �2.28 (�)1.56 �1.65 �0.87
28 0.05 5.16 5.16 (+)3.98 3.75 3.24
29 0.18 �0.11 �0.11 (�)0.43 �0.08 �0.36
30 0.00 �4.38 �4.38 �3.49 �3.18 �2.59
30[g] 0.01 �4.53 �4.53
31 0.00 �4.00 �4.00 �3.02 �2.90 �1.89
32 0.00 �4.14 �4.14 �3.31 �3.01 �2.43
32[g] 0.00 �4.34 �4.34
33 0.48 2.91 3.02 +2.06 2.19 2.60
34 – 0.00 0.00 0.00 0.00 0.00
34[g] – 0.00 0.00


[a] The structures of compounds 1–34 are reported in reference [1]. [b] h= (Vxx�Vyy)/Vzz with jVzz j� jVyy j�
jVxx j . [c] V=Vzz· ACHTUNGTRENNUNG(1+1/3·h


2)1/2, in atomic units. [d] Experimental values of the nuclear quadrupole splitting pa-
rameter (in mms�1), obtained from the literature (see reference [1]); the sign in brackets is added to DE fol-
lowing the sign of V obtained from theoretical calculations. [e] DEcalcd is the quadrupole splitting parameter
calculated through the slope obtained by the linear fitting of Figure 1, according to Equation (4). [f] Quad-
rupole splitting parameter calculated at non-relativistic level,[1] through Equation (3). [g] Values of the 119Sn
Mçssbauer parameters calculated after geometry optimization at the DKH relativistic level.
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viding effective support for the structural interpretation of
119Sn Mçssbauer spectroscopic data. Further improvement
beyond this by reoptimizing the geometry at the relativistic
level would be marginal and require considerable computa-
tional resources. It is our opinion that improvements first
should address the neglect of the picture-change effect,[9] in-
clude spin-orbit effects, and consider the structural differen-
ces due to solid-state packing effects in the experimental
structures.
For the six compounds discussed above the basis set satu-


ration with respect to the EFG was investigated as well. The


results showed only a deviation on the sixth to seventh sig-
nificant digit of the computed EFG values.


Conclusion


In a comparison between the non- and relativistic DFT
models on 34 tin compounds a significantly improved agree-
ment between the experimental and theoretical values of
the 119Sn Mçssbauer nuclear quadrupole splitting was ob-
tained by the inclusion of scalar relativistic effects. The rela-
tivistic corrections influenced the slope of the correlation
plot, giving a value of the nuclear quadrupole moment of tin
of about 9% larger than the experimental value. This devia-
tion was expected, since the so-called picture-change effect
was not considered. The use of the relativistic all-electron
basis set increased the correlation coefficient of the fit. It
was demonstrated that the results were stable with respect
to further basis set improvements. Together, the basis set
improvements and the inclusion of scalar relativistic effects
enabled quantitative predictions of the 119Sn Mçssbauer nu-
clear quadrupole splitting parameter. Detailed information
not accessible at non-relativistic level can thus be obtained
on the electronic structure of tin compounds. In particular,
the new approach led to a more detailed study of compound
2 with respect to the spin multiplicity of this species. Further
improvement beyond what has been presented here will
have to include corrections for the so-called picture-change
effect, spin-orbit interactions, and solid-state packing effects
in the calculated structures.


Figure 1. Correlation plot of the experimental DE values versus the cor-
responding calculated values of V, at the scalar relativistic (squares and
ordinate to the right) and non-relativistic (circles and the ordinate to the
left) DFT level, for compounds 1–34 (see Table 1). Triangle symbols are
relative to the singlet (sm=1) and triplet (sm=3) states of compound 2.
The solid lines are the least-squares linear fits.


Figure 2. The structure of compound 2. Element labels are as in refer-
ence [10].


Table 2. Relevant geometrical parameters (distances in U and angles in
degrees) of the tin environment of compound 2 (Figure 2), obtained by
geometry optimization at non-relativistic DFT level (see text) of the sin-
glet and triplet spin states (sm=1 and sm=3, respectively), compared to
the corresponding experimental data (Exp).[10]


sm=1 sm=3 Exp


Sn�C1 2.82 2.97 2.75
Sn�C2 2.79 2.93 2.70
Sn�B3 2.49 2.51 2.44
Sn�B4 2.38 2.31 2.37
Sn�B5 2.51 2.54 2.52
Sn�N13 2.62 2.24 2.49
Sn�N19 2.64 2.28 2.54
C1-Sn-N13 124.8 140.2 125.4
C1-Sn-N19 144.5 146.2 147.1
C2-Sn-N13 144.1 156.4 145.3
C2-Sn-N19 121.3 118.6 121.7
B3-Sn-N13 120.5 129.1 120.2
B3-Sn-N19 89.3 102.5 90.7
B4-Sn-N13 84.6 97.3 85.4
B4-Sn-N19 88.4 123.5 91.8
B5-Sn-N13 91.7 108.8 91.5
B5-Sn-N19 126.4 165.2 129.4
N13-Sn-N19 61.3 72.8 64.0
C1-Sn-C2 30.5 29.1 30.7
C1-Sn-B5 33.8 31.9 35.0
C2-Sn-B3 34.1 32.4 34.9
B3-Sn-B4 41.0 42.0 39.7
B4-Sn-B5 40.8 42.0 40.2
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Computational Details


The EFGs for compounds 1–34 (excluding the so-called picture-change
effect) were computed at the scalar relativistic DFT level of approxima-
tion in combination with the B3LYP[17] functional, the second-order
Douglas–Kroll–Hess[5] (DKH) Hamiltonian, and an ANO-RCC[7] basis
set. The basis set for tin was contracted to 6s5p3d1f; for all other atoms a
contraction level of VDZP was used. The structures of the compounds
were the fully optimized geometries at the non-relativistic B3LYP/DZVP
level as reported by Barone et al.[1]


The eigenvalues of the diagonalized EFG components, Vii, were used to
derive the quantity V that is related to the theoretical DE value (see
Equations (1) and (2)).


Geometry optimization was performed for the six smallest compounds
16, 22, 25, 30, 32, and 34 (see Table 3). For this set of molecules a bigger
basis was tested as well: 7s6p4d2f1g on Sn and VTZP for the remaining
atoms. For the calculation with the larger basis set the two-electron inte-


grals were approximated by the so-called Cholesky decomposition.[18]All
calculations were carried out with the MOLCAS-6.3[19] software package.


The possibility to include the so-called picture-change effect according to
the numerical differentiation approach suggested by Kellç and Sadlej
was investigated.[9] After much disappointing work we found that numeri-
cal acceptable accuracy as a function of the parameters of the numerical
differentiation had to be established molecule-by-molecule. We conclude
that an analytical implementation of the picture-change effect of integrals
for the computation of the expectation value of large molecular systems
is the only efficient and reasonable approach.
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Table 3. Relevant geometrical parameters (distances in U and angles in
degrees) of the tin environment of the indicated compounds, calculated
after geometry optimization at non-relativistic (NR) and at the relativis-
tic (DKH) DFT level (see text) , compared to the corresponding experi-
mental data (Exp).


Compound[a] Parameter[a] NR DKH Exp


16[13] Sn�O1 2.211 2.191 2.140
Sn�O2 2.296 2.293 2.258
Sn�O3 2.296 2.293 2.242
Sn�O4 2.211 2.191 2.14
O1-Sn-O2 70.7 70.9 72.5
O1-Sn-O3 79.3 80.2 77.1
O1-Sn-O4 95.9 96.6 94.2
O2-Sn-O3 134.7 136.1 137.4
O2-Sn-O4 79.3 80.2 81.1
O3-Sn-O4 70.7 70.9 72.0


22[13] Sn�O1 2.376 2.370 2.324
Sn�O2 2.178 2.156 2.129
O2-Sn-O2’ 93.5 93.9 94.5
O1-Sn-O2’ 80.2 80.9 81.4
O1-Sn-O2 72.9 73.1 74.8
O1-Sn-O1’ 140.4 141.6 144.6


25[10] Sn�C1 2.521 2.510 2.518
Sn�C2 2.494 2.483 2.475
Sn�B3 2.454 2.448 2.432
Sn�B4 2.408 2.404 2.397
Sn�B5 2.447 2.441 2.431
C1-Sn-C2 34.3 34.4 34.7
C1-Sn-B5 37.0 37.1 35.3
C2-Sn-B3 36.9 37.0 37.9
B3-Sn-B4 41.3 41.3 39.9
B4-Sn-B5 41.4 41.4 39.8


30[14] Sn�Claver 2.679 2.678 –[b]


Sn�C 2.197 2.185 –
C-Sn-C 120.0 120.0 –
Cl-Sn-Cl 180.0 180.0 –
C-Sn-Cl 90.0 90.0 –


32[14, 15] Sn�Claver 2.667 2.670 2.744
Sn�C 2.183 2.166 2.121
C-Sn-C 120.0 120.0 118.5
Cl-Sn-Cl 180.0 180.0 179.2
C-Sn-Cl 90.0 90.0 90.0


34[15, 16] Sn�Naver 2.113 2.091 2.15
N1-Sn-N2 90.0 90.0 90.0
N1-Sn-N3 180.0 180.0 180.0


[a] The structures of the compounds are reported in reference [1]. The el-
ement labels are as in the literature references. [b] Detailed experimental
data of compound 30 were not given.
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FTIR Studies of Iron–Carbonyl Intermediates in Allylic Alcohol
Photoisomerization
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Introduction


Photoisomerization of alkenes by iron–carbonyl species has
been the subject of intense study for many years. Several as-
pects such as the catalytic efficiency of different metal pre-
cursors and detection of key intermediates generated sepa-
rately in low-temperature matrices and in the gas phase
have been explored.[1–5] By far, iron–pentacarbonyl
([Fe(CO)5]) has been the precursor of choice for photoisom-
ACHTUNGTRENNUNGerization, and in the case of allylic alcohols, aldehydes or
aldol products are produced irreversibly upon tautomeriza-
tion.[6–11] While the proposed active catalyst [Fe(CO)3] and
key intermediate [FeH(CO)3 ACHTUNGTRENNUNG(allyl)] have been observed
mainly under low-temperature matrix or gas-phase condi-
tions[1] and a computational study on the mechanism of
iron–carbonyl-mediated isomerization of allylic alcohols to
saturated carbonyls has been carried out,[6] more convincing
evidence to support the catalytic photoisomerization of al-
lylic alcohols could be obtained if some of these intermedi-


ate species could be detected directly during the room-tem-
perature process itself with low catalytic loading.


In this work, we have largely focused on triiron dodeca-
carbonyl [Fe3(CO)12] as the catalytic precursor, because of
its much milder toxicity as well as the ease of handling the
solid. Since the toxic properties of volatile [Fe(CO)5] could
limit its use as a versatile reagent in most organic syntheses,
photoisomerization in the presence of [Fe3(CO)12] at room
temperature may offer a better alternative.[4] [Fe3(CO)12] is
also a much less studied catalytic precursor in terms of its
mechanism, as it is often assumed to behave in a similar
manner to [Fe(CO)5]. Another catalytic percursor, [Fe-
ACHTUNGTRENNUNG(CO)4PPh3] has also been used in this work for comparison
studies.[12]


We have used pulsed laser FTIR absorption spectroscopy
to monitor directly the spectral evolution of the precursor,
intermediates, and final product of the photoisomerization
of allyl alcohols to aldehydes during isomerization. Com-
pared to a broadband source, the intense laser light, either
in the visible (532 nm) or UV region (355 nm) could en-
hance the probability of detecting low concentrations of in-
termediate species. We have chosen the study of allylic alco-
hol isomerization rather than that of a simple alkene, be-
cause of the ease of monitoring the strong nCO stretch at
1700–1730 cm�1 of aldehyde by using IR spectroscopy. At
the same time, transition-metal–carbonyl intermediates pro-
duced during the catalytic cycles could be identified by their
distinctive CO stretches around 1900–2100 cm�1.


Abstract: The 532 or 355 nm laser-in-
duced photoisomerization of allylic al-
cohols to aldehydes catalyzed by
[Fe3(CO)12] or [Fe(CO)4PPh3] in
hexane was investigated. The Fourier
transform infrared (FTIR) absorption
spectra of iron–carbonyl intermediate
species such as [Fe(CO)5], [Fe(CO)4ACHTUNGTRENNUNG(R-
C3H4OH)], and more importantly the
p-allyl iron–carbonyl hydride species


[FeH(CO)3 ACHTUNGTRENNUNG(R-C3H3OH)] (R=H, Me,
Ph) were recorded during the catalytic
process using [Fe3(CO)12] as the cata-
lytic precursor. When [Fe(CO)4PPh3]
was photolyzed with 355 nm,


[FeH(CO)3ACHTUNGTRENNUNG(R-C3H3OH)] was also gen-
erated indicating the common occur-
rence of the species in these two sys-
tems. The p-allyl hydride species is
long believed to be a key intermediates
and its detection here lends support to
the p-allyl mechanism of the photo-
isom ACHTUNGTRENNUNGerization of allyl alcohols.
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Experimental Section


All the manipulations were carried out in the dark under a nitrogen envi-
ronment to avoid decomposition of the catalysts. Hexane and toluene
were distilled before use and [Fe(CO)4PPh3] was prepared according to
literature methods.[12] [Fe3(CO)12] and [Ru3(CO)12] were obtained from
Strem Chemicals, while allyl alcohol, methylallyl alcohol, and phenylallyl
alcohol were from Sigma–Aldrich and used without further purification.
A typical preparation for each kinetic run would be to mix the allyl alco-
hol (~0.01 mol) and the metal–carbonyl complex (~10�5 mol, loading=
0.1–1.0%) in hexane or toluene (30 mL).


We originally intended to use a broadband xenon lamp source (200 W)
to initiate the catalysis, but it was found to be too weak to produce any
measurable amount of iron–carbonyl intermediates, although conversion
of allyl alcohol to aldehyde was observed. Hence a Nd-YAG pulsed laser
system (10 Hz Continuum Surelite III-10, 8 ns pulse width) was used in-
stead to generate either 532 nm (�10–20 mJ per pulse) or 355 nm (5–
15 mJ per pulse) wavelength.


A brief description of the cell used for performing FTIR monitoring on
the reaction mixture is given here and can also be found in refer-
ence [13]. It wa a home-made stainless steel cell of volume 40 cm3 fitted
with CaF2 windows for passage of the IR probe beam. Absorbance path-
lengths of 0.2 to 5 mm was accommodated by manual adjustment of the
window holders. The cell also allowed for placement of quartz or glass
windows to permit photodissociation by a laser beam propagated at right
angles to the IR probe beam. A magnetic bar was used to provide contin-
uous stirring, while inlet and outlet ports on each side of the cell allowed
for N2 bubbling through the solution if required.


Infrared spectra during irradiation were obtained by using a Nicolet
Nexus 870 FTIR spectrometer operating in rapid scan mode (1000–
4000 cm�1, 2 cm�1 resolution, 16 scans co-added for spectral averaging).
Spectral acquisition with the total collection time of 180 min at an inter-
val of 3 min was typically carried out. Difference spectra (solvent, allyl
alcohol, and metal precursor as background) were recorded so that the
changes in IR absorption with respect to the initial conditions could be
observed. Spectral depletion of the reactants was represented by the IR
bands pointing in one direction, whereas the production of newly-formed
species was shown by the IR bands pointing in the other (as shown in
Figure 1). Absolute spectra (only solvent as background) were scanned
so that the concentrations of all the detected species could be estimated.
In this case, all vibrational bands pointed in the same direction in the
spectrum (see Figure 2).


Beer–LambertJs law (Abs=ecl) was used for concentration determina-
tion. The vibrational band extinction coefficients (e) for the allyl alcohols
and aldehydes were determined experimentally in our laboratory by
using pure samples of each species as the calibrant. Since most of the
iron–carbonyl intermediates here have not been previously detected, we
have used the data for the analogous alkene species in which their extinc-
tion coefficients of vibrational bands have been determined (Table 1).
For example, we used the coefficients for [Fe(CO)4 ACHTUNGTRENNUNG(C3H6)] to estimate
the concentration of [Fe(CO)4 ACHTUNGTRENNUNG(C3H5OH)]. However, the absolute values
of e are not known for the p-allyl hydride species. As a first approxima-
tion, the band intensity was also based on the [Fe(CO)4 ACHTUNGTRENNUNG(C3H6)] for
[FeH(CO)3 ACHTUNGTRENNUNG(C3H4OH)] species. Unfortunately the value for the phos-
phine-substituted species, [Fe(CO)3ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(C3H5OH)] was unavailable,
hence its concentration could not be estimated. Usually the area under
the curve for only one band of each species (the one of least spectral in-
terference from other species) was used for the concentration determina-
tion as well as monitoring the progress of the species.


Results and Discussion


ACHTUNGTRENNUNG[Fe3(CO)12]-catalyzed photoisomerization with 532 nm
wavelength laser pulses : The 532 nm photolysis of
[Fe3(CO)12] and allyl alcohol in hexane (35 mL) was first
carried out to verify that catalysis was indeed ocurring and
to characterize the main transition-metal–carbonyl products
formed. Figure 3 (top) shows the concentration profiles of
propionaldehyde and allyl alcohol during 532 nm photoisom-
ACHTUNGTRENNUNGerization. While the full depletion of �2K10�5 molmL�1


C3H5OH was noticeable after one hour of irradiation, only
�1.3K10�5 molmL�1 of propionaldehyde was produced
under a catalytic loading of 0.5%. This was partly due to
the high vapor pressure of aldehyde; a certain amount of it
has escaped to fill the volume above the solution within the
cell. Other species might have formed, but since the detec-
tion of aldehyde in our case was primarily used to verify the
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Figure 1. The difference IR bands of a) [Fe3(CO)12], b) [Fe(CO)5], and c)
[Fe(CO)4 ACHTUNGTRENNUNG(C3H5OH)] during 532 nm irradiation of a solution of
[Fe3(CO)12] (2 mg) and allyl alcohol (1 mL) in hexane (35 mL) after
1 hour.
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Figure 2. The absolute IR bands of a) [Fe3(CO)12], b) [Fe(CO)5],
c) [Fe(CO)4 ACHTUNGTRENNUNG(C3H5OH)], and d) [FeH(CO)3 ACHTUNGTRENNUNG(C3H4OH)] during 355 nm ir-
radiation of a solution of [Fe3(CO)12] (2 mg) and allyl alcohol (1 mL) in
hexane (35 mL) after 1 hour.
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occurrence of catalysis, we did not attempt to detect other
products of this system.


Figure 3 (bottom) shows the depletion of [Fe3(CO)12] and
the concurrent production of [Fe(CO)5] and [Fe(CO)4-
ACHTUNGTRENNUNG(C3H5OH)] as the irradiation progressed. The IR bands of
[Fe(CO)4ACHTUNGTRENNUNG(C3H5OH)] species were identified based on the
similarity in the band positions with those belonging to
[Fe(CO)4ACHTUNGTRENNUNG(alkene)] species, such as [Fe(CO)4ACHTUNGTRENNUNG(C3H6)]
(Table 1). The 532 nm irradiation even at higher energies
(>20 mJ per pulse) resulted in a slow conversion of


[Fe3(CO)12] to [Fe(CO)5] and
presumably other species in-
cluding [Fe(CO)4] and
[Fe(CO)3]. Since [Fe(CO)5]
has no absorptions in the green
region, the formation of
[Fe(CO)4ACHTUNGTRENNUNG(C3H5OH)] was at-
tributed to the coordination of
allyl alcohol with [Fe(CO)4].


[2]


The existence of [Fe(CO)4] in
our catalytic system was fur-
ther supported with the results
obtained from visible irradia-
tion of a solution containing
[Fe3(CO)12], allyl alcohol and a
trace amount of PPh3 in


hexane, in which [Fe(CO)4PPh3] was detected.
From Figure 3 (bottom) the gradual decay of [Fe3(CO)12]


can be seen over the irradiation time. The IR bands of
[Fe(CO)5] were found to evolve faster and achieved three to
four times higher concentration than those of [Fe(CO)4-
ACHTUNGTRENNUNG(C3H5OH)]. By adding the concentration of these two spe-
cies, we found that [Fe3(CO)12] mostly dissociated to yield
[Fe(CO)5] and [Fe(CO)4 ACHTUNGTRENNUNG(C3H5OH)] under 532 nm photoly-
sis. We also carried out photoisomerization reactions of
other allyl alcohols, such as methylallyl alcohol and phenyl-
allyl alcohol, and similar results were obtained.


Since the aldehyde has been shown to be generated cata-
lytically, the active species should be present in the reaction
mixture. As [Fe(CO)4ACHTUNGTRENNUNG(C3H5OH)] does not absorb in the
532 nm region, it is unlikely that this species will further dis-
sociate to yield [Fe(CO)3], presumably the active catalytic
species.[2,14] However the direct formation of [Fe(CO)3] from
[Fe3(CO)12] might account for the production of the 16-elec-
tron [Fe(CO)3ACHTUNGTRENNUNG(C3H5OH)] species, which in turn undergoes
rapid intramolecular rearrangement to form the 18-electron
p-allyl iron hydride species [FeH(CO)3ACHTUNGTRENNUNG(C3H4OH)] species.[6]


Unfortunately we have failed to observe any IR signals at-
tributable to [FeH(CO)3 ACHTUNGTRENNUNG(C3H4OH)]. This might be due to
the small absorption cross-section of [Fe3(CO)12] producing
only a small amount of intermediate species at each pulse.


Fe3(CO)12-catalyzed photoisomerization with 355 nm wave-
length laser pulses : When the rise of the aldehyde signal
was compared for the 532 and 355 nm cases, it appeared
that under similar experimental conditions the isomerization
proceeds about three times faster for the latter case (see
Figure 4, top). In addition, a new pair of signals at 2062 and
1989 cm�1 (shoulder peak) were observed, which we have
assigned to the p-allyl iron carbonyl hydride [FeH(CO)3ACHTUNGTRENNUNG(R-
C3H3OH)] (Figure 2). The two signals possessed the same
spectral evolution as the isomerization progressed, thus sup-
porting their assignment to a single species. IR assignments
of the [FeH(CO)3ACHTUNGTRENNUNG(R-C3H3OH)] species were also based on
the similarity in the IR band positions with those found for
[FeH(CO)3ACHTUNGTRENNUNG(C3H5)] species detected in a matrix as shown in
Table 1.[1] As mentioned earlier, the concentration of this


Table 1. Molecular species observed during the photoisomerization of allyl alcohol under various conditions.


Species Observed IR Bands [cm�1] and selected
e in parenthesis [mLmg�1mm�1][a]


Selected values
from reference [1]


ACHTUNGTRENNUNG[Fe3(CO)12] 2047 (4.95), 2028 –
[Fe(CO)5] 2022 (4.90), 1999 [Fe(CO)5] 2023, 1996
[Fe(CO)4 ACHTUNGTRENNUNG(C3H5OH)] 2085, 2001, 1985ACHTUNGTRENNUNG(3.57) [Fe(CO)4 ACHTUNGTRENNUNG(C3H6)] 2081, 2000, 1979
ACHTUNGTRENNUNG[FeH(CO)3 ACHTUNGTRENNUNG(C3H4OH)] 2062, 1989 ACHTUNGTRENNUNG[FeH(CO)3 ACHTUNGTRENNUNG(C3H5)] 2064, 1994
[Fe(CO)4(Me-C3H4OH)] 2072, 2013, 1983 –
ACHTUNGTRENNUNG[FeH(CO)3(Me-C3H3OH)] 2060 –
[Fe(CO)4(Ph-C3H4OH)] 2070, 2011, 1987 –
ACHTUNGTRENNUNG[FeH(CO)3(Ph-C3H4OH)] 2059, 1987 –
[Fe(CO)3 ACHTUNGTRENNUNG(C3H5OH)PPh3] 2022, 1958, 1930 [Fe(CO)3 ACHTUNGTRENNUNG(C2H4)PPh3] 2022, 1961, 1931
[Fe(CO)4PPh3] 2051, 1977, 1944 [Fe(CO)4PPh3] 2052, 1979, 1946
propionaldehyde 1741 (0.40) –
allyl alcohol 1647 (0.026) –


[a] The values of e were assumed to be the same as the alkene iron carbonyl counterparts.
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Figure 3. Top: Concentration profiles of propionaldehyde and allyl alco-
hol during 532 nm photoisomerization of allyl alcohol in hexane with
[Fe3(CO)12]. Bottom: Concentration profiles of [Fe3(CO)12], [Fe(CO)5],
and [Fe(CO)4 ACHTUNGTRENNUNG(C3H5OH)] under the same conditions.
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species was based on the extinction coefficient values de-
rived from [Fe(CO)4ACHTUNGTRENNUNG(C3H6)]. Although the error associated
with such an estimate could be large, we believe that this
species was indeed present in very low concentrations be-
cause of the greater difficulties in its detection with respect
to [Fe(CO)4ACHTUNGTRENNUNG(C3H5OH)]. When methylallyl alcohol or phe-
nylallyl alcohol were used as the substrate, the correspond-
ing p-allyl hydrides were also detected, but at lower signal-
to-noise ratios. Due to spectral overlap, the lower frequency
band of the p-methylallyl hydride species was not observa-
ble. Thus subsequent investigations of this species were con-
ducted using the parent allyl alcohol (C3H5OH) system
itself.


We have also investigated the possibility that the new sig-
nals might have come from a bis-allyl alcohol species such
as [Fe2(CO)6ACHTUNGTRENNUNG(C3H5OH)2], since its alkene counterpart also
possesses two vibrational bands in the same region
(Fe2(CO)6ACHTUNGTRENNUNG(C3H6)2, 2050, 1975 cm�1).[1] However the intensity
of the two detected bands were roughly equal in the spec-
trum and hence they clearly did not match those of the bis-
alkene species, for which the lower frequency vibration is at
least ten times more intense than the higher frequency vi-
bration. A detailed search of the literature did not reveal
any other matches for the bands observed here. Interesting-
ly, we found that these two bands also occurred in the [Fe-
ACHTUNGTRENNUNG(CO)4PPh3] catalytic system as will be discussed later.


For the 355 nm irradiation system, a much faster isomeri-
zation process was observed primarily due to the larger ab-


sorption cross-section of [Fe3(CO)12], thus yielding more in-
termediate species to effect the process. [Fe(CO)5] and
[Fe(CO)4ACHTUNGTRENNUNG(C3H5OH)] have also been detected in this system
and unlike visible light irradiation, photodissociation of
[Fe(CO)5] and [Fe(CO)4ACHTUNGTRENNUNG(C3H5OH)] could now take place
upon 355 nm irradiation to produce [Fe(CO)3] containing
species in addition to its direct production from
[Fe3(CO)12].


[14] This would provide one of the main factors
for the successful detection of [FeH(CO)3 ACHTUNGTRENNUNG(R-C3H3OH)] at
this UV wavelength. Subsequent loss of CO from [Fe(CO)4-
ACHTUNGTRENNUNG(C3H5OH)] species upon further 355 nm photolysis might
also enhance the production of [Fe(CO)3ACHTUNGTRENNUNG(C3H5OH)] species,
which then rearrange to form more [FeH(CO)3ACHTUNGTRENNUNG(C3H4OH)]
molecules.


Figure 4 (bottom) shows the decay of [Fe3(CO)12] after
1 hour of 355 nm photolysis, together with the concurrent
production of [Fe(CO)5], [Fe(CO)4 ACHTUNGTRENNUNG(C3H5OH)], and
[FeH(CO)3ACHTUNGTRENNUNG(R-C3H3OH)]. In contrast to the 532 nm case,
the concentration of [Fe(CO)5] was roughly equal to that of
[Fe(CO)4ACHTUNGTRENNUNG(C3H5OH)]; this fact indicates that the former spe-
cies undergoes further photolysis to yield the latter species
as one of its main products. However the amount of
[Fe(CO)4ACHTUNGTRENNUNG(C3H5OH)] did not increase indefinitely, since it
was also subjected to subsequent photolysis. As expected,
the reactive [FeH(CO)3ACHTUNGTRENNUNG(C3H4OH)] species appeared in
lower concentrations, at least three times less, throughout
the spectral-monitoring time although its concentration
gradually increased during the irradiation period. According
to many proposed mechanisms, the p-allyl hydride species
comes directly from the intramolecular rearrangement of
[Fe(CO)3ACHTUNGTRENNUNG(C3H5OH)] (isomer A, bonded to C=C not directly


attached to OH), while it decays by means of the reverse
process in which the hydride attached to the iron atom
transfers back to the allyl alcohol system (isomer B, C=C di-
rectly bonded to OH); see also Equation (1).


½FeðCOÞ3ðC3H5OHÞ� ðAÞ k1
�!HFeðCOÞ3ðC3H4OHÞ k2


�!
½FeðCOÞ3ðC3H5OHÞ� ðBÞ


ð1Þ


Although it is assumed that the p-allyl hydride species is
extremely short-lived, under certain conditions in which k2<


k1, a buildup of this species could occur that would account
for its slight concentration increase towards the later part of
photolysis. According to computational models reported in
reference [6], the first and second steps of the reaction pos-


Figure 4. Top: Concentration profile of propionaldehyde and allyl alcohol
during 355 nm photoisomerization of allyl alcohol with [Fe3(CO)12].
Bottom: Concentration profiles of [Fe3(CO)12], [Fe(CO)5], [Fe(CO)4-
ACHTUNGTRENNUNG(C3H5OH)], and [FeH(CO)3ACHTUNGTRENNUNG(C3H4OH)] under the same conditions.
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sess Gibbs activation energies of �8 kcalmol�1 and
�11 kcalmol�1 respectively. (isomer A here is equivalent to
structure 2b and isomer B is structure 4a in reference [6]).
This indicates that the conversion of p-allyl hydride to
isomer B is slightly hindered and thus would have increased
its lifetime.


[Fe(CO)4PPh3]-catalyzed photoisomerization with 355 nm
wavelength laser pulses : We have also extended our photo-
ACHTUNGTRENNUNGisomerization studies to the [Fe(CO)4PPh3]-catalyzed
system. Figure 5 (top) shows the concentration profiles of
the allyl alcohol and aldehyde during 355 nm photoisomeri-


zation with [Fe(CO)4PPh3] as the catalytic precursor. As ex-
pected from previous literature, the catalytic activity was
about three to four times less effective compared to those
catalyzed by [Fe3(CO)12] under the same catalytic loading.[2]


The photochemistry of [Fe(CO)4PPh3] resembles that of
[Fe(CO)5] rather than [Fe3(CO)12] for which UV light exci-
tation is required for CO-loss activation. A series of possible
pathways [Eqs. (2)–(11)] involving detachment of either
PPh3 or CO ligand could be proposed for this system.


½FeðCOÞ4PPh3� hn
�!½FeðCOÞ3PPh3� þ CO ð2Þ


½FeðCOÞ4PPh3� hn
�!½FeðCOÞ4� þ PPh3 ð3Þ


½FeðCOÞ4PPh3� hn
�!½FeðCOÞ3� þ COþ PPh3 ð4Þ


½FeðCOÞ3PPh3� þ C3H5OH ! ½FeðCOÞ3PPh3ðC3H5OHÞ�
ð5Þ


½FeðCOÞ4� þ C3H5OH ! ½FeðCOÞ4ðC3H5OHÞ� ð6Þ


½FeðCOÞ3PPh3ðC3H5OHÞ� hn
�!½FeHðCOÞ3ðC3H4OHÞ� þ PPh3


ð7Þ


½FeðCOÞ3PPh3ðC3H5OHÞ� hn
�!½FeHðCOÞ2PPh3ðC3H4OHÞ� þ CO


ð8Þ


½FeðCOÞ4ðC3H5OHÞ� hn
�!½FeHðCOÞ3ðC3H4OHÞ� þ CO ð9Þ


½FeðCOÞ3� þ C3H5OH ! ½FeðCOÞ3ðC3H5OHÞ� ð10Þ


½FeðCOÞ3ðC3H5OHÞ� ! ½FeHðCOÞ3ðC3H4OHÞ� ð11Þ


Upon 355 nm photolysis of a hexane solution of [Fe-
ACHTUNGTRENNUNG(CO)4PPh3] and allyl alcohol, the IR signals due to
[Fe(CO)3ACHTUNGTRENNUNG(C3H5OH)PPh3] and [FeH(CO)3 ACHTUNGTRENNUNG(C3H4OH)] were
observed, as shown in Figure 6. Figure 5 (bottom) shows the


concentration profiles of [Fe(CO)4PPh3], [Fe(CO)3PPh3-
ACHTUNGTRENNUNG(C3H5OH)], and [FeH(CO)3ACHTUNGTRENNUNG(C3H4OH)] during the photoiso-
merization process. Both [Fe(CO)3PPh3ACHTUNGTRENNUNG(C3H5OH)] and
[FeH(CO)3ACHTUNGTRENNUNG(C3H4OH)] species were found to be in relatively
low concentrations throughout the isomerization process.


Attempts were made for the detection of both [Fe(CO)4-
ACHTUNGTRENNUNG(C3H5OH)] and [FeH(CO)2PPh3ACHTUNGTRENNUNG(C3H4OH)] species, but
their vibrational bands were not seen despite changing the
allyl alcohol concentrations, increasing the laser energy, or
adding free phosphines into the reaction mixture. The detec-


Figure 5. Top: Concentration profiles of propionaldehyde and allyl alco-
hol during 355 nm photoisomerization of allyl alcohol with [Fe-
ACHTUNGTRENNUNG(CO)4PPh3]. Bottom: Concentration profiles of [Fe(CO)4PPh3],
[Fe(CO)3PPh3 ACHTUNGTRENNUNG(C3H5OH)], and [FeH(CO)3 ACHTUNGTRENNUNG(C3H4OH)] under the same
conditions. The concentration axis only refers to that of [Fe(CO)4PPh3]
and [FeH(CO)3 ACHTUNGTRENNUNG(C3H4OH)], since the extinction coefficient of
[Fe(CO)3PPh3 ACHTUNGTRENNUNG(C3H5OH)] is not known.
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Figure 6. Production of a) [Fe(CO)3PPh3ACHTUNGTRENNUNG(C3H5OH)] and b) [FeH(CO)3-
ACHTUNGTRENNUNG(C3H4OH)] from 355 nm photolysis of a solution of [Fe(CO)4PPh3]
(10 mg) and allyl alcohol (1 mL) in hexane (35 mL). Spectrum shown was
recorded after 10 min of irradiation.
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tion of [Fe(CO)3PPh3ACHTUNGTRENNUNG(C3H5OH)] species in our experiments
suggested that the reaction shown in Equation (5) is prefer-
red over reaction that in Equation (6), and this in turn sug-
gested that the detachment of CO [Eq. (2)] is more likely to
occur than the detachment of PPh3 [Eq. (3)]. However, the
sensitivity of FTIR monitoring is not high enough to prove
the complete absence of these two reactions [Eqs. (3) and
(6)].


At first it seems surprising that we observed the same two
vibrational bands attributed to [FeH(CO)3 ACHTUNGTRENNUNG(C3H4OH)] in this
phosphine-containing catalytic system. It appears that a
common iron allyl hydride species acts as the key intermedi-
ate in these two systems. The simplest explanation to ac-
count for the formation of [FeH(CO)3ACHTUNGTRENNUNG(C3H4OH)] is due to
the production of [Fe(CO)3] formed from a direct dissocia-
tion of two ligands (CO and PPh3) from [Fe(CO)4PPh3],
since the photolysis of [Fe(CO)5] itself is also known to pro-
duce [Fe(CO)3]. If it were the major pathway, it would ex-
plain the presence of the hydride species in this phosphine-
containing system as well.


However there is an alternate way to consider how the
hydride species could be formed. Since [Fe(CO)4 ACHTUNGTRENNUNG(C3H5OH)]
was not detected in this system or is present only as a minor
component, the possibility of forming [FeH(CO)3ACHTUNGTRENNUNG(C3H4OH)]
from [Fe(CO)4ACHTUNGTRENNUNG(C3H5OH)] would have to be excluded
[Eq. (9)]. The reaction shown in Equation (7), however, re-
mains a possible pathway for generating the hydride species,
since [Fe(CO)3PPh3ACHTUNGTRENNUNG(C3H5OH)] has been spectrally ob-
served. The release of a bulky group like PPh3 instead of a
CO ligand upon photolysis is quite a common occurrence in
metal–phosphine systems as it places less constraint on
steric congestion upon intramolecular hydrogen migration.


We have shown that the p-allyl iron carbonyl hydride spe-
cies [FeH(CO)3ACHTUNGTRENNUNG(C3H4OH)] is present and most probably
takes part in the catalytic cycle for all the three systems in-
vestigated here. It was detected directly using FTIR spectros-


copy under 355 nm photolysis of [Fe3(CO)12] and [Fe-
ACHTUNGTRENNUNG(CO)4PPh3] in the presence of allyl alcohol. Although previ-
ous literature reports have indirectly pointed towards the
existence of this species by examining the nature of the final
products, its direct detection here lends good support to the
p-allyl mechanism operating for the isomerization of allyl al-
cohols as opposed to the metal–hydride addition–elimina-
tion mechanism.[8,10]


Acknowledgements


T.S.C. thanks the Institute of Chemical Engineering and Sciences (ICES),
ASTAR Singapore for a research scholarship. This work is supported
under an NUS grant (143-000-210-112).


[1] J. C. Mitchener, M. S. Wrighton, J. Am. Chem. Soc. 1983, 105, 1065.
[2] J C. Mitchener, M. S. Wrighton, J. Am. Chem. Soc. 1981, 103, 975.
[3] A. J. Ouderkirk, P. Wermer, N. L. Schultz, E. Weitz, J. Am. Chem.


Soc. 1983, 105, 3354.
[4] N. Iranpoor, E. Mottaghinejad, J. Organomet. Chem. 1992, 423, 399.
[5] D. B. Chase, F. J. Weigert, J. Am. Chem. Soc. 1981, 103, 977.
[6] V. Branchadell, C. Crevisy, R. Gree, Chem. Eur. J. 2003, 9, 2062.
[7] C. Crevisy, M. Wietrich, V. Le Boulaire, R. Uma, R. Gree, Tetrahe-


dron Lett. 2001, 42, 395.
[8] R. C. van der Drift, E. Bouwman, E. Drent, J. Organomet. Chem.


2002, 650, 1.
[9] R. Uma, N. Gouault, C. Crevisy, R. Gree, Tetrahedron Lett. 2003,


44, 6187.
[10] R. Uma, C. Crevisy, R. Gree, Chem. Rev. 2003, 103, 27.
[11] H. Cherkaoui, M. Soufiaoui, R. Gree, Tetrahedron 2001, 57, 2379.
[12] J. L. Graff, R. D. Sanner, M. S. Wrighton, Organometallics 1982, 1,


837.
[13] T. S Chong, P. Li, W. K. Leong, W. Y. Fan, J. Organomet. Chem.


2005, 690, 4132.
[14] P. Portius, J. Yang, X. Sun, D. C. Grills, P. Matousek, A. W. Parker,


M. Towrie, M. W. George, J. Am. Chem. Soc. 2004, 126, 10713.


Received: January 14, 2006
Published online: April 27, 2006


Chem. Eur. J. 2006, 12, 5128 – 5133 A 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5133


FULL PAPERPhotochemistry



www.chemeurj.org






DOI: 10.1002/chem.200600061


Pyrimidinyl Nitronyl Nitroxides


Peter Brough,[a] Jacques P$caut,[a] Andr$ Rassat,[b] and Paul Rey*[a]


Introduction


Among stable nitroxide free radicals, imidazolyl nitronyl ni-
troxides 1 have found wide application as spin carriers for
designing molecular magnetic materials.[1] They afforded the


first purely organic magnets,[2] and are the cornerstone of
the so-called metal–radical approach, a strategy that has
contributed significantly to the development of magneto-


chemistry.[3,4] Attractive properties of these free radicals in-
clude delocalized structures and two potentially coordinat-
ing sites carrying large spin density, two features well suited
for obtaining strongly coupled multidimensional coordina-
tion compounds whose properties depend on the chemical
structures of the free radical ligands.


According to Ullman%s pioneering work,[5,6] the structure
of any aldehyde can be reflected in that of the correspond-
ing free radical. This enables monitoring of steric and elec-
tronic factors and, in the metal–radical approach, gives op-
portunities to include extra coordination sites.[7] Although
structural variations are almost infinite and are still the
object of intense activity, needs for other structures corre-
sponding to modification of other parts of the molecule
have been suggested and have triggered studies in this field.
As an example, imidazolinyl nitronyl nitroxides substituted
in position(s) 4 and/or 5 with chiral centers introduced close
to the N-oxy groups have been reported, opening a new
route to enantiopure molecular magnetic materials.[8]


In relation to the usual imidazolinyl nitronyl nitroxides,
pyrimidinyl analogues—in which the bis-N-oxyl fragment
would be included in a six-membered ring—could exhibit
new interesting features such as, for example, sterically dif-
ferent environments of the oxy groups, resulting in new
binding geometries and new magnetic behavior in the corre-
sponding metal complexes. Before this work, an attempt
had been made to include the conjugated ONCNO fragment
in a six-membered ring: 2,2,4-trimethylpyrimidinyl nitronyl
nitroxides (2) had been prepared, but the substitution on
the ring was insufficient to confer stability on the resulting
free radicals.[9] Recently, however, we reported a synthesis
of suitably substituted, stable, pyrimidinyl nitronyl nitroxides
8 (Scheme 1),[10] which is expeditious and uses common and
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inexpensive reagents. By this synthetic pathway a variety of
substituents R could in principle be introduced in position 2
of the pyrimidine ring.


A nitrile (RCN) supplied both the second nitrogen site
and the substituent, through application of a Ritter reaction
to 4. However, high yields of amino amides 5 were obtained
only in the presence of a large excess of nitrile, a possible
limitation of this approach in view of the availability of spe-
cific nitrile compounds, which may also degrade in a
medium as aggressive as concentrated sulfuric acid. More-


over, the yield of the last step, the oxidation of the tetrahy-
dropyrimidine 6 through the intermediate imino nitroxide 7,
was frustratingly low, which is again a strong incentive to
use another intermediate.


Here we describe a new and more flexible route to these
nitroxides, which uses aldehydes instead of the less easily
available nitriles and in which conventional oxidation proce-
dures give more satisfactory yields. The synthesis of a series
of pyrimidyl nitronyl nitroxides from the precursors 2,4-di-
ACHTUNGTRENNUNGamino-2,4-dimethylpentane (13) and 2,4-bis(hydroxylami-
no)-2,4-dimethylpentane (17, Scheme 2) is described, along
with some of their properties.


Results and Discussion


The main drawback of the previously reported synthetic
pathway is the conversion of the imino moiety into the ni-
tronyl nitroxide. The chemistry of imidazolines tells us that
oxidation of imino nitroxides into nitronyl nitroxides is
indeed difficult and proceeds with low yields;[5b] under the
same conditions, however, N,N’-bis(hydroxylamino)imidazo-
lidines and imidazolidines afford nitronyl nitroxides in fairly
good yields.[5,6] We therefore searched for a more convenient
synthetic pathway using precursors such as diamine 13 or
bis(hydroxylamine) 17, reacting stoichiometrically with an
aldehyde acting as the substituent carrier to provide hexahy-
dropyrimidines or N,N’-dihydroxyhexahydropyrimidines,
which were expected to be more easily oxidized, as de-
ACHTUNGTRENNUNGscribed for the imidazolinyl analogues.


Syntheses : We first tried to pre-
pare the diamino precursor 13
(Scheme 2). At first glance, this
compound seemed easy to
obtain from the readily availa-
ble amino amide 5a (R = Me)
or tetrahydropyrimidine 6a
(Scheme 1, R = Me).


As previously reported, how-
ever,[10,11] attempted hydrolysis
of 5a gave 6a, which in turn
could not be reduced: NaBH4


or Na/EtOH were ineffective
and neither diamine 13 nor hex-
ahydropyrimidine 14a (R =


CH3) were obtained. To avoid
the intramolecular nucleophilic
cyclization exhibited by amino
amides 5, the amino function
was transformed into a nitro
group: compound 5a was easily
converted into nitro amide 9a
(R = Me) in good yield by
treatment with mCPBA, but at-
tempts to hydrolyze this com-
pound under various basic or


Scheme 1. The nitrile route to pyrimidinyl nitronyl nitroxides. i) MeMgI/
diethyl ether; ii) RCN/SO4H2; iii) Ba(OH)2/H2O, 100 8C; iv–v) mCPBA/
THF, NaIO4.


Scheme 2. The aldehyde route to pyrimidinyl nitronyl nitroxides. i) mCPBA, CH2Cl2; ii) Ba(OH)2, H2O, 100 8C
(R = CCl3); iii) NaOH/H2O, (R = CCl3); iv) Zn/AcOH; v) RCHO/diethyl ether; vi) LiAlH4/diethyl ether;
vii) Zn/NH4Cl; viii) RCHO/PTSA; ix) NaIO4 (R = aliphatic), mCPBA (R = aromatic).
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acidic conditions (Ba(OH)2, NaOH, HCl) produced intracta-
ble mixtures.


To enhance the ease of hydrolysis of the amide function,
the methyl group was exchanged for CCl3.


[12] When amino
amide 5b (R = CCl3) was heated at reflux in aqueous
Ba(OH)2, cyclic urethane 10 was obtained in good yield,[13]


but could not be further hydrolyzed. Alternatively, 5b was
oxidized to nitro amide 9b and easily converted into nitro
amine 12 by treatment with aqueous sodium hydroxide. Al-
though the chloroform produced in this reaction was elimi-
nated through a Dean–Stark apparatus, some isonitrile 11
was also detected,[14] but acid treatment of the crude reac-
tion mixture gave nitro amine 12 in 70% yield. The target
nitronylnitroxides were then prepared by two reaction se-
quences:


Diamine path : Diamine 13 was obtained (>70%) by reduc-
tion of nitro amine 12 with zinc in acetic acid and was char-
acterized by an X-ray diffraction study of the picrate. Con-
densation with aldehydes RCHO in chloroform at reflux
with catalytic amounts of p-toluenesulfonic acid resulted in
the corresponding hexahydropyrimidines 14.


Oxidation to nitroxides with mCPBA was then expected
to proceed readily. Under the conditions described for the
five-membered ring analogues,[6] however, nitronyl nitrox-
ACHTUNGTRENNUNGides were detected by ESR but the major products of the re-
actions were the corresponding nitro amides 9. The reasons
for such behavior are not fully understood, but it was noted
that the solvent had a crucial role: a 1:1 mixture of diethyl
ether/acetonitrile as solvent gave better yields (10% for 8a
to 30% for 8d) of nitronylnitroxides 8. It therefore ap-
peared that the diamine path had marginal preparative
value in relation to the nitrile route.


Bis(hydroxylamino) path : The dinitro compound 15 was ob-
tained in 90% yield from the corresponding nitro amine 12
by oxidation with mCPBA in dichloromethane at reflux.
The bis(hydroxylamino) derivative 17 was then prepared in
about 60% yield (NMR) by the procedure reported for the
synthesis of 2,3-dimethyl-2,3-bis-(hydroxylamino)butane.[15]


In this case, however, the reaction product always included
variable amounts (5–20%) of cyclic azoxy and azodioxy
compounds 16a and 16b. Note that these two compounds
were also obtained by reduction of 15 by LiAlH4, and nei-
ther gave 17. Since bis(hydroxylamino) derivatives are
poorly stable in solution when impure,[6] no attempt was
made to obtain an analytical sample, and crude 17 was used
in the following steps.


Condensation of precursor 17 with aldehydes proceeded
satisfactorily with formaldehyde and acetaldehyde at room
temperature and with other alkylaldehydes at higher tem-
perature, to afford the corresponding N,N’-dihydroxy-hexa-
hydropyrimidines 18. As in the Ullman synthesis,[5b] aromat-
ic aldehydes were less reactive: a higher temperature (60 8C)
and a catalyst (p-toluenesulfonic acid or pyridinium p-tolu-
ACHTUNGTRENNUNGenesulfonate) were used to obtain the corresponding N,N’-
dihydroxyhexahydropyrimidines (18) in good yields. When


aldehydes were used in excess, the corresponding bis-nitro-
nes were obtained as the major product.


Oxidation of alkyl-substituted bishydroxylamines such as
18a or 18g with sodium periodate proceeded smoothly, with
50–60% yields of radicals 8a or 8g. In the case of the aro-
matic analogues (18c–f), oxidation under the same condi-
tions gave poor yields (<10%), and classical oxidants of hy-
droxylamines such as Ag2O, PbO2, and NaWO4/H2O2 did
not improve the yields. Finally, mCPBA was found to be the
most efficient oxidant, affording aryl-substituted radicals
8c–f in satisfactory (60–70%) yields.


These pyrimidyl nitronyl nitroxides are readily reduced to
imino nitroxides by use of the conventional ice-cooled
NaNO2/HCl system.[16] For instance, conversion of 8d into
7d proceeded quantitatively (>95%).


Nitroxide properties : ESR spectra in solution show the
usual five-line pattern resulting from coupling with two
equivalent nitrogen nuclei (I = 1) and, on occasion, addi-
tional splittings when the substituent R carries hydrogen
atoms at the position a to the pyrimidyl fragment. Values of
the hyperfine couplings are displayed in Table 1, together


with those of imidazolinyl analogues.[5] 14N couplings are sig-
nificantly weaker (DaN�0.2 gauss) in pyrimidyl nitroxides
than in their imidazolidinyl counterparts. Taking into ac-
count the structural differences, the spin densities for the
phenyl-substituted radicals have been calculated in both
cases.[17] These calculations afford weaker spin densities for
the former than for the latter; even more interesting is the
fact that their ratio (1.037 vs. 1.040) is almost the same as
that of the experimental values.


Table 1. ESR hyperfine splitting parameters (gauss) in pyrimidyl nitrox-
ACHTUNGTRENNUNGides, their imidazolinyl analogues (in parentheses, from reference [5]),
and Weiss constants (q, from magnetic measurements). For 8c (R = Ph)
the calculated spin densities on equivalent coupled nitrogen atoms (1N)
are reported.


R AN1
[a] AN1


[b] AN2
[a] AN2


[b] AH
[a] AH


[b] V(K)


Me 8a 8.10
ACHTUNGTRENNUNG(8.25)


7.24
ACHTUNGTRENNUNG(7.4)


2.98 3.22
ACHTUNGTRENNUNG(3.3)


�0.4


Ph 8c 1N 7.89
ACHTUNGTRENNUNG(8.18)
0.248
ACHTUNGTRENNUNG(0.258)


7.10
ACHTUNGTRENNUNG(7.43)


�2.5


p-PhNO2 8d 7.89
ACHTUNGTRENNUNG(8.06)


7.12
ACHTUNGTRENNUNG(7.43)


�2.1


p-PhOMe 8e 7.95 7.12 +3.9
3-Py 8 f 7.89 7.11 �3.7
Et 8g 8.01


ACHTUNGTRENNUNG(8.21)
7.20
ACHTUNGTRENNUNG(7.42)


1.75 1.74
ACHTUNGTRENNUNG(2.0)


H 8h 7.86 6.88 3.53 3.76 �13.3
p-PhNO2 7d 9.82


ACHTUNGTRENNUNG(9.90)
9.11 4.01


ACHTUNGTRENNUNG(4.35)
3.54 �3.5


mean 8.18
ACHTUNGTRENNUNG(8.52)


7.11
ACHTUNGTRENNUNG(7.42)


[a] Measured in H2O. [b] Measured in toluene.
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Of the eight free radicals prepared in this study (see
Table 2), one was an oil (8g, R = C2H5), whilst one was un-
stable (8h, R = H), but six were stable solids, the crystal


structures of which were determined. As an example, the
molecular structure of 8d is displayed in Figure 1.


In the solid state, a twisted flattened chair conformation
in the pyrimidyl ring is observed in all compounds. Although
all the compounds crystallize in centrosymmetric space
groups, the crystals are racemates because of the chiral con-
formations of the molecules. As observed for the five-mem-
bered analogues,[18] chirality arises from a twisting of the
pyrimidinyl ring, which can be gauged by the N1-C2-C4-N2
torsion angle (Table 2, a). For the aromatic substituted ni-
troxides, the conformation was also analyzed by taking the
mean angle between the N1-C1-N2 plane and the aromatic
plane into account (Table 2, b). Note that the signs of a and
b reported in Table 2 refer to one enantiomer and are re-
versed for the other one; importantly, however, the relative
signs of a and b for each compound determine the descrip-
tors MP or PM and PP or MM, which correspond to a
pseudo-anti, globular, and to a pseudo-eclipsed, planar con-


formation, respectively. Most of the radicals exhibit the
pseudo-eclipsed conformation, as also observed for the imi-
dazolinyl analogues.[18]


One observes that the a


values are weaker than those in
the imidazolinyl nitroxides,
while the b values are much
larger. This is easily under-
standable in the former case be-
cause the steric demand of the
gem-dimethyl groups is better
accommodated in a six-mem-
bered ring than in a five-mem-
bered ring, where they are lo-
cated on adjacent carbons. In
contrast, a larger b angle is the
result of steric interaction be-
tween the oxyl oxygen atoms
and the ortho hydrogen atoms
of the aromatic ring. Note that
the larger N(1)�C(1)�N(2)
angle (�1208 vs. �1108) is the


main cause of steric congestion in aromatic substituted pyri-
midinyl nitroxides. Close examination of models shows that
b angles of ca 308 in a imidazolinyl ring and 608 in a pyri-
midyl ring result in a similar O···H ACHTUNGTRENNUNG(phenyl) distance of
about 2.6 R, close to the sum of the van der Waals radii
(2.55 R).[19]


In the solid state, the magnetic data point to Curie behav-
ior down to low temperatures (cT�O.375 cm3Kmol�1).
Only at very low temperatures is a departure from this ideal
behavior observed, modeled with negative Weiss parameters
(Table 1, last entry), except in the case of 8 f (R = p-
PhOMe), for which the Weiss constant is positive. There-
fore, these new nitronyl nitroxides have magnetic properties
similar to those of most organic free radicals, in which inter-
molecular interactions are weak and predominantly antifer-
romagnetic. No attempt was made to correlate the positive
value of q observed for 8 f with structural parameters since
it has been shown that it would be highly speculative;[20] in
that case, the presence of three independent molecules in
the cell would make such a study even more complicated.


A preliminary investigation of the coordination properties
of these free radicals showed that they behave as imino imi-
dazolinyl analogues rather than as nitronyl nitroxides, in
giving discrete complexes rather than 1D structures. Trinu-
clear complex 19 (Figure 2), in which—as an exception—
ligand 8d was characterized as bridging, was obtained from
8d and [Cu ACHTUNGTRENNUNG(hfac)2] in heptane under the experimental con-
ditions described for imidazolinyl nitronyl nitroxides. How-
ever, 19 is also a discrete species in which each bidentate
radical ligand is equatorially coordinated to a terminal pen-
tacoordinated trigonal bipyramidal metal ion and axially to
a central octahedral one. Salient features of this structure
reflect the steric crowding of the oxyl coordination sites: the
axial bond to the central metal center is long (2.476(6) R)
and the b angle between the phenyl ring and the bis-oxyl


Table 2. Selected synthetic and conformational parameters in the solid state.


R Yield [%] M.p. [8C] dN0 [R] aNCN [8] a[a] [8] b[b] [8] Descriptor


Me 8a 56 104 1.296 121.4 +6.7
Ph 8c 64 139 1.293 121.2 +12.5 �69.6 MP
p-PhNO2 8d 47 191 1.283 122.2 +14.7 +56.7 PP
p-PhOMe 8e[c] 58 116 1.288 120.6 +0.4 +64.7 PP


1.287 120.7 �4.9 �61.6 MM
1.286 119.5 �17.5 �54.8 MM


3-Py 8 f 81 151 1.289 121.2 +17.9 �64.8 MP
Et 8g 35 liq.
H 8h 43 123
p-PhNO2


[d] 7d 93[e] 121 1.278 124.2 �11.6
mean[f] – – 1.287(8) 121.4(7) 10.8 ACHTUNGTRENNUNG(3.5) 62.0(7)
mean[g] 1.281(10) 108.3 ACHTUNGTRENNUNG(1.2) 25(4) 27.5 ACHTUNGTRENNUNG(8.5)


[a] N1-C2-C4-N2 dihedral angle. [b] Angle between the NCN fragment and the aromatic plane of the substitu-
ent. [c] Three independent molecules in the cell. [d] Imino nitroxide. [e] From the corresponding nitronyl ni-
troxide. [f] Absolute value. [g] For the imidazolinyl analogues.[18]


Figure 1. Molecular structure of 8d showing the labeling scheme. Ther-
mal ellipsoids are drawn at the 30% probability level.
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fragment is also large (558). In this respect, the structure is
similar to that obtained with the phenyl-substituted imidazo-
linyl imino nitroxide, in which coordination of the imino ni-
trogen results in large steric constraints and precludes for-
mation of an extended complex.[21] The magnetic properties
of this complex are straightforward, since the equatorial li-
gation of the ligands to terminal metal ions results in spin
pairing and the magnetic behavior of 19 is that of an isolat-
ed CuII center (S = 1=2).


Conclusion


A reliable route to 2,2,4,4-substituted pentane derivatives,
such as 2,4-dimethyl-2,4-dinitropentane and 2,4-diamino-2,4-
dimethylpentane, precursors of pyrimidyl nitronyl and imino
nitroxides, has been established. The synthesis of the pyri-
midyl nucleus is more delicate than that of the imidazolinyl
one, because condensation of these precursors with alde-
hydes is accompanied by side reactions. Moreover, oxidation
of the diamagnetic precursors into nitroxides is also deli-
cate: hexahydropyrimidines are overoxidized to open nitro
derivatives, but, as also observed for the imidazolinyl ana-
logues, the bis(hydroxylamine) route is more attractive, af-
fording a series of pyrimidyl nitroxides in fairly good yield.


Most of the properties of these new free radicals are simi-
lar to those of the imidazolinyl analogues, except for the
greater steric congestion of the oxyl groups. Indeed, a pre-
liminary study of the coordination properties of these pyri-
midyl nitronyl nitroxides showed that they do not function
as bridging ligands except with [CuACHTUNGTRENNUNG(hfac)2]. In that case a
discrete complex was obtained, which suggests that these
free radicals may, like imino imidazolinyl nitroxides, prefera-
bly function as monodentate terminal ligands. A thorough
study of their behavior toward metal ions is underway.


Experimental Section


General procedures : Solvents were purified by standard literature meth-
ods. Reagents were used as received from Aldrich, except for 3-chloro-
peroxybenzoic acid (mCPBA), which was purified by washing with phos-


phate buffer (pH 7.5), dissolution in CH2Cl2, drying over Na2SO4, and
concentration to dryness. ESR spectra were recorded in dilute solution
and at ambient temperature with a Bruker EMX spectrometer operating
at X-band frequency. 1H and 13C NMR spectra were determined at ambi-
ent temperature with a Bruker AC 200 (with the deuterated solvent as
the lock and tetramethylsilane as the internal reference). Magnetic sus-
ceptibility data were recorded with a Quantum Design SQUID magneto-
meter operating at a field of 0.5 T. The mass spectra were acquired on a
LCQ-ion trap (Thermofinnigan, San Jose, CA, USA), fitted with an elec-
trospray source. Elemental analyses were determined by the CNRS Serv-
ice Central d’Analyse D>partement Analyse El>mentaire. The UV/Vis
spectra were obtained with a HP 8453 single-beam spectrometer. The X-
ray crystal data were collected at room temperature on a Bruker
Smart 1000 diffractometer (graphite-monochromated Mo Ka radiation; l
= 0.71073 R) with crystals of approximate dimensions 0.15U0.15U
0.15 mm. The structures were solved by direct methods with the aid of
the SHELXS-97 program.[22] The H atoms were assigned with common
isotropic displacement factors and were included in the final refinement
by use of geometrical restraints.


CCDC-294866–CCDC-294884 contain the supplementary crystallograph-
ic data for this paper (compounds 4, 5b, 7d, 8a, 8d, 8e, 8 f, 9a, 10, 11, 12,
13, 14a, 14d, 15, 16a, 16b, 18c, 19, respectively). These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.


4-Amino-2,4-dimethylpentan-2-ol (4): 4-Amino-4-methylpentan-2-one (3)
(10.4 g, 0.09 mol, freshly regenerated from 4-amino-4-methylpentan-2-
one hydrogen oxalate (20 g) and 5n NaOH (200 mL)) in diethyl ether
(100 mL) was added dropwise to methylmagnesium iodide (0.4 mol) in
dry diethyl ether (300 mL). When the addition was complete, the mixture
was heated at reflux for 90 min and cooled in a ice bath, and water
(30 mL) was then carefully added. The diethyl ether layer was discarded
and the precipitate was extracted with CH2Cl2 over 28 h in a Soxhlet ap-
paratus. Concentration of the solvent afforded white crystals of the hy-
droiodide (18.6 g, 78%). M.p. 139–140 8C; 1H NMR (200 MHz, 20 8C,
CDCl3): d = 1.44 (s, 6H; CH3), 1.63 (s, 6H; CH3), 1.99 (s, 2H; CH2),
3.43 (br s, 3H; NH, OH) ppm; 13C NMR (200 MHz, 20 8C, CDCl3): d =


32.45 (CH3), 33.18 (CH3), 51.55 (CH2), 70.15 (C) ppm; elemental analysis
(%) calcd for C7H18NOI: C 32.45, H 7.00, N 5.41; found: C 32.58, H 7.12,
N 5.58.


NaOH pellets (40 g) were carefully added to a solution of the hydroio-
dide (10 g, 38.5 mmol) in water (100 mL), cooled in an ice bath. Extrac-
tion with diethyl ether gave, after conventional workup, 4 as a colorless
liquid (5.0 g, 98%). M.p. �14�2 8C; 1H NMR (200 MHz, 20 8C, CDCl3):
d = 1.23 (s, 6H; CH3), 1.24 (s, 6H; CH3), 1.55 (s, 2H; CH2), 3.12 (br s,
3H; NH2, OH)ppm.


2-Acetamido-4-amino-2,4-dimethylpentane (5a; R = CH3): Amino alco-
hol 4 (2 g, 15 mmol) was added dropwise to an ice-cooled mixture of ace-
tonitrile (5 mL) and sulfuric acid (96%, 5 mL). Stirring was continued at
room temperature for 2 h. Then, with cooling, NaOH (10m, 30 mL) was
carefully added and the solution was extracted with diethyl ether. After
drying and concentration, 5a was obtained as an oil (2.93 g, 95%), which
crystallized slowly at room temperature. M.p. 28–32 8C); 1H NMR
(200 MHz, 20 8C, CDCl3): d = 1.21 (s, 6H; CH3), 1.44 (s, 6H; CH3), 1.49
(s, 2H; CH2), 1.85 (br s, 3H)ppm. The phenyl thiourea was obtained by
mixing equimolar quantities of 5a and phenyl isothiocyanate in diethyl
ether (77%). M.p. 168 8C; elemental analysis (%) calcd for C16H25N3OS:
C 62.51, H 8.2, N 13.67; found: C 62.75, H 8.19, N 13.73.


2-Acetamido-2,4-dimethyl-4-nitropentane (9a; R = CH3): m-Chloroper-
oxybenzoic acid (2.1 g, 12 mmol) in diethyl ether (10 mL) was added to
5a (R = CH3; 500 mg, 3.3 mmol) in diethyl ether (50 mL). The solution
turned yellow, then blue and on standing became colorless. Stirring was
continued for 3 h and the solution was washed with NaOH (0.5n, 2U
50 mL) and H2O. After drying (Na2SO4) and evaporation of the solvent
the crude solid was chromatographed (Al2O3, diethyl ether) to yield the
nitroacetamido compound 9a (478 mg, 73%). M.p. 74 8C; 1H NMR
(200 MHz, 20 8C, CDCl3): d = 1.26 (s, 6H; CH3), 1.55 (s, 2H; CH2), 1.61
(s, 6H; CH3), 1.91 (s, 3H; CH3) ppm; elemental analysis (%) calcd for
C9H18N2O3: C 53.45, H 8.97, N 13.85; found: C 53.29, H 9.01, N 13.92.


Figure 2. Molecular structure of 19 [((Cu ACHTUNGTRENNUNG(hfac)2)3· ACHTUNGTRENNUNG(8d)2]. F and H atoms
are not represented. Thermal ellipsoids are drawn at the 30% probability
level.
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2-Amino-2,4-dimethyl-4-trichloroacetamidopentane (5b; R = CCl3): Sul-
furic acid (96%, 50 mL) was added dropwise to an ice-cooled mixture of
trichloroacetonitrile (50 mL) and 4-amino-2,4-dimethylpentan-2-ol (4,
5.2 g, 0.04 mol). The reaction mixture was brought to ambient tempera-
ture and stirred for 14 h. The viscous yellow oil was cooled with an ice-
bath during dropwise addition of water (100 mL) and the solution was
then extracted with diethyl ether (2U200 mL) to remove trichloroacet-
ACHTUNGTRENNUNGamide. The acid aqueous phase was cooled in ice and basified by careful
addition of sodium hydroxide (75 g NaOH in 250 mL H2O). The solution
was extracted with diethyl ether (4U100 mL) and the ethereal layer was
filtered through anhydrous Na2SO4. 4-Amino-2,4-dimethyl-2-trichloro-
ACHTUNGTRENNUNGacetamidopentane (5b ; R = CCl3) was obtained in 70% yield (7.6 g,
0.028 mol); 1H NMR (200 MHz, 20 8C, CDCl3): d = 1.24 (s, 6H; CH3),
1.49 (s, 6H; CH3), 1.60 (s, 2H; CH2) ppm.


Recrystallization from n-hexane gave an analytical sample. M.p. 92–
94 8C; elemental analysis (%) calcd for C9H17N2OCl3: C 39.20, H 6.17, N
10.16, Cl 38.66; found: C 39.46, H 6.39, N 10.16, Cl 38.37. Single crystals
suitable for a X-ray diffraction analysis were obtained.


2,4-Dimethyl-4-nitro-2-trichloroacetamidopentane (9b): m-Chloroperoxy-
benzoic acid (13.5 g, 0.079 mol) was added portionwise to 4-amino-2,4-di-
methyl-2-trichloroacetamidopentane (5b ; R = CCl3; 5.4 g, 0.019 mol) in
CH2Cl2 (100 mL). The solution was heated at reflux for 2 h and, after
cooling, washed with a basic solution (NaOH, 3n, 3U50 mL). Filtration
through anhydrous Na2SO4 and concentration gave 2,4-dimethyl-4-nitro-
2-trichloroacetamidopentane (9b) as a yellow oil that slowly crystallized
on standing (5.0 g, 0.016 mol, 84%); 1H NMR (200 MHz, 20 8C, CDCl3):
d = 1.34 (s, 6H; CH3), 1.62 (s, 6H; CH3), 2.69 (s, 2H; CH2) ppm.


Recrystallization from n-hexane gave an analytical sample. M.p. 95–
96 8C; elemental analysis (%) calcd for C9H17N2O3Cl3: C 35.35, H 4.91, N
9.17; found: C 35.54, H 4.94, N 8.88.


4,4,6,6-Tetramethyl-1,3-diazacyclohexan-2-one (10): 4-Amino-2,4-dimeth-
yl-2-trichloroacetamidopentane (5b, 0.20 g, 0.73 mmol) was heated at
reflux for 5 h in a solution of Ba(OH)2 (3 g) in H2O (40 mL). The suspen-
sion was filtered, extracted with dichloromethane and then dried over an-
hydrous Na2SO4. Removal of the solvent gave an off-white solid of cyclic
urethane (0.07 g, 61%). An analytical sample was obtained by crystalliza-
tion from Et2O/hexane: M.p. 200 8C (dec.) (lit.[13] 219–220.5 8C, with onset
of decomposition at approximately 170 8C); 1H NMR (200 MHz, 20 8C,
DMSO-d6): d = 1.28 (s, 12H; CH3), 1.71 (s, 2H; CH2) ppm; elemental
analysis (%) calcd for C8H16N2O: C 61.54, H 10.26, N 17.95; found: C
61.73, H 9.98, N 18.03. The structure was confirmed by X-ray diffraction.


4-Amino-2,4-dimethyl-2-nitropentane (12): 2,4-Dimethyl-4-nitro-2-tri-
chloroacetamidopentane (9b, 4.60 g, 0.0143 mol) was added to a solution
of sodium hydroxide (10 g) in H2O (100 mL); the reaction was conducted
with use of a Dean–Stark apparatus to remove CHCl3, with heating at
80–85 8C for 14 h. The solution was combined with the residues from the
Dean–Stark apparatus and extracted with diethyl ether (2U200 mL). The
solvent was removed under vacuum to give a yellow semi-solid, consist-
ing of a mixture of 4-amino-2,4-dimethyl-2-nitropentane (12), isonitrile
11 (10–15%), and unreacted starting material (<10%). This mixture was
heated at reflux in acidic medium (HCl, 2n, 180 mL) for 2 h. The solu-
tion was then extracted with diethyl ether (2U100 mL) to remove un-
reacted 9b and basified with sodium hydroxide (22 g) in H2O (200 mL).
The basic solution was extracted with diethyl ether (4U200 mL) and
dried (Na2SO4), and after evaporation one obtained 12 as a pale yellow
liquid (1.60 g, 0.0106 mol, 70%); 1H NMR (200 MHz, 20 8C, CDCl3): d =


1.11 (s, 6H; CH3), 1.63 (s, 6H; CH3), 2.13(s, 2H; CH2) ppm.


An analytical sample of the picrate was obtained by mixing 12 (80 mg,
0.5 mmol) and picric acid (115 mg, 0.5 mmol) in ethanol. One obtained
the salt (138 mg, 73%). M.p. 203 8C (dec.); elemental analysis (%) calcd
for C13H19N5O9: C 40.10, H 4.88, N 17.99; found: C 40.17, H 5.02, N
17.87.


When the hydrolysis reaction was conducted with a regular condenser,
isonitrile 11 sublimed and could be obtained directly as single crystals by
scraping the condenser (85 mg, 3%). M.p. 73 8C; 1H NMR (200 MHz,
20 8C, CDCl3): d = 1.38 (t, 6H; CH3), 1.70 (s, 6H; CH3), 2.36 (t, 2H;
CH2) ppm. The structure was determined by X-ray diffraction.


2,4-Diamino-2,4-dimethylpentane (13): Powdered zinc (3.27 g, 5 mmol)
was added portionwise, with vigorous stirring, to 12 (1.0 g, 0.0063 mol) in
a mixture of water (15 mL) and acetic acid (15 mL). An exothermic reac-
tion was observed during the addition. The gray suspension was heated
at reflux at 100 8C for 4 h and was then cooled to ambient temperature.
Water (30 mL) was then added, followed by diethyl ether and by the
careful addition of sodium hydroxide pellets (20 g). A gray emulsion was
observed during the basification but during the final stages the aqueous
and ethereal phases were well separated. The aqueous layer was re-ex-
tracted with ether (4U100 mL) and the combined organic solutions were
carefully concentrated under vacuum at ambient temperature, giving 2,4-
diamino-2,4-dimethylpentane (13) as a colorless liquid (0.70 g, 86%,
0.0054 mol). 1H NMR (200 MHz, 20 8C, CDCl3): d = 0.68 (s, 12H; CH3),
0.85 (s, 2H; CH2) ppm.


A crystalline picrate was obtained as described for 12 (68%). M.p.
>200 8C (dec.); elemental analysis (%) calcd for C19H24N8O14: C 38.78, H
4.08, N 19.08; found: C 39.00, H 4.19, N 18.76. Single crystals suitable for
a X-ray diffraction analysis were obtained.


Hexahydropyrimidines 14 : These were obtained by condensation of di-
ACHTUNGTRENNUNGamine 13 with aldehydes in CHCl3. As an example, 14c was prepared as
follows: diamine 13 (494 mg, 3.8 mmol), benzaldehyde (420 mg,
3.9 mmol), and p-toluenesulfonic acid (20 mg) were mixed in CHCl3
(20 mL) and the solution was stirred at room temperature overnight. The
solvent was then evaporated under vacuum and the semi-solid residue
was chromatographed on alumina (Et2O/EtOAc). Compound 14d was
obtained as a white solid (530 mg, 65%). M.p. 124–126 8C; 1H NMR
(200 MHz, 20 8C, CDCl3): d = 0.85 (s, 6H; CH3), 1.13 (s, 6H; CH3), 1.32
(s, 2H; CH2), 4.96 (s, 1H; CH), 7.48–7.52 (m, 3H; aromatic), 7.70–7.75
(m, 2H; aromatic) ppm; elemental analysis (%) calcd for C14H22N2: C
77.06, H 10.10, N 12.85; found: C 76.93, H 9.97, N 13.05.


Compound 14a (76%) was obtained as an oil, from which a crystalline
picrate was prepared. M.p. 183 8C; elemental analysis (%) calcd for
C15H23N5O7: C 46.75, H 5.97, N 18.18; found: C 47.01, H 5.87, N 17.97.


2,4-Dimethyl-2,4-dinitropentane (15): m-Chloroperoxybenzoic acid (25 g,
0.15 mol) was added portionwise to 4-amino-2,4-dimethyl-2-nitropentane
(12, 6 g, 0.0375 mol) in dichloromethane (400 mL). The solution was
heated at reflux for 2 h and was then washed with basic solution (NaOH,
3n, 3U100 mL); drying (Na2SO4) and concentration under vacuum gave
a pale yellow crystalline solid. The crude product was purified by chro-
matography on alumina with hexane/dichloromethane (2:1) as eluent.
2,4-Dimethyl-2,4-dinitropentane (15) was obtained as a colorless crystal-
line solid in 84% yield (6 g). M.p. 79 8C, 81–82 8C; 1H NMR (200 MHz,
20 8C, CDCl3): d = 1.50 (s, 12H; CH3), 2.85 (s, 2H; CH2) ppm; 13C NMR
(200 MHz, 20 8C, CDCl3): d = 25.29 (CH3), 47.49 (CH2) 86.18 (C) ppm;
IR (KBr disk): ň = 1540 ACHTUNGTRENNUNG(s; NO2), 2968 ACHTUNGTRENNUNG(m; CH) cm�1; elemental analysis
(%) calcd for C7H14N2O4: C 44.21, H 7.37, N 14.74; found: C 44.17, H
7.45, N 14.65. Single crystals were grown from n-hexane and an X-ray dif-
fraction study was performed.


Reduction of 2,4-dimethyl-2,4-dinitropentane with LiAlH4 : Lithium alu-
minium hydride (0.40 g, 10.5 mmol) was added portionwise to a solution
of 2,4-dimethyl-2,4-dinitropentane 15 (0.20 g, 1.05 mmol) in dry THF
(20 mL). Once the addition was complete, the suspension was heated at a
gentle reflux for 1 hour. After the mixture had cooled back to ambient
temperature, cold water was added carefully (10 mL). Diethyl ether
(50 mL) was added to aid extraction of the organic phase. After drying
over Na2SO4, the mixture was separated by chromatography on alumina
(CHCl3/EtOAc). Two products were identified:


3,3,5,5-Tetramethyl-1,2-diazacyclopentene N,N’-dioxide (16b): Yield
28%; m.p. 228–231 (dec.); 1H NMR (200 MHz, 20 8C, CDCl3): d = 1.55
(s, 12H; CH3), 2.31 (s, 2H; CH2) ppm; elemental analysis (%)calcd for
C7H14N2O2: C 53.16, H 8.86, N 17.72; found C 53.17, H 8.65, N 17.69.


3,3,5,5-Tetramethyl-1,2-diazacyclopentene N-oxide (16b): Yield 62%;
m.p. 78 8C; 1H NMR (200 MHz, 20 8C, CDCl3): d = 1.35 (s, 6H; CH3),
1.52 (s, 6H; CH3), 2.09 (s, 2H; CH2) ppm; elemental analysis (%) calcd
for C7H14N2O: C 59.16, H 9.87, N 19.71; found: C 59.27, H 9.95, N 19.63.


In both of the above cases crystals were grown from ethyl acetate solu-
tions and X-ray diffraction studies were performed.
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2,4-Bis(hydroxylamino)-2,4-dimethylpentane (17): Dinitro compound 15
(5 g, 26 mmol) was dissolved in THF (100 mL). Zn powder (3.5 g) was
added to this solution and the mixture was cooled to ca 10 8C in a ice
bath. NH4Cl (10 g) in H2O (40 mL) was then added dropwise, with stir-
ring, at such a rate that the temperature did not exceeded 15 8C. The re-
action mixture was stirred 3 h more at room temperature and filtered,
the THF was evaporated under vacuum, and the resulting semi-solid
compound was extracted with CH2Cl2 (3U100 mL). The organic phase
was dried over Na2SO4 and concentrated to give a white powder (3.2 g,
76%). M.p. 108–117 8C; 1H NMR (200 MHz, 20 8C, CDCl3): d = 1.16 (s,
12H; CH3), 1.52 (s, 2H; CH2) ppm. Indirect characterization of 17 was
provided by the N,N’-dihydroxyhexahydropyrimidine derivatives.


N,N’-Dihydroxy-hexahydropyrimidines 18 : Crude bis(hydroxylamine) 17
(0.40 g, 2.5 mmol) and p-toluenesulfonic acid (PTSA; 0.1 g, 0.53 mmol)
were dissolved in chloroform (20 mL), and benzaldehyde (0.27 g,
2.5 mmol) was added in five portions over a period of 5 h at reflux and
with stirring. The pale yellow solution was cooled to room temperature,
diluted with diethyl ether (100 mL), washed with saturated Na2CO3 (3U
20 mL), and then dried over Na2SO4. Concentration gave a crude yellow
liquid (600 mg) that was purified by chromatography on silica (Et2O/pe-
troleum ether 1:1), giving the condensed bis(hydroxylamine) 18c as a
white, powder-like solid (473 mg, 77%). M.p. 83 8C; 1H NMR (200 MHz,
20 8C, CDCl3): d = 1.12 (s, 6H; CH3), 1.17 (s, 6H; CH3), 1.52 (s, 2H;
CH2), 4.58 (s, 1H; CH); elemental analysis (%) calcd for C14H22N2O2: C
67.23, H 8.80, N 11.21, O 12.78; found: C 67.36, H 8.72, N 11.28. Crystals
suitable for X-ray analysis were obtained by slow evaporation from
Et2O/CH2Cl2.


Compounds 18a (73%, M.p. 89 8C), 18d (83%, M.p. 142 8C), 18e (75%,
M.p. 177 8C), 18 f (79%, M.p. 178 8C), 18g (67%, M.p. 108 8C), and 18h
(87%, M.p. 125 8C) were prepared similarly.


If the aldehyde was added in one portion, a large proportion of the prod-
uct was a bis-nitrone, arising from the addition of two molecules of alde-
hyde to one molecule of bis(hydroxylamine). Portionwise addition of the
aldehyde minimizes this unwanted byproduct.


Nitronyl Nitroxides (8)


Alkyl-substituted : Solid NaIO4 (230 mg, 2.1 mmol) was added to 18a
(100 mg, O.53 mmol) in a ice-cooled mixture of CH2Cl2 (20 mL) and satu-
rated NaHCO3 (20 mL). Stirring was continued for 30 minutes, and the
deeply colored organic phase was dried over Na2SO4 and evaporated
under vacuum. The solid was chromatographed on Al2O3 (CH2Cl2/diethyl
ether) to give 8a (55 mg, 56%). M.p. 104 8C; elemental analysis (%)
calcd for C9H17N2O2: C 58.38, H 9.19, N 15.14, O 17.30; found: C 58.24,
H 9.23, N 15.08.


Aromatic-substituted : Dropwise addition of mCPBA (140 mg, 0.81 mmol)
in CH2Cl2 (10 mL) to 18c (100 mg, 0.4 mmol) in a mixture of CH2Cl2
(20 mL) and saturated NaHCO3 (20 mL) gave a dark blue solution. After
a further 15 minutes of stirring at room temperature the organic phase
was washed again with saturated Na2CO3 (2U20 mL) and then dried over
Na2SO4. Concentration and chromatography on alumina (diethyl ether)
gave nitroxide 8c as a blue solid (64%). M.p. 139–140 8C; elemental anal-
ysis (%) calcd for C14H19N2O2: C 68.02, H 7.69, N 11.34; found: C 67.90,
H 7.84, N 11.09.


All the other pyrimidyl nitroxides—8g/8h and 8d–f—were prepared by
these two procedures. Their properties are reported in Table 1 and
Table 2; satisfactory analyses were obtained and their crystal structures
(except for 8g/8h) can be found in the Supporting Information.


4,4,6,6-Tetramethyl-2-(p-nitrophenyl)pyrimidinyl-1-oxyl (7d): Diluted
HCl (0.1n) was added dropwise to a solution of NaNO2 (4 g) in H2O
(50 mL). The resulting NO gas was bubbled through a solution of nitron-
yl nitroxide 8d (100 mg, 0.34 mmol) in CH2Cl2 (30 mL) until TLC
showed the disappearance of the purple starting material. The solution
was dried over Na2SO4 and concentrated under vacuum. The resulting
solid was chromatographed on Al2O3 (diethyl ether/petroleum ether 1:1)
to give imino nitroxide 7d (90 mg, 96%). M.p. 121 8C; elemental analysis
(%) calcd for C14H18N3O3: C 60.87, H 6.52, N 15.22, O 17.40; found: C
60.69, H 6.61, N 15.29.


Tris ACHTUNGTRENNUNG[copper(ii)-bis(hexafluoroacetylacetonato)]-bis ACHTUNGTRENNUNG[(m-1,3)-2-p-nitrophen-
yl-4,4,6,6-pyrimidinyl-3-oxide-1-oxyl] (19): Anhydrous [Cu ACHTUNGTRENNUNG(hfac)2]
(456 mg, 1 mmol) was dissolved in n-heptane and the mixture was
warmed to 50 8C. Solid 8d (266 mg, 1 mmol) was added to this solution
and stirring was continued for 15 min at 50 8C. The blue solution was fil-
tered and allowed to stand in the dark for two days. The dark green crys-
tals that formed (443 mg, 67%) were collected, washed with cold heptane
(10 mL), and dried. M.p. 124–125 8C; elemental analysis (%) calcd for
C58H42F36N6O20Cu3: C 34.51, H 2.08, F 33.92, N 4.17, O 15.87, Cu 9.45;
found: C 34.38, H 1.97, N 4.23, Cu 9.61. The structure was confirmed by
X-ray diffraction.
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Rapid Room Temperature Buchwald–Hartwig and Suzuki–Miyaura
Couplings of Heteroaromatic Compounds Employing Low Catalyst Loadings
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Introduction


Heteroaromatic compounds represent a recurring architec-
tural motif found in various areas of chemistry, ranging from
pharmaceutically active compounds[1,2] to polymers.[3] Al-
though the Suzuki–Miyaura[4] and Buchwald–Hartwig[5] re-
actions arguably are among the most powerful and widely
used methods to assemble C�C or C�N bonds, heterocyclic
compounds are usually not easily coupled in these important
reactions. These bond-making processes are achieved by
coupling an organic halide or pseudohalide with an organo-
boron reagent or an amine, respectively, in the presence of a
transition-metal catalyst.[6] It is well known that the ancillary
ligands on the metal center play a major role in dictating
the efficiency of a catalytic system.[5] Bulky, electron-rich
phosphines such as PACHTUNGTRENNUNG(o-tolyl)3 and PACHTUNGTRENNUNG(tBu)3 are by far the
most utilized phosphorus-based ligands capable of stabiliz-
ing the active Pd0 species presumably responsible for activity
in these important bond-forming reactions.[7] The N-hetero-
cyclic carbenes[8] (NHC) represent an alternative class of li-
gands becoming increasingly popular to achieve these cou-
plings.[9]


Results and Discussion


Aryl chlorides are very attractive halides due to their low
cost and wide diversity and availability. Historically, their
use in cross-coupling reactions has been somewhat limited
due to their poor reactivity, attributed to the strength of the
C�Cl bond.[10] Despite their importance, the coupling reac-
tions of most heteroaromatic chlorides remain a chal-
lenge,[11] especially at low temperatures and/or low catalyst
loadings. Although the poisoning effect of sulfur in some
palladium-catalyzed reactions is well known, it should also
be mentioned that such undesired effects have also been ob-
served with nitrogen containing substrates.[12]


Our group recently reported a general system involving
the use of palladacycle 1 for the room temperature Suzuki–
Miyaura cross-coupling of aryl chlorides in technical grade
isopropanol.[13] The system even allowed for the coupling of
sterically hindered unactivated aryl chlorides with sterically
hindered boronic acids under these mild conditions. Di- and
tri-ortho-substituted biaryls were isolated in high yields
using this simple protocol. In addition, the coupling of a
series of heteroaromatic (S- and N-containing) halides could
be carried out under these conditions in short reaction times
and high yields.[14] The only drawbacks associated with the
use of 1 are the harsh conditions required for the synthesis
of the complex and the associated low synthetic yield
(63%).[15] Furthermore, slow addition of the aryl chloride
was required when performing the coupling to avoid the un-
desired competing dehalogenation of the aryl halide. To fur-
ther explore and hopefully capitalize on ancillary ligand ef-


Abstract: The use of second-generation
[(NHC)Pd ACHTUNGTRENNUNG(R-allyl)Cl] complexes for
Suzuki–Miyaura and Buchwald–Hart-
wig cross-coupling reactions involving
heteroaromatic halides at room tem-
perature is reported. The first examples
of room temperature Suzuki–Miyaura
cross-coupling of deactivated aryl
chlorides with alkenyl boronic acids


are also disclosed. Terminal substitu-
tion at the allyl moiety of the palladi-
um complex facilitates its activation at


room temperature leading to very
active catalytic species enabling the
present catalytic transformations to be
performed rapidly using very mild re-
action conditions. Catalyst loadings can
be as low as 10 ppm for the Buchwald–
Hartwig aryl amination and 50 ppm for
the Suzuki–Miyaura reaction.


Keywords: Buchwald–Hartwig
reaction · carbenes · cross-coupling ·
palladium · Suzuki–Miyaura
reaction


[a] Dr. O. Navarro, N. Marion, J. Mei, Prof. Dr. S. P. Nolan
Department of Chemistry, University of New Orleans
2000 Lakeshore dr., New Orleans, LA 70148 (USA)
Fax: (+1)504-280-6860
E-mail : snolan@uno.edu


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


D 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 5142 – 51485142







fects, the activation of complexes with the general formula
[(NHC)Pd ACHTUNGTRENNUNG(allyl)Cl] was recently examined {in Scheme 1,
[(IPr)Pd ACHTUNGTRENNUNG(allyl)Cl] (2) (IPr = (N,N’-bis(2,6-diisopropylphe-
nyl)imidazol)-2-ylidene)}. This was studied in order to deter-
mine how the architecture could be fine-tuned and lead to
an increase in the rate of activation of these catalyst precur-
sors at room temperature.


These complexes and this framework were selected since
their synthesis is very straightforward and proceed in high
yields, even in multigram preparations.[16] By decreasing the
stability of the h3 bond by control of electronic and steric ef-
fects, we reasoned that terminal substitution (alkyl or aryl)
at the allyl moiety would facilitate the activation of the com-
plexes at room temperature[16a,17] leading to the postulated
active catalytic species, [(NHC)Pd0]. To test our hypothesis,
we prepared a series of complexes with general formula
[(NHC)Pd ACHTUNGTRENNUNG(R-allyl)Cl], and examined their reaction profiles
for the Suzuki–Miyaura and the Buchwald–Hartwig reac-
tions with aryl chlorides. These
trials provided excellent re-
sults.[18] Herein, we report on
the use of two of those substi-
tuted-allyl palladium com-
plexes, [(IPr)Pd ACHTUNGTRENNUNG(cinnamyl)Cl]
(3) (cinnamyl = 3-phenylallyl)
and [(SIPr)Pd ACHTUNGTRENNUNG(cinnamyl)Cl] (4)
(SIPr = (N,N’-bis(2,6-diisopro-
pylphenyl)-4,5-dihydroimida-
zol)-2-ylidene) for specific
trials with heteroaromatic hal-
ides as substrates.


Buchwald–Hartwig reactions :
As we[16a] and others[19] have
reported the use of the SIPr
carbene leading to a better cat-
alyst performance than the IPr
carbene in this reaction, we
tested the activity of 4 in a
series of reactions involving
the coupling of N-containing
heteroaromatic halides with
primary and secondary amines
at room temperature (Tables 1
and 2). 2-Bromo- and 2-chloro-


pyridine were found to react very efficiently with a range of
amines. Reactions with cyclic dialkylamines reached comple-
tion within five minutes (Tables 1 and 2, entries 1 and 2) and
are quantitative; leading, in the case of entry 1 to a workup
that simply required filtration through Celite without purifi-
cation by column chromatography. As expected, the more
sterically demanding dibutyl- and diallylamine required a


longer reaction time to provide
in almost quantitative yield the
corresponding 2-pyridyl deriv-
atives (Table 2, entries 3 and
4). It is noteworthy that this is
the first example, to the best
of our knowledge, of chloro-
pyridines coupled with amines
under such mild conditions
and in such short reaction
times.[20,11a] The same trend
was observed with N-methyl-


aniline which produced diaryl compounds within 15 minutes
(Table 1, entry 3 and Table 2, entry 5). Surprisingly, coupling
reactions with 3-chloro- and 3-bromopyridine, strongly unac-
tivated compared with 2-pyridyl halides,[21] proceeded rapid-
ly. This allowed for the formation of 3-pyridylamino com-
pounds at room temperature in no more than 45 minutes.
More strikingly, when 3-bromopyridine was added to re-


action mixtures containing morpholine or piperidine, an in-
tense exotherm was observed and these reactions reached
completion within five minutes (Table 1, entries 4 and 5).
Encouraged by the reactivity of 3-halopyridines, we carried


Scheme 1. Complexes 1–4.


Table 1. Buchwald–Hartwig reactions with N-containing heteroaromatic bromides.


Entry Bromide Amine Product t [min] Yield [%][a]


1 1 94


2 2 96


3 10 92


4 5 90


5 5 72


6 90 92


7 40 87


Reaction conditions: 1 mmol aryl bromide; 1.1 mmol amine; 1 mol% 4 ; 1.1 mmol KOtBu; 1 mL DME. [a] Iso-
lated yields, average of two runs.
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out reactions with 3-bromoquinoline. N-Methylaniline and
piperidine yielded the corresponding 3-aminoquinolines
(Table 1, entries 6 and 7). Considering the mild reaction
conditions employed, this is a considerable advance since
few reports on aryl amination involve haloquinolines.[22]


Suzuki–Miyaura reactions : In earlier work, we identified
(IPr)-bearing palladium complexes as the most effective for
Suzuki–Miyaura coupling reactions,[16, 18] the following ex-
periments were carried out using 3 as pre-catalyst. As for
the Buchwald–Hartwig reaction, attempts to couple sulfur-
containing heteroaromatic halides (2- or 3-bromo- or chloro-
thiophenes and 2-chlorobenzothiazole) with boronic acids at
room temperature invariably failed but reactions carried out
at 60 8C proceeded smoothly. The Suzuki–Miyaura coupling
of chlorothiophenes at room
temperature has been report-
ed.[14,23] However, in the pres-
ent system since the high thio-
philicity of PdII may cause the
heteroaromatic substrate to in-
teract with the pre-catalyst and
thereby inhibit activation, our
results suggest that the forma-
tion of the [(NHC)Pd0] species
is not immediate under these
conditions. Interestingly, unlike
the Buchwald–Hartwig reac-
tion, the position of the nitro-
gen in the ring has a major
effect in the Suzuki–Miyaura
coupling: the couplings of 3-
bromopyridine, 3-chloropyri-


dine and 3-bromoquinoline
with boronic acids did not take
place under these conditions,
while 2-bromo- and 2-chloro-
pyridine coupled smoothly in
high yields (Table 3, entries 1,
2) using 3 in as low as
0.05 mol% (or 500 ppm). We
have not found precedents in
the literature for the room
temperature Suzuki–Miyaura
coupling of 2-chlorobenzimida-
zole (Table 3, entry 3) or
5-chloro-1,3-benzodioxole
(Table 3, entry 4). 2-Substitut-
ed benzimidazoles are a ubiq-
uitous moiety in heteroaromat-
ic chemistry and can be found
in applications ranging from
anticancer drugs[24] to conduct-
ing polymers.[3] As an addition-
al practical advantage, for all
Suzuki–Miyaura couplings re-
ported here, catalyst solutions


where prepared with technical grade isopropanol (IPA) and
injected in the sample vials through a septum cap. From a
practical point of view, these conditions are very appealing,
especially since it makes use of an inexpensive and environ-
mentally friendly solvent (IPA) without the need for pre-
drying or purification.
We then proceeded to examine whether this system could


facilitate the coupling of heteroaromatic halides with alke-
nylboronic acids, another significant challenge (Table 4).
Mild temperatures are often mandatory for the coupling of
aryl bromides with vinylboronic acids, this to favor desired
high E/Z selectivity. Buchwald and co-workers recently re-
ported on a very efficient system to couple aryl bromides
and a variety of alkenylboronic acids.[25]


Table 2. Buchwald–Hartwig Reactions with N-containing heteroaromatic chlorides.


Entry Chloride Amine Product t [min] Yield [%][a]


1 2 89


2 5 98


3 15 94


4 60 92


5 15 92


6 15 86


7 45 82


Reaction conditions: 1 mmol aryl chloride; 1.1 mmol amine; 1 mol% 4 ; 1.1 mmol KOtBu; 1 mL DME. [a] Iso-
lated yields, average of two runs.


Table 3. Suzuki–Miyaura couplings of heteroaryl halides.


Entry Ar-X Boronic acid Product t [h] Yield [%][a]


1 3.5 94


2 15 96


3 15 95


Reaction conditions: 1 mmol aryl halide; 1.05 mmol boronic acid; 0.05 mol% 3 ; 1.1 mmol KOtBu; 1 mL tech-
nical grade isopropanol. [a] Isolated yields, average of two runs.
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While substrates without ortho-substituents coupled at
room temperature, electron-rich and ortho-substituted bro-
mides required a reaction temperature of 40 8C. Higher tem-
peratures were required to couple the analogous chlorides,
leading to the undesired E/Z alkene isomerization. In the
present NHC-based system, re-
actions proceeded smoothly at
room temperature using
1 mol% of 3 in very short re-
action times and high yields
for the coupling of 2,4,6-trime-
thylphenyl bromide, 2,6-dime-
thylphenyl bromide, 4-bromo-
biphenyl and 2-bromopyridine.
Longer reaction times were re-
quired for the coupling of anal-
ogous aryl chlorides, and the
electron-rich, sterically de-
manding 2,6-dimethylphenyl
chloride did not reach comple-
tion despite using a higher cat-
alyst loading (2 mol%) and a
longer reaction time. In all
cases, E/Z alkene isomeriza-
tion was negligible. To the best
of our knowledge, these are
the first examples of Suzuki–


Miyaura cross coupling of un-
activated aryl chlorides with an
alkenylboronic acid performed
in such yields and reasonable
reaction times at room temper-
ature.


Buchwald–Hartwig and
Suzuki–Miyaura reactions at
low catalyst loadings : Decreas-
ing the amount of palladium
necessary to catalyze a process
is desirable not only because
of cost, but also in order to fa-
cilitate metal removal once the
reaction is complete. This is es-
pecially important in industrial
settings where concerns of
product purity, toxicity associ-
ated with residual metal and
general environmental issues
have significant health and
economical consequences.[26]


The very rapid reactions ob-
served for a wide array of sub-
strates naturally led us to ex-
amine the effect of reducing
the catalyst loading.
For the Buchwald–Hartwig


reaction, the use of 4 allowed
for the use of as low as 10 parts per million (ppm) pre-cata-
lyst if the temperature was raised to 80 8C. The reaction be-
tween morpholine and 2-bromopyridine (Table 5, entry 1)
can be conducted at room temperature with a catalyst load-
ing of only 0.1 mol%; the reaction reached completion in


Table 4. Suzuki–Miyaura couplings of trans-2-phenylvinylboronic acid.


Entry Ar-X Product t [h] Yield [%][a]


1 0.5 94


2 1 94


3 1.5 92


4 1 92


5 1 95


6
7


2
1


61
78[b]


7 1 94


Reaction conditions: 1 mmol aryl halide; 1.05 mmol boronic acid; 1.0 mol% 3 ; 1.1 mmol KOtBu; 1 mL techni-
cal grade isopropanol. [a] Isolated yields. >99:1 trans :cis isomers. [b] 2 mol% catalyst loading.


Table 5. Buchwald–Hartwig reactions at room temperature and low catalyst loadings.


Entry Aryl halide Amine Cat. loading [mol%] t Yield [%][a]


1 1 1 min 99


0.1 2 min 93
0.001 50 h 97
0.001 12 h 91[b]


2 1 1 min 100


0.1 5 min 93
0.001 48 h 95
0.001 20 h 94[b]


3 1 15 min 98


0.1 1 h 99
0.001 50 h 73
0.001 40 h 93[b]


Reaction conditions: 1 mmol halopyridine; 1.1 mmol amine; 1.1 mmol KOtBu; 1 mL DME. [a] GC yields
(hexamethylbenzene as internal standard) average of two runs. [b] T=80 8C.
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two minutes, corresponding to a turnover frequency (TOF)
of 27900 h�1. Moreover, with a 10 ppm catalyst loading the
reaction reached completion at room temperature but re-
quired 50 h, providing a turnover number (TON) of
97000.[11a] Remarkably, the reaction time could be reduced
by a factor of 4 if the temperature was raised to 80 8C.
2-Chloropyridine also reacted very rapidly with morpho-


line with 0.1 mol% catalyst (TOF = 11160 h�1). A TON of
95000 was obtain when 10 ppm catalyst used (Table 5,
entry 2). This TON value is very similar to the one recently
reported by Hartwig.[11a] Finally, we carried out the reaction
between 2-chloropyridine and dibutylamine. Strikingly, even
with a sterically demanding amine, high TON values were
obtained at room temperature and at 80 8C (73000 and
93000, respectively). It is of note that a literature search re-
vealed that this particular coupling was carried out with the
corresponding bromide prior to the present study and re-
quired elevated temperatures (80 8C) and high catalyst load-
ing (2–3 mol%).[27]


For the Suzuki–Miyaura reaction, when the temperature
is increased to 80 8C, the catalyst loading can be reduced to
50 ppm with no loss of yield and proceeds in even shorter
reaction times.
As expected, the use of the commercially available


[(IPr)Pd ACHTUNGTRENNUNG(allyl)Cl] (2) at high temperature provides the same
results as when 3 is used (Table 6, entry 1),[18,28] highlighting
again the significant role of the higher terminal substitution
at the allyl moiety in activating the catalyst at lower temper-
atures. This effect is in contrast to our observations for the
Buchwald–Hartwig reaction where terminal allylic substitu-
tion has a profound influence on activation regardless of
temperature.


Conclusion


In summary, we have demonstrated how simple modifica-
tions to the ancillary ligands surrounding palladium allow
for dramatic changes in catalytic performance.[29] This effect
is attributed to a facile activation step leading to the effi-
cient generation of a catalytically active palladium(0) spe-


cies in solution. We have presented examples of couplings of
heteroaryl bromides and chlorides with boronic acids or
amines at room temperature proceeding in extremely short
reaction times. When the temperature is increased, catalyst
loadings as low as 50 ppm of 2 or 3 can be used for the
Suzuki–Miyaura reaction, and as low as 10 ppm of 4 for the
Buchwald–Hartwig reaction. We have also reported the first
examples of room temperature Suzuki–Miyaura coupling of
unactivated aryl chlorides with alkenyl boronic acids. Addi-
tionally, complexes 2–4 are air- and moisture-stable and can
be prepared on multigram scale in high yields. Complex 2 is
commercially available and congeners will also shortly be
offered.[30] Studies aimed at exploring the reaction chemistry
of these latter generation palladium catalysts in related
cross-coupling reactions are currently ongoing in our labora-
tories.


Experimental Section


General information : All aryl halides, amines and boronic acids were
used as received (Aldrich, Acros). Technical grade isopropanol was used
to carry out catalytic reactions (Mallinckrodt Chemicals). Potassium tert-
butoxide (Acros) was stored under argon in an M. Braun glovebox. Com-
plexes 2–4 were prepared according to the literature.[16b,18] Flash chroma-
tography was performed on silica gel (230–400 mesh, Silicycle). 1H and
13C nuclear magnetic resonance spectra were recorded on a Varian-300
or Varian-400 MHz spectrometer at ambient temperature in CDCl3, C6D6


or [D6]DMSO (Cambridge Isotope Laboratories, Inc). Elemental analy-
ses were performed at Robertson Microlit Laboratories, Inc., Madison,
NJ.


Buchwald–Hartwig cross-coupling reactions


General procedure : In a glovebox, 4 (1 mol%, 6.5 mg), potassium tert-
butoxide (1.1 mmol, 124 mg) and anhydrous 1,2-dimethoxyethane


(DME) (1 mL) were added in turn to
a vial equipped with a magnetic bar,
and sealed with a screw cap fitted
with a septum. Outside the drybox,
the amine (1.1 mmol) and the aryl
halide (1 mmol) were injected in turn
through the septum. (If one of the
two starting materials was a solid, it
was added to the vial inside the glo-
vebox, and DME and the second
starting material were added outside
the drybox through the septum.) The
vial was then stirred on a stirring
plate at room temperature unless oth-
erwise indicated. The reaction was
monitored by gas chromatography.
When the reaction reached comple-
tion, or no further conversion could
be observed, water was added to the
reaction mixture, the organic layer
was extracted with tert-butyl methyl
ether (MTBE), dried over magnesi-


um sulfate and the solvent was evaporated in vacuo. When necessary, the
product was purified by flash chromatography on silica gel. The reported
yields are the average of at least two runs.


N-(3-Pyridyl)piperidine (Table 1, entry 5):[31] The general procedure
yielded, after flash chromatography on silica gel (pentane/MTBE 80:20),
the title compound (117 mg, 72%). 1H NMR (300 MHz, CDCl3): d =


8.30 (s, 1H, HAr), 8.05 (d, J=4.5 Hz, 1H, HAr), 7.19–7.10 (m, 2H, HAr),
3.18 (t, J=5.1 Hz, 4H, CH2-N), 1.75–1.67 (m, 4H, CH2-CH2-N), 1.63–1.57


Table 6. Suzuki–Miyaura reactions at low catalyst loading.


Entry Ar-X Boronic acid Product [Pd] t [h] Yield [%][a]


1
3
2


3
3


93
92


2 2 3 91


Reaction conditions: 1 mmol aryl chloride; 1.05 mmol boronic acid; 1.1 mmol KOtBu; 1 mL technical grade
isopropanol. [a] Isolated yields, average of two runs.
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(m, 2H, CH2ACHTUNGTRENNUNG(CH2)2-N);
13C NMR (75 MHz, CDCl3): d = 147.9 (C, N-


CAr), 140.2 (CH, CAr), 139.1 (CH, CAr), 123.5 (CH, CAr), 122.7 (CH, CAr),
50.0 (CH2, CH2-N), 25.7 (CH2, CH2-CH2-N), 24.2 (CH2, CH2 ACHTUNGTRENNUNG(CH2)2-N).


N-(3-Quinolinyl)piperidine (Table 1, entry 7):[32] The general procedure
yielded, after flash chromatography on silica gel (pentane/MTBE 70:30),
the title compound (185 mg, 87%). 1H NMR (300 MHz, CDCl3): d =


8.78 (d, J=2.7 Hz, 1H, HAr), 7.97 (d, J=7.8 Hz, 1H, HAr), 7.63 (d, J=
9.3 Hz, 1H, HAr), 7.49–7.38 (m, 2H, HAr), 7.28 (d, J=2.7 Hz, 1H, HAr),
3.21 (t, J=5.1 Hz, 4H, CH2-N), 1.77–1.70 (m, 4H, CH2-CH2-N), 1.62–1.55
(m, 2H, CH2 ACHTUNGTRENNUNG(CH2)2-N);


13C NMR (75 MHz, CDCl3): d = 145.6 (CH, N-
CHAr), 142.7 (C, CAr), 129.1 (C, CAr), 128.9 (CH, CAr), 127.8 (C, CAr),
126.8 (CH, CAr), 126.5 (CH, CAr), 126.0 (CH, CAr), 116.6 (CH, CAr), 50.6
(CH2, CH2-N), 25.7 (CH2, CH2-CH2-N), 24.1 (CH2, CH2 ACHTUNGTRENNUNG(CH2)2-N).


N,N-Diallyl-N-(2-pyridyl)amine (Table 2, entry 4):[33] The general proce-
dure yielded, after flash chromatography on silica gel (pentane/MTBE
90:10), the title compound (159 mg, 98%). 1H NMR (300 MHz, CDCl3):
d = 8.15 (d, J=3.3 Hz, 1H, HAr), 7.43–7.37 (m, 1H, HAr), 6.55–6.51 (m,
1H, HAr), 6.47 (d, J=8.7 Hz, 1H, HAr), 5.91–5.82 (m, 2H, -CH=CH2),
5.17–5.12 (m, 4H, -CH=CH2), 4.11 (d, J=5.1 Hz, 4H, CH2-N);


13C NMR
(75 MHz, CDCl3): d 158.9 (C, N-CAr), 148.1 (CH, CAr), 137.3 (CH, CH=
CH2), 134.2 (CH, CAr), 116.2 (CH2, -CH=CH2), 115.1 (CH, CAr), 106.3
(CH, CAr), 50.3 (CH2, CH2-N).


Buchwald–Hartwig cross-coupling at low catalyst loading


Preparation of catalyst solutions : In a glovebox, in a scintillation vial,
[(SIPr)Pd ACHTUNGTRENNUNG(cinnamyl)Cl] (4) (6.5 mg, 0.01 mmol) was dissolved in DME
(10 mL), providing solution A. In another vial, DME (9 mL) was added
to solution A (1 mL), providing solution B. A third vial containing solu-
tion B (1 mL) and DME (9 mL) provided solution C.


General procedure : In a glovebox, potassium tert-butoxide (1.1 mmol,
124 mg), hexamethylbenzene (1 mmol, 153 mL) and catalyst solution
(1 mL solution A for 0.1 mol% of 4, solution C for 0.001 mol% of 4)
were added in turn to a vial equipped with a magnetic bar, and sealed
with a screw cap fitted with a septum. Outside the glovebox, the amine
(1.1 mmol) and the aryl halide (1 mmol) were injected in turn through
the septum. The reaction mixture was then stirred at room temperature
unless otherwise indicated. The reaction was monitored by gas chroma-
tography and the yields given using hexamethylbenzene as internal stand-
ard.


Suzuki–Miyaura cross-coupling reactions


Preparation of the catalyst solutions : In a glovebox, 3 (6.5 mg,
0.01 mmol) was added to a vial equipped with a magnetic bar, and closed
with a screw cap with a septum. Outside the glovebox, technical grade
isopropanol (1.0 mL) was injected into the vial and the mixture stirred
on a stirring plate at room temperature for 15 min prior to the injection
of the required amount in the reaction vials.


Suzuki–Miyaura cross-coupling of heteroaryl chlorides or bromides with
boronic acids at room temperature


General procedure : In a glovebox, potassium tert-butoxide (1.1 mmol,
124 mg), boronic acid (1.05 mmol) and aryl halide (if solid, otherwise see
below) were added in turn to a vial equipped with a magnetic bar, and
closed with a screw cap with a septum. Outside the glovebox, the re-
quired amount of catalyst 3 solution (catalyst loading 0.05 mol%,
200 mL) was injected through the septum, followed by technical grade
isopropanol to a final volume of 1 mL. The mixture was stirred on a stir-
ring plate at room temperature for 15 min. Aryl halide (1 mmol) was
then injected (if liquid) and the reaction was monitored by gas chroma-
tography. When the reaction reached completion, or no further conver-
sion could be observed, water was added to the reaction mixture, the or-
ganic layer was extracted with MTBE, dried over magnesium sulfate and
the solvent was evaporated in vacuo. When necessary the product was
purified by flash chromatography on silica gel using mixtures pentane/
MTBE 95:5.


Suzuki–Miyaura cross-coupling of aryl and heteroaryl halides with trans-
2-phenylvinylboronic acid at room temperature


General procedure : In a glovebox, 3 (6.5 mg), potassium tert-butoxide
(1.1 mmol, 124 mg), boronic acid (1.05 mmol) were added in turn to a
vial equipped with a magnetic bar, and closed with a screw cap with a


septum. Outside the glovebox, technical grade isopropanol (1 mL) was
injected through the septum and the mixture was stirred on a stirring
plate at room temperature for 15 min. Aryl halide (1 mmol) was then in-
jected and the reaction was monitored by gas chromatography. When the
reaction reached completion, or no further conversion could be observed,
water was added to the reaction mixture, the organic layer was extracted
with diethyl ether, dried over magnesium sulfate and the solvent was
evaporated in vacuo. When necessary the product was purified by flash
chromatography on silica gel using mixtures hexanes/EtOAc 95:5.


Suzuki–Miyaura cross-coupling of heteroaryl chlorides with boronic acids
at low catalyst loadings


General procedure : In a glovebox, potassium tert-butoxide (1.1 mmol,
124 mg), boronic acid (1.05 mmol) and aryl chloride (if solid, otherwise
see below) were added in turn to a vial equipped with a magnetic bar,
and closed with a screw cap with a septum. Outside the glovebox, the re-
quired amount of catalyst solution (catalyst loading 0.005 mol%, 20 mL)
was injected through septum, followed by technical grade isopropanol
(1 mL). The reaction mixture was placed in an oil bath at 80 8C over a
magnetic stirring plate. After 15 min the aryl halide (1 mmol) was inject-
ed (if liquid) and the reaction was monitored by gas chromatography.
When the reaction reached completion, or no further conversion could
be observed, water was added to the reaction mixture, the organic layer
was extracted with MTBE, dried over magnesium sulfate and the solvent
was evaporated in vacuo. When necessary, the product was purified by
flash chromatography on silica gel using mixtures pentane/MTBE 95:5.
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Introduction


Photosynthesis, the process that converts solar into chemical
energy, is essential for living organisms.[1] Light energy is ab-
sorbed by individual pigments, but is not used immediately
by these pigments for energy conversion. Instead, the light
energy is transferred to chlorophylls that are in a special
protein environment in which the actual energy-conversion
event occurs: the light energy is used to transfer an electron
to a neighboring pigment. A large number of pigment mole-
cules, collectively referred to as antenna, “harvest” light and


transfer the light energy to the same reaction center.[2] The
purpose is to maintain a high rate of electron transfer in the
reaction center, even at lower light intensities. The complex-
ity of photosynthesis prompts the use of simpler models,
consisting of donor–acceptor-linked molecules, to get a
better understanding of the process in order to be able to
design and synthesize artificial systems that can efficiently
process solar energy.[3] More recently, it has been recognized
that artificial photosynthesis also has potential uses in mo-
lecular-scale optoelectronics, photonics, sensor design, and
other areas of nanotechnology.[4]


Dendrimers have recently received a great deal of atten-
tion in the context of light-harvesting molecular antenna-
type architectures[5] that mimic natural photosynthetic sys-
tems. In this respect, molecules in which an array of periph-
eral chromophores transfer the collected energy to a fuller-
ene C60 core have recently been described by several
groups.[6] Thus, Nierengarten and Armaroli2s groups have re-
cently prepared fullerene-based dyads with oligophenylene-
vinylene (OPV) moieties and alkoxy groups in the periphery
to reveal a very efficient OPV!C60 photoinduced energy
transfer.[7] We have synthesized fullerodendrimers in which
a phenylenevinylene dendritic wedge is connected to the
fullerene core through a pyrazoline ring and observed both
energy and electron transfer from the excited antenna to the
C60 cage.


[8] Related compounds have also been reported by


Abstract: Two new fullerodendrimers,
with two and four ferrocene units on
their periphery, have been synthesized
by 1,3-dipolar cycloaddition reactions
between the corresponding azomethine
ylides and C60. These new compounds
have been studied by using cyclic vol-
tammetry and UV/Vis spectroscopy.
Weak intramolecular interactions be-
tween the fullerene cage and the ferro-
cene groups have been found. The pho-
tochemical events of both fullerene–


ferrocene dendrimers have been
probed by means of steady-state and
time-resolved techniques. The steady-
state emission intensities of the fullero-
pyrrolidine–ferrocene dendrimers 1
and 2 were found to be quenched rela-
tive to the N-methylfulleropyrrolidine


without substituents that was used as a
model. The nanosecond transient ab-
sorption spectral studies revealed effi-
cient charge separation in both systems,
even in toluene. The lifetimes of the
(C60)C�–(dendron)C+ are higher for the
second-generation fullerodendrimer
(with four ferrocene units) and they
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in toluene and hundreds of nanosec-
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MartFn, Guldi, and co-workers; in this case, either dibutyl-
aniline or dodecyloxynaphthalene units on the periphery
acted as antennas/electron donors and electron transfer was
observed when using benzonitrile as the solvent.[9]


The modification of the properties of dendritic com-
pounds by the introduction of metal atoms into their struc-
ture (metallodendrimers), especially those containing ferro-
cene, has attracted particular attention[10] due to the fact
that ferrocene combines chemical versatility with high ther-
mal stability. Moreover, ferrocene is an electron-transfer
donor that is stronger than N,N-dimethylaniline or anisole[11]


and several examples of efficient, photoinduced electron
transfer in ferrocene–fullerene systems have been de-
ACHTUNGTRENNUNGscribed.[12] Consequently, phenylenevinylene-based dendrim-
ers with a fullerene core and peripheral ferrocene groups
appear to be interesting systems for energy or electron
transfer. With respect to the previously reported ferrocene–
fullerene systems, our work has the novelty of using phenyl-
enevinylene units as linkers. It is known that the connecting
substructure between the donor and the acceptor of the
dyad can influence the electron-acceptor ability of the fuller-
ene core because it disrupts the spherical aromaticity of C60.
Thus, in this paper we report the synthesis, and electrochem-
ical and photophysical properties of such fullerodendrimers
in which two (1) and four (2) ferrocene electron donors are
located at terminal positions.


Results and Discussion


Synthesis : The synthesis of dendrons 3 and 4 was performed
in a convergent manner by using the Horner–Wadsworth–
Emmons (HWE) reaction between the diphosphonate deriv-
ative 5 and the appropriate aldehydes in tBuOK/THF
(Scheme 1) following a methodology previously described
by some of us.[13] Acid hydrolysis of the acetal groups gave
3[14] and 4 in good yields (88 and 75%, respectively) as red
solids. Mass spectrometry (MS) and NMR experiments (in-
cluding distortionless enhancement by polarization transfer
(DEPT)) confirmed the structures of the compounds (see
the Experimental Section). The selectivity of the HWE reac-
tion is sufficiently high to generate all-trans isomers within
the limits of NMR detection. This stereochemistry for the
double bonds was established by the coupling constant of
the vinylic protons in the 1H NMR spectra (J=16–17 Hz).
High-resolution (HR) MS analyses gave the expected mo-
lecular ions.
The functionalization of C60 was based on the 1,3-dipolar


cycloaddition of the corresponding azomethine ylide,[15] gen-
erated in situ from aldehydes 3 and 4, and N-methylglycine
(sarcosine). The reaction of C60 with 3 and 4 in the presence
of excess N-methylglycine in toluene under reflux afforded
pyrrolidinofullerenes 1 and 2 in 46 and 38% yield, respec-
tively (Scheme 2). Fullerodendrimers 1 and 2 were purified
by means of flash chromatography (toluene/hexane 8:2).
The structural assignment of 1 and 2 was based on analytical
and spectroscopic data (i.e. , UV/Vis, FTIR, 1H NMR,


Scheme 1. Synthesis of ferrocene dendrons. Reagents and conditions:
i) ferrocenecarboxaldehyde, tBuOK, THF; then HCl/H2O; ii) 5, tBuOK,
THF; then HCl/H2O.


Scheme 2. Synthesis of fulleroferrocene dendrimers. Reagents and condi-
tions: i) toluene/D.
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13C NMR, and MALDI mass spectra). The matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF)
spectra showed peaks that matched the calculated values for
the molecular weights. UV/Vis spectra revealed the typical
dihydrofullerene absorption band at around l=430 nm. The
1H NMR spectra of 1 and 2 in CDCl3 exhibit the expected
features with the correct integration ratios. The signals of
the pyrrolidine protons appeared as doublets (J=9.5 Hz;
geminal hydrogen atoms), and singlets in the d=4–5 ppm
zone, which is consistent with spectra obtained for similar
derivatives.[16] The 13C NMR spectra contained the signals
corresponding to the sp2 and sp3 atoms of C60, and the ex-
pected signals corresponding to the organic addends.


Electrochemistry : The redox properties of the fulleroferro-
cene dendrimers were studied by using cyclic voltammetry
(CV) at room temperature in CH2Cl2. The data obtained are
summarized in Table 1. In the cathodic region, three quasi-
reversible reduction waves were recorded, which correspond
to the stepwise reduction of the fullerene cage (Figure 1).


These reduction waves are slightly shifted to more negative
potentials relative to those in the parent C60. This behavior
is a consequence of the saturation of a double bond on the
C60 cage in a similar way to other pyrrolidinofullerenes.


[17]


In the anodic region, only a single reversible oxidation
process corresponding to the ferrocene units was observed,
which implies that the iron centers do not communicate
with each other over the benzene bridge. Several facts can


be inferred from Table 1: 1) aldehyde 3 is more difficult to
oxidize than the parent ferrocene by 90 mV, whereas alde-
hyde 4 is easier to oxidize by 230 mV, thus indicating that
the intramolecular electron-withdrawing effect of the CHO
group is only effective in the first-generation compound
owing to the conjugation not being extended by meta substi-
tution; 2) analogous to system 4, fullerodendrimers 1 and 2
are easier to oxidize than ferrocene as a consequence of the
donating branches, and the oxidations become easier as the
dendritic generation grows (from 3 to 4, and from 1 to 2) be-
cause of the larger electron-donating nature; and 3) more
salient is the observation that the first-generation fullero-
dendrimer 1 is easier to oxidize than its precursor 3 by
170 mV reflecting the larger electron-withdrawing effect of
the formyl group relative to the C60–pyrrolidine group, how-
ever the second-generation compound 2 is more difficult to
oxidize than 4 by 30 mV. It is not easy to explain the behav-
ior of the second-generation fullerodendrimer 2 in terms of
the nature of the substitution, as has recently been claimed
for other ferrocene derivatives.[18] Although a possible ex-
planation might be the existence of small electronic interac-
tions[19] in 2 between the C60 and the redox-active ferrocenyl
moiety (see below), unequivocal evidence is still lacking and
other possibilities cannot be neglected. The experimentally
determined HOMO(donor)–LUMO ACHTUNGTRENNUNG(C60) gap, calculated from
the first oxidation and reduction potentials, is significantly
lower for the second-generation fullerodendrimer 2
(0.99 eV) than that for the first-generation system 1
(1.11 eV).


Steady-state absorption spectra : The UV/Vis spectra of 3
and 4 in CH2Cl2 are shown in Figure 2. As one would
expect, the meta arrangement through which the dendrons
are linked causes the absorption spectra to consist essential-
ly of a simple superposition of the absorptions due to the
different phenylenevinylene chromophores. Indeed, the
spectra are essentially dominated by strong bands with
maxima at l=314–316 nm associated with these units. The
absorptions become much stronger as the dendritic genera-
tion increases, a consequence of the exponential increase in
the number of light-absorbing units. The lmax values are sim-
ilar for both compounds (Table 1), showing that conjugation
is not extended by meta substitution and, consequently, that
these compounds behave respectively as an assembly of two
and four vinylferrocene moieties sharing a phenyl ring. The
value of e, compared with that of N-methylfulleropyrrolidine


Table 1. Selected UV/Vis, photoluminescence (PL), and electrochemical data[a] of ferrocene, compounds 1–4, and C60.


Eox [V] E1red [V] E2red [V] E3red [V] UV/Vis[b] lmax [nm] (e, [m
�1 cm�1]) PL[c] lmax [nm] Ff


[d]


ferrocene +0.11 – – –
3 +0.20 – – – 249 (35600), 314 (39600), 456 (3900) 421 1.2Q10�3


4 �0.12 – – – 259 (59100), 316 (116400), 462 (4200) 421 1.3Q10�3


1 +0.03 �1.08 �1.48 �2.03 256 (151500), 315 (85500), 431 (7050) 423 3.45Q10�4


2 �0.09 �1.08 �1.47 �1.99 257 (203600), 318 (172600), 431 (8860) 422 3.96Q10�4


C60 – �0.97 �1.36 �2.03


[a] Calculated as averages of Eox and Ered. See the Experimental Section for CV details. [b] All spectra were recorded in CH2Cl2 (3 and 4 : c=3Q10
�6
m ; 1


and 2 : c=5Q10�6m) at RT. [c] All spectra were recorded in toluene at RT; lexc=323 nm. [d] Determined by using C60 as the standard (Ff=3.2Q10
�4).[28]


Figure 1. Cyclic voltammogram (scan rate 100 mVs�1) of fulleroferrocene
dendrimer 1 in CH2Cl2 at room temperature.
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(e=22200 at 326 nm), shows the light-harvesting ability of
these fullerodendrimers. A broad band in the visible region
(l=420–550 nm) that is characteristic of the metal-centered
d–d absorption of ferrocene derivatives was also observed.
The absorption spectra of the pyrrolidino[60]fullerene


dendrimers 1 and 2 were also measured in CH2Cl2 (Figure 3,
Table 1). The spectra of both 1 and 2 display two very in-


tense bands in the UV region and much weaker features in
the visible spectral region (Figure 3, inset). The band
maxima at lmax=256 (1) and 257 nm (2), and the lowest al-
lowed singlet transitions at lmax=431 nm are characteristic
absorptions of a fullerenepyrrolidine. The shapes of the
broad bands in the visible region are different to those of
precursors 3 and 4, a fact that supports the presence of
modest interactions in the ground state between the ferro-
cene groups and the fullerene cage.[20,21] The intensity of this
broad band for compound 2 was enhanced in the more
polar solvent carbon disulfide and remained as such when
cyclohexane was used as the solvent (Figure 4).[22]


Steady-state fluorescence : The excited-state properties of
donor–bridge–acceptor systems are sensitive measures for
proving intramolecular transfer dynamics and we have stud-
ied them in our dendrimer-functionalized fullerene deriva-
tives 1 and 2. The fluorescence spectra of ferrocenyl den-
drimers 3 and 4 in toluene at room temperature and excited
at 323 nm (where most of the incident light is absorbed by
the phenylenevinylene moieties, lmax in toluene for 3) are re-
ported in Figure 5; this shows maxima at 421 nm with quan-


tum yields (Ff) of 1.2Q10
�3 and 1.3Q10�3, respectively. In


fullerodendrimers 1 and 2, this emission is strongly
quenched with Ff=3.45Q10


�4 for 1 and 3.96Q10�4 for 2
(Table 1), indicating the occurrence of excited-state process-
es (energy or electron transfer) from the singlet excited
state of the dendrimer.
On monitoring the wavelength region of fulleropyrroli-


dine emission[23] (650–750 nm) upon excitation of the fuller-
ene moiety, a very weak emission was found in the case of 2
and no emission was found in 1 (Figure 6). The emission of
the model N-methylfulleropyrrolidine 5 is shown for com-
parison, being by far the strongest fluorescence intensity.
The weak emission observed for 2 (upon excitation of the
fullerene chromophore at 430 nm) in toluene was totally


Figure 2. UV/Vis spectra of 3 (a) and 4 (c) in CH2Cl2 (c=3Q
10�6m) at room temperature.


Figure 3. UV/Vis spectra of 1 (c) and 2 (a) in CH2Cl2 (c=5Q
10�6m) at room temperature.


Figure 4. UV/Vis spectra of 2 in cyclohexane (a) and in carbon disul-
fide (c) (c=5Q10�5m) at room temperature.


Figure 5. Fluorescence spectra of 1 (d), 2 (c), 3 (b), and 4 (a)
in toluene at matched absorptions (lexc=323 nm).
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quenched when the more polar solvent benzonitrile was
used. Although the dendritic component of 2 also absorbs at
430 nm and the fullerene emission decrease can be partially
due to the filter effect of the dendron over the fullerene ab-
sorption, it is the different behavior from toluene to benzo-
nitrile (in both solvents the filter effect should remain con-
stant) that supports a polarity-dependent quenching of full-
erene emission by the dendron. These facts suggest that the
fullerene emission is quenched in benzonitrile by the den-
drons, most probably through an electron-transfer process
from the electron-donating ferrocenyl dendritic wedge to
the fullerene cage to form a charge-separated state.


Transient absorption studies : To verify the quenching mech-
anism and characterize the reaction products, nanosecond
transient absorption studies in toluene, acetonitrile, and ben-
zonitrile were performed. Transient absorption spectra of
fullerodendrimers in toluene were found in general to be
broader than those recorded in benzonitrile, and had ill-de-
fined peaks. On irradiation with a 355 nm laser in deoxygen-
ated toluene, the generation of other transients or energy
transfer (the absorption at 700 nm may correspond to the
C60 triplet excited state


[24]), in addition to photoinduced elec-
tron transfer, can take place. In a more polar solvent such as
benzonitrile, the photoinduced electron transfer is the prev-
alent process, as indicated by the observation of the band
between 900–1200 nm for 1 (Figure 7), which is a clear at-
tribute of the monofunctionalized fullerene radical anion.[25]


The extinction coefficient of the ferricenium cation (formed
concomitantly with the fullerene radical anion) was too
small to be detected.[26]


The same behavior was observed for the second-genera-
tion ferrocene fullerodendrimer 2. A broad transient absorp-
tion in toluene, probably encompassing different transients
arising from energy and electron transfer, and a more-de-
fined band at 900–1200 nm in benzonitrile, attributable to
the radical anion centered at the fullerene moiety, were ob-
tained (Figure 8).
On the other hand, when a solution of 2 in benzonitrile


was irradiated in the presence of oxygen, the absorption


band corresponding to the fullerene anion radical was
quenched. It has been reported that the radical-ion pair in
fullerene dyads reacts with molecular oxygen.[27]


Rate constants for both systems 1 and 2 in polar and non-
polar solvents (see Table 2) have been estimated from tem-
poral profiles (Figure 9; kCR from the decay of the charge-
separation excited state and kT from the decay of the triplet
excited state). Generation of the charge-separated state is
completed in the first nanoseconds after the laser flash.
Thus, using our nanosecond laser flash photolysis system,
formation of the charge-separated state instantaneously oc-


Figure 6. Emission spectra (fullerene region, lex=430 nm) of compounds
1 and 2 in different solvents at matched absorptions. We have also includ-
ed the emission of N-methylfulleropyrrolidine 5 for comparison.


Figure 7. Transient absorption spectra of 1 in deoxygenated toluene (*)
and in deoxygenated benzonitrile (*) recorded 2 ms after excitation with
a nanosecond laser (excitation at 355 nm).


Figure 8. Nanosecond transient absorption spectra of 2 in deoxygenated
toluene (*) and in deoxygenated benzonitrile (*) recorded 2 ms after ex-
citation with a nanosecond laser (excitation at 355 nm).


Table 2. Rate constants for charge-recombination (kCR) and triplet-decay
rate constants (kT) of fullerodendrimers 1 and 2 in deaerated toluene,
benzonitrile, and acetonitrile.


Solvent kCR [s
�1] kT [s


�1]


1 toluene 2.50Q107 8.47Q108


benzonitrile 1.78Q107 –
acetonitrile 8.47Q107 1.23Q109


2 toluene 1.35Q107 8.62Q108


benzonitrile 9.70Q106 –
acetonitrile 6.99Q106 1.33Q109
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curred during the laser pulse and, therefore, kCS must be
higher than 109 s�1 for fullerodendrimers 1 and 2. It should
be remarked that in both dyads, in polar and nonpolar sol-
vents, the deactivation constant of 3C60* (kT) is higher than
that previously observed for N-methylfulleropyrrolidine,
used as the reference (kT=4.1Q10


4 s�1 in benzene), which
suggests the occurrence of paths for deactivation[28] other
that the deactivation to the ground state by phosphores-
cence (see below).


The quantum yields for charge separation (FCS) were calcu-
lated according to Equation (2) from the fluorescence life-
times for 1 and 2 [tdyad, estimated according to Eq. (1)] by
using N-methylfulleropyrrolidine as the reference (tref=
1.3 ns);[29] k0 is the fluorescence decay rate of the refer-
ence.[30] These values are collected in Table 3 together with
the lifetimes of fluorescence and the radical-ion pair as cal-
culated from time profiles.


kCS ¼
1


tdyad
� 1
tref


ð1Þ


FCS ¼
½ð1=tdyadÞ�ð1=trefÞ�


ð1=tdyadÞ
¼ kCS


ðkCS þ k0Þ
ð2Þ


Table 3 shows that in all of the studied solvents the lifetimes
of the charge-separated state of 2 are higher than those of 1,
as expected, due to the longer distance between the donor
and acceptor moieties in 2. It should be noted that the radi-


cal-ion pair is formed in both fullerodendrimers 1 and 2 in
toluene with lifetimes of several tens of nanoseconds. Life-
times are increased by a factor of 2–3 in polar solvents, and
are as long as 143 ns for 2 in acetonitrile.
In contrast to related fullerodendrimers with peripheral


dimethylanilino units,[9] which show only energy transfer in
toluene, and electron transfer in benzonitrile, the systems
presented here show electron transfer in both solvents.
Moreover, in benzonitrile, the measured quantum yields for
charge separation (FCS) are 0.269 for 1 and 0.362 for 2, sig-
nificantly higher than those reported for fullerodendrimers
with dimethylanilino peripheral units (F	0.1). Neverthe-
less, our quantum yield values for charge separation are
lower than previously reported data for related fullerene–
ferrocene dyads in polar solvents, although in these cases
the lifetimes of the charge-separated states were much
shorter than those described here (56–103 ns) under similar
conditions.[29] On the other hand, Guldi and co-workers re-
ported longer lifetimes for fullerene charge-separated states
(360–725 ns) than those measured by us.[9]


Energetics of charge separation and charge recombination :
The energetics of the charge-separation and charge-recombi-
nation processes in systems 1 and 2 were evaluated to assess
the feasibility of the electron-transfer process between the
ferrocene units and C60 in the excited state. The free-energy
changes of the charge-recombination process (DGCR) were
calculated by using the continuous dielectric model [Eq. (3)]
from the first Ered and Eox values.


�DGCR ¼ EoxðDÞ�EredðC60Þ þ DGS ð3Þ


Here, Eox(D) and Ered ACHTUNGTRENNUNG(C60) are the oxidation and reduction
potentials of the donor and acceptor moieties, respectively,
and DGS refers to the static energy that is calculated accord-
ing to Equation (4):[31]


DGS ¼
e2


4pe0


�
1
2Rþ


þ 1
2R�


� 1
Rcc


�
1
eS


� e2


4pe0


�
1
2Rþ


þ 1
2R�


�
1
eT


ð4Þ


Figure 9. Temporal signal profiles monitored at 1000 nm of dyad 1 (*/&) and dyad 2 (*/&) in deaerated benzonitrile (left) and in oxygen-purged benzoni-
trile (right).


Table 3. Radical-ion-pair lifetimes (tIP), fluorescence lifetimes (tdyad), and
quantum yields for charge separation (FCS) for compounds 1 and 2 in dif-
ferent solvents.


Solvent tIP [ns]
[a] tdyad [ns]


[b] FCS


1 toluene 40 1.18 0.092
benzonitrile 56 0.95 0.269
acetonitrile 118 0.81 0.377


2 toluene 74 1.16 0.108
benzonitrile 103 0.83 0.362
acetonitrile 143 0.75 0.423


[a] Calculated from time profiles. [b] Calculated from time profiles by
using Equation (1).
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In this equation, e is the electron charge, e0 is the vacuum
permittivity, eS is the static dielectric constant of the solvent
used for rate measurements, and eT is static dielectric con-
stant of the solvent used for redox potential measurements.
R+ (1: R+ =5.31 S; 2 : R+ =7.65 S) and R� (4.4 S) are the
radii of the donor and acceptor, respectively; Rcc is the
center-to-center distance between the ions measured by mo-
lecular-mechanics calculations (1: Rcc=12.33 S; 2 : Rcc=
14.67 S).[32]


From DGCR, the free-energy changes of the charge-separa-
tion process (DGCS) were calculated according to Equa-
tion (5) where DE00 (1.762 eV) is the excited-state energy
from which the electron transfer occurs.[33] The results are
given in Table 4.


�DGCS ¼ DE00�ð�DGCRÞ ð5Þ


The charge-separated states are significantly lower in energy
in polar solvents (0.91–0.95 eV), and even in nonpolar sol-
vents (1.55–1.62 eV), than those of fullerene singlet excited
states (1.76 eV) suggesting that electron transfer is energeti-
cally feasible for both dyads.


The total reorganization energy (l) is the sum of the inter-
nal term, li, and the external reorganization energy term, le,
and is solvent dependent. In fullerene derivatives, li has a
value of 0.3 eV[23] and le was estimated from Equation (6) in
which n is the solvent refractive index.


le ¼
e2


4pe0


�
1
2


�
1
Rþ


þ 1
R�


�
� 1
Rcc


��
1
n2


� 1
eS


�
ð6Þ


From these data the activation energy barrier (DG¼6 ) for
charge separation was calculated by using Equation (7). The
data are summarized in Table 4.


DG6¼ ¼ ðDGCS þ lÞ2
4l


ð7Þ


According to the Marcus theory of electron transfer,[34] the
electronic coupling and the reorganization energy (l) regu-
late the rate constants for charge separation and charge re-
organization. Under optimal conditions, small reorganiza-
tion energies lead to optimal charge-separation kinetics and
a deceleration of the charge-recombination rates.[35] Table 4
shows that the photoinduced charge-separation process is in


the “normal” Marcus region because DGCS>�l, irrespec-
tive of the solvent or the generation of the dendritic donor.
It should be remarked that the low value of l in toluene (l
	0.3 eV) is similar to that observed in natural systems.
The energy diagrams in polar and nonpolar solvents can


be illustrated as shown in Figure 10 for ferrocene–dendri-


ACHTUNGTRENNUNGmer–fullerene (Fc–dn–C60) 2.
The energy level of 1


ACHTUNGTRENNUNG(Fc4–
dn2)*–C60 was evaluated to be
2.94 eV from fluorescence
data. The energy levels of
1C60* and


3C60* (1.76 eV and
1.50 eV) were reported in the
literature,[33,36] and the radical-
ion-pair energy levels were cal-
culated from Equation (3) and
are dependent on the solvent
polarity. Excitation at 355 nm


should form 1
ACHTUNGTRENNUNG(Fc4–dn2)*–C60 (2.94 eV), which through an


energy-transfer (EnT) process forms (Fc4–dn2)–
1C60*; then


an intersystem crossing (ISC) to (Fc4–dn2)–
3C60* (	1.50 eV)


occurs, competing in toluene with an electron-transfer (ET)
process to form the radical-ion pair (	1.55 eV), and an
equilibrium between both species should exist as indicated
above. Finally, the CS state decays to the ground state by a
charge-recombination proACHTUNGTRENNUNGcess. In benzonitrile or acetoni-
trile, a similar energy diagram can be depicted. In these
cases, as a consequence of the higher stability of the radical-
ion pair (0.95 eV in benzonitrile, 0.93 eV in acetonitrile) due
to the higher polarity of the solvent, CS takes place quite ef-
ficiently as confirmed by time-resolved fluorescence experi-
ments.


Conclusion


The synthesis of new C60-based dendrimers 1 and 2 with two
or four ferrocene units, respectively, as donors located on
the periphery has been accomplished by means of a new
convergent route. Cyclic voltammetry studies indicated an


Table 4. Free-energy changes and thermodynamic parameters (l, DG¼6 ; both in eV) for intramolecular elec-
tron-transfer events in fullerene-based compounds 1 and 2.


Solvent esolvent DGS �DGCR �DGCS l le DG¼6


1 toluene 2.38 0.43 1.62 0.14 0.35 0.05 0.032
benzonitrile 25.2 �0.26 0.93 0.83 1.01 0.71 0.008
acetonitrile 35.94 �0.28 0.91 0.85 1.26 0.96 0.033


2 toluene 2.38 0.38 1.55 0.21 0.34 0.044 0.013
benzonitrile 25.2 �0.23 0.95 0.82 0.92 0.62 0.003
acetonitrile 35.94 �0.24 0.93 0.83 1.14 0.84 0.021


Figure 10. Schematic energy diagrams for charge-separation and charge-
recombination processes in dyad 2 in a) toluene, b) benzonitrile, and
c) acetonitrile. Numbers indicate energy levels in eV relative to the
ground state.
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electrochemically determined HOMO–LUMO gap as low as
0.99 eV for the second-generation fullerodendrimer 2. UV/
Vis spectra show similar lmax for both fullerodendrimers 1
and 2 suggesting that these compounds behave as an assem-
bly of two and four vinylferrocene moieties, respectively.
The appearance of a broad band between 450 and 500 nm,
enhanced in more polar solvents, suggests the existence of
weak ground-state interactions between the vinylferrocene
moieties and the fullerene sphere. Photophysical investiga-
tions show an efficient photoinduced electron-transfer pro-
ACHTUNGTRENNUNGcess even in toluene, with higher quantum yields as the den-
drimer generation is increased. The lifetimes of the charge-
separated state vary from tens of nanoseconds in nonpolar
solvents to hundreds of nanoseconds in polar solvents, with
a higher value for the second-generation fullerodendrimer 2
due to the longer distance between the ferrocene and the
C60 cage.


Experimental Section


General experimental conditions have been reported previously.[13] NMR
spectra were recorded in CDCl3. Chemical shifts are given in ppm rela-
tive to tetramethylsilane (TMS) (1H, 0.0 ppm) or CDCl3 (


13C, 76.9 ppm).
Cyclic voltammetry measurements were carried out on an Autolab
PGSTAT 30 potentiostat using a BAS MF-2062 reference electrode (Ag/
0.01m AgNO3; 0.1m nBu4NClO4 in acetonitrile), an auxiliary electrode
consisting of a Pt wire, and a Metrohm 6.1247.000 conventional glassy
carbon electrode (3 mm o.d.) as a working electrode directly immersed in
the solution. A 10 mL electrochemical cell from BAS, Model VC-2, was
also used. The experiments were carried out with a scan rate of
100 mVs�1 in dry CH2Cl2 (0.1m nBu4NClO4) at RT. All commercially
available compounds were used without further purification. C60 was pur-
chased from MER Corporation (Tucson, AZ). Diphosphonate derivative
5 was prepared according to a procedure previously reported by some of
us.[13]


The time-resolved fluorescence spectra were measured at RT in N2-
purged sealed quartz cells using an Edinburgh FL3000 spectrofluorimeter
with a Xe-doped mercury lamp and a Czerny–Turner monochromator.


Laser flash photolysis experiments were carried out by using the third
(355 nm) harmonic of a Q-switched Nd:YAG laser (Spectron Laser Sys-
tems, UK; pulse width ca. 9 ns and 35 mJpulse�1). The signal from the
monochromator/photomultiplier detection system was captured by using
a Tektronix TDS640 A digitizer and transferred to a PC computer that
controlled the experiment and provided suitable processing and data-
storage capabilities. Fundamentals and details of similar time-resolved
laser setups have been published elsewhere.


General procedure for the Horner–Wadsworth–Emmons reaction : All
glassware was oven-dried and cooled under argon. Potassium tert-butox-
ide (3 mmol) was added, in small portions, to a stirred solution of di-
phosphonate 5 (1 mmol) and the corresponding aldehyde (2 mmol) in
THF (100 mL), under argon. The dark-red mixture was stirred for the in-
dicated period of time at RT. After hydrolysis with 1m HCl (50 mL), the
mixture was stirred for an additional 3 h at RT in order to remove the
acetal group. It was then carefully neutralized with 1m NaOH, extracted
with CHCl3 (Q3), and dried (MgSO4). The solution was filtered and the
solvent was evaporated under reduced pressure. The crude product was
purified by using column chromatography (silica gel, hexanes/CH2Cl2
4:6).


Dendron 3 : Reaction time: 1 h; red solid; yield: 88%; 1H NMR
(300 MHz, CDCl3): d=4.16 (s, 10H), 4.34 (t, J=1.5 Hz, 4H), 4.51 (t, J=
1.5 Hz, 4H), 6.75 (A of ABq, J=16.5 Hz, 2H), 7.03 (B of ABq, J=
16.2 Hz, 2H), 7.66 (br s, 1H), 7.80 (d, J=1.5 Hz, 2H,), 10.06 ppm (s, 1H);
13C NMR and DEPT (75 MHz, CDCl3): d=67.1 (CH), 69.3 (CH), 69.4


(CH), 82.6 (C), 124.4 (CH), 124.7 (CH), 129.0 (CH), 129.2 (CH), 137.2
(C), 139.2 (C), 192.6 ppm (CHO); IR (KBr): ñ=1694 cm�1; MS (EI): m/z
(%): 527 (48) [M++1], 526 (100) [M+]; HRMS: m/z calcd for
C31H26O56Fe2O: 526.0682; found: 526.0678.


Dendron 4 : Reaction time: 2 h; red solid; yield: 75%; 1H NMR
(300 MHz, CDCl3): d=4.17 (s, 20H), 4.30 (t, J=1.5 Hz, 8H), 4.50 (t, J=
1.5 Hz, 8H), 6.76 (A of ABq, J=16.2 Hz, 4H), 6.97 (B of ABq, J=
16.2 Hz, 4H), 7.24 (A of ABq, J=16.5 Hz, 2H), 7.31 (B of ABq, J=
16.2 Hz, 2H), 7.40 (br s, 2H), 7.48 (br s, 4H), 7.89 (br s, 1H), 7.94 (br s,
2H), 10.10 ppm (s, 1H); 13C NMR and DEPT (75 MHz, CDCl3): d=67.0
(CH), 69.2 (CH), 69.3 (CH), 83.1 (C), 122.5 (CH), 123.2 (CH), 125.6
(CH), 126.4 (CH), 127.3 (CH), 127.7 (CH), 130.1 (CH), 130.7 (CH),
137.3 (C), 137.3 (C), 138.7 (C), 138.8 (C), 192.2 ppm (CHO); IR (KBr):
ñ=1697 cm�1; MS (FAB+): m/z (%): 1151 (11) [M++1], 1150 (11) [M+];
HRMS: m/z calcd for C71H58Fe4O: 1150.1885; found: 1150.1883.


General procedure for the synthesis of pyrrolidino[60]fullerenes 1 and 2 :
A solution of C60 (0.038 mmol), the corresponding aldehyde
(0.038 mmol), and N-methylglycine (0.19 mmol) in toluene (40 mL) was
heated under reflux under an argon atmosphere for the indicated period
of time. The solvent was evaporated and the crude material was purified
by using flash chromatography on silica gel using toluene/hexane (8:2) as
the eluent. Further purification of the solid was accomplished by centrifu-
gation (Q3) with methanol and n-pentane.


Fullerodendrimer 1: Reaction time: 17 h; yield: 46% (60% based on re-
acted C60);


1H NMR (400 MHz, CDCl3): d=2.93 (s, 3H), 4.14 (s, 10H),
4.29 (t, J=1.5 Hz, 4H), 4.31 (d, J=9.5 Hz, 1H), 4.50 (t, J=1.5 Hz, 4H),
4.95 (s, 1H), 5.04 (d, J=9.5 Hz, 1H), 6.74 (A of ABq, J=16.3 Hz, 2H),
6.94 (B of ABq, J=16.3 Hz, 2H), 7.18 (br s, 2H), 7.44 ppm (br s, 1H);
13C NMR (50 MHz, CDCl3): d=40.4, 67.0, 67.4, 69.2, 69.4, 69.5, 70.3,
83.2, 83.7, 123.4, 124.9, 125.0, 125.2, 125.6, 127.7, 128.1, 128.7, 135.6,
136.4, 137.5, 138.4, 139.5, 139.8, 140.1, 141.6, 141.8, 142.0, 142.1, 142.4,
143.0, 144.2, 144.4, 144.9, 145.1, 145.2, 145.3, 145.4, 145.5, 145.75, 145.83,
145.96, 146.0, 146.5, 147.1, 153.2, 153.8, 155.9 ppm; IR (KBr): ñ=1553,
532 cm�1; UV/Vis (CH2Cl2): lmax (loge)=256 (5.19), 315 (4.94), 430 nm
(4.12); MALDI-TOF MS: m/z : 1273.2 [M+], 720 [C60].


Fullerodendrimer 2 : Reaction time: 7 h; yield: 38% (60% based on re-
acted C60);


1H NMR (200 MHz, CDCl3): d=2.92 (s, 3H), 4.17 (s, 20H),
4.31 (t, J=1.7 Hz, 8H), 4.33 (d, J=9.5 Hz, 1H), 4.50 (t, J=1.7 Hz, 8H),
5.01 (s, 1H), 5.07 (d, J=9.5 Hz, 1H), 6.75 (A of ABq, J=16.1 Hz, 4H),
6.98 (B of ABq, J=16.1 Hz, 4H), 7.26 (br s, 4H), 7.38 (s, 2H), 7.50 (br s,
5H), 7.75 ppm (s, 1H); 13C NMR (50 MHz, CDCl3): d=40.6, 67.2, 69.3,
69.5, 69.7, 70.3, 83.3, 83.7, 122.7, 123.3, 124.7, 126.0, 127.3, 127.8, 129.3,
130.0, 135.7, 135.9, 136.5, 136.7, 137.7, 137.9, 138.5, 139.6, 140.0, 140.1,
141.56, 141.64, 142.0, 142.1, 142.2, 142.5, 143.0, 144.3, 144.5, 145.2, 145.3,
145.4, 145.5, 145.7, 145.9, 146.1, 146.2, 146.4, 146.6, 146.6, 147.2, 153.2,
153.3, 153.9, 156.0 ppm; IR (KBr): ñ=1531, 625, 528 cm�1; UV/Vis
(CH2Cl2): lmax (log e)=257 (5.31), 318 (5.24), 430 nm (3.90); MALDI-
TOF MS: m/z : 1896.8 [M+].
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…-type catalysts, in which the C=
C(O) double bond of nickel phos-
phanylenolates [NiACHTUNGTRENNUNG{Ph2PC(R


1)=
C(R2)O}Ph ACHTUNGTRENNUNG(PPh3)] was substituted
by electron-withdrawing substitu-
ents, were assessed as ethylene-
oligomerization and -polymeriza-
tion catalysts and compared with
Keim)s complex [NiACHTUNGTRENNUNG{Ph2PCH=
C(Ph)O}Ph ACHTUNGTRENNUNG(PPh3)] (1). Regardless
of their relative electron-withdraw-
ing strength, all of these substitu-
ents induced an increase in activity
with respect to 1. A rationale for
the influence of the double-bond
substituents of the P,O-chelate unit
on the catalytic properties is pro-
posed by Matt et al. in their Full
Paper on page 5210 ff.
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the 14 Chemical Societies
shown above and
published by Wiley-VCH.
This group of Societies has
banded together as the
Editorial Union of
Chemical Societies (EU
ChemSoc) for its combined
publishing activities.


Heterogeneous Chiral Catalysts
In their Concept article on page 5188 ff., K. Ding et al.
describe a new strategy, that is, a “self-supporting”
approach, for the immobilization of homogeneous catalysts
through self-assembly of chiral multitopic ligands and metal
ions without the use of any support. On the basis of this
strategy, the chiral multitopic ligand can spontaneously form
a chiral environment inside the cavities of or on the surface
of the solids for enantioselective control of the reaction,
and the metal ions act as the catalytically active centers.


Bond Fission
In their Full Paper on page 5199 ff., H. Berke et al. describe a
unique reaction sequence in which treatment of [Re ACHTUNGTRENNUNG(=CHPh)-
(NO)2ACHTUNGTRENNUNG(PR3)2] ACHTUNGTRENNUNG[BArF4] with acetonitrile promotes a reaction in
the ligand sphere of this complex. Experimental observations
with concomitant DFT calculations elucidated the reaction
mechanism, which involves the coupling of a coordinated nitro-
syl ligand, a carbene unit, and an acetonitrile molecule to yield
the (1Z)-N-[iminoACHTUNGTRENNUNG(phenyl)methyl]ethanimidate ligand. A key
step of this reaction sequence is the migration of the benzyli-
dene moiety into the NO ligand.


Allylation Reactions
In their Concept article on page 5178 ff., C. Bruneau et al.
describe the catalytic chemistry of pentamethylcyclopenta-
dienyl–ruthenium complexes bearing nitrogen ligands such
as acetonitrile or bipyridine. These complexes have revealed
their ability to activate allylic halides and carbonates to gen-
erate [Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(h3-allyl)] complexes that can be isolated
and fully characterized.
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CORRIGENDUM


A. C�rdova,* W. Zou, P. Dziedzic,
I. Ibrahem, E. Reyes, Y. Xu 5383–5397


Direct Asymmetric Intermolecular
Aldol Reactions Catalyzed by Amino
Acids and Small Peptides


Chem. Eur. J. , 2006, 12


DOI: 10.1002/chem.200501639


We would like to point out an error of omission of a citation and present an accu-
rate definition of eutectic in reference [29] in our paper (DOI: 10.1002/
chem.200501639; submitted: December 29, 2005, published online: April 25,
2005).
We were remiss not to state that the concept relating eutectics of amino acids to
nonlinear effects in asymmetric catalysis had previously been presented at the
Erdtman Lecture at KTH Stockholm by Prof. D. G. Blackmond on November 29,
2005. This work is now published (see M. Klussmann, H. Iwamura, S. P. Matthew,
D. H. Wells, U. Pandya, A. Armstrong, D. G. Blackmond, Nature 2006, 441, 621;
submitted November 21, 2005). We fully agree that the Blackmond group was the
first to introduce this concept.
Our discussion implied that we measured the eutectics of valine and alanine in
this work, which we did not. We would like to clarify the definition of a eutectic
with respect to these scalemic amino acid systems. We stated that the eutectic
point is the point at which all three phases, (R)-amino acid, (S)-amino acid and
DMSO can exist simultaneously. We are grateful to Prof. Donna Blackmond for
providing us with the correct definition of a eutectic in the context of these amino
acid systems: In an isothermal, three-component system at equilibrium consisting
of (R)-amino acid, (S)-amino acid, and solvent, containing two distinct solid
phases and one solution phase, the eutectic composition is dictated by the phase
rule and is described as a point on the phase diagram where three separate phases
intersect. The phase rule also dictates that the solution composition at the eutectic
is fixed in this case and hence this composition is identical for any given (R)- and
(S)-enantiomeric composition employed.
The ee [%] for the (S)-alanine-catalyzed reaction in water given in Table 3, entry
17, should read 0% ee and not 67% ee.
Editorial Note: D. G. Blackmond and co-workers transmitted their experimental
observations prior to A. Cordova et al. The data in the paper by Cordova and co-
workers describing nonlinear effects at higher alanine and valine concentrations
were obtained during the week December 1–6, 2005. In addition, the experimental
data presented in Figure 2 in the paper by Cordova and co-workers (showing strik-
ing asymmetric amplification in an asymmetric aldol reaction using scalemic serine
as catalyst) were acquired on December 5, 2005. The Nature paper by Blackmond
and co-workers referenced above represents, to our knowledge, the first measure-
ment of eutectic points of free amino acids that form racemic compounds and the
first comprehensive interpretation of nonlinear effects in asymmetric catalysis
using acyclic amino acids as catalysts.
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Pentamethylcyclopentadienyl–Ruthenium Catalysts for Regio- and
Enantioselective Allylation of Nucleophiles


Christian Bruneau,* Jean-Luc Renaud, and Bernard Demerseman[a]


Introduction


Enantioselective nucleophilic substitution of allylic sub-
strates catalysed by transition-metal complexes is a powerful
method in organic synthesis. The palladium-catalysed reac-
tion known as the Tsuji–Trost reaction[1] is one of the most
popular model reactions for this type of substitution, which
is used for the evaluation of the efficiency of chiral ligands.
More recently, other transition-metal complexes based on
molybdenum,[2] rhodium,[3] tungsten[4] and iridium[5] have
shown high potential in this type of reaction. However, the
nucleophilic allylic substitution has not been widely studied
starting from unsymmetrically substituted substrates, and yet


constitutes a challenging research area in asymmetric cataly-
sis.


With the objective of preparing optically active com-
pounds through the substitution of related unsymmetrical al-
lylic substrates bearing an unsubstituted terminus, the first
requirement is the regioselective formation of chiral
branched isomers B (Scheme 1) via monosubstituted allylic


organometallic intermediates. To reach this purpose, some
ruthenium complexes have shown potential and these will
be presented in this paper.


Ru-Catalysed Nucleophilic Substitution
Chronology


In the field of metal-catalysed allylic substitution, the cata-
lytic activity of ruthenium complexes was first shown in
1985 by Tsuji, who used the ruthenium(ii) dihydride com-
plex [RuH2ACHTUNGTRENNUNG(PPh3)4] to perform the substitution of allyl and
cinnamyl carbonates by stabilised carbon nucleophiles aris-
ing from b-ketoesters.[6] The reaction was carried out in pyri-
dine as solvent, but led to the linear product starting from
cinnamyl carbonate and methyl 2-methyl-3-oxobutanoate
(Scheme 1, R’=Me, Y=Na, Z1=CO2Me, Z2=COMe). The
substitution of cinnamyl carbonate was also performed with
[Ru0


ACHTUNGTRENNUNG(cod) ACHTUNGTRENNUNG(cot)] (cod=cyclooctadiene, cot=cyclooctatriene)
as the catalyst precursor. Branched compounds were pro-


Abstract: Ruthenium(ii) complexes containing the pen-
tamethylcyclopentadienyl ligand efficiently perform the
activation of allylic carbonates and halides to generate
cationic and dicationic ruthenium(iv) complexes. This
activation has been transferred as a key step to the cata-
lytic allylation of nucleophiles. The structural and elec-
tronic properties of the allylic moieties lead to the re-
gioselective formation of chiral products resulting from
nucleophilic addition to their most substituted terminus.
The catalytic activity of various RuACHTUNGTRENNUNG(Cp*) precatalysts in
several allylic substitutions by C and O nucleophiles
will be presented. The enantioselective version that has
been demonstrated by using optically pure bisoxazoline
ligands will also be discussed.


Keywords: allylation · enantioselectivity · nucleophilic
substitution · regioselectivity · ruthenium
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Scheme 1. General scheme for the nucleophilic substitution of unsymmet-
rical allylic substrates leading to branched (B) and linear (L) regioiso-
ACHTUNGTRENNUNGmers.
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duced from b-ketoesters, whereas no regioselectivity was ob-
tained from malonate nucleophiles.[7]


Neutral ruthenium complexes containing a Ru(Cp) (Cp=
cyclopentadienyl) fragment, such as [RuCl(Cp) ACHTUNGTRENNUNG(PPh3)2],


[8]


[RuCl(Cp) ACHTUNGTRENNUNG(cod)][9] are also able to provide the activation of
allylic carbonates. The reactions require high temperature
and lead to the formation of both branched and linear com-
pounds without any regioselectivity. On the other hand, the
cationic Ru(Cp)-containing precatalysts [Ru(Cp)ACHTUNGTRENNUNG(PPh3)-
ACHTUNGTRENNUNG(CH3CN)2]PF6,


[10] and [Ru(Cp) ACHTUNGTRENNUNG(CH3CN)3]PF6
[11] performed


the allylic activation under mild conditions (25–30 8C). Un-
fortunately, they provide a low regioselectivity in favour of
the linear isomer, as exemplified by the reaction of tert-
butyl cinnamyl carbonate with methyl sodium malonate in
the presence of [Ru(Cp) ACHTUNGTRENNUNG(CH3CN)3]PF6. Complete conver-
sion with a B/L ratio of 1:2 was obtained in dimethylforma-
mide at ambient temperature.[12]


A breakthrough in terms of regioselectivity in favour of
the branched isomers was brought by the use of RuACHTUNGTRENNUNG(Cp*)
(Cp*=pentamethylcyclopentadienyl) catalyst precursors.
The Cp* ligand offers at the same time steric protection and
electron richness to the metal centre. This was first shown
by the utilisation of [RuCl ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(cod)] during the substitu-
tion of cinnamyl carbonate by piperidine; this reaction led
to complete conversion in THF at 0 8C with a B/L ratio of
84:16.[13] Similarly, the reaction with sodium malonate at
room temperature gave a B/L ratio of 88:12.[14] However,
the regioselectivities that are obtained in the presence of
this neutral ruthenium precursor strongly depend on the
nature of the starting allylic substrates. Indeed, the forma-
tion of branched isomers is highly favoured when the allylic
fragment is substituted by an aromatic group rather than an
alkyl group. For instance, the substitution of the aliphatic
trans-but-2-enyl methyl carbonate by piperidine produces a
56:44 B/L ratio,[13] and the substitution of butenyl methyl
carbonates by pentanethiol leads to the linear compound as
the major compound (B/L=22:78).[15]


Based on the good results obtained with precatalysts fea-
turing the RuACHTUNGTRENNUNG(Cp*) fragment, and the remarkable activities
of enantiopure chiral nitrogen ligands already shown in
enantioselective catalysis,[16] we investigated the potential of
RuACHTUNGTRENNUNG(Cp*) complexes bearing nitrogen ligands with the objec-
tive of preparing new catalysts able to perform both regio-
and enantioselective substitution of unsymmetrical allylic
substrates. A variety of RuACHTUNGTRENNUNG(Cp*)-containing complexes were
thus revealed as excellent precursors for the regioselective
allylation of selected nucleophiles from cinnamyl deriva-
tives, but also more challenging and innovative from aliphat-
ic allylic substrates.


Structures of Neutral and Cationic h3-Allyl
Pentamethylcyclopentadienyl–Ruthenium(iv)


Complexes


The pioneering study in which the pentamethylcyclopenta-
dienyl–ruthenium complex [RuCl ACHTUNGTRENNUNG(Cp*)ACHTUNGTRENNUNG(cod)] was involved


as a catalyst precursor for allylation reactions under mild
conditions has undoubtedly initiated further efforts to take
advantage of the interest of a regioselectivity favouring the
formation of branched organic products.[13] The characterisa-
tion of the involved h3-allyl ruthenium(iv) complex [RuCl2-
ACHTUNGTRENNUNG(Cp*)(h3-CH2CHCHPh)] as depicted in Scheme 2, already


suggested that oxidative addition of allylic substrates to the
ruthenium(ii) centre would be a key step for related catalyt-
ic processes.[13]


From [RuCl ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(cod)], the easy removal of the 1,5-cy-
clooctadiene ligand allowing the formation of 1 might sug-
gest a 14-electron RuCl ACHTUNGTRENNUNG(Cp*) fragment will account for the
catalytic activity. However, the discovery of new Ru ACHTUNGTRENNUNG(Cp*)-
based catalyst precursors indicated that the first requirement
for catalytic activation was the ability of the ruthenium
centre to generate a 16-electron ruthenium species able to
coordinate the olefinic function from the allylic substrate. A
subsequent intramolecular oxidative addition step completes
the formation of h3-allyl–ruthenium(iv) complexes.


In this way, not only the cationic [Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(MeCN)3]PF6


ruthenium(ii) precursor bearing very labile acetonitrile li-
gands has conveniently allowed the synthesis of cationic
[RuX ACHTUNGTRENNUNG(Cp*)(h3-CH2CHCHR) ACHTUNGTRENNUNG(MeCN)]PF6 complexes,[17, 18]


but also precursors such as [Ru ACHTUNGTRENNUNG(Cp*)(L)ACHTUNGTRENNUNG(MeCN)2]PF6 and
[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(bipy) ACHTUNGTRENNUNG(MeCN)]PF6, which have led to monocation-
ic and dicationic h3-allyl–ruthenium(iv) complexes, respec-
tively (Scheme 3).[19,20]


Complexes 2a and 2b resulted from oxidative addition of
the allylic halide to [Ru ACHTUNGTRENNUNG(Cp*)ACHTUNGTRENNUNG(MeCN)3]PF6, and complex 4
is a rare example of a characterised h3-allyl–ruthenium(iv)
complex arising from oxidative addition of a cinnamyl car-
bonate.[21] Complexes 3a, 3b and 5 resulted from oxidative
addition of allylic halides to [Ru ACHTUNGTRENNUNG(Cp*)ACHTUNGTRENNUNG(Ph2POMe)-
ACHTUNGTRENNUNG(MeCN)2]PF6 and [RuACHTUNGTRENNUNG(Cp*)(o-phenanthroline) ACHTUNGTRENNUNG(MeCN)]PF6


in the presence of KPF6, respectively. In the solid state, all
these h3-allyl–pentamethylcyclopentadienyl–ruthenium(iv)
complexes have an endo-trans-CH2CHCHR h3-allyl ligand.


The selected data collected in Table 1 allow a comparison
between the h3-allyl–Ru fragments in complexes 1–5. The
examination of bond lengths emphasises for each complex a


Scheme 2. Oxidative addition of allylic substrate as a key-step in rutheni-
um-catalysed allylic substitution reactions.
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longer Ru�CHR bond relative
to the Ru�CH2 one (0.072<
D<0.270 N).


The comparison of Ru�CH2,
and Ru�CH bond lengths in all
the complexes reveals slight dif-
ferences (maximum differ-
ence=0.046, and 0.037 N, re-
spectively). The main variation
concerns the Ru�CHR bond
length. The Ru�CHAr bond
lengths decreased from
2.452(4) N in 3a to 2.303(5) N in 4, thus remarkably follow-
ing the order of decreasing steric requirement from
Ph2POMe, Cl (3a)>N�N chelate (5)>MeCN, Cl (2a) or
Cl, Cl (1)>O�O chelate (4). However, the Ru�CHR bond
is significantly shorter when R is an alkyl instead of an aryl
group (2.280(5) N in 2b vs. 2.351(2) N in 2a ; 2.339(4) N in
3b vs. 2.452(4) N in 3a), and thus becomes less distinct rela-
tive to the Ru�CH2 bond length. Therefore, perhaps not sur-
prisingly, moderate regioselectivities are reached in several
catalytic systems starting from alkyl allylic substrates, where-
as high regioselectivities were most often observed starting
from cinnamyl substrates.


The structural details and 13C{1H} NMR spectroscopic
data given in Table 2 are also specific of the allyl ligand.
The CH�CH2 and CH�CHR bond lengths are remarkably


close as might be assumed for a true h3-allyl ligand. Simple
13C{1H} NMR spectra allow us to distinguish the resonance
corresponding to the =CH2 carbon nucleus, whereas the res-
onances assigned to the two CH carbon nuclei (CH and
CHR) occurred at neighbouring chemical shifts. In all cases,
the resonance of the terminal CH2 is located 20–40 ppm up-
field with respect to the substituted terminal allylic end. For
complexes 2a and 2b two species were observed in dichloro-
methane as monitored by NMR spectroscopy. This isomer-
ism disappeared when a symmetrical allyl ligand was intro-
duced, thus indicating a stereoisomerism that may be for-
mally depicted as an exchange of position between the ace-
tonitrile and the halide ligand. However, additional species
believed to arise from endo–exo isomerism have been de-
tected in acetone.[18] The substitution of the acetonitrile
ligand by the more sterically demanding Ph2POMe phospho-
rus ligand enhanced stereoselectivity as only one species
was detected in the case of complexes 3a and 3b. In all
cases, the allylic complexes contain a stereogenic ruthenium
centre.


The study of these h3-allyl–ruthenium(iv) complexes be-
lieved to be closely related to catalytic intermediates, was
expected to provide a better mechanistic understanding for
catalytic processes. Especially important at the synthetic
point of view, but also intriguing, was the favoured forma-
tion of branched products when the allylic substrate generat-
ed an unsymmetrical h3-CH2CHCHR allyl ligand. The pro-
posed formation of h3-allyl–ruthenium(iv) intermediates as


the first key step for ruthenium-catalysed allylation reac-
tions is commonly accepted, as well as a subsequent addition
of the nucleophile at one terminus carbon of the allyl
ligand. From a kinetical point of view, both the preliminary
h2-olefinic coordination of the allylic substrate to the ruthe-
nium(ii) centre and the following intramolecular oxidative
addition step might be of crucial importance during the al-
lylic activation process. Thus, the allylation of the dimethyl
malonate anion with tert-butyl cinnamyl carbonate was
twice as fast by using 4 rather than [Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(MeCN)3]PF6


as the catalyst, owing to the coordinating ability of acetoni-
trile.[21] The rate of the catalytic process was also shown to
depend on the linear or branched structure of the allylic car-
bonate, but in agreement with a mechanism involving the
same h3-allyl–ruthenium(iv) intermediate.


Scheme 3. X-ray structurally characterised cationic pentamethylcyclopen-
tadienyl–ruthenium(iv) complexes bearing an unsymmetrical h3-allyl
ligand.


Table 1. Selected bond lengths [N] in [Ru ACHTUNGTRENNUNG(Cp*)ACHTUNGTRENNUNG(h3-allyl)] complexes.


Complex Ru�CH2 Ru�CHR Ru�CH D[a] Ref.


1 2.18(1) 2.35(2) 2.14(2) 0.17(3) [13]
2a 2.192(3) 2.351(2) 2.162(3) 0.159(5) [18]
2b 2.208(4) 2.280(5) 2.165(5) 0.072(9) [17]
3a 2.182(5) 2.452(4) 2.210(4) 0.270(9) [19]
3b 2.191(4) 2.339(4) 2.198(4) 0.148(8) [19]
4 2.162(5) 2.303(5) 2.137(5) 0.14(1) [21]
5 2.196(3) 2.398(3) 2.197(3) 0.202(6) [20]


[a] D= (Ru�CHR)� ACHTUNGTRENNUNG(Ru�CH2).


Table 2. Bond lengths [N], angles [8], and 13C{1H} NMR data for the allyl ligand in complexes 1–5.


Complex CH2�CH CH�CHR H2C-C-CHR d ACHTUNGTRENNUNG(CH2) d(CH) Ref.


1 1.38(2) 1.43(2) 118(1) 62.9 90.4, 92.8 [13]
2a (major) 1.415(4) 1.412(4) 115.8(3) 67.7 91.4, 94.0 [17,18]
2a (minor) 59.8 93.2, 101.2 [17]
2b (major) 1.394(7) 1.403(5) 115.8(5) 66.9 86.4, 98.6 [17]
2b (minor) 62.0 94.1, 98.3 [17]
3a 1.398(6) 1.396(6) 119.5(4) 51.4 91.0, 103.4 [19]
3b 1.406(6) 1.395(6) 119.1(4) 53.3 96.1, 100.4 [19]
4 1.404(7) 1.397(7) 116.5(5) 65.3 93.2, 98.6 [21]
5 1.412(5) 1.402(5) 118.3(3) 67.0 92.7, 97.7 [20]
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The data collected in Table 1
clearly indicate a longer Ru�
CHR bond relative to the Ru�
CH2 one in h3-allyl rutheni-
ACHTUNGTRENNUNGum(iv) complexes 1–5, all bear-
ing an unsymmetrical h3-
CH2CHCHR allyl ligand. This
observation might intuitively
suggest a minor contribution of
an h2-CH2=CH�C(+)HR olefinic
form to the coordination of the
allyl ligand and this picture con-
veniently accounts for the ob-
served regioselectivity. Howev-
er, results from DFT calcula-
tions were more consistent with
attack by a nucleophile at the
less negative CHR carbon atom
of a both geometrically and
electronically distorded h3-allyl ligand.[18]


From the chirality point of view, stereospecific nucleophil-
ic substitution starting from optically active substrates has
been reported in the presence of [Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(MeCN)3]PF6 as
catalyst.[12,37] However, it is very difficult to control the ste-
ACHTUNGTRENNUNGreochemistry of the ruthenium centre and enantioselective
catalytic processes have been achieved only with catalysts
bearing an optically pure ligand. Examples based on the uti-
lisation of [Ru ACHTUNGTRENNUNG(Cp’-PR2) ACHTUNGTRENNUNG(MeCN)2]PF6


[22,24] and [RuACHTUNGTRENNUNG(Cp*)-
ACHTUNGTRENNUNG(MeCN)3]PF6


[23] in the presence of a chiral bis-oxazoline
ligand will be presented.


Pentamethylcyclopentadienyl–Ruthenium Catalysts
for Regioselective Allylation of Nucleophiles


Allylation of stabilised carbon nucleophiles with cinnamyl
carbonates : Stabilised carbon nucleophiles are usually gen-
erated from gem-diesters, gem-diketones, a-ketoesters, and
related compounds upon deprotonation with NaH. Only in
the case of allylic carbonates as starting substrates, in which
the in situ formation of an alkoxide anion able to deproto-
nate the pronucleophile is observed, can the use of NaH be
avoided. Examples of such a process have been observed in
palladium-catalysed allylic substitution,[25] but with rutheni-
um catalysts the most common procedure includes previous
generation of an anionic nucleophile. In the presence of
neutral catalyst precursors featuring a labile bidentate
ligand, such as [RuClACHTUNGTRENNUNG(Cp*)ACHTUNGTRENNUNG(cod)] and [RuCl ACHTUNGTRENNUNG(Cp*)(1,2-di-
ACHTUNGTRENNUNGimine)],[26] ethyl cinnamyl carbonate was substituted by
sodium malonate with high regioselectivity but modest con-
versions (Table 3). On the other hand, no conversion was
observed when the analogous neutral ruthenium complex
containing the 1,3-bis(diphenylphosphino)propane ligand
was used.[14] The corresponding cationic ruthenium com-
plexes resulting from substitution of the chloride anion by
acetonitrile were more efficient and led to complete conver-
sion within 16 h with B/L ratios of about 85:15. [Ru ACHTUNGTRENNUNG(Cp*)-


ACHTUNGTRENNUNG(CH3CN)3]PF6 was shown to give complete conversion and
the major formation of the branched isomer from tert-butyl
cinnamyl carbonate and sodium malonate in a B/L ratio of
90:10.[12,21] Substitution of one acetonitrile ligand by the
phosphane PPh2 ACHTUNGTRENNUNG(o-tolyl) or the phosphinite PPh2OMe led to
similar regioselectivities in THF at room temperature
(Table 3).[19]


We have found that two types of catalysts were able to
make the substitution of cinnamyl carbonate by diethyl mal-
onate possible without previous deprotonation. One arises
from an in situ generated catalytic system prepared by treat-
ment of [Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)3]PF6 with two equivalents of a
benzimidazolium salt (BenzIm 1 or BenzIm 2) and tBuOK


in THF at 50 8C for 2 h.[27] Even though, no well-defined
complex could be isolated, this procedure is supposed to
generate a [Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(carbene)] species. The second family
of catalyst precursors consists of well-characterised [Ru-
ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)(bipyridine)]PF6 complexes, which produce
dicationic ruthenium species [Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(allyl)(bipyridine)]2+


upon activation of allylic substrates.[20] The formation of di-
cationic allylic intermediates would reinforce the electro-
philic character of the intermediate allylic ligand and thus
make the nucleophilic attack efficient even in the presence
of a catalytic concentration of carbonucleophile. These cata-
lytic systems not only make possible the direct reaction of
malonates with allylic carbonates, but also lead to the high-
est regioselectivities in favour of the branched isomers
(>95:5; Table 3). Similarly, the direct substitution of ethyl
cinnamyl carbonate by pentane-2,4-dione is carried out with
a B/L ratio of 98:2 in the presence of the extremely active
[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)(phenanthroline)]PF6 precursor.


[20]


Allylation of phenols with cinnamyl chloride : Cinnamyl
chloride reacts with methyl sodium malonate in the pres-


Table 3. Ethyl cinnamyl carbonate substitution by carbonucleophiles.


Catalyst precursor X Solvent Reaction
time [h]


Conv.
[%]


B/L
ratio


Ref.


ACHTUNGTRENNUNG[RuCl ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(cod)] Na THF 17 45 95:5 [26]
ACHTUNGTRENNUNG[RuCl ACHTUNGTRENNUNG(Cp*)(MesN=CHCH=NMes)] Na THF 17 85 65:35 [26]
[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)(MesN=CHCH=NMes)]PF6 Na THF 17 100 85:15 [26]
[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)2 ACHTUNGTRENNUNG(PPh2OMe)]PF6 Na THF 16 100 92:8 [19]
[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)2 ACHTUNGTRENNUNG(PPh2 ACHTUNGTRENNUNG(o-tolyl)]PF6 Na THF 16 100 90:10 [19]
[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)(4,4’-diMe-2,2’-bipy)]PF6 H CH3CN 17 100 96:4 [20]
[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)(4,4’-ditBu-2,2’-bipy)]PF6 H CH3CN 17 100 95:5 [20]
[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)3]PF6/BenzIm 1/tBuOK H CH3CN 16 100 85:15 [27]
[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)3]PF6/BenzIm 2/tBuOK H CH3CN 16 100 88:12 [27]
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ence of [Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)3]PF6 in DMF to form the expect-
ed branched and linear products. At room temperature, a
poor regioselectivity is observed, whereas at �40 8C the
branched product is obtained almost as the sole compound
in more than 99% relative yield.[12] We have investigated
the use of cinnamyl chloride to perform the regioselective
etherification by phenol derivatives, in the presence of
K2CO3 as a base for the in situ formation of phenoxide
anions, and various ruthenium catalysts (Table 4).


Very high regioselective sub-
stitutions took place when [Ru-
ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)3]PF6 was used
in CH3CN at room tempera-
ture.[17] When one acetonitrile
ligand in complex [Ru ACHTUNGTRENNUNG(Cp*)-
ACHTUNGTRENNUNG(CH3CN)3]PF6 was exchanged
by PPh2OMe, no catalytic activ-
ity was observed neither in
THF nor in acetonitrile. How-
ever, in dichloromethane, [Ru-
ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)2ACHTUNGTRENNUNG(PPh2OMe)]PF6


led to the formation of the
branched isomer as the major
product at room temperature in
16 h, in a quantitative yield and
a B/L ratio of 85:15.[19] The
strong solvent influence seems to indicate that in the pres-
ence of the phosphinite ligand PPh2OMe, THF and acetoni-
trile are strongly ligated to the [Ru ACHTUNGTRENNUNG(Cp*)] centre, thus pre-
cluding the coordination and activation of cinnamyl chlo-
ACHTUNGTRENNUNGride. In dichloromethane, various aryl benzyl ethers were
obtained with good regioselectivities, from o-, m- and p-cre-
sols and p-methoxy- and o-chloroACHTUNGTRENNUNGphenol (Table 4).[19] The
[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(carbene)]-containing catalytic system was also
found as an efficient catalytic system in terms of reactivity
and regioselectivity. In acetonitrile, except for 2-chlorophe-
nol which led to low regioselectivities with various types of
benzimidazolylidene ligands, the best regioselectivities ob-


tained from phenol, 4-methoxy-, and 4-chlorophenol corre-
sponded to B/L ratios of 94:6, 94:6, and 89:11, respectively
(Table 4).[27]


Allylation of phenols with allyl benzyl chloride : The substi-
tution of 3-chloro-4-phenylbut-1-ene, as a typical branched
substrate, by phenol in the presence of potassium carbonate
and 3 mol% of [Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)3]PF6 carried out at room
temperature in acetonitrile or acetone led to complete con-


version, but with a poor B/L
ratio of 60:40 (Table 5).[19]


The catalyst generated in situ
from the same ruthenium com-
plex, a benzimidazolium chlo-
ACHTUNGTRENNUNGride (BenzIm 1) and tBuOK
provided a complete reaction
within 16 h and led to a better
B/L ratio of 83:17.[27] Similar re-
gioselectivities were obtained
from 4-chlorophenol and 4-
methoxyphenol with various
benzimidazolium carbene sour-
ces (Table 5).[27] The best results
from various phenols and 3-
chloro-4-phenylbut-1-ene were
obtained with [Ru ACHTUNGTRENNUNG(Cp*)-


ACHTUNGTRENNUNG(CH3CN)2ACHTUNGTRENNUNG(PPh2OMe)]PF6 as the catalyst precursor, which
provided high conversion in THF at room temperature with
regioselectivities in favour of the branched isomer higher
than 9:1 (Table 5).[19] The allylic substitution of 3-chloro-4-
phenylbut-1-ene by phenoxides as nucleophiles appears to
favour the formation of the branched isomers when at least
one acetonitrile ligand of [Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)3]PF6 is re-
placed by a benzimidazolylidene or a phosphinite ligand.


Allylation of phenols with aliphatic allylic chlorides : Isomer-
ic hexenyl chlorides were used as allylic substrates to test
the efficiency of ruthenium catalysts in the nucleophilic sub-


Table 4. Regioselective allylation of phenols by cinnamyl chloride.


Catalyst precursor Ar Solvent Reaction
time [h]


Conv.
[%]


B/L
ratio


Ref.


[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)3]PF6 C6H5 CH3CN 40 100 98:2 [17]
[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)3]PF6 4-MeOC6H4 CH3CN 40 100 98:2 [17]
[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)3]PF6 4-MeC6H4 CH3CN 40 100 97:3 [17]
[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)3]PF6 4-ClC6H4 CH3CN 40 100 98:2 [17]
[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)3]PF6/BenzIm 1/tBuOK C6H5 CH3CN 16 100 94:6 [27]
[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)3]PF6/BenzIm 1/tBuOK 4-MeOC6H4 CH3CN 16 100 94:6 [27]
[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)3]PF6/BenzIm 1/tBuOK 4-ClC6H4 CH3CN 16 100 89:11 [27]
[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)2 ACHTUNGTRENNUNG(PPh2OMe)]PF6 C6H5 CH2Cl2 16 100 85:15 [19]
[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)2 ACHTUNGTRENNUNG(PPh2OMe)]PF6 4-MeOC6H4 CH2Cl2 16 76 92:8 [19]
[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)2 ACHTUNGTRENNUNG(PPh2OMe)]PF6 4-MeC6H4 CH2Cl2 16 61 88:12 [19]


Table 5. Substitution of 3-chloro-4-phenylbut-1-ene by phenol derivatives.


Catalyst precursor Ar Solvent Reaction
time [h]


Conv.
[%]


B/L
ratio


Ref.


[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)2 ACHTUNGTRENNUNG(PPh2OMe)]PF6 C6H5 THF 16 87 92:8 [19]
[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)2 ACHTUNGTRENNUNG(PPh2OMe)]PF6 4-MeOC6H4 THF 16 88 96:4 [19]
[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)2 ACHTUNGTRENNUNG(PPh2OMe)]PF6 4-MeC6H4 THF 16 93 91:9 [19]
[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)2 ACHTUNGTRENNUNG(PPh2OMe)]PF6 2-MeC6H4 THF 16 89 92:8 [19]
[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)3]PF6/BenzIm 1/tBuOK C6H5 CH3CN 16 100 83:17 [27]
[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)3]PF6 + BenzIm 2 + tBuOK 4-MeOC6H4 CH3CN 16 100 80:20 [27]
[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)3]PF6 4-ClC6H4 CH3CN 16 100 83:17 [27]
[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)3]PF6 C6H5 CH3CN 40 100 60:40 [17]
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stitution. From phenol, [Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)3]PF6 led to a B/L
ratio of 63:37 in acetonitrile (Table 6), which represents a
regioselectivity very comparable to that obtained from 3-


chloro-4-phenylbut-1-ene.[17] The regioselectivity was slightly
improve to a B/L ratio of 75:25, with the utilisation of [Ru-
ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)2ACHTUNGTRENNUNG(PPh2OMe)]PF6 (Table 6).


Applications of the Ruthenium-Catalysed Allylic
Substitution Reaction


Protection and deprotection of alcohols : In organic chemis-
try, protection and deprotection of functionalised molecules
require mild conditions with high reactivity and chemoselec-
tivity. The allyloxycarbonyl function and the simple allyl
group have demonstrated their efficiency for alcohol and
amine protection. During the last five years, ruthenium-cata-
lysed deprotection involving nucleophilic substitution by al-
cohol has been introduced as a simple method for carboxy-
late and hydroxy deprotection, with concomitant formation
of an allyl ether. Thus, at room temperature, the use of
[Ru(Cp) ACHTUNGTRENNUNG(CH3CN)2ACHTUNGTRENNUNG(PPh3)]PF6 proceeds with a high sub-
strate/catalyst ratio from allyl carboxylates and methanol,
and leads to the freed carboxylic acids and allyl methyl
ether in quantitative yield.[10]


This ruthenium catalytic precursor is completely inert to
deprotect allyl ethers. However, the addition of one equiva-
lent of 2-quinolinecarboxylic acid to [Ru(Cp) ACHTUNGTRENNUNG(CH3CN)3]PF6


provides a very efficient catalytic system to achieve the
transetherification of various allyl ethers at 30 8C in metha-
nol (Scheme 4).[11] Remarkably, the reverse reaction, the al-
lylic alcohol etherification reaction, can be catalysed by the
same ruthenium complex.[28]


Caroll rearrangement catalysed by ruthenium complexes :
The decarboxylative allylic alkylation (namely, the Caroll re-
arrangement) is a [3,3]-rearrangement of allyl b-ketoesters


which produces g,d-unsaturated
ketones. The proposed mecha-
nism for this catalysis mediated
by transition metals involves an
h3-allyl intermediate. Saegusa et
al. reported the first catalytic
rearrangement of allyl b-ke-
toesters using a palladium com-
plex.[29] However, the primary
products were those of a [1,3]-
rearrangement due to a nucleo-
philic attack at the less-substi-
tuted allyl terminus. The first
[3,3]-rearrangement catalysed
by ruthenium precursors [{Ru-
ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(OCH3)}2] and [Ru ACHTUNGTRENNUNG(Cp*)-


ACHTUNGTRENNUNG(h3-allyl)(h2-amidinate)][Cl, PF6 or BF4] was reported by Na-
gashima et al.[30] Moderate to good selectivities were ob-
tained with acyclic and cyclic compounds, respectively. Re-
cently, Tunge and co-workers[31] reported that the [3,3]-
Caroll rearrangement of allyl b-ketoesters could be cata-
lysed by the [RuCl ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(bipy)] moiety, generated in situ by
addition of bipyridine to [{RuCl ACHTUNGTRENNUNG(Cp*)}4] (Scheme 5). Unsub-


stituted allyl b-ketoesters led almost exclusively to the
branched ketone. Substituted b-ketoesters also reacted
smoothly, but required longer reaction times and the diaste-
ACHTUNGTRENNUNGreoselectivities were moderate.


This catalytic system was shown to be selective for the de-
carboxylative rearrangement of allyl b-ketoesters to g,d-un-
saturated ketones in the presence of dimethyl malonate. The
addition of the in situ generated enolate to the allyl ligand is
then much faster than the deprotonation of malonate. More-
over, regioisomeric allyl b-ketocarboxylates provide the
same product.[31a]


Tandem reactions catalysed by ruthenium complexes : Be-
sides simple individual catalytic transformations, multiple
catalytic transformations or cascade reactions in one pot
have appeared.[32] Ruthenium catalysis has entered this field
with a variety of cascade and sequential catalytic transfor-
mations.[33] The first tandem sequence, involving allylic sub-
stitution catalysed by a ruthenium complex, was described


Table 6. Etherification of aliphatic allylic halides by phenols.


Catalyst precursor Ar Solvent Reaction
time [h]


Conv.
[%]


B/L
ratio


Ref.


[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)3]PF6 C6H5 CH3CN 40 100 63:37 [17]
[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)3]PF6 C6H5 ACHTUNGTRENNUNG(CH3)2CO 40 100 70:30 [17]
[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)2 ACHTUNGTRENNUNG(PPh2OMe)]PF6 C6H5 THF 16 100 75:25 [19]
[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)2 ACHTUNGTRENNUNG(PPh2OMe)]PF6 4-MeOC6H4 THF 16 100 61:39 [19]
[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)2 ACHTUNGTRENNUNG(PPh2OMe)]PF6 4-MeC6H4 THF 16 88 75:25 [19]
[Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(CH3CN)2 ACHTUNGTRENNUNG(PPh2OMe)]PF6 4-ClC6H4 THF 16 99 49:51 [19]


Scheme 4. Deprotection of alcohols.


Scheme 5. Caroll rearrangement in the presence of [Ru ACHTUNGTRENNUNG(Cp*)(bipyridine)]
catalysts.
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by Itoh et al. and provided exo-methylenecyclopentanes
through a double allylation/cycloisomerisation from 1,3-di-
ketones and b-ketoesters (Scheme 6).[34] The success of this


one-pot synthesis is based on the initial diallylation of malo-
nates or b-ketoesters catalysed by [RuClACHTUNGTRENNUNG(Cp*)ACHTUNGTRENNUNG(cod)] fol-
lowed by the additional use of a silane, which generates an
active ruthenium–hydride species required for the second step.


A regioselective Michael addition/allylic alkylation was
made possible by the decarboxylative activation of allyl b-
ketoesters (Scheme 7).[35] The first step, catalysed by [RuCl-
ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(bipy)], regioselectively produced the enolate and an


electrophilic h3-metal species. Enolate addition to the Mi-
chael acceptor produced a new stabilised enolate that
served as nucleophile for the metal-catalysed allylic substitu-
tion. The regioselectivity of the last step is controlled by the
ruthenium complex. By contrast, the analogous palladium-
catalysed tandem reaction produced the opposite regioiso-
ACHTUNGTRENNUNGmer. As observed for the Caroll rearrangement, the same
product was isolated whatever the starting regioisomeric
allyl b-ketocarboxylate.


Even though tandem reactions are in the early stages, the
above-mentioned examples demonstrate that RuACHTUNGTRENNUNG(Cp*) com-
plexes are catalyst precursors of choice for regioselective
control when a nucleophilic allylic substitution reaction is
involved.


Asymmetric Allylation


Regio- and stereoselective formation of new bonds is a cru-
cial issue in organic chemistry. Among the different method-
ologies, allylic substitutions represent a very useful and
broadly explored transformation as a wide range of bond
types can be created (C�C, C�S, C�N, C�O and C�H). The
design of more and more active and selective ruthenium cat-
alysts precursors for the allylic substitution reaction has led
to the discovery of efficient catalytic systems giving highly


regioselective reactions. This represents a main advantage,
as the nature of the final compound is not dependent on the
branched or linear nature of the unsymmetrical starting al-
lylic substrate. It has been clearly shown that substitution at
the more-substituted allylic terminus leading to chiral
branched isomers is favoured, especially at the benzylic po-
sition of cinnamyl derivatives.


Stereoselectivity is another crucial problem to solve.
Using allylic substitution, three classes of catalytic reaction
can lead to the formation of optically pure compounds:
1) stereospecific reaction, 2) kinetic resolution and 3) enan-
tioselective allylic substitution.


Stereospecific nucleophilic substitution : The complete trans-
fer of chirality was observed during the substitution of the
acyclic (R)- and (S)-1-phenylprop-2-enyl carbonates by a
stabilised carbonucleophile (Scheme 8).[12]


It has been recently shown that nucleophilic addition of
stabilised carbonucleophiles to cyclic allylic ruthenium com-
plexes exclusively takes place from the exo face of the allylic
ligand (opposite to metal coordination) according to an anti
mechanism.[9,15,36] Then, the complete transfer of chirality
proves that the addition of the nucleophile is faster than the
equilibrium of the h3-allyl–ruthenium intermediate and no
racemisation was detected. The stereospecificity of the
ruthenium-catalysed allylation was also demonstrated
during the etherification of phenols starting from similar
carbonates.[12]


Decarboxylative allylation of ketone enolates using the
[{RuCl ACHTUNGTRENNUNG(Cp*)}4]/bipyridine catalytic system proceeds also in a
stereospecific manner (Scheme 9).[37] Here again, the p–s–p
allyl interconversion is slow, and the rearrangement is highly
stereospecific. The imperfect stereospecificity was attributed
to a ruthenium-catalysed isomerisation of the starting mate-
rial into the regioisomeric linear allyl b-ketoester, through
reversible formation of h3-allyl–ruthenium intermediate.


Scheme 6. Ruthenium-catalysed diallylation as the first step of a sequen-
tial transformation.


Scheme 7. Tandem Michael addition/allylation.


Scheme 8. Stereospecific substitution of enantiopure allylic carbonates by
carbonucleophiles.


Scheme 9. Stereospecific allylation of enolates.
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Kinetic resolution : Examples of kinetic resolution, in allylic
substitution reaction, have been reported for palladium,[38]


molybdenum[39] and iridium[40] catalysts. Using ruthenium
catalysis, Onitsuka et al. have recently shown that planar
chiral RuACHTUNGTRENNUNG(Cp’) complexes were effective catalysts for kinetic
resolution of (E)-ethyl pent-3-en-2-yl carbonate during the
substitution by malonate (Scheme 10, R=Me).[41] Extension


of this reaction to other allylic carbonates (R=Et, Ph),
which provides a symmetrical allylic organometallic inter-
mediate, also leads to alkylated products in high eeRs (92–
99%), and to the recovered carbonate in moderate to good
eeRs (Scheme 10).


Enantioselective nucleophilic substitution : Enantioselective
allylic substitution with nucleophiles is a powerful tool for
the controlled formation of carbon–carbon and carbon–het-
eroatom bonds and opens efficient routes in total synthe-
sis.[1b] Very few results have been reported on the enantiose-
lective ruthenium-catalysed allylic nucleophilic substitution.
The first examples were obtained with planar chiral cyclo-
pentadienyl–ruthenium catalysts, which revealed high activi-
ty for the substitution of symmetrical allylic carbonates by
di-n-propylamine and sodium malonates.[22] The allylic ami-
nation of rac-1,3-diphenylprop-2-enyl ethyl carbonate takes
place at 20 8C in dichloromethane in the presence of
5 mol% of optically pure catalyst to give the allylated
amine in quantitative yield with 20–74% ee. From sodium
malonates, under similar conditions, optically active 1,3-di-
phenylprop-2-enyl malonates were obtained with high enan-
tioselectivity (up to 97% ee) (Scheme 11).


We were interested in the development of a more
straightforward route avoiding the preparation of planar
chiral cyclopentadienyl–ruthenium complexes possessing an
anchor phosphine ligand, but using optically pure bidentate
nitrogen ligands for the enantioselective allylation from un-
symmetrical substrates. Therefore, we are now developing a
new catalytic system based on chiral bisoxazoline ligands
and a Ru ACHTUNGTRENNUNG(Cp*) moiety for the regio- and enantioselective
etherification of unsymmetrical allylic chlorides with phe-
nols.[23] Among the chiral bisoxazolines, (4R,5S,4’R,5’S)-2,2’-
methylenebis(4,5-diphenyl-2-oxazoline) led to the best enan-
tioselectivities. Both regioselectivity and enantioselectivity
of the O-allylation of phenol by cinnamyl chloride were
found to be dependent on the nature of the solvent. In our


best reaction conditions, satisfactory regioselectivities (up to
4:1) and quite good enantioselectivities (70–75%) were ob-
tained (Scheme 12).


Further studies with para-substituted phenols also provid-
ed good results, and demonstrated that this catalyst tolerates
different substituents on the aromatic ring, and that the


electronic properties of the substituted phenols have little
influence on the enantioselectivity (Table 7). Moreover, we
have recently observed that this allylic etherification can be
run at room temperature in acetone without any loss of
enantioselectivity.


Conclusion and Outlook


Pentamethylcyclopentadienyl–ruthenium complexes bearing
nitrogen ligands such as acetonitrile or bipyridine have re-
vealed their ability to activate allylic halides and carbonates
to generate [Ru ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(h3-allyl)] complexes that can be isolat-
ed and fully characterised. Their structures exhibit common
features:


* Formation of ruthenium complexes with a major endo-
trans-coordinated allylic ligand.


* The allylic ligand shows two equivalent C�C bond
lengths.


* The coordination of the allylic ligand is unsymmetrical in
the sense that the ruthenium-unsubstituted carbon bond


Scheme 10. Kinetic resolution of allylic carbonates by planar chiral cyclo-
pentadienyl ruthenium catalysts.


Scheme 11. Enantioselective allylic substitution of carbonates with planar
chiral ruthenium catalysts.


Scheme 12. Enantioselective allylic substitution of cinnamyl chloride by
phenol in the presence of optically pure [Ru ACHTUNGTRENNUNG(Cp*)(bisoxazoline)] cata-
lysts.


Table 7. Enantioselective allylic etherification of substituted phenols.


ArOH Conversion [%] Selectivity (B/L) ee [%]


4-MeO-C6H4OH 75 2.2/1 81 (R)
4-Cl-C6H4OH 96 1.6/1 82 (R)
4-Me-C6H4OH 96 3/1 52 (R)
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length is always significantly shorter than the ruthenium-
substituted carbon bond.


The catalytic allylation reactions take place at room tem-
perature and are easy to transfer to applications in fine
chemistry. The regioselectivity obtained for the allylation of
various types of nucleophiles is in most cases in favour of
the formation of the branched isomers, but strongly depends
on the nature of the starting allylic substrate, the nucleo-
phile, the catalyst precursor, the solvent and the tempera-
ture.


Satisfactory enantioselectivities have been obtained for
the allylation of phenols in the presence of bisoxazoline li-
gands but to the detriment of regioselectivity. An objective
is to find the family of ligands that will make possible the
preparation of enantiomerically enriched allylic derivatives
with high regioselectivity, and applicable to a large range of
nucleophiles.
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Introduction


Asymmetric catalysis of organic reactions to provide enan-
tiomerically enriched products is of central importance to
modern synthetic and pharmaceutical chemistry.[1] Although
homogeneous asymmetric catalysis has the advantages of
high enantioselectivity and catalytic activity in a variety of
asymmetric transformations under mild reaction condi-
tions,[1] the high catalyst loadings (usually 1–10 mol%) and


the difficulties associated with recovery and the reuse of ex-
pensive chiral catalysts severely hampers its practical appli-
cations. In addition, sometimes the metal contaminants can
leach from the homogeneous catalysts into the products;
this contamination is particularly unacceptable for pharma-
ceutical production. As one of the most promising solutions
to these problems, immobilization of homogeneous chiral
catalysts for asymmetric catalysis has attracted a great deal
of recent interest.[2]


For the immobilization of homogeneous catalysts, many
approaches have been employed, including the use of inor-
ganic materials, organic polymers, dendrimers, or mem-
branes as supports, as well as the use of ionic liquid and
other biphasic systems.[2] Despite the fact that some success-
es have been achieved in this field, the catalysts immobilized
by these approaches often display reduced enantioselectivity
or activity in the catalysis in comparison with their homoge-
neous counterparts. In the conventional immobilization of
homogeneous catalysts by using organic polymers, the chiral
ligands or the catalytically active units are usually anchored
randomly onto irregular polymers (mode 1, Scheme 1),[2] or
are incorporated into the main chain of the polymers
(mode 2, Scheme 1),[3] as highlighted by Dai.[4] Although
these strategies have yielded some successes, the polymeric


Abstract: The development of heterogeneous chiral cat-
alysts for enantioselective reactions is highly desirable
in order to overcome some drawbacks of homogeneous
catalysts. Different from the conventional approaches
by using various types of supports or biphasic systems
for the recovery and reuse of homogeneous catalysts, a
conceptually new strategy for heterogenization of ho-
mogeneous chiral catalysts, that is, a “self-supporting”
approach, has been developed to use homochiral metal–
organic coordination polymers generated by the self-as-
sembly of chiral multitopic ligands with metal ions, and
thus obviates the use of any support. In this concept ar-
ticle, the success of this “self-supporting” strategy will
be exemplified in heterogeneous catalysis of asymmetric
carbonyl–ene, sulfoxidation, epoxidation, and asymmet-
ric hydrogenation reactions.
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Scheme 1. Schematic representation of the classical methods for immobi-
lization of chiral catalysts using organic polymers as the supports.
Mode 1: Pendent ligands by anchoring on a polymer, through a polymer
reaction. Mode 2: Ligand on the backbone, through copolymerization.
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ligands must be prepared before the active metallic species
is loaded, and the procedures for their syntheses are usually
somewhat tedious. In the present account, we present a con-
ceptually new strategy, that is, a “self-supporting” approach,
for the immobilization of homogeneous catalysts through as-
sembly of chiral multitopic ligands and metal ions without
the use of any support. The success of this strategy will be
exemplified in heterogeneous asymmetric carbonyl–ene,
sulfoxidation, epoxidation, and asymmetric hydrogenation
reactions.


The Principle for the Generation of Self-Supported
Heterogeneous Chiral Catalysts for Asymmetric


Catalysis


Since the 1990s, the design and synthesis of metal–organic
coordination polymers or metal–organic frameworks (MOF)
as functional materials have been an interesting and rapidly
growing research area in material sciences.[5] These materials
are usually prepared by the reactions of multitopic ligands
with metal ions in solution through molecular self-assembly,
and sometimes possess cavities, pores, or channels capable
of adsorption and inclusion of guest molecules and ions, like
natural materials such as clays and zeolites. By adjusting the
size and geometry of the organic ligand as well as the coor-
dination preference of the metal species, one can, in princi-
ple, control the size and the shape of the formed pores in
the resulting frameworks. Accordingly, the structural and
functional information of the components can be conven-
iently expressed in a specific target material through build-
ing block carriers. Among the variety of promising applica-
tions of these assemblies, the most attractive one may lie in
the area of heterogeneous catalysis because these assemblies
often display poor solubility in common organic solvents,
and both the catalytic activity and the selectivity might be
tuned by the pore matrices and chemical functionality of the
cavities through metal and ligand diversity.


The use of nonchiral metal–organic assemblies as the het-
erogeneous catalysts for organic transformations has been
demonstrated by several groups in oxidation, hydrogenation,
cyanosilylation, Diels–Alder, and polymerization reactions.[6]


In parallel, homochiral metal–organic coordination poly-
mers formed by self-assembling of enantiopure chiral multi-
topic ligand with catalytically active metal ions should be
applicable as a new type of heterogeneous chiral catalysts
for asymmetric transformations. Since the stereochemical
features of the chiral ligands will be retained in the coordi-
nation polymers by virtue of the mild synthesis, it can be ex-
pected that the chiral multitopic ligand would spontaneously
form a chiral environment inside the cavities or on the sur-
face of the solids for enantioselective control of the reaction,
and the metal ion may act as the catalytically active center
(Scheme 2). On the basis of the fact that the polymeric
chiral catalyst obviates any extra support in the heteroge-
nous catalysis, the use of chiral metal–ligand assemblies can
be considered as a “self-supporting strategy”.[4,7] However,


despite the apparent feasibility of this rationale, the use of
homochiral metal–organic assembly for the applications in
asymmetric catalysis did not meet with success until the be-
ginning of this century.


In 2000, Kim and co-workers demonstrated the applica-
tion of assembled, homochiral, microporous metal–organic
material in enantioselective heterogeneous catalysis.[8] Al-
though the enantiomeric excess in the product of transesteri-
fication was rather low (~8%), this work constituted the
first example of asymmetric catalysis with a well-defined ho-
mochiral metal–organic assembly as the heterogeneous cata-
lyst, and triggered the further interest in the research of this
unexplored field.[9,10] It should be noted that although nu-
merous coordination polymers have been developed over
the past two decades,[5] only sporadic successful applications
in catalytic transformations can be found in the literature,[6]


even fewer for catalytic enantioselective reactions. The in-
herent reason for this limitation might be attributed to the
fact that most coordination polymers prepared thus far have
coordinatively saturated metal centers, which precludes
their involvement in the catalytic transformation.[5a]


Since the metal centers in the homochiral metal–organic
assembly play the dual roles as the structural binders
(Scheme 2) as well as the catalytically active sites, it is essen-
tial that they should be capable of simultaneously bonding
with at least two ligand moieties (same or different), and
still have vacant or labile sites available for substrate and/or


Scheme 2. Schematic representation of the “self-supporting” strategy for
heterogenization of chiral catalysts through the reactions of a) one-di-
mensional, b) two-dimensional and c) three-dimensional multitopic chiral
ligands with metallic ions.
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reagent coordination and activation. In the course of our
studies on the combinatorial approach to the discovery of
chiral catalysts for asymmetric reactions, a variety of highly
efficient and enantioselective catalysts have been developed
on the basis of a two-component ligand modification strat-
egy for the generation of a chiral catalyst library.[11] The
common feature of the catalysts discovered by this approach
is the incorporation of either two homo- or two heteroli-
gands in the active catalysts. This feature of homogeneous
catalysts provides an excellent opportunity for generation of
heterogeneous catalysts through self-supporting strategy
shown in Scheme 2. One can easily imagine that if the com-
ponent chiral ligands with known excellent asymmetric in-
duction for a target reaction are bridged with a specific
spacer, the reaction of the bridged multitopic ligands with
the catalytically active metal species would spontaneously
form metal–organic coordination polymers through assem-
bly. In such a case, the high activity and enantioselectivity of
the formed metal–organic coordination polymers can be ex-
pected by judicious choice of the bridged chiral ligand and
metal species. In the following text, we will summarize our
results on heterogenization of homogeneous chiral catalysts
for asymmetric catalysis on the basis of this concept.


Self-Supported Heterogeneous Titanium Catalysts
for Enantioselective Carbonyl–Ene and


Sulfoxidation Reactions


Th asymmetric carbonyl–ene reaction is an important ap-
proach to C�C bond formation in organic synthesis,[12] for
which the titanium complexes of 1,1’-bi-2-naphthol (binol)
derivatives are among the most widely used chiral Lewis
acidic catalysts. According to MikamiLs asymmetric activa-
tion concept,[13] an enantiopure [Ti{(R)-binol} ACHTUNGTRENNUNG(OiPr)2] cata-
lyst could be further evolved for this reaction by addition of
another equivalent of (R)-binol(H2), affording the product
in higher enantioselectivity.[13c] The results of kinetic study
showed that the reaction catalyzed by the [Ti{(R)-binol}-
ACHTUNGTRENNUNG(OiPr)2]/(R)-binol complex was 25.6 times faster than that
catalyzed by [Ti{(R)-binol} ACHTUNGTRENNUNG(OiPr)2] alone.


[13c] We have dem-
onstrated that the catalysts prepared by the homocombina-
tion of two equivalents of (R)-6,6’-I2-binol with Ti ACHTUNGTRENNUNG(OiPr)4 or
by the heterocombination of one equivalent of (R)-6,6’-I2-
binol and one equivalent of (R)-6,6’-(CF3)2-binol with Ti-
ACHTUNGTRENNUNG(OiPr)4 show exceptionally high efficiency for the carbonyl–
ene reaction between ethyl glyoxylate and a variety of ole-
fins under nearly solvent-free conditions, affording a-hy-
droxy ester derivatives in good yields and excellent enantio-
selectivities.[14] These observations provided the rational
basis for the design of assembled catalysts for this reaction
by reaction of bridged binol ligands with TiACHTUNGTRENNUNG(OiPr)4.


Sasai[7a] and our group[7b,15] independently reported the
heterogenization of chiral titanium complexes by in situ as-
sembly of bridged multitopic binol ligands with TiACHTUNGTRENNUNG(OiPr)4
(Scheme 3), and the assembled heterogeneous catalysts
were found to show excellent enantioselectivity (up to


98% ee) in carbonyl–ene reaction of a-methylstyrene with
ethyl glyoxylate. Consistent with the activities exhibited by
the discrete Ti–binolate catalysts for the same reaction
under the homogeneous conditions, the ratio of the binol
unit to Ti ACHTUNGTRENNUNG(OiPr)4 employed in the preparation of the coordi-
nation polymers was found to be critical for their catalytic
activity.[7a,b,15] The heterogeneous catalyst 2c obtained by
employing a 2:1 molar ratio of binol unit to TiACHTUNGTRENNUNG(OiPr)4 is evi-
dently more active and enantioselective than the catalyst 3c
prepared with a 1:1 molar ratio of binol unit to TiACHTUNGTRENNUNG(OiPr)4
(entry 3 versus 7, Table 1). The spacers between two binol
units of the ligands in the assembled catalysts showed signif-
icant impact on the enantioselectivity of the carbonyl–ene
reaction. For example, catalysts 2a and 2b, prepared and
tested under the same conditions with the only difference
lying in their spacer moieties, displayed dramatically differ-
ent performance in terms of both catalytic activity and enan-
tioselectivity (entry 1 versus 2, Table 1). This fact suggests
that a change in the linker moieties of the ligands may alter
the supramolecular structures of the assemblies, and as a
result, impact the activity and/or enantioselectivity of the
catalysis. Consistent with one of our previous reports,[14] the
introduction of an electron-withdrawing substituent to the
backbone of binol, such as ligand 1d, resulted in the im-
provement of the catalytic activity due to the increase of
Lewis acidity of the TiIV complexes, affording the product in
very high yield (99%) with excellent enantioselectivities (up
to 98% ee, entry 5).[15]


The recovery and recycling of this type of self-supported
titanium catalyst was examined with catalyst 2d in diethyl
ether. Upon completion of the reaction, simple filtration of
the reaction mixture realized the separation of the solid-
state catalyst from the product-containing solution. The sep-
arated solids were recharged with diethyl ether and sub-
strates for the next run. Similar to the observation with cata-
lyst 3c reported by Sasai,[7a] catalyst 2d could be used for


Scheme 3. Generation of self-supported chiral titanium catalysts for car-
bonyl–ene reaction and sulfoxidation.
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five cycles in the carbonyl–ene reaction with gradually de-
teriorated activity (from 87 to 70% yield) and enantioselec-
tivity (from 97 to 70% ee). This is probably due to the parti-
al decomposition of the assemblies during the catalysis, and
as a result, some amount of the active TiIV species may be
leached into the solution phase of the reaction mixture
during the catalysis and lost in the catalyst recovery.[15]


The heterogeneous Kagan–Uemura type[16] catalysts 4a–c
for asymmetric sulfoxidation of sulfides were prepared in a
similar manner, that is, by the reaction of bridged binol li-
gands 1a–c with Ti ACHTUNGTRENNUNG(OiPr)4 (1:1 molar ratio) followed by ad-
dition of H2O (40 equiv relative to ligand). Different from
that observed in carbonyl–ene reaction, 4a–c were found to
be completely insoluble in CCl4.


[15] The heterogeneous enan-
tioselective oxidation of a variety of aryl alkyl sulfides was
then investigated by using catalysts 4a–c with cumene hy-
droperoxide (CMHP) as the oxidant. As shown in Table 1,
the oxidation of both para- or meta-substituted aryl methyl
sulfides 8a–e afforded chiral sulfoxides 9a–e with very high
enantioselectivities (from 96.4 to >99.9% ee) in moderate
yields (ca. 40%). The heterogeneous nature of the above
catalyst systems was confirmed by using the supernatant of
4a in CCl4 for the catalysis of sulfoxidation of thioanisole
(8a) under the same conditions. The isolated product (9a)
was racemic, similar to that obtained from the control ex-


periment without using any cat-
alyst under otherwise identical
conditions. The inductively cou-
pled plasma (ICP) spectroscop-
ic analyses of the liquid phase
after filtration of the insoluble
catalysts indicated that no de-
tectable Ti (<0.1 ppm) was
leached into the organic solu-
tion; this fact further supports
the heterogeneous nature of the
present system. The facile re-
covery and remarkable stability
of this type of heterogeneous
catalyst was exemplified by the
oxidation of thioanisole (8a) by
using catalyst 4a. This catalyst
was reused for eight cycles that
covered a period of more than
one month without any loss of
enantioselectivity (99.0!
99.9% ee) or evident deteriora-
tion of activity (38–33% yield).


In addition to the heteroge-
neous Ti catalysts for carbonyl–
ene reactions, Sasai and co-
workers also reported that the
heterogeneous Al-bridged poly-
mers (ALB) prepared by the
reaction of LiAlH4 with bis-
binol ligands were efficient cat-
alysts for enantioselective Mi-


chael addition of dibenzyl malonate to 2-cyclohexenone, af-
fording the corresponding adduct with the results (86%
yield, 96% ee) comparable to those obtained with a homo-
geneous catalyst (100% yield, 97% ee).[7a] The heterogene-
ous ALB catalyst could be recycled for four times with
slight drop of activity (88–59% yield) and enantioselectivity
(96–77% ee).


Heterogenization of Shibasaki@s Binol/LaIII Catalyst
for Enantioselective Epoxidation of a,b-


Unsaturated Ketones by Using Multitopic Binol
Ligands: the Impact of Bridging Spacers


As can be envisioned from Scheme 2, in the use of self-sup-
porting strategy for the heterogenization of homogeneous
chiral catalysts, the stereochemical characteristics of the
multitopic ligands should in principle have substantial
impact on the microstructures of the resulting homochiral
metal–organic polymers, and thus may exert a profound in-
fluence on the enantioselectivity and activity of the catalysis
in a given reaction.


Such effects of bridging spacers in the multitopic ligands
have been investigated in the heterogenization of Shibasa-
kiLs lanthanum catalyst[17] for the enantioselective catalysis


Table 1. Self-supported Ti catalysts for the enantioselective carbonyl–ene reaction[a] and sulfoxidation.[b]


Entry Substrate Catalyst [mol%] Solvent T [8C] t [h] Yield [%] ee [%]


1 5 + 6 2a (1) toluene 0 120 85 95
2 5 + 6 2b (1) toluene 0 120 9 24
3 5 + 6 2c (1) toluene RT 30 99 96
4 5 + 6 2d (1) toluene RT 96 99 95
5 5 + 6 2d (1) toluene 0 96 99 98
6 5 + 6 2d (1) diethyl ether RT 96 99 97
7 5 + 6 3c (20) diethyl ether RT 98 88 88
8 8a 4a (5) CCl4 RT 72 38 99.2
9 8a 4b (5) CCl4 RT 72 38 99.5
10 8a 4c (5) CCl4 RT 72 37 98.7
11 8b 4b (5) CCl4 RT 72 41 99.8
12 8c 4c (5) CCl4 RT 72 31 >99.9
13 8d 4a (5) CCl4 RT 72 41 98.6
14 8e 4b (5) CCl4 RT 72 36 >99.9
15 8 f 4b (5) CCl4 RT 60 20 89.1
16 8g 4a (5) CCl4 RT 72 36 75.5


[a] Catalyst 2d could be recycled on the carbonyl–ene reaction of a-methylstyrene (5) with ethyl glyoxylate
(6) five times, affording 7 with 87–70% yield and 97–70% ee. [b] Catalyst 4a could be recycled on the sulfoxi-
dation of 8a eight times, affording 9a with 29–42% yield and 98.2!99.9% ee.
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of epoxidation of a,b-unsaturated ketones.[18] As shown in
Scheme 4, four types of multitopic ligands (10a–i) containing
different bridging linkers, including linear (10a–d), angular


(10e–g), trigonal-planar (10h), and tetrahedral (10 i) spacers,
were designed to investigate the impact of the spatial ar-
rangement of chiral units ((S)-binol) on the catalytic proper-
ties of their assemblies with the lanthanum ion. The hetero-
geneous catalysts (11a–i) were prepared by dropwise addi-
tion of a solution of the corresponding multitopic ligand
(10a–i) and triphenylphosphine oxide in THF to a solution
of La ACHTUNGTRENNUNG(OiPr)3 in THF under argon atmosphere. The applica-
tion of the heterogeneous catalysts 11a–i in the epoxidation
of chalcone 12a (Table 2) demonstrated that the influence
of structure of the spacer on the enantioselectivity of the
catalysis was dramatic. For the ligands with a linear spacer
(10a–d), extending the length of the linker between two
chiral units generally had a beneficial effect on the enantio-
selectivity (entries 1–4). However, the reduction of the ex-
tension angles of the spacers (10e, 10g) was clearly unfavor-
able for the enantioselectivity (entry 5 versus 4, 6 and
entry 7 versus 1). The catalysts composed of planar tritopic
10h and tetrahedral tetratopic 10 i ligands with longer
spacers also demonstrated high activity and enantioselectivi-
ty of the heterogeneous epoxidation (entries 8 and 9). Given
the modular nature of the multitopic ligands, it can be ex-
pected that both the reactivity and enantioselectivity may be
fine-tuned by judicious choice of the spacer part of the li-
gands.


Under the optimized reaction conditions, the enantiose-
lective epoxidation of several a,b-unsaturated ketones 12a–
h was then carried out in the presence of catalyst 11a with
CMHP as oxidant (Table 2). The reactions proceeded effi-
ciently to give corresponding epoxides in excellent yields


(91–99%) and high enantioselectivities (84.9–97.6% ee).
The remarkable advantage of the present self-supported het-
erogeneous catalysts over their homogeneous counterparts
was again exemplified by the facile recovery and recycle of
11a in the catalysis of the epoxidation of chalcone 12a. As
outlined in the footnote of Table 2, 11a can be recycled and
reused for at least six cycles without significant loss of enan-
tioselectivity and activity. Moreover, the lanthanum leaching
in each run during the recycling of the catalyst was deter-
mined to be less than 0.4 ppm by ICP. The heterogeneous
nature of the above catalyst system has been further con-
firmed by the fact that the supernatant of 11a in THF did
not exhibit any catalytic activity for the epoxidation under
the same experimental conditions.


Self-Supported Mono-Phos/RhI Catalysts for
Enantioselective Hydrogenation Reactions


The use of monodentate phosphorous ligands in Rh-cata-
lyzed enantioselective hydrogenation of olefin derivatives
represents one of the breakthroughs in the area of asymmet-
ric hydrogenation,[19] for which the generally accepted mech-
anism is that the catalytically active species has a composi-
tion of 2:1 molar ratio of monodentate phosphorous ligands
to RhI metal ion. One can easily imagine that if two or
more monodentate phosphorous ligand motifs are covalent-
ly bridged with some rigid spacer at the backbone of the
ligand, homochiral metal–ligand coordination polymers can


Scheme 4. Multitopic ligands 10a–i employed for the generation of heter-
ogeneous lanthanum catalysts 11a–i.


Table 2. Enantioselective epoxidation of a,b-unsaturated ketones with
heterogenized ShibasakiLs catalysts (11a–i).


Entry Catalyst
ACHTUNGTRENNUNG[mol%]


Substrate t
[h]


Yield
[%]


ee
[%]


1[a] 11a 12a 0.5 99 97.6
2 11b 12a 0.5 99 83.7
3 11c 12a 0.5 99 82.9
4 11d 12a 0.5 99 95.5
5 11e 12a 0.5 99 93.3
6 11 f 12a 0.5 99 95.1
7 11g 12a 0.5 99 84.2
8 11h 12a 0.5 99 91.5
9 11 i 12a 0.5 99 95.0
10 11a 12b 0.5 99 96.2
11 11a 12c 0.5 99 96.0
12 11a 12d 0.5 99 95.6
13 11a 12e 1.0 95 95.7
14 11a 12 f 1.0 99 94.3
15 11a 12g 0.5 99 95.0
16 11a 12h 3.0 91 84.9


[a] Catalyst 11a could be recycled on the epoxidation of 12a SIX times,
affording 13a with 99–83% yield and 96.5–93.2% ee.
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be conveniently constructed by the reaction of the corre-
sponding multitopic phosphorus ligands with RhI precursor.


As expected, the reaction of FeringaLs MonoPhos ligands
bridged with a linker (14a–c) with the catalyst precursor
[Rh ACHTUNGTRENNUNG(cod)]BF4 (cod=cyclooctadiene) in a dichloromethane/
toluene mixed solvent resulted immediately in the formation
of orange solids (Scheme 5), which were confirmed to be


completely insoluble in toluene.[7c] As shown in Table 3, the
application of the self-supported RhI catalysts (15a–c) in the
asymmetric hydrogenation of some representative substrates
including b-aryl- or alkyl-substituted dehydro-a-amino acid


(16a–c) and enamide (16d) derivatives afforded a variety of
amino acid (17a–c) and secondary amine (17d) derivatives
with high yields and enantioselectivities, which are compara-
ble to the cases of homogeneous catalysis at the same level
of catalyst loading. Particularly, the self-supported catalysts
demonstrated remarkably improved enantioselectivity (95–
97% ee) in the hydrogenation of the enamide derivative in
comparison with the cases that make use of a MonoPhos/Rh
homogeneous catalyst (88% ee). The heterogeneous nature
of the catalysis was also confirmed by the inactivity of the
supernatants of these self-supported catalysts for the hydro-
genation. The ICP spectroscopic analysis indicated that no
detectable rhodium was leached into the solution phase and
the concentration of phosphorus in solution was less than
3 ppm for each round of hydrogenation; these facts further
confirmed the heterogeneous nature of the present systems.
The catalysts could be readily recycled and reused for at
least seven runs without significant loss of activity and enan-
tioselectivity.[7c] Very recently, Wong and co-workers de-
signed a beautiful ditopic chiral “linear” monodentate phos-
phoramidite ligand with a biphenylene backbone for the
generation of self-assembled oligomeric or polymeric Rh
catalysts. The solid catalyst demonstrated excellent enantio-
selectivities (97–99% ee) in the hydrogenation of a variety
of dehydro-a-amino acid derivatives.[20]


Programmed Assembly of Two Different Ligands
with Metal Ions: Generation of Self-Supported


Noyori-Type Catalysts for Heterogeneous
Asymmetric Hydrogenation of Ketones


As mentioned above, the heterogenization of the chiral cat-
alysts by using a self-supporting strategy through the homo-
combination of multitopic chiral ligands with metallic ions is
very convenient. On the other hand, the assembly of poly-
meric or oligomeric homochiral catalyst by heterocombina-
tion of two different multitopic chiral ligands (L1 and L2)
with metal ions (M) is a very challenging task, since a com-
plex multispecies system (e.g., [M(L1)2], [M(L2)2], [ML1L2],
etc.) would be easily envisioned when the three reacting
components were mixed together. Thus, specific formation
of a heteroligand combination complex [ML1L2] would re-
quire that the structural and coordination information
stored in the ligands and metallic ion, respectively, must be
sufficiently strong to dictate their coordinating organization
and thus direct the assembly process in a programmed way.
In this respect, the structural feature of NoyoriLs catalyst,[21]


[RuCl2{(R)-binap} ACHTUNGTRENNUNG{(R,R)-dpen}] (binap: 2,2’-bis(diphenyl-
phosphino)-1,1’-binaphthyl; dpen: 1,2-diphenylethylenedia-
mine), can provide an excellent opportunity for generation
of self-supported catalysts by the programmed assembly[22]


of a [ML1L2] type of coordination polymer.
As shown in Scheme 6, both bridged binap 18 and dia-


mine 19 were designed to possess a 1,4-phenylene or a 1,4-
phenylenebismethoxy linkers, which were assembled at 6-
position of the corresponding 1,1’-binaphthyl backbone or at


Scheme 5. Heterogenization of FeringaLs catalyst by self-supporting strat-
egy.


Table 3. Enantioselective hydrogenation of olefin derivatives (16a–d)
under the catalysis of self-supported catalysts 15a–c.


Entry Catalyst Substrate ee [%]


1 15a 16a 95.8
2 15a 16b 95.7
3 15a 16c 96.6
4 15a 16d 97.3
5 15b 16a 94.3
6 15b 16b 94.9
7 15b 16c 94.7
8 15b 16d 96.8
9[a] 15c 16a 95.0
10 15c 16b 95.9
11 15c 16c 96.2
12 15c 16d 95.9


[a] Catalyst 15c could be recycled on the hydrogenation of 16a seven
times with >99% conversion and 95.0–89.5% ee.
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4’-position of (S,S)-dpen derivative, respectively, in order to
avoid the intramolecular interaction of two chiral units. The
self-supported catalysts (20a,b) were prepared by reacting
bridged binap ligands (18a,b) with [{Ru ACHTUNGTRENNUNG(C6H6)Cl2}2] in DMF
at 100 8C, followed by the treatment of the resulting reddish
brown solution with one equivalent of bridged dpen 19 at
room temperature. As shown in Table 4, the application of
the self-supported catalyst 20 in the catalysis of the asym-
metric hydrogenation of acetophenone (21a) indicated that
catalyst 20b was highly efficient and enantioselective, af-
fording 1-phenylethanol in quantitative yield with 97.4% ee,
which is slightly higher than those obtained with its homoge-
neous counterparts (95.5–96.4% ee).[22] Moreover, the cata-
lyst loading for 20b can be further reduced to 0.01 mol%


without significant deterioration of yield or enantioselectivi-
ty (entry 10). The turnover frequency (TOF) under these cir-
cumstances was calculated to be ~500 h�1, illustrating the
high activity of the assembled solid catalyst. The superna-
tant of catalyst 20b in 2-propanol did not show any catalytic
activity in the hydrogenation of acetophenone, indicating
the heterogeneous nature of catalysis. Furthermore, catalysis
with 20b was extended to the hydrogenation of a series of
aromatic ketones (21a–h), affording the corresponding sec-
ondary alcohols (22a–h) with excellent enantioselectivities
(entries 3–9). The self-supported catalyst 20b could be
reused for seven cycles of hydrogenation without evident
loss of enantioselectivity and catalytic activity.[22]


Conclusion and Outlook


In summary, we have demonstrated a conceptually new
strategy, that is, a “self-supporting” approach, for the immo-
bilization of homogeneous catalysts through self-assembly of
chiral multitopic ligands and metal ions without the use of
any support. On the basis of this strategy, the chiral multi-
topic ligand can spontaneously form chiral environment
inside the cavities of or on the surface of the solids for enan-
tioselective control of the reaction, and the metal ions act as
the catalytically active centers. The success of this strategy
has been demonstrated in heterogeneous catalysis of asym-
metric carbonyl–ene, sulfoxidation, epoxidation, and asym-
metric hydrogenation reactions. In addition to the simple re-
covery and convenient recycle commonly associated with
heterogeneous catalysts, such kinds of homochiral metal–or-
ganic assemblies may also exhibit advantages of facile prep-
aration, robust chiral structures, and excellent enantioselec-
tivities. These remarkable features, coupled with the versa-
tile methods for rational design and synthesis of the multi-
topic chiral ligand, suggest a considerable scope of applica-
tion of this “self-supporting” strategy in the development of
new, efficient, and practical catalysts for heterogeneous
asymmetric catalysis.


This emerging field calls for the principles of supramolec-
ular chemistry, coordination chemistry, and catalysis in the
design and generation of robust heterogeneous catalysts. Al-
though some remarkable achievements have been attained
recently, a variety of challenges still remain, among which
the most demanding one is the detailed structural elucida-
tion of the self-supported catalysts. Although several analyt-
ical techniques such as elemental analysis, solid-state NMR
spectroscopy, IR spectroscopy, powder X-ray diffraction
analysis and scanning electronic microscopy (SEM) have
been employed for the characterization of the assembled
heterogeneous catalysts, the usually noncrystalline nature of
these solids precludes the possibility of a more detailed
study by using single-crystal X-ray diffraction. This lack of
structural information renders mechanistic probing extreme-
ly difficult. In this respect, design of structurally well-de-
fined and catalytically active homochiral metal–organic co-
ordination polymers is highly desirable to facilitate the un-


Scheme 6. Generation of self-supported NoyoriLs catalyst by programmed
assembly.


Table 4. Enantioselective hydrogenation of aromatic ketones (21a–h)
under the catalysis of self-supported Noyori-type catalysts 20a–b.


Entry Catalyst [%] Substrate ee [%]


1 20a (0.1) 21a 78.2 (R)
2[a] 20b (0.1) 21a 97.4 (R)
3 20b (0.1) 21b 98.1 (R)
4 20b (0.1) 21c 94.5 (R)
5 20b (0.1) 21d 96.2 (R)
6 20b (0.1) 21e 96.9 (R)
7 20b (0.1) 21 f 97.2 (R)
8 20b (0.1) 21g 97.5 (R)
9 20b (0.1) 21h 96.2 (R)
10 20b (0.01) 21a 95.2 (R)


[a] Catalyst 20b could be recycled on the hydrogenation of 21a seven
times with 97!99% conversion and 97.4–95.4% ee.
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derstanding the microenvironment of the assemblies and
identifying their mechanism of action on a molecular level.
This is particularly useful for the rational design of the new
generation of the heterogeneous chiral metal–organic poly-
meric catalysts. Moreover, the construction of the structural-
ly diverse multitopic ligands through covalent bonding is
still somewhat tedious at the moment. The future develop-
ment might be directed to the use of noncovalent interac-
tions (such as hydrogen or coordination bonds)[23] for linking
chiral motifs together in order to simplify the procedure for
the construction of multitopic ligands. This concept is also
expected to extend to much broader scope of organic trans-
formations, such as nonchiral catalysis or polymerization
processes, and materials science. We hope that the concept
in this account for the heterogenization of homogeneous
catalysts may provide a new approach to bridge the gap be-
tween homogeneous and heterogeneous asymmetric cataly-
sis and stimulate further research on the development of
practical processes for industrial syntheses of optically
active products.
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Metal Nitrosyl Reactivity: Acetonitrile-Promoted Insertion of an Alkylidene
into a Nitrosyl Ligand with Fission of the NO Bond
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Introduction


Reactions on coordinated p-acceptor ligands belong to an
important class of organometallic transformations,[1] because
they often provide facile access to molecular arrangements
that are sometimes difficult or even impossible to obtain by
conventional organic routes.[2,3] Comparable to the CO-in-
sertion reaction, the selective formation of C�N bonds from
NO insertion would be desirable for production of both fine
and commodity chemicals.[1g,4–6] In contrast to the ubiquitous
CO insertion, the related shift of alkyl units onto NO is con-
fined to only a few reported examples. The first direct obser-
vation of the conversion of a well-defined alkyl–nitrosyl
complex into a C-nitroso–alkane species was reported by H.
Klein et al. in 1976.[7] Other examples were published subse-
quently by the group of R. G. Bergman.[3] Related couplings
of carbene with p-acceptor ligands are rare, although the
metal-mediated coupling of an alkylidene and CO to pro-
duce a ketene moiety is known.[8] The related conversions of


alkylidene units with coordinated nitrosyl ligands are yet un-
known chemical transformations, but were found to exist as
a unique step in the reaction sequence of [Re-
(=CHPh)(NO)2ACHTUNGTRENNUNG(PR3)2]ACHTUNGTRENNUNG[BAr


F
4] complexes (2a and 2b) in-


duced by acetonitrile.[9] The reactions of such benzylidene
complexes with acetonitrile were first thought to be related
to studies of R. Beckhaus reporting the [2+2] addition reac-
tion of the titanium vinylidene complex [Cp*2Ti ACHTUNGTRENNUNG(=CCH2)]
with organonitrile compounds.[10] However, the reactions of
2a and 2b with acetonitrile turned out to be much more
complicated, showing a sequence of elementary steps involv-
ing the coupling of the benzylidene and the NO ligand. De-
tailed investigations of the reaction course, including label-
ling studies and theoretical modelling, led us to propose a
plausible reaction mechanism.


Results and Discussion


The treatment of benzene solutions of the cationic com-
plexes [Re(NO)2 ACHTUNGTRENNUNG(PR3)2]ACHTUNGTRENNUNG[BAr


F
4] (R = Cy, 1a ; R = iPr, 1b)


with phenyldiazomethane at room temperature gave the
moderately stable benzylidene complexes [Re-
(=CHPh)(NO)2ACHTUNGTRENNUNG(PR3)2]ACHTUNGTRENNUNG[BAr


F
4] (2a and 2b) in good yields


(Scheme 1).[9] As a large stoichiometric excess of acetonitrile
was added to CH2Cl2 solutions of the benzylidene complexes
2a and 2b at �30 8C, exclusive formations of [Re ACHTUNGTRENNUNG(N�CCH3)-
ACHTUNGTRENNUNG(N�CPh)(NO)(OC ACHTUNGTRENNUNG(CH3)=NH) ACHTUNGTRENNUNG(PR3)] ACHTUNGTRENNUNG[BAr


F
4] (3a and 3b)


Abstract: Treatment of the complexes
[Re(NO)2ACHTUNGTRENNUNG(PR3)2]ACHTUNGTRENNUNG[BAr


F
4] (R = Cy, 1a ;


R = iPr, 1b) with phenyldiazomethane
gave the cationic benzylidene species
[Re{CH ACHTUNGTRENNUNG(C6H5)}(NO)2ACHTUNGTRENNUNG(PR3)2] ACHTUNGTRENNUNG[BAr


F
4]


(2a and 2b) in good yields. Upon reac-
tion of 2a and 2b with acetonitrile, the
consecutive formation of [Re ACHTUNGTRENNUNG(N�
CCH3)ACHTUNGTRENNUNG(N�CPh)(NO)(OC ACHTUNGTRENNUNG(CH3)=NH)-
ACHTUNGTRENNUNG(PR3)] ACHTUNGTRENNUNG[BAr


F
4] (3a and 3b) and [Re-


ACHTUNGTRENNUNG(NCCH3)(OC ACHTUNGTRENNUNG{CH3}NH ACHTUNGTRENNUNG{C6H5})(NO)-


ACHTUNGTRENNUNG(PR3)2]ACHTUNGTRENNUNG[BAr
F
4] (4a and 4b) was ob-


served. The proposed reaction se-
quence involves the coupling of coordi-
nated NO, carbene and acetonitrile
molecules to yield the (1Z)-N-[imino-
ACHTUNGTRENNUNG(phenyl)methyl]ethanimidate ligand.


The coupling of the nitrosyl and the
benzylidene is anticipated to occur
first, forming an oximate species. The
subsequent acetonitrile addition can be
envisaged as a heteroene reaction of
the oximate and the acetonitrile ligand
yielding 3a and 3b, which in turn can
cyclise and undergo a prototropic shift
initiated by an internal attack of the
ethaneimidate ligand on the benzoni-
trile moiety to afford 4a and 4b.
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were observed. Monitoring the reaction by 31P{1H} NMR
spectroscopy showed new singlet resonances at d=�2.8 and
6.12 ppm assigned to the products 3a and 3b. Signals due to
intermediates could not be observed. Complete conversion
was achieved overnight, accompanied by a colour change
from dark-red to orange. Compounds 3a and 3b were isolat-
ed in almost quantitative yields. The 1H NMR spectra of 3a
and 3b displayed, in addition to the phosphine signals, sin-
glets at d=2.94 and 2.90 ppm. These correlated to
13C{1H} NMR signals in the two-dimensional spectra at d=
139.0 and 138.9 ppm and at d=5.3 and 5.1 ppm, respectively.
These resonances are, thus, consistent with the coordination
of one acetonitrile to the metal centre. Additional singlets
were detected in the 1H NMR spectra at d=1.92 and
4.14 ppm (3a) as well as at d=1.85 and 4.15 ppm (3b). In
the two-dimensional spectra these signals correlated with
the 13C{1H} NMR signals at d=177.4 and 177.8 ppm, respec-
tively. The 1H NMR signals at d=1.92 and 1.85 ppm were
assigned to methyl groups, whereas those at d=4.14 and
4.15 ppm have a typical chemical shift for imine protons, im-
plying the generation of an ethanimidate ligand. The forma-
tion of this moiety was confirmed for both cases by reac-
tions using 15N-labelled acetonitrile. The 15N{1H} NMR spec-
tra of 3a and 3b show two strong signals at d=�213.4 and
�250.0 ppm and at d=�215.0 and �250.3 ppm, respectively,
of which the signals at d=�213.4 and �215.0 ppm were as-
signed to the coordinated acetonitrile molecule. The reso-
nances at d=�250.0 and �250.3 ppm correlate with the ni-


trogen-bound hydrogen atoms at d=4.14 and 1.92 ppm and
at d=4.15 and 1.85 ppm. Interestingly, no 1H NMR signals
were detected in the region characteristic for alkylidene hy-
drogen atoms, which indicates transformation of the benzyli-
dene unit. The IR spectra of 3a and 3b exhibit two weak
bands for both complexes, at 2270 and 2229 cm�1 and at
2271 and 2228 cm�1, respectively, attributable to different
types of nitrile units. A further intense absorption band at
1704 and 1697 cm�1, respectively, is consistent with the pres-
ence of a mononitrosyl complex. Compound 3a could be
confirmed further in its molecular structure by MS, which
revealed fragmentations expelling benzonitrile, two subse-
quent acetonitrile molecules and tricyclohexyl phosphine.
The reaction sequence of [Re ACHTUNGTRENNUNG(=CHPh)(NO)2ACHTUNGTRENNUNG(PR3)] ACHTUNGTRENNUNG[BAr


F
4]


(2a and 2b) with acetonitrile leading to 3a and 3b is repre-
sented in Scheme 1.
Attempts to crystallise any of the [Re ACHTUNGTRENNUNG(N�CCH3) ACHTUNGTRENNUNG(N�


CPh)(NO)(OCACHTUNGTRENNUNG(CH3)=NH) ACHTUNGTRENNUNG(PR3)] ACHTUNGTRENNUNG[BAr
F
4] complexes to


obtain X-ray-quality crystals failed, because of impurities
caused by the consecutive transformation of these com-
pounds into the cationic phosphine derivatives of [Re-
ACHTUNGTRENNUNG(NCCH3)(OC ACHTUNGTRENNUNG{CH3}NH ACHTUNGTRENNUNG{C6H5})(NO)ACHTUNGTRENNUNG(PR3)2] ACHTUNGTRENNUNG[BAr


F
4] 4a and


4b. These subsequent transformations turned out to be sol-
vent independent (tetrahydrofuran, methylene chloride, di-
ethyl ether or acetonitrile), and were complete after two
days at room temperature. Compounds 4a and 4b were iso-
lated in quantitative yields. Higher reaction temperatures
were inappropriate, as they promoted the formation of side


Scheme 1.
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products. The 1H NMR spectra of 4a and 4b in CD2Cl2
showed, in addition to phenyl and the phosphine protons,
broad resonances at d=8.76 and 8.78 ppm characteristic for
the formed (1Z)-N-[iminoACHTUNGTRENNUNG(phenyl)methyl]ethanimidate
ligand. In the two-dimensional spectra these resonances cor-
related with the 13C{1H} NMR signals at d=163.6 and
164.0 ppm, confirming the presence of the imino ACHTUNGTRENNUNG(phenyl)
moiety. In the 1H NMR spectra of 4a and 4b two further
sharp singlets appeared at d=2.89 and 2.36 ppm and at d=
2.94 and 2.38 ppm, respectively. The resonances at d=2.89
and 2.94 ppm were assigned to acetonitrile ligands. The sig-
nals at d=2.36 and 2.38 ppm correlated in two-dimensional
NMR spectra with the 13C{1H} NMR signals at d=176.9 and
29.8 ppm and at d=177.1 and 29.6 ppm, consistent with the
formation of (1Z)-N-[imino ACHTUNGTRENNUNG(phenyl)methyl]ethanimidate li-
gands. This assignment is further supported by 15N{1H} NMR
spectroscopy and 1H, 15N{1H} correlation experiments of the
15N-labelled complexes 4a and 4b. The 15N{1H} NMR signals
at d=�207.9 and �209.4 ppm are due to the coordinated
acetonitrile ligands. The signals at d=�163.5 and
�163.9 ppm are shifted significantly upfield (Dd�90 ppm)
and have no correlation to any proton signal, indicating a re-
action sequence with formation of a carbon–nitrogen bond
and a concomitant proton shift. The structures of 4a and 4b
were established by an X-ray diffraction study on crystals of
4b (Figure 1). Single crystals were obtained by slow evapo-
ration of a concentrated methylene chloride solution at
�30 8C. The rhenium centre possesses a pseudooctahedral
environment with the nitrosyl and acetonitrile ligands dis-


placed cis. The chelating (1Z)-N-[imino-
ACHTUNGTRENNUNG(phenyl)methyl]ethanimidate ligand occupies positions trans
to these ligands with the presumably more-labile oxygen
atom opposite to NO. The C23�N3 and C21�N4 bond
lengths of 1.307(4) and 1.321(4) M, respectively, have rather
double-bond character, whereas the N4�C23 and O2�C21
bond lengths of 1.373(4) and 1.294(4) M, respectively, refer
to relatively short single bonds, suggesting a delocalised che-
late ligand, similar to the isoelectronic b-diketonates and b-
diiminato ligands. The imine hydrogen atom H3 was located
in the difference Fourier map and was refined isotropically.
Unfortunately, it was not possible to detect spectroscopi-


cally any intermediates other than 3a and 3b. Even the ace-
tonitrile adducts of 2a and 2b could not be observed, de-
spite the fact that the DFT calculations indicated their
slightly stabilised nature with respect to 1a and 1b. As 2a
and 2b were treated with trimethylphosphine to eventually
promote the NO–alkylidene coupling and trap the oximate
species, the formation of several phosphorous-containing
compounds occurred. Attempts to identify spectroscopically
or to separate one of these products from the reaction mix-
tures failed.
From the reaction of 2a and 2b with 15N-labelled acetoni-


trile conclusive mechanistic insights were obtained. Most im-
portantly, it was shown that the nitrogen atom of the benzo-
nitrile ligand of 3a and 3b originates from the NO ligand.
Hence, the products formed in this reaction sequence
indeed involved the coupling of one of the NO ligands with
the benzylidene ligand, with the plausible intermediates A,
B and C referring also to a shift of the formed oximate
ligand from C, N to N, O binding to rhenium. The formation
of the bent NO species A gains support from the reaction of
a related hydridodinitrosylbis(triphenylphosphine)rhenium
complex [Re(H)(NO)2ACHTUNGTRENNUNG(PPh3)2] with HCl, resulting in the
corresponding dichloro–nitroxyl complex [Re(Cl)2ACHTUNGTRENNUNG(NH=
O)(NO) ACHTUNGTRENNUNG(PPh3)2],


[11] in which a primary nucleophilic attack
of Cl� is followed by protonation of one of the bent nitrosyl
ligands. Another related example is the recently reported re-
action of the cationic dinitrosyl complex [Re(NO)2ACHTUNGTRENNUNG(PR3)2]


+


with phenylacetylene, yielding the {1-[(aminooxy)methyl]-
vinyl}benzene complexes [ReACHTUNGTRENNUNG(C�CPh) ACHTUNGTRENNUNG(CH=
C(Ph)ONH)(NO) ACHTUNGTRENNUNG(PR3)2], for which R = Cy or iPr. This is
among other steps thought to proceed with initial acetylene
attack on rhenium and proton transfer to the bent NO.[12]


In a further step, either a 1,3-dipolar cycloaddition, a
[2+3] cycloaddition or a pericyclic heteroene-type reaction
between the azaketenate ligand in C and an acetonitrile
molecule could take place. 1,3-Dipolar cycloadditions are
known from organic nitrones and nitriles. This would lead to
an [(amido) ACHTUNGTRENNUNG(phenyl)methyl]ethanimidato ligand in inter-
mediate G. If a [2+3] cycloaddition occurs, a 5-methyl-3-
phenyl-1,2,4-oxadiazol-2(3H)-yl complex F would be gener-
ated, which is analogous to reactions of nitrones with nitriles
observed in the ligand sphere of platinum–benzonitrile com-
plexes [Pt(Cl)2ACHTUNGTRENNUNG(N�CPh)2].[13] However, transformations
giving intermediates F or G can be ruled out, as these inter-
mediates could hardly be transformed in simple steps into


Figure 1. Molecular structure of 4b (50% probability displacement ellip-
soids). The hydrogen atom H3 was refined isotropically. The [BArF4]


�


counterion and all hydrogen atoms, with exception of H3 and those of
the isopropyl groups, have been omitted for clarity. Selected bond lengths
(M) and angles (8): Re1�N1 1.763(3), Re1�N2 2.088(3), Re1�N3
2.074(3), Re1�O2 2.064(2), O2�C21 1.294(4), C21�N4 1.321(4), N4�C23
1.373(4), C23�N3 1.307(4); N3-Re1-O2 82.70(10).
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the identified benzonitrile ethaneimidate complexes 3a and
3b. Although intermediate F would mark a dead end in the
reaction sequence, intermediate G could be envisaged to be
converted directly into 4a and 4b by a simple proton shift.
This is not observed, therefore, a pericyclic heteroene-type
reaction between the azaketenate ligand in C and an aceto-
nitrile molecule (see Scheme 1) is anticipated to be the most
plausible route for the transformation of C into 3a and
3b.[14, 15] The conversion of 3a and 3b into 4a and 4b in-
volves a nucleophilic attack of the imino group onto the
Cbenzonitrile followed by a proton migration.
DFT analysis : To support the mechanism of the transfor-


mation of 2a and 2b into 3a and 3b and the subsequent for-
mation of the (1Z)-N-[iminoACHTUNGTRENNUNG(phenyl)methyl]ethanimidate
complexes 4a and 4b, given in Scheme 1, density functional
theory (DFT) calculations were carried out on PMe3-substi-
tuted model derivatives. These began with calculations on
the [Re{CH ACHTUNGTRENNUNG(C6H5)}(NO)2ACHTUNGTRENNUNG(PMe3)2]


+ complex 2-Me and re-
vealed that the LUMO of this cationic species is composed
mainly of dominating pbenzylidene character and the in-phase
p* combination of the NO groups (Figure 2). The second


unoccupied molecular orbital (0.95 eV higher in energy than
the LUMO) is similar in shape to the LUMO with NO p*-
orbital contribution, but in contrast to the LUMO, there is a
further strong out-of-phase rhenium d-orbital character.
These empty frontier orbitals signal the electrophilic charac-


ter of 2a and 2b, which facilitates the nucleophilic attack of
any Lewis base. A frontier-orbital-controlled nucleophilic
attack of acetonitrile could, therefore, be envisaged to occur
either on the Re centre to form the octahedral intermediate
A-Me or on the Ccarbene atom leading alternatively to the ni-
trilium ylid complex A’-Me. The alternative attack on a NO
p* orbital would be expected to establish a thermodynami-
cally weak N�N bond. In accord with this, such a reaction
step is not precedented by literature reports.
The two isomers A-Me and A’-Me are relatively close in


energy; A-Me is favoured over complex A’-Me by only
DE0=++6.0 kcalmol�1 (calculated DDG=++5.2 kcalmol�1).
The computed energy differences DEe (classical electronic
energies computed at the mPW1PW91 level), DE0 (DE0=
DEe+D ACHTUNGTRENNUNG(ZPE)), DEsol (DEPCM+D ACHTUNGTRENNUNG(ZPE), in which DEPCM rep-
resents the relative electronic energies after PCM solvation
correction) and DG (relative Gibbs free energy) of all opti-
mised species relative to the energetics of 2-Me are given in
Table 1. The coordination of the acetonitrile to the rhenium


centre is energetically slightly downhill (�3.0 kcalmol�1)
and induces bending of both M-N-O moieties (139.4 and
141.88) in A-Me and, thus, enforces NO to act as a one-elec-
tron ligand (Figure 3). The bent nitrosyl ligands were found
to be further stabilised by weak hydrogen-bonding interac-
tions with the hydrogen atom of the carbene ligand and with
one ortho-hydrogen atom of the phenyl ring (N···H=2.73
and 2.34 M, respectively). These relatively short N···H con-
tacts witness additional energetic stabilisation of isomer A-
Me, so that it becomes more stable than A’-Me. However,
species A’-Me appears to be located on a nonproductive
pathway, making its existence in equilibrium plausible, but
not allowing further transformation.


Figure 2. Shapes and phases of the LUMO (top) and the SUMO
(bottom) of the cationic model complex [Re ACHTUNGTRENNUNG(=CHPh)(NO)2 ACHTUNGTRENNUNG(PMe3)2]


+ 2-
Me.


Table 1. Computed relative energies[a] [kcalmol�1] and lowest harmonic
frequencies [cm�1] of the species studied.


Complex DEe DE0 DEsol DG nmin


2-Me 0.0 0.0 0.0 0.0 +27.5
A-Me �3.5 �3.0 �0.2 +9.3 +9.5
A’-Me +0.8 +3.0 +1.8 +14.5 +14.0
TS1 +20.1 +20.9 +23.7 +32.9 �183.8
B-Me �13.0 �10.5 �8.5 +1.7 +25.9
TS2 �0.1 +1.8 +3.5 +14.7 �176.2
C-Me �51.9 �49.0 �46.5 �37.5 +20.5
3-Me �107.2 �102.1 �95.8 �77.7 +16.8
D-Me �118.2 �111.8 �107.4 �85.9 +16.4
4-Me �131.3 �124.4 �118.2 �100.6 +12.6


2-Me 0.0 0.0 0.0 0.0 +27.5
TS1’ +42.8 +42.2 +42.1 +42.0 �307.7
B’-Me +22.1 +23.2 +22.0 +23.9 +31.8
E-Me +8.9 +11.7 +16.5 +34.3 +14.4
F-Me �44.2 �39.1 – �13.6 +20.4


[a] Definitions of the energetics are: DEe, classical relative electronic en-
ergies computed at the mPW1PW91 level; DE0=DEe+DACHTUNGTRENNUNG(ZPE); DEsol=
DEPCM+D ACHTUNGTRENNUNG(ZPE), for which DEPCM is the relative electronic energy after
PCM solvation correction; DG, relative Gibbs free energy.
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In A-Me, in contrast to 2-Me, the NNO atoms come closer
to the Ccarbene atom, preparing the complex for carbene/NO
coupling (Figure 4).


In the fashion of a migratory insertion, this corresponds
to a nucleophilic attack of one of the bent nitrosyl nitrogen
atoms on the carbene carbon atom being exothermic by
DDE0=�7.5 kcalmol�1, and leads to the C-nitroso complex
B-Me (DE0=�10.5 kcalmol�1) with a significant calculated
barrier of DDE0


�=++23.9 kcalmol�1 (TS1). Thus, TS1 repre-
sents the highest energetic point on the reaction pathway
and sets the barrier for the whole process from 2-Me to 4-
Me (20.9 kcalmol�1 above 2-Me). Views of the DFT-opti-
mised structures of B-Me and of the transition state TS1 are
given in Figure 5.
The N1-Re-N3 bond angle increases by 148 upon progres-


sion from A-Me to TS1 and the carbene ligand moves by
about 308 from its trans position (C1-Re-N3=159.58 for


TS1). In the DFT-optimised structures of A-Me, TS1 and B-
Me the changes in the intermolecular distances N1�C1 of
2.87, 2.19 and 1.41 M, respectively, reveal a relatively early
transition state for the coupling process. The product B-Me
may be best described as an azaketene ligand that can rear-
range from C=N metal binding (B-Me, �10.5 kcalmol�1) to
N=O coordination (C-Me, �49.0 kcalmol�1). Such an iso-
merisation process seems plausible, as a large number of
stable oximate complexes with N,O attachment are
known.[16] The isomerisation is accompanied by only a small
activation barrier of TS2 (DDE0


�=++12.3 kcalmol�1), but is
very exothermic, with DDE0=�38.5 kcalmol�1. The opti-
mised h1-structure of TS2 (Figure 5) reveals a very long Re�
C1 distance of 2.78 M with the C1 atom almost sp2 hybri-
dised.
The heteroene-type reaction step includes the cleavage of


the NO bond, previously elongated and weakened by inter-
action of the oxygen atom with the metal centre (N�O=


1.23 and 1.35 M for B-Me and C-Me, respectively). The
model complex 3-Me is tremendously stabilised in energy
relative to all previous key intermediates: the mass-balanced
relative energies are DE0=�102.1 kcalmol�1 with respect to
2-Me and DDE0=�53.1 kcalmol�1 with respect to C-Me.
The rhenium centre is in a stable pseudooctahedral environ-
ment and the two trans nitrile ligands in 3-Me contribute
strongly to the high stability of the complex. The slow trans-
formation of 3a and 3b into 4a and 4b can be considered as
a nucleophilic attack of the imino function on the carbon
atom of the benzonitrile ligand accompanied by a prototrop-
ic rearrangement of the imino proton. Both these processes
have been simulated, leading successively from 3-Me to D-
Me and from D-Me to 4-Me, and have been calculated to be
exothermic by 9.7 and 12.6 kcalmol�1, respectively.
Alternatively, the NO insertion was also studied, starting


directly from 2-Me instead of A-Me, eliminating any influ-
ence of acetonitrile in the coordination sphere. The relative
energies of the optimised stationary points TS1’ and B’-Me
(for geometries, see Figure S1 in the Supporting Informa-
tion) corresponding to the first step of the insertion revealed
an energetically unfavourable pathway. The acetonitrile-free
analogue of B-Me, B’-Me, is higher in energy by DE0=
+23.2 kcalmol�1 and its formation has a much higher ener-
getic barrier of DE0


�=++42.2 kcalmol�1 (TS1’). Although
these computational results for the PMe3 model systems
strongly support the given mechanism of Scheme 1, alterna-
tive reaction pathways cannot be excluded completely.
Indeed, the first step after addition of an acetonitrile mole-
cule to 2a and 2b would be rate determining. Therefore,
evaluation of alternatives to the TS1 route would be appro-
priate. For instance attack of an acetonitrile molecule on the
metal centre of A’-Me or on the carbene ligand of A-Me
are conceivable. The energy difference between these iso-
mers could actually be reduced from DE0=6.0 kcalmol


�1 to
DEsol=2.0 kcalmol


�1 by applying a solvation model. Both
reactions would result in the same product E-Me (Figure 6).
Interestingly, a simple rotation of the alkyl group, during
which the acetonitrile approaches the equatorial plane,


Figure 3. DFT-optimised structures and relative energies of the model
complexes A-Me and A’-Me. Important geometrical parameters are as
follows. A-Me: Re�C1=1.96, N1···C1=2.87 M; Re-N1-O1=139.4, Re-
N2-O2=141.8, N1-Re-C1=94.1, N2-Re-C1=101.58. A’-Me: Re�C1=
2.30 M; N1-Re-C1=116.7, N2-Re-C1=121.78.
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could lead to a direct migration of one NO group onto the
carbon atom of the nitrilium unit core to form the 5-mem-
bered ring species F-Me (Figure 6).
According to the calculated energy of F-Me (DE0=


�39.1 kcalmol�1), the formation of this species would be
plausible, but its involvement in the mechanism can be ruled
out for several reasons. Chemically, the final product 4
would necessitate a nucleophilic attack of the nitrogen atom
on the weakly metal-bound carbon atom across the ring
system, leading to a four-membered heterocycle. Such a re-
action step would generate a highly strained ligand system,
which would require the elimination of acetonitrile from the
heterocycle in a further step to generate B-Me, and is, there-
fore, unlikely. Furthermore, due to its relative thermody-
namic stability, F-Me would mark a thermodynamic drop in
this reaction sequence and one would expect to be able to
detect intermediates of this kind. However, our spectroscop-
ic analysis revealed no such intermediates, rather, the
almost quantitative formations of 3a and 3b and 4a and 4b
were detected. Finally, the calculations revealed that the co-
ordination of a second acetonitrile molecule is energetically
unfavourable at A-Me by 14.7 kcalmol�1 and at A’-Me by
8.7 kcalmol�1. The calculated energies, including solvation,
even raise these energies to 16.7 and 14.7 kcalmol�1, respec-


tively. Furthermore, the Gibbs free energy of E-Me is
+34.3 kcalmol�1, which is calculated to be even higher than
the Gibbs free energy of +32.9 kcalmol�1 calculated for
TS1, the first transition state of the NO insertion pathway
described. Thus, we can assume that the alternative-pathway
species, such as F-Me, cannot be formed during the reaction,
as coordination of a second acetonitrile molecule is less fa-
vourable.


Conclusion


We describe a unique reaction sequence in the ligand sphere
of complexes 2a and 2b, in which a coordinated nitrosyl
ligand, a carbene unit and an acetonitrile molecule were
transformed into a (1Z)-N-[iminoACHTUNGTRENNUNG(phenyl)methyl]ethan-
ACHTUNGTRENNUNGimidate ligand. Experimental observations with concomitant
DFT calculations allowed us to describe this unique reaction
sequence on a mechanistic level, and confirmed that the
pathway first involved the direct migratory insertion of the
nitrosyl ligand into the benzylidene ligand, leading to a
short-lived oximate species. In a further step, a pericyclic
heteroene-type reaction between the azaketenate ligand in
C and an acetonitrile molecule is anticipated to yield direct-


Figure 4. Calculated reaction pathway with electronic energies (DE0 in kcalmol
�1) relative to compound 2-Me taken as reference.
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ly the complexes 3a and 3b. The conversion of 3a and 3b
into 4a and 4b involves a nucleophilic attack of the imino
group onto the Cbenzonitrile, followed by a 1,2-H shift.


Experimental Section


General : All synthetic operations were conducted in oven-dried glass-
ware by using a combination of glovebox (M. Braun 150B-G-II), high
vacuum, and Schlenk techniques under dinitrogen atmosphere. Solvents
were freshly distilled under N2 by employing standard procedures and
were degassed by freeze-thaw cycles prior to use. [D2]MeCl2 was pur-
chased from Armar, stored in a Schlenk tube (Teflon tap) over P4O10, dis-
tilled and degassed prior to use. All chemicals were purchased from Al-
drich or Fluka. Unless otherwise stated, all reagents were used without
further purification. [Re ACHTUNGTRENNUNG{=CHACHTUNGTRENNUNG(C6H5)}(NO)2 ACHTUNGTRENNUNG(PR3)2][B ACHTUNGTRENNUNG{m-C6H3 ACHTUNGTRENNUNG(CF3)2}4]
was prepared by following published methods.[9]


Physical measurements : Elemental analyses were performed by using a
Leco CHNS-932 analysator at the University of ZFrich, Switzerland. 1H,
13C, 31P{1H} and 15N NMR data were recorded by using a Bruker Avance
DRX500 spectrometer. Chemical shifts are expressed in parts per million


Figure 5. DFT-optimised structures and relative energies of TS1, B-Me
and TS2. Important geometrical parameters are as follows. TS1: Re�
C1=2.10, Re�N1=2.02, Re�N2=1.81, N1�O1=1.19, N1···C1=2.19 M;
Re-N1-O1=144.8, N1-Re-C1=64.4, N2-Re-C1=99.2, N3-Re-C1=
159.58. B-Me: Re�C1=2.25, Re�N1=2.02, Re�N2=1.78, N1�C1=1.41,
N1�O1=1.23 M; Re-N1-O1=140.1, N1-Re-C1=38.08. TS2 : Re···C1=
2.78, Re�N1=2.10, Re�N2=1.78, N1�C1=1.33, N1�O1=1.27 M; Re-
N1-C1=106.1, Re-N1-O1=115.28.


Figure 6. DFT-optimised structures and relative energies of E-Me and F-
Me. Important geometrical parameters are as follows. E-Me: Re�C1=
2.27, Re�N1=1.93, Re�N2=1.88, N1�O1=1.20, N2�O2=1.19 M; Re-
N1-O1=141.0, Re-N2-O2=146.68. F-Me: Re�C1=2.38, Re�N1=2.11,
Re�N2=1.79, N1�O1=1.28, N1�C5=1.34, C5�N4=1.35, C1�N4=
1.31 M; Re-C1-H1=51.1, Re-N1-O1=120.7, N1-Re-C1=72.18.
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(ppm) referenced to CD2Cl2 or [D5]C6H5Cl. All chemical shifts for
31P{1H} NMR data are reported downfield in ppm relative to external
85% H3PO4 at 0.0 ppm. Signal patterns are reported as follows: s, singlet;
d, doublet; t, triplet; m, multiplet; br, broad. Processing and analyses of
the spectra were performed by using Bruker XWINNMR software. IR
spectra were obtained by using KBr pellets or ATR methods with a Bio-
Rad FTS-45 FTIR spectrometer.


Preparation of [Re ACHTUNGTRENNUNG(NCCH3){NC ACHTUNGTRENNUNG(C6H5)}(NO){OC ACHTUNGTRENNUNG(CH3)=NH} ACHTUNGTRENNUNG(PR3)2][B-
ACHTUNGTRENNUNG{m-C6H3 ACHTUNGTRENNUNG(CF3)2}4] with R = Cy (3a) and R = iPr (3b): Approximately
15 mL of acetonitrile was added to a solution of about �50 mg of 2
(�0.03 mmol) in 1 mL of methylene chloride and kept at �30 8C for 24 h.
The colour turned from dark-red to orange. After the disappearance
(monitored by 31P{1H} NMR spectroscopy) of 2, the solvent was removed
under vacuum and the residue was washed with pentane (3Q10 mL) and
dried under vacuum. Yield 40.2 mg (90% for 3a) and 45.2 mg (90% for
3b).


Data for 3a : 1H NMR (CD2Cl2, 25 8C): d=7.75–7.50 (m, 5H; NC ACHTUNGTRENNUNG(C6H5)),
4.14 (br s, 1H; OC ACHTUNGTRENNUNG(CH3)=NH), 2.94 (s, 3H; NCCH3), 2.34–1.92 (m, 66H;
P ACHTUNGTRENNUNG(C6H11)3), 1.92 ppm (s, 3H; OCACHTUNGTRENNUNG(CH3)=NH);


13C{1H} NMR (CD2Cl2,
25 8C): d=177.4 (s, OC ACHTUNGTRENNUNG(CH3)=NH), 139.0 (s, NCCH3), 141.3, 132.0, 129.9,
126.2 (s, NCACHTUNGTRENNUNG(C6H5)), 110.0 (s, NC ACHTUNGTRENNUNG(C6H5)), 28.2 (s, OC ACHTUNGTRENNUNG(CH3)=NH) 34.6
(pseudo-t, JPC=10 Hz, P ACHTUNGTRENNUNG(C6H5)), 29.2, 27.9, 26.3 (s, P ACHTUNGTRENNUNG(C6H5)), 5.3 ppm (s,
NCCH3);


31P{1H} NMR (CD2Cl2): d=�2.8 ppm (s, P ACHTUNGTRENNUNG(C6H11)3);
15N NMR


(CD2Cl2, 25 8C): d=�213.4 (s, NCCH3), �250.0 ppm (s, OC ACHTUNGTRENNUNG(CH3)=NH);
IR (KBr): ñ=2270 (w, NC), 2229 (w, NC), 1704 cm�1 (s, NO); elemental
analysis calcd (%) for C79H90BF24N4O2P2Re: C 51.50, H 4.92, N 3.04;
found: C 51.81, H 5.19, N 2.64.


Data for 3b : 1H NMR (CD2Cl2, 25 8C): d=7.67–7.44 (m, 5H; NC ACHTUNGTRENNUNG(C6H5)),
4.15 (br s, 1H; OC ACHTUNGTRENNUNG(CH3)=NH), 2.90 (s, 3H; NCCH3), 2.56 (m, 6H; P{CH-
ACHTUNGTRENNUNG(CH3)2}), 1.85 (s, 3H; OC ACHTUNGTRENNUNG(CH3)=NH), 1.29 ppm (m, 36H; P{CH ACHTUNGTRENNUNG(CH3)2});
13C{1H} NMR (CD2Cl2, 25 8C): d=177.8 (s, OCACHTUNGTRENNUNG(CH3)=NH), 138.9 (s,
NCCH3), 140.78, 132.2, 129.6, 126.4 (s, NC ACHTUNGTRENNUNG(C6H5)), 109.4 (s, NC ACHTUNGTRENNUNG(C6H5)),
27.9 (s, OCACHTUNGTRENNUNG(CH3)=NH) 24.0 (pseudo-t, JPC=11 Hz, P{CH ACHTUNGTRENNUNG(CH3)2}), 19.0,
18.0 (s, P{CH ACHTUNGTRENNUNG(CH3)2}), 5.1 ppm (s, NCCH3);


31P{1H} NMR (CD2Cl2): d=
6.12 ppm (s, P{CH ACHTUNGTRENNUNG(CH3)2});


15N NMR (CD2Cl2, 25 8C): d=�215.0 (s,
NCCH3), �250.3 ppm (s, OC ACHTUNGTRENNUNG(CH3)=NH); IR (KBr): ñ=2271 (w, NC),
2228 (w, NC), 1697 cm�1 (s, NO); MS (FAB): m/z (%): 980.0 (18) [M]+ ,
939.0 (23) [M+�NCCH3], 897.9 (7) [M


+�2NCCH3], 876.9 (235) [M
+


�NCPh], 835.8 (34) [M+�NCCH3, NCPh], 699.6 (10) [M
+�PCy3], 658.6


(100) [M+�NCCH3, PCy3], 596.5 (62) [M
+�NCPh, PCy3], 553.5 (100)


[M+�NCCH3, NCPh, PCy3], 512.0 (24) [M
+�2NCCH3, NCPh, PCy3]; el-


emental analysis calcd (5) for C61H65BF24N4O2P2Re: C 45.76, H 4.10, N
3.50; found: C 46.02, H 4.09, N 3.22.


Preparation of [Re ACHTUNGTRENNUNG(NCCH3)(OC ACHTUNGTRENNUNG{CH3}NNH ACHTUNGTRENNUNG{C6H5})(NO) ACHTUNGTRENNUNG(PR3)2] with R
= Cy (4a) and R = iPr (4b): A solution of about �50 mg of 2
(�0.03 mmol) in 20 mL of methylene chloride was stirred at RT for two
days. After completion of the reaction (monitored by 31P{1H} NMR spec-
troscopy), the solvent was removed under vacuum. After removal of the
solvent under reduced pressure, the residue was washed with pentane
(3Q20 mL) and dried under vacuum. Yield 43.6 mg (95% for 4a) and
49.6 mg (>99% for 4b).


Data for 4a : 1H NMR (CD2Cl2, 25 8C): d=8.76 (br s, 1H; NH=C-
ACHTUNGTRENNUNG(C6H5)N=C ACHTUNGTRENNUNG(CH3)O), 7.85–7.54 (m, 5H; NH=C ACHTUNGTRENNUNG(C6H5)N=C ACHTUNGTRENNUNG(CH3)O), 2.89
(s, 3H; NCCH3), 2.36 (s, 3H; NH=CACHTUNGTRENNUNG(C6H5)N=C ACHTUNGTRENNUNG(CH3)O), 2.10–1.05 ppm
(m, 66H; P ACHTUNGTRENNUNG(C6H11)3);


13C{1H} NMR (CD2Cl2, 25 8C): d=176.9 (s, NH=
ACHTUNGTRENNUNG(C6H5)N=C ACHTUNGTRENNUNG(CH3)O), 163.6 (s, NH=C ACHTUNGTRENNUNG(C6H5)N=C ACHTUNGTRENNUNG(CH3)O), 141.3 (s,
NCCH3), 140.9, 131.9, 129.1, 126.7 (s, NH=C ACHTUNGTRENNUNG(C6H5)N=C ACHTUNGTRENNUNG(CH3)O), 34.6
(pseudo-t, JPC=10 Hz, P ACHTUNGTRENNUNG(C6H11)3), 29.8 (s, NH=CACHTUNGTRENNUNG(C6H5)N=C ACHTUNGTRENNUNG(CH3)O),
29.5, 28.2, 26.5 (s, P ACHTUNGTRENNUNG(C6H11)3), 4.9 ppm (s, NCCH3);


31P{1H} NMR
(CD2Cl2, 25 8C): d=3.9 ppm (s, P ACHTUNGTRENNUNG(C6H11)3);


15N NMR (CD2Cl2, 25 8C):
d=�207.9 (s, NCCH3), �163.5 ppm (s, NH=C ACHTUNGTRENNUNG(C6H5)N=C ACHTUNGTRENNUNG(CH3)O); IR
(ATR): ñ=2271 (w, NC), 1696 cm�1 (s, NO); elemental analysis calcd for
C79H90BF24N4O2P2Re: C 51.50, H 4.92, N 3.04: found: C 51.25, H 5.03, N
2.86.


Data for 4b : 1H NMR (CD2Cl2, 25 8C): d=8.78 (br s, 1H; NH=C-
ACHTUNGTRENNUNG(C6H5)N=C ACHTUNGTRENNUNG(CH3)O), 7.78–7.46 (m, 5H; NH=C ACHTUNGTRENNUNG(C6H5)N=C ACHTUNGTRENNUNG(CH3)O), 2.94
(s, 3H; NCCH3), 2.38 (m, 6H; P{CH ACHTUNGTRENNUNG(CH3)2}3), 2.30 (s, 3H; NH=C-
ACHTUNGTRENNUNG(C6H5)N=C ACHTUNGTRENNUNG(CH3)O), 1.27 ppm (m, 36H; P{CH ACHTUNGTRENNUNG(CH3)2}3);


13C{1H} NMR


(CD2Cl2, 25 8C): d=177.1 (s, NH=ACHTUNGTRENNUNG(C6H5)N=C ACHTUNGTRENNUNG(CH3)O), 164.0 (s, NH=C-
ACHTUNGTRENNUNG(C6H5)N=C ACHTUNGTRENNUNG(CH3)O), 140.9 (s, NCCH3), 135.2, 131.8, 129.3, 126.7 (s, NH=
C ACHTUNGTRENNUNG(C6H5)N=CACHTUNGTRENNUNG(CH3)O), 29.6 (s, NH=C ACHTUNGTRENNUNG(C6H5)N=C ACHTUNGTRENNUNG(CH3)O), 24.4 (pseudo-
t, JPC=12 Hz, P{CH ACHTUNGTRENNUNG(CH3)2}3), 19.3, 19.1 (s, P{CH ACHTUNGTRENNUNG(CH3)2}3), 4.7 ppm (s,
NCCH3);


31P{1H} NMR (CD2Cl2, 25 8C): d=12.1 ppm (s, P{CH ACHTUNGTRENNUNG(CH3)2}3);
15N NMR (CD2Cl2, 25 8C): d=�209.4 (s, NCCH3), �163.9 ppm (s, NH=C-
ACHTUNGTRENNUNG(C6H5)N=C ACHTUNGTRENNUNG(CH3)O); IR (ATR): ñ=2273 (w, NC), 1691 cm


�1 (s, NO); el-
emental analysis calcd (%) for C61H65BF24N4O2P2Re: C 45.76, H 4.10, N
3.50; found: C 46.15, H 4.49, N 3.45.


X-ray structure analysis of 4b : Crystals of 4b protected in hydrocarbon
oil were selected for X-ray analysis by using a polarising microscope. A
crystal of good quality was mounted on the tip of a glass fibre and was
immediately transferred to the goniometer of an imaging-plate-detector
system (Stoe IPDS diffractometer), in which it was cooled to 123(2) K by
using an Oxford Cryogenic System. The crystal-to-image distance was set
to 50 mm (qmax=30.268). The f-rotation scan mode was applied for data
collection. For the cell parameter refinement, 7998 reflections were se-
lected from the whole limiting sphere. A total of 56724 diffraction inten-
sities were collected,[17] of which 18321 were unique (Rint=0.0510) after
data reduction. A numerical absorption correction[18] based on ten crystal
faces was applied with FACEitVIDEO and XRED.[17] The structure was
solved by direct methods in the noncentrosymmetric space group P1 by
using the program SHELXS-97.[19] A centre of symmetry was detected by
examination of the crystal packing in the three main directions of the
unit cell : the atomic parameters had to be shifted by a=0.372, b=0.023
and c=0.08 M. Interpretation of the difference Fourier maps, preliminary
plot generations and checking for higher symmetry were performed by
using PLATON[20] and the implemented program LEPAGE.[21] The re-
finement (SHELXL-97)[22] was continued in space group P1̄ by using ani-
sotropic displacement parameters for all non-hydrogen atoms. Positions
of hydrogen atoms were calculated after each refinement cycle (riding
model), except for the imine hydrogen atom H3, which was found in a
difference electron-density map and was refined with isotropic displace-
ment parameters. The structural plot (Figure 1) was generated by using
ORTEP.[23]


Computational details : All geometry optimisations, vibrational frequency,
zero-point and single-point energy calculations were performed with the
Gaussian03 program package[24] by using the hybrid mPW1PW91 func-
tional, which includes modified Perdew–Wang exchange and Perdew–
Wang 91 correlation,[25] in conjunction with the Stuttgart/Dresden ECPs
(SDD) basis set[26] for the Re centre, the standard 6–31G basis set[27] for
the hydrogen atoms, and the polarised 6–31G(d) basis set[28] for the re-
maining atoms. Pure basis functions (5d, 7f) were used in all calculations.
Geometries were fully optimised without symmetry constraints and tran-
sition-state structures were obtained by using the QST2 procedure.[29]


The nature of the optimised structures, either minima or transition states,
was verified by frequency calculations at the same level. These frequency
analyses also provided the zero-point energy correction to convert the
total energies Ee to ground state energies E0, the thermal corrections to
the total energy, enthalpy and Gibbs free energy (all of which include the
zero-point energy). The solvent effect was investigated by single-point
calculations on the optimised gas-phase geometries for all the intermedi-
ates and transition states by using the CPCM model,[30] which is an imple-
mentation of the conductor-like screening solvation model COSMO[31] in
Gaussian03. Benzene was chosen as solvent (dielectric constant e=


2.247) with UAKS radii for the respective atoms (Re, P, O, N, C, H). The
single-point total energies were also corrected with the gas-phase zero-
point energies (Esol).


CCDC 299908 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Ethylene Oligomerisation and Polymerisation with Nickel
Phosphanyl ACHTUNGTRENNUNGenolates Bearing Electron-Withdrawing Substituents:
Structure–Reactivity Relationships
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Introduction


The use of late transition-metal complexes as single-site eth-
ylene-oligomerisation and -polymerisation catalysts was first
achieved industrially in the early 1970s through employing
in situ generated phosphanylenolato–nickel complexes for
the selective production of linear a-olefins (SHOP pro-
ACHTUNGTRENNUNGcess).[1–4] Since then, the interest in such complexes as cata-
lysts for the production of polyolefins has continually in-
creased.[5–8] Regarding polymerisation reactions, late transi-


tion-metal complexes present several advantages over the
classical group IV metal catalysts, including easy complex
synthesis, low cost for the preparation of the first-series-
metal-derivatives, low environmental impact, functional-
group tolerance.[9] Nowadays, their development is driven by
three main goals: 1) the selective production of C4–C10
a-olefins, for which the demand for copolymerisation pur-
poses is growing rapidly;[10] 2) the production of ethylene/
polar-monomer copolymers, which represent one of the
most promising areas of development in the polyolefin in-
dustry;[11–13] 3) the production of polymer lattices (i.e. ,
stable, colloidal aqueous dispersions of polymer particles)
through aqueous-emulsion polymerisation under mild condi-
tions.[14]


The SHOP catalysts (A),
which contain anionic, phospha-
nylenolato chelates, proved to
be suited for all these purposes.
Although such complexes, if
used without any additive, usu-
ally function as ethylene-oligo-
merisation catalysts, their com-
bination with a phosphine scavenger (e.g., [NiACHTUNGTRENNUNG(cod)2] (cod=
1,5-bis(cyclooctadiene))), allowing removal of the neutral
phosphine ligand (PR’3 in A) results in a polymerisation cat-


Abstract: Three SHOP-type catalysts,
in which the C=C(O) double bond was
substituted by electron-withdrawing
substituents, [NiACHTUNGTRENNUNG{Ph2PC(R


1)=C(R2)O}-
ACHTUNGTRENNUNGPh ACHTUNGTRENNUNG(PPh3)] (2 : R1,R2 = �C(Me)=
NN(Ph)�; 3 : R1 = CO2Et, R


2 = Ph;
4 : R1 = CO2Et, R


2 = CF3), were as-
sessed as ethylene-oligomerisation and
-polymerisation catalysts and compared
to Keim>s complex, [NiACHTUNGTRENNUNG{Ph2PCH=
C(Ph)O}Ph ACHTUNGTRENNUNG(PPh3)] (1). A rationale for


the influence of the double-bond sub-
stituents of the P,O-chelate unit on the
catalytic properties is proposed, on the
basis of X-ray diffraction studies, spec-
troscopic data and DFT-B3LYP calcu-
lations. Whatever their relative elec-


tron-withdrawing strength, the R1 and
R2 substituents induce an increase in
activity with respect to catalyst 1. For
those systems in which the basicity of
the oxygen atom is decreased relative
to that of the phosphorus atom, the
chain-propagation rate increases with
respect to that for catalyst 1. Reduction
of the basicity of the P relative to that
of the O, however, induces higher
chain-termination rates.
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alyst.[15,16] The original SHOP catalysts, once deprived of the
unidentate phosphine ligand, displayed only modest activi-
ties in ethylene polymerisation. In fact, highly efficient sys-
tems may be obtained through modification of the P,O che-
lator. It appears that introduction of electron-withdrawing
substituents on the P,O backbone (which here are referred
to as “Z” substituents) significantly increases the rate of eth-
ylene polymerisation.[15–17] For example, complex B, which
contains a sulfonato substituent on the P�Ca carbon atom,
shows an activity, which under optimised conditions, is two
orders of magnitude higher than that of prototype 1.[15,16] In-
terestingly, the �SO3Na substituent of B further induces the


formation of polymer chains longer than those formed with
1 (if operating as a polymerisation catalyst). Careful exami-
nation of the literature reveals that the presence of Z sub-
stituents does not systematically result in higher polyolefins.
In a recent paper, we showed that the strongly electron-
withdrawing pyrazole ring of complex 2 causes a dramatic
shift in the polyolefin distribution towards the formation of
shorter olefins.[18] In fact, 2 is the only phosphanylenolato–
nickel complex that, under typical polymerisation conditions
(i.e., after removal of the neutral phosphine ligand), is able
to produce significant amounts of short oligomers with good
activities.[19,20] Note that the phosphanylacetato complex C
was found to behave similarly.[21,22] Intuitively, these obser-
vations suggest that the properties of SHOP catalysts con-
taining electron-poor P,O chelates are strongly dependent
on the way the Z group modifies the relative donor proper-
ties of the P and O atoms of the chelate, that is, to what
extent the basicity of the donor atoms is modified. To gain
greater insight into the intimate factors that govern the
properties of such complexes, we compared the structural
and catalytic properties of three phosphanylACHTUNGTRENNUNGenolato–nickel
complexes, namely 2–4, in which the two carbon atoms of
the P,O chelates are substituted by Z groups of unequal
strength (Scheme 1). Their catalytic properties were assessed
with respect to both ethylene oligomerisation and polymeri-
sation, and compared with those of 1. It is worth mentioning
that the chelating P,O ligands of 3 and 4 were recently as-
sessed by other authors, but only for polymerisation through


using in situ generated complexes.[17] We recently reported a
synthesis of 2, together with some preliminary catalytic re-
sults.[18]


Results


Synthesis of the complexes : The new complexes 3 and 4
were synthesised in good yields by reaction of [NiACHTUNGTRENNUNG(cod)2]
with the appropriate phosphorus ylide in the presence of
PPh3 (Scheme 2).


We found that this methodology, originally applied by
Keim for the preparation of 1 (starting from Y1, in which
R1= H, R2 = Ph),[4] could also be applied to the synthesis
of complex 2 by using the phosphorus ylide Y2. Neverthe-
less, the previously reported preparation of 2, which relies
on the sodium phosphanylpyrazolonate 5, requires fewer
synthetic steps and, in practice, gives readier access to 2.[18]


Complexes 3 and 4 could be isolated as dark-yellow crys-
tals upon slow diffusion of hexane into a toluene solution of
the complex. Addition of hexane to a concentrated toluene
solution of 4 precipitated a powder that spontaneously con-
verted to monocrystals upon standing. The two complexes
were characterised by elemental analysis, 1H, 31P and
13C NMR and X-ray analysis (see below). Both 31P NMR
spectra exhibit an AB system, with J(AB) values (276 Hz
(3) and 277 Hz (4)) in accord with trans-positioned phospho-
rus atoms (cf. 284 and 280 Hz for 1 and 2, respectively). On
going from 3 to 4, that is, upon replacement of Ph by a CF3
group, the charge distribution on the C=C double bond is
strongly perturbed, as can be seen from the chemical-shift
variations of the corresponding carbon atoms, Dd ACHTUNGTRENNUNG(Cb�P)=
�17.6 ppm, DdACHTUNGTRENNUNG(Ca�P)=++3.3 ppm. Owing to the conjugation
of the C=Oester bond with the C=C bond of the chelating
unit, the n ACHTUNGTRENNUNG(C=O)ester frequency (1670 cm


�1) of complex 3 is
lowered with respect to that of conventional, nonconjugated
esters. However, in keeping with the strong inductive effectScheme 1. The electron-poor Ni ACHTUNGTRENNUNG(P,O) complexes used in this study.


Scheme 2. Preparation of complexes 3 and 4 by using phosphorus ylides.
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of the CF3 group, which lowers the conjugation between the
C=C bond and the CO2 group, the carbonyl band of 4 ap-
pears at a higher wavenumber than in 3, namely 1699 cm�1.
The two IR spectra exhibit further strong, characteristic n-
ACHTUNGTRENNUNG(C=C)+n ACHTUNGTRENNUNG(C�O) combination bands, at 1459 cm�1 for 3 and
1517 cm�1 for 4. That of 3 is somewhat lower than expected
(cf. 1506 cm�1 for 1[23]), suggesting a structural distortion
within the PCCO arm (see below). The solid-state structures
of 3 and 4 were determined by single-crystal X-ray diffrac-
tion studies (Figures 1 and 2; for structural data see
Table 1). Together with that of 2, they constitute the only re-
ported structures of SHOP-type catalysts having an elec-
tron-deficient P,O chelate. Notably, the natural bond orbital
(NBO) charge analysis at the DFT-B3LYP/6-31G* level (see


Supporting Information) shows that the positive global
charge of the NiPCCO ring (+0.755 (3); +0.681 (4)) in both
complexes is considerably higher than in 1 (+0.478). For
comparison, the corresponding charge in 2 is +0.808.
As previously observed for 2,[18] the coordination environ-


ment of 3 deviates slightly from an ideal square-planar ge-
ometry. Thus, P(1) and P(2) lie on the same side of the
mean square-coordination plane, whereas C(12) and O(1)
are turned towards the other side of this plane (P(1)-Ni-
P(2)=161.78 ; C(6)-Ni-O(1)=�177.98). A similar “Td-ori-
ented” distortion was also found in 4 (P(1)-Ni-P(2)=170.38 ;
C(6)-Ni-O(1)=�170.68). Comparison of the structural data
of 1[4,24] and 3 shows that substitution of the enolate hydro-
gen atom of 1 by an ethoxycarbonyl group has only a minor
impact on the four bond lengths involving the nickel centre.
On the other hand, in keeping with the IR data discussed
above, the carbonyl group of 3 induces a lengthening of the
conjugated C(1)=C(2) bond with respect to 1 (Table 1). An
interesting feature of this complex is that the metallacyclic
unit deviates significantly from planarity (distance of P(1) to
the plane defined by Ni, O(1), C(1), C(2): 0.277(2) W). In
fact, the observed distortion results from an important steric
interaction between the carbonyl group and the neighbour-
ing phenyl ring, as revealed by the C(6)-C(1)-C(2)-C(3) tor-
sion angle of 22.78 (Figure 3).


Surprisingly, the presence of the CF3 group in 4 induces
only a slight lengthening of the Ni�Pchel and Ni�O bonds
with respect to those of 3 (Table 1). Nevertheless, the NBO
charge analysis shows that the negative charge on the
oxygen atom of the metallacycle undergoes a significant var-


iation, namely from �0.730 in 3
to �0.705 in 4 (cf. �0.781 in 1).
Moreover, the whole charge of
the nickel-bonded phenyl group
also decreases, going from
�0.391 to �0.377, whereas the
charge on each phosphorus
atom remains practically un-


Figure 1. Molecular structure of 3.


Figure 2. Molecular structure of 4.


Table 1. Selected structural data for complexes 1–4 (bond lengths [W], angles [8]).


Compound P�Cchelate C�O C=Cchelate Ni�PPh2 Ni�PPh3 Ni�O Ni�C P-Ni-O


1 ACHTUNGTRENNUNG(DAGBES)[a] 1.76(2) 1.30(2) 1.34(2) 2.154(4) 2.275(6) 1.89(1) 1.90(2) 88.0(4)
1 ACHTUNGTRENNUNG(PBZMNI)[a] 1.768 1.313 1.365 2.167 2.230 1.913 1.892 86.49
2 1.770(2) 1.296(2) 1.393(2) 2.210(1) 2.224(1) 1.955(1) 1.885(2) 89.33(6)
3 1.792(2) 1.295(2) 1.395(2) 2.168(1) 2.232(1) 1.907(1) 1.891(2) 85.99(4)
4 1.810(2) 1.286(2) 1.374(2) 2.1754(5) 2.2565(5) 1.921(1) 1.894(2) 85.56(4)


[a] DAGBES and PBZMNI differ in their space groups. Standard deviations are not available for PBZMNI.


Figure 3. Partial view of 3 showing the distortion about the C(1)=C(2)
double bond.
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changed. Thus, should 3 and 4 display important differences
in their catalytic behaviour, this could then be due to the
charge differences along the O-Ni-C(Ph) axis. As far as the
X-ray structure is concerned, the strong �I effect of the CF3
group is best exhibited in the C=C bond length of 4
(1.374(2) W), which is significantly shorter than the corre-
sponding bond length in 3 (1.395(2) W).
As reported in a preliminary work, the presence of the


electron-withdrawing pyrazolyl ring in 2 induces a marked
lengthening of both the Ni�P and Ni�O bonds. In this case,
the Ni�O and Ni�P bonds are 0.056 and 0.065 W longer, re-
spectively, than the corresponding bonds in 1, which indi-
cates that the electron-withdrawing effect of the pyrazolyl
ring of 2 is not only strong, but also nearly symmetrically
distributed over the P,O chelate. Interestingly, the charge of
the oxygen atom in 2, as well as that of the Pchel atom, are
almost identical to those of 1, as inferred from DFT calcula-
tions. We note, however, that the charge of the metallated
aryl ring has changed from �0.399 in 1 to �0.375 in 2, which
reflects the strong inductive effect of the pyrazolyl ring.
We have shown previously that the pyrozolonato complex


2 may undergo reductive elimination, both in solution and
in the solid state, resulting in formation of ylide Y2.[18] A
similar transformation was also observed for 4, but at a con-
siderably lower rate. Overall, the rate of reductive elimina-
tion varies in the order 2>4>3�1, that is, it follows the
same variation as the length of the Ni�Pchelate bond.


Ethylene oligomerisation : The catalytic tests were carried
out in toluene at 70 8C, at constant pressures, by using a 200-
mL glass reactor. For comparison, complex 1 was also tested
under these conditions. As expected, the complexes 2–4 cat-
alyse the oligomerisation of ethylene, producing, as with 1,
oligomers that are linear to 99%. The selectivity for a-ole-
fins, determined on the C4–C16 fraction (5-bar experiments),
is higher than 96% for complexes 1–3 and decreases, owing
to isomerisation, to 81% for complex 4 (Table 2, entries 1,
4, 7 and 10). The olefins are present in a Schulz–Flory distri-


bution.[25] The a values decrease significantly on going from
1 and 3 (a=0.92 and 0.93, respectively) to 2 and 4 (a=0.73
and 0.78, respectively), that is, strongly electron-withdrawing
Z groups favour the formation of shorter oligomers. The
shift towards shorter oligomers is remarkable in the case of
complex 2 (Figure 4). Thus, upon operating at 5 bar, the C4–


C16 fraction obtained with this complex represents approxi-
mately 73 wt% of the total amount of olefins produced
(Table 2, entry 4), whereas it represents only 15 wt% upon
using 1 under similar conditions. Interestingly, the ability of
complexes 2 and 4 to shift the product distribution towards
shorter olefins does not correlate with the observed reaction
rates. Indeed, these vary in the order 2<1<4<3, with com-
plex 3 operating seven times faster than 2 (Table 2, compare
entries 1, 4, 7, 10).
Thus, the factors that govern the activity and the product


distribution of SHOP-type catalysts containing electron-
poor chelators cannot be attributed solely to the electron-
withdrawing strength of the Z substituents. Recent work has
already shown that the outcome of ethylene oligomerisation
by SHOP catalysts markedly depends on the relative elec-
tronic (and steric) properties of the two PIII centres.[26–35]


Logically, an understanding of the intrinsic properties of the
Ni ACHTUNGTRENNUNG(P,O) metallacycles described in this work is required to
assess the catalytic systems lacking the PPh3 ligand. There-
fore, we decided to generate catalytic systems of the types
1a–4a (see next section). In keeping with a number of poly-
merisation studies on SHOP-type catalysts, we anticipated
that this approach would result in the formation of polyole-
fins of higher molecular weight.[16]


Ethylene polymerisation : Two methods were, a priori, avail-
able to generate in situ complexes of the types 1a–4a : a)
treatment of one of the complexes described above with a
phosphine scavenger, such as [Ni ACHTUNGTRENNUNG(cod)2] or [Rh ACHTUNGTRENNUNG(acac)-
ACHTUNGTRENNUNG(C2H4)2] (acac=acetylacetone); or b) reaction of the appro-
priate phosphorus ylide with [Ni ACHTUNGTRENNUNG(cod)2] in toluene. To get
catalytic systems that were rigorously PPh3-free, the latter
method was preferred (Scheme 3). The runs were carried


Table 2. Ethylene oligomerisation by using complexes 1–4 under a con-
stant ethylene pressure.[a]


Run Cat. P
ACHTUNGTRENNUNG[bar]


t
[h]


TOF[b] a[c] C2H4
consum. [g]


C4–C16
ACHTUNGTRENNUNG[wt%]


a-olefin[d]


ACHTUNGTRENNUNG[wt%]


1 1 5 1 15500 0.92 3.25 15.3 98.6
2 1 5 2 7500 0.92 3.15 15.3 98.3
3 1 5 0.5 29600 0.89 3.11 25.1 97.3
4 2 5 1 9700 0.73 2.04 72.5 95.9
5 2 5 2 6600 0.83 2.77 45.2 95.2
6 2 5 0.5 14400 0.69 1.51 80.2 96.2
7 3 5 1 68000 0.93 14.32 12.3 95.8
8 3 2.5 2 14800 0.87 6.23 31.9 92.3
9 3 2.5 1 27600 0.86 5.81 37.0 92.6
10 4 5 1 32600 0.78 6.87 60.2 81.5
11 4 2.5 1 26500 0.72 5.58 75.2 75.8


[a] 200-mL glass reactor filled with 7.5 mmol catalyst in 30 mL PhMe,
70 8C (external oil-bath temperature). [b] Turnover frequency, mol ACHTUNGTRENNUNG(C2H4)
per mol(Ni) per h. [c] Schulz–Flory parameter a=mol ACHTUNGTRENNUNG(Cn+2) per mol(Cn).
[d] For the C4–C16 fraction.


Figure 4. Ethylene oligomerisation. Product distribution by using cata-
lysts 1–4 (5 bar, 1 h).
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out under constant pressure and stopped after 0.5 h. The
temperature of the reaction was kept constant. The results
are summarised in Table 3.


These experiments revealed that the pyrazolone deriva-
tive 2a is the most-active catalyst, its performance slightly
surpassing that of 4a, which was previously regarded as the
most-active neutral, SHOP-derived polymerisation catalyst.
Overall, the activity of the complexes follows the order:
1a<3a<4a<2a. In other words, the higher the electron
deficiency of the P,O chelate, the higher the reaction rate.
For the three electron-poor systems 2a–4a, the maximum
activity was found for a reaction temperature of around
80 8C upon conducting the runs at 5 bar. The optimised ac-
tivity of 1a was not determined, but clearly requires temper-
atures greater than 90 8C. As expected, increasing the pres-


sure from 5 to 10 bar increases the activity of the catalysts
(Table 3, entries 4, 8, 12, 16).
The influence of the electron-withdrawing Z group(s) on


the chain length of the polyethylene is remarkable. Com-
pound 3a produces polyethylene characterised by a Mw


higher than that obtained with 1a (Table 3, entries 1 and 9),
whereas the chains produced with 2a and 4a are shorter.
Analysis by GC of the reaction solutions revealed that the
outcome of the 2a catalysis differs from all others, this cata-
lyst being the only one producing significant amounts of
light oligomers. Approximately 25 wt% of the oligomers
formed are soluble in methanol. In keeping with this obser-
vation, the polydispersity of the polymeric material obtained
after precipitation was lower than that of the polymer
formed with the three other catalysts (Table 3, entries 5–8).
The low values of the corresponding melting temperatures
(Tm) are also consistent with these findings.


Discussion


The results presented above clearly show that under “poly-
merisation conditions”, that is, in the absence of PPh3, the
P,O chelators substituted by electron-withdrawing groups
(2a–4a) gave catalysts that were all more active than system
1a. These findings do not correspond to the observations
made under oligomerisation conditions. Thus, complex 2
was found to be a little less active than 1, and 4 less active
than 3. Taking again 1 (or 1a) as a reference compound,
whatever the conditions used, the pyrazolonato ligand of 2/
2a and the CF3/CO2Et-substituted enolate of 4/4a shift the
product distribution towards compounds with lower molecu-
lar weights. In contrast, system 3a, in which the P,O chelate
is Ph/CO2Et-substituted, gave compounds with increased
molecular weight. Note, polymers with much higher molecu-
lar weights were obtained with the related Ph/SO3Na-substi-
tuted complex B reported by Klabunde et al.[16]


To understand the effects exerted by Z substituents, one
must consider the recent studies by Heinicke and Keim,
which showed that a selective increase in the basicity of the
Pchel atom increases the activity of the catalyst under poly-
merisation conditions.[32] This strongly suggests that the sys-
tematic activity increase observed with SHOP-catalysts
having Z-substituted P,O arms must arise from a decrease in
the basicity of the oxygen atom. The latter was shown, by
theoretical calculations, to induce an electron-density de-
crease along the ONiC(Ph) axis. This is also in line with the
recent calculations made by Ziegler for N,O-chelated Ni cat-
alysts, which showed that an electron-density decrease on
the O atom reduces the ethylene-insertion barrier.[36] Nota-
bly, the Ni�O bonds in 2 (1.955(1) W) and 4 (1.921(1) W),
which are the two complexes with the strongest electron-
withdrawing substituents and the highest activities, are sig-
nificantly longer than those of 3 (1.907(1) W) and 1
(1.89(1) W).
Furthermore, the electronic properties of the Pchel atom


markedly influence the product distribution.[32] By using


Table 3. Ethylene polymerisation by using in situ generated catalysts 1a–
4a.[a]


Run Cat. Cat.
ACHTUNGTRENNUNG[mmol]


P
ACHTUNGTRENNUNG[bar]


T[b]


[8C]
PE[c]


[g]
Activity[d] Mw


[e]


ACHTUNGTRENNUNG[gmol�1]
PDI[f] Tm


[g]


[8C]


1 1a 4 5 70 1.12 560 6600 2.5 127.0
2 1a 4 5 80 1.87 940 – – 126.7
3 1a 4 5 90 2.27 1140 3900 1.8 124.0
4 1a 2 10 80 2.83 2830 4100 1.8 127.4
5 2a 4 5 70 3.37


4.5[h]
1690
2200


1100 1.6 97.9


6 2a 4 5 80 3.46
4.4[h]


1730
2200


– – 96.2


7 2a 4 5 90 2.59
3.8[h]


1300
1900


1200 1.3 95.7


8 2a 2 10 80 3.81
4.3[h]


3810
4300


1500 1.5 98.1


9 3a 4 5 70 0.61 300 9500 2.0 129.7
10 3a 4 5 80 2.75 1370 – – 128.7
11 3a 4 5 90 2.37 1190 7100 1.9 127.8
12 3a 2 10 80 4.42 4420 8200 1.9 128.0
13 4a 4 5 70 2.96 1480 5200 1.9 124.5
14 4a 4 5 80 4.29 2150 – – 121.5
15 4a 4 5 90 4.27 2140 4300 1.8 119.6
16 4a 2 10 80 4.11 4110 4600 1.7 124.3


[a] Conditions: 100-mL stainless-steel autoclave, 20 mL PhMe, 0.5 h reac-
tion time, 10 equiv [Ni ACHTUNGTRENNUNG(cod)2]. [b] Temperature inside the autoclave.
[c] Polyethylene, after precipitation of the reaction mixture with 200 mL
MeOH/HCl. [d] Units, g per mmolcat. per h. [e] Determined by HT-SEC
versus polystyrene standard, uncorrected. [f] PDI (polydispersity index)=
Mw/Mn. [g] Measured by differential scanning calorimetry (DSC). [h] Total
amount of products, including soluble oligomers.


Scheme 3. In situ generation of the catalytic systems 1a–4a.
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phosphanylphenolato complexes, Heinicke et al. found that
replacement of the PPh2 moiety by PACHTUNGTRENNUNG(alkyl)2 groups favors
the formation of longer chains under polymerisation condi-
tions. The authors proposed that, with more-basic PR2
groups, the nickel becomes less electropositive and, accord-
ingly, the barrier for the b-elimination step is increased. This
suggests that, generally, the C�H activation occurs preferen-
tially in an intermediate having a cis-P,alkyl structure (ab-
breviated PXC


ACHTUNGTRENNUNG[n+2] in Scheme 4) rather than a trans-P,alkyl
structure (noted OXC ACHTUNGTRENNUNG[n+2]), that is, the hydride is formed on
the coordination site trans to the phosphorus atom. On the
other hand, in keeping with calculations made by Ziegler
for N,O-chelated complexes,[36] it seems reasonable to con-
sider that the ethylene-insertion barrier is lower for a com-
plex of the OXC[n] type than for a PXC[n] complex
(Scheme 4). Therefore, isomerisation of PXC[n] alkyl com-
plexes into OXC[n] complexes occurs, in general, before the
insertion step. Z groups that decrease the donor properties
of the P atom only should logically facilitate the b-elimina-


tion step in the intermediates of the PXC
ACHTUNGTRENNUNG[n+2] type (origi-


nating from a OXC[n]-type complex). If the Z group is also
able to decrease the basicity of the oxygen atom, then b-
elimination should also be favoured in OXC ACHTUNGTRENNUNG[n+2] structures.
One may envisage that in complexes in which the basicities
of both the P and O atoms have been considerably de-
creased, the b-CH activation process becomes favoured on
both coordination sites, trans to P and trans to O, and not
just trans to P. Overall, the role of Z groups exerting a
strong withdrawing effect on both coordinating atoms, as in
2, is to allow CH activation on two sites, which in turn in-
creases the probability of chain termination.
Complex 4a is an interesting case in which the CF3/CO2Et


couple exerts a larger influence on the oxygen atom than on
the Pchel atom (see above, structure of 4). Here, the distribu-
tion shift towards lower olefins is less pronounced than with
2a, as a consequence of the higher electron density on the
Pchel atom, which makes b-elimination in intermediates of
the PXC


ACHTUNGTRENNUNG[n+2] type somewhat less favorable. Nevertheless,
the rate of b-elimination re-
mains high, possibly because it
is strongly favored in the OXC-
ACHTUNGTRENNUNG[n+2]-type intermediates (the
position trans to the electron-
deficient O atom having a high
activation efficiency). One may
ask why catalyst 3a, whose ac-
tivity is comparable with that of
1a, results in polymers that are
longer than those obtained with
1a. It is likely that this relates
directly to the observed metal-
locycle puckering (see above)
induced by the steric interac-
tion between the neighbouring
phenyl and CO2Et groups. Elec-
tron delocalisation within the
PCCO arm of 3 becomes less
efficient than in 1, and accord-
ingly, the phosphorus becomes
a better donor, thus, disfavoring
b-elimination. Note that one of
the two 31P-phosphorus signals
of 3 has undergone a significant
low-field shift, of more than
10 ppm, with respect to its
counterpart in 1 (for details, see
Experimental Section).
Are these interpretations


consistent with the observations
made under oligomerisation
conditions, that is, in the pres-
ence of the PPh3 ligand? The
effect of PR3 ligands was inves-
tigated by several authors.[27, 33]


It is well established that
strongly coordinating PR3 li-


Scheme 4. Possible insertion and b-elimination steps during ethylene polymerisation. Pn denotes polymeric
chain with n carbon atoms.
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gands decrease the activity of the complex, as displacement
of this phosphine by the incoming ethylene molecule is
more difficult. Interestingly, PR3 ligands also have an impact
on the product distribution. An increase in the phosphine
basicity usually induces a decrease in the molecular weight
of the oligomers formed. A rationale for this observation, in
mechanistic terms, has not yet been given. Monteiro et al.
suggested that, besides the conventional b-elimination from
a PXC


ACHTUNGTRENNUNG[n+2]-type intermediate (Scheme 4), a second termina-
tion mechanism must occur, in this case involving a PR3
complex.[37] Chauvin and Braunstein came recently to a sim-
ilar conclusion.[38] However, the intimate mechanism leading
to olefin release was not elucidated. Such an elimination
could, for example, occur within an 18-electron ethylene/
phosphine complex by transfer of a b-hydrogen atom to the
coordinated ethylene (Scheme 5). Of course, an electron-


poor P,O chelate that makes the Ni atom electron-deficient
should favor coordination of ethylene, resulting in the 18-
electron species shown in Scheme 5. Note, the idea that 18-
electron Ni–ethylene intermediates are also likely to play an
important role in ethylene polymerisation was recently pro-
posed for Ni(a-diimine) catalysts.[39]


The most-active oligomerisation catalyst is complex 3.
This implies the presence of a PPh2 moiety with a relatively
high trans influence that facilitates the labilisation of the
PPh3 ligand, and is further consistent with the rather long
chains formed under polymerisation conditions (see above).
Thus, although the CO2Et group of this complex acts as an
electron-attracting group through conjugation, it reduces,
through steric interactions with the neighbouring Ph sub-
stituent, the electron delocalisation of P electrons within the
chelating unit. In contrast, the pyrazolonato complex 2 is
the least-active of the four complexes studied. This is in
accord with the strong electron-withdrawing effect exerted
by the pyrazole ring on the Pchel atom, which, incidentally,
strengthens the Ni–PPh3 coordination, thereby making phos-
phine substitution by ethylene more difficult. On the other
hand, complex 4 is, as under polymerisation conditions,
more active than 1, confirming that the Pchel atom is only
weakly affected by the presence of the CF3 group.
Finally, it should be emphasised that an enforced PPh3


binding is not the only criterion for shifting the olefin distri-
bution towards shorter oligomers. This is clearly shown by
considering the fact that 4, in which the PPh3 ligand is ex-
pected to be more labile than in 2, also induces a significant


shift in distribution towards lower olefins (a=0.78). This ob-
servation strongly suggests that the basicity of the O atom
may also play a key role with respect to the production of
such short olefins. A possible mechanism consistent with
this finding involves the 18-electron intermediate shown in
Scheme 5, although chain termination through a b-agostic
interaction at an apical site of a [NiACHTUNGTRENNUNG(P,O) ACHTUNGTRENNUNG(alkyl)PPh3] inter-
mediate cannot formally be excluded.


Conclusion


We have examined the impact of electron-withdrawing sub-
stituents anchored at the C=C double bond of nickel phos-
phanylenolates on their structural and catalytic properties.
From results of the structural and theoretical studies, it ap-


pears that such groups induce a
significant lengthening of both
the Ni�O and Ni�Pchel bonds,
the amplitude of the lengthen-
ing being a good indication of
the attracting power of the
backbone substituents. Replace-
ment of the HACHTUNGTRENNUNG(C=C) atom of 1
by a CO2Et group (leading to
3) does not induce important
bond changes in the first coor-
dination sphere (the CO2Et


group perturbs mainly the electron delocalisation within the
PCCO moiety), whereas the CF3 group of 4 exerts its elec-
tron-withdrawing influence primarily on the O-Ni-C(Ph)
rod. On the other hand, the pyrazol ring, which is by far the
best acceptor, exerts a strong, but balanced influence on the
Ni�Pchel and Ni�O bond lengths. Our catalytic studies clear-
ly show that, under polymerisation conditions: 1) Z substitu-
ents increase the insertion rate, whatever the relative ac-
ceptor strength of the two enolate substituents, this effect
probably being propagated through the oxygen atom; and 2)
Z substituents shift the product distribution towards short
chains, this effect being propagated essentially through the
P atom, although a less-basic oxygen atom may also facili-
tate the b-CH activation process trans to the oxygen atom.
Under oligomerisation conditions, the introduction of Z sub-
stituents on the C=C double bond necessarily increases the
reaction rate, provided the Z groups exert a global effect di-
rected more towards the oxygen atom than towards the
phosphorus atom. Should the donor properties of the Pchel
atom also be significantly lowered (as in 2), then the binding
of the trans-bonded PPh3 ligand increases and, accordingly,
makes olefin coordination more difficult. The factors that
govern the product distribution are more subtle. Possibly,
strong electron-withdrawing substituents, whatever their di-
rectional properties, favor the formation of a pentacoordi-
nated [Ni ACHTUNGTRENNUNG(P,O) ACHTUNGTRENNUNG(alkyl)PPh3 ACHTUNGTRENNUNG(C2H4)] intermediate, from which
termination occurs. This termination route would then occur
concomitantly with the conventional b-elimination route in-
volving a 14-electron [NiACHTUNGTRENNUNG(P,O) ACHTUNGTRENNUNG(alkyl)] intermediate. Further


Scheme 5. One of the possible chain-termination steps during oligomerisation, taking into account the pres-
ence of a PR3 ligand.
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mechanistic studies to confirm these conclusions are current-
ly underway.


Experimental Section


General considerations : All syntheses were performed in Schlenk-type
flasks under dry nitrogen. Solvents were dried by conventional methods
and were distilled immediately prior to use. Routine 1H, 13C{1H} and
31P{1H} spectra were recorded by using an AC-200 Bruker FT instrument.
1H NMR spectra were referenced to residual protonated solvents
(7.16 ppm for C6D6),


13C chemical shifts are reported relative to deuterat-
ed solvents (128.0 ppm for C6D6) and the


31P NMR data are given rela-
tive to external H3PO4. The


19F spectrum of complex 4 was measured rel-
ative to neat CFCl3. The catalytic solutions were analysed by using a
Varian 3900 gas chromatograph equipped with a WCOT fused-silica
column (25 m, 0.32 mm inside diameter, 0.25 mm film thickness). High-
temperature size-exclusion chromatography (HT-SEC) measurements
were performed at 150 8C by using a PL220 apparatus (Column set HT-
Mixed B-TCB-01) in 1,2,4-trichlorobenzene (with 0.2% Irganox). Cali-
bration was made by using linear PS samples. Y1,[40] Y2,[41] Y3,[42] Y4,[43]


and the complexes [Ni ACHTUNGTRENNUNG(cod)2],
[23] 1[4] and 2[18] were prepared according to


literature procedures. The chemical shifts of the phosphorus atoms of 1
and 2 are as follows: d ACHTUNGTRENNUNG(C6D6)=21.5 and 19.9 ppm for 1 and 20.2 and
�8.6 ppm for 2.
Syntheses


[Ni ACHTUNGTRENNUNG{Ph2PC(Me)=NN(Ph)C(O)}(Ph)PPh3] (2): A cold solution (0 8C) of
[Ni ACHTUNGTRENNUNG(cod)2] (0.316 g, 1.15 mmol) in toluene (20 mL) was added to a cold
suspension (0 8C) of 3-methyl-1-phenyl-4-triphenylphosphoranylidene-2-
pyrazolin-5-one (Y2) (0.500 g, 1.15 mmol) and PPh3 (0.303 g, 1.15 mmol)
in toluene (20 mL). The mixture was stirred for 15 h, after which the so-
ACHTUNGTRENNUNGlution was concentrated to approximately 5 mL. Slow diffusion of hexane
into this solution afforded yellow crystals of 2 (0.591 g, 68%). 1H NMR
(300 MHz, C6D6): d=8.25–6.44 (35H; arom. H), 2.02 ppm (s, 3H; CH3);
13C{1H} NMR (75 MHz, C6D6): d=140.76–118.06 (arom. C), 89.83 (d, J-
ACHTUNGTRENNUNG(P,C)=63 Hz, PCpyrazo), 14.77 ppm (s, CH3);


31P{1H} NMR (121 MHz,
C6D6): d=20.2, �8.6 ppm (AB spin system, J ACHTUNGTRENNUNG(PP’)=280 Hz); IR (KBr):
ñ=1592.6 (m), 1515.5 (s), 1495.0 (s),
1425.8 cm�1 (s); elemental analysis
calcd (%) for C46H38N2NiOP2 (755.46):
C 75.10, H 5.47, N 3.34; found: C 74.6,
H 5.39, N 3.34.


[NiACHTUNGTRENNUNG{Ph2PCACHTUNGTRENNUNG(CO2Et)=C(Ph)O}(Ph)PPh3]
(3): A cold solution (0 8C) of [Ni-
ACHTUNGTRENNUNG(cod)2] (0.330 g, 1.20 mmol) in toluene
(20 mL) was added to a cold suspen-
sion (0 8C) of ethyl-(2-benzoyl-2-tri-
phenylphosphoranylidene)acetate (Y3)
(0.500 g, 1.19 mmol) and PPh3 (0.315 g,
1.2 mmol) in toluene (20 mL). The
mixture was stirred for 15 h and then
concentrated to approximately 5 mL.
Slow diffusion of hexane into this solu-
tion afforded yellow crystals (0.630 g,
74%). 1H NMR (300 MHz, C6D6): d=
7.83–7.78 (4H; arom. H), 7.50–7.44
(m, 8H; arom. H), 7.15–6.88 (m, 20H;
arom. H), 6.58 (t, J=7.0 Hz, 1H;
arom. H), 6.48 (t, J=7.3 Hz, 2H;
arom. H), 3.74 (q, 3J=7.1 Hz, 2H;
CH2), 0.54 ppm (t, 3J=7.1 Hz, 3H;
CH3);


13C{1H} NMR (125.8 MHz,
C6D6): d=195.01 (d, 2J(PC)=24 Hz,
C(O)Ph), 165.53 (s, CO2Et), 137.77–
121.34 (arom. C), 90.73 (d, J(PC)=
50 Hz, CaPPh2), 58.45 (s, CH2),
13.91 ppm (s, CH3);


31P{1H} NMR


(121 MHz, C6D6): d=31.60, 20.08 ppm (AB spin system, J ACHTUNGTRENNUNG(PP’)=
276 Hz); attempts to assign the 31P signals through selective 13C[28] experi-
ments failed, probably because the 31P signals relax too fast; IR (KBr):
ñ ACHTUNGTRENNUNG(C=O)=1670 cm�1 (s), ñ ACHTUNGTRENNUNG(C=C)+ACHTUNGTRENNUNGñ ACHTUNGTRENNUNG(C�O)=1459 cm�1 (s); elemental
analysis calcd (%) for C47H40NiO3P2 (773.46): C 72.98, H 5.21; found:
C 73.25, H 5.43.


[Ni ACHTUNGTRENNUNG{Ph2PC ACHTUNGTRENNUNG(CO2Et)=C ACHTUNGTRENNUNG(CF3)O}(Ph)PPh3] (4): A solution of [Ni ACHTUNGTRENNUNG(cod)2]
(0.124 g, 0.45 mmol) in toluene (10 mL) was added to a cold (0 8C) solu-
tion of ethyl-(2-trifluoroacetyl-2-triphenylphosphoranylidene)acetate (Y4)
(0.200 g, 0.45 mmol) and PPh3 (0.118 g, 0.45 mmol) in toluene (20 mL).
The mixture was stirred at RT for 15 h. The solution was then concentrat-
ed to approximately 0.5 mL and hexane (20 mL) was added, affording a
yellow precipitate. Upon standing, the yellow powder slowly transformed
into dark-yellow crystals (0.23 g, 67%). 1H NMR (300 MHz, C6D6): d=
7.66–7.60 (m, 4H; arom. H), 7.44 (t, J=8.4 Hz, 6H; arom. H), 7.03–6.95
(15H; arom. H), 6.76 (d, J=7.4 Hz, 2H; arom. H), 6.52 (t, J=7.0 Hz,
1H; arom. H), 6.40 (t, J=7.3 Hz, 2H; arom. H), 3.78 (q, 3J=7.1 Hz, 2H;
CH2), 0.65 ppm (t, 3J=7.1 Hz, 3H; CH3);


13C{1H} NMR (100.6 MHz,
C6D6): d=177.45 (dq,


2J(PC)=27 Hz, 4J(FC)=35 Hz, C(O)CF3), 163.07
(s, CO2Et), 137.42–121.30 (arom. C), 93.82 (d, J(PC)=45 Hz, CaPPh2),
59.13 (s, CH2), 13.51 ppm (s, CH3);


31P{1H} NMR (121 MHz, C6D6): d=
30.58, 18.84 ppm (AB spin system, J ACHTUNGTRENNUNG(PP’)=277 Hz); 19F{1H} NMR
(282 MHz, C6D6): d=�67.76 ppm; IR (KBr): ñ(C=)=1699 cm�1 (s),
ACHTUNGTRENNUNGñ ACHTUNGTRENNUNG(C=C)+ñ ACHTUNGTRENNUNG(C�O)=1517 cm�1 (s); elemental analysis calcd (%) for
C42H35F3NiO3P2 (765.362): C 65.91, H 4.61; found: C 65.73; H 4.63.


X-ray crystal-structure determination of 3 and 4 : Single crystals of 3 and
4 (dark-orange prisms) suitable for X-ray diffraction analysis were ob-
tained from slow diffusion of hexane into a toluene solution of the corre-
sponding complex. Crystals of the compounds were mounted on a
Nonius Kappa CCD. Data collection was carried out by using the Nonius
collect suite.[44] The structures were solved by direct methods with the
program SIR92.[45] Least-squares refinements were carried out by using
the program CRYSTALS.[46,47] Hydrogen atoms are in calculated posi-
tions. Complex 3 crystallised with 0.5 molecule of toluene. Final results
are given in Table 4. CCDC 299905 (4) and 299906 (3) contain the sup-
plementary crystallographic data for this paper. These data can be ob-


Table 4. Crystallographic data for 3 and 4.


3 4


formula C47H40NiO3P2·0.5C7H8 C42H35F3NiO3P2
Mr 819.56 765.39
crystal system monoclinic monoclinic
space group P2/a P21/n
a [W] 18.0407(2) 14.3693(2)
b [W] 11.3007(1) 13.3818(1)
c [W] 20.6002(2) 18.8392(2)
a [8] 90 90
b [8] 97.5760(5) 90.3555(6)
g [8] 90 90
V [W3] 4163.16(7) 3622.47(7)
Z 4 4
1calcd [gcm


�3] 1.308 1.403
m (MoKa) [mm


�1] 0.586 0.679
F ACHTUNGTRENNUNG(000) 1716 1584
crystal size [mm] 0.13[0.22[0.40 0.10[0.10[0.30
T [K] 173 173
l (MoKa) [W] 0.71073 0.71073
q min/max [8] 2.0/28.7 1.8/30.1
data set (h ; k ; l) �24/24; �15/15; �27/27 �20/19; �18/18; �26/26
total/unique data/Rint 42232/10735/0.117 36903/7160/0.064
obsd data with [I>2.0s(I)] 6676 7134
reflns/parameters 6676/535 7134/460
R1/wR2/S 0.0336/0.0604/1.09 0.0324/0.0461/0.99
min/max resid. electron density [eW�3] �0.62/0.61 �0.49/0.41
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tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.


Catalytic runs


Ethylene oligomerisation : Low-pressure catalytic runs were carried out in
a B]chi miniclave (200 mL) equipped with a Teflon-coated magnetic stir-
rer, at constant ethylene pressure. The reactor was dried under vacuum
at 100 8C for 1 h before use. In a typical procedure, a Schlenk flask was
charged with the complex (7.5 mmol) and toluene (10 mL). The resulting
solution was injected into the autoclave together with additional toluene
(20 mL). The autoclave was then pressurised with ethylene and heated at
the desired temperature. The temperature refers to the external oil bath.
After completion of the reaction, the autoclave was cooled by using an
ice bath and depressurised over 1 h. The solution was analysed by GC.
Heptane was used as an internal reference.


Ethylene polymerisation : Polymerisations were carried out at constant
ethylene pressure in a Parr stainless-steel autoclave (100 mL), equipped
with a mechanical stirrer, a heating device and an internal-temperature
probe. The autoclave was heated at 100 8C under vacuum for 1 h before
use and purged with ethylene. In a typical run, the reactor was charged
at ambient temperature under an ethylene atmosphere, with a solution of
the ylide in toluene (10 mL), followed by a solution of [Ni ACHTUNGTRENNUNG(cod)2]
(10 equiv) in toluene (10 mL). The autoclave was then pressurised, and
heated to the desired temperature. The reaction exothermicity was con-
trolled by means of an ice bath. Venting the autoclave quenched the re-
action and the mixture was subsequently poured into a stirred solution of
acidified methanol (200 mL of 10% HCl) to precipitate the polymer. The
white powder was isolated by filtration, washed with methanol and dried
in vacuo at 50 8C.


Computational details : The calculations were carried out at the DFT-
B3LYP level[48–50] by using the Gaussian 03 program.[51] As starting geo-
metries, we used those provided by the X-ray structures. The geometries
were fully optimised by using the gradient technique with the following
basis: the LANL2DZ basis set for Ni, the standard 6-31G basis set for C,
H, N and O,[52] and the corresponding polarised 6-31G* basis set for P
and F.[53]
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Introduction


The replacement of toxic heavy metals (such as Cr and Mn)
still widely employed in large amounts (at least stoichiomet-
ric) in chemical oxidations in liquid-phase reactions is a
major goal of current chemical research as these industrial
processes normally generate 15–20 kg of hazardous waste
per kilogram of desired product (or active pharmaceutical
ingredient).[1]


Similarly, the elimination of carcinogenic and bioaccumu-
lating chlorinated (or aromatic) solvents in which these con-
versions are generally carried out is also highly desirable[2]


since, despite their relatively low price, solvents have a con-
siderable life-cycle impact and the broader total costs of
these typical volatile organic compounds (VOCs) are none-
theless high and constantly increasing.[3]


The selective oxidation of the alcoholic to the carbonyl
functionality in organic molecules, for instance, is one of the
organic chemistry fundamental conversions. Carbonyl
groups are commonly used synthons in synthetic organic
chemistry precursor for the preparation of drugs, vitamins,
hormones, dyes.[4] Yet, whilst most commercial reductions
are heterogeneously catalysed and employ H2 as the reduc-
ing agent, heterogeneous aerobic catalysts using O2 for the
production of carbonyl groups are still considered “philoso-
pher2s stone”.[5]


New, atom-efficient heterogeneously catalysed oxidation
processes in alternative reaction media are thus intensively
investigated in current academy2s and industry2s research fo-
cusing on the immobilization of aerobic metal catalysts[6]


and on supercritical carbon dioxide[7] or ionic liquids[8] as re-
action solvents.


These and other “greener” innovations, however, will
eventually find applications if the advantages will surpass
the costs to replace traditional processes.[9] Enhanced selec-
tivity compared with conventional conversions would, for in-
stance, justify investment in alternative processes as for ex-
ample with the recently commercialised heterogeneous hy-
drogenations in scCO2 in small, high-throughput reactors.[10]


However, while a number of similar catalytic reactions,
which afford extremely pure fine chemicals, are carried out
on an industrial scale,[10] no aerobic oxidation is yet commer-
cially carried out in scCO2 due to poor selectivity of tradi-
tional supported metal catalysts.


Abstract: The replacement of toxic
CrVI for O2 and of chlorinated solvents
for supercritical carbon dioxide (or
ionic liquids) in the oxidation of alco-
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Ionic liquids (IL) are not cheap. Preliminary investiga-
tions show evidence of toxicity at surprisingly low concen-
tration.[11] Hence, along with the catalyst, an efficient hetero-
genization of the IL is also highly desirable because a sup-
ported ionic liquid requires significantly reduced amounts of
the ionic media while allowing easy separation and recycla-
bility of both the (precious) metal catalyst and of the IL re-
action medium.


This recently led to the concept of supported ionic liquid
catalysis (Silc).[12] For example, silica-supported ILs doped
with a Rh catalytic species were used in catalytic hydrogena-
tions[12] and hydroformylations.[13] The reactions proceeded
with good selectivity and reaction rates up to 10 times faster
than homogeneously catalysed process mostly because the
active species—although the resulting material is a solid—is
dissolved in the ionic liquid and acts like a homogeneous
catalyst.


Similarly, solvent-free hydrogenations with Pd nanoparti-
cles immobilized on molecular sieves by ionic liquids,[14] and
acylation reactions with silica-supported ILs doped with
Al[15] were shown to proceed with good selective activity.


However, a conventional organic solvent was used as a re-
action medium in all the conversions mentioned above thus
failing to meet the sustainability requirements of solvent
elimination from waste-free chemical processes.


By the same token, aerobic catalytic oxidation of alcohols
in scCO2 is desirable but, as mentioned above, the low selec-
tivity of traditional carbon-sup-
ported Pd and Pt catalysts has
thus far limited applicability in
commercial processes.[16] Homo-
geneous Ru-based oxidation
catalysts,[17] on the other hand,
generally show excellent selec-
tivity to carbonyl groups[18] but
their high costs and difficult re-
cyclability have thus far limited
the application essentially to
laboratory syntheses.


We now report an integrated method for the efficient oxi-
dation of alcohols with high selectivity in which a “green”
reaction medium, a “green” extraction solvent and a
“green” catalyst are used to afford a one-pot, versatile cata-
lytic oxidation system. Besides meeting the sustainability
zero-emission requirement for industrial chemical process-
es,[19] the general scope of the methodology makes it an
ideal candidate for practical waste-free oxidative conver-
sions.


Materials and Methods


The following reagents were used: potassium perruthenate
(KRuO4·5H2O) (Aldrich); 1-[3-(triethoxysilyl)propyl]imidazole (TriEOS-
Pr-Im), 1-methylimidazole, 3-chloropropyltriethoxysilane, cetylpyridinium
chloride as a template (>95% purity) and tetraethylorthosilicate (>99%
purity, TEOS, from Aldrich); ethyl alcohol (100%, Pharmco); and NH3


(Fisher Scientific). All other reagents were used as received, and all


aqueous solutions were prepared with deionized water (Millipore II
system).


The catalysts Silc1 and Silc2 (Table 1) were prepared by ionically tether-
ing RuO4


� to the imidazolium moiety of the ordered mesoporous sup-
ported ionic liquid materials II and VII recently prepared by some of
us.[20] Compound II is a silica-entrapped ionic liquid obtained via grafting
methyl iodide on the imidazolium containing silica xerogel obtained
upon sol–gel processing of a mixture of TEOS and (EtO)3Si ACHTUNGTRENNUNG(CH2)3-Im;
while sample compound VII is a silica-entrapped ionic liquid prepared
by co-polycondensation of TEOS and [(EtO)3Si ACHTUNGTRENNUNG(CH2)3-Im


+-CH3]Cl
�.[20]


Silc1 was prepared by mixing a suspension of II (100 mg; iodide content:
0.58 mmolg�1) with a 20% molar excess of aqueous KRuO4·5H2O
(14.12 mg dissolved in 5 mL H2O) under vigorous stirring followed by
sonication (10 min) in an ultrasonic bath and by further stirring for 1 h.
The black catalyst thereby obtained was filtered, washed with ultrapure
water (Millipore Type II, 3P30 mL) until washings were decoloured and
eventually dried in an oven at 100 8C overnight.


Silc2 was prepared in a similar manner by treating 100 mg of VII (chlor-
ide content: 0.71 mmolg�1) with an analogous excess of potassium per-
ruthenate (17.4 mg dissolved in 5 mL H2O). Table 2 presents the surface
composition and catalytic load of the materials.


The catalytic oxidations of four representative alcohols were performed
in a stainless steel 10 mL reaction vessel at a final total pressure of
22.0MPa and at 75 8C, in the presence of O2 (1.0P105 Pa at 25 8C) and
Silc1 (1.77 mg) or Silc2 (1.44 mg) as catalyst. The molar ratios of the
components of reaction mixtures (perruthenate/alcohol/oxygen 1:50:350)
were chosen after a detailed kinetic study of aerobic oxidation over sol–
gel entrapped ORMOSIL.[21] Progress of reaction was monitored by
GLC analysis of supercritical phase samples taken at appropriate times
to determine the concentration of carbonyl formed (internal standard
method). In each reaction, the sole product observed was the carbonyl.


Results and Discussion


Under the experimental conditions outlined in Scheme 1,
the oxidative conversion of structurally different alcohols
mediated by Silc2 proceeds to completion and no overoxida-
tion of aldehydes to acids is observed (Table 3).


Upon each reaction run the catalyst appeared clean and
macroscopically unmodified with the oxidative dehydrogen-


Table 1. Catalytic load and surface atomic composition for perruthenate-
doped supported ionic liquids.


Compound RuO4
� load [mmolg�1] Ru [%][a] Si [%][a] X� [%][a]


Silc1 0.41 6.82 88.26 4.92
Silc2 0.64 9.74 87.81 2.45


[a] By X-ray fluorescence, X� = halide (iodide for Silc1 and chloride for
Silc2).


Table 2. Molar composition of the primary sol solutions used to prepare II and VII and textural properties of
the resulting compounds.


Compunds Organosilane TEOS H2O NH3 Cet-Py-Cl SSA [m2g�1] PSV [gL�1] Pore diam. [nm]


II 0.1[a] 0.9 114 8 0.12 984 0.7 2.8
VII 0.1[b] 0.9 114 8 0.12 415 – –


[a] [(EtO)3Si ACHTUNGTRENNUNG(CH2)3-Im] and CetPy-Cl; [b] [(EtO)3SiACHTUNGTRENNUNG(CH2)3-Im
+-CH3Cl


�] and CetPy-Cl. PSV = pore specific
volume; SSA = specific surface area.
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ation reaction taking place within the sol–gel cages since no
ruthenium leached from the catalyst during the reaction (in
reaction samples taken from the sc phase, with a Ru-detec-
tion limit <1 ppb).


The corresponding rate constants (kcat) were obtained
from integrated pseudo-first-order plots, that is,
ln(1� ACHTUNGTRENNUNG[aldehyde]t= t/ ACHTUNGTRENNUNG[aldehyde]t=1) versus time, which are
linear up to 80–90% completion of the reaction as reported
in Figure 1; the graphic also shows the kinetics of the aero-
bic benzyl alcohol oxidation mediated by 2% mol per-
ruthenate entrapped in Silc1 and Silc2 compared with that
of the most active ORMOSIL-entrapped perruthenate oxi-
dation catalyst recently reported by some of us.[22]


The straight lines nicely fit the experimental points to per-
fect first-order oxidation kinetics for ruthenium and clearly
show that Silc2 is >60 times more active than the Silc1 ob-


tained by grafting of methyl iodide (kSilc2=2.87P10�2 min�1


versus kSilc1=4.6P10�4 min�1).
For comparison (Table 3), this value is almost four times


higher than that of our most active Ru-based oxidation cata-
lyst,[22] that is, a 75% methyl-modified ORMOSIL which
has a kinetic constant of 0.798P10�2 upon eighteen months
of catalyst aging under the same reaction conditions.


These results address the problem posed by the low activi-
ty of many Ru-based catalysts which usually provide (close
to) quantitative transformation of a wide range of activated
and non-activated alcohols to aldehydes, but at moderate
rates.[18] Hence, the catalysts herein described retain the ex-
cellent selectivity to aldehydes (or ketone) which in the case
of supported Pt-group metals[16] and gold[23] is usually not
satisfying.


The linear plots in Figure 1 suggest that RuO4
� anions are


entrapped in very similar microenvironments, that is, that
the active perruthenate species are homogeneously immobi-
lized at the xerogel2s huge surface, as nonlinear kinetic plots
typically arise from using low amounts of catalyst (as in the
present case, ~1 mg); this indicates that the dopant mole-
cules “report” simultaneously from more than one microen-
vironment exhibiting different chemical properties.


The large difference in activity between the post-function-
alised silica Silc1 and the xerogel obtained by co-polycon-
densation Silc2, suggest either that the accessibility of per-
ruthenate in the latter compound is largely superior or that
the affinity of iodide for the imidazolium cation is higher
than of chloride. Such a difference was indeed immediately
evident during the preparation of the catalyst.


Hence, while addition of aqueous KRuO4 to VII resulted
in immediate decoloring of the black-green solution, the
color of aqueous perruthenate was partly retained when II
was ion-exchanged with a perruthenate solution of the same
concentration. Limited accessibility of the imidazolium moi-
eties in the latter material, on the other hand, may be ruled
out as grafting with CH3I indeed resulted in complete con-
sumption of the alkylating agent.[20]


Finally, large affinity of the soft (in the Pearson2s nota-
tion) I� anion for the similarly soft Im+ cation could be con-
firmed by elemental analysis of Silc1 which showed that
some 30% of the original iodide contents is retained upon
impregnation with RuO4


� compared with less than 10% in
the case of the material bearing chloride anions (Table 2).


Mechanism and generality of scope : The general concept of
supercritical Silc is represented in Figure 2.


The alcohol substrate and O2 at low partial pressure are
dissolved in the homogeneous scCO2 phase which, upon
contact with the powdered sol–gel entrapped catalyst, spills
the reactants into the pores where the oxidative dehydro-
genation takes place. It then extracts the products, in analo-
gy to the extraction of reaction products from insoluble-in-
scCO2 ILs in olefins epoxidation.[24]


Furthermore, the RuO4
� immobilization at an imidazoli-


um-modified surface which acts as a potent solubilizing
agent accelerates substrate/product dissolution and thus the


Scheme 1.


Table 3. Aerobic catalytic activity in dense phase CO2 of perruthenate-
doped supported ionic liquid Silc2 compared with TPAP encapsulated in
75% methyl-modified ORMOSIL.[a] The performance of Silc1 (entry 1)
is shown for comparison.


Substrate Catalyst/2% mol RuO4
� kcatP10


2 [min�1]


benzyl alcohol Silc1 0.046
benzyl alcohol Silc2 2.87
1-phenylethanol Silc2 0.274
1-octanol Silc2 0.105
2-octanol Silc2 0.062


[a] Reaction conditions: 4.83P10�2 mmol alcohol, 2% entrapped per-
ruthenate (content of RuO4


� per g of xerogel: 0.58 mmol in Silc1 and
0.71 mmol in Silc2), O2 (1.0P105 Pa at 25 8C), CO2 (10 mL, 22.0MPa);
T=75 8C.


Figure 1. Aerobic oxidation of benzyl alcohol to benzaldehyde in scCO2


over TPAP entrapped in aged 75% methyl-modified silica matrix (2%
mol AMe3–18 m, blue) and in silica-supported ionic liquids with 2% mol
RuO4


� Silc1 (red) and Silc2 (black).
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reaction rate. As a result, as shown by the smooth oxidation
of the less reactive primary aliphatic alcohol 1-octanol
(entry 4 in Table 3), a versatile active catalyst is obtained
that can be used for the fast conversion of different sub-
strates.


Figure 2 depicts the main difference between a surface-
heterogenized and a sol–gel entrapped ionic liquid doped
with a metal catalyst. Whereas in the first case the support
limits its function to being the physical carrier of the catalyst
and promoting reactants solubility,[12–14] in the co-encapsulat-
ed catalyst/ionic-liquid material the surface of the entrap-
ping matrix also takes active part in the chemical reaction
occurring at the interface by dictating the accessibility of the
active center to the external reactants. Moreover, scCO2 as-
sists in water removal (thus preventing aldehyde hydration
and overoxidation) through its well known ability of drying
solid matrices.


Sol–gel entrapment of perruthenate in ORMOSIL matri-
ces, in fact, often affords catalysts with enhanced activity
and selectivity compared to the homogeneous reaction.[21]


Similarly to what happens with all the variety of chemical
applications of doped sol–gel materials[25] (including cataly-
sis)[26] this phenomenon is due to the unique phenomenon of
sol–gel encapsulation of the dopant molecules within the
inner surface offered by these highly porous oxides com-
pared to few m2g�1 of external surface. A concept – activity
enhancement by catalytic site isolation – that in heterogene-
ous catalysis was recently shown to have general validity.[27]


Furthermore, in a detailed kinetic study[21] we have re-
cently shown that TPAP inactivation is caused by i) self-ag-
gregation of the oxoruthenate species formed during reac-
tion, and ii) by the solvent employed to carry out the reac-
tion. Remarkably, therefore, both these factors do not play a
role in our system as a results of the sol–gel encapsulation
of the Ru active centers (Figure 3) which prevents aggrega-
tion of the intermediate ruthenate species;[28] and to the use
of chemically inert carbon dioxide acting as superior reac-
tion medium.


Hence, at the end of the reaction, the CO2 is easily vented
off by simple pressure release, leaving the solid catalyst


physically and chemically unmodified and thereby ensuring
stability of the catalyst.[29] In the course of the present study,
inevitable loss of material between consecutive runs allowed
recovery and recycling of the catalyst Silc2 for three runs,
with minor (<3%) loss in the measured activity, after which
it became impossible to recover a sufficient amount of cata-
lyst due to the above-mentioned loss.[30]


Conclusion


A general concept of supported ionic liquid catalysis in su-
percritical phase (sc-Silc) has been introduced and success-
fully applied to the aerobic selective oxidation of alcohols.
The methodology synergically combines the advantages of
ionic liquids as a solvent promoter, dense-phase carbon di-
oxide as reaction (and extraction) solvent, and immobilized
metal catalyst for easy product separation and catalyst recy-
cling.


Hence, the hybrid mesostructured silica gel co-encapsulat-
ing the ionic liquid imidazolium and the aerobic catalyst per-
ruthenate (best prepared by co-polycondensation of TEOS
and imidazolium-modified organosilane) is a highly active
and selective catalyst in oxidative dehydrogenation of alco-
hols in dense phase CO2.


Its activity is substantially higher compared with ORMO-
SIL-entrapped perruthenate (amongst the most active ruthe-
nium-based aerobic catalysts reported thus far), while recip-
rocal isolation of the entrapped Ru centers prevents catalyst
degradation and renders these silica gels ideal candidates
for practical use in commercial alcohols oxidation. The cata-
lyst is selective, stable and—being a sol–gel doped ceram-
ic—it may easily be obtained with higher catalytic loads and
in any desired shape.[31] No traditional organic solvent has to
be employed to extract the product out of the IL, and the
same leach-proof entrapped IL has broad application. The
method is general and further applications to other relevant
catalytic processes are easily envisaged.


Figure 2. Illustration of the transport, reaction, and adsorption/desorption
steps of the sc-silc process. The dense phase CO2 dissolving the substrate
a) spills its content into the catalyst tethered to the ionic liquid moiety
where b) the catalytic process takes place. Then, c) the highly diffusible
dense phase CO2 carries the product back into solution.


Figure 3. Sol–gel confinement of TPAP ensures mutual isolation of the
Ru active centers, thus preventing catalyst deactivation due to association
of ruthenate of intermediate oxidation state.
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Introduction


Fullerene compounds with porphyrins and metalloporphy-
ACHTUNGTRENNUNGrins attract special attention because of their possible use as
precursors for photovoltaic materials and models of artificial
photosynthesis.[1,2] Fullerenes were shown to cocrystallize


with metal octaethyl- and tetraarylporphyrins.[3–7] For some
of these cocrystals, weak metal–carbon(fullerene) bonding
was found. For example, cobalt(ii) octaethylporphyrin
(CoIIOEP), cobalt(ii) tetraphenylporphyrin (CoIITPP), and
iron ACHTUNGTRENNUNG(iii) tetraphenylporphyrin form complexes with C60 with
M···C ACHTUNGTRENNUNG(C60) contacts with lengths of 2.67–2.71, 2.63–3.11, and
2.69–2.70 0, respectively.[3–6] These contacts are noticeACHTUNGTRENNUNGably
shorter than the sum of the van der Waals radii of metal
(M) and C atoms (>3.1 0), but are essentially longer than
the length of a strong M�C bond, for example, in alkylco-
ACHTUNGTRENNUNGbalamins (1.99–2.03 0[8]). Nevertheless, this bonding orders
the fullerene molecules in the complexes with metal octae-
thylporphyrins, and allows the molecular structures of some
ful ACHTUNGTRENNUNGlerene derivatives and endometallofullerenes to be stud-
ied.[3,9, 10] Essentially stronger bonding between CoIITPP and
fullerene anions was observed in ionic multicomponent com-
plexes, such as [{CrI ACHTUNGTRENNUNG(C6H6)2C+} ACHTUNGTRENNUNG{CoIITPP(fullerene�)}C6H4Cl2]
(Cr ACHTUNGTRENNUNG(C6H6)2=bis ACHTUNGTRENNUNG(benzene)chromium; fullerene=C60 and
C60(CN)2) with the lengths of the Co···C(fullerene�) contacts
being 2.28–2.32 0. The coordination is realized by s-type
bonding, and most probably involves both electrons from
the CoIITPP dz2 orbital and the LUMO of C60


�. The result-
ing {CoIITPP(fullerene�)} coordination units are diamagnet-
ic.[11] The Co···C ACHTUNGTRENNUNG(C60


�) s bonds are still relatively weak com-


Abstract: Ionic multicomponent com-
plexes containing the C60


� anion, co-
ACHTUNGTRENNUNGbalt(ii) octaethylporphyrin (OEP), and
the noncoordinating tetramethyl-
phosphonium cation (TMP+),
[(TMP+) ACHTUNGTRENNUNG{CoIIOEP ACHTUNGTRENNUNG(C60


�)} ACHTUNGTRENNUNG(C6H5CN)x-
ACHTUNGTRENNUNG(C6H4Cl2)1�x] (xffi0.75) (1), or the coor-
dinating cation of N-methyl-
diazabicyclooctane (MDABCO+),
[{(MDABCO+) ACHTUNGTRENNUNGCoIIOEP ACHTUNGTRENNUNG(C60


�)}-
ACHTUNGTRENNUNG(C6H5CN)x ACHTUNGTRENNUNG(C6H4Cl2)1�x] (xffi0.67) (2),
were obtained. Diamagnetic s-bonded


{CoIIOEP ACHTUNGTRENNUNG(C60
�)} units in 1 have the


Co···C ACHTUNGTRENNUNG(C60
�) distance of 2.268(1) 0 at


100 K and are stable up to 290 K. Both
MDABCO+ and C60


� coordinate to
CoIIOEP in 2. In this case, a noticeably
longer Co···C ACHTUNGTRENNUNG(C60


�) distance of


2.508(4) 0 was observed at 100 K. As a
result, the unprecedented reversible
formation of the Co�C ACHTUNGTRENNUNG(C60


�) coordina-
tion s bond is realized in 2 and is ac-
companied by a transition from a para-
magnetic to a diamagnetic state in the
50–250 K range. It was shown, for the
first time, that the Co···C distance of
about 2.51 0 is a boundary distance
below which the Co�C ACHTUNGTRENNUNG(C60


�) coordina-
tion bond is formed.
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pared with the strong Co�C bonds in alkylcobalamins, and
their dissociation is possible. The changes in the degree of
Co�C bonding can be monitored by using electron paramag-
netic resonance (EPR) and superconducting quantum inter-
ference device (SQUID) techniques because two paramag-
netic species are formed as a result of the dissociation. Com-
plexes showing such dissociation can be interesting not only
because of the reversible changes in their magnetic, con-
ducting, and optical properties, but also because they can
help to solve some fundamental problems of coordination
and materials chemistries, one of which is how coordination
bonds are formed and what limiting distances exist for such
bonding. In [(TDAEC+)ACHTUNGTRENNUNG{CoIITPP ACHTUNGTRENNUNG(C60


�)}] (TDAE=


tetrakis(dimethylamino)ethACHTUNGTRENNUNGylene), partial dissociation of the
s-bonded diamagnetic {CoIITPP ACHTUNGTRENNUNG(C60


�)} units is realized
above 190 K and about 20% of the units dissociate at 290 K
to form nonbonded paramagnetic CoIITPP and C60C� species.
As a result, the magnetic moment of the complex increases
and the EPR signal broadens and shifts to larger g-factor
values.[12] However, the crystal structure of this complex is
unknown and therefore prevents a study of the structural as-
pects of such reversible coordination. An important task of
materials chemistry is the development of new methods for
modifying the physical properties of compounds, and in this
work we will demonstrate how a simple variation of the
countercations can drastically affect the properties of the re-
sulting complexes.


In the present work, the crystals of two ionic multicompo-
nent complexes, [(TMP+)ACHTUNGTRENNUNG{CoIIOEP ACHTUNGTRENNUNG(C60


�)} ACHTUNGTRENNUNG(C6H5CN)x-
ACHTUNGTRENNUNG(C6H4Cl2)1-x] (xffi0.75) (1) and [{(MDABCO+)CoIIOEP-
ACHTUNGTRENNUNG(C60


�)} ACHTUNGTRENNUNG(C6H5CN)xACHTUNGTRENNUNG(C6H4Cl2)1-x] (xffi0.67) (2) (TMP+ = tetra-
methylphosphonium cation and MDABCO+ =cation of N-
methyldiazobicyclooctane), were obtained by means of dif-
fusion. This has allowed us, for the first time, to study the
molecular structures and properties of the new and unusual
coordination {CoIIOEP�ACHTUNGTRENNUNG(C60


�)} assemblies and observe the
reversible formation of the Co�C ACHTUNGTRENNUNG(C60


�) coordination bonds.


Results and Discussion


The selective reduction of C60 by propanethiol in the pres-
ence of potassium carbonate has been carried out in polar
DMSO and a DMSO/benzene mixture up to the �2 and �1
charged states of C60, respectively.


[13] Recently, commercially
available CH3CH2SNa has been used for the selective pro-
duction of C60


2� in acetonitrile.[14] Stirring a so ACHTUNGTRENNUNGlution of C60


in a less-polar o-dichlorobenzene/benzonitrile (C6H4Cl2/
C6H5CN, 19:1) mixture with a tenfold molar excess of
CH3CH2SNa at 60 8C provided selective reduction of C60 to
C60C� radical anions according to the near-IR (NIR) spec-
trum of the solution. However, the reduction takes a rela-
tively long time (more than 6 h), and because of the poor
solubility of the sodium salt of C60, it partially precipitates
from solution. The addition of a fivefold molar excess of
any organic (R+) ACHTUNGTRENNUNG(Hal�) salt (Hal=halide; in this work, we
used MDABCOI and TMPCl) in the reaction mixture de-


creased the reduction time to less than one hour. NaI and
NaCl did not dissolve in the solvents used and precipitated,
thus allowing the reaction of cationic metathesis to be real-
ized during the fullerene reduction. CH3CH2SNa and
MDABCOI or TMPCl were also barely soluble in these sol-
vents, and the excess of these salts was separated from the
resulting solution by using filtration. (R+) ACHTUNGTRENNUNG(C60C�) salts are
soluble in the solvents used here and could be further crys-
tallized by the diffusion of hexane. The crystallization of
these salts in the presence of CoIIOEP afforded multicom-
ponent complexes 1 and 2 whose compositions were deter-
mined from elemental analysis and verified by using X-ray
diffraction on single crystals.


Both complexes have similar crystal structures at 100 K.
The main building blocks of 1 and 2 are shown in Figure 1.


The cations and the fullerene anions are positioned on op-
posite sides of the CoIIOEP macrocycle. All eight ethyl
groups of CoIIOEP are directed towards the fullerene to
form a bowl-shaped conformation, which corresponds well
with the spherical shape of C60. There is one short Co···C-
ACHTUNGTRENNUNG(C60


�) contact length of 2.268(1) 0 in 1 indicating the forma-
tion of a s bond between CoIIOEP and C60


�. The distances
between the Co atom and the carbon atoms closest to the
coordinated carbon are longer (2.956–3.061 0). The Co
atom is shifted by 0.105(1) 0 from the mean plane of the
four nitrogen atoms towards the fullerene (the porphyrin
macrocycle has a slightly concave conformation with a root
mean square (rms) deviation of 0.090 0). Previously descri-
bed s-bonded {CoIITPP(fullerene�)} anions have close
Co···C ACHTUNGTRENNUNG(C60


�) distances of 2.28–2.32 0 and the Co atom devi-
ates from the plane of the porphyrin macrocycle by
0.091(3) 0 to 0.113(1) 0.[11] The TMP+ cation is located ex-
actly above the Co atom (Figure 1, left). The shortest Co···P
distance is 4.069 0.


DABCO is a strongly coordinating bidentate ligand. The
addition of one equivalent of CH3I to DABCO affords a co-


Figure 1. Molecular structures of the s-bonded {CoIIOEP ACHTUNGTRENNUNG(C60
�)} unit in 1


(left) and the {(MDABCO+)CoIIOEP ACHTUNGTRENNUNG(C60
�)} assembly in 2 (right). Only


the major orientation for disordered C60
� is shown for 1 and 2 and one


orientation of disordered MDABCO+ is shown for 2.
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ordinating monodentate MDABCO+ cation. The building
block of 2 is similar to that of 1. However, MDABCO+ ad-
ditionally coordinates to CoIIOEP (the Co�N distance is
2.340(3) 0; Figure 1, right). This coordination weakens the
Co···C ACHTUNGTRENNUNG(C60


�) bonding and the shortest Co···C distance in 2
noticeably elongates to 2.508(4) 0 at 100 K. The Co atom is
more strongly bound to MDABCO+ than to C60


� and, as a
result, is slightly shifted (0.042(1) 0) from the mean plane
of the four porphyrin nitrogen atoms towards the nitrogen
atom from MDABCO+ . The porphyrin macrocycle has the
same concave conformation as in 1 with rms=0.102 0. The
C60


� anions are disordered in both 1 and 2 (see the Experi-
mental Section) owing to their rotation about the coordina-
tion Co�C ACHTUNGTRENNUNG(C60


�) bond. The coordinated carbon atoms under
such disorder are ordered in both complexes in a way that
allows the Co···C ACHTUNGTRENNUNG(C60


�) distances to be determined. Weaker
Co�C ACHTUNGTRENNUNG(C60


�) bonding in 2 provides a larger degree of C60
�


disorder. Indeed, there are three orientations of C60
� in 2


with 0.4:0.3:0.3 occupancies and only two such orientations
in 1 with 0.75:0.25 occupancies.


The fullerenes form zigzag one-dimensional chains along
the a axis (Figure 2). The zigzag arrangement of the fuller-
enes produces cavities for small cations, which protrude into
the fullerene chains. The center-to-center distances between
C60


� in the chains are 10.026 0 in 1 and 10.297 0 in 2. The
van der Waals interfullerene C�C contacts of 3.195–3.562 0
are observed only in 1, whereas in 2 the larger MDABCO+


cations force the C60
� units apart from each other.


Compound 1 is EPR silent at 290 K, whereas at low tem-
peratures (4–120 K) two weak EPR signals are resolved.
The signal with a g factor of 1.9996 and a line half-width
(DH) of 0.48 mT at 4 K was attributed to isolated nonbond-
ed C60C�. This signal noticeably broadens with an increase of
temperature, which is characteristic of C60C� radical


anions.[15] A broad asymmetric signal with approximate g
factors of 2.31 and 2.29 (DHffi60 and 40 mT, respectively, at
4 K) was attributed to CoIIOEP. The estimated integral in-
tensities of both signals did not exceed 2% of the total
amount of CoIIOEP and C60C�. Therefore, 1 is EPR silent in
the 4–290 K range, justifying the formation of diamagnetic
s-bonded {CoIIOEP ACHTUNGTRENNUNG(C60


�)} units and in accordance with X-
ray diffraction data. Weak EPR signals observed for 1 at
low temperatures can be attributed to a small amount of
EPR-active isolated CoIIOEP and C60C� species retained in
the sample in the nonbonded state. Similar residual EPR
signals were observed in ionic fullerene complexes after
C60C� and C70C� dimerization.[16]


Two weak EPR signals were also observed for 2 in the 4–
50 K range. At 4 K the signal with g=1.9996 and DH=


0.44 mT was attributed to isolated nonbonded C60C� (this
signal also noticeably broadens with the temperature in-
crease to give DH=4.64 mT at 120 K), and an asymmetric
signal with g1=2.3774 and g2=2.3011 (DH=7.5 and
14.5 mT) was attributed to CoIIOEP coordinated to
MDABCO+ . The total integral intensity of both signals was
less than 2% of the total amount of C60


� and CoIIOEP, and
both signals could not be resolved above 140 K. The EPR
data verify the diamagnetism of the {(MDABCO+)-
ACHTUNGTRENNUNGCoIIOEP ACHTUNGTRENNUNG(C60


�)} assemblies in 2 in the 4–50 K range due to
the CoIIOEP and C60C� spins pairing on formation of a Co�
C ACHTUNGTRENNUNG(C60


�) coordination s bond. The broad signal reversibly
grows above 50 K (Figure 3) and above 250 K its integral in-
tensity corresponds to the contribution of about two 1=2 spins
per formula unit (both CoIIOEP and C60C� have 1=2 spin
states). The signal has a g factor of 2.1188 (DH=52 mT) at
room temperature, which is between those values character-
istic of CoIIOEP (the asymmetric signal with g1=2.37, g2=
2.03 for five-coordinated CoIIOEP)[17] and C60C� (g=1.9996–
2.0000),[15] thus indicating strong exchange coupling between


Figure 3. Temperature dependence of the integral intensity of the EPR
signal in 2 (red curve) attributed to a resonating signal from nonbonded
paramagnetic CoIIOEP and C60C� species. The behavior is reversible. The
blue dashed line shows the expected integral intensity of the EPR signal
for noninteracting paramagnetic centers. The blue arrow indicates the
temperature at which the crystal structure of 2 was determined, and the
corresponding values of both the observed and expected integral intensi-
ties of the EPR signal (C is the Curie constant, T is temperature).


Figure 2. View of the crystal structure of 1 along the a axis and the fuller-
ene zigzag chains. Only the major orientation of disordered C60


� and the
dichlorobenzene molecules is shown. Complex 2 has similar crystal pack-
ing.
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these paramagnetic species. Therefore, the Co�C ACHTUNGTRENNUNG(C60
�) coor-


dination s bond observed at low temperatures completely
dissociates above 250 K to produce two nonbonded para-
magnetic {(MDABCO+)CoIIOEP} and C60C� species. This is
the first example of such reversible formation of the Co�C-
ACHTUNGTRENNUNG(C60


�) bond, which resulted in the transition from a para-
magnetic to a diamagnetic state.


The IR spectra of 1 and 2 indicate the ionic ground state
of the complexes (see the Experimental Section). The F1u(4)
mode of C60, which is sensitive to charge transfer (CT) to
the fullerene molecule,[18] is shifted from ñ=1429 cm�1 to
1387, 1395, and 1398 cm�1 (split band) in 1 and to 1378,
1387, and 1394 cm�1 (split band) in 2. The difference in the
bonding in 1 and 2 at 290 K is seen in their NIR spectra
(Figure 4). The bands of the nonbonded C60C� radical anion


are mainly observed in the spectrum of 2 at l=933 and
1078 nm (these two bands are characteristic of C60C� and
were previously observed in salts and ionic complexes con-
taining C60C� radical ions[15]). On the contrary, in the spec-
trum of 1 the band of C60C� at l=1086 nm decreases in in-
tensity and a strong, broad band manifests itself at 1277 nm.
The first band was attributed to the intramolecular transi-
tions in the bonded C60


� anion, whereas the second band
can be attributed to CT between CoIIOEP and C60


�. Previ-
ously, similar CT bands with slightly different positions were
observed in multicomponent complexes containing s-
bonded diamagnetic {CoIITPP(fullerene�)} units.[11, 19] Coor-
dination noticeably shifts the positions of the Soret and the
Q bands of CoIIOEP. Pristine CoIIOEP has bands at l=394,
531, and 560 nm and these bands appear at l=398, 523, and
552 nm and at l=402, 522, and 549 nm in the spectra of 1
and 2, respectively. Therefore, the Soret band is redshifted
by up to 8 nm and the Q bands are blueshifted by 8 to
11 nm.


Conclusion


The preparation of new, ionic, multicomponent complexes 1
and 2 has allowed, for the first time, the study of the coordi-
nation of C60


� anions to cobalt(ii) octaethylporphyrin. Non-
coordinating TMP+ cations provide the formation of stable
s-bonded diamagnetic {CoIIOEPACHTUNGTRENNUNG(C60


�)} units, which are sim-
ilar to the previously described {CoIITPP ACHTUNGTRENNUNG(C60


�)} units.[11] In
contrast to TMP+ , MDABCO+ cations additionally coordi-
nate to CoIIOEP to destabilize the Co�C ACHTUNGTRENNUNG(C60


�) coordination
bond. This bond reversibly dissociates in the 50–250 K range
and this dissociation is accompanied by a diamagnetic–para-
magnetic transition. TMP+ and MDABCO+ cations only
differ in their coordination ability, which results in different
degrees of CoIIOEP�ACHTUNGTRENNUNG(C60


�) bonding, and different magnetic
and optical properties of 1 and 2. Therefore, these parame-
ters can be controlled in the multicomponent complexes by
choosing the cation type. The crystal structure of 2 was de-
termined at 100 K, when the Co�C ACHTUNGTRENNUNG(C60


�) coordination s


bond with a length of 2.508(4) 0 is formed (according to
EPR, the contribution of a diamagnetic bonded state in
{(MDABCO+) ACHTUNGTRENNUNGCoIIOEP ACHTUNGTRENNUNG(C60


�)} assemblies is about 90% at
100 K (Figure 3)). Thus, the Co···C distance of about 2.51 0
can be considered as a limiting length for the Co�C ACHTUNGTRENNUNG(C60


�)
coordination s bond. This bond length is longer than the
strong Co�C bond in alkylcobalamins (1.99–2.03 0[8]) and
the Co�C bond in 1 (2.27 0).


Experimental Section


Materials : Cobalt(ii) octaethylporphyrin (CoIIOEP), diazabicyclooctane
(DABCO), sodium ethanethiolate (CH3CH2SNa), tetramethylphosphoni-
um chloride (TMPCl), and methyl iodide (CH3I) were purchased from
Aldrich, and C60 (99.98% purity) was purchased from MTR Ltd. The sol-
vents were purified in an argon atmosphere. o-Dichlorobenzene
(C6H4Cl2) was distilled over CaH2, P2O5, and K2CO3 under reduced pres-
sure, benzonitrile (C6H5CN) was distilled over Na under reduced pres-
sure, and hexane and benzene were distilled over Na/benzophenone. The
solvents were degassed and stored in a glove box. All manipulations for
the synthesis of air-sensitive 1 and 2 were carried out in a MBraun 150B-
G glove box with a controlled atmosphere and with an H2O and O2 con-
tent of less than 1 ppm. The crystals were stored in a glove box and were
sealed in 2 mm quarts tubes for EPR measurements under 10�5 torr. KBr
pellets for the IR and UV-visible-NIR measurements were prepared in a
glove box.


General : UV-visible-NIR spectra were measured on a Shimadzu-3100
spectrometer in the l=240–2600 nm range. FTIR spectra were measured
by using KBr pellets with a Perkin–Elmer 1000 Series spectrometer (ñ=
400–7800 cm�1). EPR spectra were recorded from 290 K down to 4 K and
back from 4 K up to 290 K with a JEOL JES-TE 200 X-band ESR spec-
trometer equipped with a JEOL ES-CT470 cryostat. The integral intensi-
ty of the signals from a weighed amount of 1 and 2 was calibrated by the
comparison with the integral intensity of the EPR signal from a weighed
amount of CuSO4·5H2O.


Synthesis : N-Methyldiazabicyclooctane iodide (MDABCOI) was ob-
tained by the dropwise addition of one molar equivalent of CH3I
(1.11 mL, 0.0178 mol) to DABCO (2 g, 0.0178 mol) dissolved in hexane
(60 mL) while stirring. A white crystalline precipitate of MDABCOI
formed during the addition. After 1 h the precipitate was filtered off,
washed with hexane (100 mL), and dried under vacuum over 8 h.


Figure 4. UV-visible-NIR spectra of a) 1, b) 2, and c) pristine CoIIOEP in
KBr pellets.
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MDABCOI (4.07 g, 90%) was ob-
tained with a satisfactory elemental
analysis.


The crystals of 1 were obtained by the
following procedure: C60 (25 mg,
0.035 mmol), a 10-fold molar excess of
CH3CH2SNa (30 mg, 0.35 mmol), and
a 5-fold molar excess of TMPCl
(22 mg, 0.175 mmol) were stirred in a
C6H4Cl2/C6H5CN (19:1; 20 mL) mix-
ture for 1 h at 60 8C. C6H5CN was
added to increase the solubility of
CH3CH2SNa and TMPCl, which are
very poorly soluble in pure C6H4Cl2.
During stirring, the solution changed
from violet, characteristic of neutral
C60, to red-brown. After cooling the
solution down to room temperature
and filtering it, the NIR spectrum of
the solution was measured to indicate
the selective reduction of C60 to the
monoanionic state. CoIIOEP (21 mg,
0.035 mmol) was dissolved in the solu-
tion at 60 8C for 1 h. The resulting so-
ACHTUNGTRENNUNGlution was cooled, filtered into a glass
tube (1.8 cm diameter, 50 mL volume)
with a ground glass plug, and hexane
(20 mL) was layered over the solution.
The diffusion was carried out over
2 months to give crystals of 1 on the
wall of the tube. The solvent was deca-
nted from the crystals and they were
washed with hexane to give black
prisms with a characteristic blue luster
(up to 0.3O0.5O1 mm3 in size) in 20%
yield.


A similar procedure was used for the
preparation of 2. After cooling the so ACHTUNGTRENNUNGlution with dissolved CoIIOEP, a
polycrystalline precipitate of 2 formed over several hours. The small crys-
tals suitable for X-ray diffraction measurements were obtained by the
diffusion of a solution of CoIIOEP (16 mg, 0.027 mmol) in hexane/ben-
zene (4:1, 25 mL) into a C6H4Cl2/C6H5CN solution (19:1; 20 mL) ob-
tained from the reduction of C60 (25 mg, 0.035 mmol) by a 10-fold molar
excess of CH3CH3SNa (30 mg, 0.35 mmol) in the presence of a 5-fold
molar excess of MDABCOI (44.5 mg, 0.175 mmol). After 2 months, small
crystals of 2 formed on the wall of the tube. The solvent was decanted
from the crystals, which were washed with hexane to give small parallele-
pipeds with a characteristic blue luster (up to 0.2O0.2O0.4 mm3 in size)
in 30% yield.


ACHTUNGTRENNUNG[(TMP+) ACHTUNGTRENNUNG{CoIIOEP ACHTUNGTRENNUNG(C60
�)} ACHTUNGTRENNUNG(C6H5CN)0.75 ACHTUNGTRENNUNG(C6H4Cl2)0.25] (1): Elemental analy-


sis calcd (%) for C106.75H60.75N4.75O2Cl0.5PCo (1549.48): C 82.65, H 3.95, N
4.32, O 2.08, Cl 1.15, P 2.01; found: C 81.34, H 3.51, N 3.56, Cl 1.12, P
2.31.


ACHTUNGTRENNUNG[{(MDABCO+)CoIIOEP ACHTUNGTRENNUNG(C60
�)} ACHTUNGTRENNUNG(C6H5CN)0.67ACHTUNGTRENNUNG(C6H4Cl2)0.33] (2): Elemental


analysis calcd (%) for C109.68H63.67N6.67O2Cl0.66Co (1589.15): C 82.92, H
4.00, N 5.88, O 2.01, Cl 1.48; found: C 82.22, H 3.92, N 5.72, Cl 1.74.


The compositions of 1 and 2 were determined from the elemental analy-
sis, and were verified by X-ray diffraction analysis on a single crystal.
The difference between the value calculated by using the equation
[100�(C, H, N, Cl, P,)]% and the calculated content of Co for air-sensi-
tive 1 and 2 indicates the addition of oxygen to the complex in the course
of the analysis (about one O2 molecule per formula unit). The addition
of O2 to ionic C60 complexes during the elemental analysis has also been
reported elsewhere.[16,20, 21]


Crystal-structure determination : X-ray diffraction data for 1 and 2 were
collected at 100(2) K by using a Bruker Nonius X8 Apex diffractometer
with CCD area detector (MoKa radiation, l=0.71073 0) equipped with
an Oxford Cryosystems nitrogen gas-flow apparatus. The data were col-


lected by f and w scans with a 0.38 frame width and 30 s exposure time
per frame. The data were integrated, scaled, sorted, and averaged by
using the Bruker AXS software package.[22] The structure was solved by
direct methods using SHELXTL version 6.12.[22] The structure was re-
fined by using full-matrix least-squares methods against F2. No absorp-
tion corrections were performed for either complex. Non-hydrogen
atoms were refined in the anisotropic approximation. Positions of the hy-
drogen atoms were calculated geometrically. Subsequently, the positions
of the H atoms were refined by the “riding” model with Uiso=1.2Ueq of
the connected non-hydrogen atom or as ideal CH3 groups with Uiso=


1.5Ueq. The details of the crystal-structure analysis are given in Table 1.


Molecule disorder in 1 and 2 : CoIIOEP and TMP+ are ordered in 1 at
100 K. The C60


� anions are disordered between two orientations
(0.75:0.25 occupancies) related to the rotation of C60


� by �158 about the
Co�C ACHTUNGTRENNUNG(C60


�) coordination bond and, correspondingly, the axis passing
through the coordinated carbon atom and the carbon atom located oppo-
site the coordinated carbon. Thus, these two carbon atoms are ordered in
1 in such a way that allows the Co···C ACHTUNGTRENNUNG(C60


�) distance to be determined.
Solvent C6H5CN and C6H4Cl2 molecules share one position with 0.75:0.25
occupancies. Both molecules are disordered between two orientations
and have 0.50:0.25 and 0.20:0.05 occupancies, respectively. In 2 only
CoIIOEP is ordered at 100 K. The C60


� disorder has been approximated
by three restrained molecules of fullerene C60 with one collective carbon
atom coordinating to the Co atom of CoIIOEP, the disorder being a dis-
tribution in three orientations with 0.4:0.3:0.3 occupancies given by the
rotation about the Co�CACHTUNGTRENNUNG(C60


�) coordination bond. As a result, the
carbon atom of C60


� coordinated to CoIIOEP in 2 is ordered in such a
way that also allows the Co···C ACHTUNGTRENNUNG(C60


�) distance to be determined.
MDABCO+ cations are disordered in 2 between two orientations
(0.56:0.44 occupancy) linked by the 208 rotation about the axis passing
through two nitrogen atoms of MDABCO+ . C6H5CN and C6H4Cl2 sol-
vent molecules also share one position with 0.67:0.33 occupancies. Both


Table 1. X-ray diffraction data for 1 and 2.


1 2


structural formula ACHTUNGTRENNUNG[(TMP+) ACHTUNGTRENNUNG{CoIIOEP ACHTUNGTRENNUNG(C60
�)}-


ACHTUNGTRENNUNG(C6H5CN)0.75 ACHTUNGTRENNUNG(C6H4Cl2)0.25]
ACHTUNGTRENNUNG[{(MDABCO+)CoIIOEP ACHTUNGTRENNUNG(C60


�)}-
ACHTUNGTRENNUNG(C6H5CN)0.67ACHTUNGTRENNUNG(C6H4Cl2)0.33]


empirical formula C106.75H60.75N4.75Cl0.5PCo C109.68H63.67N6.67Cl0.66Co
Mr [gmol�1] 1517.48 1557.15
color, shape black, prisms black, prisms
size [mm] 0.50O0.30O0.20 0.40O0.20O0.20
system orthorhombic orthorhombic
space group P212121 Pna21
a [0] 14.9130(5) 26.1193(9)
b [0] 17.7736(6) 17.9102(6)
c [0] 25.8503(8) 14.9018(5)
V [03] 6851.8(4) 6971.1(4)
Z 4 4
1calcd [gcm


�3] 1.471 1.484
m [mm�1] 0.357 0.338
F ACHTUNGTRENNUNG(000) 3140 3227
max/min transmission 0.84/0.93 0.88/0.93
T [K] 100 (2) 100 (2)
max 2q [8] 65.2 56.56
reflns measured 62958 43541
unique reflns 24435 13559
parameters 1601 1652
restraints 1640 9918
reflns [Fo>2sFo] 19220 10783
R1 [Fo>2sFo] 0.0496 0.0769
wR2 (all data)


[a] 0.1162 0.1690
a 0.0683 0.1060
b 1.2556 2219.48
GOF 1.040 1.070
restr. GOF 1.018 1.063


[a] w=1/[s2
ACHTUNGTRENNUNG(Fo


2)+ (aP)2+bP], P= [maxACHTUNGTRENNUNG(Fo
2,0)+2Fc


2]/3.
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molecules are disordered between two orientations and have 0.39:0.28
and 0.17:0.16 occupancies, respectively.


CCDC-291006 and 291007 contain the supplementary crystallographic
data for compounds 2 and 1, respectively. These data can be obtained
free of charge from The Cambridge Crystallographic Data Center via
www.ccdc.cam.uk.data_request/cif.
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Guest Molecules
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Introduction


The p-tert-butylcalix[4]arene (tBC) molecule is a cyclic poly-
phenol that forms inclusion compounds with a variety of
guest molecules. The structure of tBC is shown in Figure 1.
The conelike structure of tBC is stabilized by the planar hy-
drogen bonding of the OH groups at the narrow ends of the
molecule. The low-density pure form of this material is the
monoclinic P21/n b0 phase,[1,2] which has a repeat unit con-
sisting of four layers in an ABCD pattern in the c direction
of the unit cell, as shown in Figure 2 (see later). The open
ends of the cones are loosely associated through van der
Waals interactions of the tert-butyl groups. In the absence of
guest species, the b0 phase remains metastable at room tem-


perature and has a density of 1.050 g cm�3 and a packing ef-
ficiency of 0.59 at 173 K.[2]


Upon exposure of the b0 phase to small gas-phase mole-
cules, such as Xe, NO, air, SO2, N2, O2, H2, and CO2, guest–
host inclusion compounds are formed in which the host lat-
tice structure retains the P21/n space group.[3,4] Thermogravi-
metric analysis of p-tert-butylcalix[4]arene loaded with small
molecules shows that the rate of release of the gas mole-
cules upon heating differs significantly for various guest
molecules.[3] In all cases the guest molecules are retained at
temperatures much higher than their boiling point, which
implies they form inclusion compounds with the calixarene
and are not simply physisorbed on the calixarene surface.
There is some evidence that the b0 phase can be used to sep-
arate H2 gas from a mixture with CO2, because, unlike
carbon dioxide, the H2 guest molecules are not retained in
the calixarene phase.[4]


In a class of larger guest molecules, such as benzene, tol-
uene, and hexane, the low-density b0 phase incorporates
guest molecules in a 1:1 guest/host ratio and recrystallizes in
the tetragonal P4/n space group.[2,5] The inclusion compound
of toluene (guest) with p-tert-butylcalix[4]arene (host) was
the first crystalline calixarene to be subjected to X-ray struc-
tural analysis.[5] In this class of tBC inclusion compounds,
the open end of the cones of adjacent bilayers are staggered
in comparison with the pure b0 phase. It was initially ob-
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served that the X-ray crystal structure of the toluene–tBC
inclusion compound was poorly refined.[6] Solid-state
13C NMR spectroscopy showed that the room-temperature
structure of the inclusion compound has fourfold symmetry,
which is lowered to twofold symmetry as the temperature is
decreased to 250 K.[7] This lowering of the symmetry has
subsequently been understood as being related to the transi-
tion of the dynamics of the toluene guest molecule in the
tBC cage from fourfold to twofold flipping, which then indu-
ces corresponding structural changes in the tBC cage struc-
ture.[8] X-ray crystallography analysis with Mo radiation,
which is sensitive to smaller crystal domain sizes, verified
this picture.[9]


Recent ab initio calculations on calixarenes and calixar-
ene complexes have been reviewed.[10] Molecular dynamics
studies of calixarene conformations,[11] cation complexa-
tion,[12,13] and liquid–liquid extraction using calixarenes[13]


have been performed. Classical[14] and quantum-mechani-
cal[15] calculations have also been performed on the effect of
guest inclusion on the crystal packing of calix[4]arenes.


We decided to gain further insight into the experimental
studies of small-guest inclusion compounds in calixarenes by
studying their structural aspects and dynamic processes with
molecular dynamics simulations. Simulations of xenon, ni-
trogen, hydrogen, methane, and SO2 calixarene inclusion
compounds were performed. A force field was constructed
for the calixarene and evaluated by comparing its predic-
tions for pure p-tert-butylcalix[4]arene a and b0 phases with
experimentally available data. Simulations with simple guest
molecules inside the b0 phase were then performed. The
solid-state calixarene structure does not have pores (similar
to those in zeolites) through which guest molecules diffuse.
A proposed mechanism of guest-molecule motion in the cal-
ixarene phase involves shifts of the calixarene layers and the
transfer of guest molecules to different cages in the shifting
layers. If this mechanism is correct, the rate of diffusion of
the guest molecules could depend on the magnitude of the
inclusion energy in each cage. This quantity has been deter-
mined in this work and its correlation with the diffusion
rates studied.


The nature of the force field and details of the molecular
dynamics simulations used in the guest-free tBC phases and


the host–guest inclusion com-
pounds are described in the
Computational Methods sec-
tion. The performance of the
force field in reproducing prop-
erties of the guest-free tBC
phases is given in the Results
and Discussion section along
with calculated structural and
dynamic properties of inclusion
compounds of tBC with xenon,
nitrogen, and hydrogen guest
molecules.


Computational Methods


The p-tert-butylcalix[4]arene molecules were considered to be rigid in
this molecular dynamics study. For the small guest molecules studied in
this work, distortions of the cage structures upon guest inclusion were
not observed. The initial structures of the calixarene phases used in the
simulations were taken from X-ray crystallographic analyses of the ap-
propriate pure calixarene and xenon–calixarene phases.


The intermolecular potential (Vinter) in the simulation were assumed to be
a sum of Lennard-Jones (LJ) and electrostatic (ES) point charge poten-
tials between atoms on different molecules, as shown in Equation (1):


V inter ¼
XN�1


i ¼ 1


XN


j>i
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The Lennard-Jones parameters e0
ii and s0


ii for the atoms of the calixarene
cages were taken from the AMBER force field.[16] The combination
rules, e0


ij = (e0
iie


0
jj)


1/2 and s0
ij = (s0


iis
0
jj)


1/2 were used for the Lennard-Jones
potential parameters between unlike atom-type force centers i and j. The
structure of the p-tert-butylcalix[4]arene and the atom-type assignments
are shown in Figure 1 and the parameters used for the intermolecular po-
tentials are given in Table 1. Electrostatic point charges, qi, on atoms of
the calixarene were calculated from Mulliken analysis by using the Gaus-
sian 98 suite of programs[17] at the HF/6-31G(d) level. The large number
of atoms in the calixarene unit (104) made the use of other algorithms
for the determination of electrostatic point charges and higher levels of
theory unwieldy. The complete set of electrostatic point charges and Car-
tesian coordinates of the calix[4]arene cages are given in the Supporting
Information.


The Lennard-Jones parameters for the guest xenon atoms were taken
from gas-phase volumetric data.[18] Nitrogen[19] and hydrogen[20] Lennard-
Jones parameters and point charges were adapted from simulations of
these guest molecules in clathrate hydrates. These charges were chosen
to reproduce the experimental quadrupole moments of gas-phase nitro-
gen and hydrogen. Methane Lennard-Jones parameters were taken from
the study of Murad and Gubbins[21] on dense fluid methane. The C�H
bond length (1.094 J) and electrostatic charges on the carbon and hydro-
gen atoms were chosen from the work of Righini et al.[22] to reproduce
the calculated octupole moment of methane.[23] For sulfur dioxide, the
Lennard-Jones parameters were chosen from the AMBER force field.
Ko and Fink[24] used this force field along with partial charges determined
by quantum-chemical calculations to reproduce the crystalline geometry
of solid sulfur dioxide. We used point charges determined by the
CHELPG[17, 25] method and bond lengths determined at the B3LYP/6-
311++G ACHTUNGTRENNUNG(d,p) level of theory for SO2. The CHELPG method at this level
of theory is commonly used to generate atomic electrostatic point charg-
es for molecular dynamics calculations.


Figure 1. The top and side view of p-tert-butylcalix[4]arene along with the labeling of the atom types on the
repeat unit of this molecule. The labels for the nine H5 atoms are not shown on the repeat unit. The black
spheres represent oxygen atoms, the gray spheres carbon atoms, and the white spheres hydrogen atoms.
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Equilibrium properties of the pure calixarenes and inclusion compounds
were calculated with isotropic constant pressure–constant temperature
(NPT) molecular dynamics simulations by using the NosL–Hoover ther-
mostat–barostat algorithm[26, 27] and Melchionna et al.[28] modification on
the simulation cell with the DL_POLY program version 2.14.[29] The re-
laxation times for the thermostat and barostat were chosen as 0.1 and
1.0 ps, respectively. The equations of motion were integrated with a time
step of 0.5 fs using the Verlet leapfrog scheme.[30–32] Coulombic long-
range interactions were calculated by using EwaldNs method,[30–32] with
precision of 1O 10�6, and all interatomic interactions in the simulation
box were calculated within a cutoff distance of Rcutoff = 12.0 J. The sim-
ulations were carried out for a total time of 200 ps, with the first 40 ps
being used for temperature-scaled equilibration. Dynamical properties
were calculated with constant volume–constant energy (NVE) simula-
tions starting from equilibrated configurations and velocities determined
by using the NPT calculations. The NVE simulations were run for a total
of 120 ps with 20 ps of equilibration.


Results and Discussion


Pure p-tert-butylcalix[4]arene has been synthesized and
shows polymorphism at different temperatures. The low-
temperature, high-density a phase can be crystallized from
liquid tetradecane.[1,33] This solid phase has a two-layer AB
repeat structure with self-included p-tert-butylcalix[4]arene
units with one tert-butyl group of each unit inserted into the
cone of its adjacent pair. The a phase has a P21/c space
group, a packing efficiency of 0.67, and a density of
1.157 g cm�3 at 173 K. The a phase has a large asymmetric
unit, as determined by the complexity of its 13C NMR spec-
trum. Upon heating to �250 8C, the a phase is transformed


to the monoclinic P21/n b0 phase.[1,2] The repeat unit for this
phase consists of four layers in an ABCD pattern in the c di-
rection of the unit cell with a packing efficiency of 0.59.[2]


The b0 phase is metastable at room temperature and under-
goes subtle structural rearrangements when heated and
cooled.[34] The a- and b0-phase (with xenon guests) struc-
tures are shown in Figure 2.


To test the force field, isotropic NPT simulations at ambi-
ent pressure were performed for a 3 O 2 O2 supercell of a-
phase and a 2 O 2 O2 supercell of b0-phase calixarenes start-
ing from the X-ray structures at 173 K. The unit-cell volume
and density were determined at each temperature. The ex-
perimentally determined density of the a phase at 173 K is
1.157 g cm�3,[33] and the calculated density is 1.199 g cm�3, an
agreement of 3 %. For the b0-phase calixarene, the experi-
mentally determined density is 1.050 g cm�3,[2] and the calcu-
lated value is 1.104 g cm�3, a 5 % difference. In both phases,
the calculations overestimate the experimental density.


A similar set of calculations was performed for inclusion
compounds with xenon, nitrogen, hydrogen, methane, and
sulfur dioxide guests in the b0-phase calixarene. The calixar-
enes retain the b0-phase structure in the presence of these
guest molecules and the force field for the calculations was
chosen to be identical to that of the pure calixarene. The
fully occupied 1:1 guest/host inclusion compound for xenon


Table 1. Average atomic charges and Lennard-Jones interaction parame-
ters used for calix[4]arene and the xenon, nitrogen, hydrogen, methane,
and sulfur dioxide guests in the MD simulations. The AMBER force
field atom types for the atoms of the calixarene cages are given in paren-
theses followed by the number of each atom type in the molecule. The
numbering of the atoms is shown in Figure 1.


Atom (assignment) q [e] s0
ii [J][a] e0


ii [kcal mol�1][a]


O1 (oh) O 4 �0.8971 3.0665 0.2104
C1 (c3) O 4 �0.3713 3.3997 0.1094
C2 (ca) O 4 +0.3239 3.3997 0.0860
C3 (ca) O 8 +0.0004 3.3997 0.0860
C4 (ca) O 8 �0.2339 3.3997 0.0860
C5 (ca) O 4 +0.0600 3.3997 0.0860
C6 (c3) O 4 �0.1314 3.3997 0.1094
C7 (c3) O 12 �0.4536 3.3997 0.1094
H1 (ho) O 4 +0.5621 0.0000 0.000
H2 (hc) O 4 +0.2188 2.6494 0.0157
H3 (hc) O 4 +0.2034 2.6494 0.0157
H4 (ha) O 8 +0.1700 2.5996 0.0150
H5 (hc) O 36 +0.1680 2.6494 0.0157
Xe 0.0000 4.0990 1.8480
N �0.4954 3.2096 0.0809
N (cm) +0.9908 0.0000 0.0000
H +0.4932 0.0000 0.0000
H (cm) �0.9864 3.0380 0.2852
C �0.5720 3.3500 0.1017
H +0.1430 2.6100 0.0171
S +0.672492 3.5600 0.2000
O �0.336246 2.9400 0.1500


[a] The intermolecular potential parameters between unlike atoms are
determined from combination rules stated in the text.


Figure 2. The structure of a) a-phase and b) b0-phase p-tert-butylcalix[4]-
arene from X-ray diffraction data. For clarity, the hydrogen atoms are
not shown. The a phase consists of AB rows of paired calixarene. The b0


phase is made of repeating ABCD rows. The b0 phase shown is the 1:1
xenon guest–host complex. The xenon guest atoms occupy each calixar-
ene “cage”. The smallest distances between the xenon guest atoms are
shown with r1 and r2. Also see Figure 3. The red spheres represent
oxygen atoms, the green spheres carbon atoms, and the blue spheres
xenon atoms.
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is shown in Figure 2b. Occupancies corresponding to 3=4,
2=4,


and 1=4 of the cages being filled by guests were also consid-
ered with the guest molecules distributed randomly among
the cages. Experimentally, the xenon inclusion compound
was found to have a 3:4 guest/host ratio.


The xenon–xenon, N2–N2, H2–H2, CH4–CH4 (carbon–
carbon), SO2–SO2 (sulfur–sulfur), and SO2–SO2 center-of-
mass radial-distribution functions (RDFs; g(r)) for the 1:1
host–guest solids are shown in Figure 3. For xenon, the first


peak in the RDF (between 6 and 7 J) corresponds to the
separation of xenon atoms from the adjacent cages from
facing rows, which is shown by r1 in Figure 2b. The next
peak (between 9 and 10.5 J) corresponds to the separation
of xenon atoms from the next nearest neighboring cages
from the facing rows and is shown by r2 in Fig ACHTUNGTRENNUNGure 2b. In the
X-ray crystal structure of this solid, the xenon atoms are dis-
ordered among three sites in each cage, which is consistent
with the broad peaks of the RDF for xenon. The broad
peaks of the RDF indicate dynamic motion of the xenon
atoms in the cages. The RDF peaks for the N2, H2, and
methane molecules are broader than those of Xe and have
maxima spaced at larger separations. The RDF curves of
methane and nitrogen are very similar. The SO2 center-of-
mass RDF is similar to that of xenon. In both cases, a dis-
tinct second peak in the RDF between 9 and 10 J is ob-
served that is due to strong correlations among the next
nearest neighbor guests. As seen from the parameters given
in Table 1, the Lennard-Jones attractions of N2–N2, H2–H2,
and CH4–CH4 pairs are weaker than those of the Xe–Xe
and SO2–SO2 pairs.


The dependence of the unit-cell volume and solid-state
density on the fractional guest occupancy at 173 K and am-
bient pressure are shown in Figure 4 and the results are
given in Table 2. In Figure 4, it is seen that the presence of
xenon guests causes a small decrease in the unit-cell volume.
The unit-cell volumes of the other guest molecules are iden-


tical within the errors of the simulation and do not show
large cage-occupancy dependence. The densities of the calix-
arenes increase with the guest occupancy, which is due to
the mass of the guest atoms incorporated in the calixarene
cavities and not the variation of the unit-cell volume upon


Figure 3. The Xe–Xe, N2–N2, H2–H2, CH4–CH4 (carbon–carbon), SO2–
SO2 (sulfur–sulfur), and SO2–SO2 center-of-mass radial-distribution func-
tions for the fully occupied 1:1 host–guest calixarene. The first two peaks
for Xe and SO2 (center-of-mass curve) correspond to the r1 and r2 separa-
tions shown in Figure 2b.


Figure 4. The variation of the unit-cell volume and density for tBC with
xenon, nitrogen, hydrogen, methane, and sulfur dioxide guest occupan-
cies for 1:4 to 1:1 guest/host complexes.


Table 2. Variations of the calculated unit-cell volume and density with
the occupation fraction for xenon, nitrogen, hydrogen, methane, and
sulfur dioxide guests in the b0-phase calixarene at 173 K. Experimental
values are given where available.


Occupation Vcalcd


[J3]
Vexptl


[J3]
1calcd


ACHTUNGTRENNUNG[gcm�3]
1exptl


ACHTUNGTRENNUNG[gcm�3]


0.00 3903.3	9.1 4117 1.104	0.003 1.047


Xe 0.25 3894.4	10.1 1.163	0.003
0.50 3886.0	8.8 1.221	0.003
0.75 3878.6	8.0 4116 1.280	0.003 1.206
1.00 3870.4	8.2 1.339	0.003


N2 0.25 3901.1	8.5 1.117	0.003
0.50 3898.9	9.6 1.129	0.003
0.75 3896.0	9.0 1.142	0.003
1.00 3895.0	9.5 1.154	0.003


H2 0.25 3901.6	8.5 1.106	0.003
0.50 3898.1	8.2 1.107	0.003
0.75 3896.1	8.9 1.109	0.003
1.00 3893.4	8.1 1.101	0.003


CH4 0.25 3898.4	8.9 1.112	0.003
0.50 3897.4	7.9 1.120	0.003
0.75 3894.7	10.1 1.127	0.003
1.00 3893.0	8.9 1.134	0.003


SO2 0.25 3899.2	8.6 1.133	0.003
0.50 3895.8	9.5 1.161	0.003
0.75 3891.7	8.5 1.189	0.003
1.00 3889.0	8.4 1.218	0.003
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inclusion of the guests. The calculated density of the 3=4-oc-
cupied xenon calixarene at 173 K is 1.280 g cm�3, which is
within 6 % of the experimental value[3] of 1.206 g cm�3.


The inclusion energy per unit cell, DEincl, for the guest
molecules is defined by Equation (2):


DEincl ¼ Eðguest � calixÞ � EðcalixÞ � EðguestÞ ð2Þ


in which E(guest–calix) and E ACHTUNGTRENNUNG(calix) are the energies per
unit cell of the guest–calixarene solid phase at each occu-
pancy and the pure b0-phase calixarene, respectively. The
energy for the free guests (assumed to be an ideal gas) is E-
ACHTUNGTRENNUNG(guest) = 3nRT/2, where n is the number of moles of guest
molecules per unit cell and R is the gas constant. The inclu-
sion energies for different occupancies are given in Table 3
and are plotted in Figure 5. The linear variation of the inclu-
sion energy shows that up to 1:1 occupancies, there are no


large-scale collective rearrangements in the structure upon
guest inclusion. The values in Table 3 can be used to show
that the inclusion energy per atom for xenon is the largest
at �3 kcal mol�1, followed by SO2 with inclusion energy of
�2 kcal mol�1. For methane, nitrogen, and hydrogen guests,
the inclusion energies per molecule range from �0.8 to
�0.6 kcal mol�1, respectively.


Dynamic aspects of the motion of guests in calixarene
cages were studied by determining the mean-square dis-
placement (MSD) and velocity autocorrelation function
(VACF) for the center of mass of the guest molecules from


NVE simulations. The MSD is defined as shown in Equa-
tion (3):


DjrðtÞj2 ¼ 1
N


h
XN


i ¼ 1


jriðtÞ�rið0Þj2i ð3Þ


in which ri(t) is the location of the center of mass of mole-
cule i at time t and the brackets hi represent an ensemble
average. The VACF, Cv(t), was calculated in dimensionless
form as shown in Equation (4):


CvðtÞ ¼ hvðtÞ  vð0Þi
hvð0Þ  vð0Þi ð4Þ


in which v(t) is the velocity of the center of mass of the mol-
ecule. The MSD and VACF of the xenon atoms in the 1:1


guest/host calixarene are shown
in Figure 6 and the correspond-
ing curves for the center of
mass of the nitrogen molecule
are given in Figure 7. The
small-amplitude oscillations are
the most noticeable features of
the two curves, and in the time-
scale of the simulations, the


xenon and nitrogen guests are confined in the calixarene
cage and do not show diffusive motion. The oscillations
show that the guests undergo quasiperiodic three-dimension-


Table 3. Variations of the calculated inclusion energy per unit cell [kcal mol�1] with occupation fraction for
xenon, nitrogen, hydrogen, methane, and sulfur dioxide guests in the b0-phase calixarene at 173 K.


Occupation DEincl (Xe) DEincl (N2) DEincl (H2) DEincl (CH4) DEincl (SO2)


0.25 �24.4	0.5 �6.0	0.5 �4.8	0.5 �6.2	0.5 �15.8	0.6
0.50 �47.8	0.5 �12.4	0.5 �10.3	0.5 �13.9	0.5 �31.7	0.6
0.75 �71.7	0.5 �17.7	0.5 �15.4	0.5 �20.5	0.6 �47.2	0.6
1.00 �95.9	0.5 �22.3	0.5 �20.1	0.5 �26.9	0.5 �63.4	0.6


Figure 5. The variation of the inclusion energy per unit cell [kcal mol�1]
for tBC with xenon, nitrogen, hydrogen, methane, and sulfur dioxide
guest occupancies for 1:4 to 1:1 guest/host complexes.


Figure 6. The mean-square displacement (MSD) and reduced velocity au-
tocorrelation function (VACF) for the xenon guests in the 1:1 complex.
The periodic motion of the guests in the cages has a time period of
�1 ps. As expected, the oscillations of the MSD and VACF curves are
out of phase.
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al motions inside the cages. The VACF also shows quasiperi-
odic behavior centered about zero, which shows that the
guests are periodically reflected by the cage walls. As ex-
pected for periodic motion of this kind, the MSD and VACF
curves are effectively out of phase by p/2. The periods of
the MSD and VACF motions are approximately 1 ps for the
xenon atoms and lighter nitrogen molecules, as determined
by direct averaging of the periods of the MSD and VACF
curves in Figures 6 and 7 and Fourier analysis of these plots.
The MSD and VACF curves of hydrogen, methane, and
sulfur dioxide are similar to those shown in Figures 6 and 7.


The motions of guests in the cages correspond to the en-
dohedral rattling vibrations that have been measured for dif-
ferent guest molecules in clathrates and thermoelectric ma-
terials.[35–37] For xenon and nitrogen guests, the rattling
period of 1 ps corresponds to a frequency of 30 cm�1. The
rattling frequencies corresponding to the translational
motion of guest molecules in clathrate hydrates and b-
quinol clathrates fall in the far-infrared range of 15 to
100 cm�1.[35, 36] The theoretical values calculated for the
guests in the calix[4]arene are consistent with this range.


Percent weight loss of the calixarene inclusion compounds
as a function of temperature for NO, air, Xe, and SO2 guests
in the b0-phase calixarene have been plotted in ref. [3]. The
Xe and SO2 guests are retained in the calixarene cages up to
higher temperatures than air and NO. These plots show that
guest molecules are gradually lost from the calixarene struc-
ture as the temperature is raised. The weight-loss trends
shown in ref. [3] show a good correlation with the magni-
tude of the inclusion energies given in Table 3. This suggests
that the loss of guests may involve an activated hopping
process where guests jump between cages. Experimental re-


sults[38] show that the pressure dependence of the adsorption
of small gas-phase molecules in the b0-phase calixarene
obeys the Langmuir adsorption isotherm.[39] The inclusion
energies determined in the present work are important in
quantitatively understanding this behavior. The periods of
the motions of the xenon and nitrogen guests in the cages
are similar (�1 ps) but their inclusion energies are different
by a factor greater than three (�3 kcal mol�1 compared to
�0.8 kcal mol�1, respectively). This implies that the mecha-
nism of diffusion is energy driven and likely occurs by site
hopping,[40] which is consistent with the proposed mecha-
nism in which calixarene planes undergo collective motions
that allow guest molecules to move from cage to cage.[2,41]


Conclusions


Molecular dynamics simulations were used to study calixar-
ene inclusion compounds with xenon, nitrogen, hydrogen,
methane, and sulfur dioxide guest molecules. The AMBER
force field was used to determine the intermolecular Len-
nard-Jones interaction parameters among atoms on different
molecules. The force field was tested by comparing the cal-
culated densities with experimental values for the high- and
low-density phases of pure calixarene. The predicted results
were found to be within 5 % or better of experimental den-
sity values.


The unit-cell volume, density, and inclusion energy, de-
fined in Equation (4), for different guest/host ratios were de-
termined in this work. These quantities show linear variation
with guest occupancy, which implies the absence of overall
rearrangements in the solid-state structure as a result of
guest inclusion. The inclusion energies per atom/molecule of
xenon, sulfur dioxide, nitrogen, methane, and hydrogen are
�3, �2, �0.8, �0.8, and �0.6 kcal mol�1, respectively.


The mean-square displacement and velocity autocorrela-
tion function of the xenon and nitrogen guest molecules in
the calixarenes were also determined. In the timescale of
the present calculations, diffusive motions of the guests were
not observed. The guests undergo small-range oscillatory
motions in the cages. The approximate period of these mo-
tions is �1 ps for the xenon and nitrogen guests.
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